J. Am. Chem. S0d.999,121,10813-10819 10813

Examining Trends in the Tetravalent Character of Group 14 Elements
(C, Si, Ge, Sn, Pb) with Acids and Hydroperoxides

Nancy A. Richardson| Jonathan C. Rienstra-Kiracofe} and Henry F. Schaefer, Il1*

Contribution from the Center for Computational Quantum Chemistry p&hsity of Georgia,
Athens, Georgia 30602-2525

Receied June 28, 1999. Rised Manuscript Recee¢d September 17, 1999

Abstract: The shift from tetravalency to divalency in going from carbon to lead chemistry is thought to be
one of the most striking periodic properties. Although several molecules in the sefig6F0)—OH and
R—X—0O—OH (R=H, CHz; X =C, Si, Ge, Sn, Pb) have been synthesized, most are unknown to date. Using
density functional theory and hybrid HartreEBock/density functional theory with the BLYP and B3LYP
functionals, the relative stability of hydroperoxycarbene-E0O—0—H) to its acid isomer, formic acid, is
predicted to bet96.4 kcal/mol with BLYP and a triplé-plus double polarization (TZ2P) basis set. As other
group 14 atoms replace the carbon atom, this energy difference lessens considerably: Si, 101.0 (TZ2P) and
92.1 (TZ2P-ECP); Ge, 57.0 (TZ2P), and 65.5 (TZ2P-ECP); Sn, 48.4 (TZ2P-ECP); Pb, 22.1 (TZ2P-ECP),
where TZ2P-ECP indicates that effective core potentials (ECP) were used for the group 14 atom only. As one
descends group 14, the acid form remains lower in energy than the peroxide form, indicating that even for
lead tetravalency is preferred. A similar trend occurs for the relative energies between the group 14 congeners
of hydroperoxymethylcarbene (GHC—0O—0—H) and its acid isomer, acetic acid: C, 88.1 (TZ2P); Si, 101.9
(TZ2P) and 93.1 (TZ2P-ECP); Ge, 58.7 (TZ2P) and 67.2 (TZ2P-ECP); Sn, 50.4 (TZ2P-ECP); Pb, 25.1 (TZ2P-
ECP). Results with B3LYP were similar to those of BLYP though the former are somewhat more dubious due
to spin contamination in the carbon congeners. Coupled cluster singles and doubles (CCSD) and CCSD with
triple excitations perturbatively added (CCSD(T)) single-point energies also show similar results and favor
the tetravalent acid congeners by 43 kcal/mol more than density functional theory.

Introduction species (HGeX, X =S, Se) all favor divalencyInterestingly,
Kapp et al. indicated that the presence of methyl groups
stabilizes metal ¥O double bonds. Furthermore, in an earlier
study, Kaupp and Schleyer noted that electronegative substit-
. uents (specifically, F and CI) significantly destabilize tetravalent
hydroperoxyalkyl radicals GqH2:OOH) have been proposed as lead compound®1°Thus one might expect the divalent hydro-

intermediatt_as in the combustion of_ alkareslowever, the peroxides (HXOOH, CHXOOH) of silicon, germanium, tin,
corresponding carbene hydroperoxides, hydroperoxycarbene

. oA . and lead to be more stable than the tetravalent acids, which
(HC.OOH) qndthylfjropgroxygwethé/lcarbtgne (%QEH)' Wh'fhb have electronegative O and OH functional grotigs. addition,
aLe |sorgercl:c 8 (?rmlc fau anf acetic a|C| , have 39 leen one might expect the acetic acid congeners to be relatively more
observed. Carbon’s preference for tetravalency over divalency g0 than the formic acid congeners when compared to their
strongly suggests that the acids are mheren;ly more Stable'divalent carbene-like isomers, due to the presence of a methyl
However, the group 14 elements in later periods often tend substituent '
toward divalency:* In the isovalent group 14 formaldehyde The preference for tetravalency or divalency in group 14
series (molecules of the form;MO), Kapp, Remko, and P .

) " atoms is likely very dependent upon the nature of the substit-

Schleyer found that all of the species except=XC exhibited y very dep P

.- . ; . ) uents. To examine the preference of group 14 atoms for
a glo.bal 6m|n|mum with the dlvglent HX—0—H carbeng-llke tetravalency or divalency when the one of the substituents is a
species;® though tetravalent }8i=0 may actually be slightly

T - - . hydroperoxy group, this paper studies the relative stability of
more stable than its divalent isome@ther similar germanium ydrop y group pap y

(8) Nowek, A.; Sims, R.; Babinec, P.; LeszczynskiJJPhys. Chem. A
T Current address: Pensacola Christian College, Box 18000, Pensacola 1998 102, 2189.

The atmospheric pollutant gases methyl hydroperoxide;{CH
OOH) and ethyl hydroperoxide (GBH,OOH) play an impor-
tant role in atmospheric and combustion chemistrjhe

FL 32503. (9) Kaupp, M.; Schleyer, P. v. R. Am. Chem. Sod.993 115, 1061.
*E-mail: rienstra@ccqc.uga.edu. (10) Although the isodesmic reactions in the work of Kuapp et al. indicate
(1) Jackson, A. V.; Hewitt, C. NCrit. Rev. Enwiron. Sci. Technol1999 that “tetravalent lead compounds are strongBstabilizedby multiple

29, 175. fluorine or chlorine substituents”, a reviewer noted that recent work by
(2) Slagle, I. R.; Feng, Q.; Gutman, D. Phys. Cheml988 88, 3648. Seth et al. indicated that tetravalent Rlwémpounds are more stable toward
(3) King, R. B.Inorganic Chemistry of Main Group Element¢CH decomposition into PbX+ X, with X = Cl or F than with X= H.

