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operties of hypervalent electron-
rich pentacoordinate nitrogen compounds†
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Kaoko Sato,a Rong Shang, *a Masaaki Nakamoto,a Yohsuke Yamamoto, *a

Yohei Adachi, b Ko Furukawa,c Ryohei Kishid and Masayoshi Nakano de

Isolation and structural characterization of hypervalent electron-rich pentacoordinate nitrogen species

have not been achieved despite continuous attempts for over a century. Herein we report the first

synthesis and isolation of air stable hypervalent electron-rich pentacoordinate nitrogen cationic radical

(11-N-5) species from oxidation of their corresponding neutral (12-N-5) species. In the cationic radical

species, the nitrogen centers adopt a trigonal bipyramidal geometry featuring a 3-center-5-electron

hypervalent attractive interaction. The combination of single crystal X-ray diffraction analysis and

computational studies revealed weak N–O interactions between the central nitrogen cation and oxygen

atoms. This successful design strategy and isolation of air-stable pentacoordinate hypervalent nitrogen

species allow further investigations on reactivity and properties resulting from these unusually weakly

coordinating interactions in nitrogen compounds.
1 Introduction

Hypervalent compounds1,2 have been dened as main group
element compounds which contain a number of formally
assignable electrons of more than the octet in a valence shell
directly associated with the central atom.1,3,4 More recently,
Parkin5 clearly distinguished main group element compounds
that feature three-center four-electron (3c-4e) interactions from
those that feature 3c-2e interactions. The former, in which one
of the atoms appears to have an expanded octet, are termed
“electron-rich” hypervalent molecules. The latter are invoked for
so-called “electron decient” hypercoordinate molecules.6–14

The N-X-L nomenclature15 has been used to classify hyper-
valent compounds, where N is the number of valence electrons
formally present on the central element according to the Lewis
diagram, X is the identity of the central element and L is the
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number of ligand atoms bonded to the central atom. Parkin
proposed MLlXxZzHh classications,5 which are more detailed
descriptions of the N-X-L nomenclature.

The debate on the fundamental bonding descriptions of this
class of compounds to understand why they do not comply to
the Lewis “octet rule” has lasted for decades on the theoretical
front.4,7–10,16–27 In a recent review, Crabtree28 pointed out the
similarity among hypervalency and other types of weak bonding
and the valence shell of the central atom is essentially an octet
and the electrons beyond 8e are predominantly located on
ligands, not on the central atom. The hypervalent bonding
nature and geometry have signicant implications in several
current fast-growing areas of synthetic organic chemistry, such
as hypervalent iodine reagents,29–31 sterically constrained T-
shaped phosphorus(III) compounds in small molecule activa-
tion and catalysis,32–39 and application of new heavier group
14 40 and 15 41–47 Lewis acids in frustrated Lewis pair chemistry.
While hypervalent compounds of heavy main group elements
are common,2,47–53 those of the light, second row elements still
remain a synthetic challenge, with only a handful of isolated
and structurally conrmed examples of penta-/hexa-coordinate
carbon54–57 and boron58–61 compounds reported (Chart 1B and
C).

Hypervalent pentacoordinate nitrogen species (10-N-5) are
some of the most fundamental hypervalent compounds, with
their synthetic attempts traced back to 1916.62–70 Despite theo-
retical calculations predicting their existence and structural
stability,71–76 thermally stable hypervalent nitrogen compounds
(N–N–L; N > 10, L > 4) have not been reported to date.68,70,77,78

Some success has been achieved by detection,79–83 isolation and
This journal is © The Royal Society of Chemistry 2020
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Chart 1 Structurally confirmed hypercoordinate (A) nitrogen and
hypervalent (B) boron, (C) carbon and (D) nitrogen compounds.
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structural characterization of transient, as well as stable84–86

hypervalent tetracoordinate nitrogen radical species (9-N-4,
Chart 1D).

