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Azocarboxamide-enabled enantioselective
regiodivergent unsymmetrical 1,2-
diaminations

Yun-Dong Fu1,2,5, Han Zhang1,5, Bei-Bei Li1,5, Lihua Huang1 , Xiao Xiao 3,
Min-Can Wang1, Donghui Wei 1 & Guang-Jian Mei 1,4

Enantioenriched unsymmetrical vicinal diamines are important basic struc-
tural motifs. While catalytic asymmetric intermolecular 1,2-diamination of
carbon–carbon double bonds represents the most straightforward approach
for preparing enantioenriched vicinal-diamine-containing heterocycles, these
reactions are often limited to the installation of undifferentiated amino func-
tionalities throughmetal catalysis and/or the use of stoichiometric amounts of
oxidants. Here, we report organocatalytic enantioselective unsymmetrical 1,2-
diaminations based on the rational design of a bifunctional 1,2-diamination
reagent, namely, azocarboxamides (ACAs). Under the catalysis of chiral
phosphoric acid, unsymmetrical 1,2-diaminations of ACAs with various
electron-rich double bonds readily occur in a regiodivergent manner. Indoles
prefer dual hydrogen-bondingmode to give dearomative (4 + 2) products, and
3-vinylindoles and azlactones are inclined to undergo unsymmetrical 1,2-dia-
mination via the (3 + 2) process. DFT calculations are performed to reveal the
reactionmechanism and the origin of the regio- and enantioselectivity. Guided
by computational design, we are able to reverse the regioselectivity of the
dearomative unsymmetrical 1,2-diamination of indoles using Lewis acid
catalysis.

Enantioenriched vicinal diamine structural motifs, especially unsym-
metrical ones, are frequently identified in pharmaceuticals, agro-
chemicals, and natural products, and serve asprivileged backbones for
chiral catalysts or ligands for asymmetric catalysis (Fig. 1A)1–4.
Accordingly, the development of efficient practical methods for their
catalytic asymmetric synthesis has been intensively pursued. The cat-
alytic asymmetric intermolecular 1,2-diamination of readily available
carbon–carbon double bonds constitutes the most conceptually
straightforward approach for preparing enantioenriched vicinal-
diamine-containing compounds (Fig. 1B)5–10, but alternative methods,
including imine cross-coupling, diol diamination, asymmetric hydro-
genation, and Mannich-type coupling, have also been described11–18.

Despite significant achievements made in recent decades19–27, the
established protocols are often limited to the installation of undiffer-
entiated amino functionalities through metal catalysis and/or the use
of stoichiometric amounts of oxidants (Fig. 1B, left). From a synthetic
perspective, enantioselective unsymmetrical 1,2-diaminations are
more attractive because the formed vicinal diamine motifs have two
differentiated amino groups, and any of them can be easily ortho-
gonally manipulated in downstream transformations (Fig. 1B, right).
However, potential regioselectivity issue pose a daunting challenge.
Recently, Glorius and Yang reported elegant racemic examples of
regioselective unsymmetrical 1,2-diaminations by using bifunctional
nitrogen-radical precursors28–30. Inspired by the above work, we have
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decided to develop enantioselective organocatalytic unsymmetrical
1,2-diaminations based on the rational design of bifunctional 1,2-dia-
mination reagents.

It can be rationalized that a successful bifunctional 1,2-diamina-
tion reagent should have two chemically distinct “N”moieties for well-
defined reactivity and a bifunctional linker for stability (Fig. 1C, left).
Therefore, we assumed that the hybrid of azodicarboxylates and urea,
namely azocarboxamides (ACAs)31,32, could be a reasonable choice
(Fig. 1C, right). The azo moiety undergoes electrophilic amination33–38,
while the amide moiety undergoes nucleophilic amidation39. As a
result, regioselective unsymmetrical 1,2-diamination of polarized

double bonds is feasible. However, there are two electrophilic sites, N1
andN2, in the azomoiety, and regioselectivitymay become a problem.
Given the low nucleophilicity of amides (N3), hydroxylamination via
carbonyl O-cyclization could be a competing reaction34. Here, we
report the Chiral phosphoric acid (CPA)-catalyzed regiodivergent
enantioselective unsymmetrical 1,2-diaminations of ACAs 1 with var-
ious electron-rich double bonds 2−4 (Fig. 1D). Under mild conditions,
various unsymmetrical vicinal-diamine-containing heterocycles, tria-
zinoindolines 5, imidazolidinones 7, and hydantoins 8, are collectively
prepared in good yields with excellent enantioselectivities. Guided by
density functional theory (DFT) calculation, we are able to reverse the

Fig. 1 | Catalytic enantioselective unsymmetrical 1,2-diaminations. A Representative vicinal-diamine-containing compounds. B Enantioselective 1,2-diamination of
C =C double bonds. C Rational design of a bifunctional 1,2-diamination reagent. D This work.
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regioselectivity of the dearomative unsymmetrical 1,2-diamination of
indoles using Lewis acid catalysis.

