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ABSTRACT OF THE DISSERTATION

Theory of Gated Hemicarcerands and

Diels-Alder Reactions of Tetrazines

by
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Doctor of Philosophy in Chemistry
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Professor Kendall N. Houk, Chair

The concept of gating was introduced into host-guest chemistry by our group in the 1990s,
as a result of computational studies on Cram’s hemicarcerands. Since that time, a variety of
gated host systems have been developed by our group and others. The gated hemicarcerands
presented in this dissertation are examples of hosts with controllable gates that function upon

external stimuli, which we refer to as redox reaction gated hemicarcerands and photochemically



gated hemicarcerands. In both cases, a chemically modifiable moiety was installed on the host
molecule so that it undergoes chemical change in response to external stimuli. In particular, we
took advantage of disulfide-dithiol interchange (redox reaction control) and anthracene
dimerization (photochemical control) to achieve gating in these hemicarcerands. Molecular
mechanics computations were employed to understand the experimental observations during the

complexation and decomplexation processes.

The second part of this dissertation focuses on understanding Diels-Alder reactivities of a
wide range of organic molecules with the tools of computational chemistry. Among these
extensively studied molecules, tetrazine is the most outstanding one, in the sense that its
cycloaddition reactions with strained alkenes are extremely rapid, with second order rate
constants up to 2000 M™s?. Such reactions take place at a decent rate even at micromolar
concentration, suggesting their application in live cell imaging. The emerging use of tetrazines as
labeling reagents has added an extra dimension to bioorthogonal cycloadditions. Our
computational studies have provided a thorough understanding of the cycloaddition reactivities

and a guideline for developing new reagents.
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CHAPTER 1: GATING IN HOST-GUEST CHEMISTRY

1.1 Overview of Host-Guest Chemistry

Host-guest chemistry originated from an exploration of evolutionary biological molecules and
their substrates. The active sites of these receptors have concave surfaces which bind specifically
with substrates with convex surfaces. To mimic and better understand the complexation
processes in natural systems, chemists came up with a variety of host molecules with concave
surfaces. Among them, Pedersen’s crown ethers,[!l Cram’s spherands,? and Lehn’s cryptandst®!
exhibit good selectivity in binding organic and metal cations, and are milestones in the
development of synthetic hosts (Figure 1.1). The Nobel Prize in Chemistry was awarded to these
chemists in 1987. Further efforts have been devoted to achieve chiral recognition and

controllable binding in more sophisticated systems.

18-crown-6 * K* (OMe)4-spherand » Na* 2.2.2-cryptand « K*

Figure 1.1 Complexes of crown ether, spherand, and cryptand with alkali metal cations.
1



1.2 Gated Container Molecules

The development of container molecules with gates was inspired by the observations of
controllable access of substrates to the active sites in many natural enzymes. The conformational
changes of the peptide loops were found to be a common gating mechanism.[l For example,
pancreatic lipase, an enzyme that hydrolyzes dietary fat in the digestive system, has a lid over its
active site when not activated (Figure 1.2a). The lid opens when the protein is activated upon
contact with a lipid surface.[®! Some gating processes require conformational change of the entire

subunits.

pancreatic lipase HIV-1 protease

Figure 1.2 a) Ribbon structure of pancreatic lipase (PDB entry 1HPL) with the active site
(shown in yellow) covered by the lid (shown in purple). b) Ribbon structures of HIV-1 protease
in both closed (PDB entry 1TW?7) and semi-open (PDB entry 2NPH) states (shown in blue and

green, respectively).

One example is HIV-1 protease. Both crystal structure analysis and molecular dynamics
simulations have shown that HIV-1 protease switches from a closed conformation (Figure 1.2,

blue) to a semi-open (Figure 1.2, green) and further into an open conformation to expose its

2



active site to the environment.!®! In the closed conformation, the two flaps are packed onto each
other closely, restricting access to the active site. In the semi-open conformation, the two flaps

slide away from each other to expose the active site.

Numerous gated container molecules have been developed based on the concept of
“gating”. Some of these hosts are characterized by dimerization and dissociation gating, where
two cavitands are held together by intermolecular forces such as hydrogen bonds and ionic forces
and can dissociate into isolated cavitands when the forces are interrupted, resulting in release of
guest molecules.[’? One example is Rebek’s cylindrical capsule (Figure 1.3a), the cavity of which
is measured to be 420 A% and can encapsulate benzene, toluene, and p-xylene under certain
conditions.[”®! Gating in some other container molecules involves conformational changes of

flexible moieties.’® Badji¢’s molecular baskets are prime examples. Figure 1.3b shows one gated

molecular basket in its open and closed forms.[e¢l

\
capsule basket (open) basket (closed)

Figure 1.3 a) Structure of a cylindrical capsule. b) Gate-opening and closing in a molecular

basket.



1.3 Gating Mechanisms

I would like to highlight the fact that gating in synthetic hosts was first discovered in our
lab as a result of computational investigations.”! The following section will focus on

computational exploration on gating mechanisms, in the context of Cram’s hemicarcerands.

AG
(constrictive
binding)

host + guest

Figure 1.4 Energy definitions for host-guest complexation by a carcerand or hemicarcerand.

AG
(intrinsic

binding)

A\ J

host * guest

Before going into calculations, a few key words, defined by Donald J. Cram at UCLA,
should be defined. Carcerands refer to host molecules that form stable complexes with small
organic molecules during their synthesis. The incarcerated guests cannot escape without breaking
covalent bonds in the carcerands. The complexes formed in such cased are called carceplexes.
Hemicarcerands can release the encapsulated guests when heated to a higher temperature
without breaking any covalent bonds. The complexes formed between hemicarcerands and small
molecules are hemicarceplexes.'¥ To better describe the binding properties in these host-guest

4



systems, intrinsic binding (the free energy difference between the complex and the free host and
guest) and constrictive binding (the additional activation free energy for decomplexation, arising

from the physical barrier for egress of guest) are defined as shown in Figure 1.4.1*4

How to interpret these energies? A more negative intrinsic binding energy indicates a
more stable complex and, therefore, a larger decomplexation barrier. Constrictive binding free
energy does not affect intrinsic binding but does influence rates of complexation and guest
release. If constrictive binding is higher than ~25 kcal/mol, the host-guest complexation will take
many days to occur under ambient conditions. With a closed gate, a hemicarceplex behaves like
a carceplex, presenting a high decomplexation barrier, such that the imprisoned guest cannot
escape. However, once the gate is opened, the decomplexation barrier of the hemicarcerplex is

significantly lowered to allow the release of the guest (Figure 1.5).

gate-open
gate-open
-

hemicarceplex

stimulus
carceplex

Figure 1.5 Stimulated gating converts a carceplex to a hemicarceplex.
5



With all these crucial concepts clarified, we are now ready for the tour through
computational investigations of gating. The mechanism of the controlled binding and release of
guests in hemicarcerands was elucidated through computational studies by Nakamura in our
group in the 1990s on host 1a shown in Figure 1.6a.[%! This host was found to form complexes
with one or two acetonitriles molecules during its synthesis. The complex with two acetonitriles
loses one upon heating at 110°C for 3 days, but the escape of a second acetonitrile was not
observed.*?l From its structure, it is clear that 1a has four side portals (one of them is highlighted
in blue in Figure 1.6a) and two polar portals (one of them is highlighted in red in Figure 1.6a).
Based on CPK space-filling models, Cram proposed that the acetonitrile could only escape

through the polar portal, since it is larger than the side portal as shown in Figure 1.6b.

1a. R = (CH,),Ph H H
1b.R = Me CH,-in CH,-out

Figure 1.6 a) Structure of thermally-gated hemicarcerand 1 with one side portal colored in blue,
one polar portal colored in red and one eight-membered ring colored in green. b) CPK model of
1b showing the polar portal is slightly larger than the side portals. ¢) The CH.-in and CHz-out
conformational change in an eight membered ring in 1 (colored in green) that leads to the closing

and opening of the thermal gate.



However, CPK models failed to explain why the escape of a second acetonitrile is not
favored, nor can these models provide any information about the activation energy for the
decomplexation. With force-field computations, Nakamura in our group was able to reveal some
structural and dynamic properties not available from the space-filling model or experiments. To
reduce the computational effort, calculations were carried out on 1b instead of the actual host 1a,
since preliminary studies showed that the “feet” (R groups) have little effect on the portal sizes.
All possible structures of 1b were optimized with AMBER* force field in the Macromodel
program.[*®l It was found that each eight-membered ring in 1 (Figure 1.6a, one unit is highlighted
in green) has two conformations: CHo-in and CHz-out (Figure 1.6¢). The CH-out conformation
is calculated to be about 7 kcal/mol higher in energy than the CH2-in conformation, due to the
steric repulsion between the two clashing hydrogens in the CH»-out conformation (Figure 1.6¢).
At room temperature, the equilibrium between CH.-in and CHo-out is greater than 10° to 1(CH,-
out less than 0.001%). When the temperature is raised to 110°C, the proportion of CH-out

increases by about two orders of magnitude.

Both equatorial and polar escape pathways were studied by constrained optimizations,
where the distance between one acetonitrile molecule and one of the phenyl carbons on 1b was
taken as the reaction coordinate. Optimizations were carried out at fixed distance along each
pathway. The activation energies for equatorial and polar escape pathways were high in the CH,-
in conformation, 52 and 46 kcal/mol, respectively. This result suggested that the trapped

acetonitriles are not able to escape the cavity with the host in its CH»-in (closed) form.

However, the conformational change of the eight-membered ring from CH2-in to CH»-out

dramatically lowers the barrier of equatorial-escape, as shown in Figure 1.7. The ground state



hemicarceplex (Figure 1.7, left) has to overcome the barriers for sequential conformational flips
of two —OCH>0O- moieties (22 and 26 kcal/mol, respectively) to achieve an intermediate (Figure
1.7, middle) with its side portal widely open. Then the escape of an acetonitrile through the open
portal requires only 22 kcal/mol in terms of activation energy (Figure 1.7, right). The overall
barrier for decomplexation through gating is 26 kcal/mol, which corresponds to a half-life of 15
days at ambient temperature, but one minute at 110°C. This result agrees well with the
experimental observation. Molecular dynamics simulations also showed that the escape of the
first acetonitrile is exergonic by 11 kcal/mol, while the escape of a second acetonitrile is
endergonic by 3 kcal/mol, which provided an explanation of the fact that the second acetonitrile

does not exit the cavity.

P >
< >

: opening of the opening of the escape of a
. first gate - second gate - acetonitrile

topen

gate-closed
(ground state)

Figure 1.7 Energy profiles for the escape of acetonitrile from 1b through gating.

The term “gating” was introduced at that time to describe a conformational process that

controls the entrance and egress of a guest in synthetic host molecules. Two types of gating exist
8



in hemicarceplexes, and we named these French door and sliding door. The types of doors that
inspire these names are shown in Figure 1.8. French door gating describes two edge-to-edge door
openings, here the sequential flips of two -OCH>O- moieties that lead to the opening of a portal.
The sliding door often involves the conformational change of the whole molecular skeleton,
resulting in the enlargement of the side portal, without any pronounced outward motion of the

doors, as shown schematically at the bottom right of Figure 1.8.

a. French door b. Sliding door

- 1 - I | |

Figure 1.8 a) French door cartoon and analogous gating in 1b. b) Sliding door cartoon and

analogous gating in a four o-xylyl bridged hemicarcerand.

From the analysis of gating processes in four different hemicarcerands, we found that the
importance of gating in the complexation and decomplexation processes varies, depending on the
nature of guests and the size of the hemicarcerand portals.*¥ Some hosts have portals so large

that the guests readily pass into and out of the cavity with almost no barriers. In such cases,



gating does not influence the entry and exit of guests. An example is the complexation of
hemicarcerand 2 (Figure 1.9, left) with benzene. Calculations with the AMBER* force field
showed that there is no barrier to complexation, and the decomplexation barrier is only about 8
kcal/mol after solvation corrections, which suggests rapid entry and exit of the benzene without

gating.

2a. R = (CH,),Ph 3a.R = (CH,),Ph
2b.R=H 3b.R=Me

Figure 1.9 Structures of hosts with large portals (left) and small portals (right); one of the four

side portals in each structure is highlighted in blue.

In contrast, some hosts have portals too small to allow the passage of guest molecules
even with an open gate. The barrier to loss of dimethyl sulfoxide from 3 (Figure 1.9, right) is
calculated to be greater than the energy to break a C-C bond (~90 kcal/mol). Some hosts have
portals small enough to incorporate guests, but still big enough for the exit of the guests upon a

conformational change, as the release of acetonitrile from hemicarcerand 1. Gating becomes a
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crucial factor in forming stable, and yet reversible, complexes of such hosts with appropriate

guests.

