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Abstract: The possibility to form new C–B bonds with aziridines using diboron derivatives con-
tinues to be a particularly challenging field in view of the direct preparation of functionalized
β-aminoboronates, which are important compounds in drug discovery, being a bioisostere of
β-aminoacids. We now report experimental and computational data that allows the individua-
tion of the structural requisites and of reaction conditions necessary to open alkyl aziridines using
bis(pinacolate)diboron (B2pin2) in a regioselective nucleophilic addition reaction under copper catalysis.

Keywords: copper catalysis; diboron reagents; aziridines; aminoboronates; DFT study

1. Introduction

The ring-opening (RO) reactions of aziridines with nucleophilic reagents are important
operations in synthetic organic chemistry to obtain β-substituted amines [1–4]. Beside the
consolidated use of heteroatom- and carbon-based nucleophiles, the use of nucleophilic
boron reagents in the RO of strained three-membered heterocycles has come to the fore
more recently [5–8]. The regio- and stereoselective introduction of a boron atom in sp3-rich
functionalized molecules is of particular importance in synthetic organic chemistry, consid-
ering that the boron atom is easily transformable into hydroxy, amino or halo groups or
it can serve as cross-coupling partner [9]. Moreover, there is a consolidated importance
of incorporating the boron atom into new and existing drugs [10]. Hence, it is surpris-
ing that the ring opening of aziridines comprising the formation of carbon-boron bonds
has been described so far only for aziridines bearing an adjacent double or triple bond.
For example, allylic aziridines have been regioselectively borylated by using nickel and/or
copper catalysts [11], or palladium catalysts as shown by Szabó (Scheme 1, eq. a) [12].
More recently, copper-catalyzed borylative ring openings of three- and four-membered
rings bearing an adjacent triple bond including one example of a propargylic aziridines
have also been reported (Scheme 1, eq. b) [13]. Aryl aziridines have been recently engaged
by Takeda and Minakata in a regioselective borylative ring opening at the less substituted
position using Pd/P(t-Bu)2Me as the catalyst and proceeding in neutral reaction conditions
(Scheme 1, eq. c) [14]. In any case, these reaction conditions work only for tosyl-protected
aryl aziridines, while they are ineffective for alkyl aziridines [15]. Indeed, a borylative ring
opening of differently substituted alkyl aziridines has not yet been reported despite its
potentiality to access β-aminoboronates, a scaffold of considerable interest in medicinal
chemistry (Scheme 1, eq. d) [16–18].
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Scheme 1. State of the art (eq. (a–c)) and aim of the work (eq. (d)).

We now report our findings about the individuation of the suitable substrates and
the necessary reaction conditions to achieve the borylative ring-opening reactions of alkyl
aziridines under copper-catalysis. We also report a detailed computational study which
attempts to shed some light on the possible mechanistic intricacies of such a transformation.

2. Results and Discussion
2.1. Experimental Data

In studies made during the last several years in our laboratory, we had many confir-
mations of the difficulties associated with a direct borylation of alkyl aziridines. After an
extensive screening of differently protected alkyl aziridines and reaction conditions, we
noticed in the literature a direct borylative ring opening of alkyl epoxides with B2pin2 as re-
ported by Xiao and Fu. The reaction conditions allowed the attainment β-hydroxyboronates
in good yields by the use of CuI (15 mol%), t-BuOLi (3.0 equiv) in THF at 60 ◦C for 20 h [19].
Curiously, this protocol was particularly effective for terminal β-glycidyl epoxides gener-
ally containing an aryl moiety at the β-position, considerably reducing the generality of
the borylative ring opening of alkyl epoxides. Importantly for this work, non-mechanistic
rationale or tentative explanation was proposed by the authors to support the peculiar
reactivity of phenylglycidol derivatives under copper catalysis.

