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Abstract

The consequences of the replacement of a CH fragment of phenantherene by N-aza, N-N-diaza
and/or N-oxide groups for the cyclic n-electron delocalization are discussed. Despite substantial
structural changes, the m-electron structure is modified only moderately. The aza-analogues
usually exhibit more effective m-electron delocalization, while the N-oxidation leads to its
decrease. Usually the presence of the nitrogen atom or N-O group lead to more efficient
delocalization in neighboring fragment(s). The analysis is based on experimental geometries of
four phenanthroline N-oxides and N,N-dioxides (4,7-phenanthroline 4-oxide, 1,7-phenanthroline
1,7-dioxide, 1,7-phenanthroline 7-oxide and 1,8-phenanthroline 1,8-dioxide) and is completed by
the geometry optimizations with use of the DFT method at B3LYP/6-311G** level of theory.
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Introduction

The phenanthroline and its N-oxides and N,N-dioxides attract much of interest because of their
biological activities,'” complexation properties,’ inclusion in novel macrocycles,® crystal
engineering” and other possible applications."® From the chemical point of view they are
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derivatives of phenantherene, a smallest benzenoid hydrocarbon with a remarkable variation in
the local m-electron delocalization. The m-electron structure of phenanthrene is well described by
the Clar’s aromatic sextet rule,” which predicts two terminal rings as aromatic, and the central
one as substantially less aromatic. This is consistent with chemical properties of the system:
gradual hydrogenation leads firstly to 9,10-dihydro derivative.® The geometry-based HOMA’
and magnetism-based NICS,'® descriptors, which are expected'' to deduce the stabilization due
to cyclic m-electron delocalization most accurately, describe its electronic structure in a similar
quantitative way, as presented in scheme 1."?

HOMA =0.870 HOMA = 0.458
NICS=-10.7  NICS =-6.7
NICS(1)=-12.6 NICS(1)=-9.6

Scheme 1

The outer rings are clearly more aromatic than the central one, as indicated by more negative
NICS and substantially higher HOMA values. The NICS (Nucleus Independent Chemical Shift)
is defined as a negative value of the absolute magnetic shielding computed in centers of rings
(denoted as NICS), or 1 A above of the molecular plane (denoted as NICS(1) *). Negative NICS
points to an aromatic system and the more negative it is, the more efficient the cyclic n-electron
delocalization is expected to be.'” The other descriptor of the extent of the cyclic m-electron
delocalization - HOMA (Harmonic Oscillator Model of Aromaticity) is defined as a normalized
sum of squared deviations of bond lengths from the optimal value,” which is assumed to be
realized for a fully aromatic system. For benzene HOMA is equal to 0.98'* and admits 0 for a
model non-aromatic system.” The HOMA model has been successfully applied to many diverse
n-electron systems."> In particular it was useful to describe the local aromatic character of
benzenoid hydrocarbons.'>'® The advantage of HOMA is that it may be applied as a descriptor of

154 Tt has been well documented’®'®!” that the kind of
17d

both local and global aromaticity.
connectivity of the rings, i.e. topological character, was the deciding factor ** about the extent of
the m-electron delocalization of the ring in question. The replacement of CH groups by nitrogen
atoms in the aza-analogues of benzenoid hydrocarbons significantly modifies the m-electron
structure.'® The N-oxidation leads to further changes of the electronic structure as is reflected in
aromaticity and reactivity.'’ The aim of this paper is to systematically investigate the problem of
the extent of changes in m-electron structure due to replacement of one or of two CH fragments
of phenanthrene by nitrogen and/or NO groups. The analysis is based on our experimental
geometries of four newly synthesized N-oxides and N,N-dioxides of phenanthroline (4,7-
phenanthroline 4-oxide, 1,7-phenanthroline 1,7-dioxide, 1,7-phenanthroline 7-oxide and 1,8-
phenanthroline 1,8-dioxide) and is completed by the geometry optimizations with use of the DFT
method at B3LYP/6-311G** level of theory.”
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Results and Discussion

The molecular structure of 4,7-phenanthroline 4-oxide, 1,7-phenanthroline 1,7-dioxide, 1,7-
phenanthroline 7-oxide, 1,8-phenanthroline 1,8-dioxide and phenanthrene is shown in Figure 1.

Figure 1. The molecular structure of 1,7-phenanthroline 7—0xide,21 (a), 1,7-phenanthroline 1,7-
dioxide,”! (b) 1,8-phenanthroline 1,8-dioxide*' (c), 4,7-phenanthroline 4-oxide,”! (d) and
phenanthrene22 (e).

