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Abstract: The mechanism of the addition of nonenolizable aldehydes and ketones to group 14 (di)metallenes
has been examined through a theoretical study of the addition of formaldehyde to Si=C, Ge=C, Si=Si,
Si=Ge, and Ge=Ge bonds at the B3LYP/6-311++G(d,p) and CAS-MCQDPT2/6-31++G(d,p) levels of
theory. The reaction pathways located can be grouped as either involving the formation of singlet diradical
or zwitterionic intermediates or as concerted processes. Within each group of reaction pathways, several
different mechanisms have been located, with not all mechanisms being available to all of the (di)metallenes.
It was found that for reactions in which a Si—O bond results (i.e., addition to Si=C, Si=Si, and Si=Ge)
both diradical and zwitterionic intermediates are possible; however, the formation of diradical intermediates
was not found for reactions that result in the formation of a Ge—O bond (addition to Ge=C and Ge=Ge).
The underlying cause of this pathway selectivity is examined, as well as the effect of solvent on the relative
energies of the pathways. The results of the study shed light on the cause of experimentally obtained
results regarding the mechanism of the reaction of (di)metallenes with nonenolizable ketones and aldehydes.

I. Introduction alkene analogues, and thus, an understanding of the underlying
mechanisms of the reactions in which (di)metallenes participate
is of considerable interest to a wide range of chemists.
Unfortunately, few thorough investigations into the mechanisms
of chemical study. In the years since the discovery of these of these reactions have taken place and mechanistic details are

compounds, referred to throughout this paper as (dijmetafienes SParse in all but a few cases, such as the addition of alcohols

a great deal of experimental and theoretical effort has focused@nd water to (di)metallenés.?” To develop a better under-
on examining the various reactions that they take paft3h. Sfa}“d'“g of these c_ompounds in depth stqdles mto the mech-
The reactivity of these compounds may parallel that of their 21iSMS of the reactions of (di)metallenes with various reagents
are necessary.
* To whom correspondence should be addressed. E-mail: twoo@uwo.ca.  Although there are some notable exceptiéhs) general,
(1) Brook, A. G., Abdesaken, F.; Gutekunst, B.; Gutekunst, G.; Kallury, R honenglizable ketones and aldehydes add to (dijmetallenes to

K. J. Chem. Soc., Chem. Commu881, 191.
(2) West, R.; Fink, M. J.; Michl, JSciencel981, 214, 1343.

The original syntheses of stable compounds containing |
multiple bonds involving heavier group 14 elements such as
silicon!2 and germaniufT® resulted in a new and active area

(3) Couret, C.; Escudjel.; SatgeJ.J. Am. Chem. S0d.987 109, 4411. (18) Takahashi, M.; Veszpremi, T.; Hajgato, B.; Kira, ®ganometallicR00Q
(4) Meyer, H.; Baum, G.; Massa, W.; Berndt, Angew. Chem., Int. Ed. Engl. 19, 4660-4662.

1987 26, 798. (19) Takahashi, M.; Veszpremi, T.; Sakamoto, K.; Kira, Mblecular Physics
(5) Masamune, S.; Hanzawa, Y.; Williams, D.J.Am. Chem. Sod982 2002 100, 1703-1712.

104, 6136. (20) Hajgato, B.; Takahashi, M.; Kira, M.; Veszpremi, Themistry-A
(6) In this study, we will use the generic label (di)metallene to refer to both European Journak002 8, 2126-2133.

metallenes and dimetallenes. (21) Veszpremi, T.; Takahashi, M.; Hajgato, B.; Kira, M. Am. Chem. Soc.
(7) Raabe, G.; Michl, J. IThe Chemistry of Organic Silicon CompounBatai, 2001, 123 6629-6638.

(8) Mdller, T.; Ziche, W.; Auner, N. InThe Chemistry of Organic Silicon 123 1676-1682.
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CompoundsRappoport, Z., Apeloig, Y., Eds.; Wiley: New York, 1998; (23) Morkin, T. L.; Owens, T. R.; Leigh, W. J. Ilthe Chemistry of Organic
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(10) West, RAngew. Chem., Int. Ed. Engl987, 26, 1201. (24) Morkin, T. L.; Leigh, W. JAcc. Chem. Re001, 34, 129.

(11) Weidenbruch, M. InThe Chemistry of Organic Silicon Compounds (25) Leigh, W. J.Pure Appl. Chem1999 71, 453.
Rappoport, Z., Apeloig, Y., Eds.; John Wiley and Sons, Ltd.: New York, (26) Sakurai, H. InThe Chemistry of Organic Silicon Compoun&appoport,

2001; Vol. 3, p 391. Z., Apeloig, Y., Eds.; John Wiley and Sons, Ltd: New York, 1998; Vol.
(12) Okazaki, R.; West, RAdv. Organomet. Chenl996 39, 231. 2, p 827.
(13) Weidenbruch, MCoord. Chem. Re 1994 130, 275. (27) Wiberg, N.; Fischer, G.; Schurz, IChem. Ber1987 120, 1605.
(14) Escudie J.; Ranaivonjatovo, HAdv. Organomet. Chenil998 44, 113. (28) In the addition of aromatic ketones, such as benzophenone, to silenes and
(15) Baines, K. M.; Stibbs, W. GAdv. Organomet. Chen1996 39, 275. germenes, the ketone can act asacémponent to give a formal {42]
(16) EscudieJ.; Couret, C.; Ranaivonjatovo, H.; SatgeCoord. Chem. Re cycloadduct~914-16.29|n one case, the addition of formaldehyde to 1,1-
1994 130, 427. dimethylsilene was reported to result in the formation of a siloxycarBene.
(17) Barrau, J.; Escudid.; SatgeJ. Chem. Re. 1990 90, 283. The addition of enolizable carbonyl compounds to dimetallenes (disilene,
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Scheme 1. General Scheme for the Addition of Non-enolizable
Ketones and Aldehydes to (di)Metallenes to Form
(di)Metalloxetanes through Various Reaction Mechanisms

used, would be able to intercept a singlet diradical calling into
guestion the significance of these results. Kinetic studies of the
addition of acetone to silatrienes indicated that the reaction did

