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Abstract

Detailed mechanistic understanding of multistep chemical reactions triggered by internal
conversion via a conical intersection is a challenging task that emphasizes limitations in
theoretical and experimental techniques. Hypothesis-driven methodologies (e.g. characterization
of critical points and biased molecular dynamics) are commonly employed to explore chemical
space and simulate reaction events. In this contribution, we present a discovery-based,
hypothesis-free computational approach based on first principles molecular dynamics to discover
and refine the switching mechanism of Donor-Acceptor Stenhouse Adducts (DASAs). Using
state-of-the-art graphical processing units-enabled electronic structure calculations we performed
in total ~2ns of adiabatic and non-adiabatic ab initio molecular dynamics discovering a) critical
intermediates that are involved in the open-to-closed transformation, b) several competing
pathways which lower the overall switching yield, and c¢) key elements for future design
strategies. Our dynamics describe the natural evolution of both the nuclear and electronic degrees
of freedom that govern the interconversion between DASA ground state intermediates exposing

significant elements for the future design strategies of molecular switches.
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Photomechanical materials are an emerging frontier in the design and fabrication of
photoactuators due to their extraordinary ability to convert light energy into macroscopic work.!"
7 The molecular engine behind these complex architectures is represented by molecular
photoswitches capable of reversible interconversion between two isomers upon light irradiation.®
Despite significant progress in improving and designing molecular photoswitches, the race to
find the “holy grail” is far from complete: small fatigue resistance, photo/thermal instabilities,
limited light penetration, and suboptimal excited-state features represent the Achilles’ heel of
many common families of purposed molecular photoswitches®'* (e.g. spiropyrans, diarylethene,
and azobenzenes in Figure la). In addition to these shortcomings, their rather simple 1-step
photoswitching mechanism involving a single reaction coordinate (e.g. photoisomerization,
electrocyclization) and picosecond (or faster) time scales inherently hinders the design and
development of novel candidates that are based on similar photoreactive moieties. As a result,
the next generation of molecular photoswitches could benefit greatly from a more complex
multistep mechanism consisting of tunable intermediates that can be exploited to target a range
of desired functionality (Figure 1b).

Donor-Acceptor Stenhouse Adducts'>!° (DASAs) are a novel class of photoswitches that
incorporate complexity by introducing tunable structural features in the form of donor and
acceptor groups linked together via a hydroxylated triene bridge that can be systematically
altered to influence their multistep photoswitching behavior (Figure 1b). These switches display
a rich and complex multistep mechanism consisting of photoisomerization, 4n-
electrocyclization, and proton transfer (PT) processes?*-2® (Figure 1b), which, unlike previous
single reaction coordinate molecular photoswitches, improves their ability to be tailored to a

27-31

range of practical applications (e.g. smart materials, photopharmacology,’3?¢ nano
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a) Single-Step Photoswitches b) Multi-Step Photoswitches
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Figure 1. a) Previous photomechanical switches (azobenzene, spiropyran, and diarylethene) undergo a simple, 1-
step mechanism consisting of photoisomerization and bond breaking, respectively. b) DASAs are tunable
photomechanical switches that consist of a donor and acceptor group that undergo an array of multistep chemical
reactions on the ground state upon relaxation through a conical interaction. The different DASA generations are
shown in purple.

systems,*’*? and receptors**-4?). Exploiting the properties of these promising molecules to design
purposed photosensitive materials ultimately hinges upon the ability to understand and control
their stepwise dynamics at the molecular level. Several experimental and theoretical studies have
been performed to unravel the DASA switching mechanism, but key intermediates and their
interconnecting pathways have yet to be fully characterized. For example, rapid scan infrared

(IR) and transient absorption spectroscopy identified the open/closed forms (reactant and
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products) of the complete reaction®*-2¢ (Figure 1b), but these techniques are quite limited when
identifying short-lived intermediates with similar structure and electronic properties.
Additionally, traditional hypothesis-driven computational approaches have been employed*** to
propose possible reaction pathways, but this strategy rests on the assumption that photoinduced
processes follow equilibrium dynamics and that the optimization of a single reaction pathway is
sufficient to describe the inherent dynamical behavior of DASA’s chemistry.

