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The azetidine heterocyclic framework, a four-membered nitrogen-containing ring system, is
prevalent in natural product derivatives and pharmacological compounds. As one of the pow-
erful tools for generating azetidine, photocycloaddition catalyzed by Cu complex has achieved
great success. However, the mechanism at the atomic level remains elusive. Herein, by com-
bining the density functional theory (DFT) and time-dependent DFT (TD-DFT) methods,
the reaction mechanism and the physical origin of diastereomeric selectivity are explored com-
prehensively. Our calculations reveal that tris(pyrazolyl)borate Cu (TpCu) initially coordi-
nates with norbornene (Norb) to generate TpCu(Norb) complex. Upon photoexcitation,
TpCu(Norb) can eventually populate the triplet state, in which the C=C double bond is acti-
vated. The initial C—C bonding reaction occurs in the triplet state, followed by an intersys-
tem crossing process to the ground state, where the C—N bond forms. Depending on the spa-
tial orientation of the approaching imine, either from one-atom bridge (-CHa- group) or from
two-atom bridge (-CHa-CHs- group), products with ezo- and endo-diastereomers can be gen-
erated. Notably, a structural rearrangement is required to form the endo-products. Both syn-
and anti-diastereomers are observed as products in the transformation due to the relative ori-
entations of imine and Norb. The present work not only unlocks the detailed reaction mecha-
nism but also provides valuable insights into the construction of azetidine.

Key words: Photocycloaddition, Transition metal complexes, Density functional theory, Re-
action mechanism, Nonadiabatic process

I. INTRODUCTION

* Authors to whom correspondence should be addressed. Cyclobutane derivatives such as oxetane, cy-
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scaffolds in natural products, drug discovery, and or-
ganic synthesis [1-5]. To construct cyclobutane deriva-
tives, photocycloaddition reactions have been widely
employed, which involve the direct excitation of sub-
strates such as alkynes, carbonyls or imines and fol-
lowed by another alkene interception [1, 6—16]. The pre-
mier photocycloaddition refers to the Paterno-Biichi re-
action, enabling the reaction between carbonyl and
alkene forming oxetanes [17-19]. Analogous to the Pa-
terno-Biichi reaction, aza Paterno-Biichi reaction be-
tween imines and alkenes has emerged as a powerful
tool for forming azetidine [20—23]. However, upon exci-
tation, a facile photoisomerization of the C=N bond
may occur, leading to a reduction in reaction efficiency
[20—22]. Furthermore, the limited number of photoac-
tive substrates also impede both the practicability and
generality of this scope [9]. Thus, the development of
new diagram to access cyclobutane derivatives remains
highly desirable.

Photocatalysis has made a new entrance to the con-
ventional [24+2] photocycloaddition reaction, which ex-
pands the scope of substrates significantly [2, 7, 8,
24-33]. Distinguished by the reaction diagram, photo-
catalysis relies on the excitation of the photosensitizer
succeeded by the efficient electron/energy transfer to
one of the substrates, which then reacts with the other
and concludes the reaction cycle [34]. The photosensitiz-
ers of Ru and Ir complexes have attained remarkable
success in this field [29, 35]. Yoon et al. have reported a
class of photocycloaddition reactions with enantioselec-
tivity, which are triggered by the excitation of
[Ru(bpy)s]>* [36, 37]. Becker et al. have investigated
the synthesis of azetidines from oximes and alkynes,
where triplet-state oxime formed by the energy transfer
from an Ir-photosensitizer was recognized as a key in-
termediate [10]. Brown et al. have developed the Ir com-
plex photosensitized cycloaddition of styrenyl dihalobo-
ranes and allylamines, forming cyclobutylboranes with
stereoselectivity and regioselectivity [38—40]. And a
temporary coordination between dihaloboranes and
amines was observed, which plays an important role in
the reaction [41]. However, the energy dissipation of the
electron or energy transfer cannot be ignored in this
pattern, calling for a new model.