The involvement of gating in complexation was explored in detail in a study of the
complexation of hemicarcerand 2b with 40 aromatic and bicyclic guests.[*® The structural
optimization and molecular dynamics simulations with the MM3* force field showed that
thermal gating is not required for the entry of smaller aromatic guests such as toluene and p-
xylene; gating is a crucial factor only in the complexation and decomplexation of hemicarcerand
2b with larger bicyclic guests such as norbornene. These results are in accord with the
experimental fact that simple aromatics either fail to complex with hemicarcerand 2a or escape
the host cavity upon attempted isolation, while larger bicyclics form isolable complexes with

2a.116]

Intrigued and stimulated by these experimental and theoretical observations, we set out to
go beyond thermal gating and to build container molecules with gates that could be controlled by

chemical and photochemical stimuli, which will be described in detail in the follow two chapters.
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CHAPTER 2: REDOX REACTION-GATED HEMICARCERANDS

2.1 Water-Soluble Redox Reaction-Gated Hemicarcerands

In 2009, Helgeson in our group synthesized the redox reaction-gated hemicarcerand 4,
which undergoes disulfide-dithiol interchange in the presence of base and thiol compounds
(Figure 2.1a).[Y The gate-opening process was proved to be thiol-concentration dependent; the
disulfide gate opens more rapidly in a higher concentration of thiol. Hayden’s calculations
helped the understanding of the relationship between guest size and the ability to control guest

encapsulation and release by gating in this hemicarcerand.

Since the glutathione (GSH) concentration in human cancerous cells is found to be two to
five times higher than in normal cells,? the gate-opening of hemicarcerand 4 in cancerous cells
should be more rapid than that in normal cells, which indicates the potential application of
disulfide-gated hemicarcerands as anticancer-drug delivery vehicles that release drug in cancer
cells selectively. However, water solubility should be enhanced before such hemicarcerands can
be used in biological systems. My initial project involved the design and attempted synthesis of a
new redox-gated hemicarcerand 4 by shortening the “feet” (R groups, colored in red in Figure
2.1) and introducing carboxyl groups to the bridges (colored in blue in Figure 2.1). | carried out
extensive computational studies and undertook the synthesis of the proposed water soluble gated

hemicarcerand.

2.2 Computational Explorations
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Figure 2.1 a) Redox reaction-gated hemicarcerand 4.11 b) Water-soluble redox reaction-gated
hemicarcerand 5 (the “feet” are colored in red, and the polar bridges are colored in blue). C)

Guest molecules studied computationally.

The binding properties of the designed water-soluble hemicarcerand 5 with small organic
molecules (shown in Figure 2.1c) were studied with molecular mechanics calculations with the

OPLS force field and GB/SA solvation model for water in Macromodel.l¥1 Conformation
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searches were performed on isolated host 5 and the complexes between 5 and guest molecules to
locate the global minimum conformation. For simple organic molecules, direct optimization
proved to be satisfactory. Binding energy is defined as the energy difference between complex

and the isolated host and guest. Both open and closed forms of host 5 were studied.

The optimized structures of the open and closed forms of host 5 are shown in Figure 2.2
(hydrogens are omitted for simplicity). Solvent molecules, in this case water molecules, can also
enter the cavity, competing with the other organic guests. Therefore, a simulation on
complexation between water and host 5 was carried out. By increasing the number of water
molecules inside the cavity, it was determined that the most stable complex between 5 and water

molecules is 5°2H-0.

Figure 2.2 Optimized structures of isolated host 5 in water, in both open and closed forms.

The optimized structures of complexes formed between open and closed host 5 and guest
molecule i are shown in Figure 2.3. In both forms, two methoxy groups on 1,2,3-
trimethoxybenzene fit perfectly into the center of the top and bottom cavitands without

introducing much strain. The dithiol-disulfide interchange induced gate-opening and closing
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have little effect on the orientation of the guest in its global minimum conformer. The optimized

structures for the remaining complexes are shown in Figure 2.4.

Figure 2.3 Optimized structures of complexes formed between 5 and guests i with GB/SA

solvation model for water.

Figure 2.4 Optimized structures of complexes formed between 5 and guests ii-vii with GB/SA

solvation model for water.
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In most cases, the gate-opening and closing involves changes in the host conformation or
the orientation of the guest. Guests iv and v cannot be accommodated by host 5 in its open form;
they escape the cavity after optimization (Figure 2.4, middle line). Guest vii appears to be too
large for 5 in both open and closed forms; the host has to twist to hold the guest molecule inside
its cavity. The calculated binding energies (Ebinding) for all complexes shown in Figure 2.3 and

Figure 2.4 are shown in Table 2.1.

Table 2.1 Computed binding energies in GB/SA water for complexes between 5 and guests i-vii,

in kcal/mol.
i ii iii iv v Vi vii
5 (open) -23 -24 -13 . -25 -17
5 (closed) -29 -27 -20 -30 -19 -30 -26

A more negative binding energy indicates a more stable complex formed between 5 and
the particular guest. In general, the closed form of 5 binds more strongly with these guests than
the open form, with AEpinding ranging from 3 to 9 kcal/mol. It is postulated that the lowering in
binding energy is responsible for the encapsulation of guests in the closed form of 5 and the
release of guests in its open form. This is related to the gating in many enzymes, where gate
closure has been postulated to increase the surface area of the binding site and increase enzymes

substrate complex stabilities.

2.3 Attempted Synthesis of Gated Hemicarcerand 5

The synthesis pathway for gated hemicarcerand 5 is presented in Scheme 2.1. The

general procedures for preparing cavitands were reported by Cram and coworkers in 1988,
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starting with the reaction between resorcinol and acetaldehyde.*! The key step in the synthesis of
hemicarcerand 5 is the connection of two cavitands by a diester. The yield of this particular step

is extremely low, around 5%.

Scheme 2.1 Synthesis of water soluble gated hemicarcerand 5.
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Although 1 tried to enhance the yield by adding template molecules such as pyrazine and
1,4-dioxane, which have been reported to have a remarkable effect on carceplex formation by
Sherman and coworkers,®! the formation of the tri-bridged product remained challenging.

Another problem is that the solubilities of these molecules in organic solvents are not good. To
20



get enough starting material for the next three steps, | would have to run this reaction over and
over, at least 40 times, assuming each run give 5% yield. This highly demanding project was

abandoned until a better synthetic design emerges.
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CHAPTER 3: PHOTOCHEMICALLY-GATED HEMICARCERANDS

3.1 Photochemically Gated Hemicarcerands

Carceplexes that can be converted to hemicarceplexes by UV radiation were reported by
Deshayes and coworkers. One is shown in Figure 3.1.) This host has one bridge with a
nitrobenzyl ether group. Upon irradiation at 330 nm, intramolecular hydrogen transfer to the
nitro and irreversible CO bond cleavage take place. This opens the gate and allows escape of the

trapped guests, either dimethyl acetamide (DMA) or N-methyl-2-pyrrolidinone (NMP).

R = pentyl

Figure 3.1 Photo-induced release of a guest molecule G from a photoactive hemicarceplex.

While this demonstrates the photochemical gate-opening that converts a carceplex into a
hemicarceplex, we undertook the synthesis and study of a reversibly gated hemicarcerand. We
designed a photoswitchable gated hemicarcerand 6a (Figure 3.2) based on the reversible

dimerization of anthracene upon irradiation.l? The dimerization of anthracene is known to occur
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upon irradiation at relative long wavelength, while the retro-cycloaddition occurs at the shorter
wavelength of 254 nm.E®l | carried out the computational studies of these new hemicarceplexes
and the gating phenomenon, while Hao Wang in our group performed the synthesis, aided by

Roger Helgeson.

The synthesis of 6a was achieved by treating the diol with 9-chloromethylanthracene in
DMF using cesium carbonate as the base (Scheme 3.1). Dimerization of anthracene occurs upon
irradiation at 350 nm, resulting in the gate closing. Irradiation at 254 nm causes the gate to open
and regenerates the bis-anthracene. The reversibility of gate-opening and closing processes of the
hemicarcerand 6a were confirmed by *H NMR and 3C NMR spectra, as well as fluorescence
spectroscopy. During one cycle of alternate irradiation at 350 nm and 254 nm, the emission band
of anthracene decreases in intensity and then recovers to 99% of the original level. Good

reversibility was observed from successive photochemical cycles.

Scheme 3.1 Synthesis of hemicarcerands 6a and its the reversible gate-closing and gate-opening.

The photochemical gates are colored in green.

b\/ \O/ \o/ cl Oo\/
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A complexation study of hemicarcerand 6a with 1,4-(MeQ).C¢H4 was monitored with *H

NMR spectroscopy. An excess of 1,4-(Me0O).CsHs was added to a Ph,O solution of 6a (open
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form). An upfield shift of the methyl protons on 1,4-(MeO).CsHs was observed on the *H NMR
spectrum of the mixture, indicating the formation of complex. When the mixture was irradiated
at 350 nm for 1h, the upfield shift of methyl protons was maintained, and the disappearance of
the anthracene peaks (Ha) showed that a carceplex was formed involving the gate-closed form of
6a and the guest. The carceplex was stable indefinitely at ambient temperature without detectable
release of the guest. Upon irradiation at 254 nm, a downfield shift of the methyl protons was
observed along with the appearance of the anthracene resonances, which indicates the opening of

the gate and release of the guest.

3.2 Computational Exploration

| studied computationally the structures of the open and closed host as well as the binding
properties between the host and candidate guest molecules. The binding properties of the
photochemically gated hemicarcerand 6b with small organic molecules (shown in Figure 3.2)
were studied with molecular mechanics calculations with the OPLS force field and GB/SA
solvation model for chloroform. Guests vii, and xii are small drugs, metronidazole, and propofol,

respectively.

S S50 G A e

OMe
i ii vi

@ @/ é \‘E *@A CIHC-CHOl,

BrzHC CH Br2
viii xiii

Figure 3.2 Organic molecules i-xv tested in complexation study.
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Conformation searches were performed on isolated host 6b and the complexes between
6b and guest molecules to locate the global minimum conformation. For simple organic
molecules, direct optimization proved to be satisfactory. Binding energy is defined as the energy
difference between complex and the isolated host and guest. Both open and closed forms of host

6b were studied.

Calculations on the isolated host showed that the two anthracene moieties in an open-
state are parallel to each other, separated by a proper distance so that they are able dimerize
without introducing much strain to close the gate, as shown in Figure 3.3a. The participation of
solvent in complexation was also taken into consideration. By increasing the number of
chloroform molecules inside the cavity, it was determined that the most stable complex between

6b and chloroform molecules is 5*CHCl3s, as shown in Figure 3.3b.

Figure 3.3 Optimized structures of isolated host and complexes between host and chloroform

solvent.
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Several small organic molecules were studied with molecular mechanics calculations to
predict whether a stable complex could be formed with the designed hemicarcerand. Figure 3.4
shows the optimized complexes formed between para-dimethoxybenzene and host 6b in both
open and closed states. In both cases, the methoxy groups sit perfectly in the cavities with no
obvious strain, indicating that para-dimethoxybenzene can form stable complexes with host 6.
This was confirmed by experimental data. The optimized structures for the remaining complexes

are shown in Figure 3.5.

Figure 3.4 Computed structures of complexes formed between para-dimethoxybenzene i and 6b

The complexes formed between 6b with an open gate and guests ii-xv maintain the
corresponding guests inside the cavity. However, the formation of some of these complexes
requires significant twist of the host molecule, such as in 6beiii, 6bevi, 6bevii, 6b+ix, 6bexii, and
6bexiii (Figure 3.5). In these six complexes, the gate closing resulting from the dimerization of
anthracene shrinks the size of the cavity and causes the guests to exit. No complexes were

observed between 6b with a closed gate and guests iii, vi, vii, ix, Xii, and Xiii.
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Figure 3.5 Optimized structures of complexes formed between 6b and guests ii-



The binding energies for all thirty complexes are shown in Table 3.1, where the binding
is defined as the energy difference between complex 6beguest plus chloroform and
6bschloroform plus guest (Ebinding = Enosteguest + Esolvent — Enostesomvent = Eguest). Most of the guests
exhibit positive binding energies with 6b in its closed form, which suggests complexation
between host and solvent molecule is favored over the complexation between host and guest
molecule. This prediction was confirmed by the failure to observe complexation of para-
dimethoxybenzene i with 6a in chloroform. Because of that, bulkier solvent, phenyl ether, was
used as solvent for the complexation study, allowing observation of the weakly bound complex

of 6a-i.

Table 3.1 Computed binding energies for complexes between 6b and guests i-xv, relative to

CHCl3 binding, in kcal/mol.

6b_open  6b_closed 6b_open  6b_closed
i 0 15 ix 4 o
ii -3 10 X 0 7

i TN ' 3

S W %////é
M 3/

viii -6 10

3.3 References

[1] Piatnitski, E. L.; Deshayes, K. D. Hemicarceplexes that release guests upon irradiation.
Angew. Chem. Int. Ed. 1998, 37, 970-972.

