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ABSTRACT: A novel macrocyclic 1,7-dioxa-[2.1.1]-(2,6)-pyridi- R>1:<R2 + phienTs 2 >S%cat RRJ fRéa s o
nophane ligand has been synthesized and crystallographically Rs Rs 25:5% NaBArT, T4 N
characterized. Two derived metal complexes, dichloropalladium(II) 3-5 equiv. DCM.5min, 0°C ' cos

and chlorocopper(I), were prepared. In the palladium(II) complex

LPdCl,, both in the solid state, according to its crystallographic
characterization, and in CH,Cl, solutions at —40 °C, according to 0"N
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"H NMR spectroscopy, the ligand adapts a C;-symmetric K¥*-N,N- | PN | N N7
coordination mode in which the metal atom binds to two

nonequivalent pyridine fragments of the macrocycle. The complex

= N

electron-poor
cat AGp9g° = -14.6 kcal/mol (DFT) P

is fluxional at 20 °C. In the crystalline copper(I) complex LCuCl,

the macrocyclic ligand is also k*-N,N-coordinated to the metal, but it utilizes two equivalent pyridine fragments for the binding.
The copper(I) complex is fluxional in CH,Cl, solutions in the temperature range between 20 and —70 °C and is proposed to be
involved in a fast intermolecular macrocyclic ligand exchange which is slowed down below —40 °C. DFT calculations predict a
lower thermodynamic stability of the dioxapyridinophane-derived complexes LPdCl, and LCuCl, as compared to their [2.1.1]-
(2,6)-pyridinophane analogs containing bridging CH, groups instead of the oxygen atoms. The electron poor
dioxapyridinophane chlorocopper(I) complex, in combination with NaBAr®, (BAr", = tetrakis[3,5-bis(trifluoromethyl)-
phenyl]borate) in dichloromethane solutions, can serve as an efficient catalyst for aziridination of various olefins with PhINTs at

0-22 °C.

B INTRODUCTION

(2,6)-Pyridinophanes, macrocyclic (poly)pyridine derivatives
(Scheme 1a), can serve as chemically robust polydentate
ligands in metal coordination chemistry providing unique
environment to the bound metal atoms and capable of
affecting dramatically their reactivity.'® Mono-' and dipyr-

Scheme 1. Some Representative Pyridinophanes and
Derived Metal Complexes
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idine-containing9 macrocycles (Scheme 1la; n = 1 and 2,
respectively) are synthetically the most readily available and
have received increased attention as ligands.z_4 In turn,
tripyridine-containing macrocycles, [x.y.z]-(2,6)-pyridino-
phanes (Scheme 1b) are less explored in this respect. Among
the latter, [3.3.3]-(2,6)-pyridinophanes (Scheme 1b, x =y = z
= 3) with a larger macrocycle size were found to be a good fit
to large lanthanide ions Ln’**,'"" whereas [2.1.1]-(2,6)-
pyridinophanes (Scheme 1b, x = y = 1, z = 2) with a smaller
macrocycle size are suitable for metal ions derived from 3d-,°
4d- and Sd-block™ elements.

The coordination behavior of parent [2.1.1]-(2,6)-pyridino-
phane ligand 1 (Scheme 1b) and its derivatives, as well as the
reactivity of the derived late d-block metal complexes are
influenced strongly by the ligand constrained geometry and the
macrocycle size which is slightly larger-than-optimal for the
most efficient binding of all three nitrogen donor atoms.”™’
These properties of 1 impart some lability (k*-coordination) to
the derived metal complexes. In particular, the lability of «°-
coordinated ligand 1 enables facile and reversible alkane and
arene C—H oxidative addition/reductive elimination chemistry
involving a coordinated Pt"/Pt" center.” In turn, the metal
derivatives containing k*-coordinated ligand 1, such as LPtMe,
and LPdCl,, are fluxional at 20 °C,’ but the increasing ligand
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Scheme 2. Synthesis of Dioxa-[2.1.1]-(2,6)-pyridinophane 4
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Figure 1. ORTEP drawings (50% probability ellipsoids) for (a) 4 and the derived complexes, (b) dichloropalladium(II) complex 9, and (c)
chlorocopper(I) complex 10 (hydrogen atoms are omitted for clarity; solvent molecules are not shown). Selected distances (A) and angles
(degrees) for (b): Pd1-N11, 2.041(1), Pd1-N21, 2.879(1); Pd1—-N31, 2.050(1); Pd1—-Cl1, 2.278(1); Pd1—CI2, 2.293(1); N11-Pd1-N3I,
83.88(4); N31-Pd1-N21, 66.98(4); N11-Pd1-N21, 80.19(4); N31-Pd1-Cl1, 171.23(3); N31-Pd1-Cl2, 92.25(3); N11-Pd1-ClI,
91.78(3); N11-Pd1—ClI2, 175.35(3); Cl1—Pd1—Cl2, 91.71(1). Selected distances (A) and angles (degrees) for (c): Cul—N11, 2.115(2), Cul—
N21, 2.056(2); Cul—N1, 2.355(2); Cul—ClIl, 2.167(1); N11—Cul—N21, 94.53(6); N11—Cul—N1, 76.58(6); N21—Cul—N1, 75.55(6); N21—
Cul—Cl1, 137.00(4); N11—Cul—ClI1, 123.82(5); N1—Cul—Cl1, 127.67(4).

steric bulk resulting from methylation of its CH, linkers affects
the preferred mode of the ligand x’-coordination to Pd"
(compare 2 and 3 in Scheme 1c) and shuts down fluxional
behavior for bulkier complex 2.

The chemical robustness of 1 was exploited in LCu'-
catalyzed nitrene transfer to olefins® and alkane dehydrogen-
ation/olefin aziridination sequence with PhINTSs as a nitrene
source.'' Expectedly, the structural rigidity and chemical
reactivity of pyridinophane-supported metal complexes may be
modified by replacing the methylene linkers in 1 with other
groups, e.g., oxygen atoms, as in dioxa-[2.1.1]-(2,6)-pyridino-
phane 4. Such structural modification may affect the ligand
donicity, making ligand 4 and derived complexes more
electron-poor and more chemically robust. Recently, elec-
tron-poor tripod ligands were used successfully to generate and
characterize some highly reactive terminal copper nitrene
complexes,'” as well as to accomplish a carbene insertion into
methane C—H bonds."” In turn, the overwhelming majority of
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(2,6)-pyridinophane ligands used in coordination chemistry
are electron-rich,'* and all the previously reported [2.1.1]-
(2,6)-pyridinophanes® are not an exception.

