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Tetracoordinate boron compounds are widely used as dyes in medicinal
research and material sciences. Current methods for accessing such com-
pounds with a stereogenic boron center rely on chiral substrate-induced dia-
stereoselective reactions or metal-catalyzed desymmetrization of pre-formed
tetracoordinate boron molecules. Directly constructing a tetracoordinate
B(sp®) center in a catalytic enantioselective manner remains challenging and
underdeveloped, as controlled asymmetric reactions on a flat B(sp?) center are
virtually unknown. Here, we address this challenge by leveraging the inherent
structural features of commonly used boron compounds. In our approach, the
amino-thiourea organocatalyst activates the phenol oxygen of the salicy-
laldehyde as an effective nucleophile for enantioselective addition to the
B(sp?) center of a B,N-heterocyclic substrate. Subsequent iminium exchange
involving the amine moiety of the B,N-heterocycle furnishes the tetra-
coordinate B(sp3) products with excellent optical purities. Our study adopted
the B(sp?)-to-B(sp?) transformation strategy for the enantioselective synthesis
of tetracoordinate boron molecules.

Boron is an inexpensive element with a significant presence in life and
broad applications in chemistry, material sciences, and biomedical
fields (Fig. 1a). For instance, the borophycin is a natural product iso-
lated from the cyanobacterium Nostoc linckia that exhibits cytotoxicity
against cancer cells'. Synthetic boron-containing molecules, such as
bortezomib and Ixazomib citrate, are FDA-approved human medicines
for the treatment of cancers, infections, and multiple other diseases®’.
The boron dipyrromethene (BODIPY) and its derivatives are widely
used fluorescent dyes in biological research®. Boron-containing
molecules with chiral tetracoordinate boron centers also received
considerable attentions for their applications in circularly polarized
luminescence (CPL) materials®°. Synthetic strategies for activating and

modulating boron reactivity have now been developed to incorporate
boron atoms into various molecules’™. In contrast to the relatively
well-developed reactivity modulation, constructing stereogenic (tet-
racoordinate) boron centers remains challenging. Current methods
are based on chiral substrate-induced diastereoselective reactions" or
recently asymmetric catalysis (Fig. 1b)>®. To date, fewer than ten
asymmetric catalytic methods are reported, all relying on transition
metal-catalyzed desymmetrization of compounds with pre-formed
tetracoordinate boron centers (Fig. 1b, left). Our analysis of the widely
used tetracoordinate boron compounds revealed that many of them
either bear an iminium moiety (such as BOSPY* and BASHY") or a
heteroaryl iminium analog (such as BODIPY' (Fig. 1c). We therefore
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access to tetracoordinate chiral boron compounds. ¢ Conceptual rational and key
findings of the organocatalytic strategy involved in this work.

hypothesized that it may be feasible to develop a conceptually novel
strategy by employing catalytic iminium formation as a handle to
construct chiral boron centers. Given another observation that boron
atom is often connected to heteroatoms in useful compounds such as
BOSPY, we proposed a direct nucleophilic addition (of heteroatom) to
B(sp?) center to construct a tetracoordinate B(sp®) stereogenic center
(Fig. 1c). Our overall strategy constitutes a catalytic enantioselective
nucleophilic addition of oxygen nucleophile to B(sp?) for direct con-
struction of a chiral B(sp®) center (Fig. 1b, right). We expect our study
to start a powerful catalytic strategy for direct and efficient

construction of chiral tetracoordinate boron molecules with diverse
structures and functions.

In this work, we show that under the catalysis of an organic cat-
alyst containing a primary amine and a thiourea unit, reaction between
salicylaldehyde 1a and BN phenanthrene 2a gave tetracoordinate
boron compound 3a with an excellent optical purity (Fig. 1c). The
formation of an iminium intermediate between catalyst and the sali-
cylaldehyde substrate is a critical step to enable subsequent transfor-
mations and setup the boron chiral center (Fig. 1c, bottom left). The
use of AgOAc co-catalyst could accelerate the iminium exchange

Nature Communications | (2025)16:10452


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65393-9

process (swapping of the catalysts amine group with the boron sub-
strate amine unit). The reaction yield and enantioselectivity could be
significantly enhanced through adjusting the basicity of the catalytic
system (Fig. 1c, bottom middle). The choices of solvent and bases are
also crucial to achieve enantioselective process, because the back-
ground racemic reaction could occur under many different conditions
(Fig. 1c, bottom right). The chiral boron products are afforded in good
to excellent yields and optical purity. Preliminary studies revealed that
these chiral boron compounds exhibit promising antibacterial activ-
ities against plant bacterial pathogens. These molecules also found
interesting applications as synthetic precursors and as fluorescent
materials.

