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The molecular properties and reactive activities of the d-m conjugated (E)-Tip(Fc)Ej4=E14(Fc)Tip (1-C, 1-Si,

1-Ge, 1-Sn, and 1-Pb) systems possessing the E;4=E;4 unit were explored using density functional theory
(M06-2X/Def2-SVPD). The theoretical investigations on the basis of several physical properties (the bonding
analysis, UV-vis and Raman spectra) indicate that a coupling occurs between the double bonded moiety,

E14=E4, and the ferrocenyl groups. Moreover, the present theoretical findings strongly suggest that the

chemical reactivity of such d-m conjugated molecules increase in the order as follows: 1-C « 1-Si < 1-
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Ge < 1-Sn < 1-Pb. Specifically, the larger the atomic radius of the group 14 element involved in such d-m

conjugated compounds, the smaller its = bond strength and more facile its [1 + 4] or [1 + 2]
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. Introduction

Recently, Sasamori, Tokitoh, and co-workers' reported the
synthesis and characterization of the first stable tetrelenes
containing ferrocenyl (Fc) functional groups: (E)-Tip(Fc)Si=
Si(Fe)Tip (Tip = 2,4,6-triisopropylphenyl, Fc = ferrocenyl),
(E)-Tip(Rc)Si=Si(Rc)Tip (Rc = ruthenocenyl) 1-Si, and (E)-
Tip(Fc)Ge=Ge(Fc)Tip 1-Ge, revealing highly unusual d-w
interactions® between the Si=Si and the Ge=Ge 7 bond and
the metallocenyl units, based on X-ray crystallographic, spec-
troscopic, and electrochemical analysis. They are the first dis-
ilenes and digermene containing functionality afforded by
metallocenyl moieties. In particular, experimental studies show
that the thermal reactions of (E)-Tip(Fc)Ge=Ge(Fc)Tip and 2,3-
dimethyl-1,3-butadiene result in the corresponding [1 + 4]
cycloaddition products with the cleavage of the Ge=Ge double
bond, rather than producing a [2 + 4] cycloproduct (Scheme 1).*
On the other hand, the reactions of 1-Si and 1-Ge with elemental
selenium afforded three-membered selenadisilirane and sele-
nadigermirane,'” respectively (Scheme 2). However, to the
authors' knowledge, no definite mechanisms for the above
reactions have been reported, either experimentally or theoret-
ically. In addition to these, since experimental data and trends
are not easily available for such d-m-conjugated systems, in
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cycloaddition with either a butadiene or a selenium atom, respectively. The singlet-triplet energy
splittings, based on the VBSCD model, have been used as a guide to interpret the reactivity.

particular for heavier d-m-conjugated analogues, a computa-
tional study plays an efficient role in the investigation of both
their physical and chemical properties.

This study, therefore, pursues the first systematic theoretical
inspection of the d-m-conjugated molecules, (E)-Tip(Fc)E;,—
E14(Fc)Tip (1-C, 1-Si, 1-Ge, 1-Sn, and 1-Pb), using density func-
tional theory (DFT). From the present work, it is hoped that the
computed molecular properties, as well as the chemical reactivity,
can provide a guide for any future experimental studies of
unknown d-m-conjugated compounds possessing a E;,—E,, unit.

Il. Results and discussion

1 The geometries and electronic structures of (E)-Tip(Fc)
E;,=E4(Fc)Tip species

DFT calculations (M06-2X/Def2-SVPD)*>* were performed to
check the molecular parameters of 1-C, 1-Si, 1-Ge, 1-Sn, and 1-
Pb and to provide a significant insight into the factors influ-
encing their chemical reactivity. All computations were
executed using the Gaussian 09 suite of programs (ESIT).> The
selected geometrical parameters of (E)-Tip(Fc)E;,=E4(Fc)Tip,
computed both as singlet and as triplet species, are collected in
Table 1. Cartesian coordinates calculated for the stationary
points at the M06-2X level are available in ESIL.}

Firstly, we compared the geometries of 1-Si and 1-Ge with the
MO06-2X computational results, since only these structures
have been determined by X-ray crystal analyses.' The calculated
Si=Si and Ge=Ge bond lengths of 1-Si and 1-Ge are 2.166 and
2.251 A, which are somewhat shorter than the experimental
data, 2.173 (ref. 1 and 6) and 2.332 A," respectively, as shown in
Table 1. Moreover, it is found that the calculated Si—C and Ge-C

This journal is © The Royal Society of Chemistry 2017
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(ipso-ferrocenyl) bond distance of 1-Si (1.824 A) and 1-Ge
(1.903 A) are shorter than those of the Si-C and Ge-C (ipso-Tip)
bonds (1.885 A for 1-Si and 1.934 A for 1-Ge), whose trend is
similar to the experimental observations.* The reasons for such
short values are probably due to conjugative interactions
between the m-electrons of the Si=Si and Ge=Ge units and
those of the ferrocenyl units in both 1-Si and 1-Ge, respectively.*
Additionally, the M06-2X results shown in Table 1 indicate that
1-Si and 1-Ge exhibit a characteristic trans-bent structure with
a trans-bent angle (#) of 29.4° and 46.5°, which are analogous to
the reported X-ray analyses, 27.9° (ref. 1a) and 43.7°," respec-
tively.” From the above comparisons, the reasonably good
agreement between the experimental data and the computa-
tional results is quite encouraging.®® It is, therefore, certain that
the theoretical method (M06-2X/Def2-SVPD) used in this work
should be reliable for any further investigations of their
molecular properties as well as energetic features of the chem-
ical reactions, for which experimental values are not attainable.