Publishers: New York, 1995. However, decomposition reactions must be adjusted to account for the bond
(4) Cotton, F. A.; Wilkinson, G.; Murillo, C. A.; Bochmann, Mdvanced energies of the Xmolecules and the loss of two PbX bonds, whereas

Inorganic Chemistrygth ed. John Wiley and Sons: New York, 1999. isodesmic reactions, which preserve formal chemical bond types, more
(5) Kapp, J.; Remko, M.; Schleyer, P. v. R. Am. Chem. Sod.996 accurately distinguish between the effects of divalent and tetravalent lead

118 5745. bonding. See: Seth, M.; Faegri, K.; SchwerdtfegerAfgew. Chem., Int.

(6) Kapp, J.; Remko, M.; Schleyer, P. v.IRorg. Chem1997, 36, 4241. Ed Engl.1998 37, 2493.
(7) Martin, J. M.J. Phys. Chem1998 102 1394. (11) Wells, P. RProg. Phys. Org. Chenl968 6, 111.
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the group 14 acids analogous to formic and acetic acid and theirexcitations CCSD(T) methd%* were used to generate single-point
corresponding hydroperoxide carbene-like isomers. energies at the BLYP/TZ2P and BLYP/TZ2P-ECP optimized geom-
Many of the molecules in this series are not known etries. The ACES Il prografhwas employed for the coupled cluster

imentally and h t been studied theoretically. How- "5
experimentally and have not been studie eoretically. FOW- A restricted reference was used in all cases, except where indicated.

ever, they are closely related to molecules that have beenyarmonic vibrational frequencies were determined at the DZP and/or
observed experimentally, and comparison between the congenerszp-ECP level of theory for both B3LYP and BLYP. Frequencies were
studied here may provide a better understanding of more computed analytically for the all-electron basis set (DZP) and via finite
commonly known and studied species. Silanoic acid has beendifferences of analytic first derivatives for effective core potential (ECP)

observed experimentally and is well characterized, as are relatedasis sets (DZP-ECP).

molecules such as silanol, silanone, and silicic adid. The
hydroperoxy isomer of silanoic acid,+§ —O—0—H has been
studied as a possible intermediate in silane combustiand

Specifically, three basis sets were used. For all of the atoms in the
C and Si congeners as well as all H, C, and O atoms in the other
congeners, we employed a douldidasis set with single polarization
functions (DZP) which was originally constructed from the Huzinaga

was predicted by Darling and Schlegel to be less stable thanDunningsz,sa set of contracted double-Gaussian functions and

silanoic acid by more than 100 kcal/mol using G2 theldrjhe
methyl-substituted silanoic acid anion, €3O, , has also been
observed’18To the best of our knowledge, the next congener

augmented with one set of p polarization functions for each H atom
and one set of five d polarization functions for each C, O, and Si atom
[op (H) = 0.75,04 (C) = 0.75, 04 (O) = 0.85, andoy (Si) = 0.50].

in the series, germanonic acid, is unknown, and the hydroperoxyWe also employed the triplge-Gaussian functions of Dunniffg*®

isomer of germanonic acid, H>e—O—0—H, is also uninves-
tigated. The related tetravalent molecule, trimethylgermyl hy-
droperoxide (MgGeOOH), was proposed in 1994 by Harrison
and Poesta to be an intermediate in the autoxidation of
trimethylgerman®® and other hydroperoxygermanium species
are knowr?® For the tin and lead congeners, we find no
experimental or theoretical work on either the acid or the
hydroperoxide. However, many divalent and tetravalent com-
pounds are known and characterized for both lead ant#h.

Theoretical Methods

Absolute energies, optimized geometries, and harmonic vibrational
frequencies were determined using density functional theory (DFT) for

each molecule studied. Two exchange-correlation density funcuonalsdto be small in these molecul&olecular spir-orbit effects were not

were used and are denoted by B3LYP and BLYP. These are generalize
gradient approximations and employ the dynamical correlation func-
tional of Lee, Yang, and Parr (LYP)in conjunction with one of
Becke’s exchange functionals: the three-parameter HF/DFT hybrid
exchange functional (B3) for B3LYP or the pure DFT exchange
functional (B¥*for BLYP. The Gaussian94 system of DFT progréms
was used for all results. The OPTIGHT parameter was used in
geometry optimizations. The coupled cluster with single- and double-
excitations (CCSD) methét2® and the CCSD with perturbative triple-

(12) Withnall, R.; Andrews, LJ. Am. Chem. Sod.985 107, 2567.

(13) Withnall, R.; Andrews, LJ. Phys. Chem1985 89, 3261.

(14) Darling, C. L.; Schlegel, H. BJ. Phys. Chem1993 97, 8207.

(15) Darling, C. L.; Schlegel, H. BJ. Phys. Chem1994 98, 8210.

(16) Kondo, S.; Tokuhashi, K.; Nagai, H.; Takahashi, A.; Kaise, M.;
Sugie, M.; Aoyagi, M.; Mogi, K.; Minamino, SJ. Phys. Cheml997 101,
6015.

(17) Chmielecka, J.; Chojnowski, J.; Eaborn, C.; $tak, W. A. J.
Chem. Soc., Chem. Commur®87, 18, 1337.

(18) Murthy, V. S.; Miller, J. M.Main Group Metal Chem1995 18,

715.

(19) Harrison, P. G.; Podesta, D. Mrganometallics1994 13, 1569.

(20) Dannley, R. L.; Farrant, G. Q. Org. Chem1969 34, 2432.

(21) Neumann, W. PChem. Re. 1991, 91, 311.

(22) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B. 1988 37, 785.

(23) Becke, A. D.J. Chem. Phys1993 98, 5648.

