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The present study theoretically investigated hypervalent bonding systems with the skeleton of pentalene. Geometries
and energetics were examined by density functional theory calculations with triple-zeta class basis sets. The bond energies
of the O—X and N-X hypervalent three-center four-electron bonds were estimated. Furthermore, the relationships between
the bond-switching equilibration reactions and the stabilities of the hypervalent bonding intermediates were examined.
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Experimental studies of the bond-switching equilibration
of 5-(1-aminoethylidene)amino-3-methyl-1,2,4-thiadiazole (1)
and 5-(2-amino-1-propenyl)-3-methylisothiazole (2) systems
with nitrogen-15 isotope, as shown in Scheme 1, have been
reported.'® An intermediate Bgym, which is symmetric and has
10-S-3 sulfurane (three coordinate hypervalent sulfurane bear-
ing two equatorial lone pair electrons) consisting of a hyper-
valent three-center four-electron (3c-4e) bond in N-S-N, was
invoked to realize the equilibrium between A(x) and A(B).

Our previous study® theoretically investigated the reaction
mechanism for the bond-switching equilibration on sulfur 14
and oxygen 13, employing the simplified models as shown in
Scheme 3. In this model, the pathway from A(®) to Bgyn, is
the same as from A(B) to Bgym, because of the symmetry.
Geometries and energetics of the reactants, products, and
intermediates were examined along unimolecular and bimo-

As derivatives of 2, 1,6-dihydro-1,6-dioxa-6a-thiapentalene 'T' lTl
, .
(2). systems were ?lso synth.esmed as stable compounds, Me\ > C\@ AL /Me
which have symmetric geometries, Bgyy,, and 10-S-3 sulfurane C C
consisting of 3c-4e bond in O-S-O (Chart 1).7 | | |
On the other hand, the bond-switching equilibration cannot o S o
be found for the corresponding oxygen analogs, i.e., 1,2,4- ./ @\.
oxadiazole 3 and isoxazole 4 systems in Scheme 2. The ° b X *
differences between 1 and 3 and between 2 and 4 are only the
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Scheme 1. Bond-switching equilibration of 5-(1-aminoethylidene)amino-3-methyl-1,2,4-thiadiazole (1) and 5-(2-amino-1-propenyl)-

isothiazole (2).

Published on the web July 24, 2010; doi:10.1246/bcsj.20100027


http://dx.doi.org/10.1246/bcsj.20100027

T. Atsumi et al.

Me Y. Y. Me Me Y Y. Me
\C/ %C/ %C/ \Cé \04 \C/

[l | 15| | | [l
N——-0 NH, H,N  O—"N
A(o) AB)
4:Y=CH

Scheme 2. Bond-switching equilibration of 1,2,4-oxadiazole
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Scheme 3. Bond-switching equilibration of 5-16.
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Scheme 4. Bimolecular reaction of 14.

lecular reaction paths by density functional theory (DFT)
calculations by taking into account solvent effects. Further-
more, the transition states (TSs) and the intrinsic reaction
coordinates were investigated. The unimolecular reaction path
had high energy barriers around 70 kcal mol~' (1 kcal mol~! =
4.184kJmol™") in 13 and 14. It was concluded that the
unimolecular bond-switching reactions cannot proceed ther-
mally, and the solvent effect leads to minor change.

In the bimolecular processes as shown in Scheme 4, the
bond-switching reaction of 14 with X =S could be accom-
plished with the energy barrier of about 40 kcal mol~'. On the
other hand, that of 13 with X = O could not occur even in the
bimolecular processes, because 13-By,, was obtained as a TS
which leads to a high energy barrier of about 70 kcal mol~!. As
a result, the stability of By, plays a key role for the bond-
switching equilibration reaction.

