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Theoretical Study on the Structure and Stability of Some Unusual Borora-Nitrogen Helices
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Ab initio self-consistent field molecular orbital and density functional theory calculations have been performed
on a series of helical structures comprised of berpitrogen analogues of extended helicenes, with helically
arrangedN fused benzene rings, and alternatiNdoenzene units fused td — 1 cyclobutadiene rings as
reference structures. The electronic structure and stability of banitrogen analogues of angulat]phelicenes,
[N]phenylenes = 5, 6, 7, 12), and Njmethylenylnaphthalened\(= 6) were investigated at the HF/6-
31G(d) and the B3LYP/6-31G(d) levels of theory. The presence of an even nihmbeings in the boror
nitrogen Nlhelicenes leads to the possibility of angular isomers. Electron density contours were calculated
in order to interpret the existing bonding patterns. These structures may provide supramolecular building
blocks and macromolecular “springs” with unusual electronic properties.

I. Introduction reported on the stability of cycled fused borazideahich are
beltlike structures analogues of the carbon based cyclacenes. A

f : | has i . el series of linearly annelated borenitrogen analogues of acenes
of boron-nitrogen clusters has increased in recent yezi$he \\are 150 the subjects of detailed density functional calcula-

boron—nitrogen atom pair, being isoelectronic with the carbon  ions22 Most recently?? the synthesis of a tubular conical BN
carbon pair, has been a likely replacement of the latter in a iy structure, having elastic properties has been reported.
variety of carbon-based compounds. The change in nuclearygjica| all-nitrogen and helical nitrogen-rich fused-ring clusters
charges introduces several specific effects in the structure asqre studied as welt however, to our knowledge boren
well as the electronic properties, which provide new options nirogen analogues of the helicenic and phenylenic angular
for interesting molecular systems and potential nanomatenals.systems are not yet the subjects of any detailed theoretical study.
The discovery of hexahelicenencouraged investigations In the present paper computational investigations are reported
toward helically extended systems leading, for example, t0  for a series of single- and double-turn boraritrogen analogues
the synthesis of helical [7]phenylef€These structures are  of [NJhelicenes and their angular isomers (possible only i
angular systems formed fromfused benzene rings in the case  an even number) NJphenylenes, andNJmethylenylnaphtha-
of helicenes andN fused benzene I’ings witd — 1 interposed lenes. The boroﬁnitrogen ana|ogues of benzer@,(cydo_

cyclobutadiene rings in the case of phenylenes. Additional pytadienelf), and methylenylnaphthalene) @re the structural
interest is generated by their unusual chirality and optical

properties:® The geometry and energetics of phenylenes, a b c
helicenes, and their isomers has been the subject of numerous O 0 cH,

theoretical studie%.*? Most recently:? theoretical investigations l] i

were carried out on the stability of more extended systems, up
units of these angular systeni$fuseda rings form the single-

to double-turn polyhelicenes, polyphenylenes, and analogous
structures, as potential precursors toward helical graphites.

The pairs B-N and C-C are similar in size, but while the (N = 5, 6, 7) and double-turnN\( = 12) versions of the
bonding involved between the carbon atoms is symmetrical, the boron-nitrogen analogues oNJhelicenes. An even numbét
B—N bond is an asymmetric one, which results in novel qf rings in the boror-nitrogen helicenes leads to the existence
structural features and electronic properties. of angular isomers, which can be distinguished by the different

Borazine!* the boror-nitrogen analogue of benzene is well-  arrangements of the B and N atoms in the terminal ring (Figure
known. Borazanaphthalene, the boraritrogen analogue of 1) For brevity, in this paper the isomer will be denoted as
naphthalene, first observed as a product formed during the gasBN and thee isomer as\B.
phase pyrolysis of borazif€,is also characterized both
experimentally®~18 and theoreticall}? An earlier study inves- By
tigated molecules containing three fused borazine rifgs,
predicting a possibility for the existence of boremitrogen
polymers containing larger number of rings. Further studies -

The interest in the structure, bonding, and electronic properties

[
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Fax: (709) 737-3702. E-mail: pmezey@mun.ca. Figure 1. The two possible structuresande in the case of helicenes
T Memorial University of Newfoundland. with even N rings, where the B and N atoms, one of them present at
* Collegium Budapest. each vertex of these structural formulas, are shown only along one bond.
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(1) BN[5]helicene

(3a) NB[6]helicene

(5) BN|[7]helicene

(7a) NB[12]helicene
Figure 2. The geometries of boremitrogen analogues ofJhelicenes andN]phenylenes.