(24) Becke, A. D.Phys. Re. A. 1988 38, 3098.

(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94revision c.3); Gaussian,
Inc.: Pittsburgh, PA, 1995.

(26) Purvis, G. D.; Bartlett, R. J. Chem. Phys1982 76 (4), 1910.

(27) Rittby, M.; Bartlett, R. JJ. Phys. Chem1988 92, 3033.

(28) Gauss, J.; Lauderdale, W. J.; Stanton, J. F.; Watts, J. D.; Bartlett,
R. J.Chem. Phys. Lett1991 182 (3, 4), 207.

augmented with two sets of p polarization functions for each H atom
and two sets of five d polarization functions for each C, O, and Si
atom fo, (H) = 1.50 and 0.375¢4 (C) = 1.50 and 0.375¢4 (O) =

1.70 and 0.425, andq (Si) = 1.00 and 0.25]. For Ge, the triple-
basis set of Dunniri§ augmented with one set of five d polarization
functions wherexq (Ge)= 0.25 was used. This basis set for Ge, which
can be denoted as Gefl4p6d/1@8p3d), was used whether the
remaining atoms employed a DZP or TZ2P basis set. Additionally a
third basis set for the congeners of Si, Ge, Sn, and Pb was employed.
In this instance, the central group 14 atom used a valence dguble-
basis and with an ECP as given by the LANL2DZ basis’s&.These
ECPs incorporate Darwin and masselocity relativistic effects. When

the ECP was used for the central atom, the remaining atoms employed
the all-electron DZP or TZ2P basis sets. These hybrid basis sets are
denoted DZP-ECP and TZ2P-ECP, respectively. No d functions were
added to the ECP basis sets, however, d valence participation is expected

considered (except where noted) and are expected to be small for closed-
shell specied? 43
Finally, it should be noted that the B3 exchange functional is a
parametrized functional and has been fit only to first- and second-row
compoundg?® Thus we might expect the B3LYP results to be less
accurate for investigations of Ge-, Sn-, and Pb-containing species.
Atomic charges and bond orders were determined using the natural
bond order (NBO) analysis of Reed and Weinhtfid? Analysis was
done at the B3LYP/DZP and B3LYP/DZP-ECP levels.

Results and Discussion

Full geometry optimizations of various conformations of
formic acid, hydroperoxycarbene, acetic acid, and hydroper-

(29) Watts, J. D.; Gauss, J.; Bartlett, RChem. Phys. Letf1992 200
1, 2), 1.

(30) Watts, J. D.; Gauss, J.; Bartlett, RJJChem. Phys1993 98 (11),
8718.

(31) ACES I is a program product of the Quantum Theory Project,
University of Florida. Authors: J. F. Stanton, J. Gauss, J. D. Watts, M.
Nooijen, N. Oliphant, S. A. Perera, P. G. Szalay, W. J. Lauderdale, S. R.
Gwaltney, S. Beck, A. Balkova D. E. Bernholdt, K.-K Baeck, P. Rozyczko,
H. Sekino, C. Hober, and R. J. Bartlett. Integral packages included are
VMOL (J. Aiml6éf and P. R. Taylor); VPROPS (P. Taylor); ABACUS (T.
Helgaker, H. J. Aa. Jensen, P. Jgrgensen, J. Olsen, and P. R. Taylor).

(32) Huzinaga, SJ. Chem. Physl1965 42, 1293.

(33) Dunning, T. HJ. Chem. Phys197Q 53, 2823.

(34) Thomas, J. R.; DeLeeuw, B. J.; Vacek, G.; Crawford, T. D,
Yamaguchi, Y.; Schaefer, H. B. Chem. Phys1993 99, 403.

(35) Dunning, T. HJ. Chem. Physl971, 55, 716.

(36) Dunning, T. HJ. Chem. Physl1977, 66, 1382.

(37) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

(38) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 284.

(39) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 299.

(40) Schwerdtfeger, iPhys. Scr1986 36, 453.

(41) Pitzer, K. Sint. J. Quantum Cheni984 25, 131.

(42) Schwerdtfeger, P.; Boyd, P. D. W.; Bowmaker, G. A.; Mack, H.
G.; Oberhammer, HJ. Am. Chem. Sod.989 111, 15.

(43) Schwerdtfeger, P.; Heath, G. A.; Dolg, M.; Bennett, M.JAAm.
Chem. Soc1992 114, 7518.




Tetravalent Character of Group 14 Elements

6y =1254

127.1

73 =1.209 1253
1.549 1239
1.644 1169

05 =1256
129.1
1317
135.5
146.4

1.809

r1=0981C

¥4 =1.103 ¥y =1.366 0.972 Si
1.469 1.662 0.973 Ge
1.538 1.775 0.972 Sn
1.712 1.941 0.973 Pb
1737 2.028

Figure 1. Lowest energy conformation for the group 14 congeners of
formic acid, where X= C, Si, Ge, Sn, Pb. BLYP/TZ2P optimized
geometries are shown for X C and BLYP/TZ2P-ECP geometries
for X = Si—Pb. All congeners hav€s symmetry and A’ electronic

ground state.

oxymethylcarbene resulted in several minimums for each species

at the DZP level with both B3LYP and BLYP. All minimums
found for formic acid, acetic acid, hydroperoxycarbene, and
hydroperoxymethylcarbene haesymmetry except the lowest
energy minimum of hydroperoxymethylcarbene, which 8as
symmetry.