In this contribution we present a discovery-based, hypothesis-free computational
approach based on first principles molecular dynamics to discover and refine the complex
switching mechanism of Meldrum’s acid 1% generation DASA. A4b initio Multiple Spawning
(AIMS)*4 coupled to TeraChem>’-32 was used to describe the initial photoisomerization and
generate a set of initial conditions to explore the ground state PES via Born-Oppenheimer
molecular dynamics (BOMD) (computational details are provided in the Supplementary
Information). Using non-adiabatic and adiabatic ab initio quantum molecular dynamics, we
identified critical intermediates that are involved in the open-to-closed transformation and
several competing pathways, which shed light on key elements for future design strategies.

The DASA switching mechanism is initiated by the absorption of 545nm light, promoting
the open-form (A, Figure 2), initially in the EEZZ configuration (E/Z labels refer to the E/Z
configuration assumed by the o, 0, a, B bonds, respectively), to an electronically excited state
via a tnt* transition (molecular orbitals involved in the transition are shown in Figure S1). In our
recent theoretical study,’® we showed that A primarily relaxes back to the ground state forming
A' (EEEZ) through a Z/E photoisomerization consisting of a one-bond flip around the C;-Cs4
double bond (o in Figure 2). During the internal conversion through the conical intersection, all

of the incident photon’s energy is transferred into nuclear kinetic energy which at short
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Figure 2. The full 4n-electrocyclization pathway (black) along with all alternate pathways (grey) discovered during
the ab initio dynamics. Labels for dihedral angles and carbon atoms are shown along the hexatriene bridge. Each
“open” structure is labeled according to the E/Z configuration assumed by the o, 8, a, B bonds, respectively. All

protons are emitted for clarity except for Ha Movies from the discovery-based dynamics and the Cartesian
coordinates of the So minima shown above are provided in the SI-Files.
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timescales (before internal vibrational energy redistribution) is concentrated in a few vibrational
modes along the backbone of A'. As a consequence, the molecule explores several configurations
and reaction pathways that could be inaccessible in an equilibrium regime. In addition to the
productive pathway along o, Figure 2 shows several competing channels are possible upon
nonradiative decay to the ground-state due to isomerization around alternate dihedral angles of
the hexatriene bridge. In the following, we quantify our findings by following the wavepacket
dynamics during the course of the discovery-based ground-state dynamics.

In Figure 3, we show how the energy absorbed via the incident photon manifests in
nuclear motion highlighting the time-evolution of the crucial intermediates along the discovered
pathways in Figure 2. Isomers are histogrammed based on their dihedral angles
(a, B, v, 0, and m), C2-C¢ and N-H, distances (see Figure S2 for details on the binning criteria).
Ten ps after electronic excitation, we observe a photoisomerization branching ratio between A
and A' of 55:15 (Figure 3a), which is in agreement with the measured DASA
photoisomerization yield of approximately 21% of A' in toluene.?! After 500fs, the EEEZ
intermediate (A') begins to form reaching a maximum of 20% around 2.2ps (Figure 3a). Then,
the population in A' slowly begins to decrease due to the further rotation around C4-Cs bond the
(0 in Figure 2) and the subsequent formation of approximately 17% of the EZEZ intermediate,
A". The dynamics show that the excess rotational momentum gained by the donor group from
the o isomerization promotes a subsequent rotation around o (i.e. the formation of A"). At ~6.5
and 9 ps, the population of A' and A" invert as further rotation of 6 drives A" back to A' and vice
versa. The formation of A" leads to a shortening of the C>-Cs distance (Figure S3) promoting the
carbon-carbon bond formation and a trace amount (less than 1%) of the closed cyclopentenone

form, B. The shortening of the C>-Cs distance is highly coupled to the PT from the hydroxyl
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Figure 3. a) The population of DASA species at time ¢ of the first 10ps of the AIMS/BOMD trajectories. Only
contributions to intermediates undergoing 4m-electrocyclization are shown for clarity. The formation of B/B’, B"’,
and B’ are followed in the inset. A movie for the full productive pathway is available in SI-Files (A-B"’-Full-
Pathway.mov). b) The population of all discovered alternate DASA species. The binning criteria are shown in
Figure S2. All populations represent an incoherent sum over all 236 trajectory basis functions with 186 of these on
the ground state every 50fs.

group to the neighboring carbonyl oxygen. This suggests that one may be able to promote the
ring-closing reaction by strengthening the intramolecular hydrogen bond (i.e. increasing the
basicity of the acceptor group). In the inset of Figure 3a, we show the rise of population at 2.5 ps
corresponding to the formation of B/B' and the subsequent interconversion between B" and B"',
which we investigate further in the following.

