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Palladium-catalysed asymmetric anti-
Michael-type addition of α,β-unsaturated 
carboxylic acids with carboranes
 

Chao Lei1,3, Wen Lu1,3, Tingting Shen1,3, Meng Huang1, Yan-Xuan Wu1, 
Donghui Wei    1  , Yan-Na Ma    1   & Xuenian Chen    1,2 

The catalytic asymmetric Michael addition of α,β-unsaturated carbonyl 
compounds is one of the most valuable methods for constructing the 
β-carbon chirality centre because of its atom economy and efficiency. 
However, the catalytic asymmetric reverse α-addition of a nucleophile to an 
α,β-unsaturated carbonyl compound is much less common. Here we realize 
a palladium-catalysed asymmetric α-carboranylation of α,β-unsaturated 
carboxylic acids via an inverse electron-demand nucleophilic addition. 
The reaction features good B(9)-site selectivity of o/m-carboranes, 
precise α-regioselectivity towards α,β-unsaturated carboxylic acids, wide 
functional group tolerance and excellent enantioselectivities. A detailed 
reaction mechanism is proposed based on experimental and computational 
results that elucidates the origin of the enantioselectivity and α-selectivity. 
This finding has a guiding significance for the catalytic asymmetric 
anti-Michael-type addition of α,β-unsaturated carbonyl compounds and 
provides a different avenue for synthesizing α-chiral carboxylic acids.

Icosahedral carboranes (that is, C2B10H12), a class of representative boron 
clusters with three-dimensional aromaticity, have potential applica-
tions in material chemistry, organic synthesis and pharmaceuticals1–13. In 
particular, carborane derivatives are very attractive in medicinal chem-
istry because of their ability to form unusual dihydrogen bonds that can 
target hydrophobic binding sites in different bioreceptors when design-
ing bioactive compounds2 (Fig. 1a). In addition, carboranes are potential 
candidates for boron neutron capture therapy due to their high boron 
content13. Consequently, developing new methods to introduce carbo-
ranes into organic molecules is highly desirable. Over the past several 
decades, various cage-carbon-substituted o-carborane derivatives 
were synthesized via reactions of decaborane with alkynes or cage C−H 
functionalization14,15. However, cage-boron-substituted o-carborane 
derivatives are less known due to the weak polarity of B−H bonds and 
the low selectivity of ten B−H bonds in o/m-carboranes. Notably, the 
B-substituted carborane cage behaves as an electron-rich moiety, in 
contrast to the C-substituted carborane cage as electron-withdrawing, 

making the derivatives show different properties16. Therefore, the 
selective B−H functionalization to access cage-boron-substituted 
o-carborane derivatives is of great significance, and some pioneer-
ing work has been reported in the last decade17–23. Despite these, the 
catalytic asymmetric synthesis to connect the boron vertex with the 
chiral carbon centre was not reported24–26. Using 1,1,1,3,3,3-hexafluor
o-2-propanol (HFIP) as a solvent, our group realized a series of electro-
philic substitution reactions on the B(9) position of o-carborane27–30 
(Fig. 1b). The Pd(II)-catalysed B(9)−H functionalization has also been 
developed via an electrophilic palladation process31. In these reactions, 
the carborane acts as a nucleophile to react with diverse electrophiles.