The lowest energy cis conformation of formic acid is shown
in Figure 1. A second trans conformer of formic acid lies 5.1
and 4.9 kcal/mol higher with B3LYP and BLYP, respectively,
and has the ©H bond rotated by 180with respect to the
structure shown in Figure 1. This energy increase is expected
since the interaction of the hydrogen atom with the carbonyl
oxygen provides stabilization for the cis conformer. This
stabilization is in agreement with other experimental and
theoretical result43-50 It should also be noted that previous
theoretical work on silanoic acid shows it also has a global cis
conformationt4:51,52

The hydroperoxycarbene species has three minimums, the

lowest of which is shown in Figure 2. Two others lie 10.3 and
11.5 kcal/mol higher in energy with B3LYP and 13.9 and 12.2
kcal/mol higher in energy for BLYP. In the second minimum
of hydroperoxycarbene, both the-El bond and the ©H bond
are rotated 180 while in the third minimum, just the ©0
bond is rotated 180with respect to Figure 2.

Acetic acid exhibited two minimums as well as one transition
state. The structure of the lowest cis minimum is shown in
Figure 3. Like formic acid, the second trans conformer of acetic
acid has the hydroxy ©H bond rotated 180from that shown

(44) Reed, A. E.; Weinstock, R. B.; Weinhold, F..Chem. Phys1985
83, 735.

(45) Reed, A. E.; Weinhold, F1. Chem. Phys1985 83, 1736.

(46) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88,
899.

(47) Reed, A. E.; Schleyer, P. v. R.Am. Chem. S0d.99Q 112 1434.

(48) Davis, R. W.; Robiette, A. G.; Gerry, M. C. L.; Bjarnov, E;
Winnewisser, GJ. Mol. Spectrosc198Q 81, 93.

(49) Chang, Y.; Yamaguchi, Y.; Miller, W. H.; Schaefer, H. F.Am.
Chem. Soc1987, 109, 7245.

(50) Goddard, J. D.; Yamaguchi, Y.; Schaefer, H.JF.Chem. Phys.
1992 96, 1158.

(51) Dixon, D. A;; Gole, J. LChem. Phys. Lettl986 125, 179.

(52) Seidl, E. T.; Schaefer, H. B. Am. Chem. S0d.989 111, 1569.
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Figure 2. Lowest energy conformation for the group 14 congeners of
hydroperoxycarbene, where ¥ C, Si, Ge, Sn, Pb. BLYP/TZ2P
optimized geometries are shown for % C and BLYP/TZ2P-ECP
geometries for X= Si—Pb. All congeners hav€s symmetry and a
1A’ electronic ground state.
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Figure 3. Lowest energy conformation for the group 14 congeners of
acetic acid, where X= C, Si, Ge, Sn, Pb. BLYP/TZ2P optimized
geometries are shown for X C and BLYP/TZ2P-ECP geometries
for X = Si—Pbh. All congeners hav€s symmetry and A’ electronic
ground state.

in Figure 3. This minimum lies 5.9 and 5.5 kcal/mol higher in
energy with B3LYP and BLYP, respectively. Compared to the
lowest energy acetic acid structure, a transition state was found
that lies 0.26 and 0.17 kcal/mol higher with BSLYP and BLYP,
respectively. In this structure, the methyl group is rotated 180
degrees and the imaginary normal mode corresponds to rotation
of the methyl group, indicating that the methyl group is
essentially a free rotor.

In hydroperoxymethylcarbene, the lowest minimum is pre-
dicted to be ofC; symmetry with a G-O—0O—H torsion angle
of ~—12 degrees; this species is shown in Figure 4. Two other
minimums,A andB, both of C; symmetry, were found and are
shown in Figure 5.A lies 17.4 and 16.8 kcal/mol above
hydroperoxymethylcarbene with B3LYP and BLYP, respec-
tively, andB lies 16.1 and 18.7 kcal/mol higher with B3LYP
and BLYP, respectively.
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Figure 4. Lowest energy conformation for the group 14 congeners of hydroperoxymethylcarbene, whef@, %i, Ge, Sn, Pb. BLYP/TZ2P
optimized geometries are shown for=XC and BLYP/TZ2P-ECP geometries for=X Si—Pb. Hydroperoxymethylcarbene €&XC) hasC, symmetry
and a'A electronic ground state. The other congeners Havgymmetry and/A’ electronic ground states.

with RB3LYP, r(O—0) = 1.78 A, is significantly shorter than
the UB3LYP distancer(O—0) = 2.22 A. In both instances,
and with BLYP,r(O—0) = 1.85, the G-O bonds are signifi-
cantly longer than what one might expect for a usual peroxide
O—0 bond length. Indeed, the experimentat-O distance in
methyl hydroperoxide (Ck+O—0—H)%5 is 1.47 A and the
B3LYP/DZP O-0O distance in the hydroperoxyethyl radial
is 1.45 A. To ensure that RB3LYP, UB3LYP, RBLYP, and
UBLYP give correct results for peroxides, geometry optimiza-
tions of ordinary hydrogen peroxide were performed. These
predict O-0 bond lengths of 1.45 and 1.49 A for B3LYP and
BLYP, respectively, with the unrestricted and restricted results
Figure 5. Two higher energy minimums of hydroperoxymethylcarbene. P€ing identical for both functionals. This is in good agreement
Both conformations haves symmetry andA'’ electronic ground states. ~ With experimental distances of1.47 A5-59 The long O-O
bond distances of hydroperoxycarbene and hydroperoxymeth-
The lowest energy minimums of formic acid, acetic acid, and ylcarbene suggest they may not be stable molecules but loosely
hydroperoxycarbene all ha¥d’ electronic ground states while  bound complexes. In contrast, the respective@bond lengths
hydroperoxymethylcarbene hasA electronic ground state. for hydroperoxysilylene and hydroperoxymethylsilylene are 1.47
Electronic Structure Considerations. Density functional and 1.48 A for B3LYP and 1.54 and 1.56 A for BLYP with
theory has been shown to provide reasonable results for manyidentical results for the restricted and unrestricted formalisms.
ground-state singlet carberfés*However, since many carbenes These distances are similar to an-O distance of 1.49 A
may have other important low-lying electronic states, the computed with MP2/6-31G(#} and ensure us that a restricted

accuracy of a restricted single determinant in describing the wave function is valid for describing the remaining hydroperoxy
hydroperoxides in this study was important to investigate. The systems of interest.