Transition metal complexes have built a novel
blueprint for photocatalysis, where a single complex can
play dual roles, i.e., absorbing light and catalyzing the
reactions [42, 43]. Notably, substrate coordination to
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Cu centers enables in situ formation of photoactive Cu
complexes which are capable of direct light excitation.
Salomon, Kochi, Jayasekara, and their co-workers have
discovered the dimerization reactions of norbornenes
and cyclohexenes, which pave new avenues for photo-
catalysis [44—46]. The Cu complexes of metal and olefins
are formed initially and then excited via metal-to-lig-
and charge transfer (MLCT) processes. Flores et al.
have extended this model to the Paterno-Biichi and aza
Paterno-Biichi reactions catalyzed by tris(pyrazolyl)bo-
rate Cu (TpCu). Upon coordination of norbornene to
the TpCu, the resulting complex undergoes light-in-
duced MLCT activation, facilitating the formation of
oxetane and azetidine, respectively [23, 32].

Although substantial experimental achievements
have been accomplished, a comprehensive mechanistic
understanding is still lacking, demanding detailed theo-
retical studies to unravel the underlying reaction mech-
anism. Our group has previously studied the Paterno-
Biichi reaction of norbornene and ketones [47], as well
as the photodimerization reactions of norbornenes and
cyclohexenes [48]. Based on our research, different pho-
tophysical processes are observed, resulting in the popu-
lation of the MLCT and ligand-centered state (°LC),
respectively. And the nonradiative transitions play crit-
ical roles in either photophysical processes or reaction
pathways. However, the mechanism of the aza Paterno-
Biichi reaction catalyzed by TpCu is still elusive. And
the origin of the observed diastereoselectivity (95:5 exo:
endo) remains unclear.

In the present work, a comprehensive study on the
reaction trajectories is conducted to clarify the mecha-
nism of N-butyl-2-methylpropan-1-imine and nor-
bornene by utilizing the combination of DFT and TD-
DFT calculations. The catalytic reactions, as well as the
origin of the diastereoselectivity, have been systemati-
cally elucidated. Our work not only establishes a funda-
mental mechanistic understanding of the aza Paterno-
Biichi reaction but also provides new insights for the ra-
tional design of the photocycloaddition reaction.

Il. COMPUTATIONAL METHODS

All DFT calculations were conducted using Gaus-
sianl6 [49]. The B3LYP functional was employed with a
mixed basis set (referred to as BS-I), incorporating the
SDD pseudopotential and basis sets for Cu atom, while
the 6-31G** basis sets were utilized for the C, H, B, and
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N atoms [50—56]. To account for the weak dispersion in-
teractions, the Grimme dispersion scheme (D3) was im-
plemented, and the solvent effects of diethyl ether were
implicitly considered by the polarizable continuum
model (PCM) [57, 58]. Structural optimizations were
followed by frequency analysis at the same theoretical
level to verify the nature of minima (with no imaginary
frequency) and transition states (only having one imagi-
nary frequency). The intrinsic reaction coordinate
(IRC) calculations were applied to confirm transition
states connecting optimized minima (including reac-
tants, intermediates, and products) [59]. For more accu-
rate energy evaluations, single-point energies were per-
formed at the (U)B3LYP-D3/PCM level using an ex-
tended mixed basis set (BS-II). For the C, H, B, and N
atoms, all electron 6-3114++G** basis sets were adopt-
ed [60, 61]. For the Cu atom, SDD pseudopotential and
SDD basis sets were adopted. Additionally, the mini-
mum-energy crossing points (MECPs) between T; and
Sp states were determined with sobMECP [62]. Energy
decomposition analysis scheme based on the general-
ized Kohn-Sham (GKS-EDA) calculations at the
(U)B3LYP-D3/BS-II/PCM level was carried out using
GAMESS (2021, R2) [63—65]. The total binding energy
can be decomposed into the electrostatic, correlation-
dispersion, polarization, exchange-repulsion, and desol-
vation energy terms, respectively.