Catalytic asymmetric Michael addition is one of the most valu-
able methods for constructing β-chirality centre of α,β-unsaturated 
carbonyl compounds regarding their atom economy and green cre-
dentials (Fig. 1c). Therefore, a large variety of nucleophiles (Michael 
donors) and α,β-unsaturated compounds (Michael acceptors) 
have been employed in these reactions32–41. By contrast, catalytic 
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In this work, we investigate the reactions of carboranes with vari-
ous α,β-unsaturated carbonyl compounds. Interestingly, the precise 
α-addition products are obtained by the reaction of carboranes with 
α,β-unsaturated carboxylic acids in the presence of Pd(OAc)2 and chiral 
phosphoric acids (CPA) (Fig. 1e). The reaction mechanism and the origin 
of the enantioselectivity are studied based on experimental and compu-
tational results, revealing that the formation of a stable five-membered 
palladacycle intermediate is the key for the reverse selectivity. This 
method provides an example of the asymmetric anti-Michael-type 
addition of α,β-unsaturated carbonyl compounds. It is worth noting 
that this reaction shows a good B(9) selectivity for o/m-carboranes and 
is also suitable for p-carborane, resulting in a highly efficient method 
for the synthesis of chiral carboxylic acid units, the prevalent structural 
moieties in many biologically active compounds and drugs.

Results
Reaction establishment
To explore the proposed strategy, we chose the m-carborane as a model 
substrate because m-carborane shows similar reactivity to o-carborane 

asymmetric anti-Michael addition for constructing α-chiral centres 
of α,β-unsaturated carbonyl compounds has rarely been reported42 
(Fig. 1d). Nevertheless, given the significant importance of α-chiral 
carbonyl compounds in biologically active molecules and pharmaceu-
ticals, the development of catalytic asymmetric anti-Michael additions 
remains highly appealing43–45. We wonder whether the carboranes 
can act as one kind of Michael donor to react with α,β-unsaturated 
carbonyl compounds. However, the low nucleophilicity of carboranes 
makes the directly nucleophilic addition impossible. Recently, we 
conducted a systematic investigation into the electrophilic substitu-
tion reactions of o-carborane and benzene. The results revealed that 
the hard electrophiles tend to react with benzene, whereas soft elec-
trophiles exhibit a clear preference for o-carborane. This observation 
aligns perfectly with the hard and soft, acids and bases principle30. As a 
soft electrophile (Lewis acid), the Pd(II) shows high reactivity towards 
o-carborane and can activate the B−H bond under mild reaction con-
ditions. As a result, we speculate whether the asymmetric Michael 
addition can be achieved by reacting carboranes with α,β-unsaturated 
carbonyl compounds under Pd(II) catalysis.
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Fig. 1 | Applications of carboranes and catalytic asymmetric Michael and anti-
Michael addition. a, Applications of carboranes in drug discovery and chemical 
biology. b, Electrophilic substitution reactions and Pd(II)-catalysed selective 
B–H activation of carboranes. c, Asymmetric Mechael addition reactions. d, 
Asymmetric anti-Mechael-type addition reactions. e, This work: Pd(II)-catalysed 

asymmetric Michael and anti-Michael addition of carboranes to α,β-unsaturated 
carboxylic acids. NAMPT, nicotinamide phosphoribosyltransferase; FG, 
functional group; α-addition, which refers to an addition reaction that occurs at 
the α-position of a carboxyl group.
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but better selectivity in the B(9) functionalization reactions46. The Pd(II) 
catalyst shows a high reactivity towards o-carborane and can activate the 
B–H bonds under mild reaction conditions by forming a B–Pd intermedi-
ate via an electrophilic palladation process31. Therefore, we perceived 
that the catalytic asymmetric addition of α,β-unsaturated carbonyl com-
pounds with carboranes would be able to access via Pd(II)-catalysed B–H 
activation. The chiral Brønsted acids, such as CPA and amino acids, widely 
used in asymmetric transition-metal catalysis and organic catalysis47–51, 
may be suitable in this transformation; besides, solvent HFIP plays an irre-
placeable role in the selective B(9)–H activation of o/m-carboranes27–31.