Thus, having in mind to find alkyl aziridines amenable to copper borylative ring-
opening reactions, phenylglycidol-derived aziridines 1a–c containing electron-withdrawing
protecting groups were prepared and subjected to reaction conditions as described in
Table 1. Taking inspiration from the previous copper-catalyzed borylation of terminal
epoxides [19], the reactions were carried out in THF at 60 ◦C for several hours. However,
no appreciable conversion of protected aziridines 1a,b into borylated products was ob-
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served (entries 1–5). Promisingly, we found that N-(2-picolinoyl) protected aziridine 1c
in combination with the use of freshly sublimed t-BuOK afforded the desired borylated
product 2c, albeit in a low isolated yield (entry 6). In order to try to increase the yields
and to assess the ability of copper-phosphine complexes to influence the reaction outcome,
a catalytic amount of racemic Binap was introduced into the reaction flask. In this way
it was possible to increase the conversion of aziridine 1c and to observe some borylated
product 2c also using t-BuONa (entry 7) or t-BuOLi as base (entry 9). However, in these
reaction conditions, the major reaction product was oxazoline 3c deriving from a Heine
rearrangement of the starting aziridine [20,21]. Even in this scenario, one that clearly
modifies the solubility of the reactive species involved in the reaction, the use of t-BuOK
afforded the best result in term of borylative ring opening reaction (entry 8). The use of
other phosphines of a different nature in the presence of t-BuOK afforded unsatisfactory
amounts of borylated compound 2c (entries 10–12). A decisive further improvement of the
borylative ring opening of aziridine 1c came from the use of catalytic amounts (20 mol%)
of CuCl instead of CuI. To our delight, with this copper salt it was possible to perform
the borylative ring-opening process to deliver desired compound 2c with a satisfactory
isolated yield at room temperature in 2 h (entry 13). It was also possible to reduce the
amount of t-BuOK to 2.0 equivalents just increasing the reaction time to 5 h (entry 14). The
reaction is possible also with CuI, albeit the quality of the crude reaction mixture and the
isolated yields were lower (entry 15). This amount of base was found to be critical as a
further diminishing to 1.5 equivalents gave no appreciable borylation product after 72 h
(entry 16).

Table 1. Results of the copper-catalyzed borylative ring opening of differently protected aziridines 1a–c a.

Entry a 1 Cu Salt M L T (h) Conversion (Yield) b

1 1a CuI Li - 48 <5
2 1b CuI Li - 48 <5
3 1c CuI Li - 48 <5
4 1a CuI K - 48 <5
5 1b CuI K - 48 <5
6 1c CuI K - 20 >99 (25)
7 1c CuI Na Binap 20 82 2c/3c = 0.1
8 1c CuI K Binap 20 77 2c/3c = 1.3
9 1c CuI Li Binap 20 73 2c/3c = 0.3

10 1c CuI K PPh3 20 66 2c/3c = 0.8
11 1c CuI K Xantphos 20 28 2c/3c = 0.3
12 1c CuI K dppb 20 37 2c/3c = 0.6
13c 1c CuCl K - 2 71 (60)

14 c,d 1c CuCl K - 5 75(65)
15 c,d 1c CuI K - 5 65 (48)
16 c,e 1c CuCl K - 72 <5

a Unless stated otherwise, all reactions were carried out in anhydrous THF at 60 ◦C using copper salt (0.2 equiv.),
3.0 equiv. of base and 3.0 equiv. of B2pin2. b NMR conversion using α-methylnaphthalene as internal standard.
Isolated yields of 2c after chromatographic purification on SiO2 in parentheses. c Reaction carried out at room
temperature. d 2.0 equivalents of t-BuOK were used. e 1.5 equivalents of t-BuOK were used.
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Once the optimal reaction conditions (entry 14, Table 1) to perform the borylative
ring opening of aziridine 1c had been found, other N-(2-picolinoyl)-protected aliphatic
aziridines, such as compounds 4c–9c, were prepared and tested (Scheme 2). Disappoint-
ingly, we soon realized the very narrow scope of the borylative ring opening as substituted
aziridines 4c–9c gave low conversion, decomposition or both to unidentified by-products
without the attainment of the corresponding desired β-aminoboronates.

Scheme 2. Picolinoyl-protected aziridines 4–9c screened under optimized reaction conditions.

In order to gain some other insights on the requirements necessary to achieve the bo-
rylation and on the importance of a phenyl moiety in a β-position with respect to the three-
membered ring, aziridine 10 was subjected to the optimized reaction conditions (Scheme 3).
The borylative ring-opening reaction now occurred again to produce β-aminoboronate 11,
albeit with a low isolated yield. Curiously, also N-(2-picolinoyl)-aziridine 12 deriving from
an unexpected reduction pathway was isolated from the reaction mixture.