The aim of this theoretical study is to clarify the stability
of hypervalent compounds By, for a wide variety of central
atoms, group 14-16 and period 2-5 elements, 5-16 in
Scheme 3 and 5’-16’ in Chart 2, and estimate hypervalent
bond energies of them. The compounds of numbers with prime
are produced from corresponding nitrogen analogs in Scheme 3
by replacing NH with O at positions 2 and 8. The reason the
pentalene systems were adopted as models is as follows.
The bond energy of a hypervalent N-S bond was estimated to
be around 16.6kcalmol™! experimentally by employing 1,6-
dihydro-6a-thia-1,6-diazapentalene fused with two pyrimidine
rings.'® Recent theoretical study of the same system found the
corresponding energy to be 15.7kcalmol~!.!! Therefore, we
here adopted the 1,6-diaza-1,6-dihydro- and 1,6-dihydro-1,6-
dioxapentalene systems with a heteroatom X at 6a position for
theoretical estimation of hypervalent bond energy of O—X and
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Figure 1. Geometries of By, of 5'-16" (in A).

N-X of a variety of main group elements (X). The discussion
of the hypervalent bond based on the results is restricted to
these systems. However, we expect at present that the results
are worthy as a first-step effort for comparing the hypervalent
bonds with a wide variety of central atoms, group 14-16 and
period 2-5 elements, which will motivate not only theoretical
but also experimental studies.

The organization of the present paper is as follows. The
second section presents the computational methods adopted
in this study. The third section describes the results and
discussion, which involves the geometric structures, energies,
and estimation of hypervalent bond energies of By, in 5-16
and in 5-16, and the bond-switching reactions of 5-16.
Concluding remarks are summarized in the last section.

Computational Method

The present study theoretically examined the compounds 5—
16 in Scheme 3 and their oxygen analogs 5-16" in Chart 2.
The geometries were optimized by DFT calculations with the
B3LYP hybrid functional,'? which consists of the Hartree—Fock
exchange, the Slater exchange,'? the Becke (B88) exchange,'
the Vosko—Wilk—Nusair (VWNS) correlation,'> and the Lee—
Yang—Parr (LYP) correlation!® functionals. The correlation
consistent polarization plus valence triple zeta (cc-pVTZ)
basis sets of Dunning!”'® for atoms of period 1-4 elements,
and cc-pVTZ with small-core relativistic pseudopotentials
(cc-pVTZ-pp)"® for atoms of period 5 elements were adopted.
Geometry optimizations of By, were performed maintaining
a Cs; or C, symmetry. Frequency analyses were performed
in order to check the stable geometry with no imaginary
frequencies or the TS with one imaginary frequency. The above
first-principle calculations were carried out with the Gaussian
03 suite of programs.?’ Since the previous study® of 13 and 14

showed that solvent effect is minor matter in energy for the
stability of Bgym as well as A, the present calculations do not
include the effect.

Results and Discussion

O-X-O Hypervalent Bonds.  This section shows the
theoretical investigation of geometries and energies of Bgyn, of
5’-16’ in Chart 2 and the estimation of the O-X-O hypervalent
bond energies. Figure 1 shows the geometries of By, In each
system, the bond length of X1-02 is equal to that of X1-O8
because of fixing the Cy; or C, symmetry. For the cases of
groups 14 and 16, the species of By, had C,, symmetry, i.e.,
dihedral angle Z02-X1-C5-O8 was equal to 180° and the
pentalene skeleton was planar. For the cases of group 15, the
species of By, had C; symmetry with 168.7-175.1° of Z02—
X1-C5-08, which were approximately in plane. The com-
pounds with the central atoms X1 of period 3-5 elements were
obtained as stable structures. On the other hand, By, with the
central atoms X1 of period 2 elements were obtained as TSs:
i.e., 5"-Bgym, 9-Bsym, and 13’-Bgyy,. The bond lengths of C5-X1
increase with higher period elements of the same group:
for example, 1.492, 1.900, 1.964, and 2.147 A for [5': CHy],
[6": SiH,], [7": GeH,], and [8": SnH;], respectively. This trend
is because of the increase of the atomic radius for higher period
elements. The bond lengths of X1-02 and X1-0O8 also show a
similar trend except for the relationships between periods 2 and
3. For example, 1.959 A for [5': CH,] is longer than 1.907 A for
[6": SiH,]. This inversion might be related to the strength of the
0O-X-0O hypervalent bond.