Having identified the ideal system to test our hypothesized asym-
metric addition method of α,β-unsaturated carboxylic acids with carbo-
ranes, diverse Brønsted acids, including chiral amino acids, carboxylic 
acids and phosphoric acids, were explored (Fig. 2). All the reactions 
proceed smoothly to give the desired product 1 in moderate to good 
yields. The chiral amino acids, previously reported to promote the 
Pd(II)-catalysed asymmetric C–H activation, only provided a racemic 
product in moderate yield. Pleasingly, 36% and 35% enantiomeric excess 
(e.e.) was detected using chiral binaphthyl dicarboxylic acid L2 and 
binaphthol phosphate L3 as ligands, and a high yield was obtained when 
L3 was used. Accordingly, a series of CPA derivatives L4–L15 were tested 
in our model reaction, suggesting that the corresponding BINOL-derived 
CPA bearing an aryl substituent on the 6,6′-positions is crucial for obtain-
ing stereocontrol. Among these, the ligand 6,6′-diphenyl-binaphthol 
phosphate L11 gave the best result (87% yield and 95% e.e.). Ligands 
with a strong coordination ability, such as BINAP, failed to provide any 
desired product, demonstrating that an electron-deficient Pd(II) catalyst 
is required to initiate this transformation.

Scope of α,β-unsaturated carboxylic acids
The generality of this Pd(II)-catalysed asymmetric anti-Michael-type 
addition reaction was examined by varying the structure of 

α,β-unsaturated carboxylic acids (Fig. 3). First, the commercially 
available cinnamic acid derivatives were scrutinized, and the results 
indicated that various functional groups at the para-, meta- and 
ortho-positions were compatible, affording the desired products 
1–25 in moderate to excellent yields and 71–95% e.e. Cinnamic acids 
containing an electron-deficient group on the phenyl gave a better 
result in both yields and enantioselectivities. By contrast, no product 
was detected for the electron-donating one (15). It is particularly 
noteworthy that boronate and the formyl groups remain intact in 
this reaction. N-heteroaryl substituted α,β-unsaturated carboxylic 
acids were then investigated, and no corresponding products were 
detected under the standard reaction conditions, presumably due to 
the strong coordination effect of the nitrogen atom, thus decreasing 
the electrophilicity of the Pd(II) catalyst. As a result, Brønsted acid tri-
fluoromethanesulfonic acid (HOTf) was added to the reaction system 
to protect the nitrogen atom, and as expected, the products 26 and 
27 were obtained in 70% and 60% yields, respectively, with moderate 
enantioselectivities. Next, we tested the β-alkyl-substituted acrylic 
acids, revealing that a long alkyl chain is beneficial for the enantiose-
lectivities (28–30). Royal jelly acid and its derivative were suitable 
substrates, forming products 31 and 32 in 55% and 82% yields, along 
with 76% and 77% enantioselectivities. Asymmetric addition of large 
steric isopropyl substituted acrylic acid gave the desired product 33 
in low yield and e.e. value. Next, α,β-unsaturated carboxylic acids 
with an electron-deficient group on the β position were examined, 
and the carboranyl group was still introduced to the α-stereocentre 
of carboxylic acid when 3-ethoxylacrylic acid and 3-chloroacrylic acid 
were used (34, 35). A mixture of α- and β-carboranyl carboxylic acids 
was detected when 3-trifluoromethylacrylic acid was subjected to the 
reaction system, and the major product α-carboranyl carboxylic acid 
36 was isolated in 32% yield with 75% e.e. value. The absolute struc-
ture of 36 was further determined by X-ray single crystal diffraction. 
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Fig. 2 | Screening of ligands. Reaction conditions: m-carborane (0,105 mmol), 4-nitrocinnamic acid (0.1 mmol), Pd(OAc)2 (5 mol%) and L (10 mol%) in HFIP (5 ml) at 
0 °C, under air atmosphere for 12 h. The isolated yields and enantioselectivities were determined by chiral HPLC analysis. n.r., no reaction.
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Unfortunately, the β-carboranyl carboxylic acid was not obtained in 
pure form. Symmetric fumaric acid gave the desired product 37 in 
moderate yield with a low e.e. value. The highly functional group toler-
ance prompted us to explore the potential of late-stage modification 
of biorelevant molecules. A series of bioactive molecules and natu-
ral products, including indole, raspberry ketone, epiandrosterone, 