28



[2] Wang, H.; Liu, F.; Helgeson, R. C.; Houk, K. N. Reversible photochemically gated

transformation of a hemicarcerand to a carcerand. Angew. Chem. Int. Ed. 2013, 52, 655-659.

[3] (@) Chandross, E. A.; Dempster, C. J. Reversible intramolecular photodimerization of 1,3-
bis(.alpha.-naphthyl)propane. J. Am. Chem. Soc. 1970, 92, 703-704. (b) Bouas-Laurent, H.;
Castellan, A.; Desvergne, J.-P. Lapouyade, R. Photodimerization of anthracenes in fluid solution:

structural aspects. Chem. Soc. Rev. 2000, 29, 43-55.

29



CHAPTER 4: BIOORTHOGONAL CYCLOADDITION

4.1 Introduction to Bioorthogonal Chemistry

The field of bioorthogonal chemistry emerged in the early 2000s, and the term was
introduced by Carolyn Bertozzi to describe chemical reactions that occur inside living systems
without interfering with natural biochemical processes.!*! Bioorthogonal reactions have become
powerful tools in the study of biomolecules in living system without introducing cellular toxicity.
Figure 4.1 shows how bioorthogonal chemistry is used to study cellular processes. The first step
involves modification of a cellular substrate with a bioorthogonal functional group, also called a
chemical reporter. The modified substrate is then introduced into the cell to determine where the
biomolecule is located in the cell. In the second step, a fluorophore probe containing a functional

group that can react with the reporter is added to the system to label the biomolecule.

reporter probe
-
( D
(
bioorthogonal
N X cvcloaddition N
cell cell / cell

Figure 4.1 Bioorthogonal reactions.

To be considered as bioorthogonal, the functional groups in both reporter and probe
should not perturb the chemistry naturally found in the cell. In addition, the cycloaddition
between reporter and probe should be fast enough to allow real time labeling in living system.

These requirements dictate the guidelines for the development of new reactions.
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4.2 Reactivity and Orthogonality

Many effective bioorthogonal reactions have been developed to enrich the toolbox of
bioorthogonal chemistry. Among them, azide-cyclooctyne cycloadditions!? (Scheme 4.1a) and
tetrazine-trans-cyclooctene  cycloadditions®® (Scheme 4.1b) are widely used. Azide
cycloadditions were introduced into bioorthogonal chemistry by the Bertozzi group in the early
2000s, and tetrazine cycloadditions emerged later and have received increased attention because

of the rapid rates of these reactions.

Scheme 4.1 (a) Azide-cyclooctyne cycloaddition; (b) tetrazine-trans-cyclooctene cycloaddition
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An interesting phenomenon called mutual orthogonality emerges when one pair of
bioorthogonal reagents does not react with a second pair of bioorthogonal reagents. Recently,
Hilderbrand and coworkers demonstrated that trans-cyclooctene derivatives prefer to react with
tetrazines rather than azides (second-order constants measured for the former are four orders of
magnitude greater than the latter). On the contrary, dibenzocyclooctyne derivatives only react
with azides; while reactions between tetrazines and dibenzocyclooctyne were not observed under

physiological conditions.[ Such mutual orthogonality is summarized in Scheme 4.2.
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Scheme 4.2 Mutual orthogonality in Bioorthogonal Cycloaddition Reactions
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To understand the orthogonality presented in Scheme 4.2, we explored the cycloaddition
reactions of trans-cyclooctene 1 and dibenzocyclooctyne 2 with methyl azide 3 and
dimethyltetrazine 4 using DFT calculations with Gaussian 09.55) Geometry optimizations of all
the minima and transition states were carried out at the M06-2X level of theory with the 6-
311+G(d,p) basis set,[®! which has been found to give relatively accurate energetics for
cycloadditions.l’l The vibrational frequencies were computed at the same level to verify that
optimized structures are energy minima or transition states and to evaluate zero-point vibrational
energies (ZPVE) and thermal corrections at 298 K. A quasiharmonic correction was applied
during the entropy calculation by setting all positive frequencies that are less than 100 cm™ to
100 cm™. Solvation energies were evaluated by a self-consistent reaction field (SCRF) using

the CPCM model,®] where UFF radii were used.

The optimized transition structures of these reactions are shown in Figure 4.2, with the
forming bond distances shown in A. The computed activation free energies in the gas phase (Ggas)

and in water (Gwater) and rate constants (k2, based on Gwater at 298 K) are shown under each
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structure, in black, blue, and red. Our results are in good agreement with the experimentally

measured rate constants shown in Scheme 4.2. Rate constants are derived from Eyring equation:

kBT Gwater—3.3
krel —5 € RT

h

A constant (3.3 kcal/mol) is subtracted from the computed activation free energy in water (Gwater)
because of systematic overestimation of activation energy. This specific number is used here
because it gives relatively accurate rate constants in other bioorthogonal reactions that we have

studied. [0
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Figure 4.2 M06-2X/6-311+G(d,p)-optimized transition structures for cycloadditions with methyl
azide and dimethyltetrazine. The computed activation free energies in the gas phase (Ggas, In
kcal/mol) and in water (Gwater, in kcal/mol) and relative rate constants (krel, in Ms) are shown

under each structure, in black, blue, and red.
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The distortion/interaction analysis, a model developed by our group to analyze the origins
of reactivities, especially in cycloaddition reactions,™ was applied to these reactions to
determine the key factors that contribute to reactivity and orthogonality. The
distortion/interaction model is illustrated in Figure 4.3 on the left, with the Diels-Alder reaction
between butadiene and ethylene as an example. The solid black curve in Figure 4.3 represents
the potential energy along the reaction coordinate for the corresponding reaction. The transition
structure is separated into two fragments (distorted butadiene and distorted ethylene), followed
by single-point energy calculations on each fragment. The energy difference between the
distorted structures and optimized ground-state structures is the distortion energy. The distortion
energy of diene (4E'is 4¢) and dienophile (4E'ist 2) can be determined separately. The
difference between activation energy (4E') and total distortion energy (AE'ist = AE'gist 4e +

AEist 2¢) is the interaction energy (4Efiny).

The relationship between activation, distortion, and interaction energies is shown on the
right of Figure 4.3. The lengths of green arrow and blue arrow represent the distortion energy of
dienophile (4E'ist 2¢) and distortion energy of diene (4E'qist 4¢), respectively. The total length of
green and blue arrows equals the total distortion energy (4E'sist). The red arrow pointing down
starting from the value of total distortion energy represents the interaction energy (4E%in), which
is usually a negative number. The activation energy (4E'c), represented by a black arrow, is the
sum of distortion and interaction energies. The distortion/interaction analyses for cycloaddition
reactions of trans-cyclooctene 1 and dibenzocyclooctyne 2 with methyl azide 3 and

dimethyltetrazine 4 are shown in Figure 4.4.
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Figure 4.3. Distortion/interaction model.
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Figure 4.4. Graph of distortion, interaction, and activation energies for reactions of trans-
cyclooctene 1 and dibenzocyclooctyne 2 with methyl azide 3 and dimethyltetrazine 4 (green:
distortion energy of dienophile, blue: distortion energy of diene, red: interaction energy, black:

activation energy, in kcal/mol).

35



With respect to a certain dienophile or dipolarophile, dimethyltetrazine has stronger
interaction energies than methyl azide: the differences are about 10 kcal/mol. This large
difference in the interaction energies results from the different electronic properties of tetrazines
and azides. Frontier Molecular Orbital analysis indicated that the preferred orbital interaction is
between the HOMO of trans-cyclooctene or dibenzocyclooctyne and the LUMO of methyl azide

or a relevant t* orbital of dimethyltetrazine (Figure 4.5).

Figure 4.5 FMO diagram for the cycloadditions of trans-cyclooctene and dibenzocyclooctyne
with methyl azide and dimethyltetrazine. HF//M06-2X/6-311+G(d,p)-computed orbital energies

are shown in eV.

Note from the diagram that azide is a much weaker electron acceptor compared with
tetrazine, because of its higher LUMO energy. The smaller orbital energy gap between
tetrazine LUMO+1 and trans-cyclooctyne or dibenzocyclooctyne HOMO is responsible for its
stronger interactions presented in Figure 4.4. The distortion energies in cycloadditions of trans-

cyclooctene with methyl azide and dimethyltetrazine are very close (20.5 and 19.9 kcal/mol,
36



respectively). Therefore, tetrazines are more reactive than azides in the cycloaddition reactions

with trans-cyclooctenes, due to greater intrinsic electrophilicities of tetrazines.

However, in the cycloadditions of dibenzocyclooctyne, the advantage of tetrazine over
azide in the interaction energy (-23.0 versus -12.7 kcal/mol) is overcome by the extremely high
distortion energy (36.7 versus 20.4 kcal/mol), resulting in a higher activation energy (13.7 versus
7.7 kcal/mol). The high distortion energy in the reactions between dibenzocyclooctyne and
dimethyltetrazine is due to the steric effect that is illustrated in Figure 4.6 with space-filling
models. The steric repulsion between the methyl hydrogen atoms of tetrazine and the ortho
hydrogen atoms of the aromatic rings of dibenzocyclooctyne forces the tetrazine to tilt away
from the orientation that allows perfect orbital overlap between diene and dienophile. The
tetrazine has to distort more to compensate for the poor orbital overlap, leading to a high

distortion energy.

914A

Methyl azide Dibenzocyclooctyne Dimethyltetrazine

TS3 2 TS4 2

Figure 4.6 Space-filling models of, methyl azide, dibenzocyclooctyne, dimethyltetrazine, and

transition states TS3_2 and TS4_2 (distances in A).
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4.3 Developing New Bioorthogonal Reagents

Mutual orthogonal reaction pairs are useful in labeling multiple biomolecules in living
systems (Figure 4.7). Reporters a and b are introduced into the cell to label different
biomolecules, for example two different sugars; subsequently, probes ¢ and d are added in
succession. Probe c selectively reacts with reporter a; while probe d only reacts with reporter b
(alternatively, probe d can be less selective between reporters a and b — since a has been
consumed by probe ¢, d can only react with b. Therefore, biomolecules 1 and 2 can be

simultaneously labeled and studied.

a
{ D:‘ biomolecule 1 © * ) d biomolecule 1 © *

_— _—

b
biomolecule 2 —( biomolecule 2 —( biomolecule 2 —©—£‘>

Figure 4.7 Schematic of mutual orthogonality to label two different biomolecules.

Although cycloaddition reactions, especially the 1,3-dipolar (3+2) cycloaddition and the
Diels-Alder (4+2) cycloaddition, are widely utilized in various chemical transformations, only a
small subcategory of cycloadditions is suitable for modification of biomolecules that typically
proceed in water and at ambient temperature. For known bioorthogonal reagents, stabilities in
water and the tolerance of biological functionality have been demonstrated by experiments in the
literature.[*?l The key to the discovery of new reactions and orthogonality of reaction pairs is to
obtain the information about the cycloaddition reactivity and selectivity. We applied the same
computational approach to understand the orthogonality and to design new orthogonal reaction

pairs.
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Figure 4.8 Color-coded matrix of rate constants (in M s™) for 120 cycloadditions in water to
predict reactivity and orthogonality. The activation free energies that were used to predict these
rates were computed at the CPCM(water)-M06-2X/6-311+G(d,p)//M06-2X/6-31G(d) level.
Calculations done by other group members are marked with *. The meaning of the color code is

given at the top.

As shown in Figure 4.8, twenty two bioorthogonal cycloaddition reagents were chosen
from the literature and divided into 4w components (1,3-dipoles and dienes) and 27 components
(alkenes and alkynes). All these components form a 10 x 12 matrix of possible bioorthogonal
cycloadditions. The rate constants (Kcompt, based on Guater at 298 K) calculated for each reaction
are shown in the matrix in Figure 4.8, in M! s, To make it easier to follow, the matrix is color-
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coded to show the reactivity of each reaction directly. Red shades mean that the corresponding
cycloaddition is very slow at room temperature, while yellow indicates that the reactions may be
employed as bioorthogonal cycloadditions with moderate rate constants, primarily for labeling
and static imaging applications. Green stands for extremely fast cycloadditions, that can be used

in vivo to track biological processes even at low concentrations of reactants.

Among these 120 cycloadditions, about 30 reactions have been investigated
experimentally. It is found that the observed rate constants for these reaction are within one order
of magnitude with those calculated from our activation free energies. For instance, Wang’s group
recently reported that the reaction of cyclooctyne with 3,6-diphenyltetrazine has a rate constant
of 0.070 + 0.007 Ms?, B9 which is quantitatively comparable to the predicted one of 0.1 M1s™.
The widely investigated azide cycloadditions with cyclooctyne, dibenzocyclooctyne, and 3,3,6,6-
tetramethylthiacyclo-4-heptyne exhibit cycloaddition rates with azides at increasing rates along
this series: experimental rate constants are 1.2 x 1073, 0.12, and 4.0 Ms?, respectively.
Calculations predict 104, 102, 10 MZs?: all are just one order of magnitude lower than

experiments.