Clearly in all these systems there is a remarkable variation of bond length both of the central
and of the outer rings. In the phenanthrene the variation of bond lengths ranges between 1.338 to
1.454 A for the central fragment and between 1.345 and 1.416 A** for the outer ones. Moreover,
the system has no C,, symmetry and the deviations caused by crystal packing forces between the
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equivalent bond lengths are even 0.018A, which indicated high flexibility of its electronic
structure. Such great difference can be also a result of a disorder in the crystal lattice.””
Importantly, the substitution by N-oxide groups do not lead to dramatic changes in geometry, at
least in the CC fragment. For instance the differentiation of bond lengths in the central rings
varies between 1.353 and 1.461 A. This is signifficantly smaller as compared with the
phenanthrene parent system. Similarly, in the outer rings the deviations of bond lengths as
compared with phenanthrene are not high despite of the closest neighborhood of the N-O
group(s). The HOMA calculated for these systems show that the cyclic n-electron delocalization
is not destroyed but rather enhanced. The global aromaticity (estimated on experimental
geometry) of phenanthrene®” is 0.750. This is in excellent agreement with the value estimated on
B3LYP/6-311G** optimized geometry (HOMA=0.741"%). Despite high modifications of the
system in 1,7-phenanthroline 7-oxide, 1,7-phenanthroline 1,7-dioxide, 1,8-phenanthroline 1,8-
dioxide, 4,7-phenanthroline 4-oxide the extent of delocalization is higher: 0.821, 0.779, 0.768
and 0.794, respectively. Moreover, local aromaticities indicate that the extent of changes is
appreciably higher for the central fragment as compared with the outer ones (See Fig. 2). The
increase of aromaticity of the central ring ranges from 0.130 to 0.188 of unit of HOMA for 1,7-
phenanthroline 1,7-dioxide, (b) and 1,7-phenanthroline 7-oxide, (a), respectively.

HOMA=0.646
NICS=-6.8
NICS(1)=-9.1

HOMA=0.588
NICS=-7.4
NICS(1)=-8.9

HOMA=0.913
NICS=-9.4
NICS(1)=-10.8

HOMA=0.881
NICS=-10.3
NICS(1)=-11.2

HOMA=0.932
NICS=-8.1
NICS(1)=-11.5

HOMA=0.903
NICS=-10.3
NICS(1)=-11.4

(a) (b)

HOMA=0.590
NICS=-6.8
NICS(1)=-9.8

HOMA=0.598
NICS=-6.9
NICS(1)=-9.0

HOMA=0.898
NICS=-9.4
NICS(1)=-11.8

HOMA=0.935
NICS=-8.2
NICS(1)=-12.5

HOMA=0.888

O——N nics=-10.1

NICS(1)=-11.4

HOMA=0.851
NICS=-10.1
NICS(1)=-11.3

(©) (d)

Figure 2. The local aromaticity of 1,7-phenanthroline 7-oxide (a), 1,7-phenanthroline 1,7-
dioxide (b), 1,8-phenanthroline 1,8-dioxide (c) and 4,7-phenanthroline 4-oxide (d). Based on
experimental®' geometries.

In order to understand better the consequences of the substitution on w-electron structure of

phenanthrene we have systematically analysed both global and local aromaticity of its N
substituted and N,N-disubstituted derivatives and their N-oxides. Tables 1-2 present the local
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descriptors of m-electron delocalization: HOMA and NICS, and the global ones: the relative
energy values (in respect to the lowest-energy isomer), the magnetic susceptibilities and the
global values of HOMA (estimated for all bond lengths). Both relative energies and magnetic
susceptibilities can serve only as approximate descriptors of aromaticity since they are always
perturbed to some extent by additional effects® such as strain, topological charge stabilization,**
heteroatom-heteroatom like anomeric effects, hyperconjugation and other effects which are not
related to aromaticity.”

Table 1. Local (for the individual rings, HOMA, NICS and NICS(1) [ppm]) and global
(Magnetic susceptibility y [cgs-ppm], relative energy E [kcal/mol], and HOMA) descriptors of m-
electron delocalization for aza-analogues of phenanthrene