In this work, it was our goal to synthesize new dioxa-[2.1.1]-
(2,6)-pyridinophane 4, prepare some derived representative d-
block metal complexes, and compare their structure and
reactivity with those of their analogs derived from the parent
ligand 1. A report of this work is presented below.

B RESULTS AND DISCUSSION

Synthesis of Dioxa-[2.1.1]-(2,6)-pyridinophane 4. New
pyridinophane 4 was prepared in an overall 11% yield starting
from 2-chloro-6-methylpyridine S, as shown in Scheme 2.
Methylpyridine 5 was lithiated using #-BuLi in THF at —60
°C, and the resulting 6-chloropicolyllithium was subjected to
oxidative C—C coupling using 0.5 equiv of 1,2-dibromoethane
to produce 1,2-bis(6-chloropyridin-2-yl)ethane 6. A quantita-
tive-by-NMR nucleophilic substitution of chlorine atoms in 6

DOI: 10.1021/acs.inorgchem.9b02618
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Scheme 3. Synthesis of Dichloropalladium(II) complex 9
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Figure 2. '"H NMR spectra of complex 9 in CD,Cl, at 22 °C (top) and —40 °C (bottom).

with OH groups occurred after heating 6 with aqueous
hydrochloric acid at 170 °C for 2 days. The resulting bis-
pyridinol was isolated as HCI salt 7. Deprotonation of 7 with
n-BuLi in ether led to dilithium derivative 8 which was reacted
with 2,6-dichloropyridine in 1,3-dimethyl-2-imidazolidinone
(DMI) solvent to form 4. Single crystals of macrocycle 4 were
produced upon its recrystallization from ethyl acetate and were
characterized by X-ray diffraction analysis (Figure 1a).

Similar to the CH,- and CMe,-bridged [2.1.1]-(2,6)-
pyridinophanes,” macrocycle 4 adapts an “alternate cone’-
type arrangement of the three pyridine rings, allowing it to
avoid an accommodation of three nitrogen lone pairs in a close
proximity of each other, so minimizing their mutual repulsion.
An additional factor favoring the outward orientation of the
symmetry-unique pyridine ring A in macrocycle 4 (see Scheme
1) may be some weak stabilizing n(O)—z*(py) interaction
between nonbonding orbitals of the bridging oxygen atoms
and the n*-orbitals of pyridine ring A. Because of this
stabilizing orbital interaction, 4 may be less prone to adapt a
“cone” geometry necessary for the facial x°-N,N,N-coordina-
tion to a metal center.

Preparation, Structural Characterization, and Flux-
ional Behavior of Dichloropalladium(ll) Complex 9.
Mixing 4 with PdCl,(MeCN), dissolved in acetonitrile at 50
°C with subsequent cooling of the mixture to room
temperature and crystallization overnight produces pure
dichloropalladium(II) complex 9 as an orange powder
(Scheme 3).

Single crystals of 9 could be grown from its saturated
dichloromethane solution layered with pentanes. According to
X-ray diffraction analysis of 9 (Figure 1b), the complex is C;-
symmetric in the solid state. The palladium atom coordination
geometry is a slightly distorted square planar. The macrocyclic
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ligand in 9 adapts a k*-N,N-coordination mode utilizing
nitrogen donor atoms of two nonequivalent pyridine rings, A
and B (Scheme 1c), where the Pd1—-N31 (ring A) distance,
2.050(1) A, is slightly longer than the Pd1-N11 (ring B)
distance, 2.041(1) A. The third pyridine ring of the
coordinated macrocycle assumes an outward orientation of
its nitrogen lone pair with the Pd1—N21 distance of 2.879(1)
A to minimize the repulsion between the nitrogen lone pair
and nonbonding electron pairs of the metal occupying its d 2,
d,, and d,, orbitals. The orientation of the pendant pyridine
ring is similar, in a related structurally characterized complex 2
(Scheme 1c) having bridging CMe, groups.58 In contrast to
our new complex 9, complex 2 has an idealized C-symmetric
structure allowing the metal atom to minimize another type of
destabilizing repulsive interactions, not present in 9 and
involving the ligand methyl groups situated in the close
proximity to the metal.

NMR characterization of 9 was performed in CD,Cl,
solutions. Due to low solubility of 9 in most common solvents,
the characterization was limited to "H NMR spectroscopy. The
"H NMR spectrum of 9 recorded at 22 °C exhibits a pattern
typical for an apparent Ci-symmetric complex with five sharp
partially overlapping multiplets in the aromatic region (Figure
2, top), and the C,H, linker protons give rise to two broad
signals. These observations suggest a fluxional behavior of 9,
which was also documented for parent CH,-bridged complex 3
(Scheme Ic) in the same solvent.”® The '"H NMR spectrum of
9 recorded at —40 °C (Figure 2, bottom) shows six sharp
essentially resolved and one unresolved multiplet in the
aromatic region along with two sharp well-resolved and two
overlapping multiplets of the C,H, linker protons. The
observed low-temperature spectrum is consistent with the
realization of two enantiomeric C,-symmetric structures of 9
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Scheme 4. DFT-Calculated Gibbs Energy of an Imaginary Pyridinophane Ligand Exchange Reaction Involving Complexes 3

and 9 and Ligands 1 and 4
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Figure 3. DFT-optimized geometries of 10 (a) and 11 (b). Selected distances (A) and bond angles (degrees): (a) 10, Cu—N1, 2.37; Cu—N2, 2.06;
Cu—N3, 2.28; N2—Cu—N3, 90.2; N2—Cu—Cl, 143.7; N3—Cu—Cl, 121.4; (b) 11, Cu—N1, 2.04; Cu—N2, 2.06; Cu—N3, 2.16; N2—Cu—N3,
100.9; N2—Cu—Cl, 129.3; N3—Cu—Cl, 109.9; N1-Cu—N2, 92.2; N1-Cu—N3, 93.2.