Next, we estimated bond energies of the hypervalent O-X-O
bonds in By, by investigating two processes to cleave the
X1-08 bonds, namely, rotation of C5-C6 or C6—C7 bond,
giving B’(«) or B”(«), respectively, as shown in Scheme 5.
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Table 1. O-X Bond Length in HOXH and 5-16’ (in A)?
5 6 7 8 9’ 10’ 11’ 12/ 13’ 14/ 15’ 16’
X CH2 SIH2 GCHZ SI’IHZ NH PH AsH SbH O S Se Te
Group 14 14 14 14 15 15 15 15 16 16 16 16
Period 2 3 4 5 2 3 4 5 2 3 4 5
HOXH 1420 1.660 1.792 1.993 1.447 1.673 1.816  1.999 1.452 1.683 1.820 1993
B’ 1.449 1.707 1.850 2.063 1.424 1.707 1.859  2.051 1.451 1.696 1.841  2.024
(0.029)  (0.047) (0.058) (0.070) (—0.023) (0.034) (0.043) (0.052) (—0.001) (0.013) (0.021) (0.031)
B” 1.473 1.711 1.857 2.075 1.432 1.713 1.869  2.063 1.433 1.710 1.861  2.053
(0.053)  (0.051) (0.065) (0.082) (—0.015) (0.040) (0.053) (0.064) (—0.019) (0.027) (0.041) (0.060)
Exptl? 1.43 1.66 1.65 1.95 1.46 1.63 1.78 2.00 1.48 1.50 1.61 2.00
(0.01) (—0.00) (—0.14) (—0.04) (0.01) (—0.04) (—0.04) (0.00) (0.03) (—0.18) (—0.21) (0.01)
a) The deviations from the HOXH case are shown in parentheses. b) Ref. 21.
Table 2. Energetics for 5-16’ (in kcal mol™!)
5 6 7 8 9’ 10’ 11’ 12/ 13’ 14/ 15’ 16’
X CH, SiH, GeH, SnH, NH PH AsH SbH (6] S Se Te
Group 14 14 14 14 15 15 15 15 16 16 16 16
Period 2 3 4 5 2 3 4 5 2 3 4 5
AE(B') —19.25 15.50 15.06 19.71 —-1793 1341 15.49 19.87 —13.00 1723  23.68 29.52
AE(B") —18.70 13.43 12.56 1595 —15.41 12.87  14.00 1696 —10.01 18.18  23.11 26.98
AE —18.98 14.47 13.81 17.83 —16.67 13.14 14.75 1842 —11.50 17.71 2339 2825
Ecp(0-X)? 93.78 120.30 100.04 88.35 66.52 87.58 7773  74.66 52.35 6855 6448  63.80
(85.56) (108.22) (86.72) (133.06) (47.80) (97.23) (71.91) (75.01) (33.89) (63.31) (81.94) (64.02)
Eyp(0-X-0) 7481 13477 113.85 106.19 49.85 100.72 9247  93.07 40.85 8626 87.87  92.05
Exp(0-X) 37.40 67.38 56.93 53.09 2493 5036 4624  46.54 20.43  43.13 4394  46.02

a) Experimental values given in parentheses are taken from Ref. 21.

These processes involve the change of the character of X1-02
bond from a hypervalent bond to a normal covalent bond in
addition to the cleavage of the X1-O8 hypervalent bond.

Consequently, the energy difference between B’ and By, or
between B” and Bgym, AE(B’) or AE(B"), is approximately
equivalent to the difference between the O—X-O hypervalent
bond energy, Eyg(O-X-0O) (=2Eup(0-X)) and the O-X
covalent bond energy, Ecg(0O-X):

AE®B') ~ AEB") ~ Eyg(0-X-0) — Ecg(0-X)
= 2Eup(0-X) — Ecp(0-X) (H
In order to estimate Ecg(0O—X), we calculated HOXH, HOe, and

*XH molecules at the same level:

Ecp(0-X) ~ E(HOe) + E(*XH) — E(HOXH) 2)

The approximate estimations of Eyg(O—X-0) and Eyg(0O-X)
by egs 1 and 2 postulate that the covalent bond energies of O—
X in HOXH are close to those in B’ and B”, in which the O—-X
bond is contained in a five member ring, X1-02-C3-C4-CS5.