Scheme 3. Ring-opening reaction of aziridine 10 under copper-catalyzed borylative conditions.

Relying on this experimental data, the fundamental role of the 2-picolinoyl protective
group and the structural requirements of the aziridine substrate for a successful boryla-
tive ring-opening process have been rationalized by DFT calculations in the following
computational section.

2.2. Computational Studies

Experimental data clearly showed that aziridine substrates analyzed can be divided
into three main categories: inert aziridines (1a,b), reactive aziridines devoid of a borylative
outcome (4c–9c), and reactive aziridines forming borylation products (1c and 10). Inter-
estingly, the 2-picolinoyl protective group appeared to be essential for the occurrence of a
ring-opening process, while the structure of the lateral chain, in particular the presence
of an aromatic ring (1c and 10), determined a borylative ring-opening reaction which
occurred exclusively with an anti-Markovnikov regioselectivity. All these factors have been
considered for the construction of a mechanistic model as detailed below.

Usually, more the protecting group of the aziridine is electron-withdrawing, more the
substrate is reactive, in particular, towards nucleophilic ring-opening processes [22–24].
In our case, only the N-(2-picolinoyl)-aziridines were reactive (1c, 4c–9c and 10), while,
surprisingly, the benzensulfonated ones (1a), even if fluorine substituted on the protec-
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tive group (1b), were completely inert. These pivotal observations represented a deep
divergence from the experimental and mechanistic data reported by Takeda et al. for the
Pd-catalyzed borylation of styrene-derived tosyl-aziridine [14,15] by means of a zwitte-
rionic intermediate [25]. It is of note that the intervention of protic solvents promoted a
stabilization of the charged intermediate, while in our case, even a slight presence of water
or other protic solvents was detrimental. In addition, copper with respect to other transi-
tion metals can be efficiently coordinated by nitrogen-based molecules such as a pyridine
ring. An interesting alternative to the mechanism proposed by Takeda et al. focused on
azametallacyclobutane intermediates, which derive from oxidative addition of aziridines
to low-valent late transition metal complexes [26]. Lin et al. in 2002 isolated a series of
nickel(II) azametallacyclobutanes from the reaction of several alkyl N-tosyl aziridines (with
also a XRD structure) with Ni(bpy)(cod) or NiEt2(bpy), which could be consistent with
the particular adduct needed in order to rationalize our borylation process [27]. On this
basis, we initially hypothesized a simple model (Scheme 4) in which the borylation is pre-
ceded by the opening of the protected aziridine to give rise to a four-membered azacopper
intermediate I1, which promoted the successive borylation [28].
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We performed a first calculation using this model (see Supplementary Materials for
details) to rationalize the inertness of the sulfonyl-protected aziridines to the reaction
conditions, evaluating the activation energy of the ring-opening process for differently
protected non-substituted aziridines (Table 2, Figure 1). This simple model showed that
the ring-opening process (TS1) of a tosyl/mesyl aziridine possessed a higher activation
energy of ca. 15 kJ/mol (+16.3 kJ/mol for the N-mesyl and +14.9 kJ/mol for the N-tosyl)
with respect to the N-(2-picolinoyl)-aziridine. Particularly noteworthy is that the first
four-membered azacopper intermediate I1 was also thermodynamically not favoured, with
a ∆G = +46.9 kJ/mol and +37.9 kJ/mol, respectively for N-mesyl and N-tosyl, with respect
to a ∆G = −19.1 kJ/mol for the N-(2-picolinoyl)-methyl aziridine.
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Table 2. Free energy for the variously N-protected non-substituted aziridine using the model in
Figure 1 (see below).

N-Picolinoyl ∆G
(kJ/mol)

N-Ms
∆G (kJ/mol)

N-Ts
∆G (kJ/mol)

Complex-1 a 0.0 0.0 0.0
TS1 +79.0 +95.3 +93.9
I1 −19.1 +46.9 +37.9

TS2 −9.7 +51.8 /
P1 b −211.1 −138.8 /

a The zero value is represented by the aziridine N-complex with Cu and not by the isolated reagents. b the final
product is the one obtained by IRC, so we cannot exclude lower energy conformers.

Figure 1. Comparative calculated reaction energy profile of N-mesyl-azirdine (blue) and N-(2-picolinoyl)-aziridine (black)
using the mono-copper-boron borylation adduct (the ∆G values are in kJ/mol). See also Table 2 below.

