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By means of DFT and multiconfigurational ab initio simulations, this work showcases the potential ability of
photoactive amine—boranes to undergo transfer hydrogenation for the reduction of unsaturated compounds.
Following absorption of UV-A light, the model amine—borane populates a low-lying triplet state. Then, the
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amine—boranes for the same transformation. Overall, this work provides new design rules for developing more
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Introduction

Transfer hydrogenation (TH) reactions are a set of transforma-
tions in which a target substrate incorporates two hydrogen
atoms from a sacrificial donor, hence leading to its reduction."
By avoiding the use of H,, TH offers fewer safety concerns
compared to standard hydrogenation, as reactions can be
conducted at atmospheric pressure and reagents do not have
to be stored in pressurized gas cylinders. Among the pool of H,
surrogates, bench-stable amine-boranes stand out for their
versatility. These Lewis adducts, which consist of a 1:1 mixture
of an amine and a borane, release H, under appropriate stimuli
as long as both the N and B centers have at least one H atom
attached to them,>* a property that was later exploited for TH.*”
By careful selection of the parent compounds, the reactivity of
amine-boranes can be controlled by the substitution pattern.
While some non-catalyzed TH reactions using amine-boranes
can be found in recent literature,”'° transition-metal-catalyzed
processes are the most common examples nowadays,' >
employing metals ranging from expensive ones like Rh or Mo
to more eco-friendly alternatives such as Ni or Fe.

However, the great thermal stability of amine-boranes is
still a major hurdle to overcome. Indeed, versions of the
reaction, even including some catalytic ones, require tempera-
tures above 60 °C, sometimes up to 120 °C, to realize the
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efficient amine—boranes for light-mediated reduction reactions.

reduction of less-reactive substrates.®**>">* Instead of provid-
ing the energy necessary to overcome the activation barriers by
thermal heating, a potential alternative is to deposit this energy
through light irradiation. In this regard, Blyszczyk and Roure
reported in 2024 the reduction of nitroarenes to anilines using
Et;N-BH; under 427 nm irradiation at room temperature.>*
Months later, the Leonori group employed the same amine-
borane for the reduction of naphthalenes to 5,8-dihydronaph-
thalenes, thus preventing the formation of over-reduced dec-
alin by-products.”® While this reaction was carried out at room
temperature as well, a more energetic light source was
employed (300 nm) as naphthalenes do not absorb in the
visible region of the spectrum. Moreover, due to the absence
of acidic NH groups in the amine-borane, these reactions
required the use of HFIP (1,1,1,3,3,3-hexafluoroisopropanol)
as both the solvent and the sacrificial proton source.

While these two precedents demonstrate that photochemi-
cal reductions using amine-boranes are feasible, they also
indirectly manifested one of the biggest limitations of such
procedures: if the target is not photoactive and the activation
barriers for the thermal reduction are high, the reactivity drops
to zero. This means not only that the substrate must absorb
light in the UV-visible range, but also that a long-lived excited
(singlet or triplet) state must be formed following irradiation so
the intermolecular TH pathway can compete with the electronic
deactivation to the ground state. If there exist energetically
accessible internal conversion funnels to the ground state, they
lead the photoexcited population back to the ground state in a
very fast and efficient way, severely hampering any excited-state
reactivity. Taking olefins as example, which are a preferential
target for amine-borane-mediated TH,®'"'3 14161722 they
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reported amine-boranes for TH this work
HaN—BH, HaN—BH,OTf 1b O
Me,HN—BHj; BuH,N—BHpin
a . . ,NH2
Et;N—BH; LiH,N—BHpin B

Ha

Fig.1 Some amine—boranes reported in recent literature (2010-2025)
for transfer hydrogenation (TH) of unsaturated compounds (left) and the
structure of the amine—borane studied in this work (right). ?Requires HFIP
as an external proton source.

undergo double-bond rotations upon photoexcitation, which is
the basis for molecular motors and photoswitches.>*°