tyrosine, menthol, thymol, borneol and galactose, were derivatized 
into the cinnamic acid and then were put into the system. All the reac-
tions worked well to deliver the target products 38–45 in good to 
excellent yields, and the substituents on the carbonyl group signifi-
cantly influenced the enantioselectivity, resulting in the e.e. values 
ranging from 62% to 93%.
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4, R = Cl, 90% yield, 89% e.e.
5, R = Br, 72% yield, 89% e.e.
6, R = CO2Me, 90% yield, 89% e.e.
7, R = CHO, 90% yield, 94% e.e.
8, R = COMe, 85% yield, 92% e.e.
9, R = COPh, 94% yield, 91% e.e.
10, R = CONMe2, 86% yield, 71% e.e.
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Fig. 3 | Scope of α,β-unsaturated carboxylic acids. Reaction conditions: 
m-carborane (0.105 mmol), α,β-unsaturated carboxylic acid (0.1 mmol), 
Pd(OAc)2 (0.005 mmol, 5 mol%), L11 (0.01 mmol, 10 mol%) in HFIP (5 ml), air 
atmosphere, isolated yields, the e.e. and d.e. values were determined by chiral 

HPLC. a1,2-Ph2-o-carborane was used as the substrate, and 1 ml DCM was added. 
bHOTf (1.05 equiv.) was used. c1,2-Bis(2-fluorophenyl)-o-carborane was used at 
30 °C for 24 h, then at 60 °C for 12 h. d10 mol% Pd(OAc)2 and 12 mol% L11 were used 
in HFIP (1 ml). n.r., no reaction; d.e., diastereomeric excess.
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Scope of carboranes
Next, we investigated the scope of carboranes (Fig. 4). Similar 
to m-carborane, the reaction of o-carborane formed the desired 
product 46 with 77% yield and 96% e.e. and a good B(9) selectivity 
(a B9/B8 ratio of 9:1 based on 11B{1H} nuclear magnetic resonance 
(NMR) and high-performance liquid chromatography (HPLC)) (see 
Supplementary Fig. 3 and Supplementary Table 5 for details). Encour-
aged by this result, we examined the scope of o-carboranes. A broad 
range of di-C-substituted o-carboranes afforded target products 47–
65 in moderate to good yields (37–91%) and excellent e.e. (91–99%). 
Product 51 was obtained in 63% yield and 95% e.e. with the silyl group 
remained intact, a stark contrast to the typical elimination of silyl moi-
eties observed in a Pd(II)-catalysed B–H activation31. Notably, C-aryl 
substituted o-carboranes delivered the desired products 55-63 in high 
enantioselectivities, and up to 99% e.e. was gained. The asymmetric 
alkylation of mono-C-substituted o-carboranes provided a mixture 
of B(8), B(9), B(10) and B(12) products, and the major B(9) products 
66 and 67 were isolated in 69% and 57% yields, respectively, still with 
excellent enantioselectivity. The absolute configuration of compound 
66 was unambiguously established via X-ray crystallographic charac-
terization. In contrast to C-substituted o-carboranes, substituents on 
the boron vertexes have a significant influence on both the yields and 
enantioselectivities (68–74), such as only 52% e.e. of 70 was provided 
when 9-Ph-o-carborane was used, and the substrate with an iodine 
atom at B(9) position was ineffective in this reaction. The o-carborane 
containing substituents on both of the B(9) and B(12) vertices was also 

compatible, affording the corresponding B(8)-product 75 in 62% yield 
and 90% e.e. The substrate bearing substituents at B(3,6) vertices per-
formed well, forming the desired product 76 in 81% yield and 98% e.e. 
1,7-Me2-m-carborane was then subjected to the reaction system, provid-
ing product 77 in 83% yield and 94% e.e. Given the fact that the present 
protocol provides an efficient reaction platform to introduce carbo-
ranes to the α-C-chiral centre of carboxylic acids, p-carborane, which 
is much more inert than o-carborane and m-carborane, was explored, 
yielding the desired product 78 in 55% yield and 78% e.e.