Magnetic
HOMA
No. Compound Ring A Ring B Ring C susceptibil E
(Global)
ity
Y (0) 0.884 (6} 0 [0) 0.903 26.4 0 0
1 HOMA =0. HOMA = 0.507 HOMA = 0. -126. 771
©
NICS =-10.1 NICS =-6.4 NICS =-8.6
NICS(1)=-11.9 NICS(1) =-8.8 NICS()=-11.4
N
2 HOMA = 0.875 HOMA = 0.490 HOMA = 0.895 -126.6 3.54 0.760
©
NICS =-10.3 NICS =-6.5 NICS =-8.8
NICS(1)=-11.9 NICS(1) =-8.9 NICS(1)=-11.5
3 @ N  HOMA=0.870 HOMA = 0.499 HOMA = 0.896 -127.4 3.13 0.762
e NICS =-10.2 NICS =-6.6 NICS =-8.6
NICS(1)=-11.9 NICS(1) =-8.9 NICS(1)=-11.4
4 HOMA = 0.897 HOMA = 0.482 HOMA = 0.875 -126.4 1.99 0. 761
©
N NICS =-10.2 NICS = -6.5 NICS = -8.7
NICS(1)=-11.9 NICS(1) =-8.9 NICS(1)=-11.4
HOMA = 0.882 HOMA = 0.495 HOMA = 0.893
Mean for 1-4
NICS =-10.2 NICS =-6.5 NICS =-8.7 -126.7 2.05 0.764
NICS(1)=-11.9 NICS(1) =-8.9 NICS(1)=-11.4
HOMA = 0.027 HOMA = 0.025 HOMA = 0.028
Range for 1-4 NICS =0.8 NICS =0.2 NICS =-0.2 0.8 3.54 0.011
NICS(1)=0.0 NICS(1)=0.1 NICS(1)=0.1
5 @ HOMA = 0.883 HOMA =0.586 HOMA = 0.898 -126.8 1.60 0.797
B NICS =-10.9 NICS =-5.0 NICS =-10.2
—N

NICS(1)=-11.8  NICS(1)=-8.5  NICS(1)=-11.9
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Table 2. Local (for the individual rings, HOMA, NICS and NICS(1) [ppm]) and global
(Magnetic susceptibility y [cgs-ppm], relative energy E [kcal/mol], and HOMA) descriptors of m-
electron delocalization for N-oxides of aza-analogues of phenanthrene

Magnetic HOMA
No. Compound Ring A Ring B Ring C E
susceptibility (Global)
(0]
6 \N HOMA = 0.838 HOMA =0.457 HOMA =0.749 -132.1 2.35 0.724
@ NICS =-11.0 NICS =-7.1 NICS =-10.6
9 NICS(1)=-12.5 NICS(1) =8.8 NICS(1)=-11.2
O
7 / HOMA =0.870 HOMA =0.509 HOMA =0.718 -131.2 1.58 0.747

N
@ NICS =-10.3 NICS =-6.6 NICS =-9.8

NICS(1)=-120  NICS(1)=-8.9  NICS(1)=-10.6

8 @ N—o HOMA=0870  HOMA =0.509 HOMA = 0.846 -131.7 157  0.749

NICS =-10.2 NICS =-6.5 NICS =-9.8
NICS(1)=-11.9  NICS(1)=-8.8  NICS(1)=-10.6

9 @ HOMA =0.871 HOMA = 0.553 HOMA = 0.863 -132.6 0 0.765

N\ NICS =-10.3 NICS =-7.5 NICS =-9.6

o

NICS(1)=-12.0  NICS(1)=-9.3  NICS(1)=-10.5

HOMA =0.868 HOMA=0507  HOMA =0.794

Mean for 6-9 NICS =-10.6 NICS =-6.9 NICS =-9.9 -131.9 142 0757
NICS(1)=-12.1  NICS(1)=-9.0  NICS(1)=-10.7
HOMA =0.052 HOMA=0.097  HOMA =0.145

Range for 6-9 NICS =-0.9 NICS=1.0 NICS = 1.1 1.4 235 0.039
NICS(1) = 0.6 NICS(1) = 0.6 NICS(1) =0.7
10 @ HOMA=0.890  HOMA=0573  HOMA =0.927 -132.5 04 0798
B NICS =-11.1 NICS =-6.2 NICS =-9.9
N NICS(1)=-12.1  NICS(1)=-78  NICS(1)=-11.5

Neither the replacement of CH moiety by N atom, nor by NO group is associated with
dramatic changes in the global descriptors of the m-electron delocalization. The global HOMA
index reveals rather small variation in the range between 0.724 and 0.798 for 1-azaphenanthrene
I-oxide (6) and 9-azaphenanthrene 9-oxide (10), respectively. The lowest aromaticity in the
former case is most probably caused by steric interactions between oxygen substituted at N; and
the CH fragment in position 10. Both in the case of aza-derivatives and the N-oxides the HOMA
values are remarkable higher (HOMA=0.764 and 0.757, respectively) than for phenanthrene
system (HOMA=0.741), suggesting more effictive n-electron delocalization, especially in the
case of aza-derivatives. Also the other descriptors (the relative energy, the magnetic
susceptibility and HOMA) confirm that the changes within the isomeric groups are very small.
Interestingly to note that the changes in energy in a series of aza-derivatives are somewhat
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greater (3.54 kcal/mole) than for their N-oxides (2.35 kcal/mole). Thus, it may be expected that
the N-oxidation causes less specific changes in the phenanthrene structure. A deeper insight may
be obtained by looking at the descriptors of the m-electron delocalization for individual rings.
The bond length alternation indicates, that the terminal rings are more aromatic than the central
fragment. Moreover, the former rings are more aromatic in phenanthrolines than in the N-oxides
while for the latter fragment it is reversed. Surprisely, both NICS and NICS(1) are more negative
for the rings in the N-oxides, and moreover, they are only slightly less negative (within 1 ppm)
than for phenanthrene. This shows that consequences of the cyclic m-electron delocalization are
somewhat different for the geometry pattern and magnetic properties, what indicates a
multidimensional character'>® of aromaticity descriptors. Despite of this, it is important to note
that the extent of changes is very small, and approaches well the structure of phenanthrene.