The next step consisted of the tentative rationalization of the role of the lateral chain
on the energy reaction profile and on the regiochemistry for N-(2-picolinoyl)-aziridines:
we chose the N-protected methyl aziridine as a model for simple alkyl substrates and com-
pound 1c as representative of aromatic substituted substrates, actually the only compound
capable of undergoing a borylative ring opening (Table 3).
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Table 3. Free energy for the regioselectivity of N-(2-picolinoyl)-methyl aziridine and 1c using the model in Scheme 4.

N-(2-Picolinoyl)-methyl Aziridine Aziridine 1c

∆G (kJ/mol) ∆G (kJ/mol) ∆G (kJ/mol) ∆G (kJ/mol)

Anti-Markovnikov Markovnikov Anti-Markovnikov Markovnikov

Complex-1 0.0 0.0 0.0 0.0
TS1 +78.7 +75.2 +78.7 +77.2
I1 −10.2 −7.2 −17.6 −20.3

TS2 +4.8 +8.3 −1.4 +8.4
P1 −202.0 −189.3 −221.4 −211.4

With this model, the energy profiles of the reaction towards both the Markovnikov
and anti-Markovnikov products for methyl aziridine and aziridine 1c were similar to that of
the non-substituted aziridine of the first calculation (Figure 1, Table 2). Unfortunately, this
model failed to reproduce the effect of the lateral chain on the reaction outcome (Table 3):
for both the aziridines considered, the kinetically determinant step was the ring opening
process (TS1), while the boron transfer step (TS2) was very fast with an almost negligible
activation energy. Following this model, alkylaziridines like 7c should also give bory-
lation products, which was actually not the case. Moreover, the regiochemistry for the
borylation of 1c was not in agreement with the experimental data, which shown the sole
anti-Markovnikov product: in fact, the ring opening step (TS1) was poorly regioselective
for both substituted N-(2-picolinoyl) aziridines considered with a ∆∆G‡ = 3.5 kJ/mol for
methyl aziridine and ∆∆G‡ = 1.5 kJ/mol for 1c in favor of the Markovnikov pathway.
At this point, considering that the model so far adopted was unsatisfactory, we moved
towards a new mechanistic model in which the boron quaternization was realized with
the intervention of a second copper atom in the form of a molecule of CuCl. A first calcu-
lation (Figure 2, Table 4) was realized as a comparison between the first model with this
new borylation agent through a monocopper complex on the non-substituted aziridine
(Complex-1), and a second new model in which the di-copper/boron reagent formed a
new complex (Complex-2) with the substrate in which it retained this second copper atom;
the dicopper boron agent served to assess a better comparison between the two pathways.
These kinds of dicopper-boron compounds such as Complex-2 have been reported in the
literature [29–32], and they are commonly obtained by reaction of copper(I) tert-butoxide
with various diboron reagents (B2pin2, B2cat2), with the additional intervention of phos-
phine or carbene ligands. Similarly, in our case, the borylating agent can be obtained
by reaction of in situ formed copper(I) tert-butoxide with B2pin2. Importantly, in our
model the choice of the chloride counterion on the second copper ion was mainly for the
sake of computational simplicity (neutral adduct), but it could possibly be replaced by a
tert-butoxide anion [33] or even a solvent molecule.

Interestingly, the energy pathway originated from Complex-2 for the second model is
strongly favored with respect to Complex-1 in the first model, with the presence of a new
extra step also consisting in the boron de-quaternization (TS4), followed by the actual bory-
lation step (TS5). Even with the second model, the rate determinant moment was again the
aziridine ring opening process (TS3), but the energy difference with respect to all the other
transition states (TS4 and TS5) appeared to be drastically reduced in comparison with the
mono-copper model. In addition, the azacoppercyclobutane intermediate I2 (see Figure 2
and Table 4) possessed +43.2 kJ/mol with respect to the starting Complex-2 and the de-
quaternization process resulted more energy demanding (TS4, ∆G‡ of 12.5 kJ/mol) with
respect to the borylation step.
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Figure 2. Comparative calculated reaction energy profile between the first (blue) and the second model (black) using a
dicopper-boron borylation adduct on the non-substituted aziridine (the ∆G values are in kJ/mol).