Results
Reaction optimization
In the initial phase of the investigation, we explored the dearomative
unsymmetrical 1,2-diamination between the projected diamination
reagent ACA 1a and 3-methylindole 2a (Table 1)40–43. Under the cata-
lysis of CPA-1 in dichloroethane (DCE), the dearomative (4 + 2) reac-
tion occurred specifically, providing triazinoindoline 5a in 33% yield
with 48% enantiomeric excess (ee). Several commercially available
CPAs were then screened, and the results indicated that spiro-CPA
CPA-7was the best choice (Table 1, entries 1−7). Dichloromethane was
identified as the optimal solvent after the study of solvent effect
(Table 1, entries 8−11). Finally, the best reaction conditions were those
in entry 8, which provided 5a in 78% yield with 96% ee. Notably, the
regioselective (3 + 2) product 6a was never observed during the reac-
tion optimization.

ACA-enabled dearomative (4+ 2) reaction of indoles
With the optimized conditions, we investigated the generality of this
CPA-catalyzed dearomative (4 + 2) reaction (Fig. 2). Various ACAs 1
with different substituents were well tolerated. Excellent enantios-
electivities were obtained when the N-substituents at the amide motif

were aromatic groups (5a−5k). Moreover, an N-benzyl-substituted
substrate offered product 5 l in 82% yield with 96% ee. However, the
enantioselectivity decreased to 84% when an n-butyl group was
employed (5m). The Boc group appended on the azo motif could be
changed to other ester groups, such as -CO2Me (5n) and CO2Bn (5o).
Further substrate exploration revealed that all tested indoles 2 with
different substituents at varied positions on the benzene ring under-
went smooth transformations to produce the desired products 5p–5 y
with excellent enantiocontrol. It was feasible to install anethyl group at
the C3 position of the indole to replace the methyl group (5z). 2,3-
Dimethylindole and N-benzylindole were found to be ineffective sub-
strates, likely due to the increased steric hindrance and lack of
hydrogen-bonding interactions, respectively. The absolute configura-
tion of 5 d was determined by X-ray crystallographic analysis, and
those of the other products 5 were assigned by analogy.

ACA-enabled enantioselective (3+ 2) reactions
Encouraged by the success of the indole dearomative (4 + 2) reaction,
we decided to extend this enantioselective unsymmetrical 1,2-diami-
nation to other nucleophilic double bonds. The vinylogous substrate
of indole, 3-vinylindole, was first considered. The experimental results
for the reaction between 3-vinylindole 3a and ACA 1a with respect to
representative CPAs are summarized in the Supplementary Table 2
(page S4). Intriguingly, the regioselectivitywas completely reversed, as

Fig. 2 | Enantioselective unsymmetrical 1,2-diamination of indoles via the dearomative (4 + 2) reaction. Reaction conditions: 1 (0.2mmol), 2 (0.2mmol), and CPA-7
(5mol%) in CH2Cl2 (1mL) at r.t. for 24h, all dr > 20:1, isolated yields, ee values were determined by chiral stationary HPLC.
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only (3 + 2) product 7a was observed. Under modified reaction con-
ditions with CPA-5, 7a was obtained in 80% yield with 96% ee. A sub-
sequent probe of the substrate scope afforded an array of highly
enantioenriched imidazolidinones in good yields with very good to
excellent enantioselectivities (Fig. 3). Installing para-substituted phe-
nyl groups on the amidemoiety, such as halides (F, Cl, Br, I), hydrogen,
methyl, and methoxy groups, had a negligible influence on the reac-
tion outcomes, regardless of the electronic properties (7a–7 g). Alkyl
n-butyl group was tolerated but had adverse effects on the enantios-
electivity (7 h). The variation of the ester groups on the azo motif was
feasible and gave consistently good results (7i−7k). A wide range of
3-vinylindoles 3were surveyed, affording desired products 7 l−7 ywith
ee values ranging from 90 to 96%, demonstrating the compatibility of
3-vinylindole substrates with the current catalytic system. The relative
configuration of 7 m was determined by X-ray crystallographic and its
absolute configuration was determined by circular dichroism spec-
troscopy analysis (Supplementary Data 1), and those of the other
products 7were assigned by analogy. Subsequently, azlactones 4, enol
surrogates, were tested in this enantioselective organocatalytic
unsymmetrical 1,2-diamination. Similar (3 + 2) results were obtained,
further demonstrating the chemical divergence of the projected dia-
mination reagent ACAs. The evaluation of the reaction parameters
revealed that CPA-3 was the optimal catalyst (see the Supplementary
Table 3, page S5). As depicted in Fig. 4, the reaction exhibited excellent