In addition to unveiling additional useful bioorthogonal cycloadditions between two
known reagents, this matrix also provides a guide for the discovery of new orthogonal
cycloaddition  pairs.  For azide cycloadditions, the reactivity of 3,3,6,6-
tetramethylthiacycloheptyne is much higher than that of 1,3-dimethylcyclopropene, while in the
3,6-disubstituted tetrazine cycloadditions, these reactivity patterns are reversed. Therefore, these
two bioorthogonal reaction pairs are mutually orthogonal. There are also several new orthogonal

pairs involving nitrile oxides, nitrones, and monosubstituted tetrazines. This provides more
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opportunities for designing sequential or simultaneous cycloadditions to monitor multiple

biomolecules in biological environments.
4.4 Tetrazines in Bioorthogonal Cycloaddition

Among the reported bioorthogonal cycloaddition reagents, tetrazines have received
increased attention since Fox and Hilderbrand reported the use of tetrazine-based cycloadditions
in live cell imaging in 2008.%! In these pioneering studies, Fox and Hilderbrand reported that
strained alkenes such as trans-cyclooctene and norbornene undergo rapid reactions as

dienophiles in Diels-Alder cycloaddition reactions with tetrazines (Scheme 4.3a).

Scheme 4.3 Cycloadditions of tetrazines with strained alkenes

2-pyr 2-pyr 2-pyr
a A
+ I}ll \I}I —_— [TJ/ —_— HI}J o
NYN -N, Na N
2-pyr 2-pyr 2-pyr
NH
g NH,
+
NTSN S CO,H
Ul 1 N\ 2
NzN
OH OH
OH
b
OgNH + —  Pf
PR
=N NH =N
] | I{I
NzN o Z
@
N/ﬁ
| NN o
W Rl
° — B Bk
[} 1
* N> N ZN
S
~ =t
O ~
HO
NZ "N
J

41



Later, cyclopropenes(*®l and cyclooctynes™™ were explored as dienophiles with tetrazines
(Scheme 4.3b), adding an extra dimension to strain-promoted, or as we have identified,
distortion-promoted,™™® cycloadditions in bioorthogonal chemistry. The following chapters

(Chapter 5-7) explore the Diels-Alder reactivities of tetrazines in detail.
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CHAPTER 5: DIELS-ALDER REACTIVITIES OF TETRAZINES

5.1 Introduction to Tetrazine Diels-Alder Reactions
Introduction

Diels-Alder reactions of tetrazines have received increased attention in bioorthogonal
chemistry since Fox and Hilderbrand reported the use of tetrazine-based cycloadditions in live
cell imaging in 2008.12 In these pioneering studies, strained alkenes such as trans-cyclooctene
and norbornene were found to undergo rapid reactions as dienophiles in Diels-Alder
cycloaddition reactions with tetrazines. Later, cyclopropenest®4, cyclobutene derivative,®™ and
cyclooctynest® were explored as dienophiles with tetrazines, adding an extra dimension to strain-
promoted, or as we have identified, distortion-promoted,[? cycloadditions in bioorthogonal
chemistry. Figure 5.1 shows the general approach used in living cell labeling. Firstly, a reporter,
the strained alkene or alkyne that binds specifically to the target biomolecule, is introduced into
the system. A fluorophore-tetrazine probe is then added to the biological medium, and the fast
cycloaddition between reporter and probe produces a labeled biomolecule whose location can be

determined by imaging of the live cell.

probe

reporter NEN,
k=~ 2
[ biomolecule z S ( biomolecule ~N
bioorthogonal S _NH

cycloaddition &

Figure 5.1 Bioorthogonal cycloaddition.
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Tetrazine cycloadditions are not limited to bioorthogonal chemistry. These cycloaddition
reactions have also been used in syntheses of natural products,® modification of metal-organic
frameworks,® and functionalization of carbon nanotubes.[!' In fact, the Diels-Alder reactions of
tetrazines are venerable processes that have been studied in detail by Sauer’s group and others
over the last four decades.[**'?l Sauer reported kinetic measurements of cycloaddition reactions
of tetrazines with a series of dienophiles. Along with a more comprehensive exploration of
substituents, his studies identified significant differences in rate constants between strained and

unstrained alkenes and alkynes.[**]

Scheme 5.1 Rate constants of Diels-Alder cycloadditions of tetrazines with strained and

unstrained alkenes and alkynes.!l
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Scheme 5.1 shows the second order rate constants measured experimentally by Sauer et
al. for the cycloaddition reactions between dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate and
acetylene, ethylene, cyclooctyne, and trans-cyclooctene.l!'cl The rate constants measured with
strained dienophiles (cyclooctyne and trans-cyclooctene) are about five orders of magnitude

greater than the rate constants of unstrained dienophiles (acetylene and ethylene). In addition, the
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reactions of alkenes with tetrazine are about 1000 times faster than alkynes. The origin of such

striking differences has not been explored previously but are explored here.

The strained dienophiles obviously react faster than unstrained ones, but we have shown
previously that this is related to distortion energy differences, not strain release differences.[”] In
the examples in Scheme 1, the reactivity difference between trans-cyclooctene and cyclooctyne
is not explained by strain release. Conversion of cyclooctyne to cis-cyclooctene is 7 kcal/mol
more exothermic than conversion of trans-cyclooctene to cyclooctane,*®l yet trans-cyclooctene
is 10% more reactive than cyclooctyne. We have undertaken a theoretical investigation of the
Diels-Alder reactivities of strained and unstrained alkenes and alkynes and report here the

origins of these reactivity differences, as well as those controlled by tetrazine substituents.

There have been many experimental studies of substituent effects of tetrazine
cycloadditions. Hilderbrand reported reaction rates for a series of 1,2,4,5-tetrazines in
cycloaddition reactions with trans-cyclooctenol for bioorthogonal conjugation.* Their study
showed that methyl-substituted tetrazines are much less reactive than pyridyl- or pyrimidyl-
substituted tetrazines (Scheme 5.2a). The studies of reactions of substituted tetrazines with
cyclooctyne showed that trifluoromethyl tetrazine is more reactive than phenyl or pyridyl
tetrazines (Scheme 5.2b).11¢15] Tetrazines substituted with electron-donor groups are the least
reactive species in the tetrazine family. Scheme 5.2c shows a comparison between the parent
tetrazine, 3,6-diphenyltetrazine, and 3-methoxy-6-(methylthio)-1,2,4,5-tetrazine. Tetrazine itself
reacts with phenylacetylene at 70°C;[*'¢l the reaction of diphenyltetrazine and requires higher
temperature of 110°C,[24 while the reaction between 3-methoxy-6-(methylthio)-1,2,4,5-tetrazine

and phenylacetylene occurs only at 180°C.[*%
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Scheme 5.2 Diels-Alder reactions of substituted tetrazines.
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It is well known that tetrazines undergoes inverse-electron-demand Diels-Alder reactions
with alkenes or alkynes. Figure 5.2 shows the 7 orbitals of acetylene (left), the parent tetrazine
(middle), and ethylene (right). Because tetrazine is an electron-deficient diene with low-lying
vacant orbitals, the interaction between the LUMO+1 (the ©* orbital involved in the Diels-Alder
reaction) of tetrazine and HOMO of acetylene or ethylene is a key factor that influences the
interaction energy in the Diels-Alder reaction. The LUMO+1 energy of tetrazine is further

lowered by an electron-withdrawing substituent, resulting in a decrease in HOMO-LUMO+1 gap,
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and an increase in reactivity. On the contrary, electron-donating groups raise LUMO+1 and

reduce the reactivity of tetrazine in Diels-Alder reactions.
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Figure 5.2 The = orbitals of acetylene, parent tetrazine, and ethylene. The HOMO-LUMO+1

interactions between tetrazine and acetylene or ethylene are indicated by dashed lines.

This is shown graphically in Figure 5.3. LUMO+1 orbital energies were calculated with

HF/6-311+G(d,p) for a series of substituted tetrazines. The LUMO+1 orbital shapes and energies

are shown in Figure 5.3. The lowering of LUMO+1 results in greater reactivity, although

diphenyltetrazine is 30 times less reactive than dipyridyltetrazine, in spite of the same energy of

LUMO+1 orbitals of the two.
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Figure 5.3 Low-lying vacant orbitals involved in the Diels-Alder reactions of tetrazine 1-7.

Energies of these orbitals in eV evaluated by RHF are shown below the orbitals.

In order to better understand these data, we have undertaken a comprehensive
investigation of the substituent and strain effects on the rates of the Diels-Alder reactions of
tetrazines with a variety of alkenes and alkynes using density functional theory. We provide a
detailed analysis of the factors controlling reactivity of the molecules in Figure 5.4. We studied
the reactions of electron-donor-substituted tetrazines, 1-2, conjugating-group-substituted
tetrazines, 3 and 5, the parent tetrazine, 4, and electron-acceptor-substituted tetrazines 5-7. The
dienophiles studied were strained and unstrained alkenes and alkynes, including 2-butyne 8,
trans-2-butene 9, cyclooctyne 10, and trans-cyclooctene 11. Computational results are compared

to experimental data when available.

R
1. R = OMe
&y | s O Q@
N_.-N 2.R=Me 4. R=H 6. R = CO,Me
9 10

R 3.R=Ph 5.R=Py 7.R=CF; 8 11

z

Figure 5.4 Tetrazines and dienophiles investigated in this report.
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5.2 Computational Methods

All density functional theory (DFT) calculations were performed with Gaussian 09.[6]
Geometry optimization of all the minima and transition states was carried out at the M06-2X
level of theory with the 6-31G(d) basis set,[*”l which has been found to give relatively accurate
energetics for cycloadditions.™* We also tested the energetics of reactions with a larger basis set,
6-311+G(d,p). There was a systematic increase in activation energy by 0.5-1.0 kcal/mol. Because
of the considerably greater cost of these calculations, and the lack of significant change in results,

we have used the smaller basis set for the data reported here for the 28 reactions.

The vibrational frequencies were computed to verify that optimized structures are energy
minima or transition states and to evaluate zero-point vibrational energies (ZPVE) and thermal
corrections at 298 K. A quasiharmonic correction was applied during the entropy calculation by
setting all positive frequencies that are less than 100 cm™ to 100 cm™.[1 The frontier molecular
orbitals (FMOs) and their energies were computed at the HF/6-311+G(d,p) level using the MO06-
2X/6-31G(d) geometries. For the Diels-Alder reactions of cyclooctyne, solvent effects in 1,4-
dioxane were computed at the MO06-2X/6-311+G(d,p) level using the gas-phase optimized
structures. Solvation energies were evaluated by a self-consistent reaction field (SCRF) using the
CPCM model, where UFF radii were used. Distortion and interaction energies, as well as IRCs
were carried out at the M06-2X/6-31G(d) level. The scan of distortion angles of tetrazines 1-7
and dienophiles 8-11 was performed by manually fixing the angles followed by optimization of

all other parameters with M06-2X/6-31G(d).

5.3 Strain Effects
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The transition structures for the Diels-Alder reactions between tetrazine 2 and
dienophiles 8-11 are shown in Figure 5.5. The forming bond lengths are shown in A. The
activation enthalpy (4H'), activation free energy (4G"), and free energy of reaction (4Grxn) for
each combination are shown below each structure in kcal/mol in blue, red, and black,

respectively.

< 198,35.1,-206 12.3,27.9,-6.5

TS2_10 TS2_11

)
\w [
222 \2.22 | 222 \2.22
8.2,23.7,-24.0 3.0, 18.0, -15.0

Figure 5.5 MO06-2X/6-31G(d)-optimized transition structures for reactions of 3,6-
dimethyltetrazine, 2 with 2-butyne, 8, trans-2-butene, 9, cyclooctyne, 10, and trans-cyclooctene,
11 (forming CC bond distances are labeled on each structure in A; AH', AG', AGxn are shown

below each structure in kcal/mol in blue, red, and black, respectively.)
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The activation free energy for the reaction of 3,6-dimethyltetrazine with trans-2-butene 9
is 9.9 kcal/mol higher than that with strained trans-cyclooctene 11 (Figure 5.5, TS2 9 and
TS2_11), which corresponds to a seven order of magnitude difference in rate constants. This is
consistent with the experimental observations in Scheme 5.1. Similarly, the difference in
calculated activation free energies for reactions of 3,6-dimethyltetrazine with 2-butyne 8 and
strained cyclooctyne 10 is 11.4 kcal/mol (Figure 5.5, TS2_8 and TS2_10), leading to a rate
difference of 108. A somewhat smaller difference was found experimentally for the tetrazines

shown in Scheme 5.1.