The electronic structures of (E)-Tip(Fc)E;,=E4(Fc)Tip were
analyzed using the natural bond orbital (NBO)' partitioning
scheme in combination with the Wiberg bond indices (WBI),"*
which are summarized in Table 2. It is apparent that the order of
WBI for the E;,~E;, doubly bonded species decreases from
carbon to lead. In particular, only the WBI of 1-Pb is 0.77, being
less than 1.0, implying that the bonding between the two lead
atoms is best described as a single bond. About the NBO' analysis
given in Table 2, our theoretical findings indicate that there exists
a1:1 p orbital contribution to the 7 bond in the case of 1-C. On
the other hand, the heavier the group 14 element (E,4) involved,
the higher the asymmetric contributions to the 7 bond. However,
since the 1-C, 1-Sn, and 1-Pb molecules have not been experi-
mentally reported yet and the study of the bonding characters is

This journal is © The Royal Society of Chemistry 2017

singlet

© [expl]

(triplet)

1-C 1-Si 1-Ge 1-Sn 1-Pb
1 1.364 2.166 2.251 2.635 2.863
[2.173] [2.332]
(1.500) (2.323) (2.416) (2.743) (2.906)
2 1.503 1.824 1.934 2.142 2.262
[1.880] [1.981]
(1.545) (1.893) (1.958) (2.156) (2.273)
3 1.492 1.824 1.903 2.090 2.204
[1.848] [1.935]
(1.501) (1.851) (1.928) (2.121) (2.229)
4 125.9° 121.8° 119.7° 113.9° 114.0°
[116.3°] [114.6°]
(125.8°) (115.9°) (116.5°) (115.0°) (114.6°)
5 120° 118.9° 105.6° 96.48° 95.31°
[117.0°] [116.5°]
(117.3°) (115.9°) (116.5°) (115.0°) (114.6°)
] 6.8° 29.3° 46.5° 64.2° 68.4°
[27.9°] [43.7°]
(7.4°) (49.1°) (52.0%) (61.9°) (63.4°)

RSC Adv., 2017, 7, 44724-44734 | 44725


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04935h

Open Access Article. Published on 19 September 2017. Downloaded on 7/29/2025 11:54:25 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

Table 2 Computed results for E;4=E;, double bond length (A), the natural bond orbital (NBO) and natural resonance theory (NRT) analyses of
the compounds (E)-Tip(Fc)Eq4=E4(Fc)Tip (1-C, 1-Si, 1-Ge, 1-Sn, and 1-Pb)*><4

E1s=Eu4 Bond length (A) WBI Occupancy NBO analysis BDE (kcal mol )
1-C 1.364 1.71 o =196 0.707 C(sp™®") + 0.707 C(sp**"), where C 132.7
= 50.00%, C = 50.00%
™ =1.88 0.707 C(S(};gg'gg) + 0.7070 C(sp®*°), where
= 0, = 0,
1-Si 2.116 1.62 o =1.93 5.7074 g.i?sgp/i,sg)j + 0?70(')213?25131-83), where Si 13.64
= 50.01%, Si = 49.99%
™ =1.85 0.706 si(:é”l-z"’) + 0.702 Si(sp'”%”), where
1 — 0, 1 — 0,
1-Ge 2.251 1.53 o =1.89 3?70742.5(2;27-0% + ;2.0174 C/;)e(spzm), where —3.08
= 0 = 0,
™ =1.83 2;08 ?é?siféG?i 0.5(?&0(1;:5sp9-56), where
= Y = 0,
1-Sn 2.635 1.21 o =177 OG.(;OS Z?l(ls;fm?i 0.;1(?68:n?sp2-24), where —30.23
= 0 = 0,
™=1.73 f).n709 Ss?{(lsi)g%rl o.jgéggrf()sp*“), where
= v = 0,
1-Pb 2.863 0.77 o =197 3299 i’%(zs?ﬁé%t 0.;119;;1’tfzsp1'81), where —30.45
= 0 = 0,
T =1.64 g.b716 ‘;i'(iég‘;igf)l: O.Zggikﬁspl'oo), where

Pb = 51.20%, Pb = 48.80%

“ All are computed at the M06-2X/Def2-SVPD level of theory. ” Wiberg bond index (WBI). © Occupancy of the corresponding ¢ and 7 bonding NBO.
4 Bonding dissociation energy (BDE), units: kcal mol~*. BDE = 2E[(E)-Tip(Fc)E,4:] — E[(E)-Tip(Fc)E;4,=E,4(Fc)Tip].

beyond the scope of the present work, we thus consider the
theoretical results collected in Table 2 is a prediction.