A potential solution to this issue would be to prepare a
photoactive amine-borane, so TH is triggered exclusively under
light irradiation. In this way, a wider array of substrates could
be reduced as the requirement of them to be photoactive or
photostable is circumvented. Moreover, the excitation wave-
length would remain the same for all these reactions, poten-
tially making the set-up conditions more general. Most amine-
boranes employed nowadays (Fig. 1 left) do not contain a
chromophore in the UV-A-visible range (315-700 nm). This
implies that it is compulsory to explore new regions of the
amine-borane chemical space searching for a photoactive one.
While carrying out such studies from an experimental perspec-
tive can be costly, in terms of time and waste generation,
computational simulations have been successfully employed
to both understand and predict the reactivity of amine-boranes
in TH reactions.'>'7:18:22253137 \yith these precedents, the
main goal of this work is, employing quantum-mechanical
calculations, to ascertain if (a) it is possible to design a
photoactive amine-borane with a long-lived excited state, and
(b) if such photoexcited amine-borane could undergo TH to
unsaturated compounds such as olefins.

Results and discussion

The first candidate as a potential photoactive amine-borane
studied in this work was the 1:1 adduct between aniline and
phenylborane (1a), PhH,N-BH,Ph. Using two phenyl groups as
chromophores, the main hypothesis was that, following excita-
tion, either the B-H or N-H bonds (or both) could be weakened
due to increased ¢ — m* or 1 — * hyperconjugation effects. At
the XMS-CASPT2/cc-pVTZ level of theory, it was found that the
gauche isomer is 0.6 kcal mol™! more stable than the anti
isomer. Fig. 2 shows the semiclassical UV-vis absorption spec-
tra of the gauche isomer of 1a. All the computational details
regarding the simulations carried out in this work can be found
in Section S1 of the ESIL.f Only one absorption band is observed
in the selected 200-500 nm region of the electromagnetic
spectrum, centered at 230 nm and with a low-intensity shoulder
reaching 275 nm. Such an absorption profile would require the
use of a Hg lamp to achieve photoexcitation (emission at
254 nm), which is highly inefficient due to its elevated cost of
operation and maintenance. As an attempt to red-shift the

18122 | Phys. Chem. Chem. Phys., 2025, 27, 18121-18127

View Article Online

PCCP
1__""|""|'"'1""|""|""_-
08 k ]
> : SO—>S1 :
2 0.6 | ]
[} C S,—S ]
£ r 0 2 1
< 04} .
S:) L So_>83 ]
0z | ]
0-... 1 1 1 1 :
200 250 300 350 400 450 500
A (nm)

Fig. 2 XMS-CASPT2/cc-pVTZ UV-vis absorption spectrum of amine-—
boranes 1a (red curve) and 1b (black curve), and the individual contribu-
tions of the three lowest-lying singlet states of 1b. No absorption is
observed above 500 nm in any case.

absorption spectrum, the two phenyl groups were connected
leading to a phenanthrene-like structure (see Fig. 1 right), in
which the carbon atoms at positions 9 and 10 have been
replaced for BH, and NH, groups, respectively. Yan and cow-
orkers synthesized it in 2013 as a similar amine-borane,*® with
the same structure of 1b with the boron center protected as
Bpin, suggesting that this structure should be synthetically
accessible. Extending the m-conjugation throughout the two
phenyl rings led to both a bathochromic (4.« increases from
230 to 285 nm) and a hyperchromic (the maximum intensity
acquires a 3-fold increase) shift (Fig. 2, black curve). With an
absorption band that comfortably spans the UV-A region of the
spectrum, reaching up to 340 nm, low-cost commercial UV
LEDs could photoexcite this substrate.>® Thus, the next steps of
this work were carried out using this amine-borane.

