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B INTRODUCTION

Photochemical transformations offer efficient access to highly
strained molecular architectures under mild reaction con-
ditions and a light source. Photochemistry falls under the
umbrella of green chemistry because it does not require rare-
earth organometallic catalysts or extended periods of reaction
heating to achieve the same reaction outcome. The light-
promoted denitrogenation is one of the cleanest and most
convenient reactions because the byproduct is nitrogen gas.
One important and underexplored reaction is the denitroge-
nation of cyclic azoalkanes, for instance diazabicyclo[2.1.1]hex-
2-ene (1) to afford bicyclo[1.1.0]butane (2) under thermal
conditions."

Bicyclo[1.1.0]butane is the most strained carbon-based
bicycle with the strain energy approaching 66 kcal mol™'.”
The central 6-_c bond bends the plane of two cyclopropane
exposing the p-orbitals that can function as nucleophiles™* or
electrophiles.. These properties make bicyclo[1.1.0]butanes a
privledged class of molecules with broad applications.”™” The
synthesis and functionalization of bicyclo[1.1.0]butane is
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challenging because of the high strain energy and propensity
to engage in side reactions. The current functionalization can
only access bridgehead carbons, implying that the chemical
potential of bicyclo[1.1.0]butane has not been fully exploited.
Scheme 1 summarizes synthetic routines to prepare
bicyclo[1.1.0]butane and the derivatives.®”"*

The decomposition of cyclic azoalkanes toward carbon-
based bicycles has been extensively studied by thermoly-
sis”"?~'* and photolysis'® in solution,” gas phase,'* or solid-
state.'” Dougherty and co-workers have investigated the
deuterated diazabicyclo[2.1.1]Thex-2-ene (1-D). They meas-
ured a 47% excess of exo-2-D in the singlet-state photolysis'®
(Scheme 2), while the thermolysis of 1-D afforded stereo-
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Scheme 1. Synthesis of Bicyclo[1.1.0]Butane
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Scheme 2. Diastereoselectivity in the Direct Photolysis of
Cyclic Azoalkanes
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random products likely due to symmetric cyclobutane diradical
intermediates.'® Later, Roth and co-workers have discovered a
diastereoselective denitrogenation mechanism of irradiating
diazabicyclo[2.2.1]hept-2-ene (3) and discovered a 20%
diastereomeric excess of the inverted product exo-4-2D'®
(Scheme 2). Trofimov and co-workers studied the temperature
and solvent effect on the stereoselectivity'”*® and confirmed a
general preference for inversion across several derivatives of
3.*' Adam and co-workers performed a photochemical reaction
involving a benzene photosensitizer, but observed no
diastereomeric excess as forming the cyclopentane diradical
intermediate.””

Quantum mechanical calculations have provided detailed
insights into the photochemical stereoselectivities of 1 and 3.
In 1998, Olivucci and Robb located and characterized a
diazenyl diradical conical intersection of 3 with a complete
active space self-consistent field (10 electron and 8 orbitals)
and 6-31G* basis set, which suggested a preferred inversion
mechanism.”® In 2003, Olivucci and co-workers published a
single classical trajectory with the B3LYP/6-31G* model
chemistry to understand the reaction path from their
previously located diazenyl diradical conical intersection.
They concluded that the stereoselectivity was attributed to
an impulsively populated inversion vibrational mode.** Li and
co-workers then located a diazenyl diradical conical inter-
section of 1 with a 12 electron and 10 orbitals active space and
6-311G** basis set in 2006; the minimum energy path
proceeded to the double-inversion product.”> Most recently,
Abe and co-workers reviewed that the interplay between
diazenyl and 1,3-diyl diradicals is responsible for the
stereoselectivity during the denitrogenation of cyclic azoal-
kanes.”® These theoretical reports offer qualitative rationale for
the stereoselectivity; we identified an opportunity to quantify
the origin of the measured diastereomeric excess.