Results

We commenced our investigation of the B(sp?) addition reaction using
the salicylaldehyde 1a and the BN phenanthrene 2a as the substrates,
with key results summarized in Table 1. The reaction is a facile process
with a low energy barrier when polar solvent (such as CH;CN, EtOH,
and DMF) was used without the assistance of any additional acid or
base catalyst (Entry 1). Fortunately, we found that the reaction could
hardly be processed in the solvent with lower polarity (Entry 2).
Therefore, we continued to optimize the reaction condition using THF
as the solvent, in which the racemic background reaction was mini-
mized. Different chiral amine catalysts are evaluated for the dehy-
drative cycloaddition reaction (Entries 3 to 6). The chiral secondary
amine catalyst A (known as Jorgensen-Hayashi catalyst)’>” that has
achieved great success in the asymmetric activation of aldehydes
could promote our reaction, but only gave the target tetracoordinate
B(sp®) product 3a in 17% yield (Entry 3). The (1S,2S)-cyclohexane-1,2-
diamine catalyst B* bearing a primary amino group could give the
target product in a higher yield, but still with poor optical purity (Entry
4). The introduction of the thiourea group into the (1S,2S)-cyclohex-
ane-1,2-diamine catalyst could help promote the product enantios-
electivity, while the existence of a primary amino group in the catalyst
structure proved crucial to achieve a promising yield (Entries 5v.s.
6)****, Organic solvents with high polarity generally afford the pro-
ducts in racemic forms (e.g., Entry 7). Non-polar organic solvents
generally favored the reaction enantioselectivities without much ero-
sion on the product yields (e.g., Entry 8). Lewis acids have proven
promising in the promotion of the enantioselectivities in organocata-
lytic reactions via non-covalent H-bonding or p-m interactions*?, and
activate the iminium intermediates formed between the amino cata-
lysts and the reaction substrates. Therefore, various Lewis acids were
evaluated as the co-catalyst in order to help accelerate the iminium
transformation at the end of the current aminothiourea-catalyzed
B(sp?) nucleophilic addition/iminium formation reaction (e.g., Entries
9 to 10). The addition of a catalytic amount of AgOAc showed
encouraging effects in this transformation in enhancing both the
reaction yield and enantioselectivity (Entry 10). Basic additives were
found effective in promoting the reaction yields (e.g., Entries 11 to 13).
The use of the strong basic additives could increase the yield of the
target product 3a, but at the sacrifice of the enantioselectivity. Nota-
bly, the addition of a stoichiometric amount of the weak base of
HCOONa led to the formation of the desired product 3ain a 60% yield
with an excellent 96:4 er value (Entry 13). Meanwhile, we found that
strong bases could promote the reaction in almost quantitative yields,
but with detrimental effects on the enantioselectivity (e.g., Entry 12). It
was believed that the strong bases could efficiently facilitate the mul-
tiple deprotonation steps throughout the reaction process, help
accelerate the catalyst turnover, and thus promote the reaction pro-
cess. We therefore examined the basicity of the reaction system, trying
to figure out the optimal conditions for this enantioselective catalytic
process. EDTA complexes have been widely used in buffer solvents in
both organic synthesis and analytical chemistry. We therefore used the
EDTA-4Na complex to adjust the basicity of the reaction system

(Entries 14 to 15). Finally, the target product 3a could be afforded in a
satisfactory 71% yield and 96:4 er value when switching the basic
additive from HCOONa (Entry 13) to the mixture of EDTA-4Na / PTA
(Entry 15).