Synthetic applications
The robustness and scalability of this reaction were verified by a 
large-scale reaction of o-carborane with 4-nitrocinnamic acid, which 
afforded the corresponding product 46 in 86% yield and 93% e.e. 
(Fig. 5a). The carborane derivatives are excellent candidates for use 
in boron neutron capture therapy, but only the 10B atom was effective. 
Therefore, 10B-enriched o-carborane was subjected to the reaction, and 
the corresponding 10B-enriched 10B-46 was obtained in 90% yield and 
95% e.e. (Fig. 5b). To demonstrate the practicality of our methodol-
ogy, we examined the derivatization of the carboxyl and nitro groups 
(Fig. 5c). Reduction of 46 with THF·BH3 delivered alcohol 79 in 85% yield 
with no erosion of enantiomeric excess. Ester 80 was obtained in 87% 
yield still with no decrease of e.e. by the reaction of 46 and EtOH in the 
presence of HOTf. Amido linkage was constructed by treating 46 with 
glycine methyl ester hydrochloride, affording 81 in 53% yield and 93% 
e.e. The nitro group was selectively reduced to an amido group with 
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zinc powder in acetic acid, giving the product 82 in 54% yield and 98% 
e.e. The maintenance of the enantioselectivity in all these transforma-
tions indicates that the C-stereocentre was stable towards both acids 
and bases.

Mechanistic studies
Control experiments have been conducted to gain insight into the reac-
tion mechanism. Switching (E)-4-NO2-cinnamic acid to its (Z)-isomer, 
the enantioselectivity was dramatically reduced (Fig. 6a(i)), suggesting 
the (E)-configuration was necessary to obtain high enantioselectiv-
ity. Next, the cinnamic acid derivatives cinnamate and cinnamamide 
were investigated. The reactions proceeded smoothly to form the cor-
responding products 80 and 83 in 89% and 75% yields, respectively, 
but with only 33% and 17% e.e. (Fig. 6a(ii)). Racemic 46 was isolated in 
69% yield in the absence of any of the ligands, but only trace amount 
of products 80 and 83 were detected under the same reaction con-
ditions (Fig. 6a(iii)). These results illustrated that an acidic proton is 
necessary to achieve this transformation. To support this conclusion, 
1 equivalent HOAc was added to the reaction systems of cinnamate or 
cinnamamide, and the desired products 80 or 83 were obtained in 20% 
and 18% yields, respectively (Fig. 6a(iv)). Next, the deuterium-labelling 
experiments were conducted to determine the source of the hydrogen 
atom on the β position (Fig. 6b). First, DOAc was added to the reac-
tion system, and the results suggested that the deuterium atom of 
DOAc was not transferred to the product even when 10 equiv. DOAc 
was used (Fig. 6b(i)). A similar result was detected using D2O to instead 
DOAc (Fig. 6b(ii)). Notably, the introduction of DOAc and D2O does 