We revisited photophysics and photochemistry of 1 with
multiconfigurational calculations and used non-adiabatic
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molecular dynamics simulations to quantify the stereo-
selectivity. The dynamics simulations uncovered the mecha-
nistic origin of the stereoselectivity in the denitrogenation of 1.
We applied our dynamics model to predict the stereo-
selectivities of a series of 1,3-dihalogenated
diazabicyclo[2.1.1]hexa-2-enes, as shown in Scheme 3 (1-F,

Scheme 3. 1,3-Dihalogenated Diazabicyclo[2.1.1]hexa-2-ene
and Proposed Denitrogenation
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1-Cl, and 1-Br). In particular, we are interested in 1,3-dibromo
diazabicyclo[2.1.1]hexa-2-ene (1-Br) because it enables the
access to the cyclic carbon in the bicyclo[1.1.0]butane
derivative (2-Br) for subsequent fluorination, chlorination,
and alkylation reactions toward value-added molecules and
materials. Our computations will show the halogenation effect
on the stereoselectivities in the denitrogenation.

We identified four reaction coordinates (R1, R2, 4, and 6) to
track the geometries of 1 and 1-Br, along the ground- and
excited-states. R1 represents the length of the first breaking C—
N bond and R2 is the length of the second breaking C—N
bond. We defined an angle 6 to determine the bicyclobutane
dihedral between the cyclopropyl rings. We introduced the
hydrogen dihedral angle a to describe the relative position of
the hydrogen atom on the bond-breaking carbon atom with
respect to the cyclopropyl plane. Figure 1 shows the distance
R1 and R2 and dihedral angle 8 and 4 in §y—1-Br and MECP-
1-Br.

Potential Energy Surface Scans. We computed potential
energy surfaces (PESs) for 1, 1-F, 1-Cl, and 1-Br with
complete active space self-consistent field (CASSCEF) (8,8)/
ANO-S-VDZP by scanning the bicyclobutane dihedral angle, 8
from 160 to 200° and the hydrogen dihedral angle a from —20
to 20° with a 4° step size for € and a. We constrained one of
the C—N bonds to 1.48 A to prevent the dissociation of N, in
1-F, 1-Cl, and 1-Br, which often led to unconverged
geometries. The PESs of 1 are nearly identical with and
without the C—N bond constraint. We also computed PESs for
2, 2-F, 2-Cl, and 2-Br with CASSCF (2,2)/ANO-S-VDZP by
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Figure 1. CASSCF (8,8)/ANO-S-VDZP optimized geometries of So—
1-Br and MECP-1-Br. The pink dotted lines highlight the
bicyclobutane dihedral angle € between the cyclopropyl rings. The
0 values <0 (i.e., —180 to 0°) were converted to a range, 180—360°.
The yellow dotted lines show the hydrogen dihedral angle a between
the cyclopropyl plane and the hydrogen atom sharing the same edge
of 6. a > 0, when the hydrogen atom is above the cyclopropyl plane; a
< 0, when the hydrogen atom is under the cyclopropyl plane. The
blue dotted line indicated the R1 distance in the broken C—N bond.
In Sy—1-Br, R1 = R2 = 1.56 A, 0 = 136°, and a = —17°; in MECP-1-
Br, R1 = 435 A, R2 = 141 A, 0 = 197°, and a = 5°. The optimized
geometries for 1, 1-F, and 1-Cl are available in the Supporting
Information.

removing nitrogen atoms and corresponding active orbitals.
The scan of the hydrogen dihedral angle a constrained both
bridge-head hydrogen atoms and varied them simultaneously.

Non-adiabatic Molecular Dynamics. Non-adiabatic
molecular dynamics (NAMD) simulation classically propagates
the nuclear positions on potential energy surfaces obtained
from multiconfigurational electronic calculation. We sampled
the initial conditions (nuclear positions and velocities) from
the vibrational modes in Wigner distribution at 300 K. The
electronic calculations used CASSCF (8,8)/ANO-S-VDZP.
The trajectories started from the S; Franck-Condon point and
the simulation time was 300 fs with a 0.5 fs time step. We
applied the Nosé-Hoover thermostat’ to equilibrate the
ensemble temperature at 300 K. The surface hopping
probability was computed with Tully’s fewest switches surface
hopping method**™* implemented in OpenMolcas.””

Natural Bond Orbital Analysis. We quantified the
carbon—halogen bond hyperconjugations in the transition
state between the retention and inversion products using the
natural bond orbital (NBO) analysis® implemented in
GenNBO6.0.*" The orbital interactions were computed using
second order perturbation of the Fock matrix in NBO basis
(ie, E (2) energy).”” The E (2) energy is defined as E (2) =
Fy,’/AE,,, where Fy, is the one-electron integral over donor
and acceptor orbitals and AEg, is the orbital energy difference.
The E (2) energy is positive, which indicates the magnitude of
the energetic stabilization gained from orbital interactions. The
single point calculations employed PBE0*"** density func-
tional and cc-pVDZ" basis set available in ORCA 4.2.0."* We
used the broken-symmetry formalism* of density functional
theory to properly address the multiconfigurational characters
in the transition state structures.