(Scheme 3), also found in the solid state (Figure 1b). At 20 °C
the enantiomers and an additional C-symmetric isomer are
involved in an interconversion with a fast migration of the
metal atom between three pyridine rings of the macrocycle.
The relative stabilities of the C;- and C-symmetric isomers
of 9 were estimated using DFT calculations. The calculations
show that these isomers are almost equally stable at 25 °C,
with the Gibbs energy of the latter being only 0.1 kcal/mol
higher. This is a significant change from the 7.1 kcal/mol
difference between the more stable C,-symmetric isomer and
the less stable Ci-symmetric isomer of 3. The most likely cause
of this change involves two factors. As compared to the C;-
symmetric isomers of 3 and 9, their C-symmetric counterparts
experience stronger repulsion between the metal lone pairs
occupying its d,> orbital and m-electrons of the pendant
pyridine ring. This is because the linkers holding the pendant
pyridine rings in the C-symmetric species, two CH, groups in
3 or two O atoms in 9, are shorter overall, as compared to their
C,-symmetric counterparts where one of the linkers is the
longer ethylene tether. However, the C,-symmetric isomer of 9
may be slightly destabilized because the metal atom here is
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coordinated to an electron-poorest ring, A (Scheme 3), having
two electron-withdrawing oxygen substituents.

To compare the overall binding energy of macrocyclic
ligands 1 and 4 to that of the Pd"Cl, fragment, we used DFT
calculations. The imaginary pyridinophane ligand exchange
reaction involving complexes 3 and 9 and macrocycles 1 and 4
(Scheme 4) shows a dramatic preference, by 17.4 kcal/mol in
the Gibbs energy scale, for the Pd"Cl, fragment coordination
to electron-richer methylene-bridged ligand 1.

Hence, overall, 4 is a poorer electron donor, as compared to
1. The replacement of two methylene linkers in pyridinophane
complex 3 with two oxo groups in 9 diminishes significantly
the thermodynamic stability of the derived dichloropalladium-
(I1) complexes. In turn, the reason behind the lower donicity
of 4 appears to be the electron-withdrawing character of two
bridging oxygen atoms. In support to this claim, the average
energy of three ligand 4 molecular orbitals accommodating its
nitrogen donor atoms lone pairs is —5.56 eV, as compared to
—S5.16 eV for CH,-bridged parent compound 1 (Table S1).

Preparation and Characterization of Chlorocopper(l)
Complex 10. The chorocopper(I) complex derived from
dioxapyridinophane 4 was prepared by stirring CuCl with 1

DOI: 10.1021/acs.inorgchem.9b02618
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Figure 4. '"H NMR spectrum of complex 10 in CD,Cl, at 20 °C (top) and —40 °C (bottom).

equiv of 4 dissolved in dichloromethane at room temperature
(Scheme 5). The reaction was complete after 10 min to give a
pale yellow solution of target compound 10.

Single crystals of 10 suitable for X-ray diffraction analysis
were grown from its dichloromethane solution layered with
cyclooctane. According to crystallographic characterization
(Figure 1c), the pyridinophane ligand is x*-N,N-coordinated to
the metal and utilizes two nitrogen donor atoms of two
equivalent pyridine fragments, B (Scheme 1c). The structure
of 10 can be viewed as a result of a distortion of a C-symmetric
species that allows the ethylene linker C,H, to assume a
staggered conformation. The copper atom coordination
geometry is distorted trigonal planar with the metal atom
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slightly deviating from the plane of the three attached donor
atoms, N11, N21, and Cl1. The sum of the three adjacent
angles, N21-Cul—Cll, N11-Cul-Cll, and N21-Cul-
N11, is 355.4°. As a result of the distortion, the Cul—N11
distance, 2.115(2) A, is longer than the Cul—N21 distance,
2.056(2) A. The third, symmetry-unique pyridine ring, A, of
the macrocycle is pointing its nitrogen donor lone pair away
from the metal with the Cul—N1 distance of 2.355(2) A. A
comparison of the solid state structure of 10 (Figure 1c) and
the DFT-calculated structure of 10 (Figure 3a) shows a good
match of the key geometric parameters of the metal
coordination unit in the DFT-calculated structure and the
solid-state structure.

DOI: 10.1021/acs.inorgchem.9b02618
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Scheme 6. Proposed Macrocyclic Ligand Exchange Mechanism in CH,CIl, Solutions of 10 along with DFT-Calculated Reaction
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Similar to the results of the solid-state structure analysis,
both 3C and 'H NMR spectra of 10 in CD,Cl, solutions
recorded at 22 °C show the presence of a single species of a
virtual C; symmetry. The '"H NMR spectrum of 10 features a
slightly broadened singlet at 3.54 ppm corresponding to the
protons of the C,H, bridge of ligand 4, along with five well-
resolved multiplets, two triplets, and three doublets, in the
aromatic region (Figure 4, top). These signals are noticeably
downfield-shifted, as compared to the spectrum of free ligand
4.

The unusual appearance of the signal of the C,H, bridge
protons as a relatively narrow singlet with the half-width 10 Hz
(Figure 4, top) may suggest a rapid and reversible dissociation
of the macrocyclic ligand and/or a rapid intermolecular
transfer of the Cu'Cl fragment between different pyridino-
phane ligands, possibly, via dinuclear pyridinophane—bridged
species 12 (Scheme 6, vide infra). In accordance with this
hypothesis, the 'H NMR spectrum of 10 recorded at —40 °C
(Figure 4, bottom) shows the C,H, bridge proton signals as
two broad unresolved multiplets of approximately equal
intensity. The signals of pyridine ring A protons become
broad, while the signals originating from apparently equivalent
pyridine rings B remain sharp. At —70 °C, the C,H, bridge
protons produce two resolved signals of equal intensity; all the
signals in the aromatic region become broad and the presence
of one more minor species (~15%) becomes apparent (Figure
S3). These spectral changes may be associated with a slowing
down of an intermolecular Cu'Cl fragment transfer between
different pyridinophane ligands shown in Scheme 6.