not influence the yield and e.e. value, suggesting that this reaction is 
robust. Subjecting B(8,9,10,12)-D4-o-carborane to the optimized reac-
tion conditions revealed that deuterium incorporates solely at the β 
position via a syn-addition process, and a 41% deuterium incorpora-
tion degree was detected (Fig. 6b(iii)). Interestingly, H/D exchange on 
the boron vertexes was observed, and the deuterium incorporation 
levels on all the boron vertexes were similar, which suggested that a 
Pd-migration process should be included under standard reaction condi-
tions52. Encouraged by these results, o-carborane with perdeuteration 
on the boron vertexes (90% D on all boron vertexes) was subjected to 
the reaction and the deuterium atom was transformed to the β posi-
tion of α,β-unsaturated carboxylic acid via a cis addition (Fig. 6b(iv)). 
All these results indicate that the deuterium atom on the β position 
comes from the carborane. A kinetic isotope effect of 3.5 was observed 
in the parallel kinetic experiment, suggesting that breaking the B–H 
bond was the rate-determining step (Fig. 6b(v)). It is worth noting that a 
co-solvent of HFIP/DCM (v/v = 9:1) was used to guarantee the substrates 
o-carborane and deuterated o-carborane were fully soluble because of 
the low solubility of o-carborane in HFIP. The one-pot competing experi-
ment was also conducted and a kinetic isotope effect of 3.0 was observed 
(Supplementary Figs. 15 and 16). Unexpectedly, 25% and 50% deuterium 
incorporation degrees on the β position and the boron vertexes of the 
desired product were observed, respectively. We speculated that an 
intermolecular H/D exchange on the boron vertexes of o-carborane 
should be included in this transformation. To validate our specula-
tion, we conducted intramolecular and intermolecular H/D exchange 
experiments (Fig. 6b(vi),(vii)). As expected, the deuterium atoms were 
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distributed equally to all the boron vertexes. To further explore the 
reaction mechanism, some 11B NMR (Fig. 6c) were detected, which sug-
gested that o-carborane quickly decomposed under Pd(OAc)2 catalyst 
in HFIP by forming a B−Pd intermediate, then reductive elimination to 
give the B–O coupling products. By contrast, the decomposition was 
inhibited in the presence of CPA by forming a counteranion B–Pd–L11.

Circular dichroism spectra of (S)-46 and (R)-46 obtained with (R)-L11 
and (S)-L11 exhibited unambiguously mirror images to each other, indi-
cating a pair of enantiomers (Fig. 6d). Furthermore, the absolute con-
figuration of (S)-48 and (R)-48 was confirmed by X-ray crystallography.

The density functional theory (DFT) calculations by using 
the Gaussian 1653 program have been carried out for exploring the 
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mechanisms and origin of stereoselectivity of the Pd-catalysed reac-
tion. Three possible pathways for the formation of regioselective 
products P-α and P-β, including concerted metalation–deprotona-
tion (CMD), concerted hydride-transfer and the Pd–B bond formation 
and the B–H insertion for the formation of the Pd–H species, have 
been considered and investigated in theory. In Fig. 7, we provided the 
possible CMD pathway. First, the metallic palladium in intermedi-
ate M01 activates the B–H bond of carborane to form intermediate 
M1 through a CMD transition state TS1 (ΔG‡ = 19.7 kcal mol−1). Then, 
α-selective intermediates M2S-α and M2R-α can be formed through 
C–B bond formation transition states TS2S-α (ΔG‡ = 10.4 kcal mol−1) and 
TS2R-α (ΔG‡ = 12.8 kcal mol−1), respectively. Alternatively, β-selective 
intermediates, M2S-β and M2R-β, can be formed through C–B bond 
formation transition states TS2S-β (ΔG‡ = 17.2 kcal mol−1) and TS2R-β 
(ΔG‡ = 17.5 kcal mol−1), respectively. Finally, the product PS-α is 
obtained through a concerted demetalation and protonation transi-
tion state TS3S-α (ΔG‡ = 12.4 kcal mol−1). Moreover, other possible CMD 
pathways were also considered and excluded in Supplementary Fig. 36. 
The computed results indicate that the α-selective pathway associated 
with S-isomer should be the most energetically favourable pathway, 
which is consistent with the experimental results.