Specifically, the larger the atomic radius of E;4 involved in
the (E)-Tip(Fc)E14=E4(Fc)Tip species, the longer the E,;,=Eq,
double bond length, and the smaller the bond order of the E;,=
E,4 bond, the weaker the E;;,—E,;,; double bond strength.
Indeed, from the viewpoint of the bond dissociation energy
(BDE; kecal mol ™) of the E;;,=E,4 double bond, i.e., (E)-Tip(Fc)
E14=E14(Fc)Tip — 2 X Tip(Fc)E;, (BDE = 2E(Tip(Fc)E14:) —
E((E)-Tip(Fc)E14,=E14(Fc)Tip)), the M06-2X calculations shown
in Table 2 reveal that the BDE decreases in the order: C=C (133)
> Si=Si (14) > Ge=Ge (—3.1) > Sn=Sn (—30) > Pb=Pb (—31).
From these results, one may readily anticipate that the double
bonds for both 1-Sn and 1-Pb can be relatively easily broken,
whereas the 1-C w-bonded compound is quite stable in both the
solution phase and the solid phase. However, the M06-2X
studies show that the BDEs of 1-Si and 1-Ge are roughly equal
to zero, demonstrating that the two species can dissociate in
solution. These predictions are in good agreement with the
available experimental evidence (vide infra).!

Besides these, the M06-2X computational data given in Table
2 reveal that there exists substantially more o-character within
the 7 bond of the diplumbylene in relation to the other dime-
tallenes. As a result, this feature should relate to the presence of
a weak slipped m-interaction in the 1-Pb species.

In order to gain a better understanding of the chemical
bonding of the (E)-Tip(Fc)E14=E4(Fc)Tip compounds, their
frontier molecular orbitals (MOs) based on the M06-2X/Def2-
SVPD method are schematically illustrated in Fig. 1. In prin-
ciple, the HOMO and LUMO of these double bonded species
predominantly consist of E;;=—E;; p-m and p-m* orbitals,
respectively. As shown in Fig. 1, after the replacement of two Eq,4

44726 | RSC Adv., 2017, 7, 4472444734

atoms at the (E)-Tip(Fc)E;,=Eq4(Fc)Tip center, the energy of
LUMO (the * orbital) decreases from 1-C to 1-Pb, whereas the
energy of HOMO increases in the order: Ert(1-C) < En(1-Pb) <
ET(1-Sn) < ETt(1-Ge) < ETt(1-Si). As a result, on the basis of M06-
2X calculations, the energy gaps (kcal mol™') between HOMO
and LUMO for the (E)-Tip(Fc)E;;=E,(Fc)Tip molecules are
estimated to be 154 (1-C) > 109 (1-Si) > 107 (1-Ge) > 99 (1-Sn) > 98
(1-Pb), whose trend is consistent with that of its singlet-triplet
energy splitting (AEs = Eriplet — Esinglet)," i.€., 46 (1-C) > 36 (1-Si)
> 34 (1-Ge) > 24 (1-Sn) > 21 (1-Pb). That is to say, the heavier the
group 14 atoms (E,;,=Eq,) involved, the smaller the AE of
E,4=E,, appears to be. Supposing the chemical reactions are
“frontier-controlled”, then the AE; of the E,;,—E,, systems can
be considered as a criterion regarding their reactivity. From the
calculations shown above, the M06-2X data indicate that the
AE, of the 1-Sn and 1-Pb are smaller than those of the other
three compounds (1-C, 1-Si, and 1-Ge). This theoretical evidence
strongly suggests that the (E)-Tip(Fc)E14=E14(Fc)Tip (E14 = C,
Si, and Ge) compounds are stable enough to be detected, while
1-Sn and 1-Pb molecules are kinetically unstable and easily react
with the other species (such as the solvent molecules). Again,
these findings agree well with the theoretical data given in Table
2 as well as the available experimental observations.*

UV spectroscopy may be one of the most valuable methods for
detecting the double-bond character of dimetallenes.** The UV-
vis spectra of E;,=~E,4 (1-C, 1-Si, 1-Ge, 1-Sn, and 1-Pb), investi-
gated by using the MO06-2X/Def2-SVPD level of theory, are
summarized in Table 3, accompanied by available experimental
findings." In the case of 1-Si, the M06-2X spectrum contains two
intense absorption peaks at 427 nm (e = 14 312, Si=Si t(HOMO)
— Si=Si ©*(LUMO)) and 227 nm (¢ = 31 720, Si=Si T(HOMO)
— d-m* orbitals of metallocenyl moiety). In addition, a weak and

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Calculated frontier molecular orbitals for the (E)-Tip(Fc)Ej4=E14(Fc)Tip (1-C, 1-Si, 1-Ge, 1-Sn, and 1-Pb) species at the M06-2X/Def2-

SVPD level of theory. For more information see the text.

broadened absorption peak is seen at 308 nm (¢ = 2531, Si=Si
mT(HOMO) — d-mt*orbitals of metallocenyl moiety and d-w
orbitals of metallocenyl unit — Si=Si *(LUMO)). In the case of
1-Ge, the same level computations show that there are two strong
absorption peaks at 449 nm (¢ = 14 692, Ge=Ge T(HOMO) —
Ge=Ge 1*[LUMO)) and 223 nm (¢ = 33 570, d-rv orbitals of
metallocenyl moiety — Ge=Ge m*(LUMO)). As there are no
relevant experimental or theoretical data for the UV-vis absorp-
tion spectra regarding the (E)-Tip(Fc)E;,=E;4(Fc)Tip (E14, = C, Sn,
and Pb) systems, the data given in Table 3 are predictions.
Table 4 displays the computed Raman spectra of E;;—Eq,
(1-C, 1-Si, 1-Ge, 1-Sn, and 1-Pb) using the M06-2X/Def2-SVPD
method, compared with the reported experimental Raman
data. However, the M06-2X calculations indicate that the vgg;
vibrational frequencies of 1-Si are estimated to be 648 and
724 em™', which are slightly higher than the experimentally
observed vgi—g; value (595 and 665 cm™').'** Their vibrational
motions are given in Fig. A and B (ESIt), respectively. Again, since
to date no Raman spectra of other species (1-C, 1-Ge, 1-Sn, and

This journal is © The Royal Society of Chemistry 2017

1-Pb) have been evaluated and reported, the theoretical data
given in Table 4 can be a guide for further experimental studies.