The calculations of spin-orbit coupling (SOC) ma-
trix elements and oscillator strengths between different
electronic states were performed using the LR-TDDFT
method within the same B3LYP functional the Tamm-
Dancoff approximation (TDA-B3LYP) [66, 67]. In this
section, the RI-SOMF (1X) method adopting scalar rela-
tivistic all-electron calculations with Douglass-Kroll-
Hess Hamiltonian of second order (DKH2), was used
[68—72]. All-electron SARC-DKH-TZVP basis set was
used for the Cu atom, while DKH-def2-TZVP basis sets
were used for the C, H, B, and N atoms [73—77]. The
solvent effects of diethyl ether were considered using the
conductor-like PCM method. To accelerate the compu-
tation of two electron integrals, both the resolution of
identity approximation for the Coulomb part (RI1J) and
the chain of spheres algorithm for the exchange part
(COSX) with the corresponding auxiliary basis sets and
the grid settings, were employed [78, 79]. All these SOC
matrix elements and oscillator strengths calculations
were performed using ORCA 6.0.1 [80]. (Sa|Hgo|T3,) is
the effective SOC between singlet and triplet states cal-
culated as follows:
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FIG. 1 Experimentally proposed mechanism for the Cu-
catalyzed [2+2] photocycloaddition of norbornene and N-
butyl-2-methylpropan-1-imine.

(SalHso|Th) =

Jsuisormy) s(sumom) ) +(isumsom,)’

where the |S,) and |Tj,) are singlet and triplet electron-
ic wavefunctions; I?{,%O, }AISO, and H EO are spin-orbit

operators of x, y, and z components.

I1l. RESULTS AND DISCUSSION

A. The formation of exo-azetidine

Experimental studies have elucidated the photocy-
cloaddition mechanism in the reaction between N-butyl-
2-methylpropan-1-imine  (Imine) and norbornene
(Norb) to form azetidines (see FIG. 1) [23]. The pro-
posed catalytic cycle involves dynamic coordination of
TpCu with Norb or Imine, selective Norb binding to
generate TpCu(Norb), photoinduced Cu-alkene charge
transfer, and the cycloaddition reaction with Imine.

According to the 'H NMR spectroscopy of TpCu,
Norb, and Imine, the ligand exchange can happen be-
tween TpCu(Norb) and TpCu(Imine) [23]. However,
the isolation of the TpCu(Imine) was unsuccessful, im-
plying the reversibility of this process. To elucidate the
interactions between TpCu and Norb, the energy de-
composition analysis is employed (see FIG. 2). The elec-
trostatic interactions become the main driving force for
these processes with —75.7 kcal/mol. However, the ex-
change-repulsion interactions put significant obstacles
of 102.7 kcal/mol. This can be rationalized by examin-
ing the ground state structures. In TpCu(Norb), the Cu
is coordinated to both Cl and C2 atoms (Cu-Cl:
2.065 A and Cu—C2: 2.064 A). The pronounced steric ef-
fects in TpCu(Norb) result in an increase in the ex-
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FIG. 2 Energy decomposition analysis for TpCu(Norb).

change-repulsion energy.

Upon excitation, the *MLCT state of TpCu(Norb) is
populated eventually, which is the precursor state of the
following reaction [47]. Furthermore, the cycloaddition
reactions are systematically investigated. It is notewor-
thy that the MLCT process effectively activates the
C1=C2 bond, and the repopulation of electrons gener-
ates Cu(Il) and C1 radical. The Imine can undergo a
nucleophilic attack by the C1 atom of 3TpCu(Norb).
The diastereoselectivity governed by norbornene at-
tack via either one-atom (the -CHg- group) or two-atom
bridges (the -CHy-CHs- group), as well as the Imine ori-
entation during bond formation, remains unresolved
(see FIG. 3). And there are two bonding processes lead-
ing to the azetidines formation: C—C bonding and C-N
bonding. The chemoselectivity of C1-C3 versus C1-N
prior formation also plays a critical role in determining
the enantiomeric outcome.