/O/X;/ g;’g,‘fv"a";f indeed follow a stepwise pathway involving the initial attack
R oW of the silenic silicon atom by the carbonyl oxyg®he results

obtained were consistent with the formation of a diradical

intermediate; however, the nature of the electronic structure of
the species was not determined. Kinetic studies of the ene-
addition of acetone to diphenylsilene are consistent with a

n +

R R R
R._.R N R
o ‘ﬁ’ concerted pathway 9/|
C. R“'C\ .
RR r™R \ / el Y\'g

X=Si or Ge &R dimetalloxetane - ! - ' - .
Y=C, Si or Ge /o/X\ stepwise mechanism involving the fast reversible formation of
RE* YR a zwitterionic silene-ketone complex followed by a rate-limiting
ROR proton transfer from the ketone to the sil€fié3 The experi-
zwitterionic . . .
pathway mental evidence, in the case of silenes, thus suggests that the

mechanistic pathway is very sensitive to the nature of the

yield (di)metalloxetanes as shown in Schemf 4:23-27.32-39 substituents.
Metalloxetanes are of chemical interest as reactive intermediates Experimentally, the reaction involving the addition to germenes
because they undergo metathesis reactions. Such reactions aldR2Ge=CRy) has received less attention than the reaction with
of synthetic value because they may provide an alternative of silenes; however, it is generally thought that both metallenes
means of forming &C and Y=C bonds, where Y is Si or Ge,  react along similar pathway8:*! Density functional theory
as well as metallanones containing=® bonds, where X is Si calculations on the addition of carbonyl compounds to silenes
or Ge, which are also of significant chemical interest. As a result, @nd germenes with small substituéfitsave provided evidence
metalloxetane formation has been the focus of several previousthat the additions to both compounds proceed along stepwise
mechanistic studies that have led to the proposal of a variety of pathways instead of concerted ones; however, open-shell
pathways for this addition including one-step concerted mech- intermediates were not considered, and the possibility of a lower
anisms and two-step processes involving progression throughenergy pathway involving the formation of a diradical inter-
either zwitterionic or diradical intermediates as shown in Scheme Mediate persists.
1.23-2640-49 The true nature of the mechanism for this reaction, ~ The reaction of disilenes @8i=SiR;) and germasilenes
and the factors influencing it, remain incompletely understood. (R:Si=GeRy) with aldehydes has been examined through the
The formation of siloxetanes from the reaction of silenes Use of mechanistic probes specifically designed to differentiate
(R:Si=CRy) with ketones in the presence of radical trapping between the formation of diradical and zwitterionic intermedi-
agents has been previously studied in an attempt to differentiateates!’*® It was observed that the products formed from the
between pathways involving the formation of diradical and reaction of both of these compounds with the probes were
Zwitterionic intermediate® The results showed that the forma- consistent with the formation of diradical intermediates. The
tion of siloxetanes continued in the presence of the trapping application of the probes to the study of the addition of
agent and were taken as an indication that diradical formation aldehydes to digermenes ABe=GeR) was examined? and
does not occur along the reaction pathway. However, it is although the results obtained ruled out the possibility of the

unlikely that the trapping agent (BBnH), at the concentration ~ formation of a diradical intermediate it was not clear whether
the reaction proceeded through a zwitterionic intermediate or

digermene, and germasilene) usually gives dimetalloxetanpg; although, followed a concerted pathway. It was proposed that the latter
recently, the formation of an ene-type adduct has been rep8rfEuke : . i ihili H
analogous reaction with metallenes (silene and germenes) normally gives WasHToe Ilkely’ however, this pOSSIbIlIty was not examined
an ene-type product. further.
(29) Takeda, N.; Shinohara, A.; Tokitoh, rganometallics2002 21, 256. - -
(30) Trommer, M.; Sander, W.; Ottosson, C. H.; CremerAbgew. Chem., Thus, desp|t_e the fact that prOQreSS has befe_n made in the
a1 ICt. E{j,' I\E(n_gll-%}995h34,,v|9_2% ciauchi Chem. C 2001 2146 attempt to elucidate the mechanism for the addition of noneno-
BX Lo W. 2. Li, X Organometallic002 21, 1197. 1 2146. lizable ketones and aldehydes to (dj)metallenes, the studies have
(33) Schmohl, K.; Reinke, H.; Oehme, Hur. J. Inorg. Chem2001, 2, 481. been few and the results are not entirely conclusive. Lacking
(34) Boomgaarden, S.; Saak, W.; Weidenbruch, M.; MarsmanrQigano- . L . . . ;
metallics2001, 20, 2451, in these studies is a comprehensive examination of the potential
(35) Lee, V. Y.; Ichinohe, M.; Sekiguchi, AChem. Lett2001, 7, 728. energy surfaces for the addition of nonenolizable ketones and
(36) Wiberg, N.; Auer, H.; Wagner, S.; Polborn, K.; Kramer,JGOrganomet. 9y i K .
Chem.2001, 619, 110. aldehydes to a variety of (di)metallenes through computational
(37) Eichler, B. E.; Powell, D. R.; West, Rdrganometallics1999 18, 540. i i i i
(38) Wakita, K.; Tokitoh, N.; Okazaki, R.; Nagase, S.; von Schleyer, P.; Jiao, methc_nd.s. In this paper, we present such an |n\{est|gat|on by
H. J. Am. Chem. S0d.999 121, 11 336. examining the addition of formaldehyde to a series of parent
(39) Trommer, M.; Miracle, G. E.; Eichler, B. E.; Powell, D. R.; West, R. ; ; ; i
Organometaliics1997 16, 5737. (di)metallenes (hydrogens_ as substituents) W|th_ c_omputatlonal
methods capable of providing accurate descriptions of both
open- and closed-shell systems. Our focus is on the examination
of the potential energy surfaces leading to the formation of (di)-
metalloxetanes.
The particular series of (di)metallenes examined in this study
were silene, germene, disilene, germasilene, and digermene.
Previous computational investigations of this reaction have taken

(40) Bradaric, C. J.; Leigh, W. Drganometallics1998 17, 645.