The cycloaddition addition of 2,3-dimethyl-1,3-butadiene
with 1 studied in this work follows the general reaction paths
(path I, path II, and path III) as represented in Scheme 3. That is
to say, 1 would first produce both two equivalent heavy carbene
analogues ((Tip)(Fc)Eq4:, 2)** and one corresponding 1,2-
migration intermediate ((Tip),(Fc)E;4—E14(Fc), 3). Subsequently,
these then react with butadiene to yield two types of [1 + 4]
cycloproducts (4 and 5), instead of the [2 + 4] cycloformation (6).
Theoretical studies regarding the potential energy surfaces for
the d-m electron systems containing the E;,=~E;, double bond
are shown in the following sections.

2 The mechanism of path I for the (E)-Tip(Fc)E;4=E,4(Fc)
Tip molecules

According to the reaction mechanisms given in Scheme 3,
reaction path I should proceed as follows: 1 (E;;=Eq4) + 2,3-

RSC Adv., 2017, 7, 44724-44734 | 44727
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Table 3 Experimental and simulated UV-vis spectra of the
compounds (E)-Tip(Fc)E;4=E14(Fc)Tip (1-C, 1-Si, 1-Ge, 1-Sn, and 1-
Pb)*
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Table 4 Experimental and simulated Raman spectra of the
compounds (E)-Tip(Fc)E;4=E14(Fc)Tip (1-C, 1-Si, 1-Ge, 1-Sn, and 1-
Pb)**

Wavelength (nm) molar

Molecular absorptivity (M™' cm™?) Transition
1-C 276.4 (¢ = 25 617) C=C (HOMO) —
C=C T*LUMO)
191.1 (¢ = 59 353) d(Fe) + T(C=C) —
d(Fe) + w*(C=C)
1-Si 427.3 (e = 14 312) Si=Si T(HOMO) —
Si=Si *(LUMO)
[427 (¢ = 24 000)]
308.2 (¢ = 2531)° d(Fe) + m(Si=si) —
Si=Si *(LUMO)
[332 (¢ = 5900)] Si=Si T(HOMO) —
d(Fe) + w*(Si=Si)
227.1 (e = 31 720) Si=Si T(HOMO) —
d(Fe) + *(Si=Si)
1-Ge 449.0 (e = 14 692) Ge=Ge (HOMO) —
Ge=Ge T*{LUMO)
[430 (¢ = 17 000)]°
[500 (sh)]®
222.5 (¢ = 33 570) d(Fe) + t(Ge=Ge) —
Ge=Ge T*(LUMO)
1-Sn 508.4 (¢ = 13 437) Sn=Sn T(HOMO) —
Sn==Sn 7*(LUMO)
232.9 (¢ = 28 889) Sn=Sn T(HOMO) —
d(Fe) + ©*(Sn==5n)
d(Fe) + ©(Sn="Sn) —
Sn==Sn 7*(LUMO)
1-Pb 465.2 (¢ = 11 231) Pb=Pb t(HOMO) —
Pb=Pb 7*(LUMO)
208.2 (e = 24 592) d(Fe) + (Pb=Pb) —
d(Fe) + w*(Pb=Pb)
“All are computed at the MO06-2X/Def2-SVPD level of theory.

b Experimental data are shown in the square bracket. Experimental
data see: ref. 1b. © Experimental data are shown in the square bracket.
Experimental data see: ref. 1b.

dimethyl-1,3-butadiene — 2 x 2 + 2,3-dimethyl-1,3-butadiene
— TS2 — 4. The relative energies obtained at the M06-2X/
Def2-SVPD level of theory are collected in Table 5. Three
points are noteworthy.

(i) As discussed earlier, due to the relative weakness of the
heavier E,,—~E,, double bond, the 1 d-w electron species should,
presumably, produce the heavy carbene analogue (Tip(Fc)Eq4:; 2).
As discussed earlier, from a chemical bonding viewpoint where
the 7 bond strength of a double bond decreases from C=C to
>Pb=Pb, the reason is that when heavier group 14 elements
(E14) are involved, it can lead to longer double bond distances.*®
As a result, the greater the atomic mass of E;, involved in the
double bond of a 1 compound, the weaker its 7 bond and the
smaller the singlet-triplet energy splitting (AEs). In fact, as
shown earlier, on the basis of both BDE (Table 1 and AH, in Table
5) and AEg (Table 1)**'” analysis of the reactant molecule, one
may readily obtain the conclusion that the ease of breaking the
E,,=E,, double bond of 1 should decrease in the order: 1-Pb > 1-
Sn > 1-Ge > 1-Si > 1-C.