lowest energy hydroperoxy and hydroperoxymethyl carbenes

geometries, shownl in Figures 2 and 4, were optimized in an hydroperoxycarbene, acetic acid, and hydroperoxymethylcarbene
unrestricted formalism. In each case, the converged solution

. . . Figures +-4) wer h rtin ints for optimizin
resulted in the singlet state. However, for these singlet carbene( gures ) were used as the starting points for opt g

A ; .~ “the geometry of the silicon, germanium, tin, and lead analogues
molecules, the B3LYP results have significant spin contamina- of these species. For the other aroup 14 congeners of the
tion with the expectation value & being 0.78 for hydroper- hvdro eroxp meth. lcarbene s eciegs thpe minimu?n wak.of
oxycarbene and 0.69 for hydroperoxymethylcarbene. For BLYP, ydrop y Y P ’ 9
no unrestricted solution was found in either carbene. symmetry rather tha, symmetry. Note that the lead congener

It is interesting to compare the energies and geometries of (55) Tyblewski, M. Ha, T. K.; Meyer, R.; Bauder, A.; Blom, C. E.
the unrestricted B3LYP solution to those of the restricted chem. Phys1992 97, 6168. T " ’

Geometries.The lowest energy conformations of formic acid,

B3LYP solution for hydroperoxycarbene. The-O bond length (56) Ignatyev, I. S.; Xie, Y.; Allen, W. D.; Schaefer, H. B. Chem.
Phys.1997 107, 141.
(53) Schreiner, P. Rl. Am. Chem. S0d.998 120, 4184. (57) Giguere, P. A.; Srinivasan, T. K. K. Mol. Spectrosc1977, 66,
(54) Bettinger, H. F.; Schreiner, P. R.; Schleyer, P. v. R.; Schaefer, H. 168.
F. Encyclopedia of Computational Chemistwyiley: Chichester, England, (58) Cremer, D.; Christen, Dl. Mol. Spectrosc1979 74, 480.

1998. (59) Koput, J.J. Mol. Spectrosc1986 115, 438.
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of hydroperoxymethylcarbene has a small imaginary frequency, congeners of hydroperoxycarbene. It should be noted that the
which corresponds to methyl rotation, with the BLYP functional small divalent angles for %= Si, Ge, Sn, and Pb have been
only. seen before in other divalent group 14 molecdlg%?

Optimized geometric parameters for the carbon, silicon, The geometric trends in both the acetic acid and hydroper-
germanium, tin, and lead species at the various levels of theory oxymethylcarbene congeners (Figures 3 and 4) are quite similar
employed are given in Supporting Information; however, we to those of the formic acid and hydroperoxycarbene congeners.
note here a few general trends and list in Figured the BLYP/ Again, we emphasize that while the-@ bond distancerg) in
TZ2P (X = C) and BLYP/TZ2P-ECP (X= Si, Ge, Sn, Pb)  hydroperoxymethylcarbene is abnormally large forC (~2.0
geometries. Independent of basis set and molecule, BLYP &) all other congeners have distances-~ef.5 A. It is also
usually predicts longer bond distances than B3LYP, in most interesting to note that the divalent hybridization angle YG-O
cases by 0.030.02 A. (63 in Figure 4) is slightly larger than the corresponding angle

In the formic acid congeners (Figure 1), the=XC species in the hydroperoxycarbene congeners. This is likely due to the
(formic acid) has shorter bond lengths with the TZ2P basis over presence of the methyl substituent.
the DZP basis. However, examining the-X bond lengthsrg Bonding. (1) NBO Analysis.In their analysis of group 14
andrs) in particular, we note that the TZ2P and/or TZ2P-ECP formaldehyde congeners, Kapp et al. represented the iomic X
basis sets have almost no effect over DZP and/or DZP-ECP 5 4ouble bond asO:::X*, which emphasizes the largely polar

basis sets for X= Si but show an increase in length for=X character of both ther and x bondsS In support of this

Ge, Sn, and Pb. For the silicon- and germanium-containing characterization, Kapp et al. used B3LYP NBO analysis. Our

species, we can compare the all-electron DZP and TZ2P basi ) ;
sets to the DZP-ECP and TZ2P-ECP basis sets. Here we notZBBLYP/DZP and B3LYP/DZP-ECP NBO analysis (Table 1)

a considerable increase in-SD bond lengths for the ECP basis of the X=0 double bonds in the formic acid congeners shows

sets over the all-electron basis sets. However, the situation isthat these double bonds are very similar to those of the
reversed with GeO, where ECP basis sets now predict the formaldehyde congeners. For example, Kapp et al. showed a

small positive natural atomic charge (NAC) for the C atom in
shzrter _bc;]ncz) lengths. d. all bond di heHO formaldehyde (0.29) but larger NACs on the subsequent group
Iengsthmtlg) tincerezxs%e?teea’dﬁy agnonéséaégi(zz’dingglzpt) 14 Forl4 atoms (1.491.71). Our NACs in formic acid likewise show
L ’ that the C atom has a relatively small NAC (0.72) with larger
example, BLYP/TZ2P-ECP results show that theGH length
(r) increases from about 1.4 to 2.0 A. The=X® double bond NACs on the other group 14 atoms (1:7801). In fact, both

(r2) is ~0.15 A shorter than the XOH single bond ) in al the doubly bonded oxygen and the singly bonded OH oxygen