The experimental observations above have been comple-
mented by DFT calculations (Figure S4). According to the
DFT, the lowest-energy structure of 10 (Figure 3a) having the
C,H, linker of the pyridinophane ligand in a staggered
conformation can interconvert readily into its enantiomer with
a calculated Gibbs activation energy of 3.1 kcal/mol. The facile
isomerization is responsible for making pyridine rings B

equivalent in the NMR time scale at —40 °C. In addition,
similar to Pd"Cl, complex 9, complex 10 can exist as a C,-
symmetric K>-N,N-coordinated isomer with two nonequivalent
pyridine fragments, A and B (Scheme 1c), attached to the
metal (Scheme 5). These isomers can be involved in another
fast interconversion equilibrium. The C;-symmetric complex is
calculated to be 3.0 kcal/mol higher in energy and is produced
from the lowest energy structure with the Gibbs activation
energy of 5.4 kcal/mol (Figure S4, TSg ). The N1—-Cul
distance in corresponding transition state TS, is relatively
long, 2.27 A, and more importantly, the N1 nitrogen lone pair
is still pointing away from the metal atom, suggesting only a
weak possible metal—donor interaction. Hence, it may be
expected, that the main contribution to the 5.4 kcal/mol
activation barrier is associated with the macrocycle con-
formation change involving reorientation of symmetry-unique
pyridine fragment A from “away from the metal” to “pointing
to the metal”. Comparing the conformational flexibility of 4
and other pyridinophanes in their derived complexes, it is
worth noting that ligand 4 in 10 is more “flexible” than a
coordinated diazapyridinophane present in Pd(II) complex 13
(Scheme 7) which was studied in detail previously.'> The
height of the barrier associated with the macrocycle 71’
rearrangement in 13, 14.9 + 0.2 kcal/mol, is greater than 5.4
keal/mol for complex 10 isomerization (Figure S4, TS, yn)-

The proposed mechanism for an intermolecular Cu'Cl
fragment exchange between different macrocyclic ligands has
also been analyzed using DFT calculations (Scheme 6, Figure
S4). The reaction was proposed to involve a k'-N-coordinated
C,-symmetric isomer of 10 which is only 4.8 kcal/mol less
stable than the ground-state structure. Owing to the fact that in
the k'-N-coordinated structure, rings B have an opposite
orientation of their nitrogen lone pairs, two such species may
be involved in a bimolecular transfer of one CuCl moiety
resulting in the formation of dinuclear complex 11/free ligand
4 pair with the overall Gibbs energy change of 10.8 kcal/mol.

DOI: 10.1021/acs.inorgchem.9b02618
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Scheme 7. 5*-7>-Rearrangement of 2,11-Diaza[3.3]-(2,6)-
pyridinophane Ligand in Dichloropalladium(li) Complex
13"

Since two CuCl moieties in 11 are attached to the opposing
sides of the macrocyclic ligand, removal of one of them can
lead to a virtual “migration” of a Cu'Cl fragment from one face
of the macrocycle to another resulting in an NMR-equivalence
of the C,H, bridge protons observed at 20 °C.

When discussing structure and dynamics of our new
complex 10, it may also be interesting to compare it with its
analog, 11 (Figure 3b), containing two CH, bridges in the
macrocycle instead of two oxygen atoms. First, in contrast to
10, the macrocycle in 11 is k*-coordinated, according to single-
crystal X-ray diffraction analysis.” Accordingly, 'H NMR
spectra of 11 in CH,Cl, exhibit five sharp multiplets in the
aromatic region both at 22 and —45 °C, suggesting a virtual C;
symmetry of 11 at 22 °C, similar to that of 10. In contrast to
10, the C,H, bridge protons of the macrocycle in 11 show two
well-resolved multiplets, excluding the possibility of the Cu'Cl
fragment transfer between pyridinophane ligands in CH,CI,
solutions of 11. This pattern can be viewed as a result of a
stronger metal—ligand coordination in 11, as compared to that
in 10.

The weaker metal—macrocyclic ligand binding in 10, as
compared to 11, could also be demonstrated using DFT
calculations. The calculated Gibbs energy of substitution of
macrocycle 1 for 4 in complex 10 is —14.6 kcal/mol (Scheme
8), close to the value found for the PACl, fragment transfer
reaction in Scheme 4. A particularly low donicity of pyridine
fragment A in dioxa-pyridinophane 4 appears to be responsible
for the lower stability of the C,-symmetric versus Ci-symmetric
structure of 10.

Hence, similar to a Pd" coordination, dioxapyridinophane
ligand 4, as compared to 1, is also more weakly binding to a
Cu' center. This weak coordination enables proposed unusual
ligand 4 transfer between Cu' centers affecting the appearance
of '"H NMR spectra of derived complex 10.

Attempted Preparation of Platinum(ll) Complexes of
4. Holding in mind weak donor properties of 4 one can expect

that preparation of some of its metal derivatives may be
problematic. In fact, our attempts to prepare a Pt" analog of
complex 9 (Scheme 3) by reacting K,PtCl, and 4 in water
were not successful. No changes in the composition of the
mixtures were seen by NMR after 2 days. Similarly, no reaction
was observed in mixtures of 4 and Pt,Me,(SMe,), dissolved in
THE after 1 day.

Aziridination of Olefins with PhINTs Catalyzed by 10/
NaBArf, in Dichloromethane Solutions. The electron-
poor nature of ligand 4 may be beneficial when it comes to
utilization of some of derived metal complexes in strongly
oxidizing conditions such as nitrene transfer. Having an
electron-poor metal fragment attached to a nitrene may help
maintain the electrophilicity and reactivity of the nitrene on a
high level,"” allowing for potentially more efficient nitrene
transfer catalysis.