44728 | RSC Adv., 2017, 7, 44724-44734

Molecular Frequency (cm )

1-C 1513.1 (C-C stretch)
1681.2 (C=C stretch)
3043.8 (C-H stretch)
3130.5 (C-H stretch)
3031.8 (C-H stretch)
648.4 (Si=Si stretch)
[595]*¢

723.7 (Si=Si stretch)
[665]'

1248.6 (C-C stretch)
2950.7 (C-H stretch)
3046.5 (C-H stretch)
1231.4 (C-C stretch)
2977.5 (C-H stretch)
3045.1 (C-H stretch)
3141.3 (C-H stretch)
3272.6 (C-H stretch)
1413.7 (C-H band)
2951.5 (C-H stretch)
3043.9 (C-H stretch)
3138.3 (C-H stretch)
3275.0 (C-H stretch)
1688.2 (C=C stretch)
3019.9 (C-H stretch)
3044.1 (C-H stretch)
3131.3 (C-H stretch)
3266.1 (C-H stretch)

1-Si

1-Sn

1-Pb

“All are computed at the MO06-2X/Def2-SVPD level of theory.
b Experimental data are shown in the square bracket. Experimental
data see: ref. 1b.

(ii) Fig. 2 presents the relative energies of the valence
molecular orbitals in the series of the 2 molecules (2-C, 2-Si, 2-
Ge, 2-Sn, and 2-Pb) based on the M06-2X/Def2-SVPD calcula-
tions. As seen in Fig. 2, the replacement of a single E;, atom at
the center of 2 greatly decreases the energy of the HOMO (sp-c
orbital) when going from 2-C to 2-Pb for the sake of the rela-
tivistic effect.” However, this substitution keeps the energy of
the LUMO (p-w orbital) roughly constant along the group 14
elements. It is, therefore, anticipated that the energy gap
between the HOMO and LUMO of 2 should increase from 2-C to
2-Pb. Indeed, this prediction is consistent with the trend of the
calculated AE,; (kcal mol ") for the 2 species, as already shown
in Table 4.

(iii) Considering both the calculated activation energies and
the reaction enthalpies based on the M06-2X computational
results given in Table 5, it is concluded that, for the [1 + 4]
cycloaddition reaction of 2, the reactivity decreases in the order:
2-C > 2-S8i > 2-Ge > 2-Sn >> 2-Pb. In order to verify the important
factor that determines the general feature of path I, a valence
bond state correlation diagram (VBSCD) model***® was used to
obtain a deeper understanding of the reactivity of 2. From Table
5, it is apparent that the smaller the value of AE; of 2, the lower
its barrier height the more exothermic the reaction, and thus
the faster the [1 + 4] reaction with a butadiene.

This journal is © The Royal Society of Chemistry 2017
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Table 5 Relative energies (kcal mol™) for reaction path I: 1 (1-C, 1-Si,
1-Ge, 1-Sn, and 1-Pb) + 2,3-dimethyl-1,3-butadiene — 2 + 2,3-
dimethyl-1,3-butadiene — TS2 — 4,“ calculated at the MO6-2X/Def2-
SVPD level of theory (Scheme 3)

Reaction 1-C 1-Si 1-Ge 1-Sn 1-Pb
1 0.0 0.0 0.0 0.0 0.0

2 (AHy) +132.7 +13.6 —3.1 —30.2 —30.5
2 (AEg) -11.2 +27.2 +29.0 +32.7 +39.6
TS2 (AE,) +10.1 +16.5 +17.1 +19.0 +25.7
4 (AH3) -72.2 -56.1 —39.6 —-12.6 +20.6

“ The Gibbs free energies. b AEy = Egiplet — Esingles see ref. 13 and 17.

3 The mechanism of path II for the (E)-Tip(Fc)E;,=E4(Fc)
Tip molecules

Again, on the basis of mechanisms shown in Scheme 3, the path
II mechanism of the [1 + 4] cycloaddition reaction of 1 can be
represented as follows: 1 + 2,3-dimethyl-1,3-butadiene — TS1 +
2,3-dimethyl-1,3-butadiene — 3 + 2,3-dimethyl-1,3-butadiene
— TS3 — 5. Table 6 displays the relative energies on the
singlet potential energy surface along the assumed thermal
reaction pathway from Rea to final product (5) at the M06-2X/
Def2-SVPD level of theory. Attention should be paid to four
important conclusions from these results.

(i) In path 11, the first step of reaction (1 — TS1 — 3)isthat1
undergoes a 1,2-Tip migration before it reacts with 2,3-dimethyl-
1,3-butadiene, in which the Tip substituent migrates from one
E,4 atom to the other E,4, atom. From Table 6, taking activation
energy and reaction enthalpy into consideration, it can be
readily seen that the greater the atomic mass of the group 14
element (E,,4) involved in the 1 species, the smaller the migration

This journal is © The Royal Society of Chemistry 2017
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Fig.2 Calculated frontier molecular orbitals for the 2 (Tip(Fc)E4:; 2-C,
2-Si, 2-Ge, 2-Sn, and 2-Pb) species at the M06-2X/Def2-SVPD level of
theory. For more information see the text.
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Table 6 Relative energies (kcal mol™) for reaction path II: 1 + 2,3-
dimethyl-1,3-butadiene — TS1 + 2,3-dimethyl-1,3-butadiene — 3 +
2,3-dimethyl-1,3-butadiene — TS3 — 5,“ calculated at the M06-2X/
Def2-SVPD level of theory (Scheme 3)