Table 4. Free energies of the second model calculation on the non-substituted N-(2-piconiloyl)
aziridine, Figure 2 (black).

∆G (kJ/mol)

Complex-2 0.0 *
TS3 +82.6
I2 +43.2

TS4 +69.0
I3 +42.6

TS5 +56.5
P2 −204.7

* The zero value is represented by the aziridine N-complex with Cu and not by the isolated reagents.

Then, using the second model we evaluated the effect of the nature of the lateral
chain on the energy profile of the reaction for the two model compounds i.e., N-(2-
picolinoyl)-methyl aziridine and aziridine 1c (Figure 3). Once again, the rate-limiting
step of the process was the aziridine ring opening (TS3), and the regiochemistry was
unaltered by the presence of a second copper atom: the opening process was in favor
of the Markovnikov product both for the methyl aziridine (∆∆G‡ = 7.8 kJ/mol) and
for 1c (∆∆G‡ = 7.6 kJ/mol). Interestingly, a significative difference was found on the
boron de-quaternization step: The phenyl ring in 1c helped the process through a η6-type
coordination to the second copper atom (Figure 4), which was more efficient for the anti-
Markovnikov product (TS4: ∆G = +59.5 kJ/mol for 1c vs. ∆G = +79.0 kJ/mol for methyl
aziridine) than for the Markovnikov one (TS4: ∆G = +67.7 kJ/mol for 1c vs. +78.7 kJ/mol
for methyl aziridine). Moreover, for 1c, the Markovnikov product pathway was character-
ized by a single de-quaternization/borylation step, while for the anti-Markovnikov one the
boron de-quaternization process split in two distinct steps. The last aspect to consider for
the rationalization of lateral chain effect was the possible role of the phenoxy oxygen atom
in 1c in the coordination of the metal ions. The only TS3 geometry involved in the opening
process, in which the phenoxy oxygen atom is able to coordinate the metal (found for the
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Markovnikov path), possessed a higher energy (9.2 kJ/mol) with respect to the one for the
η6-interaction, which then represented the most stable binding mode [34,35].

Figure 3. Reaction energy profile with the second model for the reaction of N-(2-picolinoyl)-methyl aziridine and 1c
(the ∆G values are in kJ/mol).

Figure 4. Structure of intermediate I3a for compound 1c with highlighted the η6- coordination of the
phenyl ring with the copper atom (orange).
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At this point of the mechanism rationalization, the second dual copper model suc-
ceeded in explaining the role of the phenyl ring in substrate 1c, but we still observed
that the aziridine ring-opening step exceeded in energy all the rest of the pathway. This
aspect represented a strong divergence from the experimental observation that the aliphatic
aziridines (4c–9c) were reactive, but without borylation outcome. Interestingly, considering
the remarkable change in relative energies observed between opening and borylation steps
once the CuCl molecule was introduced to the aziridine-copper complex, we decided to
modify the initial borylation agent by introducing a solvent molecule (diethyl ether) in
place of the chloride counterion (Complex-3). The presence in the model of the diethyl
ether molecule is required in order to make the de-quaternization process possible, thanks
to the copper-oxygen interaction.

The results obtained for the less computing-demanding N-(2-picolinoyl)-methyl aziri-
dine showed a remarkable change in relative energy between the two key moments of
the process as shown in Figure 5 (blue) only for the anti-Markovnikov product (for the
Markovnikov path see Figure S1, Page S6 of Supporting Information). The coordination
network changes around the second copper atom (diethyl ether instead of chloride anion)
did not alter significantly the regioselectivity of both the aziridine opening step (TS6, in
favor of the Markovnikov product ∆∆G‡ = 8.4 kJ/mol) and the boron de-quaternization
process (TS7, in favor of the anti-Markovnikov product ∆∆G‡ = 8 kJ/mol), with also a sim-
ilar activation energy for the ring opening step with respect to the chloride anion (Figure 3,
compare TS3 and TS6: +1.5 kJ/mol for anti-Markovnikov opening and +0.9 kJ/mol for
the Markovnikov one). Interestingly, a remarkable change was observed on the boron
de-quaternization TS7, which was higher in energy with respect to the TS of the ring open-
ing step (TS6) of about +8.0 kJ/mol for the anti-Markovnikov pathway and +20.8 kJ/mol
for the Markovnikov one, in line with the observed non-borylative reactivity of the fully
aliphatic aziridines (4c–9c).