In this work we probed the catalytic activity of copper(I)
complex 10 in combination with equimolar amounts of
NaBArf, (BAr", = tetrakis[3,5-bis(trifluoromethyl)phenyl]-
borate) acting as a chloride ligand abstractor in dichloro-
methane solutions in aziridination of various olefins (3—5
equiv) with PhINTs at 0—22 °C (Table 1). As discussed

Table 1. Catalytic Aziridination of Selected Olefins (3—5
equiv) with PhINTs in the Presence of x mol % of 10 and x
mol % NaBAr", (x = 2.5 and 5) in Dichloromethane
Solutions at 0 °C

R4 Ry x mol % 10 R4 R,
x mol % NaBArF, )W<
— + PhI=NTs ——mMm——> + Phl

: : 5-15 min, 0-22 °C, CH,Cl, Ry Rs

R R #g

3-5 equiv.

entry substrate (equiv) catalyst loading (x %) aziridine, % yield
1 ) 5.0 14, 98°

cis-cyclooctene, 3 “

2 25 14, 90
3 cis-cycloheptene, 3 2.5 15, 90
4 cyclohexene, 5 5.0 16, 80
S cyclopentene, S S.0 17,78
6 styrene, 3 S.0 18, 98
7 2-methylbutene, $ 5.0 19, 98
8 2,3-dimethylbutene, S 5.0 20, 98
9 methyl acrylate, S 5.0 21, 98
10 methyl methacrylate, 5 S.0 22, 98
11 3,3-dimethylbutene, S 5.0 23, 65
12 4,4-dimethylpentene, S 5.0 24, 82
13 methyl methacrylate, 5 5.0° 22, 66

“Reaction run at 22 °C. bCatalyst 10 was used without NaBArf,.

earlier,'® we assume that the metal atom in a catalyst must
coordinate PhINTS to produce a reactive nitrene Cu complex.

Scheme 8. DFT-Calculated Gibbs Energy for a Pyridinophane Ligand Exchange Reaction Involving Complexes 10 and 11 and

Ligands 1 and 4 in CH,Cl, at 2§ °C

&

1"

AGygg° = -14.6 kcal/mol
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DOI: 10.1021/acs.inorgchem.9b02618
Inorg. Chem. 2019, 58, 15562—15572


http://dx.doi.org/10.1021/acs.inorgchem.9b02618

Inorganic Chemistry

In the presence of NaBAr", the chloride ligand present in
LCuCl may be abstracted to produce LCu® and a CH,Cl,-
insoluble NaCl. The cationic species LCu® is more
coordinatively unsaturated, less sterically encumbered and
more electrophilic than LCuCl. For all these reasons, LCu" is
expected to bind PhINTs more readily and allow for faster
catalysis. In fact, such reactivity difference was observed in our
experiments (vide infra).

The CH,-bridged analog of 10, complex 11, has been
characterized by us in olefin aziridination previously. The
derived catalyst, 11 + NaBAr",, was shown to be highly active
in dichloromethane solutions although it underwent a fast
degradation producing pale-yellow catalytically inactive spe-
cies. Hence, it was of our interest to test the catalytic properties
of the electron-poorer catalyst derived from 10. The results of
our tests are given in Table 1. Most of the reactions were run at
0—22 °C. Upon addition of a catalyst solution, 10 + NaBAr",
in dichloromethane, to a suspension of PhINTSs and 3—5 equiv
of olefin dissolved in dichloromethane, the color of the mixture
changed to a deep green. Upon stirring for S—15 min at 0—22
°C, all the PhINTS reagent dissolved.

With S mol % catalyst loading, the observed NMR yields of
the resulting aziridines, in most cases, are high, in the range of
78—98%. The highest yields were achieved with sterically
unhindered olefins where side reactions with nitrene are least
likely, 98% for cis-cyclooctene (entry 1), styrene (entry 6),
trimethylethylene (entry 7), tetramethylethylene (entry 8),
methyl acrylate (entry 9), and methyl methacrylate (entry 10).
When the catalyst loading is decreased to 2.5 mol %, the yields
decrease slightly (e.g, compare entries 1 and 2). Overall, this
level of catalytic activity matches well that of CH,-bridged
analog 11 under similar conditions.” Somewhat lower aziridine
yields with 10 as a catalyst are observed for sterically bulkier
substrates, tert-butylethylene (65%, entry 11) and neopentyl-
ethylene (82%, entry 12). Notably, when complex 10 was used
as a catalyst by itself, in the absence of NaBAr",, the aziridine
yields are lower, e.g.,, 66 versus 98%, for methyl methacrylate
substrate (entries 13 and 10, respectively).

The most notable result in Table 1 that distinguishes
catalysts 10 and 11 in their performance in olefin aziridination
concerns reactions of more challenging substrates, the virtually
unstrained cycloolefins, cyclohexane (80%, entry 4) and
cyclopentene (78%, entry S). These olefins can also undergo
a competitive nitrene insertion into their allylic CH bonds.”
Notably, using electron-richer and less chemically robust
precatalyst 11 with these substrates affords 20—40% lower
yields of derived aziridines.

When analyzing the catalytic activity of our 10/NaBAr,
catalyst, it may be interesting to compare it with that of other
Cu-based catalysts, although such data available in literature is
limited. For a comparison of Cu-catalyzed olefin aziridination
with PhINTs, we considered methyl methacrylate as a
substrate. Table 2 lists results produced when different
catalysts are used in this reaction. The results are arranged in
the order of increasing olefin/PhINTs ratio. The higher ratios,
in general, favor higher aziridine yields. As it can be seen from
Table 2, the yields range between 58 and 98% with the
reaction time between 24 h and 10 min. Overall, the
performance of our 10 + NaBAr", catalyst showing 98%
yield of the aziridine after S—15 min of reaction (Table 1, entry
10) compares favorably to that for the rest of the systems.
Hence, the new catalytic system based on 10 + NaBAr", is one
of the fastest and high-yielding which may prompt us to pursue

Table 2. Catalytic Aziridination of Methyl Methacrylate
with PhINTs and Different Copper-Based Catalysts

Me Me
catalyst
+ PhI=NTs + Phl
N CO,Me
cO,Me N
olefin/PhINTs  catalyst, mol %/solvent, temperature, aziridine
molar ratio time yield (%)  ref
1:1.2 Cu(OTf),, 10%/MeCN, 20 °C, 24 h 58 17
1:1.2 Cu(OTf),, 10%/MeCN, mol. sieves, 68 18
20 °C, overnight
1:1 CuCly(py),, 5%/CHCL,, 23 °C, S min 72 16
5:1 [Cu(MeCN)][A{OC(CE;)3}4]5, 96 19
1%/MeCN, 20 min, 25 °C
5:1 5% 11 + 5% NaBAr",/CH,Cl, 0 °C, 98 8
10 min

a more detailed future investigation of the catalytic activity of
10 in olefin aziridination.