(41) Toltl, N. P.; Leigh, W. JJ. Am. Chem. S0d.998 120, 1172.

(42) Leigh, W. J.; Sluggett, G. WOrganometallics1994 13, 269.

(43) Leigh, W. J.; Bradaric, C. J.; Sluggett, G. \l.. Am. Chem. Sod 993
115 5332.

(44) Sluggett, G. W.; Leigh, W. J. Am. Chem. S0d.992 114, 1195.

(45) Toltl, N. P.; Leigh, W. JOrganometallics1996 15, 2554.

(46) Brook, A. G.; Chatterton, W. J.; Sawyer, J. F.; Hughes, D. W.; Vorspohl,
K. Organometallics1987, 6.

(47) Baines, K. M.; Dixon, C. E.; Samuel, M. 8hosphorus, Sulfur, Silicon
Relat. Elem1999 150, 393.

(48) Dixon, C. E.; Hughes, D. W.; Baines, K. M. Am. Chem. S0d.998 120,
11 049.

(49) Samuel, M. SPh.D. Thesis, Uniersity of Western Ontaria2000.

(50) Khabashesku, V. N.; Kudin, K. N.; L., M. Russ. Chem. Bulk001, 50,
20.
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place, however, they were of a limited nature, considering either are those determined through Mulliken population anatysigth

the addition of formaldehyde to silefieor to two substituted
silenes and germerf@swvithout extensive examinations of the

Gaussian98.
Although DFT has been shown to provide qualitatively accurate

mechanism of product formation. To the best of our knowledge, "esults for calculations on singlet diradicals in some césésa proper
no theoretical studies have examined the addition to disilene. treatment of such systems requires the use of multireference methods.
: : P Complete active space multi-configurational quadratic perturbation
ermasilene, or digermene. This is also, to the best of our . 4 ;
Enowledge the firs?t study to consider the possibility of the theory (CAS-MCQDPT2}**single-point calculations were performed

f . f diradical i di d " in thi on the B3LYP optimized geometries of all species in order to obtain
Orm‘?‘“on ot diradica mtgrme lates and transition states In this 5, 5cyrate description of the open-shell systems. This method provides
reaction through theoretical methods.

an accurate description of the singlet diradical wave function through
The remainder of this paper is as follows: The computational the inclusion of static correlation at the complete active space multi-
methods are outlined in section lla. Preliminary considerations configurational self-consistent field (CAS-MCSCF) level and dynamic
regarding the computational methods employed are also dis-correlation effects through second-order perturbation theory.
cussed in section lIb. The results are presented and thoroughly The CAS-MCQDPT?2 calculations were performed with a 6-31G-
discussed in section |||' beginning with an examination of the (d,p) basis set and all core, Valence, and virtual orbitals were included
structures of the reactants and products, followed by a descrip-in the correlation. The basis set convergence of the CAS-MCQDPT2
tion of all pathways located, an examination of solvent effects calculations was tested with the aug-cc-pV0and the 6-3116+-
and a discussion of pathway availability. The pathways available (d,p) basis sets. (Larger basis sets could not be tested to due file size

h (di I di . Y, d th limitations with our computational resources.) Our tests revealed that
to eac _ ( |)meta_ene _are cqmpare In section IV, and the . alative energies of the stationary points exhibited little variation
conclusions are given in section V.

with these three basis sets. The energies reported include a correction
for the zero point energy equal to the values added to the B3LYP
energies. The CAS-MCQDPT2 calculations were performed with the
GAMESS suite of progrants.

The choice of the correct active space is crucial for multireference
calculations. Upon completion of trial calculations with various active
functional of Lee, Yang, and Pafitthe B3LYP exchange correlation ~ SPaces, it was found that for the (di)metallene reactants it was necessary
functional, using a 6-3H+G(d,p) basis set with the Gaussiaf9g  t0 Use an active space with four electrons in four orbitals (4,4) consisting
system of programs for the geometry optimizations of all reactants, Of theo, o*, zz, andz* orbitals and an (8,6) active space including the
products, intermediates and transition states. Calculations on the?: o*, 7, andz* orbitals and both oxygen lone pairs for formaldehyde.
reactants, products, and closed-shell intermediates and transition state5©r the (dimetalloxetane products, the inclusion ofdf@ndo™ orbitals
were performed with restricted DFT. Unrestricted DFT was employed for all bonds between heavy atoms as well as the inclusion of both
to locate all singlet diradical intermediates and transition states with ©Xygen lone pairs was found to be necessary, this yielded a (12,10)
mixing of the HOMO and LUMO in the initial guess of the wave active space. For the diradical and zwitterionic intermediates and
function to generate open-shell electronic structures. This practice resultstransition states, the and o* orbitals for all bonds between heavy
in spin-contamination of the wave function and the largest spin aoms and both oxygen lone pairs were included, as well as the two
contaminant was projected out of all unrestricted calculations resulting Singly occupied orbitals at the radical centers in the diradical species
in an S eigenvalue of less than 0.035 in all cases. It should be exactly OF the occupied and unoccupied lone pair orbitals on the ionic centers
zero for a singlet. All DFT energies reported include unscaled zero Of the zwitterionic species. This also resulted in a (12,10) active space.
point energy corrections. Frequency calculations were performed on A detailed description of the active space and reasons for the choice
all structures to confirm that the products, reactants and intermediatesOf active space used in the CAS-MCQDPT?Z calculations can be found
had no imaginary frequencies and that the transition states possessed! the Supporting Information.
only one imaginary frequency. Free energies at 298 K and 1 atm were The orbitals used for the initial definition of the active space were
obtained through thermochemical analysis performed along with the obtained through single point HartreBock calculations, with an
frequency calculations at the B3LYP/6-3#+G(d,p) level with unrestricted formalism being employed along with HOMO/LUMO
Gaussian98. Intrinsic reaction coordinate (IRC) calculations were mixing for the diradical species. Boys localizatiof the occupied
performed at the B3LYP/6-31#+G(d,p) level to confirm that all orbitals of the HartreeFock calculations and the use of the MV&Q
reported transition states do indeed lie between the intermediates andPption in GAMESS, in which diagonalization of the Fock operator in
the products. Basis set superposition error was not corrected for. Wibergthe virtual space occurs along with the removal of several electrons
bond order® reported were calculated with the Natural Bond Order from the system to give the virtual orbital’s valence-like character, aided
prograni® distributed with Gaussian98 and all spin densities reported in the selection of the initial orbitals of the active space.

