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A density functional theory investigation has been presented in this worksbiaXvhydrometal pentagons

(M = Ag, Au, Pd, P) withDsy, planar pentacoordinate nonmetal centers=(%i, Ge, P, S). The introduction

of the nonmetal centers X introduces p aromaticity téHYK complexes. These novel planar complexes are
favored in thermodynamics and confirmed to be aromatic in nature. They may be expanded to one, two, or
even three dimensions with multiple planar pentacoordinate silicon and other nonmetal centers.

1. Introduction silicon, and other nonmetal atoms at their geometry centers with

) the high symmetry oDy
The structures and properties of planar tetrd-penta-8°

and hexacoordinaté*? carbons have aroused great interest 2 Computational Procedure

among chemists in the past thirty years, while much less . o . )

attention has been paid to their silicon analogues beyond the Initial 9structures were optimized using the Gaussian 03

traditional tetrahedron concept. Planar tetracoordinate (PT)Programt® at the hybrid DFT functional level of B3LYP with

silicon was first studied about twenty years &gand recently the bases of Lanl2dz for transition metals (which contains a

: S & e Los Alamos effective core potential) and 6-3G(d) for

observed irC,, MAl 4 and MAl,~ (M = Si, Ge)!* Utilizing the

frameworks ouf the polvaonal hvdroco ' ers .(19 ) proposed nonmetal atoms. Imaginary vibrational frequencies were checked
- po'yg y bp W Propose. 4t the same theoretical level. To assess the aromaticity of the

by Tsipis et al1® our group recently presented the possibility

5 ’ - e systems, the nucleus independent chemical shifts (NfE5)
of hosting PT carbon in squaredsMsC (M = Cu, Ni)> planar were calculated by using the gauge-independent atomic orbital

pentac;oordinate (PP) carbon ip pentagonag-gx O,( =B,C, (GIAO) procedure at B3LYP with the same basis. The vertical
N, O), _?Qd planar hexacoordinate (PH) silicon in hexagonal gne_electron detachment energies of anions were calculated
CusHeSi 1° at the density functional theory (DFT) level. Inspired employing the outer valence Green’s function (OV&Rp

by the novel design of planar pentacoordinate carBoveshave facilitate future photoelectron spectroscopic measurements.
also proposed a universal structural pattern at DFT to incorporate,:igure 1 depicts the optimized structures (upper) of theHy
planar hypercoordinate silicons in ti@®, BnE:Si series if = series (X= Si, P, S) and their highest occupied molecular orbital
2-5; E = Si, CH, BH) with Si as periphery atoms in these (HOMO) pictures (lower) and Figure 2 shows the optimum
molecular fand? In this report, we continue the research by geometries of AtHsPt, PHsGe™, and MsHsSi™ (M = Pd, Pt)
exploring the possibility at DFT of hostings, PP silicon and and their lithium salts LiMHsSI. Four typical delocalized out-
other nonmetals at the centers of pentagonal hydrometalsof-plane molecular orbitals (MOs) @z, PtsHsSi— are shown
MsHs 1518to form MsHsX complexes with M= Ag, Au, Pd, in Figure 3. The important DFT bond lengths, lowest vibrational
Pt and X= Si, Ge, P, S. As heavy transition metal elements in frequencies, Wiberg bond indices of the X centers, NICS(1)
group 11 and group 10 in the periodic table, Ag and Au and Pd values calculated with ghost atoms located 1.0 A above the M
and Pt are isolobal in valence electron configurations with Cu planes (the structural centers have been occupied by X atoms),
and Ni, respectively, but they are systematically bigger in atomic and the low-lying one-electron vertical detachment energies of
size. PiHs~ and P@Hs~ pentagons are found to provide the anions are su_mmfarizeo_l in Table 1. The r_eversed values of the
right cavities to matchDs, PP Si and Ge centers both HOMO energies I_|sted in Table 1 approxm.ately represent the
geometrically and electronically. To the best of our knowledge, iOnization potentials (IPs) of corresponding complexes in
there has been no investigation reported to date on PP Si or Ge<oopmans’ theorem. Their HOMO-LUMO energy gaps are also
at the center of a perfect pentagon with the high symmetry of tabulated in Table 1.

Dsh. The present work and our previous investigations combined
provide strong DFT evidence that polygonal hydro-transition-
metals MH, (M = group 10 and 11 transition metats:= 4—6) As shown in Figure 1, Figure 2, and TableOs, AgsHsP",
may serve as effective ligands to host planar coordinate carbon AusHsP", AgsHsS?", and AgHsS* are all true minima on their
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3. Results and Discusions



MsHsX Hydrometal Pentagons J. Phys. Chem. A, Vol. 109, No. 33, 2008695

 mls =y
I ;*/f
AL ") .
- ® ‘.J./"'"'---.. ] -.-L-'E\\/--.J
4 7 N &
\_5'5% o ',/ /
(i J_w -
o
C, AgsHsSi Dy [Ag\H P Dsy [AgsHsSP*