Having identified the optimal reaction condition for the asym-
metric B(sp?-addition reaction between the salicylaldehyde 1a and the
BN phenanthrene 2a, we then examined the reaction scope of the sal-
icylaldehyde substrates 1 bearing different substituents (Fig. 2). An
electron-withdrawing Cl group could be introduced onto the 5-position
of the benzene ring of the salicylaldehyde, with the chiral tetra-
coordinate boron product 3b afforded in a higher yield and excellent
enantioselectivity. Switching the Cl atom into an electron-neutral
methyl group resulted in an increase on the reaction enantioselec-
tivity, although with a sacrifice of the product yield (3c). Both electron-
donating and electron-withdrawing groups could be installed on the
6-position of the benzene ring, with the corresponding products given
in moderate yields and excellent er values (e.g., 3d and 3e). Introducing
substituents onto the 4- and 3-positions of the benzene ring also led to
the formation of the products in moderate yields and excellent enan-
tioselectivities, regardless of their electronic properties (e.g., 3f to 3j). It
is worth noting that the benzene ring of the salicylaldehyde could be
switched into a naphthyl group, a fused heterocyclic group and a pyr-
idyl group, with the target products afforded in moderate yields with
excellent optical purities (3k to 3m). To our delight, challenging sub-
stituents such as the carboxyl group and the ester group could be
introduced onto the salicylaldehyde substrate: the product 3n bearing a
free carboxyl group was afforded in 50% yield with an excellent er value,
while the product 30 bearing an ester group was afforded in 63% yield
with a moderate optical purity. Salicylaldehyde bearing a 5-propionyl
group could only give a trace amount of the desired product, which was
difficult to isolate from the reaction system.

The substitution patterns on the BN phenanthrenes 2 were also
explored to further clarify the advancements and limitations in the
currently developed asymmetric B(sp?-addition reaction (Fig. 2). For
instance, introducing substituents onto the ring A and B of the sub-
strate 2 generally gave the target products in moderate yields with
good to excellent enantioselectivities (e.g., 4a to 4h). Switching the
phenyl ring B into a dibenzo[b,d]thiophenyl ring or a furyl ring led to
lower product yields and er values (4i and 4j). The reaction proved
vulnerable to the 2-substituent on the benzene ring C of the B,N-het-
erocyclic substrate 2. Replacing the 2-CH; group on the ring C witha H
atom or a less steric 2-OCHj; group resulted in significant drops in the
product optical purity (4k and 41). In contrast, the 2-isopropyl group
with bulkier steric hindrance on the ring C gave the product 4m in
excellent enantioselectivity. Installing a Cl group on the 3-position of
the ring C led to the formation of the product 4n in an almost quan-
titative yield, although the er value was only moderate under the
current reaction condition. Similarly, switching the ring C from a
phenyl group to a thiofuryl group resulted in dramatic improvement in
the product yield, but with sacrifice on the enantioselectivity (40).
Although the ring C could also be replaced by a cyclohexyl group, a
methyl group or an alkynyl group, the products could only be pro-
duced in moderate yields with poor to moderate optical purities under
the current reaction condition (4p to 4r).

The BN phenanthrene substrates 2 could also be replaced with
other types of B,N-heterocycles (Fig. 2). For instance, the BN naph-
thalene compound 5a could react with the salicylaldehyde 1a through
a similar B(sp?) addition / dehydrative annulation reaction to give the
chiral B(sp®) product 6a in a moderate yield and good optical purity.
The NBN phenalene compound 5b was also effective in this asym-
metric catalytic process, although the target product 6b could only be
afforded in a poor yield and enantioselectivity under the current
reaction conditions.

The absolute configuration of the product was elucidated via
X-ray analysis on the single crystal of the chiral 3k afforded from this
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Fig. 2 | Substrate scope of the salicylaldehydes 1 and the BN heteroarenes 2.
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(0.3 mmol) was added as the basic additive.

approach (Fig. 3a, left side). The tetrahedral character (THCp,) of the
boron atom in 3k was calculated as 92.8% according to the Hopfl's
equation based on the 6 bond angles of the N-B-0O, N-B-C', N-B-C?,
C'-B-C?, 0-B-C! and O-B-C? bonds (Fig. 3a, right side)”’. Meanwhile,
the stereochemical stability of the tetracoordinate boron product 3a
was evaluated through heating at 180 °C in dimethyl sulfoxide (DMSO)

(Fig. 3b). The racemization rate was recorded, and the energy barrier
for racemization was experimentally determined as AG*,. = 37.1kcal/
mol (see supplementary information for detailed experimental
procedures)®.

Density functional theory (DFT) calculations were performed to
elucidate the mechanism for the enantioselective formation of the
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chiral zwitterionic product 3a via the dehydrative cycloaddition of
salicylaldehyde 1a with boron substrate 2a, catalyzed by the chiral
aminothiourea catalyst D. Figure 4 presents the Gibbs free energy
profile for the studied mechanism.