Here we report the rst hypervalent “electron-rich” penta-
coordinate nitrogen cationic radical (11-N-5 or ML2X3H1)
species with 3c-5e interactions and their corresponding neutral
(12-N-5) compounds although “electron-decient” pentacoordi-
nate nitrogen compounds6–9,87,88 have been reported as shown in
Chart 1A.
Scheme 1 Preparation of neutral triarylamine precursors 2Mea-b and
2iPra-b.
2 Results and discussion

To stabilize the trigonal-bipyramidal (TBP) geometry of a 10-N-5
structure, which is typically a transition state resembling an SN2
reaction,1,3 we targeted the tridentate 2,6-di(alkoxycarbonyl)
phenyl framework60 in consideration of two crucial factors: (i)
electronegative elements (oxygen) are positioned at apical
positions to localize the electron density at the 3-center-4-elec-
tron (3c-4e) hypervalent bond and (ii) the apical 3c-4e attractive
interaction should be weak enough (O/N attractive interac-
tions) to avoid a “bell-clapper” type equilibrium.89,90 The
alkoxycarbonyl groups provide some degree of steric rigidity,
This journal is © The Royal Society of Chemistry 2020
which plays an important role in balancing the two factors and
thus stabilizing the hypervalent compounds. The tert-butyl
group at the para position increases the solubility.

We synthesized neutral triarylamine precursors 2Mea-b and
2iPra-b from the Ullmann coupling reaction of methoxyl- and
isopropoxyl-carbonyl substituted bromobenzenes (1Me and 1iPr)
with chloro- and triuoromethyl-substituted diarylamines
(Scheme 1). Compounds 2Mea-b and 2iPra-b were isolated as
white to pale yellow solids and found uorescent in solution.
Their absorption spectra obtained in CH2Cl2 showed two
absorption bands at approximately 310 nm and 350 nm, which
are assignable to HOMO–LUMO+2 and HOMO–LUMO transi-
tions, respectively (Fig. S7†). The similar absorption wave-
lengths and oscillator strengths between methyl- and isopropyl-
substituted analogues suggest very similar electronic structures
of 2Mea-b and 2iPra-b in their ground state. In contrast to the
similarities of absorption, the uorescence emission of 2Mea-
b and 2iPra-b measured in CH2Cl2 at 25 �C showed substituent-
dependence on the aryl groups (X ¼ Cl or CF3, see Fig. S1 and
Table S1†). The ester groups (R ¼ Me or i-Pr) do not exert clear
inuence. The quantum yields of 2iPra-b (9.43%, 13.95%
respectively) with R ¼ i-Pr are obviously higher than those of
2Mea-b (3.22%, 3.50% respectively) with R ¼ Me, likely due to
the more restricted rotation around the N-Ph bonds with the
sterically larger i-Pr groups.

Cyclic voltammetry (CV) of 2Mea-b and 2iPra-b in CH2Cl2 at
room temperature with TBAPF6 as a supporting electrolyte
revealed a reversible one electron oxidation wave at formal
potentials of +1.196 V, +1.485 V, +1.177 V and +1.477 V versus Fc/
Fc+ respectively, indicating stability of the corresponding
monocationic species (Fig. S3†). The s withdrawing effect of
triuoromethyl groups is clearly shown in the higher oxidation
potentials observed in 2Meb and 2iPrb. The s donating effect
between the methyl and isopropyl substituents is much less
prominent. A 2nd electron oxidation wave was not observed
under this condition between �2.0 and 2.0 volts, which is the
limit of our instrument.

The one electron oxidation reaction of 2Mea-b and 2iPra-
b (Scheme 2) was easily achieved by using 1 equiv. (2,4-Br2C6-
H3)3NSbCl6 as an oxidant in CH2Cl2. Dark blue-green solids
3Mea-b and 3iPra-b were obtained in moderate to high yields.
The absorption spectra of 3Mea-b and 3iPra-b showed bands at
600–800 nm, signicantly red-shied from those of the neutral
Chem. Sci., 2020, 11, 5082–5088 | 5083
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Scheme 2 One electron oxidation of 2Mea-b and 2iPra-b.