0*95

HOMO(a) HOMO(a,™) HOMO(a;")
Figure 1. Optimized structures (upper) and corresponding HOMO pictures (lower) gfiXgneutral and cations (X Si, P, S).
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Figure 2. Optimum geometries of [AdsP]", [PtsHsGel", and [MsHsSi]~ anions (M= Pd, Pt) and their lithium complexes Li[i#sSi].
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Figure 3. Four typical delocalized out-of-plane MOs D, PHsSi—.

potential energy surfaces without imaginary vibrational frequen- that aDs, AgsHsP' possesses 2 electrons in its HOMO (&)
cies. But aDsp AgsHsSi turned out to be a transition state with  and therefore conforms with ther(4+ 2)z electron counting
one imaginary frequency at 95i crh(an &' vibrational mode rule, while the approximaté€s, AgsHsSi has a distortedr
with the Si center vibriating up and down along the 5-fold HOMO in its ground-sate structure (see Figure 1). Although
molecular axis perpendicular to the Aglane) and ®s, AusHs- the HOMO of Ds, AgsHsS?" is an in-plane delocalized bond
Si is a third-order stationary point with three imaginary (&') composed mainly of the Ag 4d atomic orbitals (AOs) and
frequencies at 341i, 320i, and 116i ch However, the H 1s AOs, its HOMO-1 (') turns out to be a delocalized
optimizations of bothCs, AgsHsSi and Cs, AusHsSi had MO. Theswr MOs of these complexes are mainly composed of
convergence problems at the DFT level used in this work. the contributions from the 3AOs of the nonmetal centers Si,
Totally removing the symmetry constrains during structural P, and S, respectively. A similar situation happens tethSi,
optimization, we obtained two®entagonal pyramid structures  AusHsP™, and AgHsS?t. Obviously, both hydrosilver Agrs

for AgsHsSi and AuwHsSi, which possess the approximate and hydrogold AsHs are unsuitable to host the much concerned
symmetry ofCs, (see Figure 1) with Si atoms located about Dsy PP Si at their geometrical centers. This situation is similar
1.2 A above the transition metal planes. Orbital analyses indicateto that of the CyH,X series (X= B, C, N, O)2 in which
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TABLE 1: Optimized Important Bond Lengths, rx—y and ry—u, the Lowest Vibrational Frequencies,Vmi,, Total Wiberg Bond
Indices of the X Centers (WBIx), Calculated NICS(1) Values, HOMO Energies, and HOMO-LUMO Energy Gaps (Gap) of the
Complexes Studied in This Work and the Low-Lying One-eLectron Vertical Detachment Energies (VDES) of MHsX~ Anions
with Pole Strengths Greater than 0.90 at DFT

symmetry rx-m (&) rv-m (&)  Vimin(cmm) WBIx NICS(1) (ppm) HOMO (eV) gap (eV) VDEs (eV)
AgsHs ~Dsp 2.87 30 —-0.6 —7.56 5.76
AgsHsSI ~Cs, 2.71 2.82 40 2.1 —-11.0 —4.63 1.33
AgsHsP™ Dsh 2.58 3.03 45 2.2 —6.9 —9.99 2.09
AgsHsS?* Dsp 2.61 3.07 48 1.77 —15.6 —15.7 2.43
AusHs ~Dsgp 2.77 38 —-1.4 —8.05 5.48
AusHsSi ~Cs, 2.68 2.75 11 2.3 —6.8 —4.68 1.41
AusHsP* Dsp 2.52 2.96 38 2.31 -11.1 —9.89 2.27
AusHsS?" Dsp 2.54 2.98 46 2.0 —-15.5 —16.2 3.12
PeHsSi™ ~Dsp 2.36 2.77 10 3.46 -0.3 —2.14 246  4.88(8), 5.49()
PdHsGe™ ~Dsp 2.42 2.84 21 3.34 —-2.3 —2.13 2.33 4.80(®), 5.47(€")
PtsHs~ Dsp 2.62 17 +107 —-2.32 1.16
PtHsSi~ Den 2.35 2.77 38 3.69 -6.2 —2.36 2.34  5.16(), 5.61(@), 5.93(¢")
PtHsGe Dsn 2.40 2.83 40 3.58 -8.2 —2.45 226 5.10(), 5.95(¢')
PtsHsP Cs 2.33 2.74 9 3.75 —-11.6 —6.80 2.03
Li[PdsHsSi] ~Cq 2.32 2.77 11 3.48 +1.4 —5.96 2.58
2.44 2.80
Li[PtsHsSi] ~Cq 2.31 2.75 36 3.75 —8.8 —6.13 2.45
2.42 2.78

CwH4B~ and CuH4C preferCy, pyramids taD4, squares, while NICS values than the corresponding hydrometaksiy/in all
CwHsNT and CuyH4O%" take planar squared structures with cases for the reason that the introduction of X centers introduces
the high symmetry 0Dy, p aromaticity to the MH,X complexes. For instance, as clearly