Table 1 compares the O—X bond lengths in B’, B”, and HOXH.

We compared the calculated O-X covalent bond lengths
with experimental values in order to check the reliability of
theoretical treatment in this study. The deviations from the
HOXH case, which are shown in parentheses in Table 1, are
less than 0.082 A. In Table 1, the experimental O—X covalent
bond lengths are also listed.?! Deviations of experiments are
smaller than 0.04 A, except for 0.14, 0.18, and 0.21 A for Ge, S,
and Se, respectively, because of the existence of double-bond
character in the experiment.

Table 2 shows the relative energies of B’ and B”, AE(B’)
and AE(B'"), their average values, AE (=(AE(B’) + AE(B"))/
2), and estimated bond energies, Ecg(0O—X), EFyp(0O-X-0), and
Eyxp(0-X), for 5’-16’. The estimations of Epg(O-X-0O) and
Eyup(0-X) in Table 2 adopted the average value AE:

Eup(0-X-0) = Ecp(0-X) + AE 3)

1 _
Eyp(0-X) = 3 (Ecg(0-X) + AE) €]
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Figure 2. Comparison between calculated and experimental
O-X covalent bond energies, ES4¢¢(0-X) and Egy"(0-X)
(in kcal mol™1).

The energy of species of B’(cx) and B” () should certainly
be affected by steric and conjugation effects according to the
structure. However, it was clarified that AE(B’) and AE(B"’) are
sufficiently close to each other. The maximum difference is
at most 3.8kcalmol™' for [8: Sn]. This fact supports the
reliability of eq 1.

In Table 2, the experimental values for the O—X covalent
bond energies,?! Ecg(0O-X), are also tabulated in parentheses.
Note that the experimental value for 8’ corresponds to the
Sn(Il) ionic case. Figure 2 plots the comparison between the
theoretical and experimental values for Ecg(O—X). Except for
8’ [Sn], there is a reasonable correspondence.

Figure 3 plots the estimated hypervalent bond energies,
Eyp(0-X), with respect to period of the central atom. In all
cases of groups 14-16, Eyp(O-X) for period 2 elements are
remarkably smaller than the others. The weak interactions for
period 2 elements are presumed to be the reason why By,
structures of 5/, 9’, and 13’ become TSs. It is interesting that the
order of Eyp(O-X) is groups 14 > 15 > 16 in each period. This
tendency may be a result of the electronegativity of the central
atom. The formal polarization of the hypervalent bond is
described by L=%°-X+19_1.=05_In consequence, the suscepti-
bility to cation for the central atom determines the magnitude of
the hypervalent bond. We examined the Kohn—Sham orbitals of
the intermediates By, and found the bonding, non-bonding,
and anti-bonding orbitals for each compound which demon-
strate the existence of hypervalent bond. The MOs are
presented in Supporting Information.

N-X-N Hypervalent Bonds. This subsection deals with
the N—X-N hypervalent bonds in 5-16. Figure 4 shows the
geometries of By, of 5-16 in Scheme 3. The species By, of
central atoms of 14, 15, and 16 elements had C,,, C,, and C,,
symmetries, respectively, except for 13-Byy,, which had C,
symmetry. The compounds with the central atoms X1 of period
3-5 elements were obtained as stable structures, whereas those
of period 2 elements as TSs: i.e., 5-Bgym, 9-Bgym, and 13-Bgyy,.
The behaviors of the C5-X1 and X1-N2/X1-N8 lengths in

Theoretical Study of Hypervalent Bonds
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Figure 3. O-X hypervalent bond energies, Eyp(O-X) (in
kcal mol™") with respect to group and period of X.

5-16 are similar to those of the C5-X1 and X1-02/X1-08
lengths in 5-16’. It should be noted that the X1-N2/X1-N8
lengths in 5-16 are slightly longer than the corresponding
X1-02/X1-08 lengths, except for 13 and 13’.