The boron-nitrogen analogues oNJphenylenes are com-
prised ofN (N =5, 6, 7, and 13) alternatingunits fused td\
— 1 b units. Finally the helical boroanitrogen analogue of
[N]polymethylenylnaphthalene is obtained wiNtfusedc units.

Il. Computational Methodology

The structured—8 (Figure 2) were optimized at two different
levels of theory, HartreeFock and density functional theory
(DFT) with the B3LYP functional, using the 6-31G(d) basis
set?526 A|l these methods are implemented in the Gaussian 03
software packag®. For all optimized geometries, harmonic
vibrational frequencies were computed at the same level of
theory. The lowest vibrational frequencies for all the optimized

structures, no imaginary frequencies among them, are shown

in Table 1. In order to investigate the bonding pattern in the

systems, electron density analysis was performed at the HF/6-

(3b) BN[6]helicene

(7b) BN[12]helicene
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(2) BN[5]phenylene

(4) BN[6]phenylene

&

(6) BN|7]phenylene

(8) BN[12]phenylene

TABLE 1: The Lowest Vibrational Frequencies (cm?) of
the Studied Boron—Nitrogen Helices. (Calculated Frequency
Values at HF/6-31G(d) Shown in the First Column, Followed
by Those at B3LYP/6-31G(d) in the Second Column)

BN[5]helicene 1 47.1872 45,5776
BN[6]helicene 3a 34.2722 31.9657
NBI[6]helicene3b 31.9367 32.4448
BN[7]helicene 5 32.0089 26.7656
BN[12]helicene,7a 39.1514 34.4146
NB[12]helicene,7b 37.5130 36.5825
BN[5]phenylene2 18.1709 19.6884
BN[6]phenylened 19.5756 16.4399
BN[7]phenylenef 14.7192 12.6586
BN[13]phenylened 13.3656 11.5141
BN[6]methylenylnaphthalen®a 15.8761 15.4080
NB[6]methylenylnaphthalen®b 16.6391 13.0773

Ill. Results and Discussions

Geometries of the optimized structures are presented in Figure

2, and the bond lengths in the single-turn beroitrogen helices

31G(d) level. The levels of theory and basis sets used in the are indicated in Figure 3.

present study do not account for the presence of London

Investigations on the optimized structures(dy, (3a), (3b),

dispersion forces. Although these forces may have an increaseds), (7a), and (7b), the boror-nitrogen analogues ofN]J-

role in larger systems, their study was not the primary goal of helicenesi =5, 6, 7, 12), confirmed the existence of energy
this investigation. To address this problem, a more comprehen-minima by having real vibrational frequencies at both the
sive future study is needed. Hartree-Fock and DFT levels with the 6-31G(d) basis set.
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a=1418-1.419 a=1.446-1.448

a=1418-1419

b=1434-1437 b=1414-1417  p_|429- 1441
c=1.450- 1457 c=1472-1476 .| 445- 1452
d=1442-1457 d=13%-1400  j_1439- 1445
e=1455-1456 o= 14441448

S =1.446-1.449  r— 454 1455

Figure 3. Geometries and bond lengths (in angstroms) of single-turn
boron—nitrogen fused-ring helices at HF/6-31G(d).

Noted witha, b, ¢, andd in Figure 3 are the bond lengths of
the boron-nitrogen analogue of helicenes found for the non-
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TABLE 2: Total Energies (hartrees) of Boron—Nitrogen
Analogues of N]Helicenes

level/basis set
HF/6-31G(d) B3LYP/6-31G(d)

—879.7494 —885.1388
-1039.3953 (3.3)  —1045.7518 (4.1)
—1039.4009 (0.0)  —1045.7584 (0.0)
—1199.0472 —1206.3717

BN[12]helicene7a ~ —1997.2850 (4.3)  —2009.4474 (4.8)
NB[12]helicene7b  —1997.2919 (0.0)  —2009.4550 (0.0)

2 The values in parenthesis show the energy in kcal/mol of the BN
isomers, relative to the NB isomers in the cas&lof 6 andN = 12.