compatibility with substituted ACAs and azlactones, allowing the for-
mation of biologically important hydantoins 8 in good yields with very
good to excellent enantioselectivities. Varying the substituents on the
amide (8a−8o) and azo (8p−8r) groups of the ACAs had no effect on
the enantiocontrol. Various ester-containing azlactones were well
suited, allowing the formation of highly enantioenriched products 8 s
−8e′. However, phenyl-containing azlactone failed to give the corre-
sponding (3 + 2) product because of its low reactivity (see the Sup-
plementary Information, page 105). The absolute configuration of
(ent)-8x was determined by X-ray crystallographic analysis, and those
of the other products 8 were assigned by analogy.

Late-stage manipulations
To test the practicality of the developed protocol, late-stage
manipulations of these synthesized vicinal-diamine-containing het-
erocycles were implemented (Fig. 5). Under standard conditions, the
synthesis of 5 d can be carried out on a gram-scale (Fig. 5A). Facile
acylation and subsequent Boc-deprotection afforded chiral hydrazine
10. Oxidation of 10 with N-Bromosuccinimide (NBS) gave cyclic azo
compound 11, which served as a chiral reagent in the amination of
2-methylindole. In addition, chiral thiourea 15 was assembled from 7r
via a reaction sequence of Boc-deprotection and thioacylation (Fig. 5B).
Finally, several biologically important hydantoin derivatives were
readily prepared (Fig. 5C). The p-toluenesulfonic acid (p-TSA)-triggered

Fig. 3 | Enantioselective unsymmetrical 1,2-diaminationof 3-vinylindoles via the (3 + 2) reaction.Reaction conditions: 1 (0.2mmol), 3 (0.2mmol), andCPA-5 (5mol%)
in CH2Cl2 (1mL) at −10 °C for 24 h, all dr > 20:1, isolated yields, ee values were determined by chiral stationary HPLC.
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Boc-deprotection of 8 allowed the formation of N-1-amino-
hydantoins 16. Further cyclization under strongly acidic condi-
tions afforded the fused bicyclic compound 17. Notably, the free
N-1-amino group can condense with aldehydes to obtain enan-
tioenriched imines 20, which are chiral analogs of the marked
drugs nitrofurantoin and dantrolene4.

DFT calculations
To discover the general mechanism and origin of the chemo- and
enantioselectivity, density functional theory (DFT) calculations were
performed using Gaussian16 at the M06–2X44–46/6–311 +G(d,p)/IEF-
PCMdichloromethane

47,48//M06–2X/6–31 G(d,p)49,50/IEF-PCMdichloromethane

level, and more computational details were provided in the Supple-
mentary Information page 108-116 and Source Data (Supplementary
Data 2). Figure 6 depicts the relative Gibbs free energy profiles of
possible (3 + 2) and (4 + 2) cyclization reaction pathways between tert-
butyl-2-(phenylcarbamoyl) diazene-1-carboxylate (denoted as 1e) and
indole (denoted as 2a) catalyzed by CPA-7. For the (4 + 2) cyclization,
CPA-7 can firstly combine with 1e via hydrogen bond interaction
(mode A) to form intermediate I-M0. Subsequently, 2a can be com-
plexed with I-M0 to form intermediate I-M1R or I-M1S, in which C-N1
bond formation coupled with an intermolecular proton transfer from
CPA-7 to 1e happens via the diastereomeric transition state I-TS1R or
I-TS1S with an energy barrier of 18.5 or 16.2 kcal/mol, indicating that
the S-configurational pathway via I-TS1S should be the most