Starting from the *MLCT state of TpCu(Norb), the
cycloaddition pathway is initiated when attacking the
Imine from the one-atom bridge. The complex 31a, con-
sisting of STpCu(Norb) and Tmine, is formed through a
process involving partial electron transfer to the Imine
moiety (TpCu(Norb): 1.63, Imine: 0.37). This observa-
tion suggests the activation of the Imine, as evidenced
by elongation of the C=N bond to 1.300 A (cf. 1.271 A
in free Imine), indicative of a reduced bond order. In ad-
dition, a key structural feature of 3la is that the H3
atom in C=N of the Imine adopts a syn-configuration
relative to the hydrogen atom at the ring junction moi-
ety of Norb, and this spatial arrangement is conserved
throughout the reaction trajectory. Then, C1-C3 bond-
ing is facile to happen with a negligible free-energy bar-
rier of 3.8 kcal/mol and releases 5.2 kcal/mol during for-
mation from ®1a to 32a, accompanied by the intramolec-
ular electron transfer from the C1 atom to the N atom
(*1a, C1: 0.74 and N: 0.19; 32a, C1: 0.04 and N: 0.96).
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From 32&, a rearrangement reaction involving concur-
rent Cu—N bond formation (Cu-N: 1.855 A) and Cu—C2
bond cleavage (Cu-C2: 4.496 A) occurs, which corre-
sponds to a 2.1 kcal/mol free-energy barrier and is
exothermic by 9.7 kcal/mol at the B3LYP-D3/BS-II
level, leading to a more stable intermediate 33a. During
this transformation, the electron reorganization is also
monitored from Cu and N atoms to the C2 atom (*3a,
Cu: 0.29, C2: 0.99, N: 0.62), which shifts to the sp? hy-
bridization of C2 (107.9°, 124.3°, 123.4°) at 33a from sp®
hybridization (104.3°, 112.1°, 111.8°) at 39a. The subse-
quent C2—-N bond formation in the triplet state encoun-
ters a substantial activation barrier (AGF =58.1
kcal/mol) and exhibits a significant energy difference
(AG= 37.6 kcal /mol) from 33a.

Considering the unfavorable thermodynamics and
high free-energy barrier from 33a, the second C-N bond
formation should occur exclusively in the ground state.
Consequently, the intersystem crossing to the ground
state is examined. Notably, two competitive channels
can hop to the ground state (FIG. 4). One is directly via
the minimum energy crossing point (MECP) from 39a,
the structure of MECP_2a is similar to 32a, leading to a
close energy between them with an energy gap of only
0.1 keal/mol. The other involves advancing to ®3a first,
which requires an additional energy of 2.1 kcal/mol and
then proceeds through an ISC process to the ground
state. The former is kinetically more favorable, and the
ground state is effectively populated with an ISC rate of
krgc=1.2x1010 g1
rials, SM), yielding the strained five-membered ring

(see FIG. S1 in Supplementary mate-

species 12a. This ISC process is also coupled with elec-
tron transfer from the Cu center to the N atom, induc-
ing a change in the Cu oxidation state from +II to +III.
From the intermediate 12a7 subsequent C—-N bond for-
mation happens upon overcoming a moderate energy
barrier of 4.7 kcal/mol and releasing 17.0 kcal/mol to
generate the stable azetidine product, (S)-syn-ezo-azeti-
dine ('4a). In addition, the reaction pathway in the
ground state is systematically investigated. The free en-
ergy barrier is 57.0 kcal/mol from 'TpCu(Norb) for the
first C—C bonding, which quantitatively demonstrates
that photoexcitation is the requisite to initiate the reac-
tion process (see FIG. S2 in SM).

Analogously, when the Imine adopts an anti-configu-
ration relative to the Norb moiety, the reaction pro-
ceeds through a mechanistically similar pathway, ulti-
mately yielding the (R)-anti-ezo-azetidine isomer '4b

© 2025 Chinese Physical Society
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(see FIG. S3 in SM). The energy discrepancy between gy barrier and the more favorable steric interactions
44 and '4b reflects the diastereoselectivity observed ex- along the syn-pathway.
perimentally, which is attributed to the lower free-ener- In addition, the preferential formation of the C-N
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bond is thoroughly evaluated (see FIG. 5). Unexpected-
ly, a higher energy barrier is identified for the C-N bond
formation pathway, calculated to be 13.5 kcal/mol from
31c. This process is recognized as the rate-limiting step,
with a small exothermic driving force (AG=-6.8
kcal/mol). The rearrangement reaction from 32¢ to 33¢
also readily happens after releasing 0.5 kcal/mol. The
modest driving force stems from the single electron re-
population between the C2 and C3 atoms, wherein Cu
retains coordination to the carbon atoms. This behav-
ior contrasts with the intermediate 33a, where the tran-
sition from Cu-C to Cu-N bonding introduces en-
hanced electrostatic interactions, stabilizing the inter-
mediate. Similarly, ISC is accessible either directly via
MECP_2¢ with rate kgo=3.4x10° s (see FIG. S6 in
SM), or via a 33c-mediated process from 33c to '2c.
Then, from 12(}, the subsequent C—C bonding is detect-
ed. And (R)-syn-exo-azetidine '4c is mainly formed,
corresponding to the enantiomer of the previously de-
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scribed 4a.