molecule

BN[5]helicene 1
BN[6]helicene 3a
NBI[6]helicene3b
BN[7]helicene 5

is in agreement with the results of more detailed electron density
shape analysis of these molecules (Figure 4). The isocontours
at the high-density value 0.30#&0ohe already show significant
deformations from local spherical shape of the constituent atoms.
At the isocontour value of 0.207¢boh#, the electron density
analysis confirms bond typa being the strongest. The 0.12
e-/bohe electron density contours are special. On the one hand,
they show a level of electron density where a single, but multiply
connected, contour presents a prominent alteration of electron
rich and electron deficient atoms. On the other hand, one can
notice a rare phenomenon: actual hexagonal local structures
give rise to nearly perfect triangular holes, a feature that may

terminal rings of the helical systems. These bonds appear longebe useful in “shape tuning” of local interactions. Interactions

than those in their reported carbon analogtfeshich could
result from the weakening of the bonding in the boror

nitrogen ring due to the electronegativity difference between

the boron and the nitrogen atoms.

However, these distances still fall in the range of the
experimentally determined bond length values (1-4D@53 A)
of borazanaphtaler’§, which could be considered a simple

occurring at high density are effected by hexagonal patterns,

while low-density interactions are effected by triangular patterns.
Taking into consideration the number of ringsNagicreases,

a decrease in the total energy of unit structures is observed at

both levels of theory (Table 2). The gradual energy changes

from molecule to molecule are approximateh159.65 and

—160.61+ 0.01 hartrees at the HF/6-31G(d) and the B3LYP/

model somewhat similar to these fused helical systems. The6-31G(d) levels, respectively.

bonding pattern appears to be stable and nearly uniform with

stronger bonds on the peripheries of the rings (bond &/pe

In case of an even number Bfrings, both in the single3]
and double helix 7), the NB isomes (3b) and (7b) are

Figure 3) that are justified by general electron repulsion energetically more stable than their BN counterparts. The
effects: electrons seek the periphery of extended structures,difference in the relative energy values between the two isomers
allowing them to increase their formal “mutual distances”. This is 3.5 and 4.1 kcal/mol for a single helix and 4.3 and 4.8 kcal/

0.12(a.u.)

0.20(a.u.) 0.30(a.u.)

‘0‘0‘0'
‘.Q...o'
3 ....

(3a) BN|6]helicene

(3b) NB[6]helicene
Figure 4. Electron density isocontours (a&. e-/bohr3) of single-turn boreanitrogen helicenes.
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0.12(a.u.) 0.20(a.u.) 0.30(a.u.)

(9a) BN[6]methylenylnapthalene (9b) NB[6]methylenylnapthalene
Figure 6. The geometries of double-layered BN and NB helices.

0.12(a.u.) 0.20(a.u.) 0.30(a.u.)

i o‘-‘.‘.'
8,0,0.0,

(9a) BN[6]methylenyInapthalene

(9b) NB[6]methylenylnapthalene
Figure 7. Electron density isocontours (ag. e /bohi) of boron—nitrogen methylenylnaphthalenes.

mol for a double helix, at the HF/6-31G(d) and B3LYP/6-31G- andb(1.414-1.417 A) have a prominent double-bond character,
(d) levels, respectively. which is close to the experimentally determineet!® double
The boron-nitrogen analogues oNJphenyleneg2), (4), (6), bond length (1.400 A) in aminoborafg.
and @) were also optimized and found to be energy minima  The alternating strong and weak bonds evidenced also in the
structures, confirmed by vibrational frequency calculations. electron density at the isocontour value of 0.2fbehe (Figure
Except for BN[5]phenylene, which has a planar structure, all 5) are suggesting an approximate “Kekule-like” structure of
the others have helical geometries (Figure 2). The unit structuresthese systems.
in all species are characterized by sixB bond lengths, noted Similarly to the results obtained for the borenitrogen
with a, b, ¢, d, e, andf in Figure 3. helicenes, the energy results (Table 3) show the analogous
In the helices4), (6), and(8), the bond lengths are ranging gradual total energy contributions of unit structures with the
from 1.394 to 1.476 A, where bond type§l.394-1.400 A) increasing number oK.
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TABLE 4: Total Energies (hartrees) of Boron—Nitrogen References and Notes

Analogues of N]methylenylnaphthalenes

(1) Silaghi-Dumitrescu, I.; Haiduc, I.; Sowerby, D. Biorg. Chem.