Reaction 1-C 1-Si 1-Ge 1-Sn 1-Pb
1 0.0 0.0 0.0 0.0 0.0
TS1 (AE,) +234.1 +44.6 +33.4 +7.1 -8.0
3 (AH,) +110.3 -10.3 -18.8 —25.9 —38.4
3 (AE,) —-13.5 —6.1 +2.3 +13.1 +14.7
TS3 (AEs) +39.1 +45.6 +52.5 +61.9 +63.7
5 (AH,) —59.5 —43.8 —18.9 +2.1 +19.8

“ The Gibbs free energies. b AE, = Egiplet — Esingler; €€ ref. 13 and 17.

barrier and the larger the exothermicity of the 1,2-shift. The
reason for such a phenomenon can be attributed to the bond
strength of the E;,—E;, double bond. As mentioned earlier, due
to the examination of both BDE (Table 2 and AH, in Table 5) and
AE (Table 1) for the 1 systems,'>"” one can easily obtain the
conclusion that the E;,—E;, 7 bond strength of 1 decreases in
the order: 1-C > 1-Si > 1-Ge > 1-Sn > 1-Pb. It is therefore expected
that 1 ((E)-Tip(Fc)E;,=E14(Fc)Tip) with two heavier E,, centers
greatly favors the 1,2-Tip shift to form carbene analogue 3
((Tip)x(Fc)E14—Eq4(Fc)). This prediction has been confirmed by
examining the migration barriers (AE;) as well as the corre-
sponding enthalpies (AH,), as already shown in Table 5.

(ii) Fig. 3 shows the relative energies of HOMO and LUMO in
the series of the 3 molecules (3-C, 3-Si, 3-Ge, 3-Sn, and 3-Pb) at
the M06-2X/Def2-SVPD level of theory. Again, it can be readily
seen that the substitution of two E,, atoms in 3 can result in the
decrease of both HOMO and LUMO energies owing to the
relativistic effect,” as already stated earlier. The M06-2X/Def2-
SVPD computations given in Table 6 indicate that the AE
(keal mol ™) for the 3 compounds increases rapidly from 3-C
down to 3-Pb.

(iii) As seen in Scheme 3, the next step of path II is that 3 reacts
with 2,3-dimethyl-1,3-butadiene to encounter the [1 + 4] cyclo-
addition reaction to produce another cycloproduct 5. Again, from
Table 6, taking both the activation barrier and reaction enthalpy
into account, it is obvious that the larger the atomic number of
the group 14 element (E,4) contained in the 3 species, the higher
the [1 + 4] barrier height (AE3), the less exothermicity (AH,), and
a higher barrier [1 + 4] cycloaddition is obtained. In fact, these
phenomena can be interpreted by using the VBSCD model,**'” as
shown earlier. In other words, the present theoretical investiga-
tions demonstrate that the heavier the group 14 elements occu-
pying the heavy 3 system, the larger its singlet-triplet energy
splitting (AE), the larger its activation energy (AE;), and the
smaller its reaction enthalpy (AH,), which, in turn, results in
a slower [1 + 4] cycloaddition reaction with a butadiene.

(iv) When comparing the computational data for the mech-
anisms of path I and path II (Scheme 3, Tables 5 and 6), it is
evident to see that both the activation energies and exother-
micities for path I (AE, and AH;) are smaller and larger,
respectively, than those for path II (AE; and AH,). It is thus
predicted that the cycloproduct (4) produced by path I should be
in a larger yield than the other cycloproduct (5) formed by path
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Fig. 3 Calculated frontier molecular orbitals for the 3 ((Tip)(Fc)Ei4—
E14(Fc); 3-C, 3-Si, 3-Ge, 3-Sn, and 3-Pb) species at the M06-2X/Def2-
SVPD level of theory. For more information see the text.

II. This anticipation is in good agreement with the experimental
evidence for the 1-Ge system.*”

4 The mechanism of path III for the (E)-Tip(Fc)E;,=E4(Fc)
Tip molecules

Finally, the [2 + 4] cycloaddition reactions for 1 and 2,3-
dimethyl-1,3-butadiene are also examined in the present work.
However, from the obtainable experimental reports so far," it
has been found that the six-membered cyclic product through
the Diels-Alder reaction mechanism could not be observed
(Scheme 1). In order to explain the reasons, the M06-2X/Def2-
SVPD computations were also used in this reaction to

Table 7 Relative energies (kcal mol™) for reaction path IIl: 1 + 2,3-
dimethyl-1,3-butadiene — TS4 — 6 (six-membered cyclic product),*
calculated at the M06-2X/Def2-SVPD level of theory (Scheme 3)