B RESULTS AND DISCUSSION

Photoexcitation of 1 and 1-Br. The electronic excitation of 1 is a
well-known n — 7#* transition; this corresponds to an
excitation of an electron from a diazo nitrogen lone pair
orbital (n) to its m*y._y-orbita. We have computed the
photophysical properties to validate the (8,8) active space for 1
and its halogenated derivatives. Table 1 shows the computed
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S, excitation energies, electronic transitions, and oscillator

strengths.

Table 1. Vertical Excitation Energies, Electronic
Transitions, and Oscillator Strengths of 1 and 1-X (X = F,
Cl, and Br) with CASPT2 (8,8)/ANO-S-VDZP//CASSCF
(8,8)/ANO-S-VDZP

compounds S, energy (eV) transition oscillator strength®
1 391 n—or* 113107
1-F 3.79 n—7* 8.53-107°
1-Cl 378 n—m* 6.80-107°
1-Br 3.77 n—z* 6.26107°

“Oscillator strengths are computed with CASSCF (8,8)/ANO-S-
VDZP.

The CASPT?2 (8,8)/ANO-S-VDZP//CASSCF (8,8)/ANO-
S-VDZP calculation of 1 predicted an S, state with nz*
character. The excitation energy was 3.91 eV, which agrees
with the experimental absorbance A, = 330 nm (3.75 eV).*
The oscillator strength for this transition is 1.13-107% The
halogenated reactants (1-F, 1-Cl, and 1-Br) have lower
excitation energies (3.77—3.79 eV, respectively) and lower
oscillator strengths (8.53—6.26-107%). The decreasing oscil-
lator strength suggests that the halogen atoms may result in a
lower quantum yield for these reactants due to less efficient
n—7* excitations. Our CASSCF (8,8)/ANO-S-VDZP calcu-
lations overestimated the excitation energies because of the
missing electronic dynamic correlations (Table S1). The
CASSCF (8,8)/ANO-S-VDZP calculations predicted a con-
sistent n—7z* transition and thus is qualitatively reliable to
study the photochemistry of 1 and 1-Br from the S, Franck-
Condon points.

We computed the minimum energy path (MEP) to explore
the steepest descent path from S;-FC-1 and S;-FC-1-Br. The
MEP from S;-FC-1 has been previously reported by Li and co-
workers.”> Our new calculations on 1-F and 1-Cl showed
similar MEP to the parent 1 (Figure S3), while 1-Br offers a
substantially different MEP starting from S;-FC-1-Br (Figure
2).

The MEP in Figure 2 shows that the mechanism involves a
stepwise breaking of the C—N bonds. The MEP suggests that
there may be an S, barrier (steps 1—4), this “local maximum”
may be an artifact resulting from the CASPT2 (8,8)/ANO-S-
VDZP single point energy calculations. The CASSCF (8,8)/
ANO-S-VDZP MEP decreased smoothly (Figure S4). The AS,
and S, states decreases along the MEP and is <0.50 eV at step
10, where one of the C—N bonds has completely broken (R1 =
3.62 A). Beyond this point, the MEP energies are nearly
constant until the S,;/S; degeneracy region. We optimized a
minimum energy crossing point based on the geometry at step
24 and located MECP-1-Br. The geometry of MECP-1-Br
clearly shows inversion; the 6 angle is 197° (Figure 1). From
MECP-1-Br, the MEP calculation proceeded along the S,
state. The subsequent path showed the second C—N bond
breaking. Step 28 shows that the N—C distance R2 was 2.10 A,
while the bicyclobutane maintained an inverted dihedral angle
of 216°. We located exo-2-Br and an extruded N, at the end of
the MEP. Our MEP calculations have developed a static
understanding of the photochemistry of 1-Br and suggest that
exo0-2-Br is exclusively formed through a stepwise pathway.