energetically favorable pathway. Therefore, only S-configurational
pathway has been discussed in the following part. It should be noted
that conformational researches of the stereoselective transition states
I-TS1S and I-TS1R can be found in the SI. The next step is a six-
membered ring closure coupled with proton transfer through transi-
tion state I-TS2S with an energy barrier of 16.8 kcal/mol. The con-
struction of two chiral stereocenters was completed via (4 + 2)
cyclization in the intermediate I-M3S. Finally, CPA-7 is dissociation
from the (4 + 2) cyclizationproduct and combineswith 1e to form I-M0
to start next cycle. For the (3 + 2) cyclization reaction pathway, CPA-7
can combine with 1e through the hydrogen bond interaction to form
intermediate I-M0’. intermediates I-M1R’ and I-M1S’ can be formed
when 2a is in presence, then C-N2 bond formation coupled with an
intermolecular proton transfer with CPA-7 occurs in mode B via dia-
stereomeric transition state I-TS1R’ or I-TS1S’ with Gibbs free energy
barrier of 19.0 or 21.7 kcal/mol, which is significantly higher than that
of (4 + 2) cyclization pathway and can be excluded safely. As con-
cerned as above, the CPA-7 catalyzed (4 + 2) cyclization reaction of 1e
and 2a should be main pathway, and this is consistent with the
experimental observation. For the CPA-7-catalyzed (3 + 2) and (4 + 2)
cyclization of the other substrates including 3-vinylindole 3 and
azlactone 4, we have also investigated the key transition states
involved in the first C-N1/N2 bond formation step, and all the calcula-
tions are in agreement with the experiments (more computed results
can be found in Supplementary Information).

Fig. 4 | Enantioselectiveunsymmetrical 1,2-diaminationof azlactones via the (3 + 2) reaction.Reaction conditions: 1 (0.15mmol),4 (0.15mmol), andCPA-3 (5mol%) in
toluene (1mL) at r.t. for 5 h, isolated yields, ee values were determined by chiral stationary HPLC.
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To reveal the origin of regioselectivity, we have conducted a local
electrophilicity and nucleophilicity analyses on the three studied CPA-
catalyzed systems51,52. The local electrophilic indexes (Pk+) of the center
N1 and N2 atoms of ACAs in the intermediates can be found in Fig. 7.
The computational results indicate that the Pk+ values of the N1 and N2
atoms in the mode A of case study I are 0.66 and 0.55, respectively,
indicating the mode A is associated with C-N1 bond formation and the
(4 + 2) cyclization pathway. Whereas the Pk+ values of the N1 and N2
atoms are 0.51 and 0.65 in themode B, which facilitates the C-N2 bond
formation and (3 + 2) cyclization. Compared all the four Pk+ values, the
N1 atom in mode A has the highest activity and should be the actual
reactive site in case study I. In the case studies II and III, the N2 atomof
ACA inmode B has the highest Pk+ value, which can be predicted as the
most electrophilic site associated with a (3 + 2) cyclization reaction
pathway. In summary, the simultaneous interaction of CPA and sub-
strate can regulate the electrophilicity of N1 and N2 atoms of ACA to
control the regioselectivity.

To disclose the origin of stereoselectivity, we have conducted
non-covalent interaction (NCI) and atoms in molecules (AIM)
analyses53,54 on the two stereoselective transition states of the three
studied systems. As shown in Fig. 8 and Supplementary
Figs. 172 and 175, the two stereoselective transition states within the
same system have similar types of weak interactions under the same
mode. Taking the CPA-catalyzed (4 + 2) cyclization reaction of 1e and
3-methylindole as an example, weak interactions including two
N–H⋯O (0.99/1.76, 0.58/2.18), three C–H⋯O (0.37/2.47, 0.25/2.67,
0.22/2.77), three C–H⋯π (0.34/2.80, 0.23/2.77, 0.20/2.89), two Lp⋯π
(0.24/3.21, 0.24/3.24), one N–H⋯π (0.27/2.72) and one π⋯π (0.26/
3.20) interactions I-TS1S are more and stronger than those (N–H⋯O
(0.82/1.90, 0.65/2.02), three C–H⋯O (0.47/2.27, 0.31/2.53, 0.31/2.65),
two C–H⋯π (0.28/2.71, 0.33/2.37), two Lp⋯π (0.25/3.23, 0.23/3.28)
and one π⋯π (0.26/3.18) interactions) in I-TS1R (Fig. 8). Noteworthy,
theN–H⋯Oweak interaction has the largest Laplacian electrondensity
(∇2ρ) in the transition state I-TS1S, and plays key role for determining