Tables 3-5 present the global and local descriptors of m-electron delocalization for di-aza-
analogues of phenanthrene and their N-oxides and N,N-dioxides. The global descriptors, the
values of energy and magnetic susceptibility in the series of diaza-analogues and of their N-
oxides alike as for mono-analogues may be directly compared.

Table 3. Local (for the individual rings, HOMA, NICS and NICS(1) [ppm]) and global
(Magnetic susceptibility x [cgs-ppm], relative energy E [kcal/mol], and HOMA) descriptors of n-

electron delocalization for diaza analogues of phenanthrene

Magnetic HOMA
No Compound Ring A Ring B Ring C
susceptibility (Global)
N
11 HOMA =0.911 HOMA =0.533 HOMA =0.906 -119.9 0 0.789
NQ_D@ NICS =-8.5 NICS =-6.5 NICS =-8.6
NICS(1)=114  NICS(1)=-8.9  NICS(1)=-114
12 N @ N(@ HOMA =0.909 HOMA=0.537 HOMA =0.905 -121.1 1.92 0.787
9 NICS =-8.8 NICS =-6.6 NICS =-8.7
NICS(1)=-11.6  NICS(1) =-8.9 NICS(1) =11.6
N N
13 HOMA =0.907  HOMA =0.535 HOMA =0.903 -119.9 2.36 0.787
®@ NICS =-8.6 NICS =-6.5 NICS =-8.5
NICS(1)=-114  NICS(1)=-89  NICS(1)=-11.4
14 @N N(@ HOMA =0.894  HOMA =0.469 HOMA =0.894 -120.2 5.27 0.762
e NICS =-8.8 NICS =-6.5 NICS =-8.8
NICS(1)=-11.6  NICS(1)=-8.9  NICS(1)=-11.6
N N
15 HOMA =0.899  HOMA =0.516 HOMA =0.899 -120.4 5.86 0.774
®@ NICS =-8.9 NICS =-6.5 NICS =-8.9
NICS(1)=-11.6  NICS(1)=-8.9  NICS(1)=-11.6
16 N @ @V HOMA =0.905 HOMA =0.534 HOMA =0.901 -120.8 5.24 0.779
9 NICS =-8.6 NICS =-6.5 NICS =-8.7
NICS(1)=-114  NICS(1)=-8.8  NICS(1)=-11.5
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Table 3. Continued
N
17 @ @ HOMA =0.901 HOMA =0.509  HOMA =0.897 -120.3 3.90 0.775
N e NICS =-8.7 NICS =-6.5 NICS =-8.7
NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-11.5
18 N @ @ N HOMA =0.902 HOMA =0.539  HOMA =0.902 -122.4 5.14 0.784
9 NICS =-8.8 NICS =-6.8 NICS =-8.8
NICS(1)=-11.6  NICS(1)=-9.1  NICS(1)=-11.6
19 @ @ N HOMA =0.901 HOMA =0.526  HOMA =0.902 -120.8 3.60 0.760
N NICS =-8.6 NICS =-6.6 NICS =-8.7
NICS(1)=-11.4  NICS(1)=-8.9  NICS(1)=-11.4
20 @ @ HOMA =0.900 HOMA =0.501 HOMA =0.900 -119.9 2.41 0.777
N 9 N NICS =-8.7 NICS =-6.4 NICS =-8.7
NICS(1)=-11.5  NICS(1)=-9.0  NICS(1)=-11.5
HOMA =0.903 HOMA=0.520 HOMA =0.901
Mean for 11-20
NICS =-8.7 NICS =-6.5 NICS =-8.7 -120.6 3.57 0.777
NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-11.5
HOMA =0.017  HOMA =0.07 HOMA =0.012
Range for 11-20 NICS =0.4 NICS=0.4 NICS =0.4 2.5 5.86 0.029
NICS(1)=0.2 NICS(1)=0.3 NICS(1) =0.2
@ HOMA =0.896 HOMA =0.700 HOMA =0.986
21 B NICS =-10.7 NICS =-9.6 NICS =-10.7 -119.6 23.40 0.835
N=N