The main absorption band of 1b is dominated by the
excitations from the ground state (S,) to the three lowest-
energy singlet nn* states (Si, S,, S3). Crucially, the portion of
the band in the UV-A region (315-340 nm) has the S, — Sy
transition as its sole contributor. As it should be possible to
selectively photoexcite 1b to its S; state using UV-A light, only
the electronic relaxation pathways that originate from this state
were investigated (Fig. 3). Starting from the Franck-Condon
region, a minimum in the S; surface can be populated,
99.7 keal mol " above the ground-state minimum. This region is
characterized by a planarization of the biphenyl structure, the
dihedral angle (C5-C6-C7-C8) going from ca. 25° in the S, state
to 5° in the S, state. From this point, an S,/S, conical intersection
allowing ground-state repopulation is located energetically close
(107.0 kecal mol ). Accessing this crossing requires severe ring
puckering at the C6 position (see Fig. S2 of the ESIt for screenshots
of all the structures), which reduces the C1-C5 distance from 2.50 A
at the minimum to 1.94 A at the crossing.

Alternatively, an S;/T, crossing point is also found in the
vicinity of the S; minimum. No transition states were found
between this minimum and both crossing points. Compared to
the S1/S, conical intersection, this singlet-triplet crossing has a

This journal is © the Owner Societies 2025
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Fig. 3 Schematic representation of the XMS-CASPT2/cc-pVTZ singlet
and triplet potential energy surfaces of 1b. Electronic energies in
kcal mol™ are given relative to the ground-state minimum.

lower energy (104.5 kcal mol™ ") and, while there is also ring
puckering at C6, it is noticeably milder (C1-C5 distance of
2.33 A). From the S,/T, crossing onwards, the ring puckering
disappears and a minimum in the T, surface was found at
91.4 kecal mol™ !, making S; — T, intersystem crossing (ISC)
thermodynamically favored. This minimum should be short-
lived, given the low energy difference that separates it from the
T,/T; internal conversion funnel (93.5 kcal mol '), allowing
population of the more stable T; minimum (68.2 kcal mol™%).
In this region of the T, surface, the biphenyl core has regained
planarity, the dihedral angle going from 5°in S; to 25° in T,, 38°
in T,/T4, and finally 10° in T,. The very large energy difference
that separates the T; minimum to the T,/S, crossing point
(AE of 16.7 kecal mol ') suggests that the T; state is long-lived.
This energy gap comes from the harsh out-ot-plane motion of
the C6-C7 bond at the crossing, which adopts a near perpendi-
cular arrangement with respect to the C1-to-C5 ring plane.
Confirming the long lifetime of this triplet state would require
carrying out non-adiabatic molecular dynamics simulations,
from a computational perspective, or picosecond transient
absorption spectroscopy, from an experimental point of view.
Without these tests, the triplet lifetime can be only roughly
estimated from the static potential energy surface. Altogether,
the mapping of the singlet and triplet potential energy surfaces
supports the following electronic deactivation pathway for the
S; state of 1b: S; — S;/T, — T, — T,/T; — Ty. The population
at T; could eventually return to the ground state via non-
radiative decay through the T;/S, crossing or by phosphores-
cence, emitting a 539 nm photon corresponding to the vertical
energy difference between the S, and T, states at the T,
minimum (53.0 keal mol ™).
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A third option for the electronic relaxation to the ground
state is to engage in a photochemical reaction with a given
substrate. In the presence of an unsaturated compound, this
reaction could be TH. Evidently, the reactivity towards TH will
depend not only on the amine-borane but on the other reagent
as well, meaning that a careful choice of a model substrate
must be carried out so the results obtained can be generalized.
To this end, cyclopentenone 2 was selected for several reasons.
First, amine-boranes are known nucleophilic reagents as, due
to the differences in electronegativity between the boron and
hydrogen atoms, B-H bond cleavage tends to generate a
hydride anion. For radical reactions, the reaction rates are
higher if a nucleophilic reagent is put together with an electro-
philic reagent, causing a stabilization of the transition state due
to the so-called polar effects.***? If one assumes that a similar
mechanism for the TH reaction using 1b could operate here,
then this reaction would be favored with an electrophilic olefin
such as 2. Second, 2 has two electrophilic positions, C1’ and C3’
(see Fig. 4 for labelling). This means that, potentially, two
distinct double bonds could be targeted for reduction, C1’-O
(CO) and C2'-C3’ (CC), so information regarding chemo-
selectivity could be obtained as well. Third, compared to the
structurally similar methyl vinyl ketone, the reduced dimen-
sionality of the conformational space of 2 softens the computa-
tional effort.