Fig. 5 | Transformations of the prepared vicinal-diamine-containing heterocycles. A Derivatizations of 5 d. B Derivatizations of 7r. C Derivatizations of 8. Diphenyl
phosphate (PA), 5-nitrofuran-2-carbaldehyde (18), benzaldehyde (19).
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stereoselectivity. Similarly, the N–H⋯O weak interactions between
substrates and CPA are also the strongest in the most favorable tran-
sition states in the case studies II and III, and could be responsible for
the stability of the most energetically favorable stereoselective tran-
sition state (more detailed information and results are available in
Supplementary Information).

As concerned as above, the electrophilicity of the nitrogen atoms
under different binding modes should be the key factor to control
regioselectivity. Considering that Lewis acid (LA) can also strengthen
the electrophilicity of substrate, we have further calculated the
regioselectivity of dearomative 1,2-diamination reaction of indoles
under Lewis acid catalysis. Lewis acids can adsorb the substrate ACA in
two similar coordination modes with the modes A and B under CPA
catalysis, i.e. mode A’ and mode B’ (see the Supplementary Table 4,
page S114). In both modes, we have calculated the binding energies
and analyzed the electrophilicity of ACA in key intermediates using
different Lewis acid catalysts. The calculated results indicate that the
(3 + 2) cyclization reaction should be themain reaction pathway under
Lewis acid catalysis.

ACA-enabled dearomative (3+ 2) reaction of indoles
On the basis of DFT calculations, we decided to use a Lewis acid as the
catalyst for the dearomative unsymmetrical 1,2-diamination of indoles
with ACAs. As expected, the regioselectivity was completely reversed,

resulting in dearomative (3 + 2) products instead of the previous
dearomative (4 + 2) product. The screening of the reaction parameters
showed that Sc(OTf )3 was found to be the best catalyst, and the
addition of PA further improved the yield (see the Supplementary
Table 4, page S117). The generality of the reaction was then examined.
As displayed in Fig. 9, this dearomative (3 + 2) reaction was applicable
to various ACAs and indoles, affording corresponding products 6a−a′
in 63−84%yields.Notably, 2,2-dimethylindole (6b′) andN-benzylindole
(6c′) were also well tolerated, indicating that steric hindrance and
hydrogen-bonding interaction had no effect on the reaction activity.
The relative configuration of (±)-6a was determined by X-ray crystal-
lographic analysis, and those of the other products 6were assigned by
analogy. To explore the mechanism, we have conducted DFT calcula-
tions of the reaction catalyzed by Sc(OTf)3, and the corresponding
Gibbs free energy profiles can be found in the Supplementary Table 5.

Discussions
In conclusion, we have established organocatalytic enantioselective
unsymmetrical 1,2-diaminations based on the rational design of
bifunctional 1,2-diamination reagent azocarboxamides (ACAs). Under
the catalysis of chiral phosphoric acid, the azo moiety undergoes
electrophilic amination, while the amide moiety undergoes nucleo-
philic amidation. Given the two electrophilic sites N1 and N2 in the azo
moiety, the unsymmetrical 1,2-diaminations of ACAs with various

Fig. 6 | The relative Gibbs energy profiles of the different pathways computed
at the M06–2X/6–311 +G(d, p)/IEF-PCMdichloromethane //M06–2X/6–31G(d, p)/
IEF-PCMdichloromethane level of theory. The structures shown in light green and

pink color backgrounds are respectively associated with the stationary points
involved in CPA-7 catalyzed (4 + 2) and (3 + 2) cyclizations between 1e and 2a.
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Fig. 7 | The local electrophilicity analyses on the three CPA-catalyzed systems.
The local electrophilicity (Pk+) analyses of CPA-7 catalyzed reaction of 1e and 2a,
CPA-5 catalyzed reaction of 1e and 3a, and CPA-3 catalyzed reaction of 1a and 4b

were performed, and ΔG≠ indicates the energy barrier associated with the C-N1/N2
bond formation process.