Table 5.1 Activation free energies (4G') for Diels-Alder reactions between tetrazines 1-7 and

dienophiles 8-11, in kcal/mol.

1(OMe) 2 (Me) 3 (Ph) 4 (H) 5(Py) 6(CO,Me) 7(CFy)
35

262 25.6 I
18.4 16.0 26

14.0 .

IS

Table 5.1 summarizes the activation free energies of all 28 reactions studied here. The

10 QI 209 23.7 21.5 17.8 18.8

1 @ 18.4 18.0 17.0 139

boxes in the table are color coded to show whether the reaction is (green) very rapid at room
temperature or below, even for moderately low concentrations. As the colors change to light
green, yellow, orange and red, the activation free energies increase, and for red the reactions
would require high concentrations and elevated temperatures to be observed at all. The table is

arranged in order of increasing reactivity of the tetrazines, as discussed along with Figure 5.3,
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from left to right. The dienophiles are also ranked in order of reactivity, increasing from top to

bottom.

The range of reactivity is enormous, with activation free energies ranging from 8-35
kcal/mol, corresponding to a 10'° range in rate constants at room temperature! Our results and
the experiments in Scheme 5.1 showed that alkenes, both unstrained and strained, are better
dienophiles than alkyne counterparts in Diels-Alder reactions with tetrazine 2; the differences in
activation free energies are large, 4-10 kcal/mol for trans-2-butene/2-butyne and 2-6 kca/mol for
trans-cyclooctene/cyclooctyne (Table 5.1). There is also a trend toward higher selectivity with
the more reactive tetrazines to the right of Table 5.1. This is unexpected from our previous
studies on cycloadditions of twenty-four 1,3-dipoles with ethylene or acetylene, since very
similar reactivities of ethylene and acetylene were predicted for the 1,3-dipolar cycloaddition

reactions,[18a.20]

To understand why alkenes are more reactive than alkynes in Diels-Alder reactions with
tetrazines, and why strained dienophiles are more reactive than unstrained species,
distortion/interaction analyses were performed on all transition states. The distortion/interaction
model is illustrated in Figure 5.6 on the left, with the Diels-Alder reaction between parent
tetrazine and ethylene as an example. The solid black curve in Figure 5.6 represents the potential
energy along the reaction coordinate for the corresponding reaction. The transition structure is
separated into two fragments (distorted tetrazine and distorted ethylene), followed by single-
point energy calculations on each fragment. The energy difference between the distorted
structures and optimized ground-state structures are the distortion energies of diene (4Egist 4)

and dienophile (4E'ist 2¢), respectively. The difference between the activation energy (4E%ct) and
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the total distortion energy (4E'ist = AE'ist 2 + AEdist 2¢) is the interaction energy (4E%in).The
relationships between activation, distortion, and interaction energies are shown on the right of

Figure 5.6.

distorted tetrazine
NN

<

n o +

AE dist

NS
) +
Nz

Z—Z

reactants

cycloadduct

Figure 5.6 Distortion/interaction model.

The activation energies, distortion energies, and interaction energies for each transition
structure involving dienophiles 8 and 9 are graphically displayed for each tetrazine (represented

by the substituent groups) in Figure 5.7.
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Figure 5.7 Plot of AE'q (black), AE'ist (blue), and AE'in: (red) for tetrazines 1-7, in Diels-Alder
reactions with (left) trans-2-butene (dashed lines) and 2-butyne (solid lines) and (right) trans-

cyclooctene (dashed lines) and cyclooctyne (solid lines).

Activation energies, total distortion energies, and interaction energies are shown in black,
blue, and red, respectively. Empty squares connected with dashed lines represent the Diels-Alder
reactions with trans-2-butene 9; while the solid circles connected with solid lines are for
reactions with 2-butyne 8. The graph shows that the difference in reactivities between alkene and
alkyne comes from differences in both distortion and interaction energies. The difference in
interaction energies is expected based on FMO theory. Since the alkene has a higher HOMO
energy than alkyne (Figure 5.2), the HOMO-LUMO gap between tetrazine and alkene is smaller,
resulting in stronger interaction energy. The trend toward larger differences in interaction
energies with more electron-deficient tetrazines is also consistent with greater selectivity with the
more electrophilic tetrazines. The overall trend, where the interaction energies along the series

peak at H, and decrease with donors and acceptors, can be attributed to the increase in
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alkene/alkyne HOMO-tetrazine LUMO+1 interaction from left to right, and the shifts from late

TS on the left to early TS on the right, which causes a general decrease in interaction energies.

The difference in distortion energies for alkene and alkyne reactions was, however,
unexpected. To investigate this phenomenon, we performed constrained optimizations on trans-
2-butene and 2-butyne, bending substituents (methyl groups or hydrogen atoms) out of planarity
or linearity. This is the most significant distortion occurring in the Diels-Alder transition states
involving alkenes or alkynes. For trans-2-butene, the distortion angle ¢, the dihedral angle
between the bent bond and the original plane of the carbon skeleton of trans-2-butene, as
illustrated in Figure 5.8, is gradually changed from 180° (as in ground-state structures) to 160°, in
intervals of 2.5°. In the case of 2-butyne, the distortion angle 6, the angle between the bent bond
and the triple bond, as illustrated in Figure 5.8, is gradually changed from 180° (as in ground-
state structures) to 140° in intervals of 5°. The energy difference between optimized structure
with fixed distortion angle and the ground-state structure is defined as distortion energy of angle
(AE disty) OF AE aisew)). Figure 5.8 shows the plot of these energies versus distortion angles ¢ and 0.
Distortion angels ¢ and @ range from 167° to 155° and 155° to 151° in transition structures,

respectively, as highlighted in orange boxes in Figure 5.8.
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Figure 5.8 Left: plot of distortion energy of angle (4E s, OF AE'4isiey) Versus distortion angle (¢
or 0) for trans-2-butene (blue) and 2-butyne (pink). The blue and purple boxes show the range of
the angle in the transition states for reactions of trans-2-butene and 2-butyne, respectively. Right:

geometries of ground-state trans-cyclooctene and cyclooctyne.

Bending of 2-butyne in this way is easier than bending of trans-2-butene, which is in
agreement with our previous study of nucleophilic additions of LiH and MeLi to ethylene and
acetylene.?! However, in Diels-Alder reactions with tetrazines, 2-butyne is bent more than

trans-2-butene in the transition states, resulting in a higher net distortion energy.

A distortion/interaction analysis was also carried out on reactions of strained dienophiles
with tetrazines to understand more quantitatively their extreme reactivities. The energy
components for each transition structure of reactions involving dienophiles 10 and 11 are
graphically displayed for each tetrazine in Figure 5.7 on the right. In comparison with the plot on

the left, it shows that the significant drop in distortion energies involving strained dienophiles
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contributes to the decrease in activation energies. A detailed analysis of the distortions and

interactions for the dimethyltetrazine reaction is given in Figure 5.9.

-23.2
22.5
-17.1
-17.0
19.0
15.5
11.2
11.9 74
54
3.3 1.9
2-butyne trans-2-butene cyclooctyne trans-cyclooctene

Figure 5.9 Graph of distortion, interaction, and activation energies for transition states of
reactions of tetrazines 2 and dienophiles 8-11 (green: distortion energy of dienophile, blue:

distortion energy of diene, red: interaction energy, black: activation energy, in kcal/mol).

Comparing the activation energies for 2-butyne and the distorted cyclooctyne, the 12
kcal/mol reduction in the activation barrier is caused by a 12 kcal/mol reduction in distortion
energy, primarily due to the pre-distortion of the cyclooctyne.l?? The same trend is observed
upon comparison of trans-2-butene and trans-cyclooctene. Although the interaction energy is
more negative for trans-2-butene, due to a somewhat late TS (Figure 5.5), the extremely small
distortion energy for trans-cyclooctene lowers down the activation energy. The decrease in
activation barrier is a result from the decrease in distortion energy. The distortion angles (¢ and 6)

in ground-state structures of trans-cyclooctene and cyclooctyne are 168° and 158°, respectively,
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as shown in Figure 5.8 on the right. These values are fairly close to the angles observed in
transition structures, where ¢ ranges from 166° to 163° and # ranges from 154° to 149°. Based
on this analysis, we conclude that trans-cyclooctene and cyclooctyne are predistorted toward
Diels-Alder transition structures and require smaller distortion energies compared to unstrained

dienophiles, leading to lower activation barriers.
5.4 Substituent Effects

The transition structures for the Diels-Alder reactions between tetrazines 1-7 and
dienophile 9 are shown in Figure 5.10 with the forming bonding distances marked in A. The
activation enthalpy (4H"), activation free energy (4G'), and free energy of reaction (4Grn) are
shown below each structure in kcal/mol in blue, red, and black, respectively. Dimethoxytetrazine
1 is the least reactive, in agreement with the experimentally observed low reactivity of 3-
methoxy-6-(methylthio)-1,2,4,5-tetrazine shown in Scheme 5.2c. Dimethyltetrazine 2 has a
slightly lower barrier than 1, but still not as reactive as parent tetrazine 3, as demonstrated in
Scheme 5.2a. Diphenyltetrazine 4 and dipyridyltetrazine 5 are less reactive than dimethyl-
1,2,4,5-tetrazine-3,6-dicarboxylate 6 and bis(trifluoromethyl)tetrazine 7, in accord with the
reactivity trend presented in Scheme 5.2b. Tetrazines substituted with electron-donating groups
(1 and 2) have late transition states with short forming bond distances and large activation
barriers. On the contrary, tetrazines substituted with electron-withdrawing groups (5-7) have

early transition states with long forming bond distances and small activation barriers.
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Figure 5.10 M06-2X/6-31G(d)-optimized transition structures for reactions of trans-2-butene
(forming CC bond distances are labeled on each structure in A; 4H', AG', AGn are shown below

each structure in kcal/mol in blue, red, and black, respectively).

To understand what controls the reactivity, we did the distortion/interaction analysis on
each transition structure, as shown in Figure 5.11. The distortion energy of dienophile (green
arrow), distortion energy of diene (blue arrow), interaction energy (red arrow), and activation
energy (black arrow) are plotted for each tetrazine involved in the reaction, in kcal/mol. The
distortion energy of dienophiles is not sensitive to tetrazine substituents, ranging from 10 to 13
kcal/mol as the substituent varies. Distortion energies of diene for reactions involving donor-
substituted tetrazines are higher than for reactions involving acceptor-substituted tetrazines, due
to the position of transition states. The tetrazine distortion energies vary from 19 to 25 kcal/mol.
The distortion energies are larger for R = donor, where the transition states are relatively late,
and become smaller for R = acceptor, where the transition states are relatively early. This
difference in distortion energies is not as significant as the difference in interaction energies,
which is the major contributor to the variance in activation energies. These vary from -20 to -33

kcal/mol. Tetrazines substituted with electron-withdrawing groups tend to have more negative
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interaction energies, leading to low activation energies. This arises in large part due to favorable

tetrazine LUMO+1 interaction with alkene HOMO, as discussed earlier.
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Figure 5.11 Graph of distortion, interaction, and activation energies for transition states of
reaction of tetrazines 1-7 and trans-2-butene 9 (green: distortion energy of dienophile, blue:

distortion energy of diene, red: interaction energy, black: activation energy, in kcal/mol).

In order to provide a more detailed understanding of how the distortion and interaction
energies vary as the reaction proceeds, we have examined distortion and interaction energies
along the intrinsic reaction coordinate (IRC) for these reactions. The activation energies and
energy components are plotted against the forming CC bond distance for points along the IRC in
Figure 5.12. This type of analysis has been used extensively by Bickelhaupt and in our earlier
work.[%%] Total, distortion, and interaction energies are shown as solid lines, dashed-dotted lines,

and dashed lines, respectively. These energy profiles are colored according to the tetrazines
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involved in the reactions. The positions of transition states are marked with diamonds in
corresponding colors. The energy values at these positions correspond to the activation energy
(AE'aer), total distortion energy (4E'is), and interaction energy (4E'int) defined in Figure 5.6. At
the transition state, the derivative of the distortion energy is equal and opposite in sign to the
derivative of the interaction energy. Clearly, an early transition state, with a relatively long
forming CC bond distance, corresponds to a low activation barrier, while a late transition state is

accompanied by a high activation barrier.