NICS(1)=-12.0 NICS(1)=-10.6  NICS(1) =-12.0

Table 4. Local (for the individual rings, HOMA, NICS and NICS(1) [ppm]) and global
(Magnetic susceptibility x [cgs-ppm], relative energy E [kcal/mol], and HOMA) descriptors of n-
electron delocalization for mono N-oxides of diaza analogues of phenanthrene

Magnetic HOMA
No Compound Ring A Ring B Ring C E
susceptibility (Global)
22 O\N HOMA=0.866 HOMA=0.485 HOMA=0.844 -125.8 3.4 0.746
@ @ NICS=-9.2 NICS=-7.3 NICS=-10.8
N 9 NICS(1)=-11.9 NICS(1)=-8.9 NICS(1)=-11.3
N
23 HOMA=0.902 HOMA=0.588 HOMA=0.879 -126.3 0 0.789
®C(?\I\O NICS=-8.7 NICS=-7.5 NICS=-9.6
NICS(1)=-11.6 NICS(1)=-9.3 NICS(1)=-10.6
24 O\N HOMA=0.879 HOMA=0.510 HOMA=0.846 -126.3 3.8 0.753
@ @ NICS=-9.5 NICS=-7.3 NICS=-10.5
9 NICS(1)=-12.2 NICS(1)=-8.9 NICS(1)=-11.1

ISSN 1424-6376

Page 192

©ARKAT USA, Inc



Issue in Honor of Prof. Mieczystaw Makosza

ARKIVOC 2004 (iii) 185-201

Table 4. Continued
N
25 @ @ N—o HOMA=0905 ~ HOMA=0.56]  HOMA=0.853 1248 5.6 0.777
9 NICS=-8.6 NICS=-6.6 NICS=-9.6
NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-10.5
26 N O\N HOMA=0.840  HOMA=0.490  HOMA=0.852 -125.6 0.26 0.738
@ @ NICS=-9.2 NICS=-7.2 NICS=-10.7
9 NICS(1)=-11.8  NICS(1)=-8.8  NICS(1)=-11.2
27 N N/O HOMA=0.903  HOMA=0.556  HOMA=0.845 1245 1.82 0.772
@ @ NICS=-8.7 NICS=-6.7 NICS=-9.8
9 NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-10.6
28 N O\N HOMA=0.879 HOMA=0.456  HOMA=0.817 1234 12.15 0.731
@ @ NICS =-9.5 NICS=-7.2 NICS=-10.0
9 NICS(1)=-12.1  NICS(1)=-8.8  NICS(1)=-10.7
29 N N/O HOMA =0.897 HOMA=0.536  HOMA=0.837 -124.5 5.60 0.761
@ @ NICS = -8.8 NICS=-6.5 NICS=-9.7
9 NICS(1)=-11.6  NICS(1)=-8.8  NICS(1)=-10.6
30 N’O HOMA=0.891  HOMA=0.546  HOMA=0.840 -125.8 5.33 0.763
N @ @ NICS=-8.7 NICS=-6.7 NICS=-9.8
9 NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-10.7
31 N(A) @ N_o HOMA=0.894  HOMA=0541  HOMA=0.849 -125.4 5.64 0.765
e NICS=-8.9 NICS=-6.5 NICS=-9.8
NICS(1)=-11.6  NICS(1)=-8.8  NICS(1)=-10.6
EY) N/O HOMA=0.899  HOMA=0.527  HOMA=0.844 -125.9 3.80 0.763
@ @ NICS=-8.7 NICS=-6.6 NICS=-9.8
N 9 NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-10.6
33 NCA) @ HOMA=0.892  HOMA=0.580  HOMA=0.862 1262 3.86 0.778
9 N NICS=-8.9 NICS=-7.6 NICS=-9.5
© NICS(1)=-11.6  NICS(1)=-8.7  NICS(1)=-10.5
EYRN @ @ N_o HOMA-0.895  HOMA=0.551  HOMA=0.846 -125.9 5.03 0.769
9 NICS=-8.7 NICS=-6.7 NICS=-9.6
NICS(1)=-11.5  NICS(1)=-8.9  NICS(1)=-10.5
35 N @ @ HOMA=0.895  HOMA=0.593  HOMA=0.864 1273 3.70 0.783
9 N NICS=-8.8 NICS=-7.6 NICS=-9.6
© NICS(1)=-11.6  NICS(1)=-9.4  NICS(1)=-10.6
36 @ @ N_o HOMA=0.893  HOMA=0.520  HOMA=0.846 -1252 3.84 0.760
N 9 NICS=-8.7 NICS=-6.5 NICS=-9.8
NICS()=-11.5  NICS(1)=-8.9  NICS(1)=-10.6
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Table 4. Continued
37 HOMA=0.894  HOMA=0.575  HOMA=0.864 -1259 238 0.780
NICS=-8.8 NICS=-7.5 NICS=-9.6
NICS(1)=-11.5  NICS(1)=-9.3  NICS(1)=-10.5
HOMA =0.890 HOMA =0.538  HOMA = 0.849
Mean for 22-37
NICS =-8.9 NICS =-7.0 NICS =-9.9 -125.6 4.13 0.764
NICS(1)=-11.7  NICS(1)=-9.0  NICS(1) =-10.7
HOMA =0.056 HOMA =0.137 HOMA = 0.062
Range for 22-37 NICS = 0.9 NICS = 1.1 NICS = 1.2 3.9 12.15 0.058
NICS(1)=0.7  NICS(1)=0.6 _ NICS(1)=0.8
38 @ HOMA=0.906  HOMA=0.608  HOMA=0.938 -125.0 13.14 0.813
B NICS=-10.0 NICS=-3.7 NICS=-11.0
N:N\O NICS(1)=-114  NICS(1)=-6.9  NICS(1)=-11.9