Non-adiabatic Molecular Dynamics of 1. Experimental
measurements of the photochemical reaction yield of

https://dx.doi.org/10.1021/acs.joc.0c02905
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Figure 2. Minimum energy path from S;-FC-1-Br to MECP-1-Br and
to 2-Br with CASPT?2 (8,8)/ANO-S-VDZP//CASSCF (8,8)/ANO-
S-VDZP. The blue dotted lines denote the C—N distance; the
distances are in Angstrom. The pink dotted lines highlight the
bicyclobutane dihedral angle 6. At step 10, R1 = 3.62 A, R2 = 1.42 A,
0=159° and a = —9°; at step 28, R1 = 4.15 A, R2 = 2.10 A, 6 = 216°,
and a = —20°.

diazabicyclo[2.1.1]Thexenes (1) reveals an excess yield of
bicyclo[1.1.0]butane with inverted stereochemistry. We turned
to NAMD simulations to enumerate the possible photo-
dynamics pathways and predict the yield of the competing
stereoisomeric products. We have generated initial conditions
for 1 with Wigner sampling at 300 K to create a broad region
of Franck-Condon points and associated velocities. The initial
geometries have sampled the C—N distances to range from
1.33 to 1.68 A, the bicyclobutane dihedral angle 6 = 115—138°,
and the hydrogen dihedral angle a = — (8—32)°. Our NAMD
results for 1 are based on 692 trajectories for which 395 (57%)
trajectories land on the ground-state with stepwise breaking of

the C—N bonds, consistent with the static MEP findings. The
other 297 (43%) trajectories remain in the S, state at the end
of 300 fs; we consider these trajectories to correspond to
unfinished reactions. We identify three pathways post S,/S,
intersections: the reversal to reactant 1, the double-inversion
product exo-2, and the retention product endo-2. Our
simulations show a major product, exo-2 (71%), minor
products, endo-2 (26%), and the reactant, 1 (3%). The
predicted diastereomeric excesses of exo-2 (46%) is in
excellent agreement with the experiments (47%'®). Embold-
ened by this excellent agreement with the experiment, we
sought to understand the bonding changes along the ground-
and excited-state reaction pathways to reveal the origin of the
stereoselectivity of 1. We first plotted the trace of productive
trajectories with respect to the distance of the first breaking
C—N bond, R1, and the bicyclobutane dihedral angle as shown
in Figure 3a. The subplots in Figure 3b—e highlight individual
types of pathways during the second N—C bond breaking.

The molecular trajectories rapidly moved away from the FC-
region and approach hopping points (Figure 3a). The
trajectories switched the electronic state to the ground-state
via surface hopping points near/at the S;/S, degeneracy
region; 8% of the trajectories had “early” hopping points with a
single partially broken N—C bond has not been fully broken
(R1 = 1.49-2.16 A and 0 = 125—139°). We identified a broad
S,/S, seam in the other trajectories (R1 = 2.95—4.77 A and 0 =
142—235°) (Figure 3a). We found that 60% trajectories
retained the bicyclobutane dihedral angle (6 < 180°) at the S,/
So seam. However, tracking the dihedral angle, 6 showed
subsequent conversion from endo-2 to exo-2 in 42%
trajectories. On the other hand, 32% trajectories have shown
double inversion (6 >180°) at the S,/S, seam, but 6% of the
trajectories reverted from exo-2 to endo-2 towards the end of
the simulations. The interconversion between exo-2 and endo-
2 trajectories after the surface hopping points suggests that the
S1/S, intersection partially control the stereoselectivity and
ground-state effects may also be important.

After the S,/S, crossing, the trajectories of 1 (Figure 3b and
Figure 4e) show that the second C—N bond continues to

&
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3.0 ' 150

5.0 210180
R (4’) 70 270240 eko\

6(e) 6(e)

Figure 3. (a) Trajectories of 1 in 300 fs NAMD simulation with CASSCF (8,8)/ANO-S-VDZP. The plot monitors the N—C bond breaking and
bicyclobutane inversion with R1 and 6. (b) Subplot of trajectories undergoing concerted N—C bond breaking and bicyclobutane inversion to exo-2.
(c) Subplot of trajectories undergoing stepwise N—C bond breaking and bicyclobutane inversion to exo-2. (d) Subplot of trajectories undergoing
stepwise N—C bond breaking and bicyclobutane retention to endo-2. (e) Subplot of trajectories reverted to Sy—1. The subplots (b—e) track the
second C—N bond breaking and the inversion of bicyclobutane with R2 and 6. The black dots represent the latest surface hopping points.
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Figure 4. (a) 2D PES of 1 with CASSCF (8,8)/ANO-S-VDZP. The red dotted arrow shows the deepest descent toward inverted bicyclobutane.
(b) 2D PES of 2 with CASSCF (2,2)/ANO-S-VDZP. The blue dotted arrows represent the symmetrically bifurcated relaxation paths to the
retention and inversion structure. The star in (b) is a second-order saddle point with CASSCF (2,2)/ANO-S-VDZP. The first imaginary mode
corresponds to concerted vibrating of a, whereas the second imaginary mode represents stepwise alternating of 4, which cannot be seen in (b). The