Continuing along the productive pathway leading to the zwitterionic form, B" is formed

after the rotation around the C;-C; bond (y in Figure 2) which brings the hydroxyl group close to
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the donor moiety. The pyramidalization of the donor nitrogen atom is an important degree of
freedom involved in the dynamics of the B-type species. Indeed, the nitrogen atom freely inverts
for all A and B intermediates due to excess energy via dynamics through a CI. Large fluctuations
(£ 60°) are observed in B (Figure S4), making it difficult to distinguish B conformers based on
the nitrogen pyramidalization alone. This refines the mechanism hypothesized by Zulfikri et al.?>
where a B' intermediate (characterized by inversion about N) has been proposed. Once B" is
formed, the PT between the hydroxyl group and the nitrogen atom leads to ~1% of the final
zwitterionic form (B"). The nitrogen pyramidalization and the PT coordinate are tightly coupled
in this step: the orientation of the nitrogen towards the hydroxyl group promotes PT and leads to
the formation of the zwitterionic form (Figure S5). Influencing the nitrogen pyramidalization
through steric effects might be an effective avenue to change the final yield of the zwitterionic
form.

Lastly, we show a rich and diverse ground-state chemistry triggered by interconversion
through the So/S: CI. The ground-state consists of a complex interplay of interlinking reactions
involving rotations about different carbon-carbon bonds along the hexatriene bridge. These
alternate pathways make up a nontrivial (~20%) portion of the total wavepacket on the ground
state, making their tunability important to improve DASA photoswitching yield and efficiency.
Figure 3b shows the time-evolution of the population for all alternate pathways discovered
during the course of the ground-state dynamics. Upon the formation of A', the wavepacket
bifurcates evenly between an EEEE intermediate and A" (both ~10%) due to the symmetric
nature of the internal vibrational redistribution around a to 3 (EEEE) or 6 (A"). Not only would
strengthening the intramolecular hydrogen bond promote the previously mentioned A" to B

transformation, but it may also inhibit rotation around 3 and the subsequent formation of the
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EEEE intermediate. At approximately 1.5ps, we observe the formation of an EZEE intermediate
that arises due to rotation of 6 in the EEEE intermediate. An alternate pathway to form EZEE
was observed via A", where rotation around 6 was followed by isomerization around the C>-Cs
bond (B in Figure 2). Our previous simulations revealed 22% of the wavepacket followed an
alternate nonradiative relaxation pathway involving the isomerization around [, resulting in
approximately 4% EEZE intermediate. At 2ps, we observe the formation of a relatively long-
lived EZZE intermediate resulting from rotation around the Cs-C¢ bond (w in Figure 2).
Additionally, we showed the majority of the wavepacket (~64%) returns back to the
photoreactant forming “hot” EEZZ. Being sufficiently ‘“hot,” approximately 7% of the
wavepacket continues on to isomerize around o forming an EZZZ intermediate that has been
observed by Feringa and coworkers.?> On a later timescale, we observe the formation of a ZEZZ
intermediate as a result of rotation around ®, which also has been hypothesized via static
calculations but, until now, has yet to be confirmed.

In conclusion, we have shown for the first time the complete photoswitching mechanism
for Meldrum’s Acid 1% generation DASAs using a discovery-based computational approach
based on ab initio molecular dynamics. Our AIMS/BOMD simulation showed the natural
evolution of the wavepacket across multiple ground-state species upon relaxing through the CI
on the picosecond timescale. Additionally, we showed the key structural parameters involved in
each step of DASA’s multistep photoswitching mechanism, providing new insights to better
control the photoswitching mechanism. Overall, our ground- and excited-state dynamics suggest
that the intramolecular hydrogen bond represents a key design parameter for inducing not only
the Z/E photoisomerization in the actinic step, but also the 4n-electrocyclization on the ground-

state. Also, we show a rich and diverse ground-state chemistry involving a complex interplay of
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interlinking reactions involving rotations about different carbon-carbon bonds along the
hexatriene bridge on timescales that can compete with the productive photoswitching pathway.
This study provides unprecedent details of the complete photoswitching mechanism of DASAs
and showecases the state-of-the-art tools in unraveling complex, multistep, photoinitiated ground-
state chemistry.
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I. Computational Details