Figure 5. Particular of the reaction energy profile comparison of the anti-Markovnikov pathway between 1c (without the
Et2O molecule; black) and N-2-picolinoyl-methyl aziridine (with the Et2O molecule; blue). The ∆G values are in kJ/mol.



Molecules 2021, 26, 7399 11 of 15

This last result highlighted the remarkable influence of the copper counterion on the
relative energies of the two main TSs of opening and de-quaternization, without changing
the absolute activation energy of the ring-opening step.

Lastly, a final comparison between the anti-Markovnikov pathway of aziridine 1c (with-
out Et2O and chloride counterion, Complex-4, (Figure 5, black) and the N-(2-picolinoyl)-
methyl aziridine (with the Et2O molecule, Complex-3) gave us some final remarks. For
compound 1c, the ring-opening process was almost unaltered with respect to the calcu-
lation performed with the chloride counterion (compare TS3 and TS8, +3.4 kJ/mol),
while the boron de-quaternization step was lower in energy (compare TS8 and TS9,
∆∆G‡ = 3.3 kJ/mol) with respect to the former one, despite the absence of the stabilizing
effect of a counterion and of an oxygenated solvent molecule (Et2O). In comparison with
the anti-Markovnikov pathway of the 2-methyl aziridine, this last aspect was of primary
importance and perfectly reflected the experimental behavior observed. For aziridine 1c
the borylation step is energetically favored, while for aliphatic aziridines, the borylation
is the rate determinant step; in fact, these aziridines opened but without a successful
borylation. Moreover, the phenyl ring coordination to the copper atom stabilized the boron
de-quaternization process (interaction absent in the case of the aliphatic aziridine) in a way
that the borylation outcome, in particular the anti-Markovnikov one, resulted the favored
pathway with respect to any other possible ones.

In addition the corresponding profile calculated for the Markovnikov product (not
shown) in the case of aziridine 1c, without solvent and counterion, revealed a ring-opening
process higher in energy +85.2 kJ/mol (+2.7 kJ/mol with respect the anti-Markovnikov
opening) and with a TS9 around +120 kJ/mol, because of the lower stabilizing effect of the
phenyl ring observed in the Markovnikov pathway, especially for the de-quaternization step.

This final model fitted well with the strong dependency of this reaction from the sol-
vent and the copper counterion, and it also depicted particularly well the role of the phenyl
ring coordinative stabilization on the borylation process even in terms of regioselectivity.
This model, involving the quaternization of the boron atom by two copper atoms, can be
reasonably extended for the rationalization of the alkyl epoxides borylation catalyzed by
CuI [19].

3. Materials and Methods

All reagents were purchased from commercially available sources. THF and toluene
were distilled on sodium/benzophenone ketyl. Solvents for extraction and chromatography
were distilled before use. Analytical thin layer chromatography (TLC) was performed
on silica gel on TLC Al foils (Sigma-Aldrich, St. Louis, MO, USA) with detection by
exposure to ultraviolet light (254 nm) and/or by immersion in an acidic staining solution
of p-anisaldehyde in EtOH. Merck (Kenilworth, NJ, USA) silica gel 60 (230–400 mesh)
was used for flash chromatography. Semipreparative TLC was performed on Merck
preparative-layer chromatography (PLC) silica gel 60. The 1H NMR spectra were recorded
on Bruker Avance II at 250 or 400 MHz spectrometer. Chemical shifts are reported in ppm
downfield from tetramethylsilane, with the solvent resonance as the internal standard
(deuterochloroform: δ 7.26). Signal patterns are indicated as follows: br s, broad singlet; s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet. Coupling constants (J) are given in
hertz (Hz). Chemical shifts are reported in ppm downfield from tetramethylsilane with the
solvent resonance as the internal standard (deuterochloroform: δ 77.16). High-resolution
electron spray ionization mass spectrometry (HRESIMS) was acquired in positive ion mode
with Orbitrap high-resolution mass spectrometer (Thermo, San Jose, CA, USA), equipped
with H-ESI source.