With the aim of designing an amine-borane that only
undergoes TH upon triggering with light, the activation barriers
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Fig. 4 MO06-2X/cc-pVTZ calculated mechanism for the TH reaction from
1b to the CC bond of 2. Electronic energies in kcal mol™* are given relative
to the ground-state reaction complex. The colored points mark the points
of the reaction pathway that were investigated in detail in later sections of
this paper.
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in the ground state for this process should be as high as
possible to prevent any background reaction. Screenshots of
all the transition states for all the reactions calculated in this
work can be found in Section 10 of the ESI.| The calculation of
the transition states for the TH to the CC and CO bonds of 2
revealed that, in the ground state, these reactions follow a
concerted, highly synchronous pathway, in which both hydro-
gen atoms migrate simultaneously from 1b to 2. Both processes
are thermodynamically favored (Table 1), yet the energy barrier
for the reduction of the CC bond (21.2 kcal mol™ ") is higher
than the barrier for the CO reduction (16.6 kcal mol™"). These
values should be high enough so, under low-temperature con-
ditions, ground-state reactivity could be controlled or even
completely prevented. Interestingly, these activation energies
are similar to those employing common amine-boranes
(see Section S3 of the ESIt) such as H;N-BHj; (19.9 kcal mol ™"
to CO, 26.5 keal mol~" to CC) and Me,HN-BH; (22.9 kcal mol ™"
to CO, 27.6 kcal mol™* to CC), meaning that the ground-state
reactivity of 1b is comparable to that of previously described
amine-boranes.

This mechanistic landscape suffers drastic changes in the Ty
triplet state depending on the followed pathway. For the
reduction of the CO bond, the reaction proceeds in a similar
vein as in S,. Upon formation of the photoexcited pre-reaction
complex (73.9 kecal mol ™" above the ground-state complex, see
Sections 4 and 5 of the ESIf for more information about the
formation of this complex or the use of Gibbs free energies for
the energy profiles), the synchronous double hydrogen migra-
tion from 1b to the C1'-O bond (Section S6 of the ESIt) of 2
requires surmounting an energy barrier of 17.1 kcal mol . The
reaction proceeds entirely in the triplet state, with back-ISC to
So taking place after the formation of the final product. The
reduction of the CC bond, though, follows a unique, stepwise
pathway (Fig. 4). From the pre-reaction complex, a very low
energy barrier of 2.9 kcal mol ™" cleaves the B-H bond, causing
the migration of the H atom to the C3’ position of 2. After the
transition state, a T;/S, crossing point is readily found, and no
additional T; minimum is located between this crossing and
the transition state as opposed to the CO pathway. NH bond
cleavage takes place in the ground state after ISC forming an
enol (—30.8 kcal mol '), which then tautomerizes to the final
cyclopentanone product (—44.5 kcal mol™'). The large differ-
ence between the energy barriers for the CC and CO reductions
in the T, state (AAE* = 14.2 kcal mol™) should guarantee a
highly chemoselective process. Moreover, it differentiates itself

Table 1 Activation (AE¥) and reaction (AE,) in kcal mol™ for TH to the CC
or CO bonds of 2 mediated by the different amine—boranes presented in
this study in their ground (Sp) and triplet (T,) states. The reaction energies in
the T, state were calculated considering the final ground-state product
complex