The full photoinitiated ring-closing mechanism of Meldrum’s acid 1% generation Donor-
Acceptor Stenhouse Adducts (DASA) in the gas phase is investigated using ab initio multiple
spawning'-* (AIMS) and Born-Oppenheimer molecular dynamics (BOMD). We simulate the first
10 ps of ultrafast dynamics for Meldrum acid 1% generation DASA by: 1) using AIMS to
propagate the initial wavepacket for the first 5ps or until all population has returned to the
ground state, 2) stopping TBFs on the ground state when they are decoupled from other TBFs
(off-diagonal elements of the Hamiltonian become small), and 3) adiabatically continuing these
stopped TBFs using the positions and momenta from the last frame in AIMS as initial conditions
for discovery-based BOMD. This method has been shown to work well in describing
photoinitiated ground-state chemistry.*>

For the AIMS dynamics, we used GPU-accelerated State-Averaged Complete Active
Space Self Consistent Field theory®® (SA-CASSCF) consisting of an active space of two
electrons in two orbitals determined to minimize the average energy of the lowest three singlet
states, in conjunction with the 6-31G** basis set, i.e. SA3-CAS(2,2)SCF/6-31G**. The first
three singlet states (So, S1, and S») are included in the dynamics. The adaptive timestep was set to
0.48 fs (20 au) (reduced to 0.12 fs (5 au) in regions with large nonadiabatic coupling) and used to
propagate the centers of the trajectory basis functions (TBFs). A coupling threshold of 0.01 au
(scalar product of nonadiabatic coupling and velocity vectors) initiates spawning events
generating new TBFs on different electronic states. Population transfer between TBFs is
described by solving the time-dependent Schrodinger equation in the time-evolving TBF basis

set. We refer the reader elsewhere for details regarding these AIMS simulations.’
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For the discovery-based BOMD dynamics on the ground state, we employ unrestricted
Density Functional Theory (DFT) with the Perdew-Burke-Ernzerhof hybrid exchange-correlation
functional,'® i.e uPBE0-D3/6-31G**. The BOMD was sampled according to the microcanonical
ensemble (NVE) (i.e. fixed number of atoms, volume, and energy) using a fixed timestep of 0.5
fs. All electronic structure calculations (i.e. energies, gradients, and nonadiabatic coupling
vectors (NACYV)) are performed with the TeraChem electronic structure package.!'"'3 A total of
236 TBFs are propagated during the course of the entire simulation, with 186 of these being
adiabatically continued on the ground state with DFT. Cartesian coordinates of all Sp
intermediates discovered during the adiabatic dynamics were optimized at the uPBE0-D3/6-
31G** level of theory and included in the SI-Files.

I1. Ab Initio Multiple Spawning

Ab initio multiple spawning (AIMS) is a nonadiabatic dynamics algorithm aimed at
describing photodynamical processes involving multiple electronic states using a time-dependent
basis set. In the following, we present a brief introduction to the working equations of AIMS and
refer the reader elsewhere for a more a more detailed discussion.'* The exact molecular
wavefunction can be separated into electronic and nuclear contributions using the Born-Huang

representation:

¥(r.Rt)=Y 7, (Rt)p, (r;R) (1)

1
where Z,(RJ) denotes the time-dependent nuclear wavefunction for electronic state I and

P, (r;R) is the electronic wavefunction for state I at nuclear configuration R. In the adiabatic

representation, ¢>I(r;R) is expanded into an orthonormal electronic basis consisting of

eigenfunctions of the time-independent electronic Schrédinger equation (TIESE) parametrically
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dependent on nuclear configuration R. Under the AIMS ansatz, y, (R,t) is represented as a

superposition of frozen Gaussian functions called trajectory basis functions (TBF):

V(1)

2, (Rt)= Y ¢l (1) ) (R:R (¢). P! (0).7/ (1)) ©)

k=1

where N () is the total number of TBFs on electronic state I, ¢;(r) is the time-dependent
complex coefficient of the kth TBF on electronic state I, ak{ is the frozen TBF width, and

;(]f (...) 1s a multidimensional frozen Gaussian that is expressed as a product of one-dimensional