70 A

— OMe

—— Ph

CO,Me
— CF,

AE (kcal/mol)

Figure 5.12 Total energy AEac (solid), distortion energy AFEqist (dashed-dotted), and interaction
AEin (dashed) along the reaction coordinate (forming bond distance in A) for reactions of

tetrazines 1-7 with trans-2-butene.
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At a certain forming bond distance, reactions involving tetrazines substituted with
electron-withdrawing groups have stronger interaction energies than reactions of tetrazines
substituted with electron-donating groups (Figure 5.12, dashed lines). These differences in
interaction energies can be explained by FMO theory. The variation in LUMO+1 energies of
tetrazines 1-7 in Figure 5.3 corresponds approximately with the vertical displacement of the
dashed lines in Figure 5.12. Tetrazines substituted with electron-withdrawing groups have lower
LUMO+1 energies, leading to smaller HOMO-LUMO gaps and stronger interactions. To our
surprise, such correlation between energies and with the electronegativities of the substituents
does not hold true for the distortion energies (Figure 5.12, dashed-dotted lines). At a certain
forming bond distance, reaction of dimethoxytetrazine 1 has a much smaller distortion energy
than reaction of bis-(trifluoromethyl)tetrazine 7, while the reactions involving tetrazines 2-6 have
very close distortion energies. Does that suggest dimethoxytetrazine 1 is easier to be distorted
than bis-(trifluoromethyl)tetrazine 7? To answer this question, we analyzed four critical
structures along the IRC for reactions of 1 and 7, including two transition structures and
structures with similar forming bond distances with the transition structure, as shown in Figure

5.13.
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Figure 5.13 Left: Total energy AFEa (solid), distortion energy AFEdist (dashed-dotted), and

interaction AEin (dashed) along the reaction coordinate (forming bond distance in A) for

reactions of tetrazines 1 (R = OMe, red) and 7 (R = CFg3, blue) with trans-2-butene. Right:

transition structures involving 1 and 7 and corresponding IRC points with similar forming bond

distances. The distortion angles N(1)-C(2)-C(3)-C(4) or N(1)-C(2)-C(3)-O(4) are shown below

each structure.

At a similar forming bond distance, dihedral N(1)-C(2)-C(3)-O(4) is larger than dihedral

N(1)-C(2)-C(3)-C(4) (155° vs. 145° or 145° vs 139° shown in Figure 5.13 on the right),

indicating that dimethoxytetrazine is less bent out of planarity than bis(trifluoromethyl)tetrazine

when separated from trans-2-butene at a fixed distance. This explains why the distortion energy

curve for reaction involving dimethoxytetrazine is lower than that for bis(trifluoromethyl)-
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tetrazine—not because the former is easier to distort but because the former is distorted to a less

degree.

To compare the ease of distortion in substituted tetrazines, a scan of the out-of-plane
distortion, which is a prominent distortion in the transition state (Figure 5.14), was carried out.
For each tetrazine, the out-of-plane dihedral angle , which is 0° for planar ground-state
structures and 12-18° for transition structures, was gradually increased from 2.5° to 20.0° in
intervals of 2.5°. The energy difference between optimized structure with fixed dihedral angles
and the ground-state structure is defined as distortion energy of angle (4E'us ). Figure 5.14

shows the plot of AE'4 « versus the dihedral angle o.
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Figure 5.14 Plot of distortion energy of angle (4E4is «) versus distortion angle (w) for tetrazines
1-7. The orange box shows the range of the dihedral angle in the transition states for reactions of

substituted tetrazines with dienophiles 8-11.
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The distortion energy increases as this dihedral angle increases. At a certain angle within
the transition zone (highlighted with an orange box in Figure 5.14 with » = 12-18°), the
distortion energies of tetrazines substituted with electron-withdrawing groups are significantly
lower than the distortion energies of tetrazines substituted with electron-donating groups. The
acceptor-substituted tetrazines are easier to distort compared than the donor-substituted tetrazines.
This trend is consistent with the distortion/interaction analysis in the previous discussion as well
as the Diels-Alder reactivities of different tetrazines. This occurs because donor stabilize the
tetrazines, while acceptors destabilize them. Tetrazines are electron-deficient and benefit from
electron-donation and this interaction is reduced by bending. We calculated the isodesmic
reaction energies for the process shown in Figure 5.15. The isodesmic reaction energy, AHstab, IS
very favorable (35 kcal/mol stablization) for the powerful donor, MeO, and becomes
destabilizing up to -13 kcal/mol for CFs. The distortion energy at various values of w are plotted
versus AHsap in Figure 5.15. The ease of distortion in substituted tetrazines is related to the
stability of the ground-state structures. Tetrazines substituted by electron-donating groups are
more stable and hard to distort, while tetrazines substituted by electron-withdrawing groups are

less stable and easy to distort into Diels-Alder transition states.
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Figure 5.15 Correlation between angular distortion energies at fixed distortion angles (o = 12.5°,

15.0°, and 17.5°) and the reaction enthalpies of the corresponding isodesmic reactions.

5.5 Correlation between Activation Energies, Distortion Energies, and HOMO-LUMO

Gaps

Finally, we summarize the factors that control reactivities of tetrazines. Figure 5.16
shows a plot of activation energies (4E'a) versus total distortion energies (4E'is)) or reaction
energies (4E'wn). The blue and red data points on the plot are for the Diels-Alder reactions of
tetrazines 1-7 with alkenes and alkynes, respectively. The solid and empty data points are for
reactions involving strained and unstrained dienophiles, respectively. The linear correlations for
all data are shown at the bottom right of each plot. The activation energies correlate very roughly

with reaction energies as shown in Figure 5.16b. The Diels-Alder reactions of strained
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dienophiles (trans-cyclooctene and cyclooctyne) are about 10 kcal/mol more exothermic and
about 5 kcal/mol more kinetically favored than those of the unstrained dienophiles, trans-2-

butene and 2-butyne. As noted earlier, alkenes (blue), generally, are more reactive than alkynes

(red), and this shows up quite dramatically in Figure 5.16b.

a b
20 1 1 Me
OMe  Ph
15 - . 'S ory
MeD |:|0Me
= e
% 10 4 ) oCFs o CO:Me Oy,
= ) 'l
3 @Me Ph
A . o0OM P
=1 Me oPy
= eoH e Py OMe
N ! Me _NH
) g ath
N - g mH CO,Me
¢ CO:Me CF;
o CF;
5 4 J BPy
B CO,Me AE',,=0.78 AE',,— 16, BCO,Me AE',,=0.324E,,, +18,
B CF, R?=0.74 B CF, R?=0.16
-10 T . . . . . -10 . . T . T . . )
10 15 20 25 30 35 40 -60  -55  -50 45 40 35 30 25 -20
AE 3 (kcal/mol) AE,,, (kcal/mol)

Figure 5.16 Plots of activation energy (4E') vs (a) total distortion energy (4E'is) and (b)
reaction energy (4E'wn).Solid blue squares: trans-cyclooctene; empty blue squares: trans-2-
butene; Solid red circle: cyclooctyne; empty red circle: 2-butyne. The labels shown besides each

data point refer to the substituent groups on the tetrazines involved in the corresponding

reactions.

The correlation between activation energy and distortion energy is much better, with R?
equal to 0.74. The activation energies increase as the distortion energies increase. In general, this
correlation indicates that the reactivity is distortion-controlled. Deviations from this line result

from the fact that interaction energies are not constant. Tetrazines substituted with electron-
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donating groups lie at or above the correlation line, and tetrazines substituted with electron-
donating groups lie, for the most part, at or below this line, due to their more favorable
interaction energies. The interaction energy differences cause deviations from the linear

correlation with distortion energies.

Interaction energies arise from a variety of factors, such as charge-transfer, electrostatic,
and polarization stabilization, as well as closed-shell (Pauli) repulsion. The differences in
interaction energies are largely determined by differences in charge-transfer stabilization due to
dienophile HOMO-tetrazine LUMO+1 interactions in the reaction studied here. According to
perturbation theory,!?!l the stabilization energy arising from this interaction is proportional to
1/(EHomo - ELumo+1). Based on this, we expect a larger interaction energy for the tetrazines
substituted by electron-withdrawing groups. This is only qualitatively the case, as shown by the
plot of AE'in versus 1/(Exomo - ELumo+1) in Figure 5.17. The significant deviations arise from the

complication that the interaction energies are altered by the position of the transition states.

For each type of dienophile, a “volcano” correlation is observed. Figure 5.17b shows this
for the trans-2-butene, but the same general shape is observed. The largest stabilizing interaction
energies are at the lower left of the graph, and poorer acceptors give less stabilization as the
HOMO-(LUMO+1) gap increases. The methyl and methoxy compounds have higher LUMO+1
energies, and larger HOMO-LUMO+1 gaps, but nevertheless more negative interaction energies
due to their later transition states. This leads to the deviation of data points for R = OMe and R =

Me from the linear correlations.
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Figure 5.17 a) Plots of interaction energy (4E'in) vs inverse of the FMO energy gap (1/(Exowmo -
ELumo+1)).Solid blue squares: trans-cyclooctene; empty blue squares: trans-2-butene; Solid red
circle: cyclooctyne; empty red circle: 2-butyne. The labels shown besides each data point refer to
the substituent groups on the tetrazines involved in the corresponding reactions. b) Same plot for

trans-2-butene only.

In addition, the differences in interaction energies between different dienophiles for a
given HOMO-LUMO+1 gap is related to the position of transition state, as well. In particular,
trans-2-butene (Figure 5.17, empty squares) has lower HOMO energy than trans-cyclooctene
(Figure 5.17, solid squares),?®! and larger HOMO-LUMO+1 gaps, but more favorable interaction

energies due to later transition states.

We have studied dienophile strain and tetrazine substituent effects on rates of Diels-Alder
reactions of tetrazines. Electron-withdrawing substituents on tetrazines lower the LUMO+1
energy, which leads to stronger interaction energy in Diels-Alder reactions with dienophiles, and

facilitates the crucial out-of-plane distortion that controls distortion energies. Small distortion
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energies and high interaction energies explain the high reactivities of tetrazines substituted by
electron-withdrawing-groups. Electron-donating substituents affect reactivities in the opposite
fashion. We have demonstrated that alkenes are in general more reactive than alkynes in Diels-
Alder reactions with tetrazines. Alkenes have relatively higher HOMO energies than alkynes,
and therefore stronger interaction energies with electrophilic tetrazines. In addition, the distortion
energies required for alkenes to achieve their transition structures are less than alkynes. Strained
dienophiles are extremely reactive in Diels-Alder reactions with tetrazine because they are
predistorted towards the transition structures. Consequently, smaller distortion energies are

required to achieve the transition-state geometries.
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CHAPTER 6: DIELS-ALDER REACTIVITIES OF CYCLOALKENES

6.1 Introduction to Cycloalkene Diels-Alder Reactions

The high reactivity of cyclobutenone in the Diels-Alder reaction with cyclopentadiene
was recently reported by Danishefsky and was analyzed by our group using the
distortion/interaction model! (or activation strain model™). The reactivities of strained
cycloalkenones were found to be a result of distortion-acceleration. The distortion energies —
the energies to distort the reactants into the transition-state geometries — correlated well with the
activation energies.’l By contrast, a poor correlation was observed between the activation

energies and the reaction energies.

These trends in reactivity extend to cycloalkenes. Cyclopropenes are highly reactive
dienophiles in Diels-Alder reactions even at low temperature,l) and have been applied in total
synthesis® and bioorthogonal labeling.[581 Cyclobutenes and cyclopentenes are less reactive than
cyclopropenes in Diels-Alder cycloadditions. The differences in the reactivities of cycloalkenes
are apparent when one compares the cycloaddition reactions of cyclopropenes, cyclobutenes, and

cyclopentenes with the same diene — cyclopentadiene (Scheme 6.1).1%-12

The Diels-Alder reaction of cyclopropene with cyclopentadiene takes place at 0 °C
(Scheme 6.1a), and a cyclopropene derivative reacts with cyclopentadiene at room temperature
(Scheme 6.1b). Both reactions give excellent yields of adducts. The cycloaddition of a
cyclobutene derivative with cyclopentadiene requires higher temperature of 80 °C, but still gives

a good yield (Scheme 6.1c). The reaction of cyclopentene with cyclopentadiene requires heating
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to temperature as high as 200 °C and gives a low yield (Scheme 6.1d). The Diels-Alder
reactivities of cycloalkenes with cyclopentadiene increase from cyclopentene to cyclopropene.
Similar trends of reactivity were found in the inverse-electron-demand Diels-Alder reactions of a
1,2,4,5-tetrazine with cycloalkenes, reported by Sauer et al. (Scheme 6.2).1*1 The cycloaddition
of cyclopropene and tetrazine is extremely fast, and an increase in the size of cycloalkenes by

one roughly corresponds to a 100-fold decrease in the rate constant k».

Scheme 6.1 Reactions of Cyclopentadiene with Cycloalkenes in Diels-Alder Reactions.
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Scheme 6.2 Reactivities of Cycloalkenes in Diels-Alder Reactions with 3,6-

Bis(trifluoromethyl)tetrazine.
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The high reactivity of three and four membered cycloalkenes has been attributed to
strain-release, which is a thermodynamic factor, especially in ring-opening reactions.[**!
However, the Diels-Alder reactions of cycloalkenes are different from ring-opening reactions in
the sense that ring-strains are not fully released. If ring-strain accounts for the reactivity of
cycloalkenes in Diels-Alder reactions, the difference between strain energy of cycloalkenes
(reactants) and the strain energy of the corresponding cycloalkanes that represents the strain
energy of the cycloadduct should correlate with the rate constants shown in Scheme 6.2. Table
6.1 shows the strain energies (SE) of cycloalkenes and cycloalkanes obtained from the heat of

combustion™®! and the strain energy differences (4SE).