In addition, we have considered other two possible kinds of path-
ways for the catalytic reaction, including concerted hydride-transfer 

and Pd–B bond formation pathway as well as B–H insertion pathway 
associated with formation of Pd–H species (Supplementary Fig. 34). 
In the concerted hydride-transfer and Pd–B bond formation path-
way, first, the metal palladium in intermediate M1′α-S activates the 
B–H bond of carborane, forming intermediate M2′α-S through a 
proton transfer transition state TS1′α-S (ΔG‡ = 43.5 kcal mol−1). Then, 
M3′α-S can be generated through a C–B bond formation transition 
state TS2′α-S (ΔG‡ = 43.9 kcal mol−1). Alternatively, the proton trans-
fer process occurs from M1′α-R to form M2′α-R through transition 
state TS1′α-R (ΔG‡ = 44.7 kcal mol−1). Subsequently, M3′α-R is gener-
ated through the other C–B bond formation transition state TS2′α-R 
(ΔG‡ = 45.4 kcal mol−1). Based on the formation mechanism of metal 
hydrides54, we have also considered and located a B–H insertion transi-
tion state TS1-1 (ΔG‡ = 25.4 kcal mol−1) in Supplementary Fig. 34. Since 
the energy barrier of transition state TS1-1 is higher than that of CMD 
transition state TS1 (ΔG‡ = 19.7 kcal mol−1), the B–H insertion pathway 
associated with formation of Pd–H species can be excluded. Compara-
tive analysis of energy barriers across various pathways revealed that 
the β-selective paths are energetically unfavourable and should be 
excluded in theory. By contrast, the S-configurational pathway associ-
ated with α-selective path in the CMD mechanism exhibits the lowest 
energy barrier, which agrees with the experimental observations of 
stereoselectivity and regioselectivity.
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Notably, only a trace amount of product 1 was obtained 
when Pd(TFA)2 instead of Pd(OAc)2 was used as the catalyst 
(Supplementary Table 3, entry 2). However, upon adding bases such 
as NaOAc, PhCOONa or NaHCO3, or the sodium salt of 2a, to the reaction 
system, the target product 1 can be obtained with moderate yields and 

e.e. values (Supplementary Table 3, entries 3–6). This result indicates 
that the activation of the B–H bond indeed proceeds via the CMD 
mechanism. Meanwhile, it also confirms that Pd(S2)L11 can also act as 
an active catalyst to activate the B–H bond but gave a lower reactivity 
and enantioselectivity compared with Pd(OAc)L11.
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To further support the DFT calculation results, we measured the 
kinetic order for each reaction component (see Supplementary Infor-
mation for details). As expected, the reaction exhibits first order to 
carborane, CPA and catalyst, and an inverse order to α,β-unsaturated 
carboxylic acid (Supplementary Figs. 31–33). These kinetic data 
suggest that carborane, palladium catalyst, and CPA were involved 
in the turnover-limiting step. The inverse order dependence on the 
α,β-unsaturated carboxylic acid can be attributed to the lower reactivity 
of the formed α,β-unsaturated carboxylic acid anion-coordinated pal-
ladium catalyst Pd(S2)L11 compared with the acetate anion-coordinated 
palladium catalyst Pd(OAc)L11 (Supplementary Fig. 35). This leads to 
a slower reaction rate and a decreased e.e. value. For example, the 
e.e. value was reduced to 83% from 94% for product 7 when 2 equiv. 
4-formylcinnamic acid was used (see Supplementary Table 11 for details).

Based on the experimental and computational results, a plausible 
reaction mechanism is depicted in Fig. 8a. Reaction of Pd(OAc)2 with 
CPA L11 generates the chiral catalyst Pd(OAc)L11. Then B–H activation 
via a CMD process formed intermediate M1. Subsequently, alkene coor-
dination and migratory insertion of the alkene moiety into the Pd–B 
bond give a five-membered palladacycle M2. Finally, the desired prod-
uct was formed via carborane coordination and concerted demetala-
tion and protonation, whereby the hydrogen atom on the carborane is 
transferred to the β position. The formation of a stable five-membered 
palladacycle M2 is key to the α-selectivity of the reaction.