3.1. Experimental Part
3.1.1. General Procedure for Borylative Ring-Opening (Table 1)

A dried 10 mL Schlenk tube was charged with B2pin2 (2.0 equiv), CuCl (0.2 equiv),
freshly sublimed t-BuOK (2.0 equiv), corresponding aziridine (1.0 equiv) and, in this case,
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phosphine (0.2 equiv.). The vessel was further dried under vacuum and backfilled with
argon (three cycles), then freshly distilled THF (0.2 M) was added, and reaction mixture
was left to react until no aziridine was detected by TLC. After consumption of the starting
material, NH4Cl sat. was added and an aqueous layer was extracted three times with
AcOEt. The collected organic layers were dried with Na2SO4, solvent was evaporated and
the crude was purified by flash chromatography.

3.1.2. N-(1-Phenoxy-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-2-yl)picolinamide (2c)

According to general procedure, a dried 10 mL Schlenk tube was charged with B2pin2
(76.2 mg, 0.3 mmol), CuCl (3.0 mg, 0.03 mmol), freshly sublimed t-BuOK (33.6 mg, 0.3 mmol),
corresponding aziridine (38.1 mg, 0.15 mmol) and THF (0.75 mL). After standard workup,
flash chromatography (hexane/AcOEt 7:3 + 3% Et3N) afforded the title compound (29.5 mg,
60%) as colorless oil. 1H NMR (250 MHz, CDCl3) δ 8.21 (d, J = 7.8 Hz, 1H), 7.85 (td, J = 1.5 Hz,
7.5 Hz, 1H), 7.48–7.39 (m, 2H), 7.33–7.24 (m, 2H), 7.00–6.91 (m, 3H), 4.65–4.51 (m, 1H),
4.15–4.00 (m, 2H), 1.45 (d, J = 6.8 Hz, 2H), 1.26 (s, 9H). 13C NMR (63 MHz, CDCl3) δ 163.9,
158.8, 148.1, 137.5, 129.6, 126.3, 122.4, 121.1, 114.7, 83.6, 70.6, 44.8, 25.1, 25.0, 24.9, 24.7, 24.6,
17.8. 11B NMR (128 MHz, CDCl3) δ 30.74. [M + Na]+ found = 405.1968, C21H27BN2O4Na +
requires 405.1956.

3.1.3. 4-(Phenoxymethyl)-2-(pyridin-2-yl)-4,5-dihydrooxazole (3c)

According to procedure D, a dried 10 mL Schlenk tube was charged with B2pin2
(76.2 mg, 0.3 mmol), CuCl (3.0 mg, 0.03 mmol), freshly sublimed t-BuOK (33.6 mg, 0.3 mmol),
BINAP (37.4 mg, 0.06 mmol), corresponding aziridine (38.1 mg, 0.15 mmol) and THF
(0.75 mL). After standard workup, flash chromatography (hexane/AcOEt 7:3 + 3% Et3N) af-
forded the title compound as colorless oil. 1H NMR (250 MHz, CDCl3) δ 8.73 (d, J = 4.2 Hz,
1H), 8.06 (d, J = 7.8 Hz, 1H), 7.80 (td, J = 7.8, 1.7 Hz, 1H), 7.47–7.39 (m, 1H), 7.34–7.21 (m,
5H), 7.01–6.86 (m, 5H), 4.86–4.65 (m, 2H), 4.54 (t, J = 8.2, 7.3 Hz, 1H), 4.33 (dd, J = 9.3,
4.0 Hz, 1H), 4.03 (dd, J = 9.3, 7.1 Hz, 1H). 13C NMR (63 MHz, CDCl3) δ 164.6, 158.7, 150.0,
146.6, 136.8, 129.6, 126.0, 124.2, 121.3, 114.7, 71.6, 69.7, 66.3. [M + Na]+ found = 277.0958,
C15H14N2O2Na+ requires 277.0947.