B EXPERIMENTAL SECTION

Computational Details. Theoretical calculations in this work
have been performed using the density functional theory (DFT)
method,* specifically functional PBE,*' and LACVP relativistic basis
set with two polarization functions, as implemented in the Jaguar
program package.”” Full geometry optimization has been performed
without constraints on symmetry in gas phase. The solvation Gibbs
energies, G, in CH,Cl, as solvent were found using single-point
calculations utilizing Poisson—Boltzmann continuum solvation model
(PBF).” For all species under investigation frequency analysis has
been carried out. All energy minima have been checked for the
absence of imaginary frequencies. All transition states possessed just
one imaginary frequency. Using the method of intrinsic reaction
coordinate, reactants, products, and the corresponding transition
states were proved connected by a single minimal energy reaction
path. The total gas phase Gibbs free energy (G,,) at 298 K were
produced in Hartrees (1 hartree = 627.51 kcal/mol). The dispersion-
corrected values of the total gas phase Gibbs free energies (Giyp3)
were found using single point calculations with PBE-D3 functional
and the difference of the SCF energies produced with the PBE and
PBE-D3 functionals, DFT (pbe) and DFT(pbe-d3):

(Gtot,D3) = (Gmt) - DFT(Pbe) + DFT(Pbe'd3)

Finally, the standard reaction Gibbs energies, AG,,,, in kcal/mol were
calculated as follows:

A ern = 627.51 [2( Gtot,D3)products - Z( Gtot,D})reactants ]gasfphase

+ z“(Gso[v) - z:(Gsalv)reactants + AYIRT ln(RT/P)

products

where An is the change in the number of moles in a balanced reaction
equation when going from reactants to products. The standard state
for all solutes is 1 M concentration.

Preparation of Dioxa-[2.1.1]-(2,6)-pyridinophane, 4. 1,2-
Bis(6-chloropyridin-2-yl)ethane, 6. An oven-dried 250 mL round-
bottomed flask was charged with a magnetic stir bar under argon
atmosphere. The flask was capped, and 150 mL of anhydrous THF
and 1S mL (0.15S mol) of anhydrous 6-chloro-2-picoline were
introduced. The stirred solution was cooled to —60 °C, and 13.7 mL
of a 11.0 M n-butyllithium in hexanes (0.15 mol) was added with a
syringe over 20 min. The resulting dark red mixture was stirred at —60
°C for 1 additional hour before being further cooled to =78 °C. A
solution of 6.5 mL (0.075 mol) of 1,2-dibromoethane in 10 mL of
THEF was then injected with a syringe over 10—20 min. When the
addition was complete, the light red mixture was allowed to warm up
to room temperature overnight resulting in a colorless solution. A
saturated aqueous solution of potassium hydroxide (20 g) was added
to the reaction to precipitate most of the lithium and bromide ions
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and the mixture was swirled thoroughly. The resulting colorless liquid
was decanted from a precipitate of lithium hydroxide and potassium
bromide and dried overnight over solid potassium hydroxide. After
removal of the solvent and distillation under vacuum, pure 1,2-bis(6-
chloropyridin-2-yl)ethane was obtained as a colorless crystalline solid.
Yield: 13.7 g, 93%. 'H NMR (400 MHz, CDCl,, 22 °C), 8: 7.52 (t, ]
= 7.7 Hz, 2H), 7.15 (dd, ] = 7.9, 0.9 Hz, 2H), 7.05 (dd, ] = 7.6, 0.9
Hz, 2H), 3.20 (s, 4H). ESI-MS Calcd for C;,H;;CLLN," [M + H]*
252.02. Found: 252.04.

1,2-Bis(6-hydroxypyridin-2-yl)ethane bis(hydrogen chloride), 7.
First, 6.6 g of 1,2-bis(6-chloropyridin-2-yl)ethane 6 was dissolved in
25 mL of 30% aqueous HCI. The mixture was transferred to a 50 mL
Schlenk tube and sealed. The reaction was heated in silicon oil bath at
170 °C for 40 h. During the first 10 h of reaction, every 2 h, the
Schlenk tube was removed from oil bath, cooled to room temperature,
and carefully opened to release the pressure of HCI produced in the
reaction. After the first 10 h of reaction the pressure was released
every 5 h. After 40 h of heating the reaction was cooled to room
temperature and transferred to a round-bottomed flask. The excess
HCI was removed on a rotavap and the residue was dried under high
vacuum to give 7 quantitatively as an off-white crystalline solid, which
was used in next step without further purification. '"H NMR (400
MHz, CD,0D, 22 °C), §: 8.16 (dd, ] = 8.8, 7.4 Hz, 2H), 7.10 (d, ] =
7.4 Hz, 2H), 7.06 (d, ] = 8.8 Hz, 2H), 3.28 (s, 4H). *C NMR (151
MHz, CD,0D, 22 °C), §: 163.12, 151.26, 116.20, 113.51, 32.48. ESI-
MS Calcd for C;,H;3N,0," [M + H]* 217.10. Found: 217.14.

Lithium 6,6’-(Ethane-1,2-diyl)bis(pyridin-2-olate), 8. An oven-
dried 500 mL round-bottomed flask was charged under argon
atmosphere with a stir bar, 7.18 g (33 mmol) of compound 7 and 200
mL of anhydrous diethyl ether. Then, 3.0 mL of a 11.0 M n-
butyllithium solution in hexanes was injected to the resulting
suspension via syringe. The reaction was stirred under argon for 1
week. The solvent was then carefully removed on a rotavap, and the
residue was dried under high vacuum to afford the product 8 in
quantitative yield as fine white powder. 'H NMR (400 MHz, CD,0D,
22 °C), 6: 7.26 (dd, ] = 8.5, 7.0 Hz, 2H), 6.23 (td, ] = 8.2, 0.9 Hz,
4H), 2.82 (s, 4H).