Table 5. Local (for the individual rings, HOMA, NICS and NICS(1) [ppm]) and global
(magnetic susceptibility x [cgs-ppm], relative energy E [kcal/mol], and HOMA) descriptors of n-

electron delocalization for N,N- dioxides of diaza analogues of phenanthrene

Magnetic HOMA
No Compound Ring A Ring B Ring C
susceptibility (Global)
39 HOMA=0.835 HOMA=0.549 HOMA=0.836 -1323 1.65 0.747
NICS=-10.5 NICS=-8.1 NICS=-10.7
NICS(1)=-11.2 NICS(1)=-9.3 NICS(1)=-11.3
40 HOMA=0.815 HOMA=0.519 HOMA=0.846 -130.2 2.03 0.738
NICS=-10.3 NICS=-7.2 NICS=-10.6
NICS(1)=-11.1 NICS(1)=-8.8 NICS(1)=-11.2
41 HOMA=0.811 HOMA=0.534 HOMA=0.844 -129.6 3.17 0.734
NICS=-10.6 NICS=-7.3 NICS=-10.6
NICS(1)=-11.2 NICS(1)=-8.8 NICS(1)=-11.2
42 HOMA=0.856 HOMA=0.569 HOMA=0.856 -127.0 15.87 0.765
NICS=-9.9 NICS=-6.1 NICS=-9.9
NICS(1)=-10.4 NICS(1)=-7.6 NICS(1)=-10.4
43 HOMA=0.837 HOMA=0.549 HOMA=0.837 -128.8 321 0.746
NICS=-9.8 NICS=-6.7 NICS=-9.8
NICS(1)=-10.6 NICS(1)=-8.9 NICS(1)=-10.6
44 HOMA=0.846 HOMA=0.551 HOMA=0.837 -129.7 2.84 0.750
NICS=-9.8 NICS=-6.7 NICS=-9.8
NICS(1)=-10.6 NICS(1)=-8.9 NICS(1)=-10.6
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45 N/O HOMA=0.864  HOMA=0.600  HOMA=0.835 -131.0 132 0.765
@ @ NICS=-9.6 NICS=-7.6 NICS=-9.9
O/N 9 NICS(1)=-10.5  NICS(1)=-9.3  NICS(1)=-10.7
46 o-N @ @ N—0 HOMA=0.840 HOMA=0.547  HOMA=0.840 -130.5 2.94 0.748
9 NICS=-9.7 NICS=-6.6 NICS=-9.7
NICS(1)=-10.6  NICS(1)=-88  NICS(1)=-10.6
47 @ @ N—O0 HOMA=0861  HOMA=0.603  HOMA=0.840 -131.2 1.30 0.768
N e NICS=-9.6 NICS=-7.6 NICS=-9.7
© NICS(1)=-10.5  NICS(1)=-9.3  NICS(1)=-10.6
48 HOMA=0.860  HOMA=0.643  HOMA=0.860 -132.0 0 0.782
,NCD((?\'\ NICS=-9.7 NICS=-8.5 NICS=-9.7
© ° NICS(1)=-10.6  NICS(1)=-9.8  NICS(1)=-10.6
HOMA =0.843 HOMA =0.566 HOMA = 0.843
Mean for 39-48
NICS =-10.0 NICS =-7.2 NICS =-10.0 -130.2 3.43 0.754
NICS(1)=-10.8 NICS(1)=-8.9  NICS(1)=-10.8
HOMA =0.053 HOMA=0.124 HOMA =0.025
Range for 39-48 NICS = 1.0 NICS =2.4 NICS = 1.0 53 15.87 0.048
NICS(1)=0.8  NICS(1)=22  NICS(1)=0.9
49 @ HOMA =0.937 HOMA=0.531  HOMA =0.937 131.8 13.21 0.791
B NICS =-10.9 NICS = -4.8 NICS = -10.9
O/N:N\O NICS(1)=-11.7 NICS(1)=-6.6  NICS(1)=-11.7