3.1.4. N-(4-Phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butan-2-yl)picolinamide (11)

According to procedure D, a dried 10 mL Schlenk tube was charged with B2pin2
(114.3 mg, 0.45 mmol), CuCl (3.0 mg, 0.03 mmol), freshly sublimed t-BuOK (33.6 mg,
0.3 mmol), corresponding aziridine (38.0 mg, 0.15 mmol) and THF (0.75 mL). After standard
workup, preparative TLC (hexane/AcOEt 9:1 + 2% Et3N, 4 runs; Rf = 0.28) afforded the title
compound (6.8 mg, 12%) as colorless oil. 1H NMR (400 MHz, CDCl3) δ 8.55 (dt, J = 4.8, 1.8,
0.9 Hz, 1H), 8.33 (d, J = 9.5 Hz, 1H), 8.21 (dt, J = 7.8, 1.1 Hz, 1H), 7.84 (td, J = 7.7, 1.7 Hz, 1H),
7.40 (ddd, J = 7.6, 4.8, 1.3 Hz, 1H), 7.30–7.12 (m, 5H), 4.49–4.37 (m, 1H), 2.70 (t, J = 9.6, 7.0 Hz,
2H), 1.99–1.90 (m, 2H), 1.27 (d, J = 8.0 Hz, 1H), 1.23 (s, 12H). [M + Na]+ found = 405.1968,
C21H27BN2O4Na+ requires 405.1956.

3.1.5. N-(4-Phenylbutan-2-yl)picolinamide (12)

From previously described preparative TLC, the title compound was also separated
(Rf = 0.45) as a colorless oil (2.9 mg, 8%). 1H NMR (400 MHz, CDCl3) δ 8.54 (dt, J = 4.8, 1.8,
0.9 Hz, 1H), 7.92 (d, J = 9.0 Hz, 1H), 7.85 (td, J = 7.7, 1.7 Hz, 1H), 7.43 (ddd, J = 7.6, 4.8, 1.3 Hz,
1H), 7.32–7.13 (m, 5H), 4.32–4.20 (m, 1H), 2.71 (t, J = 9.0, 7.2 Hz, 2H), 1.97–1.86 (m, 2H),
1.31 (d, J = 6.7 Hz, 3H). [M + Na]+ found = 277.1318, C16H18N2ONa+ requires 277.1311.

The synthesis of protected aziridines is reported in the Supporting Information.

3.2. Computational Section

Optimization of all structures was carried out with the Gaussian 16 package [36] at
the DFT level [37], employing the functional B3LYP-D3 (damping function: S6 = 1.000;
SR6 = 1.2610; S8 = 1.039). [38] and 6 − 31 + G(d) basis set for C, H, B, N, O, S and Cl
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atoms and SDD basis set (Stuttgart RSC 1997 ECP) for Cu [39]. Berny analytical gradient
optimization routines were applied for optimization of the minima on the PES [40]. Analyt-
ical frequency calculations (T = 298.15 K and 1 atm pressure) were performed in order to
verify that Transition States or minima had one or no imaginary frequency, respectively.
Several conformers were investigated, and only the less energetic ones were considered
here. IRC calculation was also performed in order to verify whether we had indeed found
the desired TS structure. Free Energies, obtained by frequency calculation, were corrected
using a single point energy obtained with the larger basis set 6-311+G(2d,p) on C, H, B, N,
O and Cl atoms and with solvent (THF) simulation by PCM model [41]. No appreciable
improvement were found by optimization and frequency calculation with the most CPU
expensive basis set 6-311+G(2d,p). See Table S2, Page S7, Supporting Information.

4. Conclusions

To sum up, we have shown the difficulties associated with the development of a
general protocol to open the strained ring of protected alkyl aziridines with a nucleophilic
boron reagent to give β-aminoboronates. We have now individuated precise reaction
parameters (copper salts, protecting group, base and substrates) that can promote the
direct borylative ring-opening pathway. The experimental data have also been rationalized
theoretically by computational calculation, laying for the first time the foundation for
further discoveries in the nucleophilic borylative ring-opening of strained heterocycles.

Supplementary Materials: The following are available online. Synthesis of aziridines 1a–c, 4c–9c,
10 [42–56], Scheme S1: Synthetic pathway for the synthesis of aziridines, Table S1: Two-Copper model,
substitution of chloride with alkoxide anion: comparison of activation Free Energies corresponding
to TS3 and TS4 from N-(2-picolinoyl)-methyl aziridine. Figure S1: Particular of the reaction energy
profile comparison between the anti-Markovnikov and Markovnikov pathways of N-2-picolinoyl-
methyl aziridine (model with the Et2O molecule), Table S2: One-Copper model, N-(2-picolinoyl)-
methyl aziridine: comparison between Free Energies obtained at different theory level. Cartesian
Coordinates and Thermochemical data of the optimized structures. Copies of 1H and 13C NMR of
all new products and further computational details are provided as Supplementary Materials.
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