Differently, for the formation of (5)-anti-exo-azeti-
dine '4d, the first C—N bonding corresponds to a re-
duced free-energy barrier of 9.3 kcal/mol, which is pri-
marily attributed to the small steric hindrance of
3TS(ld—Qd). After the system is effectively populated in
the Sg state, the Cu—C3 is formed with a bond length of
2.040 A in '2d, where the C—C bonding takes place af-
ter overcoming a 13.0 kcal/mol free-energy barrier and
releasing 17.4 kcal/mol at the BSLYP-D3/BS-II level
(see FIG. S8 in SM).

Noteworthy, the free-energy barrier associated with
C-N bonding exceeds that of the C—C formation path-
way by 9.7 and 4.8 kcal/mol for the syn- and anti-con-
This

emerges from fundamental aspects of the nucleophilic

figurations, respectively. kinetic preference
attack mechanism. Specifically, in comparison with the
N atom, the C3 center exhibits substantially greater

electrophilicity, as evidenced by their Mulliken charges
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and spin populations. See text for discussion.

of 0.181 |e| (N: —0.332 ¢|) of '3c (see Table S6 in SM).
Consequently, the C—C preferential bond formation be-
comes the more favorable pathway. According to our
calculations, the 4a with (S)-configuration is mainly
formed with prior selectivity than the enantiomer 4c
with (R)-configuration. However, the experiments de-
clared no detectable enantioselectivity. This discrepan-
cy can be attributed to the quasi-symmetrical structure
of TpCu(Norb). Upon photoexcitation, either the
Cu—C1 bond (as currently studied) or the Cu—C2 bond
may cleave. When the latter species coordinates with
the Imine, it would correspondingly generate enan-
tiomers of (R)-syn-ero-azetidine analogous to (.S)-syn-
exo-azetidine. Thus, the reaction pathways are indistin-
guishable in terms of both thermodynamic stability and
kinetic feasibility for the identical steric constraints
[47].

B. The formation of endo-azetidine

While the *TpCu(Norb) attacks the Imine via the
two-atom bridge, the first C—C bond formation occurs
upon surmounting an 8.9 kcal/mol energy barrier, form-
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ing 39%e, which refers to the rate-limiting process
(FIG. 6). Unlike the previous pathway, where the inter-
mediates, such as 32&, adopt a cis-configuration of the
hydrogen at the ring junction region, 3%¢ exists in a
trans-conformation. Although we initially considered a
direct ISC from 32e to the ground state (analogous to
the exo-azetidines formation pathway), this route is dis-
favored due to the increased ring strain that would re-
quire a subsequent ground-state isomerization. Instead,
3% preferentially undergoes isomerization by overcom-
ing a small barrier of 2.6 kcal/mol to form 33e, which is
an exothermic process releasing 12.2 kcal/mol. The
transition state 3TS(2e-3e) involves characteristic
Cu—C bond cleavage and Cu—N bond formation similar
to the previous steps, coupled with a conformational in-
version of the hydrogen of Norb from ¢rans to cis, ulti-
mately yielding the more stable intermediate 33e. The
ISC process from 33e¢ becomes more favorable with a
small energy gap of 1.4 kcal/mol, producing 3¢ with
the five-membered ring. From '3e, a C-N bonding pro-
cess takes place with liberating 14.7 kcal/mol, forming
the (S)-anti-endo-product. Similarly, the (R)-syn-endo-

© 2025 Chinese Physical Society
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FIG. 7 Proposed photocatalytic reaction mechanism for the (5)-syn-ezo-azetidine. See text for discussion.

product can also be formed, with the free-energy barri-
er of the rate-limiting process being 13.6 kcal/mol (see
FIG. S13 in SM). Moreover, for the pathway favoring
C-N bond formation, less favorable kinetics are ob-
served, leading to preferential C—C bond formation,
consistent with the ezo-product generation pathway
(see FIGs. S15 and S18 in SM).