; v atom have large negative NACs (around.0), suggesting that
congeners. Kapp, Remko, and Schleyer have likewise noted thatooth the oxyggen si?lgle and oxy(gen doub)le bggds ingthe Si-

X=0 bonds are about 0.+D.17 A shorter than %O single . : - .
bondsS The bond angles about Y64 and 6=) change only a F()Bcﬁ;rSn-, and Pb-substituted formic acid congeners are highly

few degrees between each congener, with the exception of X ) ]
= Pb, wherd), is ~7° smaller than that in the % Sn congener A nonpolar natural population analysis (NPA) double bond
and0s is nearly 12 larger. Traditionally, such an effect would ~has abond order of 2.0. For the highly pofad:::X™ bonds of
be interpreted as due to the inert pair eff@aghich is thought ~ the formaldehyde congeners, Kapp et al. obtained NPA bond
to be most pronounced between Si and®PHowever, faults ~ orders of 1.4 for O::C* and 0.84-0.91 for the~O::X* (X =
in the inert pair effect were noticétas early as 1958 and recent  Si, Ge, Sn, Pb) double bonds. Our computed NPA bond orders
analysis by Kaupp and Schleyer emphasizes the differences infor the ~O:::X* bonds of the formic acid congeners are very
the sizes (radial extensions) of the s and p orbitals of Pb over similar to those reported by Kapp et al. Note that theOH
Sn? Furthermore, Schwerdtfeger et al. noted that the ligand type single bonds show a bond order of approximately half those of
also plays a significant rok, the~0O:::X* bonds, suggesting, as one would expect, that these
In the hydroperoxycarbene congeners (Figure 2), we see manya'e indeed polarized single bonds.
of the same basis set and DFT functional trends as in the formic  The hydroperoxycarbene congeners for)Si, Ge, Sn, and
acid congeners. We observe a steady increase in#@ 3ingle Pb show similar bond orders for the metal oxygen OH
bond ¢3) from 1.2 to 2.1 A and note that this bond is slightly single bonds. However, the-@ bond in hydroperoxycarbene
longer than the double bond in the formic acid congeners. Again, has a bond order of 1.69, which is even greater than @e:
we emphasize that while the-@D bond ¢) in hydroperoxy- C* bond order in formic acid and suggestive of a double bond.
carbene (X= C) is abnormally long, all other congeners show It appears that hydroperoxycarbene is a loose complex between
O—0 bond lengths close to what one might expect for hydrogen the hydroxyl radical and HCO (see earlier discussion). Examin-
peroxide (~1.47 A). It is interesting to note that the-+X—0O ing the O-O peroxy bond of hydrogen peroxide, we see that
angle (3) about the divalent group 14 atom is large forXC the nonpolar G-O single bond order is exactly 1.0. Likewise,
(127 degrees and consistent with? $yybridization) but more the bond orders of the ©0 bonds in the X= Si, Ge, Sn, Pb
acute for all other group 14 atoms-97 degrees). Kutzelnigg  congeners are of nearly 1.0, suggesting theG0bond in these
has noted thattybridization defectdn heavier group 14 atoms  divalent species is very similar to that of hydrogen peroxide.
cause the orthogonal hybrids usually seen in carbon to be|n contrast, the ©O bond order in hydroperoxycarbene is very
substantially distorte®** These hybridization defects are  small (0.31), suggesting a rather weakly bound complex. Recall
consistent with the acute-HX—0O angle in the heavy-element 150 that the ©O bonds lengths of the X% Si, Ge, Sn, Pb
congeners were similar to that of hydrogen peroxide, but the

(60) Sidgwick, N. V.The Chemical Elements and Their Compouynds

Clarendon Press: Oxford, 1950 Vol. 1. O—0 bond length in hydroperoxycarbene is significantly longer.
(61) Sharpe, A. Glnorganic Chemistry3rd ed.; Longman Scientific Finally, it should be noted that the use of the ECP for Si and
an((‘G-IZ-;e(l:Dr:’gIcgl:RESSSJEXISI‘::-QSgZC.:heleSS 62 353 Ge made very little difference on the bonding characteristics
(63) Kutgefnig'g’ V\',_Anée;,v. Chem., Int. Ed. Engl9g4 23, 272. of the NBO analysis in comparison to the all-electron DZP NBO

(64) Kutzelnigg, W.J. Mol. Struct.1988 169, 403. results.
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Table 1. Natural Atomic Charges (NAC) and Bond Orders (NPA) from the B3LYP/DZP and B3LYP/DZP-ECP Natural Bond Order Analysis
for the Formic Acid and Hydroperoxycarbene Congeners

Acids
NAC NPA
(0 X OoP H X=0 X-OH O—H X—H
C —0.62 0.72 -0.74 0.51 131 0.72 0.47 0.80
Si —-1.11 1.93 —1.10 0.54 0.85 0.41 0.46 0.74
SI/ECP —1.10 1.92 —1.10 0.53 0.85 0.40 0.46 0.74
Ge —1.03 1.76 —1.06 0.52 0.93 0.43 0.47 0.79
Ge/ECP -1.07 1.88 —1.10 0.53 0.88 0.40 0.47 0.75
Sn/ECP —1.09 2.01 -1.14 0.52 0.87 0.35 0.48 0.69
Pb/ECP —1.01 1.85 —-1.11 0.50 0.94 0.37 0.49 0.72
Hydroperoxides
NAC NPA
X o o H X-O0OH 0-0 O—H X—H

C 0.35 —0.30 —0.68 0.46 1.69 0.31 0.54 0.76
Si 0.95 —0.66 —0.46 0.49 0.45 0.91 0.50 0.66
SI/ECP 0.93 —0.65 —0.46 0.49 0.45 0.91 0.50 0.67
Ge 0.96 —0.64 —0.46 0.48 0.42 0.94 0.50 0.64
Ge/ECP 0.90 —0.62 —0.46 0.48 0.43 0.94 0.50 0.68
Sn/ECP 1.07 —0.67 —0.47 0.48 0.36 0.96 0.51 0.58
Pb/ECP 1.06 —0.65 —0.48 0.48 0.36 0.98 0.51 0.58
H,0, - - —0.48 0.48 - 1.00 0.51 -

aDouble-bonded oxygen E%0). ° Single-bonded oxygen (O—H).