We estimated bond energies of the hypervalent N-X-N
bonds in By, of 5-16 by the same procedure as described
in the above subsection. Two processes shown in Scheme 6
were first investigated and the energy differences AE(B’) and
AE(B") were evaluated. From the dissociations of the N-X
bonds in HNXH, the covalent bond energies Ecg(N—-X) were
estimated as follows:

Ecg(N-X) ~ E(HN*) + E(XH) — E(HNXH) (5)

By using Ecg(N-X) and the average of AE(B’) and AE(B"),
namely AE, the N-X-N hypervalent bond energies were
estimated:

Eng(N-X-N) = Ecg(N-X) + AE (6)
1 _
Eyp(N-X) = 7 (Ecs(N-X) + AE) @)

Table 3 compares the N-X bond lengths in B’, B”, and
HNXH. The deviations from the HNXH case, which are shown
in parentheses in Table 3, are less than 0.033 A. This confirms
the reliability of the covalent bond energy in eq 5 for the
estimation of the hypervalent bond in By,

Table 4 shows AE(B’), AE(B"), AE, Ecg(N-X), Egg(N-X—
N), and Eyg(N-X), for 5-16. It was clarified that AE(B’) and
AE(B") are sufficiently close to each other. The maximum
difference is 3.4 kcal mol~' for [8: Sn]. This fact also supports
the reliability of the average value AE.

Figure 5 plots the estimated hypervalent bond energies,
Eyg(N-X). The behaviors of Eyg(N-X) are similar to those of
Eyp(O-X) in Figure 3, i.e., those for period 2 elements are
remarkably smaller than the others and the strength of the
hypervalent bond is in the order of groups 14 > 15> 16 in
each period. It should be noted that Eyg(N-X) in Figure 5 are
smaller than the corresponding Eyg(O-X) in Figure 3. This
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Scheme 6. Rotations of C5-C6 and C6—C7 bonds of 5-16 systems.

Table 3. N-X Bond Length in HNXH and 5-16 (in A)®

5 6 7 8 9 10 11 12 13 14 15 16
X CH, SiH, GeH, SnH, NH PH AsH  SbH 0 S Se Te
Group 14 14 14 14 15 15 15 15 16 16 16 16
Period 2 3 4 5 2 3 4 5 2 3 4 5
HNXH 1464 1732 1.854  2.055 1436 1721 1871  2.064 1447 1734 1.880  2.049
B 1470 1762  1.876  2.080 1424 1753 1.891  2.079 1426  1.735 1.878  2.062
(0.006)  (0.030) (0.022) (0.025) (—0.012) (0.032) (0.020) (0.015) (—0.021) (0.001) (—0.002) (0.013)
B” 1473 1762 1877  2.082 1432 1754  1.895  2.083 1433 1.745 1.889  2.073

(0.009)  (0.030) (0.023) (0.027) (—0.004) (0.033) (0.024) (0.019) (—0.014) (0.011)  (0.009) (0.024)

a) The deviations from the HNXH case are shown in parentheses.

tendency is also affected by the electronegativity of the atoms stability of the symmetric intermediate By, determines the
of positions 2 and 8 because of the formal polarization of the  possibility of the bond-switching reaction. Figure 6 shows the
hypervalent bond, L™0>-X*1.0_ =05, geometries of the reactant A(cr), which are equivalent to those

N-X..N Bond-Switching Equilibration. We here inves- of the corresponding products A(8). The frequency analyses
tigate the bond-switching equilibration of compounds 5-16 confirmed that all species A() are stable structures. Both N2—
shown in Scheme 3. Our previous study,” which examined the ~ X1 and C5-X1 lengths increase as higher period elements
reaction mechanism of 13 and 14 in detail, clarified that the = within the same group. The reversals for the N2-X1 lengths
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Table 4. Energetic Results for 5-16 (in kcal mol™")