In cases where it was observed that there were large discrepancies
between the B3LYP and CAS-MCQDPT?2 energies, partial optimiza-
tions were performed at the CAS-MCQDPT2 level with the Trudge

Il. Methods

a. Computational Details.Density functional theory (DFT) calcula-
tions were performed with Becke’s three parameter hybrid gradient-
corrected exchange functiof@ind the gradient-corrected correlation

(51) Bachrach, S. M.; Streitwieser, J. A. Am. Chem. Sod.985 107, 1186.

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

(53) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 41.

(54) Frisch, M. J.; Trucks, G. W.; Schegel, H. B.; Scuseria, G. E.; Robb, M.
A.; Cheeseman, J. R.; Zakrewski, V. G.; Montgomery, J. A., Jr.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
J. V.; Baboul, A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.;
Komaromi, |.; Comperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham,
M. A,; Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.;
Gill, P. M. W.; Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L;
Head-Gordon, M.; Replogle, E. S.; Pople, JGaussian 98revision A.9;
Gaussian, Inc.: Pittsburgh, PA, 1998.

(55) Wiberg, K. B.Tetrahedron1968 24, 1083.

(56) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholdBO Version
3.1

(57) Mulliken, R. S.J. Chem. Physl1955 23, 1833.

(58) Beno, B. R.; Wilsey, S.; Houk, K. Nl. Am. Chem. Sod999 121, 4816.

(59) Goldstein, E.; Beno, B. R.; Houk, K. N. Am. Chem. Sod 996 118
6036.

(60) Patterson, E. V.; McMahon, P. J.Org. Chem1997, 62, 4398.

(61) Worthington, S. E.; Cramer, C. J. Phys. Org. Cheml997, 10, 755.

(62) Nakano, HJ. Chem. Phys1993 99, 7983.

(63) Nakano, HChem. Phys. Lettl993 207, 372.

(64) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007.

(65) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T.; Gordon, M.
S.; Jensen, J. J.; Koseki, S.; Matsunaga, N.; Nguyen, K. A.; Su, S.; Windus,
T. L.; Dupuis, M.; Montgomery, J. AJ. Comput. Cheml993 14, 1347.

(66) Boys, S. FQuantum Science of Atoms, Molecule, and Sphdsdemic
Press: New York, 1966.

(67) Bauschlicher, C. W., Jd. Chem. Phys198Q 72, 880.

13308 J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002



Addition of Aldehydes and Ketones to (Di)metallenes ARTICLES

Scheme 2. Thermodynamic Series Used to Calculate the X—O when compared to the gas phase structure. All other bond lengths of
Bond Energies . this species remained relatively constant upon optimization with no
HaX——YH3—> HX——YHz+ He  D(X-H) changes in bond lengths greater than 0.01 A. For all other stationary
H3C—OH — H3C—Oe + He  D(O-H) points along the three pathways, the largest differences in the bond
XH, 0 HX—0 lengths between the structures qptimized in_ the gas phase and in acetone
I -D(X-0) were less than 0.05 A. The differences in the angles of all of the
YH;  CHs YH; CH; structures were less than 2@ith the exception of the ©Si—C, and
2He—» H, D(HH) C,—O—Si angles of the zwitterionic intermediate which were decreased
by 5.2 and 6.%, respectively, in acetone. Full optimizations also lead
TH3+ H(I) . Hz)’(_? + Hy AH°(OK) to negl?gible changes in the rel_ative energies_ of thg _speci_es. A
XH; CHz HsY CHs comparison of the absolute energies of the species optimized in both

the gas phase and in acetone revealed that the largest difference in
nongradient optimization method in GAMESS. The coordinates opti- €nergy was an increase of 1.0 kcal/mol BV1—SiC-b* (vide infra)

mized in these partial optimizations were the-X, X—0, and G-O when solvent was considered. The energy differences of all other species
bond lengths. The active space and basis set used was the same as thé/ere less than 0.5 kcal/mol.
described above. b. Preliminary Considerations Regarding Computational Meth-

It was necessary throughout the course of these calculations toods.To test the validity of performing single point calculations at the
evaluate the energies of the-%D and Ge-O bonds. To determine the ~ multireference level on the DFT optimized geometries, selected
bond energies the series of thermodynamic reactions in Scheme 2 werestructures were optimized at the CAS-MCSCF level, with the same

used. basis set and active space as the CAS-MCQDPT2 calculations, and
This series allows for the calculation of the-XD bond energies as compared to the B3LYP geometries. The multireference methods
follows provide a better description of the singlet diradical wave function than