Our calculations suggest that the reaction starts with the con-
densation of the substrate 1a with the catalyst D to form the stable
chiral imine intermediate I, with the release of one water molecule.
This step is exergonic, with I lying at -3.8 kcal mol™. Next, the inter-
action between I and the boron substrate 2a is endergonic, resulting in
the formation of the complex II, lying at 12.9 kcal mol™ above 1.

We then examined the key enantio-inducing transition state (TS)
structures by considering the nucleophilic attacks from either (Re)-
face or (Si)-face at the stereogenic B(sp?) center by the OH group in the
intermediate II. The calculated TS barriers suggest that the OH pre-
ferentially attacks the boron center from the (Re)-face via TS1_Re
(overall barrier of 15.5 kcal mol™ from I), which is 1.9 kcal mol™ lower
than the barrier from the (Si)-face via TS1.8i (overall barrier of
17.4 kcalmol™ from 1, see Fig. S7 for the DFT optimized structures).
Therefore, after deprotonation of the OH group on the TS1_Re by the
basic imine group, the phenoxide anion attacks the boron empty p-
orbital from its (Re)-face and gives the adduct I as the key inter-
mediate, which lies 12.2 kcal mol™ above the intermediate 1.

Subsequently, the intramolecular aminal formation reaction
between the iminium ion moiety and the N(sp) atom in Il forms the
stereoselective cyclic intermediate IV, lying at 3.4 kcal mol™ above Il
The calculated TS barriers indicate a preference for the N atom to
attack the carbon center of iminium ion moiety in Ill from the (Re)-face
via TS2 (barrier of 10.5kcal mol™ from III), rather than from the (Si)-
face via TS2’ (barrier of 15.4 kcal mol™) that leads to less stable isomer

IV’ (for details, see Figure S8 in the supplementary information). It is
worth noting that along the pathway originating from TS1_Si and
leading to the minor product, the lowest-energy cyclization transition
state TS2_minor lies 2.8 kcal mol™ higher in free energy than TS2,
which leads to the major enantio-selective product 3a, Fig. 4 (see
Fig. S8 for the DFT optimized structures). Notably, this Il > IV cycli-
zation step via TS2 constitutes the overall enantio-determining and
irreversible step, as the forward transformation from IV to 3a via TS3
proceeds with a lower barrier (5.5 kcal mol™) than the reverse reaction
from IV to Il via TS2 (barrier of 7.1kcal mol™), further reinforcing the
kinetic preference for the formation of enantio-selective product
3a, Fig. 4.

Next, intramolecular proton transfer within IV leads to the for-
mation of the N,N-aminol intermediate V, lying at 3.4 kcal mol™ above
IV. The dissociation of the C-N bond via TS3 in V forms complex VI,
where the re-generated catalyst D is bonded to the desired product 3a
via N-H-m interaction. This step is exergonic, with VI lying
8.2 kcal mol™ below IV. It is worth noting that the less stable stereo-
isomer IV’, formed from the less favorable TS2’, undergoes B-N bond
cleavage in the subsequent C-N bond dissociation step and leads to a
ring-opening process to curtail the formation of 3a (for details, see
Figure S9 in the supplementary information). This is because that the
intermediate IV could give the cyclic C=N bond in E stereochemistry
with the H atom placed outside the ring system, whereas the inter-
mediate IV’ would form the C = N bond in Z stereochemistry with the H
atom placed inside the ring system, distorting the ring and causing
B-N bond to break (Figure S9). Finally, from VI, the release of product
3a, along with the regeneration of the active catalyst D is facilitated by
the co-catalyst AgOAc, which plays a key role in stabilizing the product
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3a complex, Fig. 4. The AgOAc bound product 3a lies at 1.9 kcal/mol
below the starting reactants D and 1a, thus, the overall transformation
is thermodynamically favorable.