Extensive searches at DFT indicate that the long-soDght indicated in Figure 1, AgHsX complexes (X= Si, P, S) possess
planar pentacoordinate silicon can be stabilized at the centers2 & electrons in their HOMO or HOMO-1 which are mainly
of both Ds, PHsSi— and C; PdHsSi— (which has the actual composed of the contribution of the 3pbitals of the nonmetal
symmetry ofDs, at DFT) as shown in Figure 2, with the bond centers. In the case ofgPtsSi—, thes-type HOMO-11(a") (see
lengths ofrsi-w &~ 2.35 andry—m &~ 2.77 A. These pentagonal  Figure 3) mainly reflects the contribution of Si,3%0. It should
complexes contaitDs, Si centers with five transition-metal  be pointed out that the d aromaticity existing inf4 and LbM4
ligands evenly distributed around them. SimilarDs, Ge 21 should exist in the MHsX complexes (X= Ag, Au, Pd, Pt)
centers can be stabilized in perfect pentagonsif@e and studied in this work. In the four typical delocalized out-of-plane
PdHsGe™ with the Ge-M bond lengths close to 2.40 A.  MOs of PtHsSi~ shown in Figure 3, HOMO-5 and HOMO-6
Introducing an alkaline counteriontinto MsHsSi~ (M = Pd consist purely of Pt 5dcontributions, while HOMO-8, which
and Pt), we obtained tw@; structures with the approximate is dominated by the in-phase overlap of Pt2580s, also
symmetry ofCs for Li[PdsHsSi] and Li[PgHsSi] (see Figure includes the contribution of the Si 3s AO. Two other degenerate
2), in which the planar MHsSi~ structural units and PP Si  antibonding MOs (HOMO-1(), which are not shown in Figure
centers are well maintained. The calculated natural charges of3) represent the out-of-phase interactions of the five Rt/Sds.
Li atoms in these complexes are found to be clos¢@®0e|
and these alkaline cations form ionic bonds with the planar 4. Summary
MsHsX ™ structural cores. As indicated by the total Wiberg bond
indices ranging from WBJ = 3.34 to 3.75 (see Table 1), the
Dsh Si, Ge, and P centers in these planagHyX complexes
(M = Pd, Pt) follow the octet rule in interacting with the
transition metal ligands.

Concerning the stability oDs, PtHsX~ (X = Si, Ge)
complexes, the following reaction

In conclusion, we have presented DFT evidence in this work
that planar pentacoordinate silicon and other nonmetal centers
can be stabilized in perfect pentagonal hydro-transition-metals
to form MsHsX complexes (M= Ag, Au, Pd, Pt; X= Si, Ge,

P, S). These planar complex units are favored in thermodynam-
ics and confirmed to be aromatic in nature. OHWX complex
serie&?16containingDn, C, Si and otheDp, nonmetal centers
coordinated tan transition metal ligandsy(= 4, 5 ,6; M= Cu,

Ag, Au, Ni, Pd, Pt) may be expanded to one, two, or even three
dimensions with multiple nonmetal centers.

PtH; (D) + X = PtHsX (D)

has the calculated DFT energy changesAd = —810.8,
—935.9, enthalpy changes aH = —814.0,—940.6, and free
Gibbs energy changes &fG = —767.6,—894.1 kJ/mol for X
= Ge and Si, respectively. Obviously, pentagonaHBX~ (1) Hoffman, R.; Alder, R. W.; Wilcox, C. F., Jd. Am. Chem. Soc.
complexes wittDs, Si and Ge centers are strongly favored in 1978 92, 4992.

thermodynamics with respect to asR¢~ anion and a free X Socﬁz,gé"’lﬁ gggg_g’ L.-S.; Boldyrev, A. I.; Simons, .I. Am. Chem.

atom. (3) Wang, L. S.; Boldyrev, A. |; Li, X.; Simons, J. Am. Chem.
The negative NICS(1) values tabulated in Table 1 indicate Soc.200Q 122, 7681.

; ; R in (4) Li, X.; Zhang, H.-F.; Wang, L.-S.; Geske, G. D.; Boldyrev, A. I.
that the MiHsX complexes studied in this work are aromatic in Angew. Chemint. Ed. 2000 39, 3630,

nature, except for Li[Pgd-I58i],lwhich ha; a slightly pqutive (5) Li, S.-D.; Ren, G.-M.; Miao, C.-Q.; Jin, Z.-HAngew. Chemlnt.
NICS value (-1.4 ppm), partially explaining the stability of  Ed. 2004 43, 1371.
these nonmetal-atom-centered planar molecules. These NICS- (6) Merino, G.; Mendez-Rojas, M. A;; Vela, Al. Am. Chem. Soc.

- . 2003 125, 6026.
(1) values are comparable with the corresponding values of (7) Merino. G.: Mendez-Rojas, M. A.: Beltran, H. I.: Corminboeu,

benzene {£10.1 ppm at the same theoretical level). It is ¢ Heine, T.: Vela, AJ. Am. Chem. So@004 126, 16160.
interesting to notice that MsX complexes have higher negative (8) Wang, Z.-X.; Schleyer, P. v. F5cience2001, 292, 2465.
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