Table 2. Bond Energies (in kcal/mol) for the=¥O Double Bond energie$® Taking the difference in the two bond energies, we
of the Formic Acid Congeners and the-@ Peroxy Bond in see that the double bond is strongly preferred by carbon (by
Hydroperoxycarbene Congentérs 187 kcal/mol) but much less preferred by lead (only 42 kcal/
AE mol). Clearly the strong O:::X* double bond is the major

X X=0P X=0¢ XO—OHd bonds molecules explanation for the preferred tetravalency of the group 14 acids,
C 2008 2557 13.9 186.9 99.4 and_ its wea_lkening with heavier group 14 elements, a_llong with
Si  150.8 1905 25.7 125.1 84.7 an increasingly more stable-@ bond allows the divalent

Ge 1235 1564 35.7 87.8 58.9 hydroperoxycarbene congeners to become relatively more stable.
Sn  105.0 126.6 43.4(402) 61.6(64.8) 41.6 Relative Energies.Tables 3 and 4 show the energies of
Pb 797 883 49.2(378) 305(41.9) 16.0 formic and acetic acid congeners relative to their hydroperoxy

a Also shown are the experimental dissociation energies for the group ISOmers. Almost without exception, increasing the basis set from
14 monoxides (¥0). All energies are with BLYP/DZP-ECP, except a DZP or DZP/ECP basis to a TZ2P or TZ2P/ECP basis
é;) C. C\/i\lsh:_?E)I(S_VgTHB(EX!;/E)ZOP-(blg)c}fmcpg)t(epde r?:]&eEnt{aT(cl)fszst?c)igt?on increases the stability of the tetravalent acid congener. CCSD
energy for the isolated diatomic molecule. See ref85omputed as and CCSD(T) single-point energies further favor tetravalency,
AE {H—X—0—0H (A") — H—X—0 (A’) — OH (II)}. ¢ Estimated such that our best results, CCSD(T)/TZ2P//BLYP/TZ2P and
value including spir-orbit effects of HSnO. Estimated from the spin CCSD(T)/TZ2P-ECP//BLYP/TZ2P-ECP, are about¥B kcal/
orbit COUp“pg in isoelectronic SbOAE¢n,, — 2m,y/2 ~ 3.2 kcal/mol. mol more in favor of tetravalency than BLYP/TZ2P or BLYP/
See ref 65! Estimated value including spirorbit effects of HPbO.  17op_ECP. The BLYP relative energies are substantially lower
Estimated from the spirorbit coupling in isoelectronic BIOAE¢,,, than the B3LYP ies for % C and X= Si but
— 2m,,)/2 ~ 11.4 kcal/mol. See ref 65. 1an the energies for an = Sl butare very

similar to or even slightly higher for X= Ge, Sn, and Pb. Itis
. 3 clear that hydroperoxycarbene and hydroperoxymethylcarbene

(2) Bond Strengths.One explanation for the stability of the  are much less stable (more than 100 kcal/mol) than their parent
tetravalent formic acid congeners over their isomeric divalent acids, in good agreement with a loosely bound complex for these
hydroperoxycarbene congeners (See Tables 3 and 4 and thearbene species. The relative energies for the two silicon
section on Relative Energies below) would be the relative bond hydroperoxy compounds are likewise more than 100 kcal/mol
strengths of the O:::X* double bonds over the -©0 peroxy- above their acid isomers. In fact, the CCSD(T)/TZ2P//BLYP/

like bonds. Table 2 shows the relative strengths of tBe:X* TZ2P value of 110.4 kcal/mol for HOOH relative to H(Si
double bonds and the @D peroxy-like bonds. The bond O)OH is in excellent agreement with the G2 value of 110.3
energies are at the BLYP/DZP level and were determined simply kcal/mol* Note, however, that the bonding analysis and
from differences in absolute energies and are without zero-point 980metries of the two silicon hydroperoxides suggest they are
correction. The @O bond in hydroperoxycarbene is very weak truly bound, despite their relatively high energies. Although a
14 keal/mol. and consistent with the NPA bond ordert.3 " significant increase in the relative stability of the hydroperoxy-

. . carbene congeners is observed for=XGe, Sn, and Pb as
Interestmgly, the .GO bond stre_ngth Increases by10 kca_l/ compared to X= C and Si, even lead favors tetravalency by
mol for Si and again for Ge. The increase ir-O bond energies

. . . . ~25 kcal/mol.
is accompanied by a corresponding decreas©in:X" double In contrast to the BXO species where the divalent carbene-

bond energies in the formic acid congeners from 201 kcal/mol jjxe HXOH species are favored in all cases except)XC,5
for carbon to only 80 kcal/mol for lead. This decrease in metal
(65) Huber, K. P.; Herzberg, GMolecular Spectra and Molecular

oxyger! bond strengths is not unexpected, as{ the C?'atF’m'C .m?taIStructure. IV. Constants of Diatomic Moleculdé&n Nostrand Reinhold:
monoxides (XO) also show a large decrease in their dissociationNew York, 1979.
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Table 3. Energies (in kcal/mol) of the Group 14 Hydroperoxide Compounds@@¥ (2) and CHXOOH (4)) Relative to Their
Corresponding Acid Isomers (HEXO)OH (1) and CH(X=0)OH (3)) for the B3LYP, BLYP, CCSD, and CCSD(T) Methods Using the DZP
and TZ2P Basis Sets (See Figures4)