To elucidate the source and determining factor of stereoselec-
tivity, we conducted further qualitative non-covalent interactions 
analysis and quantitative atom-in-molecules analyses55 for the key 
transition states TS2S-α and TS2R-α, in which the two chiral carbons 
are formed independently. The results showed that the weak B−H···π 
(ref. 56) and lone-pair (LP)···π interactions existing in TS2S-α are con-
siderably stronger than the corresponding interactions in TS2R-α. 
Notably, the olefin substrates within TS2S-α participates in a variety 
of weak interactions, whereas no C−H···π, π···π and C−H···O interac-
tions are established between the olefin substrate and the reaction 
system in TS2R-α. Collectively, the weak interactions in TS2S-α are 
more and stronger than those observed in TS2R-α, which leads to 
that the S-configurational pathway associated with TS2S-α is more 
energetically favourable.

Conclusion
In summary, a Pd(II)-catalysed asymmetric anti-Michael-type addition 
reaction of α,β-unsaturated carboxylic acids with carboranes using CPA 
as a ligand has been established. A series of α,β-unsaturated carboxylic 
acids ranging from cinnamic acid and corresponding derivatives to 
alkyl-substituted acrylic acids are effective substrates in this protocol, 
leading to the formation of α-carboranyl carboxylic acids in high yields 
and enantioselectivities. The experimental and computational studies 
have elucidated the reaction mechanism and origin of the enantiose-
lectivity. This highly selective anti-Michael-type addition reaction 
provides a general and straightforward method to introduce o-, m- and 
p-carboranes to the α-carbon-stereocentre of carboxylic acids under 
mild reaction conditions. Our ongoing efforts in the laboratory involve 
more detailed mechanistic investigations and the expansion of the 
nucleophile and alkene scope.

Methods
General protocol for the asymmetric palladium-catalysed 
asymmetric α-addition of α,β-unsaturated carboxylic acids 
with carboranes
In a 10 ml Schlenk tube was added carborane (0.105 mmol, 1.05 equiv.), 
α,β-unsaturated carboxylic acid (0.1 mmol, 1.0 equiv.), L11 (0.01 mmol, 
10 mol%), Pd(OAc)2 (0.005 mmol, 5 mol%) and HFIP (5 ml). The result-
ing mixture was stirred at 0 °C for 10 h under air atmosphere. Then the 
reaction was warmed up to room temperature and stirred continuously 
until the reaction was complete. The solvent HFIP was removed under 

reduced pressure, and the residue was subjected to flash column chro-
matography on silica gel (200–300 mesh) to give the pure product.

Computational details
All computations were performed with the Gaussian 16 program by 
using DFT, and the geometries were fully optimized at the solution 
phase (HFIP as solvent) with the integral equation formalism polar-
izable continuum model (IEF-PCM) solvation model. The internal 
parameters static dielectric constant (ε = 16.7) was used to define 
the HFIP solvent. The M06-L functional with Lanl2DZ and 6-31G(d, p) 
was used for geometry optimization involved in the model reaction. 
Moreover, single-point energy calculations were performed at the 
M06-L/SDD(Pd)/6-311++G(d, p)/IEF-PCM(HFIP) level. The discussed ener-
gies were obtained at the M06-L/SDD(Pd)/6-311++G(d, p)/IEF-PCM(HFIP)//
M06-L/Lanl2DZ(Pd)/6-31G(d, p)/IEF-PCM(HFIP) level. In addition, we used 
Multiwfn and VMD to draw the pictures of the three-dimensional struc-
tures of transition states, as well as the non-covalent interactions and 
atom-in-molecules analyses.

Data availability
Crystallographic data for compounds 1, 36, (S)-48, (R)-48, 66 and 72 
have been deposited at the Cambridge Crystallographic Data Cen-
tre under deposition numbers CCDC 2380830-2380835. Additional 
optimization, experimental procedures, characterization of com-
pounds and all other data supporting the findings are available in 
the Supplementary Information and from the corresponding author 
upon request.
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