Similarly as in the case of aza-analogues of phenanthrene the global parameters (HOMA,
relative energy (E) and magnetic susceptibility) for ten isomers of diaza analogues do not vary
too much. The mean value of the relative energy equals to 3.57 kcal/mole and the range of its
variation equals to 5.9 kcal/mole. It still indicates a rather small perturbation of the extent of n-
electron delocalization, but the changes are appreciably higher than for monoaza-analogues.
These findings are in line with small ranges of other descriptors: HOMA and the magnetic
susceptibility. It is important to note that the global HOMA is always greater than for
phenanthrene which indicates a slight increase of the n-electron delocalization. This tendency is
well reflected in local aromaticities: both terminal rings in aza-analogues exhibit a substantial
increase of m-electron delocalization (with the mean HOMA values greater than 0.90) and for the
central ring the effect is even stronger (the mean HOMA is 0.52). Again the most perturbed
system is 1,10-phenanthroline (14), where the steric effects of nitrogen atom lone pairs may
interfere, leading to significant decrease of the m-electron delocalisation. In turn, the 9,10-
diazaphenanthrene system (21) is the most aromatic in the series as pointed by large HOMA
value and highly negative NICS(1). For instance the former is equal to 0.70 and the later is equal
to —10.6 ppm for the central ring of the system, while for phenanthrene it equals to 0.46 and —9.6,
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respectively. Despite of this the system is much less stable (by 23.4 kcal/mol) than the lowest
energy isomer (1,7-phenanthroline, 11), due to strong nitrogen-nitrogen interactions, which is not
related to aromaticity.”

The N-oxidation leads only to a moderate decreases of the extent of the m-electron
delocalization (the mean total HOMA is 0.764), but still it is often higher than for the
phenanthrene parent system. Consequently, the ranges of the variation of the relative energy and
magnetic susceptibility are significantly higher, whereas the 1,10-phenanthroline 1-oxide (28)
exhibit the smallest (HOMA = 0.731) and the 9,10-diazaphenanthrene 9-oxide (38) the highest
(HOMA=0.813) extent of electron delocalization in the set. The analysis for individual rings is
somewhat unexpected. From one side the central ring exhibit an increase of m-electron
delocalization (mean HOMA= 0.538) as compared with diaza phenanthrenes (mean
HOMA=0.520) while for both terminal rings the delocalization is less efficient (mean
HOMA=0.890 for ring containing nitrogen atom, and mean HOMA=0.849 for ring containing
NO group). Clearly the N-oxidation decrease the extent -electron delocalization.

In the case of N,N-dioxides an additional lowering of aromaticity is observed. The mean
HOMA value is slightly lower (0.754) than for diazaphenanthrene N-oxides and parent
diazaphenanthrenes, and it is very similar to that observed for phenanthrene. As expected, the
ranges of variation of energy and magnetic susceptibility are much greater than in the former
cases. The local indications of the m-electron delocalization shows that both terminal rings are
less aromatic (mean HOMA=0.843 and NICS(1)=-10.8) than the respective rings in
diaazaphenanthrene N-oxides and diaza analogues (mean HOMA=0.890 and 0.903; mean
NICS=-11.7 and —11.5, respectively). However, in the case of the central ring it is opposite: the
HOMA indicates an increase of aromaticity (mean HOMA=0.566 for this group and mean
HOMA=0.538 and 0.520 for former groups, respectively) while NICS shows a decrease of the n-
electron delocalization (mean NICS(1)=-8.9 for this group and NICS(1)=-9.0 and —8.9 for former
cases, respectively). In the case when the central ring contains N-O groups a simultaneous
decrease of cyclic n-electron delocalisation is observed: HOMA=0.531 and NICS(1)=-6.6 for the
N,N-dioxides, and HOMA=0.608 and 0.700 while NICS(1)=-6.9 and -10.6 for
diazaphenanthrene N-oxides and diaza analogues, respectively. It may be concluded that the
presence of the nitrogen atom or N-O group lead to more efficient delocalization in neighboring
fragment(s). The replacement of the CH group by nitrogen(s) usually makes the cyclic n-electron
delocalization of a fragment more efficient, while the oxidation leads to decrease of aromaticity
of this fragment.