level/basis set 1993 32(17), 3755
molecule HF/6-31G(d) B3LYP/6-31G(d) (2) Seifert, G.; Fowler, P. W.; Mitchell, D.; Porezag, D.; Frauenheim,
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BN[6]methylenyinaphthalen@ia  —2207.6266 ~ —2220.8878 (3) Oku, '%l Nishiwaki, A.; Narita, I.; Gonda, MChem. Phys. Lett

NB[6]methylenylnaphthalen®b —2177.8436 —2190.9700 2003 380, 620.
(4) Xu, S.; Zhang, M.; Zhao, Y.; Chen, B.; Zhang, J.; SunC@em.
The values of energy changes are nearly constants, up to fivePhys. Lett2006 418 297.
digits, approximately-238.85 and-240.29+ 0.01 hartrees at (5) Newman, M. S.; Lednicer, Dl. Am. Chem. S0d956 78, 4765.

the HF/6-31G(d) and the B3LYP/6-31G(d) levels, respectively. Teag?)s_H;‘_?’\/%l;lh%‘?gg'é FE,’_ ';ct.’;is\ﬁfﬂ{itih;i g‘?'gﬁ;‘ég:;gﬁmf,“?&i fédM';

By increasing the number of fused boremitrogen rings, 2002 41, 3223.
double-layered BN9a), and NB(9b) helices can be obtained (7) Katz, T. J.Angew. Chem., Int. EQ00Q 39, 1921.
(Figure 6)_ (8) Phillips, K. E. S.; Katz, T. J.; Jockusch, S.; Lovinger, A. J.; Turro,

i ; N. J.J. Am. Chem. So@001, 123 11899.
They were also optimized, and it was found that they are (9) Schulman, J.M.. Disch, R. L. Am. Chem. S04996 118 8470,

sFationary points cor.responding to real energy minima with real (10) Schulman, J. M.: Disch, R. LJ. Phys. Chem. A997, 101, 5596.
vibrational frequencies at the HF/6-31G(d) and the B3LYP/6- (11) Schulman, J. M.; Disch, R. L. Phys. Chem. A999 103 6669.
31G(d) levels of theory. (12) Schulman, J. M.; Disch, R. L. Phys. Chem. 003 107, 5223.
The BN isomer is energetically more stable than the NB  (13) Wang, L.; Warburton, P. L.; Szekeres, Z.; Surjan, P.; Mezey, P.

counterpart; the energy difference between the two structures®-J: Chgm-ll”f- '_V'Odﬁ:2025é5v 850. . Chem, Ged926 50, 22
is 29.7830 hartrees at HF/6-31G(d) and 29.9178 hartrees at (14 Stock, A; Pohland, EBer. Disch. Chem. Ged.926 59, 2215.

. (15) Laubengayer, A. W.; Moews, P. C., Jr.; Porter, RI.FAm. Chem.
B3LYP/6-31G(d) level, respectively (Table 4). The apparent goc 1961 83, 1337.
reason for this energy difference is that a greater number of (16) Mamantov, G.; Margrave, J. L. Inorg. Nucl. Chem1961, 20,

nitrogen atoms on the peripheries are better accommodating348.
electrons in case of the BN isomer (17) Neiss, M. A,; Porter, R. K. Am. Chem. S0d.972 94, 1438.
: : P . (18) Fazen, P. J.; Remsen, E. E.; Beck, J. S.; Carroll, P. J.; McGhie, A.
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the helices denoted l®y b, c, d, e, andfin Figure 3are ranging  (19) Kar, T.; Elmore, D. E.; Scheiner, SHEOCHEM1997, 392, 65.
from 1.418 to 1.455 A. From the electron density shape analysis  (20) Baird, N. C.; Whitehead, M. ACan. J. Chem./Re Can. Chim
at the isocontour value of 0.20 #voh# (Figure 7) and from 1967 45 (18), 2059.
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the a-type B—N bond is slightly stronger at the peripheries. ~.5m 2004 43, 5824, e P ' )

This follows the general trend concerning peripheries pointed  (23) xu, F. F.; Bando, Y.; Ma, R.; Golberg, D.: Li, Y.; Mitome, N.

out above. Am. Chem. So2003 125, 8032.
(24) Wang, L.; Mezey, P. Q. Chem. PhysA 2005 109 3241.
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: « LA PRE X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.; Adamo, C.;
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Y 9 Y ploy: D.; Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A.

electron density analysis provided an efficient way for pointing " cjiftord, s.: Cioslowski. J.: Stefanov, B. B.: Liu. G.: Liashenko, A.:
out the essential features. Piskorz, P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
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