AE*in S, AE,in S, AE*in T, AE,in T,
1b (CO) 16.6 —25.4 17.1 —99.3
1b (CC) 21.2 —44.5 2.9 —118.4
1c (CC) 19.7 —52.0 19.6 —85.9
1d (CC) 23.9 —30.3 23.7 —53.3
18124 | Phys. Chem. Chem. Phys., 2025, 27, 18121-18127
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from other amine-borane-mediated TH reactions of enones
that form preferentially the allylic alcohol and thus have the
opposite selectivity.” It is also worth mentioning that the
reaction between 1b and 2 enforcing an exo orientation
(see Section S7 of the ESIt), which neglects any dispersion
interactions between the two reagents, raises the excited-state
activation energy to 5.4 kcal mol™ ", yet it is still considerably
higher than that in the ground state (27.5 kcal mol ). Thus, it
is evident that the reduction of the activation energy in the
triplet state does not come from any stereoelectronic effects
between 1b and 2. Inclusion of solvent effects does not seem to
have an impact on the enhanced reactivity towards TH in the T
state, as shown in Section 8 of the ESI} for three common
solvents employed in TH reactions:” tetrahydrofuran, isopropa-
nol, and acetonitrile.

Interestingly, the population of the T, state did not seem to
have any impact on the reacting B-H bond. Geometrically, the
bond length remained fixed at 1.22 A along the full §; — T,
relaxation pathway described earlier, with bond compressions
or elongations no larger than 0.005 A. No substantial changes
in the hyperconjugation effects were observed either, in con-
trast to what was postulated in the amine-borane design stage.
Using MO06-2X/cc-pVTZ NBO analyses, it was found that the
o — n* second-order orbital interaction energy goes from 3.66
kecal mol™" in the S, state to 5.74 kcal mol ™" in the T, state. The
increase is even smaller for the 1 — o* interaction, going from
2.08 to 2.69 kcal mol™*. Thus, 1b is not intrinsically primed for
TH in the T, state due to weakened B-H bonds. An alternative
mechanism must be acting that lowers the excited-state energy
barrier one order of magnitude with respect to that in the
ground state.

The phenyl rings of amine-borane 1b are aromatic in the
ground state. In the triplet state, however, Hiickel rules no longer
apply. Instead, Baird’s rules determine that m-conjugated rings
with 4n + 2 electrons become antiaromatic in their lowest-lying
*nn* state.”’ The unstable nature of antiaromatic rings makes
them highly reactive species. Indeed, multiple studies in recent
literature have shown that relief of excited-state antiaromaticity is
the driving force in proton and hydrogen transfer reactions in
singlet and triplet tn* states.>>*>”>® To investigate if excited-state
antiaromaticity plays a role in lowering the energy barrier for CC
reduction, the reaction pathways using two additional amine-
boranes 1c and 1d were calculated (Fig. 5). In 1c, the saturated
C4-C5 and C8-C9 bonds mean that this amine-borane is non-
aromatic in both its S, and T; states. In contrast, the cyclooctate-
traene rings in 1d make it Hiickel-antiaromatic in S, but Baird-
aromatic in Ty, thus reversing the aromatic character of 1b. The
methylene bridge in 1d, which is not present in the other amine-
boranes, was included to remove the steric clash between the
rings. It is worth highlighting that these two additional amine-
boranes are only used to ascertain the impact of aromaticity on
the reaction from a theoretical perspective. Therefore, properties
considered of relevance for 1b such as a long triplet lifetime or
synthetic accessibility are not relevant for 1c and 1d and were not
discussed here. Using 2 as a hydrogen acceptor, the barriers for
the TH to the CC bond in the S, and T, states were calculated,

This journal is © the Owner Societies 2025
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Fig. 5 Additional amine—boranes tested for the TH reaction to obtain
information about the role of excited-state antiaromaticity relief.

which are summarized in Table 1. With these new amine-
boranes, the energy barriers are nearly identical in the two
electronic states, in sheer contrast to 1b for which the barrier
decreased in almost 20 kcal mol ! in the triplet state.