DFT,"*#"5and thus, the geometries of the open-shell systems optimized
D(X—0) = D(X—H) + D(O—H) — D(H—H) — AH°(0 K) (1) at the CAS-MCSCEF level are considered to be more accurate. Our test
calculations revealed that the B3LYP structures for the single-diradical

Experimental data were used for all the valueX —H), D(O—H) intermediates and transition states were in excellent agreement with
andD(H—H). The values oD(X—H) used were 100.%, 89.4%8 and CAS-MCSCF optimized structures with bond lengths and angles
83.0°% kcal/mol for the G-H, Si—H, and GeH bonds, respectively. The  between heavy atoms agreeing within 0.03 A artdréspectively.
values ofD(O—H) and D(H—H) were 119.% and 103.% kcal/mol, Because, the CAS-MCSCF calculations do not include dynamic
respectively. The values @H°(0 K) were calculated at the B3LYP/  correlation effect$® the B3LYP and CAS-MSCF geometries were also
6-31H+G(d,p) level. The choice of reagents, (diymetallanes and compared with partial geometry optimizations at the CAS-MCQDPT2
methanol, in this scheme were chosen to most closely represent thelevel. The CAS-MCQDPT2 calculations incorporate both dynamic and
systems of interest, (di)metallenes and formaldehyde, while taking nondynamic correlation effects, however, the nongradient optimization
advantage of experimentally available valuesBgK —H), D(O—H), used for the CAS-MCQDPT2 calculations only allows for partial
andD(H—H). A test calculation was performed using ethane instead optimization for systems of the size studied here, and does not allow
of a (di)metallane. Although experimentally the addition of aldehydes for transition-state optimization. Partial geometry optimizations of
to ethene does not occur in the ground state and ethene was notselected open-shell systems at the CAS-MCQDPT2 level were also in
considered as a reagent in this study, the use of ethane in theexcellent agreement with the DFT geometries with the bond lengths
thermochemical scheme outlined above allowed for the calculation of agreeing within 0.02 A. Thus, the B3LYP optimized geometries were
the C-O bond energy and subsequent comparison to available taken to be an accurate geometrical representation of the diradical
experimental data. The results showed that theOCbond energy, structures.
calculated with eq 1, was 92.6 kcal/mol which agrees reasonably well  Optimizations of the closed-shell species at the CAS-MCSCF level
with the experimental value of 85.0 kcal/mol. showed that the optimized structures were not in good agreement with

The effect of solvents on the energetics of the reaction were taken the B3LYP results with bond lengths between heavy atoms differing
into account through the polarizable continuum model (PEV) as by as much as 0.25 A. The CAS-MCSCF approach is a more general
implemented in Gaussian98. The solvents used were cyclohexaneform of the Hartree-Fock method, and in the limit that a system can
acetone, acetonitrile, and water which allowed for the examination of be described by a single-reference wave function, the CAS-MCSCF
a wide range of solvent polarity. The PCM calculations were performed method reduces to a HartreEock calculation’® In all closed-shell
at the B3LYP/6-311+G(d,p) level using the gas-phase geometries. species examined in this study, the ground-state determinant contributed
The energies reported have zero-point corrections taken from the gas-an average of 95% of the total wave function, with its contribution
phase calculations added to them. To check the validity of performing ranging from 90% to 98% over all compounds, and thus, the closed-
single-point calculations with the gas-phase geometries, we have shell species can be said to be accurately represented by a single
performed full optimizations with acetone as a solvent for all structures reference wave functioff. ° For closed-shell molecules, DFT methods
along the diradical, zwitterionic, and concerted pathways for the addition have been extensively tested against Hartfeeck calculations and
of formaldehyde to silene. In general, we found extremely small other accurate correlated methods for the prediction of reliable
geometric differences between the gas-phase and solvent optimizedgeometries and reaction profilés®! These studies show that DFT
structures, with the largest discrepancy being theGsbond length of calculations are more accurate than HF calculations.
ZW1—SiC-a (vide infra) which was decreased by 0.34 A in acetone

(74) Szabo, A.; Ostlund, N. SModern Quantum ChemistryMacmillan
(68) Becerra, R.; Walsh, R. Iihe Chemistry of Organic Silicon Compounds Publishing Co., Inc.: New York, 1982.
Rappoport, Z., Apeloig, Y., Eds.; John Wiley and Sons, Ltd.: New York, (75) Klessinger, M.; Michl, JExcited States and Photochemistry of Organic
1998; Vol. 2, p 153. Molecules VCH Publishers: Weinheim, 1994.
(69) Austin, E. R.; Lampe, F. WI. Phys. Chem1977, 81, 1546. (76) Schmidt, M. W.; Gordon, M. SAnnu. Re. Phys. Chem1998 49, 233.
(70) Huber, K. P.; Herzberg, @onstants of Diatomic Moleculggan Nostrand (77) Bone, R. G. A,; Pulay, Ant. J. Quantum Cheni992 45, 133.
Reinhold: New York, 1979. (78) Bofill, J. M.; Pulay, P.J. Chem. Phys1989 90, 3637.
(71) Cossi, M.; Barone, V.; Cammi, R.; Tomais,Ghem. Phys. Lett1996 (79) Pulay, P.; Hamilton, T. Rl. Chem. Phys1988 88, 4926.
255, 327. (80) Curtiss, L. A.; Redfern, P. C.; Raghavachari, K.; Pople, JJ.AChem.
(72) Miertus, S.; Tomasi, Lhem. Phys1981, 55, 117. Phys.2001, 114, 108.
(73) Miertus, S.; Tomasi, Them. Phys1982 65, 239. (81) Lynch, B. J.; Truhlar, D. GJ. Phys. Chem. 2001, 105 2936-2941.
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Table 1. Selected Geometric Values and Energies? Relative to
Planar Geometries for (di)Metallene Reactants