Reaction 1-C 1-Si 1-Ge 1-Sn 1-Pb
1 0.0 0.0 0.0 0.0 0.0

1 (AE,)? +43.0 +32.9 +30.3 +18.2 +15.5
TS4 (AE,) +193.4 +44.6 +39.9 +17.5 —6.5
6 (AH;) +122.3 +40.1 —18.5 —45.3 —51.7

“ The Gibbs free energies. b AE, = Egiplet — Esingler; see ref. 13 and 17.
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Table 8 Relative energies (kcal mol™) for the [1 + 2] cycloaddition
reactions: 1 + Se — TS5 — 7 (three-membered cyclic product),®
calculated at the M06-2X/Def2-SVPD level of theory (Scheme 2)

Reaction 1-C 1-Si 1-Ge 1-Sn 1-Pb

1 0.0 0.0 0.0 0.0 0.0

1 (AEg)” +43.0 +32.9 +30.3 +18.2 +15.5
7 (AHG] —20.2 —61.3 —76.4 —129.2 —145.0

“ The Gibbs free energies. b AE, = Egriplet — Esingles see ref. 13 and 17.

investigate the [2 + 4] cycloaddition mechanisms for all the (E)-
Tip(Fc)E14=E4(Fc)Tip molecules. As seen in Scheme 3, the
[2 + 4] cycloaddition mechanism (path III) can be represented as
follows: 1 + 2,3-dimethyl-1,3-butadiene — TS4 — 6 ([2 + 4]
cyclic product). The relative energies for these stationary points
are summarized in Table 7. Two noteworthy features from Table
7 are revealed.

Table 9 Selected geometrical parameters (in A and deg) for 7 (three-
membered cyclic product) calculated at the M06-2X/Def2-SVPD level
of theory. The available experimental data are taken from ref. 1 and 2.
Hydrogen is omitted for clarity

7

Eis C Si Ge Sn Pb

1 1.613 2.286 2.385 2.700 2.820
[2.288] [2.370]

2 1.946 2.315 2.416 2.612 2.735
[2.303] [2.396]

3 1.969 2.317 2.417 2.634 2.716
[2.313] [2.402]

4 48.68° 58.24° 59.14° 61.95° 62.31°
[59.40°] [59.21°]

This journal is © The Royal Society of Chemistry 2017
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(i) As illustrated in Table 7, considering both the activation
energies and reaction enthalpies for the path III mechanism, it is
convenient to see that the reactivity of 1 increases in the order: 1-
C < 1-§i < 1-Ge < 1-Sn < 1-Pb. In particular, it is interesting to
find that the activation barrier (193 keal mol ) for path III of the
1-C molecule is the highest. The subsequent higher barrier
heights are the 1-Si (45 kcal mol ') and 1-Ge (40 kcal mol )
compounds, which are still higher than the 1-Sn (18 kcal mol )
and 1-Pb (—6.5 keal mol ') species. Consequently, one can easily
foresee that the [2 + 4] cycloaddition reactions for the 1-C, 1-Si, 1-
Ge with a butadiene are unlikely to occur, whereas the [2 + 4]
cycloproducts through the reactions of 1-Sn and 1-Pb with
a butadiene should be effortlessly observable. This prediction
agrees with the experimental findings for the 1-Ge case.”™

(ii) According to the VBSCD model***® mentioned earlier,
from Fig. 1 and Table 7, it is simple to see that the greater the
atomic number of E;, atoms contained in 1, the smaller the
E,4=Eq, ™ bond strength, the smaller the HOMO-LUMO energy
gap, the smaller the value of AE, of 1, the lower its barrier
height, the greater its exothermicity, and the faster the [2 + 4]
reaction with a butadiene.

(iii) One may ask why the (E)-Tip(Fc)E;,=E4(Fc)Tip (1)
species undergoes the [1 + 4] addition reaction rather than the
[2 + 4] cycloaddition reaction as shown in Scheme 1 (ref. 1) and
Scheme 3. The reason for this can be attributed to the steric

Molecule HOMO LUMO

Fig. 4 Calculated HOMO and LUMO for the 7 (three-membered
cyclic product) molecules at the M06-2X/Def2-SVPD level of theory.
For more information see the text.
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effects between the 2,3-dimethyl-1,3-butadiene and the d-w
conjugated systems ((E)-Tip(Fc)E14=E4(Fc)Tip) bearing an
E;4,=E;, double bond (Scheme 4). Since 2,3-dimethyl-1,3-
butadiene contains two methyl groups, which can lead to
steric overcrowding with the Fc and Tip bulky substituents of 1,
this would thus result in large barrier heights (Table 7) when 1
and 2,3-dimethyl-1,3-butadiene undergo the [2 + 4] cycloaddi-
tion. In addition, as discussed earlier, the bonding strength of
E,4=E,, for the heavier group 14 elements are rather weak.
Consequently, 1 and 2,3-dimethyl-1,3-butadiene prefer to
undergo a [1 + 4] addition rather than to proceed to a [2 + 4]
cycloaddition.

5 The cycloaddition reactions of (E)-Tip(Fc)E 4=
molecules with a selenium atom

E14(FC)Tip

As remarked in the introduction (Scheme 2), when 1-Si and 1-Ge
react with a selenium atom, they are found to proceed readily and
produce three-membered cyclic products.”*® Thus, we extended
these studies to the other heavier (E)-Tip(Fc)E;,;=E4(Fc)Tip
systems by using the theoretical method (M06-2X/Def2-SVPD). A
thermally concerted mechanism for such a [1 + 2] cycloaddition
reaction is thus suggested as follows: 1 + Se — TS5 — 7 (three-
membered ring product). The relative energies, calculated at
the M06-2X/Def2-SVPD level of theory, for the stationary points
shown above are collected in Table 8. The computationally and
experimentally selected geometrical parameters are collected and
given in Table 9. Three interesting conclusions drawn from the
theoretical study can be summarized as follows.