Table 6.1 Strain Energies (SE, in kcal/mol) of cycloalkenes and cycloalkanes.

SE (kcal/mol) SE (kcal/mol) (kcdaﬁﬁol)
Cyclopropene 55.2 Cyclopropane 27.5 27.7
Cyclobutene 28.4 Cyclobutane 26.5 1.9
Cyclopentene 4.1 Cyclopentane 6.2 -2.1
Cyclohexene -0.3 Cyclohexane 0 -0.3
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If strain-release were controlling reactivities, the orderly decrease in rate constants (ko)
from cyclopropene to cyclohexene should correspond to an orderly decrease in strain energy
differences (4SE). However, the 4SE values shown in Table 6.1 are erratic and really significant
only for cyclopropene reactions. The Diels-Alder reactions of cyclopentene with 3,6-
bis(trifluoromethyl)tetrazine is about 300 times faster than cyclohexene (Scheme 6.2), but strain
energy changes would predict the opposite! Strain-release only influences the reactivity of
cyclopropene and is not a general descriptor of reactivity. As we show later, cyclopropene is

extraordinary in other ways as well.

Along the same line, the relationship between the heats of reaction and the activation
enthalpies suggested by Bregnsted, Marcus and Bell-Evans-Polanyi were tested in previous
studies of cycloaddition reactions. In general, these quantities correlate much less well with the

activation barriers than distortion energies for cycloaddition reactions.[*16-17]

Here we apply the distortion/interaction model to study the reactivities of cyclic alkenes
including cyclopropene 5, cyclobutene 6, cyclopentene 7, and cyclohexene 8, and acyclic alkene
(cis-2-butene 9) towards a series of dienes. Cyclopentadiene 1 and the electron-deficient 1,3-
bis(trifluoromethyl)tetrazine 4 were selected in the study so that the computational results could
be compared to experimental data. To investigate the electronic effect of dienes, the electron-rich
1,3-dimethoxybutadiene 2, which is a simplified model for Danishefsky’s diene 2°,[*81 and the

less electron-deficient 3,6-dimethyltetrazine 3, were also included in the study (Figure 6.1).
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Figure 6.1 Dienes and dienophiles investigated.

6.2 Computational Methods

All density functional theory (DFT) calculations were performed with Gaussian 09.1*°]
Geometry optimization of all the minima and transition states involved was carried out at the
MO06-2X level of theory with the 6-31G(d) basis set,!?%?1 which has been found to give relatively
accurate energetics for cycloadditions.?2?®l The vibrational frequencies were computed at the
same level to check whether each optimized structure is an energy minimum or a transition state
and to evaluate its zero-point vibrational energy (ZPVE) and thermal corrections at 298 K. A
quasiharmonic correction was applied during the entropy calculation by setting all positive
frequencies that are less than 100 cm™ to 100 cm™.2*2% The frontier molecular orbitals (FMOs)
and their energies were computed at the HF/6-311+G(d,p) level using the M06-2X/6-31G(d)
geometries. Fragment distortion and interaction energies were computed at the M06-2X/6-31G(d)
level. For the Diels-Alder reactions of 3,6-bis(trifluoromethyl)tetrazine, solvent effects in 1,4-
dioxane were computed at the MO06-2X/6-311+G(d,p) level using the gas-phase optimized

structures. Solvation energies were evaluated by a self-consistent reaction field (SCRF) using the
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CPCM model,?6-?"1 where UFF radii were used. The scan of out-of-plane distortion dihedral
angles of dienophiles 5-9 was performed by manually fixing the dihedral angles followed by an
optimization at the MO06-2X/6-31G(d) level. The formal atomic-hybridization states were

obtained by a natural bond orbital (NBO)!?®] analysis at the M06-2X/6-31G(d) level.
6.3 Comparison of Reactivities

The endo transition-state structures calculated at the M06-2X/6-31G(d) level for the
Diels-Alder reactions between dienes 1 and dienophiles 5-9 are shown in Figure 6.2, top row.
The exo-transition state structures are provided in Figure 6.3. The endo transition states are
favored over the exo transition states by 1.8 to 4.3 kcal/mol in terms of free energy. The
preference for endo transition states of cyclopentadienes arise from favorable CH---x interactions
in the endo structures® and unfavorable steric repulsion between methylene hydrogens on
cyclopentadiene and alkenes in the exo structures. The activation enthalpy (44), activation free
energy (4G, and free energy of reaction (4Grxn) are shown below each structure in kcal/mol in
blue, red, and black, respectively. The activation enthalpies and free energies of the Diels-Alder
reactions of cycloalkenes with cyclopentadiene increase from cyclopropene to cyclohexene, in
agreement with the reported decrease in reactivities (Scheme 6.1). Cyclopropene readily
undergoes Diels-Alder cycloaddition with cyclopentadiene at room temperature or below, which
corresponds to a free energy barrier of about 20 kcal/mol. The reaction between cyclobutene
derivative and cyclopentadiene must be performed in refluxing benzene (80 °C), in accord with
the calculated higher barrier of 27.8 kcal/mol. The reaction of cyclopentene with cyclopentadiene
requires even higher temperature of 200 °C, and accordingly the calculated barrier is larger, at

30.4 kcal/mol.
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Figure 6.2 MO06-2X/6-31G(d)-optimized endo transition structures for reactions of
cyclopentadiene and 1,3-dimethoxybutadiene (forming CC bonds are labeled in A; 4H', AG', and

AGrxn are shown below the structures in blue, red, and black, respectively, in kcal/mol).

Cyclohexene is calculated to be less reactive still than cyclopentene with a higher barrier
(34.0 kcal/mol) and the reactivity of acyclic cis-2-butene falls in between cyclopentene and
cyclohexene. The computed free energies of reaction increase from cyclopropene to cyclohexene,

in accordance with the increase in activation energies.

The lengths of forming bonds are marked on transition-state structures in A in Figure 6.2.
Cyclohexene has an asynchronous transition state in which the forming bond distances differ by
0.07 A resulting from the unsymmetrical structure of cyclohexene (Figure 6.2, TS1d_n). The
other four dienophiles undergo synchronous cycloadditions with identical forming bond
distances. Cyclopropene has an extremely early transition state (Figure 6.2, TS1a n), consistent
with the anomalously high exergonicity of this reaction (4G = -32.3 kcal/mol) whereas the
other 4G values range from -7.4 to -17.1 kcal/mol. This change in transition state position is in

accordance with the Hammond’s postulate. The forming bond distances are 0.1 A larger than that
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observed in the transition state of cyclobutene with cyclopentadiene (Figure 6.2, TS1b_n). The
transition state of cyclopentene and cis-2-butene fall between cyclobutene and cyclohexene. The
trend of early to late transition state as measured by forming bond distance is: cyclopropene >>
cyclobutene > cyclopentene ~ cis-2-butene > cyclohexene, but only cyclopropene varies much

from the others.

1,3-Dimethoxybutadiene (diene 2) is a reasonable analog to Danishefsky’s diene, and has
a similar free energy barrier in the Diels-Alder reaction with cyclobutene, as described in the
footnote.*® The endo transition-state structures of the Diels-Alder reactions of diene 2 with
dienophiles 5-9 are shown in Figure 6.2, bottom row (for each transition state, all possible
conformations of the methoxy groups have been calculated and the one with the lowest energy is
shown here). The Diels-Alder reactions of 1,3-dimethoxybutadiene with alkenes 5-9 have
asynchronous transition states compared to reactions of cyclopentadiene (Figure 6.2, TS2a_n
through TS2e_n). C4 has the largest HOMO coefficient and most negative charge; therefore it is
the most nucleophilic carbon. In addition C4 is less hindered than C1, so the forming bond on C4
is 0.03-0.10 A shorter than C1 in transition states. The exo transition-state structures are provided
in Figure 6.3. The endo transition states are favored over the exo transition states by 0.4 to 1.7
kcal/mol. The preference for the endo transition states is less significant compared to that in the
Diels-Alder reactions of cyclopentadiene, because there are less unfavorable steric repulsions in
the exo transition states involving 1,3-dimethoxybutadiene. Similar trends of activation energies
(4H' and 4G") and reaction energies (4Grn) are found as in the reactions of dienes 2 and 1 with
dienophiles 5-9. The most significant difference between diene 1 and 2 is in terms of reactivity:
1,3-dimethoxybutadiene has a higher free energy barrier of 5.4-8.6 kcal/mol than

cyclopentadiene in the cycloaddition to the same alkene. The electron-rich diene is 10%-10° less
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reactive than cyclopentadiene, presumably due to the much larger distortion energy of the acyclic
diene, as described in detail later. The trend of early/late transition states and reaction barriers

with 2 are the same as those observed in the Diels-Alder reactions of alkenes with

cyclopentadiene, 1.
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Figure 6.3 MO06-2X/6-31G(d)-optimized exo transition structures for reactions of
cyclopentadiene and 1,3-dimethoxybutadiene (forming CC bonds are labeled in A; 4H', AG', and

AGrxn are shown below the structures in blue, red, and black, respectively, in kcal/mol).

To understand this trend of Diels-Alder reactivity, each transition structure was separated
into two fragments (the distorted dienophile and diene), followed by single point energy
calculations on each fragment. The energy differences between the distorted structures and
optimized ground-state structures are the distortion energy of dienophile (4E'sist 2¢) and diene
(AE'dist_se), respectively. The interaction energy (4E%n) is the difference between the activation

energy (4E'a) and the total distortion energy (AE'dist = AFEdist 22 + AE'dist 4¢). The energy

87



components for each endo transition-state structure are plotted in Figure 6.4 (the analysis of the

exo transition states is shown in Figure 6.5).

Figure 6.4a shows the distortion/interaction analysis of the five Diels-Alder reactions
with cyclopentadiene. The lengths of the green arrows represent the distortion energies of
dienophiles (4E'ist 2¢), which increase from 6 to 12 kcal/mol as the dienophile changes from
cyclopropene to cyclohexene, while cis-2-butene falls in between cyclopentene and cyclohexene.
The lengths of the blue arrows represent the distortion energies of cyclopentadienes (4E dist_e).
There is an increase in AE'is 4e as the dienophile changes from cyclopropene to cyclohexene,
consistent with the trend of early/late transition states. The geometry of early transition state is
closer to the geometry of ground state, making the distortion energy smaller, and vice versa. The
total length of blue and green arrows equals the total distortion energy (4E'ist). The interaction
energies (4FE'in) are represented by the red arrows pointing down starting from the values of total
distortion energies. The interaction energy remains essentially constant across the series, ranging
only from -11.0 to -10.5 kcal/mol. The distortion energies determine reactivities. Similar trends
of distortion and activation energy are found in the distortion/interaction analysis of reactions of
diene 2 in Figure 6.4b. A significant difference between Figure 6.4b and Figure 6.4a is that 1,3-
dimethoxybutadiene exhibits larger 4E'sis 4¢ than cyclopentadiene, resulting in larger reaction

barriers. Details are discussed later in the paper.
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Figure 6.4. Graph of distortion, interaction, and activation energies for endo reactions of dienes
1 and 2 with dienophiles 5-9 (green: distortion energy of dienophile, blue: distortion energy of
diene, red: interaction energy, black: activation energy, in kcal/mol).
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Figure 6.5 Graph of distortion, interaction, and activation energies for exo reactions of dienes 1
and 2 with dienophiles 5-9 (green: distortion energy of dienophile, blue: distortion energy of

diene, red: interaction energy, black: activation energy, in kcal/mol).

Figure 6.6 shows the relationship between activation energy (4E'act) and distortion energy
(AE'dist_2e and AE gist) and AE 't with the reaction energy (4Ewn). The blue and red dots on the plot

are for the Diels-Alder reactions of dienophiles 5-9 with diene 1 and 2, respectively. For
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reactions of a given diene (Figure 6.6, either red or blue plot), both distortion energies and
reaction energies correlate well with activation energies, R? values range from 0.92 to 1.00.
Taking the two sets of reactions together, the correlation between activation energy and reaction
energy disappears (R?=0.16). In particular, the Diels-Alder reactions of cyclopentadiene are over
10 kcal/mol less exothermic than 1,3-dimethoxybutadiene due to the less stable tricyclic adducts
from the reactions, but the activation barriers are over 5 kcal/mol lower than the corresponding
reactions of 1,3-dimethoxybutadiene. The correlation between distortion energy and activation

energy is much better, with R?=0.94 and 0.98 (Figure 6.6, black lines).
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Figure 6.6 Plots of activation energy (AE'a) versus (a) distortion energy of dienophile
(AE'ist 2¢), (b) total distortion energy (AElis), and (c) reaction energy (4Enn). Blue:
cyclopentadienes; red: 1,3-dimethoxybutadiene; black: overall correlation of all ten reactions.
Linear correlation functions are shown below each plot in corresponding colors. The numbers

shown besides each data point refer to the dienophiles involved in the corresponding reactions.