(oc compd X Y geometty  X-Y (&) ox(°) ay(®) B3LYP CASP
X @@‘ S Silene Si C planar 1708 00 00 00 00
-.,‘Y Germene Ge C planar 1.778 0.0 0.0 0.0 0.0

Disilene Si  Si planar 2140 0.0 0.0 0.0 0.0
trans-bent 2.173 30.8 30.8-0.6 —-2.4

a Germasilene Ge Si planar 2180 0.0 0.0 0.0 0.0
Figure 1. (@) Trans-bent geometry of (di)metallenes. and oy denote trans-bent 2.235 36.7 38.6—1.9 —-2.6
the fold angles at atoms X(Si or Ge) and Y(C, Si or Ge), respectively. (0) Digermene Ge Ge planar 2224 00 0.0 0.0 0.0
General geometry of (di)metalloxetane products. trans-bent 2.305 429 429-42 —-26

Because the B3LYP structures were in excellent agreement with the ~ *Energies reported are in kcal/m8ICAS-MCQDPT2 single-point
CAS-MCSCF and CAS-MCQDPT2 structures for the open-shell calculations on B3LYP optimized geometries.
diradical complexes, and that there were large discrepancies between . . o ]
the B3LYP and CAS-MCSCF geometries for the closed-shell species focus of many previous investigatidis®® which have shown
(where DFT is known to perform better), it was decided that performing that although they are ethene analogues, (di)metallenes do not
optimizations at the CAS-MCSCF level followed by single point necessarily possess a planar configuration in their most stable
calculations on those structures with CAS-MCQDPT2 would introduce form. Instead, they may exhibit a trans-bent structure. This
greater error than performing single-point calculations on the B3LYP structure has the substituents above and below the molecular
optimized geometries. plane as defined by a planar geometry and is shown in Figure
la. In the current study, geometry optimizations were performed
on the parent (di)metallenes in an attempt to obtain both stable

The geometries and energies of the reactants and productslanar and trans-bent structures and allow for the subsequent
will be discussed first in parts a and b. This will follow with @ comparison of the stabilities of the two geometries. It was
description of the various reaction pathways found for these observed that only planar structures were stable for silene and
reactions in parts ¢ and d. It was found that not all of the located germene, whereas stationary points corresponding to both trans-
pathways were available to all of the (di)metallenes studied. bent and planar structures were located for disilene, germasilene,
As a result, the discussion has been separated according to thend digermene on the B3LYP potential energy surface. Relative
various pathways located, with all participating (di)metallenes energies derived from CAS-MCQDPT?2 single-point calculations
being discussed within the context of each mechanism. This on B3LYP optimized geometries are also reported in Table 1.
allows for an increased facility in the comparison of the  Selected geometric values of the planar and trans-bent (di)-
pathways, while minimizing the redundancy that would result metallenes, as well as the energies relative to the planar reactants
from discussing each (di)metallene individually. This will follow  are given in Table 1. The energies show that the trans-bent
with an examination of solvent effects in part e and a discussion structure is more stable than the planar one for disilene,
of pathway selectivity in part f. In what follows, we have germasilene, and digermene and that the stability of the trans-
adopted a nonconventional naming system for the structures inbent structure with respect to the planar one increases as heavier
order to accommodate the five (di)metallenes that we have atoms become involved in the double bond. The magnitude of
examined as well as the three multistep reaction pathwaysthe fold angle also increases with this change. These results
(diradical, zwitterionic, concerted) that we have explored in each are consistent with those reported in the previous studies cited
case. The three part naming scheme provides a description ofabove and will not be discussed further.
the species and the nature of the reaction pathway where itis p. Energies and Geometries of the ProductsThe geom-
found. For exampleDR1-SiSi-b, represents a disilene &Si, etries of the (di)metalloxetane products were optimized to
Y=Si) intermediate that lies on a diradical reaction pathway. compare their energies with those of the reactants, as well as
The first part of the naming scheme refers to the nature of the examine the relative stabilities of possible isomers of the
reaction pathway DR for diradical,ZW for zwitterionic, and  products. Restricting the search for stable products to oxetane
CN for concerted. In many cases, we have located more thananalogues, the general structure of which is shown in Figure
one unique diradical or zwitterionic pathway. Thus, the third 1b, the products of the addition of formaldehyde to digermene
numeric digit refers to the number of the unique pathway. For and disilene can each only assume one stable isomer. On the
example DR1 refers to diradical pathway one, a#tV3 refers other hand, for the addition to silene, germene, and germasilene
to zwitterionic pathway three. The second part of the structure it is possible to obtain two different products depending on the
name refers to the (di)metallene involved, XY with=XSi, orientation of the (di)metallene with respect to the carbonyl
Ge, and Y= C, Si, Ge. Atoms X and Y are defined in Figure group of formaldehyde. The geometries of all the products show
1 with respect to the final (di)metalloxetane produced. The third that they are planar four-membered rings with dihedral angles
part of the naming scheme is an alphabetic character that refergyetween the atoms of the four-membered ring being no greater
to the stationary point beyond the reactants toward the products.than 0.3. Selected geometric values and the energies of the
Thus, the “c” inDR1-SiC-¢ reflects the fact that this is the  products relative to the sum of the energies of the separated
third stationary point past the reactants that lies along the reactants are given in Table 2.
diradical pathway for the addition of silene £&XSi, Y = C) to

Ill. Results and Discussion

formaldehyde. Finally, a superscript double dagger will denote (82) ffgvéﬁs'ss'; Schaefer, H. F., lll; Baines, K. M.Am. Chem. Sod99q
that the species is a transition state structure. (83) Jacobsen, H.; Ziegler, T. Am. Chem. S0d994 116 3667.
a. Energies and Geometries of the Reactant3he geom- (84) Windus, T. L.; Gordon, M. SJ. Am. Chem. S0d.992 114, 9559.