By examining the full Gibbs energy profile, it is evident that TS2
exhibits the highest barrier among all the steps in the catalytic cycle,
making it the turnover frequency (TOF) determining transition state
(TDTS), while complex I, being the most stable intermediate in the
catalytic cycle, represents the TOF-determining intermediate (TDI). The
catalytic cycle exhibits an overall energetic span (AG) of 22.7 kcal mol™,
which is consistent with the experimentally observed catalytic reactivity
at 25 °C: the starting material of 2a could be recovered in 15% yield, and
the intermediate I could be isolated in 11% yield after quenching the
reaction after stirring for 48 h. Moreover, the computed free energy
difference of 2.8 kcal mol™ between the enantio-determining TS struc-
tures, TS2 vs TS2_minor, translates to an enantiomeric ratio of 99:1,
which is in excellent agreement with the experimentally observed
enantioselectivity of product 3a (96:4, Entry 15 of Table 1). TS2 is
favored over TS2_minor potentially due to more favorable non-covalent
interactions, such as -t stacking and C-H"m interactions (Figure S10),
along with more stabilizing interaction energy between the two frag-
ments constituting the transition state (Table S6).

Finally, based on the computational and experimental results, a
plausible reaction mechanism for the amino-thiourea bifunctional
catalyst-promoted nucleophilic B(sp?) addition reaction is proposed,
as depicted in Fig. 5. Initially, the salicylaldehyde substrate 1a is acti-
vated by the amine catalyst D to give the chiral imine intermediate I,
which could be isolated and fully characterized (for details, see sup-
plementary information on Page S16). The chiral intermediate I inter-
acts with the compound 2a via H-bonding effects to give the complex
IL. In the complex I, the H-bonding interactions between the thiourea
moiety of the catalyst D and the N(sp?) atom of the substrate 1 not only
reduce the LUMO energy of the B(sp?)-N(sp®) bond, but also provide

stereochemical orientation for the nucleophilic B(sp?) addition reac-
tion. The imine N atom may deprotonate the acidic phenol proton,
allowing the phenoxide to attack into the empty p-orbital of the boron
center, giving the intermediate III. The adduct Il could go through a
rate-determining intramolecular aza-Mannich reaction between the
iminium ion moiety and the N(sp®) atom to give the cyclic intermediate
IV. A proton shift within IV gives the N,N-aminol intermediate V, which
then breaks the C-N bond to yield the desired chiral product 3a and
regenerate the amino-thiourea organic catalyst.

The optical properties of the afforded tetracoordinated boron
compounds 3 and 4 were tested in both dichloromethane solutions
and solid powder states (for details, see supplementary information on
Pages S36 to S63). Different solutions of the compounds 3h and 31
were further examined, since they had given the highest quantum
yields among all the tetracoordinated boron products 3 and 4
(Table 2). The absorption spectra of the compounds 3a, 3h and 31 were
shown in Fig. 6a. The dichloromethane solution of 3a showed max-
imum absorptions at the wavelengths of 434 nm and 309 nm, with the
extinction coefficients obtained as 10600 M™ cm™ and 22,600 M
cm™, respectively. The dichloromethane solution of 3h showed similar
maximum absorption peaks to 3a, but with dramatically distinct
extinction coefficients: the extinction coefficient at 430 nm was
24500 M* cm, and the extinction coefficient at the UV region was only
4000 M™ cm™.. In contrast, the compound 3l showed obvious bath-
ochromic shifts on the absorption peak compared to 3a and 3h, and
gave a maximum absorption peak at 455 nm with an extinction coef-
ficient of 26,700M™ cm™. The time-dependent DFT calculations
demonstrate that the absorption maxima of 3a at 434 nm obtained in
the experiment correspond to the So to S; energy state, which origi-
nates from the HOMO to LUMO transition with the maximum extinc-
tion coefficient (for details, see Table S12 in the supplementary
information).
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Fig. 5 | Proposed reaction mechanism. The reaction mechanism of salicylalde-
hyde 1a and BN phenanthrene 2a to form compound 3a under the catalysis of
catalyst C.

Upon excitation, most of the tetracoordinated boron compounds
we tested exhibited broad emission peaks in the range of
500-600 nm, showing green to orange colored fluorescence (Fig. 6b).
It is worth mentioning that all the tetrahedral boron (lll) compounds
obtained from the current protocol possessed large Stokes shifts
ranging from 2610 cm™ (4q) to 8650 cm™ (4j), which are much larger
than those of the reported BOSPYs (-2000cm™) and BODIPYs
(~500 cm™)*>. These large Stokes shifts could help reduce the inter-
ference from the exciter and improve the resolution of the image. The
compounds 3a, 3h, and 3l in the solutions of THF and acetonitrile
exhibited similar absorption and fluorescence properties to those in
the solution of dichloromethane. However, the fluorescence emission
spectra of 3h and 3l showed obvious bathochromic shifts (31 nm to
86 nm) in their solid forms, with their quantum yields significantly
increased to 49.2% and 56.3%, respectively.