Fig. 1 Absorption spectra of 10�5 M 2Mea-b and 2iPra-b (dashed line)
and 3Mea-b and 3iPra-b (solid line) in CH2Cl2 at 25 �C.

Fig. 2 Solid-state molecular structures of 2Mea-b, 2iPra-b, 3Mea and
3iPra. Thermal ellipsoids are set at 30% probability. Ellipsoids of
periphery atoms, hydrogen atoms, and counter ions are omitted for
clarity. A side-view is included in the ESI.† CCDC numbers: 1945530–
1945536.91
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compounds in the visible region (ca. 310 nm, Fig. 1). This is due
to the smaller HOMO–SOMO energy gaps of radical species in
comparison to the HOMO–LUMO energy gaps in neutral
species. The chloro-analogues 3Mea (745 nm) and 3iPra (739 nm)
showed absorption maxima at noticeably longer wavelengths
compared to their CF3-substituted 3Meb (688 nm) and 3iPrb (681
nm), revealing that electron-donating substituents decrease
HOMO–SOMO energy gaps. The chloro-substituted cationic
radical species 3Mea and 3iPra are stable in air and moisture for
several days at room temperature without detectable decom-
position. In contrast, the triuoromethyl derivatives 3Meb and
3iPrb decompose readily when taken out of an inert atmosphere.
All of them appear to be light-sensitive.

Single crystals suitable for X-ray crystallographic studies
were obtained by recrystallization from CH2Cl2/hexane solution
mixtures of 2Mea-b, 2iPra-b, 3Mea and 3iPra at room temperature.
Their solid-state molecular structures and selected bonding
parameters are shown in Fig. 2 and Table 1. Due to proneness to
decomposition, publishable data of the triuoromethyl-
substituted derivatives 3Meb and 3iPrb could not be obtained. In
all structures, the central nitrogen atoms are essentially planar,
with the sum of the angles around nitrogen (

P
Na) being larger

than 359�. The ester groups seem to rotate along the carbon–
carbon single bond, resulting in conformational differences
between the solid-state structures of neutral (2Mea and 2iPra)
and oxidized compounds (3Mea and 3iPra). The sp3 alkoxyl
oxygen (OR) atoms align almost coplanar with the central
nitrogen atom in 2Mea and 3iPra, while in the case of 2Meb, 2iPra-
5084 | Chem. Sci., 2020, 11, 5082–5088
b and 3Mea, the sp2 carbonyl (CO) oxygen atoms and the
nitrogen atom are aligned. Calculations show that the energy
differences resulting from the two coordination modes are
trivial (<3 kcal mol�1, see Table S12 and Fig. S15†). Therefore,
conformational preferences observed in the crystals may be
inuenced signicantly by crystal packing energy. This lack of
consistency of coordination modes makes the structural
comparison difficult to elucidate.

In all the structures, the ester groups twist out of the plane of
their attached phenyl ring (Fig. S5† for a side view). Although
the N–O bond lengths in all neutral and cationic species are
longer than the sum of the covalent bond radii of N and O atoms
(1.34 Å),92 they are shorter than the sum of van der Waals radii
of N and O atoms (2.79–3.16 Å),93–99 falling in the upper range of
previously reported hypervalent bonds.56 This suggests possible
weak interactions between the central nitrogen atom and both
oxygen atoms in both cationic and neutral structures. The
torsion angles (F) between CO1 and CO2 (Table 1) are the
smallest in the formally 11-N-5 cationic species 3Mea and 3iPra
(47.7� and 49.0� respectively). They correspond to the shortest
N–O distances, 2.721(3) Å and 2.790(3) Å (3Mea) and 2.662(5) Å,
2.676(5) Å (3iPra) among all structures, indicating the strongest
N–O interactions.