)
R i . (85) Grev, R. SAdv. Organomet. Chen1991, 33, 125.
etries and electronic structures of (di)metallenes have been thege) Trinquier, 3J. Am. Chem. Sod.99q 112, 2130.
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Table 2. Calculated? Bond Lengths, Angles, and Relative Energies of the (di)Metalloxetanes

species bonds(A) angles(®) energies® (kcal/mol)

X Y X-Y X-0 Y-C Cc-0 X-0-C C-Y-X Y-X-0 B3LYP CAS®
Si C 1.889 1.690 1.558 1.464 93.5 83.2 815 —49.8 —54.1
C Si 1.908 1.458 1.908 1.458 104.3 74.1 90.9 —15.8 —18.3
Ge C 1.978 1.838 1.553 1.452 93.9 85.6 75.5 —36.7 —49.8
C Ge 1.998 1.447 1.997 1.447 106.2 70.8 91.5 —13.9 —20.0
Si Si 2.343 1.695 1.942 1.461 107.1 72.1 79.8 —49.2 —41.3
Si Ge 2.394 1.692 2.032 1.450 109.2 70.3 80.4 —42.5 —40.6
Ge Si 2.393 1.850 1.933 1.450 106.0 102.9 74.6 —32.8 —35.1
Ge Ge 2.447 1.847 2.023 1.438 107.9 72.5 77.2 —25.6 —35.7

aGeometries optimized at B3LYP/6-313#G(d,p) level.? Energy relative to the separated reactah@AS-MCQDPT2 single point calculations on
B3LYP optimized geometries.

For the addition to both silene and germasilene, the products
resulting from the formation of an SO bond are more stable
than those resulting from the formation of aO or Ge-O
bond, respectively, with the DFT and CAS-MCQDPT2 calcula-
tions in agreement. For the addition of formaldehyde to germene,
the product resulting from the formation of a €@ bond is . 159 o
more stable than the product involving a bond between the 696 9
germenic carbon and the carbonyl oxygen, once again with both . i\ 2 o
methods in qualitative agreement. The observed lowest energy Y e\ @ | 2352
isomers agree with the experimentally observed products that
show the existence of only siloxetanes and germasiloxetanes

involving Si—O bond&!! and germoxetanes with G®© Figure 2. Geometries of intermediates and transition states along diradical
bondsl4 pathway for the addition of formaldehyde to (a) silene and (b) disilene
' o . (Y = Si) and germasilene (¥ Ge). Parenthetic parameters in (b) are for
The bond lengths and angles within the four-membered ring the addition of germasilene. Bond lengths are in angstroms and angles are

obtained for the siloxetane are in agreement with previously in degrees.
calculated structured. The results are also in agreement with
previously reported crystal structurswith the exception of the addition of formaldehyde to silene, disilene and germasilene.
the C-C bond length, which is shorter by 0.12 A in the The existence of such pathways is consistent with the previous
calculated structures, which is likely due to the larger substit- experimental result&:“548 For the other two (di)metallenes,
uents, trimethylsilyl and adamantyl groups, on the experimental gérmene and digermene, no stable diradical intermediates could
structures. For the germoxetane, the calculated values agree welpe located. For the addition of formaldehyde to digermene, this
with the crystallographic measurements on germoxetanes withresult is also in agreement with experiméhit should be noted
bulky aromatic substituenf&.Exceptions include the GeC that a structure possessing the electronic structure of a singlet
bond length, for which the calculated value was approximately diradical was located for the addition of formaldehyde to
0.10 A shorter than that in the crystal structures, and the torsion germene; however, this was not a stationary point on the B3LYP
angles between the heavy atoms in the four membered ring,Potential energy surface. Attempts to optimize this structure at
which were~0° in the calculations that were on the order of the CAS-MCSCEF level yielded a closed-shell structure, thereby
5° to 1C° in the crystal structures. Once again, these differences providing further evidence that a stable diradical intermediate
likely result from the fact that no bulky substituents were does not exist for the addition of formaldehyde to germene.
included in the calculations. A comparison with the available The diradical pathway for the addition of formaldehyde to silene
crystal structures for disiloxetar®8$68shows excellent agree- IS unique and will be discussed first in part (i); the pathways
ment with the largest discrepancy in bond lengths being less for the addition to disilene and germasilene are similar to one
than 0.07 A and all angles agreeing withih Ghese differences ~ another and will be discussed together in part (ii).
are small and likely result from differences in substituents. A ¢(i). Addition to Silene through a Diradical Intermediate.
comparison with an available, albeit disordered, germasiloxetaneFor the addition of formaldehyde to silene a pathway involving
crystal structur® showed larger differences with bond lengths the initial progression of the reactants through a transition state,
differing by as much as 0.12 A and angles differing by as much DR1-SiC-&, to form a singlet diradical intermediat@R1-SiC-
as 10. The crystal structure did exhibit disorder and these b, followed by progression over another transition steg;L-
differences are likely an artifact of this disorder. The results SiC-¢*, to form products was located. IRC calculations have
still agree on a qualitative level. No reported crystal structures been performed that confirm that the transition states link the
for digermoxetanes were found. intermediate to the reactants and products. These transition states

c. Open-Shell PathwaysReaction pathways involving the — and intermediates are shown in Figure 2a, whereas the energies
formation of a singlet diradical intermediate were located for along the potential energy surface relative to the reactants are
given in Table 3.