The good solid-state emission of these compounds indicates
possible emission enhancement in the aggregate state due to the
restricted vibration and rotation in aggregates'®". Indeed, the tetra-
hedral boron (Ill) compounds we obtained showed satisfactory
aggregation-induced emission (AIE) activities (Fig. 6¢, d). For instance,
the compound 3h showed weak emission in the acetonitrile solution.
However, the emission intensity of the 3h solution could be enhanced
when the aggregation was caused by adding the poor solvent of water.
Especially, the emission intensity could be significantly enhanced 4.46
fold when the water fraction was increased from 60% to 99%. Mean-
while, the emission peak was bathochromic shifted by 34 nm when the
water fraction was varied from 0% to 99%, causing the color of the
solution changed from light green to bright yellow.

Table 2 | Photophysical properties of selected compounds

3 solvent  AM(nm)*  €abs M'ecm™) o A0*(nm)  Stokes
(%) shift°
(cm™)
3a CH,Cl, 434, 309 10600, 2 540 4520
22600
THF 430, 308 9800, 19600 1 541 4770
CH3CN 425, 308 10800, 1 538 4940
22000
Solid 4 548
3h  CH.Cl, 438, 304 24500, 4000 3 51 3260
THF 435, 305 26500, 5300 2 517 3650
CH3CN 431, 304 26700,5000 2 509 3560
Solid 49 548
3l CH,Cl, 455 26700 4 517 2640
THF 451 25100 2 519 2910
CH3CN 450 29100 2 513 2730
Solid 56 599
3n  CH.Cly 425 16000 1 563 5770
30 CHxCly 425 18000 <1 536 4870
4j CH,Cl, 425 14400 <1 672 8650
4q CH.Cly 447 16100 3 506 2610

“Corresponding to the strongest absorption maximum. *Absolute fluorescence quantum yield.

°The stokes shifts values of are rounded on the nearest 10 cm™.

The chiroptical properties of the representative chiral-at-boron
enantiomers were studied via circular dichroism (CD) and CPL spec-
troscopies (Fig. 6e, f, and Figures S17-22). The CD and CPL spectra of
the (R)-3a and (S)-3a in dichloromethane exhibit clear mirror images
with distinct Cotton effects (Fig. 6e, f). Their luminescence dis-
symmetry factors (g,m) were measured as +5.3x10™ and -6.0 x 107,
respectively. Similarly, enantiomer 3k and 4i also display mirror-image
CPL spectra in the 550-650 nm range, with closely matched glum
values (Figures S21, 22). These glum values align with those of recently
reported chiral tetracoordinate boron compounds exhibiting CPL
activity''c,

Intersystem crossing (ISC) process from singlet excited state to
triplet excited state is another possible competitive pathway for the
relatively weak emission of these compounds obtained in organic
solvent. We therefore studied the reactive oxygen species (ROS) gen-
eration ability of these compounds using 1,3-diphenylisobenzofuran
(DPBF) as a ROS sensor, which decreases in absorbance upon reaction
with ROS. Notably, all these measured compounds 3 showed efficient
ROS generation ability (for details, see supplementary information on
Pages S51 to S57) and the ROS quantum yields (Table S11) are in the
range of 0.36-0.90. Interestingly, the solution of 3a in the presence of
TEMP (2,2,6,6-tetramethylpiperidine, a selective spin-trap agent for
10,) under light irradiation produced no signal in the EPR spectra
(Figures S26), but significant EPR signals could be observed upon
irradiation of the solution 3a and DMPO (dimethylpyrrolo-1,3-dione N-
tert-butyl-a-phenylnitrone, a selective spin-trap agent for O,"), indi-
cating the generation of O, radical (Type I ROS). In order to ratio-
nalize the efficient ROS generation properties, the relative energy level
(AEst) and the spin-orbit coupling (SOC) of representative 3a and 3j
were calculated (Table S14). Both compounds exhibited small ener-
getic gaps between T; and S; with AEsy values of 0.003eV for 3a
(degenerate S; and T3) and 0.09 eV for 3j, coupled with correspond-
ingly large SOC values of 1.38 and 1.54 cm™, respectively (for details,
see Table S14 in the supplementary information). This indicates that
S; ~ T3 is the most important triplet deactivation channel for our chiral-
at-boron compounds. These results suggest that these chiral-at-boron
compounds are a promising class of heavy-atom-free Type I
photosensitizers®.
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(4x1075M); The CD (e) and CPL (f) spectra of the (R)-3a and (5)-3a in dichlor-
omethane. Emissions were obtained with excitation at 450 nm.