geometries at black dots (star) are shown above the 2D PES.
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Figure S. (a) Trajectories of 1-Br in 300 fs NAMD simulation with CASSCF (8,8)/ANO-S-VDZP. The plot monitors the N—C bond breaking and
bicyclobutane inversion with R1 and 6. (b) Subplot of trajectories undergoing concerted N—C bond breaking and bicyclobutane inversion to exo-
2-Br. (c) Subplot of trajectories undergoing stepwise N—C bond breaking and bicyclobutane inversion to exo-2-Br. (d) Subplot of trajectories
undergoing stepwise N—C bond breaking and bicyclobutane retention to endo-2-Br. (e) Subplot of trajectories reverted to 1-Br. The subplots (b—
e) track the second C—N bond breaking and the inversion of bicyclobutane with R2 and 6.

lengthen. We classified two ground-state mechanisms in these
trajectories: (1) the second N—C bond breaking and the
bicyclobutane inversion are occurring simultaneously (con-
certed mechanism) and (2) the second C—N bond breaking
and the bicyclobutane inversion are occurring in a stepwise
manner. All of the trajectories corresponding to the concerted
mechanism are stereoselective to form exo-2 (48% trajectories,
Figure 3b). The stepwise mechanism extrudes N, before
inverting (i.e., 8). The resulting bicyclobutane molecule with 6
> 210° then retained the dihedral angle 8, which favors exo-2
(Figure 3c). The trajectories with @ < 210° vibrate about 6 =
180° (Figure 3c,d). The stepwise mechanism results in an
overall ratio of 0.9: 1 between exo-2 and endo-2 (23 and 26%
of the productive trajectories, respectively). Figure 3e
characterizes the trajectories returned to 1. It showed that
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these trajectories were from the early S;/S, crossing region;
they revert to 1 because the C—N bonds are partially broken.
The trajectories show that the denitrogenation reaction
begins in the S, state and completes on the Sj-state through a
concerted or stepwise mechanistic pathway. To understand the
ground-state topology of 1 and the stereoselectivity of the
reaction, we computed the 2D PES of the ground states of 1.
Figure 4a,b shows the 2D PES scanned with the bicyclobutane
dihedral angle @ and the hydrogen dihedral angle a of 1.
Figure 4a is a ground-state PES for the concerted
mechanism and the black dots correspond to the hopping
points based on the trajectories in Figure 3b (6 = 126—234°
and a = —32—24°). There is a steep pathway (indicated with a
red arrow) from @ = 160 to 180° and from a = —20° to —16°
that is consistent with preferred conversion of endo-2 to exo-2
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Figure 6. (a) 2D PES of 1-Br with CASSCF (8,8)/ANO-S-VDZP, where the N—C distance was constrained at 1.48 A. The red dotted arrow
shows a path favoring the inversion of bicyclobutane. (b) 2D PES of 2-Br with CASSCF (2,2)/ANO-S-VDZP. The blue dotted arrows represent
the asymmetrically bifurcated relaxation paths, which is more inclined toward the inversion structure. The star in (b) was confirmed as a transition
state with CASSCF (2,2)/ANO-S-VDZP. The geometries at black dots are shown above the 2D PES.
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Figure 7. (a) Optimized geometry of TS-2-Br with CASSCF (2,2)/ANO-S-VDZP. § = 171° and a = —6°. (b) Hyperconjugation of nc = 6*_g, in
terms of natural bond orbital interactions in TS-2-Br (left) and the planar 2-Br (right). The E (2) energies are in kcal mol™".