Among the neutral compounds, the trend of torsion angles
(Focco) correlate with that of N–O distances, increasing from
2Mea (2.793(18) Å, 77.8�) and 2iPrb (2.855(13) Å, 77.3�) to 2iPra
(2.921(3) Å, 81.9�) and lastly, 2Meb (2.980(16) Å, 90.7�). These N–
O distances are slightly shorter than those in Shimizu and co-
worker's parent 2-aminoisophthalic acid diester, Ph2N[C6H3(-
COOMe)] (3.093 Å and 2.984 Å), which also displayed a larger
Focco (96.6�).100

As an additional comparison, we investigated the molecular
structure of the bromo-substituted starting material 1Me, which
may not be expected to form the same type of pentacoordinate
hypervalent interaction. (Fig. S4†). The smallest Focco of 120.4�
This journal is © The Royal Society of Chemistry 2020
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Table 1 Selected experimental bond lengths (Å), angles and dihedral angles [�] of 2Mea-b, 2iPra-b, 3Mea and 3iPra

Parameters

Ionic radical Neutral Ionic radical Neutral

3Mea 2Mea 2Meb 3iPra 2iPra 2iPrb

Coord. (CO) (OMe) (CO) (OiPr) (CO) (CO)
N–O1 2.721(3) 2.764(18) 2.945(15) 2.662(5) 2.891(3) 2.843(12)
N–O2 2.790(3) 2.823(18) 3.015(16) 2.676(5) 2.952(3) 2.868(13)
N–OAve 2.755(3) 2.793(18) 2.980(16) 2.669(5) 2.921(3) 2.855(13)
N–C1 1.440(3) 1.423(2) 1.422(18) 1.454(6) 1.409(5) 1.428(12)
N–C2 1.376(3) 1.408(2) 1.411(17) 1.383(5) 1.408(5) 1.405(13)
N–C3 1.409(3) 1.414(2) 1.415(17) 1.397(6) 1.420(5) 1.404(14)
SNa 360.0(6) 359.1(39) 359.8(31) 359.9(12) 359.5(9) 360.0(24)
FOCCO 47.7 77.8 90.7 49.0 81.9 77.3

Fig. 3 Atom in molecules (AIM) analysis results based on X-ray
geometries of 2Mea-b, 2iPra-b, 3Mea and 3iPra showing bond paths
between the central nitrogen and the carbonyl oxygen, calculated at
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in 1Me is much larger than those found in our neutral
compounds (2Mea-b and 2iPra-b) formed from the methoxy
group on each side of the bromo-substituent. This shows that
there is no preferred alignment of the two ester groups of 1Me

through Cphenyl-Cester rotation for a small Focco in the absence of
the 3c-5e attractive interaction.

Overall, in the solid state, sp3 alkoxyl (OR) coordination
forms shorter apical N–O interactions and thus stronger
attractive interaction than those from the sp2 carbonyl (CO)
coordination. In addition, the N–O interactions are stronger in
cationic radical species than those in neutral compounds.

To conrm the interactions between the central nitrogen
atom and the two oxygens in both neutral and cationic radical
species, DFT calculations were carried out at the RCAM-
B3LYP-D3/def2-SVP level for 2 and at the UCAM-B3LYP-D3/
def2-SVP level for 3 using the Gaussian 09 program (Table
S6†). The optimized structures corroborate well with the
crystal structures except 2Meb, in which the N–O distances are
underestimated.101 The unsystematic inconsistency between
calculated and solid-state structures may be due to the solvent
effect during the recrystallization process and packing effect of
the crystal. Therefore, Atoms in Molecules (AIM) analysis of
2Mea-b, 2iPra-b, 3Mea and 3iPra was carried out based on single
point calculations of the X-ray geometries (Fig. 3 and Table
S10†).102

The results of the cation radical species (3Mea and 3iPra)
showed (3,�1) critical points between the central nitrogen atom
and the ester oxygen atoms with small electron densities (r(r)
0.014–0.017 e/ao