X=C X = Si X =Ge

method and basis AE(2 - 1) AE®4 - 3) AE2 - 1) AE(4 — 3) AE@2 - 1) AE(4 — 3)
B3LYP/DZP 113.3 107.2 102.0 103.7 58.2 60.4
BLYP/DZP 99.4 92.4 96.5 97.6 55.3 57.2
B3LYP/TZ2P 111.0 103.2 107.1 108.8 60.2 62.2
BLYP/TZ2P 96.4 88.1 101.0 101.9 57.0 58.7
CCSDI/TZ2P//BLYP/TZ2P 117.6 112.9 112.3 115.7 67.1 69.2
CCSD(T)/TZ2P//BLYP/TZ2P 105.4 100.0 110.4 112.9 67.8 69.6

Table 4. Energies (in kcal/mol) of the Group 14 Hydroperoxide Compounds@@Xl (2) and CHXOOH (4)) Relative to Their
Corresponding Acid Isomers (HEXO)OH (1) and CH(X=0)OH (3)) for the B3LYP, BLYP, CCSD, and CCSD(T) Methods Using the
DZP-ECP and TZ2P-ECP Basis Sets (See Figures)1

X = Si X =Ge X=Sn X=Pb
method and basis AEQ2-1) AE@-3) AE(2—-1) AE4—-3) AEQ-1) AE@4-3) AEQ2-1) AE@4-3)

B3LYP/DZP-ECP 88.4 89.7 60.0 63.1 40.3 437 12.8 17.0
BLYP/DZP-ECP 84.7 85.4 58.9 61.6 41.6 45.0 16.0 20.4
B3LYP/TZ2P-ECP 96.9 99.0 67.5 69.8 47.8 50.0 19.5 225
BLYP/TZ2P-ECP 92.1 93.1 65.5 67.2 48.4 50.4 221 25.1
CCSDITZ2P-ECP//BLYP/TZ2P-ECP 106.2 108.9 75.5 771 54.6 55.9 24.3 26.2
CCSD(T)/TZ2P-ECP//BLYP/TZ2-ECP  104.7 106.4 75.8 77.0 56.3 57.3 26.8 28.9

tetravalent formic acid is clearly favored over its carbene-like formaldehyde seriesand its bond strength drops considerably
isomer for each group 14 congener. Kapp et al. observed thatas one descends group 14. In contrast, theéOQQperoxy bond
methyl substitution (Mg<O vs H,XO) stabilizes the double  of the hydroperoxy carbene-like species is increasingly stabilized
bond isomeP.We note a similar trend in all cases (exceptX by heavier group 14 elements, such that the divalenPbt-
C): acetic acid congeners are more stable relative to their O—O—H and Me-Pb—O—0O—H species are only 27 and 29
hydroperoxymethylcarbene congeners than the formic acid kcal/mol less stable than their acid isomers.
congeners are to the hydroperoxycarbene congeners. However, It is interesting to note that these results are in contrast to
this stabilization is not more than a few kilocalorie per mole. those of HXO, where the divalent carbene-like isomers of this
On the other hand, noting that Kaupp and Schleyer have shownseries are the most stable (by nearly 70 kcal/mol for 5Pb).
that electronegative substituents destabilize tetravalent PbClearly, more studies on the tetravalent/divalent character of
compounds, perhaps FPbOOH compounds may favor tetra- group 14 atoms are of interest.
valency by less than 20 kcal/mol. Because of their high relative energy, the hydroperoxycarbene
Finally, we note that the ECP basis sets give lower relative and hydroperoxymethylcarbene congeners of carbon and silicon
energies than the all-electron basis for Si but higher relative would be difficult to isolate under most experimental conditions.
energies for Ge. It is not clear what factors may cause theseHowever, the analogous germanium, tin, and lead carbene
discrepancies. Nonetheless, it is reasonable to assume that theongeners may be detectable in a low-temperature matrix
results presented in Tables 3 and 4 are accurate to within 10isolation experiment, as they are much more stable. Furthermore,
kcal/mol. For example, we expect the tetravalent formic acid- because both formic and silanoic acid have been characterized
like Pb congener to be 268 10.0 kcal/mol more stable than  spectroscopically, the germanium, tin, and lead formic and acetic
its divalent carbene-like isomer. acid-like species, which are more stable than their carbene
isomers, appear to be suitable candidates for spectroscopic

Conclusions investigation.

The relative stabilities of tetravalent group 14 formic acid i
Acknowledgment. N.A.R. thanks Dr. Daniel Crawford and

and acetic acid congeners over their divalent hydroperoxycar-

bene and hydroperoxymethylcarbene isomers have been deter:

mined using the B3LYP and BLYP density functionals and the
CCSD and CCSD(T) ab initio methods. In all cases, the
tetravalent isomer is preferred, though the relative stability of
the carbene-like isomer increases as one descends group 1
The methyl substituent in acetic acid slightly stabilizes acetic
acid over formic acid.
The metat-oxygen double bondO:::X* of the acid conge-

ners is seen to be highly polar, as previously observed in the

Dr. Wesley Allen for helpful discussions. This work is supported
in part by DOE Grant DE-FG02-97-ER.

Supporting Information Available: Tables of optimized
olecular geometries for all species with the B3LYP and BLYP
unctionals and the DZP, DZP-ECP, TZ2P, and TZ2P-ECP basis
sets (Tables 58) (PDF). This material is available free of

charge via the Internet at http://pubs.acs.org.

JA9922173