To assess the full impact of aromaticity, several points of the
reaction coordinate were selected. These points, indicated in
Fig. 4 as colored dots for the TH between 1b and 2, are the
ground-state reaction complex (black dot), the excited-state
reaction complex (purple), the transition state (green), the
singlet-triplet crossing (orange), the ground-state product
complex (red), and two additional dots around the transition
state (blue and yellow) at which the energy gradient in the IRC
was maximum. Equivalent points were selected for all the other
reaction pathways in question. At these points, the NICS,,(1)
values (nucleus-independent chemical shift) were calculated for
the rings marked in blue in Fig. 5, being one of the most
reliable indices currently available to accurately estimate
aromaticity.>*°

For 1c, there are no relevant changes in aromaticity (Fig. 6),
as the ring remains non-aromatic (NICS values around zero)
along the complete reaction coordinate. For 1d, the ring goes
from antiaromatic (positive NICS values) to aromatic (negative
values) following photoexcitation (black to purple dots). No
relevant changes are observed during TH (purple to orange),
and the initial antiaromaticity is restored after ISC. These
results hint why the energy barriers for these two amine-
boranes are similar in the S, and T, states. In contrast, for
1b, the ring becomes antiaromatic in the T; state, but

20 P
T 10f ]
g : 1-- 1b(co)
= or 71— 1b(co)
~ _102_ -+ 1e(co)
0 [ ] 1d (CC)
@) r ]
Zz 20 ]

30 F .

Reaction coordinate

Fig. 6 Variation of the MO06-2X/cc-pVTZ NICS,,(1) values along the
reaction coordinates for the TH to the CO or CC bonds of 2 with the
different amine—boranes studied in this work.
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aromaticity is regained during TH. Even more, there is a clear
contrast between the CO and CC pathways. For the CO pathway,
the relief of antiaromaticity occurs after the transition state,
while for the CC pathway it occurs before. In this way, the
transition state for the reduction of the CC bond using 1b is
aromatic, which causes its stabilization and lowers the energy
barrier of the process. This drastic change in aromaticity is also
correctly described using other indices such as MCI (Multi-
Center Index,” electronic) and HOMER (Harmonic Oscillator
Model of Excited-state aRomaticity,’® geometric), which are
reported in Section 9 of the ESL{ Thus, it becomes evident
that the reactivity of amine-borane 1b towards TH to carbon-
carbon double bonds increases in the triplet state due to
excited-state antiaromaticity relief.

Conclusions

In this work, the first photoactive amine-borane for application
in TH reactions has been described using state-of-the-art com-
putational methods. Following excitation using UV-A irradia-
tion, ISC leads to the population of a low-lying triplet state,
expected to be long-lived due to the high energy gap that
separates it from the triplet-singlet crossing point. This triplet
state undergoes very efficient TH to carbon-carbon bonds, as
proven by the low energy barrier for its reaction with a model
electron-poor olefin. This barrier is much lower than the barrier
for the same process in the ground state or the barriers using
other amine-boranes in the triplet state. It was found that the
main reason for this decrease in the energy barrier comes from
the relief of excited-state antiaromaticity along the reaction
coordinate, specifically right before the transition state, which
stabilizes this structure. Altogether, these results demonstrate
that it is possible to invert the current experimental approaches
and, instead of combining a non-photoactive amine-borane
with a photoactive substrate, use a photoactive amine-borane
to reduce a non-photoactive substrate.

As a final remark, it is important to highlight that 1b
presented in this work should be taken as a computational
proof-of-principle and not the optimal photoactive amine-
borane that is ready to use in experimental studies without
further optimization. It was employed as a simple structure to
prove that an amine-borane can undergo highly efficient and
selective TH reactions if the boryl group is covalently linked to
the chromophore and a long-lived antiaromatic triplet state is
populated following ISC. The results presented in this work
demonstrate that any potential candidate must fulfill these two
requirements. Subsequent fine tuning of the amine-borane
core could help realize other desirable properties including,
but not limited to, synthetic accessibility, absorption in the
visible range, high ISC quantum yields, and high thermal
barriers. Photoactive amine-boranes that also exhibit these
features should have broader applicability compared to an
unmodified 1b, and thus it is recommended to carry out a
proper screening of amine-boranes for a specific application,
albeit based on the basic 1b core.
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