3) and small positive Laplacian values (V2r(r)
0.051–0.064 e/ao

5). This indicates that the N–O interactions in
3Mea and 3iPra are weak and polarized, similar to those of the
reported second row hypervalent compounds (r(r), 0.014 �
0.022 e/ao

3 and V2r(r), 0.051–0.078 e/ao
5).54–57
This journal is © The Royal Society of Chemistry 2020
According to the review paper by A. C. Tsipis,103 the following
classications are presented based on the character of the
bond/interaction:

(1) V2r < 0 and Hcp < 0 indicate weakly polar and nonpolar
covalent bonds.
the RCAM- and UCAM-B3LYP-D3/def2-SVP levels in 2 and 3,
respectively.

Chem. Sci., 2020, 11, 5082–5088 | 5085
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Fig. 5 Observed (bottom) and simulated (top) EPR spectra of 3Mea-
b and 3iPra-b in CH2Cl2 solution at 25 �C. Spin Hamiltonian parameters
estimated from simulation are labelled in MHz (Table S3†).
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(2) V2r > 0 and Hcp < 0 correspond to intermediate interac-
tions including strong hydrogen bonds and most of the coor-
dination bonds.

(3) V2r > 0, r(r) < 0.2 and Gcp/rcp > 1 indicate closed-shell
interactions such as weak hydrogen bonds and van der Waals
interactions.

(4) V2r > 0 and |Vcp|/Gcp < 1 characterize ionic bonding.
The AIM results of 3Mea and 3iPra (Table S10†) match the

criteria of the class 3 and 4 mostly, which revealed an ionic
(non-covalent), weak secondary bonding nature of the N–O
interactions. This provides further support for Crabtree's
generalization of hypervalent, hydrogen and secondary bonding
interactions.28

Among neutral species, although no hypervalent bonding
was expected due to the repulsion between the nitrogen and
oxygen lone pairs, the AIM analysis showed (3�1) critical points
between N and O atoms in 2Mea and 2iPrb. Their electron density
(0.013–0.015 e/ao

3) and Laplacian (0.048–0.052 e/ao
5) values are

slightly smaller than those found in cationic species (r(r) 0.014–
0.017 e/ao

3, V2r(r) 0.051–0.064 e/ao
5). In contrast, no N–O (3,�1)

critical points were found in 2Meb and 2iPra (Fig. 3). These AIM
results corroborates well with the N–O distances: cation radicals
show the shortest N–O distances (2.662–2.790 Å) and (3, �1)
critical points with the highest r(r) and V2r(r) values, followed
by 2Mea and 2iPrb with intermediate N–O distances (2.764–2.868
Å) and weaker (3, �1) critical points. The N–O distances in 2Meb
and 2iPra are the longest (2.891–3.015 Å) and no (3, �1) critical
points were found along the N–O paths.

Combined X-ray bonding analysis and theoretical AIM
studies suggest that the N–O interactions in the cation radical
cases are stronger than in the neutral cases. 3Mea and 3iPra
should be regarded as hypervalent electron-rich pentacoordi-
nate nitrogen species with a 3c-5e attractive interaction
(ML2X3H1). The neutral compounds may or may not exert weak
N–O attractive interactions. Any N–O interactions exhibited in
the neutral case may originate from the effective delocalization
of the nitrogen electron lone pair in the triarylamine structure
(evident by the planar amine geometry and slightly shortened
N–Cipso bond distances, Table 1). The slightly positive nitrogen
atom then can form electrostatic interactions with the adjacent
oxygen electron pairs, forming an nO/p*

NC interaction (Fig. 4).
The cationic radical compounds 3Mea-b and 3iPra-b were also

characterized by Electron Paramagnetic Resonance (EPR)
spectroscopy in CH2Cl2 (Fig. 5). In all cases, the spectrum
showed a nitrogen centered radical with hyperne coupling to
hydrogen nuclei of the singly substituted aryl groups (rings B
and C, Table 1), indicating that the radical delocalizes over the
Fig. 4 The delocalization structures of neutral compounds (2Mea and
2iPrb) with electron-withdrawing groups (-Cl and CF3).