The organocatalytic asymmetric B(sp?)-addition reaction can be
carried out in gram scales without erosion on the product enantios-
electivities, and the chiral tetracoordinate boron products have found
interesting applications in organic synthesis (Fig. 7a). For instance, the
chiral product 3a could be obtained in 60% yield (0.89 g) and 96:4 er
value from 1.08 g of 2a through this protocol. The enantio-enriched
compound 3a could react with Grignard reagents to give the chiral
adducts 7 or 8 bearing simultaneously a stereogenic boron, a stereo-
genic nitrogen, and a stereogenic carbon center in good yields as
single diastereomers without obvious erosion of their optical purities.
The chlorinated product 3b could be obtained from the gram-scale
reaction between 1b and 2a in 65% yield (1.15g) and 95:5 er value
(Fig. 7b). The chiral compound 3b could go through a Suzuki-Miyaura
cross-coupling reaction with the phenylboronic acid to give the
phenyl-substituted product 9 in a good yield with a slight decrease in
the optical purity. Moreover, the optically active tetracoordinate
boron compounds could be introduced into various bioactive mole-
cules (Fig. 7c). For example, the chiral compound 3n bearing a car-
boxylic acid group could be condensed with the hydroxyl group on the
natural product Geraniol (10) and provide the product 11 in a good
yield with excellent optical purity. Geraniol has been used as an anti-
bacterial and insect repellent drug®. Phytol (12) is a natural product
that has been isolated from green leaves and possesses antioxidant,
anti-inflammatory, anti-schistosomiasis, and anti-bacterial activities®..
It can also be connected onto the chiral tetracoordinate boron com-
pound 3n through simple protocols and furnishes the optically pure
product 13 in a good yield as a single diastereomer. Since the com-
pound 3n and its ester derivative have shown excellent photophysical
properties with large Stokes shifts (Tables 2, 3n, and 30), the efficient
coupling of 3n to bioactive molecules would be useful in pharmaco-
kinetics studies to visualize the drug migrations in living cells.

We have long been committed to the development of novel pes-
ticide structures for plant protection®. To the best of our knowledge,
there was no report on the application of chiral organoboron com-
pounds in the field of pesticide development®. We are therefore very
interested in the bioactivities of these chiral organoboron compounds

as anti-bacterial reagents. Xanthomonas oryzae pv. oryzae (X00)** and
Xanthomonas axonopodis pv. citri (Xac)® are two common plant bac-
terial pathogens that have caused significant global economic loss
every year. Xoo mainly infects the leaf part of rice, which could
decrease the panicle formation rate and cause death of rice. Xac could
infect citrus and cause leaf drop, fruit drop, and even the death of the
entire citrus tree. We systematically examined the anti-bacterial
activities of the racemic mixtures and different enantiomers of the
compounds 3 and 4 against Xoo and Xac (Table 3). It was interesting to
find that the configurations of the stereogenic boron centers played
significant roles in their anti-bacterial activities (see supplementary
information for detailed biactive evaluation data). For example, the (S)-
3k, (R)-4i and (R)-4j have shown about 3 times better activities than
their enantiomers or their racemates in the inhibition activities against
Xoo, some of which were even better than the commercial drugs of
thiodiazole copper (TC) and bismerthiazol (BT). Moreover, the (S)-3b,
(5)-4d and (S)-4j were 2 to 4 times more active than their (R)-enan-
tiomers or their racemates in the anti-bacterial activities against Xac,
which were all better than the efficiencies of the commercial drugs of
TC and BT. Therefore, it would be interesting to pursue an in-depth
investigation into the functions of stereogenic boron centers on their
substrate-target interactions.