in the NAMD results discussed above. It also corroborates the
previous interpretation of the stereoselectivity induced by
impulsive population of the double-inversion vibrations.”* We
note that R1 in exo-1’ (4.39 A) is longer than that in endo-1b’
(4.15 A). It suggests the exo geometry stabilizes the diradical
configuration with further separated radical centers. As shown
in Figure 4b, N, is omitted and the ground-state PES of 2 is
used to approximate the PES for the stepwise mechanism. We
assume that the trajectories start near the center of the 2D PES
(6 = 180° and a = 0°) because most of the trajectories vibrate
around @ = 180° as shown in Figure 3c,d. The relaxation
pathways bifurcate toward the local minima at § = 160°%; a =
20° and 6 = 200°; a = —20°, which resemble endo-2 and exo-2,
respectively. The symmetric pathways are consistent with the
nearly equal endo-2 and exo-2 product ratio.

Non-adiabatic Molecular Dynamics of 1-Br. We
extended our analysis of the reactivity, mechanism, and
stereoselectivity beyond 1 to explore the excited-state land-
scape of halogenated diazabicyclo[2.1.1]hexenes (1-Br). We
chose 1-Br because it is the experimental precursor to 1-F and
1-Cl, which can be accessed with a thermal substitution
reaction. As such, we performed NAMD simulations of 1-Br to
study substitution effects on the stereochemical outcomes
when irradiating 1 and 2. We extended our previous
computational technique to these reactants; 525 trajectories
of 1-Br landed on the ground-state (out of 596) after 1 ps,
indicating a reaction “yield” of 88%. This is considerably larger
than that of the parent 1. The increasing photolysis efficiency
of 1-Br could compensate for the weakened absorption ability
predicted by the oscillator strengths (Table 1). Our trajectory
statistics demonstrate that 97% trajectories formed exo-2-Br,
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whereas 3% formed endo-2-Br, which corresponds to a
predicted diastereomeric excess of 94% for exo-2-Br. We also
observed a single trajectory that reverts to Sy—1-Br (0.2%).
The trajectories from S;-FC-1-Br are plotted with respect to
distance of the first breaking C—N bond, R1, and the
bicyclobutane dihedral angle as shown in Figure Sa. The
subplots in Figure Sb—d highlight the concerted, stepwise, and
reverted mechanism during the second C—N bond breaking of
1-Br.

The denitrogenation of 1-Br—Ilike the parent—begins in
the excited-state and completes in the ground state. The
trajectories reached exo-2-Br via a S,/ crossing seam at R1 =
3.50—4.63 A and 6 = 149-202°. At the S,/S, seam, 28%
trajectories inverted the bicyclobutane (6>180°) and main-
tained the angle in exo0-2-Br. 71% trajectories retain the
bicyclobutane dihedral angle ¢ (0<180°), but only 2%
trajectories conserved 6 to form endo-2-Br when they hopped
to the ground-state. Another 1% of the trajectories passed a S,/
S, crossing region at R1 = 1.67—2.35 A and 0 = 134—148°
toward endo-2-Br. Figure Sb shows the concerted second C—
N bond breaking and bicyclobutane inversion toward exo-2-Br
(43% trajectories). Figure Sc,d shows the stepwise mechanism
where N, is extruded before the bicyclobutane inverts. In
contrast to the nearly 1:1 ratio in the parent, the 1-Br
trajectories undergoing stepwise mechanism significantly prefer
ex0-2-Br (54% trajectories) over endo-2-Br (3% trajectories).
Figure Se illustrates the single trajectory that reverts to So—1-
Br.

We again computed the 2D PESs of 1-Br to understand the
topologies and rationalize the mechanism and predicted
stereoselectivity of 1-Br. The PESs scanned along the
bicyclobutane dihedral angle @ and the hydrogen dihedral
angle a are shown in Figure 6a and Figure 7b.