5086 | Chem. Sci., 2020, 11, 5082–5088
aryl groups B and C in all structures (Table S3 and Fig. S9–S12†).
Larger hyperne coupling constants (AH1 and AH2) in rings B
and C and additional coupling contribution from the hetero-
atoms (Cl and F) were observed. This suggests that stronger
electron-withdrawing CF3-substituents promote delocalization
of the radical in the structures. The delocalization to the phenyl
rings B and C is more effective than A, reected by the signi-
cantly longer N–C1 distances in comparison to N–C2/C3
distances in the solid-state structures of 3Mea and 3iPra (Table
1).
3 Conclusions

In conclusion, we successfully synthesized, isolated, and
structurally characterized the rst air stable hypervalent “elec-
tron-rich” pentacoordinate nitrogen compounds. The N–O
bond distance in cationic radical species is shorter than the
sum of N–O van der Waals radii, indicating attractive interac-
tions between N and O atoms. AIM calculations showed the
presence of (3, �1) critical points along the N–O bond paths in
cationic radical species, conrming the formation of 11-N-5
hypervalent 3c-5e bonding. In addition, the shorter N–O bond
distances and the presence of (3, �1) critical points in neutral
compounds 2Mea and 2iPrb suggest possible electrostatic 12-N-5
interactions, likely due to an nO/p*

NC stabilization effect.
The isolation of these new nitrogen compounds and conr-

mation of their weak attractive interaction will allow us to
explore the effect of weak electronic perturbation on the prop-
erties and/or reactivity of nitrogen containing compounds.
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M. R. Sundberg, J. Am. Chem. Soc., 1998, 120, 8461–8471.

18 R. J. Gillespie and B. Silvi, Coord. Chem. Rev., 2002, 233–234,
53–62.

19 X. Sun, Chem. Educat., 2002, 7, 261–264.
20 S. Noury, B. Silvi and R. J. Gillespie, Inorg. Chem., 2002, 41,

2164–2172.
21 S. C. A. H. Pierrexe, C. Fonseca Guerra and

F. M. Bickelhaupt, Chem. - Eur. J., 2008, 14, 819–828.
22 P. G. Nelson, Chem. Educ. Res. Prac., 2001, 2, 67–72.
23 A. Kalemos, J. Phys. Chem. A, 2018, 122, 2178–2183.
24 M. C. Durrant, Chem. Sci., 2015, 6, 6614–6623.
25 R. D. Harcourt and T. M. Klapötke, Chem. Sci., 2016, 7,

3443–3447.
26 M. C. Durrant, Chem.Sci., 2016, 7, 3448–3449.
27 S. C. A. H. Pierrexe, S. J. M. van Stralen, J. N. P. van Stralen,

C. Fonseca Guerra and F. M. Bickelhaupt, Angew. Chem., Int.
Ed., 2009, 48, 6469–6471.

28 R. H. Crabtree, Chem. Soc. Rev., 2017, 46, 1720–1729.
29 A. Yoshimura and V. V. Zhdankin, Chem. Rev., 2016, 116,

3328–3435.
30 A. Yoshimura, M. S. Yusubov and V. V. Zhdankin, Org.

Biomol. Chem., 2016, 14, 4771–4781.
This journal is © The Royal Society of Chemistry 2020
31 L. Catalano, G. Cavallo, P. Metrangolo, G. Resnati and
G. Terraneo, Top. Curr. Chem., 2016, 373, 289–310.

32 E. E. Coyle and C. J. O'Brien, Nat. Chem., 2012, 4, 779.
33 M. Driess, N. Muresan, K. Merz and M. Päch, Angew. Chem.,
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