(i) As seen in Table 9, the optimized geometrical parameters
of 7-Si and 7-Ge are reasonably in agreement with those

'/.\
Sed

n-complex

8
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observed experimentally,* strongly suggesting that the method
(M06-2X/Def2-SVPD) used in this work should give meaningful
information on the bonding properties of 7 (vide infra). More-
over, it is obvious from Table 9 that both the Si-Si and Ge-Ge
bond distances of 7-Si and 7-Ge are 2.286 (exp. 2.288)' and
2.385 (exp. 2.370) A, which are slightly shorter than the
traditional Si-Si and Ge-Ge single bond lengths (2.33-2.37 A)*®
and (2.43-2.52 A),** respectively. The reason for such shorter
bond distances is due to the m-complex characters of selena-
disilirane and selenadigermirane.’ As a result, the two three-
membered cyclic products (7-Si and 7-Ge) were thought to
exhibit considerable w-coupling characteristics between E ;=
Eq4 7 bonds and ferrocenyl groups. Nevertheless, repeated
attempts to find the transition state for the cycloaddition reac-
tion of 1 with a selenium atom using the M06-2X method were
always unsuccessful. Accordingly, the present theoretical
investigations indicate that no transition states exist on the
M06-2X/Def2-SVPD surface for the [1 + 2] cycloaddition reaction
of 1 with a selenium atom.

(ii) The chemical bonding properties of the [1 + 2] products
(7) can be readily explained in terms of the Dewar-Chatt-Dun-
canson model.>* On the basis of this model, their bonding
schemes are categorized into two representations: one is a -
complex (8), with the E;,=E;4-to-selenium c-donation making
the greater contribution, and the other is a selenacyclopropane
(9), with major selenium-to-E;,=E;; m-back-donation, as
shown in 8 and 9, respectively. In order to identify which pattern
is predominant in such three-membered ring products (7), it is
better to examine the molecular orbital pictures of their HOMO
and LUMO. As seen in Fig. 4, all the computed HOMOs of the 7
species are composed of the c-orbital of the selenium atom and

77N
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the p-m orbitals of the E;,=—E,, unit, presenting the -complex
in character. In consequence, the bonding schemes in such [1 +
2] molecules (7) are better characterized as the m-complex
bonding (8), rather than the three-membered ring bonding (9).
This theoretical finding is consistent with the earlier theoretical
examinations by Tokitoh and co-workers."

(iii) The M06-2X computational results shown in Table 8
reveal that the order of the reactivity for producing cyclic
products (7) increases as follows: 1-C < 1-Si < 1-Ge < 1-Sn < 1-Pb.
Again, this trend is quite similar to those species shown in
Scheme 3 discussed earlier. That is to say, using the VBSCD
model,"”*" it is easy to anticipate that the longer the atomic
radius of group 14 element (E;4) involved in the 1 molecule, the
smaller its singlet-triplet energy splitting AEg, and the easier
the formation of a [1 + 2] three-membered ring product with
a selenium atom.

[1l. Conclusion

In this work, we have theoretically studied the molecular
properties as well as the reactive activities of the novel d-w
conjugated systems ((E)-Tip(Fc)E14=E4(Fc)Tip; 1) featuring an
E,4=E;4 double bond using the M06-2X/Def2-SVPD level of
theory. The important conclusions that can be drawn from the
above studies are as follows:

(1) The present computed UV-vis and Raman spectra, as well
as several molecular properties, reveal that there exist coupling
interactions between the E,,=E;, double bond and the ferro-
cenyl groups in the d-v conjugated (E)-Tip(Fc)E;,=E4(Fc)Tip
molecules.

(2) The theoretical findings demonstrate that the greater the
atomic radius of the group 14 element E,, contained in such d-
T conjugated systems, the longer the E,;,—E;, double bond
distance, the weaker its 7 bond strength, the smaller its WBI
bond order, the smaller its BDE to produce two equivalent
carbene analogues (Tip(Fc)E,4:), and the larger the yields of the
formations of either [1 + 4] or [1 + 2] cyclo adducts. That is to say,
the heavier the atomic mass of the group 14 element involved in
the d-m conjugated compounds studied in this work, the
smaller its  bond strength and more facile its [1 + 4] or [1 + 2]
cycloadditions with either a butadiene or a selenium atom,
respectively. In short, the order of the chemical reactivity
increases as follows: 1-C < 1-Si < 1-Ge < 1-Sn < 1-Pb.

(3) The theoretical evidence reveals that the steric conges-
tions between (E)-Tip(Fc)E14=E4(Fc)Tip and 2,3-dimethyl-1,3-
butadiene would make these reactants undergo the [1 + 4]
addition reactions rather than the [2 + 4] cycloaddition
reactions.

(4) On the basis of the VBSCD model,"*'” one can use the
singlet-triplet energy gap (AEs) of the (E)-Tip(Fc)E14=E;4(Fc)
Tip compound as a diagnostic tool to anticipate its chemical
reactivity.
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