The 2D PES scan of 1-Br in Figure 6a surveys the concerted
mechanism; the second C—N bond is constrained at 1.48 A to
prevent N, from extruding at some geometries. We marked the
hopping points in Figure 6a that correspond to the S,/S, seam
geometries (0=149—202°, Figure Sa). The PES shows a local
minimum at € = 200° and a = —12° that resembles an inverted
bicyclobutane. This suggests that 1-Br is stereoselective for
exo0-2-Br with the concerted mechanism, which is consistent
with the stereoselectivity of the parent. Figure 6b shows the
PES for the stepwise mechanism, where the N, has already
dissociated. The PES of 1-Br is quite different from the
corresponding PES shown in Figure 4b. The PES for 1-Br is
not symmetric like that of 1; the transition structure
connecting exo-2 and endo-2 is in the center of the PES.
The transition structure connecting exo-2-Br and endo-2-Br
(TS-2-Br) is skewed toward the disfavored product, endo-2-
Br. We hypothesized that the unsymmetric PES disproportion-
ately lowered the energies of exo-like geometries. It arose from
a hyperconjugative interaction between the carbon lone pair
orbital and the o™ _g-orbital. For example, the C—Br distance
in TS-2-Br is 2.00 A, which is 0.08 A longer than the that in 1-
Br (1.92 A). This increase in the ¢, bond length and the
antiperiplanar relationship between the lone pair (n¢) and the
0*c_p, orbitals suggests that a favorable no — o*c_g,
hyperconjugation occurs. Figure 7 illustrates the NBOs
participating in TS-2-Br and planar-2-Br’ along with their
second-order perturbation interaction energy, E (2).

At the PES center in Figure 6b, planar-2-Br’ is 0.7 kcal
mol ™" higher than that in TS-2-Br (Figure 6b). The E (2) of
TS-2-Br is 0.6 kcal mol™" larger than that of planar-2-Br’,

4067

which suggests the bicyclobutane dihedral angle 6 = 171° can
lower the transition state energy with ne — o%c_g,
hyperconjugative interactions. Consequently, the transition
structure changes its relative position from the center of the
PES (planar-2-Br’) toward endo-2-Br thus resulting in larger
shoulder region for relaxation to exo-2-Br. Based on Figure
5¢,d, we can assume the trajectories post S;/S, surface hopping
start at @ = 160—200°; thus, most of them (54% vs 3%) land
on the ground-state path toward exo-2-Br.

Our collaborators in the Burns group (Stanford University)
are actively verifying our computational results with photolysis
experiments of 1-Br. The preliminary and unpublished results
suggest the predicted denitrogenation mechanism of 1-Br
might be the first step in a series of complex photoreaction of
1-Br.

Non-adiabatic Molecular Dynamics of 1-F and 1-Cl.
We extended our computations to include two theoretical
diazabicyclo[2.1.1]hexenes, 1-F and 1-Cl. We performed 672
and 568 NAMD trajectories to test our hypotheses. The
simulations predicted 87% “yield” in 1-F and 1-Cl, which are
similar to 1-Br (88%). The major products of 1-F and 1-Cl
preferred double inversion (exo-2-F: 98% vs endo-2-F: 1% and
ex0-2-Cl: 98% vs endo-2-Cl: 2%). Our trajectories predicted a
diastereomeric excess of 97 and 96%, respectively. The
trajectory characterization (Figures SS and S6) confirmed the
coexistence of concerted and stepwise N, extrusion mecha-
nisms in 1-F and 1-Cl. The PES calculations for fluorinated
and chlorinated derivatives (Figures S7 and S8) illustrated that
the concerted mechanism also favors double inversion. In the
stepwise mechanism, we observe a similar broad path to the
corresponding inverted products, thus enhancing the stereo-
selectivities. We located transition structures analogous to TS-
2-Br, TS-2-F, and TS-2-Cl, which show a similar structural
pyramidalization [TS-2-F: 6 = 174°; TS-2-Cl: § = 169°]. We
interpret this as a necessary structural change to benefit from
the nc — 0%c_g hyperconjugative interaction (Figure S9).
Therefore, the post surface hopping trajectories of 1-F and 1-
Cl with @ = 180 + 10° favor the steeper path to double
inversion.

B CONCLUDING REMARKS

Our NAMD simulation shows a consistent halogenation effect
that substantially enhances the stereoselectivity in the photo-
chemical denitrogenation of 1 producing nearly exclusive
double inversion products. We have used CASSCEF calculations
with an (8,8) active space and ANO-S-VDZP basis set to study
the photophysics and photochemistries of 1, 1-F, 1-Cl, and 1-
Br. Our calculations and NAMD simulations predict that
photochemistry of 1-F, 1-Cl, and 1-Br will be efficient and
favor double inversion pathways and products.