Gaussian functions corresponding to the 3N nuclear degrees of freedom. In AIMS, each TBF

evolves adiabatically along one Born-Oppenheimer electronic surface. The time-dependent

positions and momenta,( I?’f (z), I3p’ (t)), of the TBFs are propagated classically according to

Hamilton’s equations of motion on the given electronic state:

(Bl N
ot m

“4)

where m, is the mass for the pth nuclear coordinate and E, (R) is the electronic energy of state

I with nuclear configuration R. The nuclear phase, 7}:(;), is propagated semiclassically

according to the classical Lagrangian:

87715 _ ij“(]_)plk (t))z _El(ﬁllc (t)) (5)

Ja = 2mp
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The evolution of the time-dependent amplitudes is governed by the time-dependent Schrodinger

equation (TDSE) written in matrix form as:

%:—i(s,,‘){[Hﬂ—iS,,]c’ +2HUCJ} (6)

J#l

where S and $ are the nuclear overlap matrix and its right-acting time-derivative, respectively,
and H is the Hamiltonian. The matrix elements of the Hamiltonian are computed using the
zeroth-order saddle-point (SP) approximation, which involves evaluating the zeroth-order Taylor
expansion of the PES and/or nonadiabatic coupling vector (NACV) around the centroid position
between pairs of TBFs. In addition to the SP approximation, the independent first generation
(IFG) approximation is used to describe the initial nuclear wavepacket at time t = 0 as a swarm
of independent initial TBFs each with their own positions and momenta sampled from a
harmonic Wigner distribution, i.e. initial conditions (IC). Unlike the initial TBFs, the spawned
TBFs from each IC remain coupled during the course of the dynamics and their separation
naturally accounts for decoherence of the nuclear wavefunction on multiple electronic states.
ITI. Classifying Isomers from Structural Dynamics on So

The natural evolution of the wavepacket dynamics can be followed by binning geometries
along ground-state TBFs into one of the DASA photoproducts (A, A', A", B/B', B", B"",
EEZE, EZEE, EZZE, EEEE, EZZZ, and ZEZZ), following previous studies.’ Snapshots
taken every 50fs along all 186-ground state DFT TBFs were binned into one of the isomers
based on dihedral angles (o, B, v, 0, ®) and atomic distances (C>-Cs and N-H,). For details on the
binning criteria, see Supplementary Fig. S1. Due to the ground state TBFs being sufficiently
uncoupled from all others, the population for a given isomer at time ¢ of TBF k of IC M can be

computed as:
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(7

by:
. (t)_ 1 % szBF(t) Z,M(t) cqu (t)é(L’[(EkM(t))) (8)
s N ZkN%F(Z)cZ’M (t Co i (l‘)

where L is defined as one of (A, A', A", B/B', B", B", EEZE, EZEE, EZZE, EEEE, EZZZ, and

ZE77), c, (z) is the amplitude of the kth TBF and Mth IC, N, is the total number of initial

conditions, and §(...) 1s a Kronecker-delta function, and [(R)represents the isomer

classification of the geometry given by R.
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Orbital 80

Orbital 79

Figure S1. The SA3-CAS(2,2)SCF/6-31G** natural orbitals at the So minimum. Orange and

green correspond to 0.05 and-0.05e-/A3 isovalues, respectively.
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Binning Criteria

Isomer o B Y 5 ® C,Cs | N-H,
) ) ) ) ) A) A)

A >100 >100 >100 >100 >100 >2.0 >2.0
A' <80 >100 >100 >100 >100 >2.0 >2.0
A" <80 >100 >100 <80 >100 >2.0 >2.0
B/B' <80 >100 >100 <80 >100 <2.0 >2.0
B" <80 >100 <80 <80 >100 <2.0 >2.0
B" <80 >100 <80 <80 >100 <2.0 <2.0
EEZE >100 <80 >100 >100 >100 >2.0 >2.0
EEEE <80 <80 >100 >100 >100 >2.0 >2.0
EZZZ >100 >100 >100 <80 >100 >2.0 >2.0
ZEZZ >100 >100 >100 >100 <80 >2.0 >2.0
EZZE <80 <80 >100 >100 >100 >2.0 >2.0
EZEE <80 <80 >100 <80 >100 >2.0 >2.0

Figure S2. Dihedral angle and atomic distance labels for structural parameters in DASA.