Conclusions
Despite of the substantial perturbations of phenanthrene moiety by the replacement of one or two

CH units by nitrogen atom and/or N-oxide groups, the m-electron delocalization is usually
changed only moderately. The aza-analogues usually exhibit more effective n-electron
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delocalization, while the N-oxidation leads to its small decrease. The outer rings are always more
aromatic than the central rings. This finding is in line with the view' ™ that the topological
requirements of the connectivity of rings in benzenoid hydrocarbons is decisive for the global
(for the whole molecule) and local (i.e. for individual rings) m-electron delocalisation. Usually
the lowering of delocalization in an N-oxidized fragment imply a substantial increase of
aromaticity of neighboring rings. The central rings of the aza-, diaza- and their N-oxides are
often more aromatic than in phenanthrene. Often there is no detailed agreement between
quantitative descriptors of aromatic character. Consequently, the aromaticity of monoaza, diaza-

phenanthrenes analogues and their N-oxides can be regarded as statistically multidimensional.'>®
Computational and Experimental Section

Materials. Phenanthroline N-oxide (a-d) were synthetized by oxidation of parent
phenanthrolines as described in reference.*®

X-ray. The X-ray measurements of 1,7-phenanthroline 7-oxide (a), 1,7-phenanthroline 1,7-
dioxide (b), 1,8-phenanthroline 1,8-dioxide (¢) and 4,7-phenanthroline 4-oxide (d) (see Fig. 1)
were performed at low temperature (at 100.0 £ 0.1K) on a KUMA CCD k-axis diffractometer
with graphite-monochromatized Mo Ka radiation (0.71073 A). The crystals were positioned at
62.2 mm from the KM4CCD camera. 796 frames were measured at 1.600 intervals on a counting
time of 25, 20, 15, 30 for the crystals of (a), (b), (¢), (d), respectively. Data reductions and
analysis were caried out with the Kuma Diffraction programs (Wroctaw, Poland). The data were
corrected for Lorentz and polarization effects, but no absorption correction was applied. The
structure were solved by direct methods®’ and refined using SHELXL.?® The refinement was
based on F* for all reflections except those with very negative F2. The weighted R factors wR
and all goodness-of-fit S values are based on F°. The non-hydrogen atoms were refined
anisotropically, whereas the hydrogen atoms were located from a differential map and refined
isotropically. Scattering factors were taken from International Tables for X-ray crystallography.”
Table 6 presents the selected crystal data and structure refinement. Crystallographic data for the
structures have been deposisited with the Cambridge Structural Database Center as
supplementary publication No. CCDC 213188 (a), CCDC 213189 (b), CCDC 213190 (c) and
CCDC 213191 (d). Copies of the data can be obtained on application to CCDC, 12 Union Road,
Cambridge CB2 1 EZ, UK (e-mail: deposit@ccdc.cam.ac.uk).

Calculations. The geometries were computed with the GAUSSIAN 98 program® at the
B3LYP/6-311G** level of theory. All species corresponded to minima at the B3LYP/6-311G**
level, with no imaginary frequencies. The CSGT/HF/6-311G** method was used for the
calculations of magnetic susceptibilities and GIAO/HF/6-31+G* for NICS. The NICS were
calculated both at ring center and 1 A above the molecular planes. The HOMA values based on
molecular geometries optimized at the B3LYP/6-311G** level.
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Table 6. Selected crystal data and structure refinement for 1,7-phenanthroline 7oxide (a), 1,7-
phenanthroline 1,7-dioxide (b) 1,8-phenanthroline 1,8-dioxide (¢) and 4,7-phenanthroline 4-oxide

Compound (a) (b) (c) (d)
Empirical formula C,HgN,0O, x 2H,0  C;,HgN,0O, x 2H,0 C,HgN,0O, x H,O C,HgN,O, x 2H,0
Crystal system Orthorhombic Orthorhombic Monoclinic Triclinic
Space group Pbca Pbca P2:/n P-1
Unit cell dimensions:
a[A] 6.721 (1) 6.645 (1) 12.257 (3) 6.647 (1)
b[A] 13.676 (3) 14.424 (3) 6.767 (1) 9.190 (2)
c[A] 23.337 (5) 22.735 (5) 12.932 (3) 9.210 (2)
al’] 90 90 90 87.31 (3)
B 90 90 110.60 (3) 87.11 (3)
v[°] 90 90 90 73.67 (3)
Volume [A’] 2145.1 (7) 2178.9 (7) 1004.0 (4) 2538.9 (2)
zZ 8 8 4 2
Absorption coefficient 0.105 0.116 0.112 0.105
[mm']
Reflection collected 21697 21927 10545 5680
Final R [I>2sigma(I)] R=0.0372, R=0.0482, R=0.0583, R=0.0432,
wR’=0.0957 wR’=0.1116 wR’=0.1328 WR’=0.1094

Supporting Information Available

The Cartesian coordinates, absolute electronic energies at B3LYP/6-311G** and zero-point
vibrational energies ZPE at B3LYP/6-311G** for all analysed aza-analogues of phenanthrene
and its N-oxides and N,N-dioxides. Crystal data, structure refinement parameters and ORTEP
view of molecule a, b, ¢, and d.
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