The CASPT2 (8,8)/ANO-S-VDZP//CASSCEF (8,8)/ANO-
S-VDZP calculations presented here suggest that 1, 1-F, 1-Cl,
and 1-Br will feature n — #* transitions with excitation
energies ranging from 3.77 to 3.91 eV. The minimum energy
path calculation of 1-Br showed stepwise C—N bond breaking
and characterized a minimum energy crossing point that favors
double inversion. We computed 692 NAMD trajectories of 1
and identified competing stereoselective and nonstereoselec-
tive paths; 48% trajectories followed the stereoselective paths,
where the N, extrusion and bicyclobutane inversion were
occurring simultaneously. The nonstereoselective paths ex-
truded N, with a nearly planar bicyclobutane; 23 and 26% of
the trajectories led to exo-2 and endo-2, respectively. The total
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trajectories undergoing the two mechanisms successfully
reproduced the stereoselective double inversion of 2 (calc.d.e.
= 46% vs exp.d.e. = 47%).

Our calculations suggest that halogenation of leads to
stereoselective in the photochemical denitrogenation reactions
of 1. We predict a considerably higher stereoselectivity of
double inversion than 1 with 94% diastereomeric excess of exo-
2-Br. The increase stereoselectivity results from the stepwise
N, extrusion mechanism in which 54% trajectories favored the
ex0-2-Br and 3% trajectories lead to endo-2-Br. The static PES
calculations showed that TS-2-Br was skewed toward endo-2-
Br resulting in a broader relaxation path to exo-2-Br.
Consequently, most of post-surface-hopping trajectories in
the stepwise mechanism with nearly planar geometries in 2-Br
(6 = 180 + 10°) favor the pathway to exo-2-Br. Our
calculations reveal is TS-2-Br 0.7 kcal mol™' lower in energy
than that planar-2-Br’ because of stabilizing the hyper-
conjugative (nc — o0%c_p,) interactions. We find similar
results in 1-F and 1-Cl, which demonstrate the essential role of
nc = o6*c_x x - c, B hyperconjugation on the increased
stereoselectivity for halogenated diazabicyclo[2.1.1]hexenes.

B COMPUTATIONAL METHODS

Multiconfigurational Calculations. Our multiconfigurational
calculations employed the state-averaged CASSCF with single-state
CASPT?2 corrections, implemented in OpenMolcas 19. 11.>” In the
previous study on the unsubstituted 1 and 3, Li*® and Olivucci** have
constructed an active space consisting of 12 electrons and 10 orbitals
(e, (12,10)), featuring four electrons from the oy_n/0%\_y and
Tinon/ TNy Orbitals, four electrons from two lone pair orbitals (ny_y)
of endocyclic nitrogens, and four electrons from two sets of oc_y/
0% _y orbitals. We chose an active space of eight electrons and eight
orbitals because the nitrogen lone pair orbitals become less active
during state averaging in the reactant with the occupations near 2.00.
In the (8,8) active space, the second 6_y orbital is notably localized
on nitrogen atoms showing nonbonding character, consistent with a
previous time-degendent density functional theory study by Ciofini
and co-workers.”® The (8,8) space reproduced the excitation energy
corresponding to the experimental absorption spectrum. The (8,8)
active space requires substantially reduced computational cost relative
to the (12,10) space. As such, we chose it for our state-averaged
CASSCEF calculations. Figure 8 illustrates the orbitals and average
occupancies of our selected (8,8) active space in 1-Br.

The optimized geometries with the (8,8) space used the ANO-S-
VDZP basis set.”” > Subsequent vibrational analysis confirmed that

Anan

.
TOn=N
1.77

Gen Gn-n Ny=n (Cen
1.87 1.82 1.39

] e 9 9 9
TC’(N:N G cn G’N=N G*O-N
0.95 0.16 0.03 0.02

Figure 8. (8,8) active space of 1-Br. The occupation numbers are
averaged over seven states, computed at CASSCF (8,8)/ANO-S-
VDZP. Isosurface value = 0.08. The active spaces for 1, 1-F, and 1-Cl
are available in the Supporting Information.
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ground-state geometry, Sy—1, Sy—1-F, S;—1-Cl, and Sy—1-Br, were
indeed local minima with all positive frequencies. We performed MEP
calculations from the S,-Franck-Condon point. We optimized S,/S,
minimum energy crossing points (MECP-1, MECP-1-F, MECP-1-Cl,
and MECP-1-Br) with CASSCF (8,8)/ANO-S-VDZP. The CASPT2
(8,8) corrections to the electronic energy included a shift of 0.3
Hartree to avoid intruder states.’**

B ASSOCIATED CONTENT
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