Binning criteria used to classify isomers discovered during the ground-state adiabatic dynamics.
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Figure S3. The complete 4n-electrocyclization pathway (characterized by the time evolution of
a, 6, and the C,-Cs distance) for a representative trajectory of the AIMS/BOMD simulation. A
three-step mechanism can be clearly identified: 1) isomerization around o forms A' 2)
subsequent rotation of & forms A" 3) shortening of C>-C¢ distance leads to B. In the first 1.6ps,
the molecule exists in the A configuration, where both o and & are approximately 180" and the
C>-Cs distance oscillates around 4.8A. Upon relaxation through the S1/So CI at ~1.6ps, a. begins
to twist 90° resulting in a shortening of the C»-Ce distance by 0.5A and the formation of A'. At
approximately 2.2ps, the o angle begins to twist leading to the formation of A". Once A" is

formed at ~2.6ps, the C»-Cs distance shortens to ~1.55A, providing an optimal arrangement for

the carbon-carbon bond formation leading to the closed cyclopentanone form B.
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Figure S4. In a, the time evolution of the C,-C¢ distance and proton transfer (PT) coordinate

between the hydroxyl and neighboring carbonyl oxygens (87"

OHO

) shows a highly coupled
motion, resulting in a clear distinction between A/A'/A" and B-type intermediates. In the first 2.5

ps, O g; ., oscillates around 0.3 (with small fluctuations of the hydrogen bond), and a stable O.H

bond is observed in the A/A'/A" species. The formation of A" leads to a significant decrease of

the C»-Cs distance, which is accompanied by the PT from the hydroxyl to the carbonyl group at

2.6 ps (i.e. 8. changes sign). Next, the decrease in §_] marks the formation of B when the

hydrogen bound to O, transfers to Op. Around 3.3 ps, a second jump in 5(‘;’:{0 is observed

from -0.3 to -0.9 when the O,-Oy hydrogen bond is disrupted due to rotation in y, leading to the
formation of B". In b, we show the time evolution of Npyr and its coupling with the y rotation
which reveals that the nitrogen freely inverts for all A and B intermediates due to excess energy
via dynamics through a CI. Large fluctuations of the N,y angle (£ 60°) are observed in B,
making it difficult to distinguish B conformers based on Npy: alone. This refines the mechanism

hypothesized by Zulfikri et al. where a B' intermediate (characterized by inversion about N) has

been proposed. '’
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Figure SS5. The coupling between Npyr and the PT coordinate between O, and the nitrogen

(6 g le N) is evident in in the above figure. When the nitrogen is pyramidalized away from acceptor

(positive Npyr) poor interaction with the hydrogen inhibits the PT reaction (6 g Zw oscillates around

0.5). At ~4.6 ps after the photoexcitation, the nitrogen inverts (negative Nyy:) and & gIZN decreases
to 0.35. This orientation strengthens the hydrogen bond between the nitrogen and the hydrogen
of Oy via more favorable orbital overlap of the nitrogen lone pair and hydrogen, leading to the
subsequent formation of B"'. However, the back-proton transfer from the nitrogen to Oy is also

observed after 5.25 ps, leading to a fast interconversion between B" and B"'.
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Movie Descriptions: DASA Excited- and Ground-State Chemistry Movies

(Movie: A-B"'-Full-Pathway.mov) This movie was generated from the coordinate
expectation value of a single AIMS trajectory basis function propagating first on S; and then
spawned on So using SA3-CAS(2,2)-SCF/6-31G** and uPBE0/6-31G**, respectively. It shows
the full DASA 1% generation photoswitching mechanism in isolation discovered using free NVE
dynamics with no enhanced sampling techniques. DASA starts in the open linear from, A, at
equilibrium on the ground-state. Upon excitation with light, DASA is promoted to an
electronically excited-state, where it undergoes nonradiative relaxation via o or 3 nonradiative
relaxations channels. On the ground-state, several pathways are accessible due to the absorbed
energy of the photon. After forming A, a second isomerization takes place around 6 resulting in
the formation of A". DASA then undergoes a concerted proton transfer and C-C bond formation,
forming B. Lastly, DASA eventually twists around y to form B', which correctly orients the
proton with the donor group nitrogen. The movie end with the transfer of the proton to the

nitrogen forming the zwitterionic DASA intermediate, B"'. All subsequent steps shown in
Figure 2 were generated in the same way and are labeled accordingly (i.e. reactant-

product.mov).
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