Discussion

In summary, we have disclosed an organocatalytic approach for the
asymmetric construction of tetracoordinate boron compounds. A
direct asymmetric addition onto the planar tricoordinate boron sub-
strates was realized with the catalysis of a structurally simple amino-
thiourea organic catalyst. The chiral-at-boron products were generally
afforded in moderate to excellent yields and enantioselectivities
through a dehydrative cycloaddition process. In addition, the enantio-
enriched tetracoordinate organoboron compounds are valuable in
synthetic transformations and can give multi-functional chiral com-
pounds in good to excellent yields and optical purities via simple
operations. The tetracoordinate organoboron compounds also
showed interesting photophysical and anti-bacterial properties that
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Table 3 | EC5o values of compounds with good antibacterial
activities against Xoo and Xac.?

Compound ECs0 0f Xoo (ug/ mL)? Compound ECso of Xac (ug / mL)?
(Rac)-3k 118.76 £ 0.79 (Rac)-3b 97.72+1.43
(R)-3k 107.77+£1.93 (R)-3b 135.37+3.07
(S)-3k 38.53+2.45 (S)-3b 31.36 £2.57
(Rac)-4i 196.32 £2.47 (Rac)-4d 92.53+2.08
(R)-4i 47.57+3.81 (R)-4d 168.26 +1.73
(S)-4i 182.05+4.19 (S)-ad 43.64+1.37
(Rac)-4j 73.99+2.03 (Rac)-4j 60.88+3.68
(R)-4j 24.97 +£1.69 (R)-4j 143.27+2.53
(S)-4j 88.94+2.13 (S)-4j 38.66+1.72
BT? 53.95+3.58 BT? 46.81+1.34
TC® 40.18+2.48 TC® 56.42+4.43

?All data were average data of three replicates. °BT bismerthiazol, °TC thiodiazole copper.

were potent in the development of optoelectronical materials and
pesticides. The full catalytic cycle and the mechanism underlying
enantioinduction were elucidated using computational studies. Fur-
ther investigation on the asymmetric B-addition reactions for chiral-at-
boron compound synthesis and studies on the bioactivities of the
stereogenic tetracoordinate boron molecules for plant protection are
in progress in our laboratories.

Methods

General

The 'H NMR and C NMR spectra were acquired over Bruker Avance
400 spectrometers. High resolution mass spectrometer analysis
(HRMS) was performed on Thermo Fisher Q Exactive mass spectro-
meter. Shimadzu Prominence LC-20A (Shimadzu, Japan), and Waters
Acquity HPLC PDA (Photodiode Array) detector. The UV-Vis

absorption spectra were acquired using a Shimadzu UV-2450 spec-
trophotometer, and the fluorescence spectra were acquired with a
Edinburgh FS5 spectrometers. Absolute fluorescence quantum yields
were determined using a Hamamatsu Quantaurus spectrofluorometer
equipped with an integrating sphere. Circular dichroism (CD) spectra
were measured on a BioLogic MOS 500 CD Spectrometer. Circularly
polarized luminescence (CPL) measurements were performed on an
OLIS CPL SOLO spectrometer. The X-ray crystal diffraction data were
collected using a Bruker APEX-II CCD diffractometer. The 1H NMR and
13C NMR spectra were processed using MestReNova. The spectral data
were processed using Origin 2024b.

General procedure for the synthesis of the chiral B(sp?)
compounds

To a4 mL reaction flask equipped with a magnetic stir bar, was added
chiral thiourea D (0.03 mmol), 1 (0.3 mmol), 2 (0.1 mmol), AgOAc
(0.05mmol), EDTA-4Na (0.15mmol), PTA (0.12mmol), 4A MS
(150 mg). Et,0 (1 mL) was added via syringe. The reaction mixture was
allowed to stir for 48 h at 25°C. After completion of the reaction
(monitored by TLC), the mixture was concentrated under reduced
pressure. The resulting crude residue was purified via column chro-
matography on silica gel to afford the desired products 3 and 4.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

X-ray crystallographic data for compounds 3k, 7 and 8 were available
free of charge from the Cambridge Crystallographic Data Centre under
CCDC 2351572, 2352637, and 2352635. Full experimental details for
the preparation of all new compounds, and their spectroscopic and
chromatographic data, can be found in the supplementary materials.
Geometries of all DFT-optimized structures have been deposited and
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uploaded to https://zenodo.org/records/17047909 (https://doi.org/
10.5281/zenodo.17047909). Data supporting the findings of this
manuscript are also available from the corresponding author upon
request.
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