C. Correlation of calculations and experiments

Photoinduced TpCu-catalyzed cycloaddition can ef-
ficiently construct azetidines, but the atomistic mecha-
nism remains unclear. Our calculations not only reveal
the detailed mechanism but also provide some novel in-
sights (see FIG. 7). The active species of TpCu(Norb) is
first formed. Upon excitation, the MLCT state is even-
tually populated to initiate the cycloaddition. From
3TpCu(Norb), the chemoselectivity is explored to deter-
mine whether the C—C or C-N bonding happens first.
And the C-N bonding processes correspond to unfavor-
able kinetics or thermodynamics. Thus, the C—C bond-
ing is preferred to take place from 3TpCu(Norb) for the
stronger nucleophilicity of the C atom in the Imine.
Moreover, the diastereoselectivity of the reaction relies
on the approach trajectory of the Imine, i.e., one-atom
bridge (-CHg- group) or two-atom bridge (-CHa-CHa-
group), leading to the formation of exo- and endo-prod-
ucts, respectively. The different potential energy sur-
faces are observed. In the ezo-product formation path-
ways, three steps are required: C—C bonding, ISC, and
C-N bonding. Nevertheless, the rearrangement is the
prerequisite for the endo-scaffold formation, which alle-
viates the ring strain induced by the trans-configura-
tion of the hydrogen atom and generates a more stable
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intermediate. This process also influences the hybridiza-
tion mode of the C1 atom from sp3 to sp2. In other
words, the synergistic interplay between electronic and
steric effects modulates this rearrangement reaction.
Due to the higher free-energy barrier (A Gt =89
kcal/mol) and unfavorable thermodynamics, the endo-
product remains a minor component. Furthermore, al-
tering the relative orientation of the imine toward
TpCu(Norb) can also govern stereoselectivity. When
the hydrogen of the Imine and the hydrogen at the ring
junction of the Norb moiety are in the same direction,
the configuration is designated as syn; conversely, it is
anti. Our computational studies reveal that in the case
of the exo-product, the formation of the syn-azetidine is
favored, while the endo-product preferentially yields the
anti-azetidine.

Although our calculations exclusively predict the for-
mation of the (S)-enantiomer, no enantioselectivity was
observed experimentally. This discrepancy arises from
symmetry  breaking during photoexcitation of
TpCu(Norb). When the system accesses an alternative
excited-state conformation involving Cu—C1l bond
cleavage, the reaction pathway becomes energetically
comparable but preferentially yields the (R)-enan-
tiomer, thereby canceling out overall enantioselectivity.
In a word, the reaction proceeds through C—C bond for-
mation, followed by intersystem crossing to the ground
state, where subsequent C-N coupling selectively gener-
ates the ezxo-product. In contrast, the endo-product
forming pathway involves C-C bonding, excited-state
structural rearrangement, ISC process, and subsequent
C-N coupling.
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IV. CONCLUSION

In this work, a mechanistic investigation of the Cu-
catalyzed photocycloaddition between norbornene and
N-butyl-2-methylpropan-1-imine was carried out by us-
ing TD-DFT and DFT methods. Initially, photoexcita-
tion prompts the TpCu(Norb) populated in the triplet
state, along with the activation of the C=C double
bond, thereby triggering the succeeding cycloaddition
reaction to generate ero- or endo-azetidine via different
attack directions. In terms of the kinetics, the C-C
bond forms preferentially in the triplet state. It is worth
noting that to yield endo-azetidine, the rearrangement
process is necessary. Finally, the system undergoes an
effective ISC process to the ground state, and then the
C-N bond is formed to yield the products. This work
provides deeper insights into the reaction characteris-
tics and mechanism, which should be useful for under-
standing and further promoting the photoinduced Cu-
catalyzed cycloaddition reaction.

Supplementary materials: Computational methods of
rate calculations, MECP structures, free-energy pro-
Mulliken
charges of intermediate in reaction profiles and Carte-

files, free-energy along reaction profiles,

sian coordinates of all optimized structures.
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