Comparing Figures 6.4a and 6.4b, the average interaction energy (4E'int) in Figure 6.4b is
1.1 kcal/mol larger than in Figure 6.4a due to the smaller HOMO-LUMO gap involving diene 2

(see later discussion in the paper). However, the acyclic diene 2 exhibits large distortion energies
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due to the conformational change from s-trans to s-cis (4E = 2.2 kcal/mol) and the steric
repulsion of terminal hydrogen atoms in the transition states. Cyclopentadiene is pre-distorted
towards the transition state geometry and requires very little distortion energy, only bending and
some bond length changes. The average distortion energy of 1,3-dimethoxybutadiene is 5.8
kcal/mol higher than of cyclopentadiene (Figure 6.4). The extra cost of distortion energies of 1,3-
dimethoxybutadiene overtakes its advantage in interaction energies, resulting in a higher

activation barrier of about 5 kcal/mol for each reaction compared with cyclopentadiene.

Figure 6.7 shows the transition-state structures calculated at M06-2X/6-31G(d) level for
the inverse-electron-demand Diels-Alder reactions between dienes 3-4 and dienophiles 5-9. The
activation enthalpy (4H"), activation free energy (4G'), and free energy of reaction (4Grn) are
shown below each structure in kcal/mol in blue, red, and black, respectively. The lengths of
forming bonds are marked on transition-state structures in A. The reactions of both tetrazines and
cyclopropene have very early transition states. Along the series of dienophiles changing from
cyclopropene to cyclohexene, shorter forming bonds are observed. The more electrophilic
tetrazine 4 has an earlier transition state than tetrazine 3 for each reaction. Each transition state in
the bottom row in Figure 6.7 has longer forming bonds of 0.1 A and a lower free energy barrier

of 10 kcal/mol than the corresponding transition state in the top row.

The activation free energies in the 1,4-dioxane solution 4G's for reactions between diene
4 and dienophiles 5-8 have been calculated. The rate constants derived from calculated barriers
by transition state theory correlate well with the rate constants measured in experiments (Scheme
6.2), although theory consistently underestimates the barrier by 1-2 kcal/mol. The activation free

energies in other solvents, including cyclohexane, dichloromethane, acetonitrile, and water, have
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been calculated as well (Table 6.2). The activation free energies in solution are higher than the

gas phase results by 2-3 kcal/mol, because solvents stabilize tetrazine significantly.
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Figure 6.7 M06-2X/6-31G(d)-optimized transition structures for reactions of dienes 3 and 4
(forming CC bonds are labeled in A; AH', AG', and 4Grxn are shown below the structures in blue,

red, and black, respectively, in kcal/mol).

Table 6.2 Calculated activation free energies and rate constants in comparison with experimental

data.
AG cal AG exp ks cal ks _exp AG gas AG Cy AG CH,Cl, AG CH,CN  AG' H,O
(keal/mol) (keal/mol) (M1s) (Ms1) (keal/mol) (keal/mol) (keal/mol) (keal/mol) (keal/mol)
TS4a 12.1 13.6 922 %103 7.15 x 10? 9.6 12.0 12.8 12.9 13.0
TS4b 14.1 16.4 343 %102 7.41 11.5 14.0 14.6 14.7 14.7
TS4c 18.4 193 2.44 x 101 5.61 x 102 15.8 18.3 18.8 18.9 19.0
TS4d 20.6 227 6.66 x 107 1.85 x 10+ 18.0 205 20.9 21.0 21.0

The distortion/interaction analysis for the inverse-electron-demand Diels-Alder reactions
is shown in Figure 6.8. Leaving out the reaction between cyclopropene and 3,6-dimethyltetrazine,

which has an extremely early transition state, the interaction energies of the other four reactions
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fall in the small range of -21.6 to -18.0 kcal/mol. The activation barriers increase along with the
distortion energies from cyclobutene to cyclohexene. In other words, the reactivity differences of
cycloalkenes in Diels-Alder reactions with 3,6-dimethyltetrazine originate from the distortion
energy differences. Figure 6.8b shows the same trend of distortion and interaction energies. The
activation barriers are much lower than Figure 6.8a due to stronger interaction energies, which
result from smaller HOMO-LUMO gaps that are discussed later in the paper. Both the distortion
energy and reaction energy correlate linearly with the activation energy for a single tetrazine
(Figure 6.9), R? values range from 0.74 to 1.00. The correlation between the distortion energy
and the activation energy has a slight advantage over that of the reaction energy. Taking the two
sets of reactions together, the correlations between distortion energies and activation energies are
abolished due to the huge difference in interaction energies of diene 3 and 4. The interaction
energies of diene 4 are 3.9 to 7.6 kcal/mol stronger (more negative) than diene 3 in reactions

with each dienophile, resulting in low-lying data points on the distortion-activation plot.
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Figure 6.8 Graph of distortion, interaction, and activation energies for reactions of dienes 3 and
4 with dienophiles 5-9 (green: distortion energy of dienophile, blue: distortion energy of diene,

red: interaction energy, black: activation energy, in kcal/mol).
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Figure 6.9 Plots of activation energy (AE'a) versus (a) distortion energy of dienophile
(AE'gist 2¢), (b) total distortion energy (AE'gist), and (c) reaction energy (4Emn). Blue: 3,6-
bis(trifluoromethyl)tetrazine; red: 3,6-dimethyltetrazine. Linear correlation functions are shown
below each plot in corresponding colors. The numbers shown besides each data point refer to the

dienophiles involved in the corresponding reactions.

To better understand the interaction energy differences, the energies of relevant frontier
orbitals were calculated at HF/6-311+G(d,p) level based on MO06-2X/6-31G(d)-optimized
reactants or transition-state geometries, because Kohn-Sham orbitals often provide poor
estimates of ionization potentials of simple organic molecules, and the medium size 6-31G(d)
basis set often gives inaccurate unoccupied orbital eigenvalues.[*! As shown in Figure 6.10, the
left column of each region shows the HOMOs and LUMOs of ground-state reactants, including
the five alkenes and four dienes; the right column of each region shows the HOMOs and LUMOs
of corresponding reactants distorted to the transition-state geometries of the reactions of dienes

1-4 and cis-2-butene, i.e. TS1e n, TS2e n, TS3e and TS4e.
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Figure 6.10 FMO energies for (a) alkenes (cyclopropene, cyclobutene, cyclopentene,
cyclohexene, and cis-2-butene) and (b-e) dienes (1,3-dimethoxybutadiene, cyclopentadienes, 3,6-
dimethyltetrazine, and 3,6-bis(trifluoromethyl)tetrazine). HF/6-311+G(d,p)//M06-2X/6-31G(d)-
computed orbital energies are shown in eV. The dashed lines indicate the change from ground

state reactant (left in each column) to distorted geometry in transition state (right in each column).

Calculations indicate that cycloalkenes have very similar HOMO and LUMO energies
with the increase of ring size (Figure 6.10a). The HOMO energies range from -9.7 to -9.3 eV and

the LUMO energies range from 2.9 to 4.0 eV. These data are close to experimental values
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measured from photoelectron spectroscopy (cyclopropene, -9.86 eV; cyclobutene, -9.59 eV;
cyclopentene, -9.18 eV; cyclohexene, -8.94 eV)BU and the electron affinities established from
electron transmission spectroscopy (cyclopropene, 1.73 eV; cyclobutene, 2.00 eV; cyclopentene,
2.14 eV; cyclohexene, 2.13 eV).[?2 The HOMO and LUMO energies of varies dienes decrease
from the most electron-rich 1,3-dimethoxybutadiene to the most electron-deficient 3.6-
bis(trifluoromethyl)tetrazine (Figure 6.10b-e). In normal Diels-Alder reactions, the HOMO of
diene interacts with the LUMO of the dienophile and smaller HOMO-LUMO gap gives better
interaction. Since the HOMO of 1,3-dimethoxybutadiene is 0.2 eV higher than cyclopentadiene
(Figure 6.11), it is expected that the interaction energies in Diels-Alder reactions of 1,3-
dimethoxybutadiene are stronger than cyclopentadiene as discussed in Figure 6.4. In inverse-
electron-demand Diels-Alder reactions, which involve the interaction between HOMOs of
dienophiles and the LUMOs of dienes, the more -electron-deficient 3,6-
bis(trifluoromethyl)tetrazine has stronger interaction energies because the interacting unoccupied

orbital is 2.0 eV lower than that of 3,6-dimethyltetrazine (Figure 6.11).

Figure 6.11 Important frontier molecular orbitals involved in the Diels-Alder reactions of dienes
1-4: the HOMOs of cyclopentadiene and 1,3-dimethoxybutadiene and the low-lying vacant

orbitals of 3,6-dimethyltetrazine and 3,6-bis(trifluoromethyl)tetrazine.
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As the reactants are distorted into transition-state geometry, a decrease in LUMO energy
by about 1 eV and an increase in HOMO energy by about 0.5 eV are observed (right columns of
Figure 6.10a-e). The HOMO-LUMO gap shrinks by about 1.5 eV compared to that in ground-
state reactants. The distortion of reactants facilitates the interaction between molecular orbitals of

interest, namely the © and n* orbitals.
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Figure 6.12. Plot of distortion energy (4Eais: ») versus out-of-plane distortion angle (p) for
dienophiles 5-9. Red: cyclopropene; green: cyclobutene; brown: cyclopentene; purple:

cyclohexene; blue: cis-2-butene.

The Diels-Alder relative reactivities of different alkenes originate from the distortion
energies. The trends of distortion energies are confirmed by a scan of out-of-plane distortion,

which is a prominent distortion in the transition state (Figure 6.12). For each alkene, the out-of-
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plane dihedral angles, which are around 180° for ground-state structure and 140°-155° for
transition-state structure, were gradually changed from 175° to 140°at intervals of 5°. The energy
difference between optimized structure with fixed dihedral angles and the ground-state structure
is called distortion energy of the dihedral angle (4Euis ,). Figure 5.10 shows the plot of AE s ,

versus the dihedral angle ¢.

For each alkene, the distortion energy increases as the dihedral angle decreases. At a
certain dihedral angle within the transition zone (¢ = 140°-155°), the distortion energy of
cyclopropene is significantly lower than other dienophiles, and as size increase from
cyclopropene to cyclohexene, the distortion energy increases. This trend is consistent with the
Diels-Alder reactivities of different alkenes discussed in this paper. The increase in distortion
energy of dihedral angles indicates an increase of out-of-plane bending force constants from
cyclopropene to cyclohexene, which is confirmed by the C-H out-of-plane vibration frequency
observed in IR spectra of cycloalkenes (y-CH out-of-plane bend of cycloalkenes 5-8 are 570 cm”
11331 635 cm™,B4 695 cm™,¥] and 718 cm™,B8 respectively). This trend in bending force
constants is in accord with the change of hybridization states of the olefinic carbons suggested by
the natural bond orbital (NBO) analysis. The corresponding hybridization states in cycloalkenes

5-8 (cyclopropene to cyclohexene) are spl->4, sp'92, sp?17, and sp?*3, respectively.

The reactivities of cycloalkenes as dienophiles are controlled by distortion energies.
Cyclopropene is more reactive than other alkenes because of the low distortion energy to achieve
transition-state geometry. A larger degree of s character of the olefinic carbon results in
relatively less sensitivity to out-of-plane bending, leading to a smaller force constant and

distortion energy. Distortion energy increases from cyclopropene to cyclohexene, resulting in a
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decrease in Diels-Alder reactivities along the series. The reactivities of different dienes are
controlled by both distortion energy and interaction energy. Acyclic electron-rich 1,3-
dimethoxybutadiene has stronger interaction energies than cyclopentadiene, but the extra
distortion energies resulting from the s-trans to s-cis transformation and steric repulsion between
terminal hydrogens of 1,3-dimethoxybutadiene are the dominant factor. Cyclopentadiene is more
reactive than 1,3-dimethoxybutadiene, because it is pre-distorted towards transition state
geometries and requires less distortion energies. Tetrazines undergo inverse-electron-demand
Diels-Alder reactions with alkenes. The more electron-deficient 3,6-bis(trifluoromethyl)tetrazine
has stronger interaction energies due to its low-lying =n* orbital. In addition, 3,6-
bis(trifluoromethyl)tetrazine has earlier transition states than 3,6-dimethyltetrazine, resulting in

smaller distortion energies.
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