Theoretical Study of Hypervalent Bonds

5 6 7 8 9 10 11 12 13 14 15 16
X CH, SiH, GeH, SnH, NH PH AsH SbH O S Se Te
Group 14 14 14 14 15 15 15 15 16 16 16 16
Period 2 3 4 5 2 3 4 5 2 3 4 5
AEB') —33.91 16.61 13.69 19.49 —40.35 12.66 13.83 19.69 —43.13 11.50 20.08 29.08
AEB") —34.65 13.93  10.97 16.12 —-3947 11.19 11.99 17.05 —4226 11.54 19.32 27.33
AE —34.28 15.27  12.33 17.81 -=3991 11.93 12.91 18.37 —42.69 11.52 19.70 28.20
Ecg(N-X) 86.72 100.24  83.86 71.91 68.80  75.05 65.15 59.96 66.52  65.86 59.48 55.10
Eyg(N-X-N) 52.44 11551  96.19 89.72 28.90 86.98 78.06 78.33 23.83  77.38 79.17 83.30
Egg(N-X) 2622 5775  48.10 44.86 1445 4349 39.03 39.16 11.91  38.69 39.59 41.65
70 between periods 2 and 3 are not seen in this case. The other
bonding characters are similar in all cases. For example, C3-C4
60 [~ Si:57.75 and C4-C5 lengths are 1.406-1.481 and 1.352—1.386 A, which
_ correspond to single- and double-bonds, respectively. From the
S 50 geometrical point of view, no specific interactions between X1
£ and N2 appear in A(«) and A(B). Figure 6 also shows the
@ 40 = relative energies of A(c) with respect to Bgym:
4
>~ AE(A) = E(A) — EBgym) (®)
30
>.< For 5, 9, 13, and 14, AE(A) become negative values. It means
:\Zg 20 . —&— Group 14 that the reactant A(x) as well as the product A(fB) are more
Ly [ Group 15 stable than the intermediate Bgyy, for the second period
< N:14.5 - =& - Group 16 compounds. The opposite is true for the other compounds: 6—
0= 019 8, 10-12, 15, and 16.
I I | | Figure 7 plots AE(A) in eq 8 with respect to the period of
0 the central atom X. In all cases of groups 14-16, AE(A) for
2 3 4 5 . .
Period period 2 elements are considerably smaller than the others.

Figure 5. N-X hypervalent bond energies, Eyg(N-X) (in
keal mol~!) with respect to group and period of X.

| 488
5-A(a):-39.73

1.368

£
9-A(o):-64.20

=
1409
13-A(0):-70.75

10-A(0:):5.68

1.743

1.669
14-A(0)):-11.00

Furthermore, in each period, AE(A) increases in the order of
groups 14 > 15 > 16. These behaviors resemble the hyper-
valent bond energies as described in Figure 5.

15-A(0):2.04

16-A(0):15.60

Figure 6. Geometries (in A) and relative energies differences between A(cr) and Bgym of 5-16, AE(A) (in kcal mol ™).
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40
Sn:22.8
Si:18.9 . —
20 /&5;‘7/%:19.7 *
) pes As:10.1 ‘_,—"Te:15.6
R :5, "
g e Se:2.0
= SS:-11.0
ﬁ 20
~
<
EU/ -40
<
—&— Group 14
-60 [~ Group 15
- -k - Group 16
| I | '
-80 5 3 4 5
Period

Figure 7. Energy difference between A and By, AE(A)
(in kcal mol™") with respect to group and period of X.

Conclusion

The hypervalent bond energies of O-X and N-X for
symmetric species By, with central atoms X of group 14
[CH,, SiH,, GeH,, SnH;], 15 [NH, PH, AsH, SbH], and 16 [O,
S, Se, Te] elements were estimated. It was clarified that By,
for period 2 were obtained as TSs of which hypervalent
bond energies were remarkably smaller than the others.
Furthermore, the order of the hypervalent bond energies is
groups 14 > 15 > 16 in each period. The O—X-O hypervalent
bonds are stronger than the N-X-N bonds in all cases. These
behaviors are a result of the electronegativities of the central
atoms and the ligand atoms.
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Supporting Information

Bonding, non-bonding, and anti-bonding orbitals of the
intermediates By, which demonstrate the existence of hyper-
valent bond. This material is available free of charge on the
web at http://www.csj.jp/journals/bcsj/.
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