[2.1.1]-(2,6)-9,16-Dioxapyridinophane (O,-L), 4. First, 11.56 g (37
mmol) of lithium salt 8 was dissolved in 120 mL of dry 1,3-dimethyl-
2-imidazolidinone (DMI) in a 250 mL round-bottomed flask followed
by the addition of 5.93 g (40 mmol) of 2,6-dichloropyridine. The
mixture was sealed under argon and heated at 185 °C for 3 days
before being cooled to room temperature and quenched by excess
aqueous KOH solution. The mixture was combined with 500 mL of
water and extracted with 50 mL of dichloromethane three times. After
removal of dichloromethane using a rotavap, the residue was distilled
at 110 °C under high vacuum to remove DMI and then at 230 °C
(0.1 mmHg) to collect crude product 4, which was further purified by
recrystallization in EtOAc and hexanes. The pure macrocycle is a
white crystalline solid (1.31 g, 11%), producing crystals suitable for
single crystal X-ray diffraction. '"H NMR (600 MHz, CDCl,, 22 °C),
5:7.76 (t, ] = 7.9 Hz, 1H), 7.46 (t, ] = 7.7 Hz, 2H), 6.81 (dd, ] = 7.5,
0.8 Hz, 2H), 6.76 (d, ] = 7.9 Hz, 2H), 6.68 (dd, ] = 7.9, 0.8 Hz, 2H),
3.24 (s, 4H). 3C NMR (126 MHz, CDCl,, 22 °C), 6: 161.72, 161.20,
158.63, 142.29, 139.21, 119.44, 111.06, 106.63, 35.82. ESI-MS calcd.
for C;,H,;CLN,* [M + H]* 292.11. Found: 292.20.

Preparation of Dichloropalladium(ll) Complex 9. First, 30.0
mg of PdCl, was suspended in 3 mL of dry acetonitrile in a 10 mL
Schlenk tube. The mixture was sealed and heated at 85 °C for 1 h
until all solids disappeared. The solution was cooled to room
temperature, and 55.0 mg of 4 was added. The reaction was heated at
50 °C for an additional 2 h followed by slow cooling to 0 °C. The
product separated from the solution as reddish powder and was
collected by filtration. The powder was dried under high vacuum to
give 80 mg (94%) of pure 9. Then, 9 mg of the product was dissolved
in 1S mL of DCM in an Erlenmeyer flask and sealed in a bottle
containing 30 mL of pentanes. In a week, crystals were produced
suitable for single-crystal characterization. 'H NMR (500 MHz,
CD,Cl,, —40 °C), 5: 8.06 (t, ] = 8.1 Hz, 1H), 8.02 (t, ] = 7.8 Hz, 1H),
7.95 (t, ] =7.9 Hz, 1H), 7.39 (d, ] = 8.0 Hz, 1H), 7.33 (q, ] = 7.8, 7.3

Hz, 3H), 7.13 (d, ] = 8.2 Hz, 1H), 7.09 (d, J = 8.2 Hz, 1H), 4.17 (t,]
= 12.1 Hz, 1H), 3.50—3.40 (m, 1H), 3.37 (t, ] = 11.8 Hz, 1H), 2.55
(t, ] = 12.0 Hz, 1H). "H NMR (400 MHz, CD,Cl,, 22 °C), 5: 8.12 (t,
] = 8.0 Hz, 1H), 7.98 (t, ] = 7.8 Hz, 2H), 7.35 (dd, ] = 7.6, 1.1 Hz,
2H), 7.24 (t, J = 7.1 Hz, 3H), 4.15 (s, 2H), 3.17 (s, 2H). ESI-MS
caled. for C;;H,,CL,N;0,Pd" [M + H]* 467.95. Found: 467.97.

Preparation of Chlorocopper(l) Complex 10. In a glovebox, an
oven-dried S mL round-bottomed flask was charged with 10.0 mg of
CuCl, 29.6 mg of 4, and 1 mL of anhydrous degassed dichloro-
methane. The mixture was stirred at room temperature for 10 min,
and the product was formed quantitatively to give a yellowish
solution. Complex 10 could be isolated as a yellow solid upon removal
of dichloromethane and drying under high vacuum. '"H NMR (400
MHz, CD,Cl,, 22 °C), §: 7.92 (t, ] = 7.9 Hz, 1H), 7.79 (t, ] = 8.1 Hz,
2H), 7.52—6.18 (m, 6H), 3.62 (s, 4H). *C NMR (CD,Cl,, 22 °C), &:
36.0, 106.9, 113.1, 121.1, 140.7, 144.1, 157.5, 158.2, 159.8.

Attempted Preparation of Platinum(ll) Complexes. Stirring
mixture of aqueous K,PtCl, and 4 in did not lead to any changes after
2 days at 22 °C. Similarly, no changes were observed when a mixture
of 4 and Pt,Me,(SMe,), was kept in THF solution after 1 day at 22
°C.

General Procedure for Aziridination of Olefins with PhINTs
Catalyzed by 10 or 10/NaBAr*,. First, 37.3 mg of PhINTS, 3.00 or
5.00 equiv of the olefin substrate, and 0.6 mL of degassed anhydrous
dichloromethane were charged to an oven-dried NMR Young tube
under the protection of Ar. The Young tube was gently shaken to
make a suspension before being cooled to 0 °C in ice/water bath.
Then, 0.2 mL of a 25 mM solution of 10 or a solution produced by
stirring 25 mM 10 with solid NaBAr", in dry dichloromethane was
injected into the Young tube. The color of the mixture changed to
deep green immediately. The tube was removed periodically from the
ice bath and briefly shaken. After S—15 min, all solids have dissolved
to produce a clear solution so signifying the end of the reaction. Yields
of the aziridines were determined by 'H NMR integration of the
resulting sharp spectra using 1,4-dioxane (see Figure S14) or 4,4'-
bis(tert-butyl)biphenyl as an internal standard added to reaction
mixtures after the reactions were complete. Using this technique, we
have found that formation of Phl was quantitative, based on the
amount of PhINTs used, as observed for various other pyridine-
supported Cu-based catalysts.'® To confirm the identity of resulting
aziridines, the reaction solutions were passed through a short column
filled with alumina, and the products were eluted with CH,Cl,. The
resulting liquids were taken to dryness, and all volatiles were removed
under high vacuum using a warm water bath. '"H NMR parameters of
the isolated products 14—24 (see below) matched well to those
reported earlier.

N-(p-Toluenesulphonyl)-9-azabicyclo[6.1.0]nonane, 14.%*
'H NMR (CDCl,, 22 °C), 8: 1.17—1.61 (m, 10H), 1.93—2.02 (m,
2H), 2.40 (s, 3H), 2.74 (m, 2H), 7.29 (d, 3Jy_y = 8.4 Hz, 2H), 7.77
(d, *Jy_u = 8.4 Hz, 2H).