Fig. 8 | NCI andAIM analyses for the transition states I-TS1S and I-TS1R, and the
summaryof Laplacian electrondensity (∇2ρ in 10−1 a.u.).Optimized structures of
transition states I-TS1S (A) and I-TS1R (B), NCI and AIM analyses for transition
states I-TS1S (C) and I-TS1R (D). In the three-dimensional structures, oxygen,

nitrogen, carbon, phosphorus, and hydrogen atoms are depicted as red, blue, cyan,
brown, and white balls, respectively. Bond critical points (BCPs) along the bond
paths were visualized as small orange balls connected by yellow lines.
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electron-rich double bonds could occur in a regiodivergent manner.
Indoles preferred dual hydrogen-bonding mode to give dearomative
(4 + 2) products, and 3-vinylindoles and azlactones were inclined to
undergo unsymmetrical 1,2-diamination via the (3 + 2) process. Under
mild conditions, various vicinal-diamine-containing heterocycles,
triazinoindolines, imidazolidinones, and hydantoins, were collectively
prepared in good yields with good to excellent enantioselectivities.
DFT calculations were performed to reveal the reaction mechanism
and the origin of the regio- and enantioselectivity. Notably, guided by
computational design, we were able to reverse the regioselectivity of
the dearomative unsymmetrical 1,2-diamination of indoles using Lewis
acid catalysis. In addition to expanding the current library of diami-
nation reagents, the reported ACAs offer facile organocatalytic enan-
tioselective approaches for accessing diverse multi-nitrogen-
containing heterocycles. Further applications of ACAs are currently
ongoing in our laboratory, and the results will be reported in due
course.

Methods
General procedure for the enantioselective synthesis of 5
Indole 2 (0.2mmol) and CPA-7 (5mol%) were dissolved in CH2Cl2
(2mL), a CH2Cl2 solution (0.5mL) of azocarboxamide 1 (0.2mmol)was
then added in 5minutes. The reaction mixture was stirred at room
temperature until the start materials were completely consumed
(detected by TLC). The solvent was removed in vacuo and the crude

product was separated by flash column chromatography on silica gel
(petroleum ether/ethyl acetate = 4:1) to afford 5.

General procedure for the enantioselective synthesis of 7
3-Vinylindole 3 (0.20mmol), CPA-5 (5mol%) were dissolved in CH2Cl2
(1mL) at −10 °C, a CH2Cl2 solution (0.5mL) of azocarboxamide 1
(0.2mmol) was then added slowly in 5minutes. The reaction was
stirred at −10 °C until the start materials were completely consumed
(detected by TLC). The solvent was removed in vacuo and the crude
product was separated by flash column chromatography on silica gel
(petroleum ether/ethyl acetate = 4:1) to afford 7.

General procedure for the enantioselective synthesis of 8
Azocarboxamide 1 (0.15mmol), azlactone 4 (0.15mmol) were dis-
solved in toluene (1mL), and CPA-3 (5mol%), 5 Å MS (50mg) were
added. The reaction was stirred at room temperature until the start
materials were completely consumed (detected by TLC). The solvent
was removed in vacuo and the crude product was separated by flash
column chromatography on silica gel (petroleum ether/ethyl acetate =
4:1 – 2:1) to afford 8.

General procedure for the synthesis of (±)-6
Sc(OTf)3 (0.02mmol, 9.8mg) and diphenyl phosphate (10mol%) were
dissolved in CH2Cl2 (2mL) for 30min, and indole 2 (0.2mmol) and
azocarboxamide 1 (0.2mmol) were then added in 5minutes. The

Fig. 9 | Unsymmetrical 1,2-diamination of indoles via the dearomative (3 + 2) reaction.Reaction conditions: 1 (0.2mmol), 2 (0.2mmol), and Sc(OTf)3/PA (1:1, 10mol%)
in CH2Cl2 (1mL) at r.t. for 24h, all dr > 20:1, isolated yields. PA = diphenyl phosphate.
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reactionwas stirred at room temperature until the startmaterials were
completely consumed (detected by TLC). The solvent was removed in
vacuo and the crude product was separated by flash column chro-
matography on silica gel (petroleum ether/ethyl acetate 4:1–3:1) to
afford (±)−6.

Data availability
The authors declare that the data relating to the characterization of
products, experimental protocols and the computational studies are
availablewithin the article and its Supplementary Information.Data for
the crystal structures 5 d, 7m, 8x and 6a reported in this paper are
deposited at the Cambridge Crystallographic Data Centre (CCDC)
under thedepositionnumbersCCDC2369056−2369059.Copiesof the
data can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/cif. Source data (Supplementary Data 1 and 2) are provided
with this paper. Data supporting the findings of this manuscript are
also available from the authors upon request.
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