N-(p-Toluenesulphonyl)-8-azabicyclo[5.1.0]octane, 15.>* 'H
NMR (CDCl,, 22 °C), §: 1.24—1.12 (m, 1H), 1.62—1.40 (m, SH),
1.90—1.76 (m, 4H), 2.44 (s, 3H), 2.98—2.92 (m, 2H), 7.32 (d, ] = 8.3
Hz, 2H), 7.82 (d, ] = 8.3 Hz, 2H).

N-4(g-ToIuenesuIphonyl)-7-azabicyclo[4.1 .0lheptane,
16..2%%° 'TH NMR (CDCl,, 22 °C), 6: 1.15—1.25 (m, 2H), 1.32—1.42
(m, 2H), 1.72—1.80 (m, 4H), 2.42 (s, 3H), 2.95 (m, 2H), 7.30 (4,
3_n = 8.4 Hz, 2H), 7.79 (d, ¥Ju_u = 8.4 Hz, 2H).

N-(p-Toluenesulphonyl)-6-azabicyclo[3.1.0]hexane, 17.%°
'"H NMR (CDCl,, 22 °C), &: 1.50—1.67 (m, 4H), 1.87—1.97 (m,
2H), 2.43 (s, 3H), 3.31 (brs, 2H), 7.30 (d, Jy_y = 8.2 Hz, 2H), 7.79
(d, *Jyy_n = 8.2 Hz, 2H).

2-Phenyl-N-tosylaziridine, 18..2**?® 'H NMR (CDCl,, 22
°C), 6: 2.38 (d, ] = 4.5 Hz, 1H), 2.43 (s, 3H), 2.98 (d, ] = 8 Hz, 1H),
3.77 (dd, J = 8, 4.5 Hz, 1H), 7.31-7.19 (m, SH), 7.33 (d, ] = 8 Hz,
2H), 7.87 (d, ] = 8 Hz, 2H).

2,2,3-Trimethyl-N-tosylaziridine, 19.28 'H NMR (CDCl,, 22
°C), 6: 1.12 (d, *Jy_y = 5.8 Hz, 3H), 1.26 (s, 3H), 1.67 (s, 3H), 2.42
(s, 3H), 2.94 (q, *Jyy_g = 5.8 Hz, 1H), 7.32 (d, *Jy_y; = 8.4 Hz, 2H),
7.77 (4, *Ju_u = 8.4 Hz, 2H).
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2,2,3,3-Tetramethyl-N-tosylaziridine, 20.2” 'H NMR
(CD,Cl, 22 °C), 6: 1.45 (s, 12H), 2.42 (s, 3H), 7.31 (d, *Jy_y =
8.4 Hz, 2H), 7.77 (d, ¥Jy_u = 8.4 Hz, 2H).

2-Carbomethoxy-N-tosylaziridine, 21.%2 'H NMR (CDCl,, 22
°C), 8: 2.42 (s, 3H), 2.53 (d, *Jy_yy = 4.1 Hz, 1H), 2.73 (d, Jy_gg =
7.3 Hz, 1H), 3.31 (dd, *Jy_y = 4.1 Hz, *Jy_y = 7.1 Hz, 1H), 7.32 (4,
3g_u = 8.1 Hz, 2H), 7.81 (d, ¥Jy_y = 8.0 Hz, 2H).

2-Carbomethoxy-2-methyl-N-tosylaziridine, 22.>° 'H NMR
(CDCl,, 22 °C), 6: 1.87 (s, 3H), 2.41 (s, 3H), 2.68 (s, 3H), 2.76 (s,
3H), 7.30 (d, ¥Jy_u = 8.2 Hz, 2H), 7.81 (d, *Jy_yy = 8.3 Hz, 2H).

2-tert-Butyl-N-tosylaziridine, 23.3° 'H NMR (CD,Cl, 22 °C),
5:0.78 (s, 9H), 2.18 (d, ] = 4.2 Hz, 1H), 2.42 (m, 1H), 2.43 (s, 3H),
2.47-2.52 (m, 1H), 7.30 (d, 3Jg_g = 8.4 Hz, 2H), 7.80 (d, *Jy_g =
8.4 Hz, 2H).

2-neo-Pentyl-N-(p-toluenesulphonyl)-aziridine, 24.'° 'H
NMR (CDCl,, 22 °C), 8: 0.90 (s, 9H), 1.25 (m, 1H), 1.45 (m,
1H), 1.94 (d, *Jg_ = 4.6 Hz, 1H), 2.41 (s, 3H), 2.57 (d, *Jyy_z = 7.0
Hz, 1H), 2.78 (m, 1H), 7.30 (d, *Jg_g = 8.4 Hz, 2H), 7.79 (d, *Jg_gz =
8.4 Hz, 2H).

B CONCLUSION

New dioxa-[2.1.1]-(2,6)-pyridinophane ligand 4 was synthe-
sized, and its dichloropalladium(II) and chlorocopper(I)
complexes were prepared. Both the palladium and copper
complexes contain k*-N,N-coordinated pyridinophane 4. In
palladium complex 9, ligand 4 is bound to the metal through
symmetry-nonequivalent pyridine fragments to avoid electron
repulsion between its third nitrogen donor lone pair and the
metal d electrons. That results in a C;, symmetry of the
complex in solid state and in CH,Cl, solutions at —40 °C. In
turn, the copper complex 10 has an idealized C, symmetry in
the solid state and in solutions with the metal atom avoiding
coordination to the electron-poorest pyridine fragment which
has two bridging oxygen atoms attached. Both metal
complexes are fluxional at 22 °C. Some unusual 'H NMR
patterns exhibited by 10 could be interpreted as a result of a
fast intermolecular Cu'Cl fragment exchange between different
macrocyclic ligands. Overall, new ligand 4 is a poor donor of
electrons and forms much weaker metal complexes, as
compared to corresponding CH,-bridged ligand 1. The
electron-poor nature of 4 and derived coordination com-
pounds appears to be advantageous for processes involving
strongly oxidizing conditions such as nitrene transfer. A
catalyst derived from chlorocopper(I) complex supported by
the new ligand performs well in olefin aziridination with
PhINTSs as a nitrene source and is somewhat superior, as
compared to its CH,-bridged analog, 11. Further character-
ization of catalysts derived from 10 and similar complexes in
oxidative functionalization reactions may represent a particular
future interest.
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