A singlet diradical is characterized by possessing two unpaired

(87) Lazraq, M.; Couret, C.; Escudie, J.; SatgeQdganometallics1991, 10,
1771

(88) Schaefer, A.; Weidenbruch, M.; Pohl,5.0rganomet. Chen1985 282, electrons with opposite spin. Included in Table 3 are two metrics
305. P : : ;

(89) Baines, K. M.; Cooke, J. A.; Vittal, J. Heteroatom Chem1994 5, for providing the number of unpaired electrons in the species
293. to determine the diradical character of the electronic structure.
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Table 3. Energies, Spin Densities and HOMO/LUMO Occupations
along Diradical Pathway for the Addition of Formaldehyde to
Silene, Disilene, and Germasilene

energy? net spin® occupations®
species B3LYP  CAS!  AG* Y C, HOMO  LUMO
silene
DR1-SiC-& 5.5 6.9 155 —0.33 031 195 0.07 . . N
DR1-SiC-b 20 -03 115 —0.96 092 122 0.79 Figure 3. |sosurface plot of the net spin density of (a) the transition state

DR1-SiC-¢ 36 —-1.8 14.0 —0.96 090 137 064 DR1-SiC-& and (b) the diradical intermediatbR1-SiC-b. The gray
isosurface represents thespin density and the black isosurface fhspin

disilene ; : : ; ;
. Th f . .
DR2-SiSi-a 49 -49 48 -086 092 124 076 density. The isosurface value plotted is 0.02 atomic units

DR2-SiSi-f —-4.0 —-47 62 -091 095 122 0.78 _ ) L .
germasilene single bond has completely formed in the diradical intermediate.

DR2-SiGe-a -5.6 -56 42 073 —-086 1.28 0.73 This is corroborated by the calculated-$) bond order of 0.56
DR2-SiGe-d -48 —-64 55 078 —091 125 0.76 compared with that of 0.64 in the products. Analysis of the net
. ] i . g o kealimol spin densities shows a net spin corresponding to roughly one
T e comasone o e aycan: - Unpalred eleciron at each of the radical centers and the CAS-
a spin, negative values repres@ngpin.¢ CAS-MCQDPT2 HOMO/LUMO MCQDPT2 HOMO/LUMO occupations indicate that each of
natural orbital occupations obtained from a single point calculation on these orbitals are occupied by approximately one electron. Figure
o DALY Oplimizad geometiesCas phase rclatue heb energy 255 3 SNows an isosurface plot of the net spin density for the
K and 1 atm at the B3LYP 6-3H1-+G(d,p) level. intermediateDR1-SiC-b. These results are all consistent with
the electronic structure of a singlet diradical species. Compared
The first are the Mulliken net spin densities at both carbon atoms to the free reactants, both the B3LYP and the CAS calculations
from the B3LYP calculations, which indicate the number of suggest that the diradical intermediaBR1-SiC-b, is nearly
unpaired electrons at those sites. A singlet diradical would have thermoneutral with the free reactants. The B3LYP calculations
an approximate net spin density of one and a ngspin density show that the intermediate is 2.0 kcal/mol less stable than the
of one, whereas a closed-shell species would have no net spirreactants while the CAS-MCQDPT2 single point calculation
density. The second metric are the HOMO/LUMO occupations gives that the intermediate is 0.3 kcal/mol more stable than the
from the CAS-MCQDPT2 calculations that allow for an reactants. The relative free energy is 11.5 kcal/mol, this is
examination of the number of electrons in each of these orbitals. equivalent to a 4.0 kcal/mol stabilization with respect to the
A singlet diradical will have occupation numbers of ap- preceding transition state.
proximately one in each of these orbitals corresponding to each Formation of the siloxetane product from the diradical
unpaired electrof®84In contrast, a closed shell intermediate, intermediate can be generally described as the “swinging-in”
such as a zwitterionic intermediate, there would be a HOMO of the formaldehyde carbon,,Callowing for subsequent ring
occupation of 2.0 and a LUMO occupation of 0.0. closure and formation of the,€C; bond in the product. This
Formation of the diradical intermediate from the separated process can be characterized by the change in theSE-O—
reactants requires the reaction to progress over an energy barrie€, dihedral angle from 9777in the intermediateDR1-SiC-b,
corresponding to the transition state spe@&l—SiC-a*. As to 47.7 in the transition statd)R1-SiC-¢. Analysis of the net
depicted in the structure @R1—SiC-a* shown in Figure 2a, spin densities and HOMO/LUMO occupations reveals that
the carbonyl oxygen of the formaldehyde complexes with the although the transition sta@R1-SiC-¢ possesses less singlet
m-system of the S+C bond through its n-orbital plane. Several diradical character than the intermediate, it is still diradical in
other orientations of interaction between the formaldehyde nature. The value of the energy barrier to product formation,
molecule and the silene were examined, however, only one obtained through the B3LYP calculations is 1.6 kcal/mol and
diradical pathway could be located. The B3LYP results show the gas-phase free energy barrier at 298 K and 1 atm was
the value of this barrier to be 5.5 kcal/mol with the CAS- calculated to be 2.5 kcal/mol. The CAS-MCQDPT?2 single point
MCQDPT?2 result in agreement showing a barrier of 6.9 kcal/ calculations indicate that the barrier to product formation is
mol. The free energy of this species relative to that of the nonexistent (activation energy ef1.5 kcal/mol). Given that
reactants is 15.5 kcal/mol, a large portion of which is due to an the test calculations indicated that the B3LYP geometries
entropic contribution resulting from complexation. Analysis of provided a good description of the geometries of the singlet
the net spin density on the radical centers and the HOMO/ diradicals, it is likely that the transition state geometry on the
LUMO occupations reveals th@tR1—SiC-a* has an electronic =~ CAS-MCQDPT2 potential energy surface is similarR&1-
structure between the approximately closed-shell reactants andSiC-cf on the B3LYP surface. The fact that the energieBBfL-
the open-shell singlet diradical intermediate. The net Mulliken SiC-¢* are nearly thermoneutral withR1-SiC-b indicate that
spins given in Table 3 show a small build-up of spin density the barrier is small and th&R1-SiC-bis a transient intermedi-
centered on ¥C; and G. An isosurface plot of the net spin  ate on the potential energy surface.
density shown in Figure 3a, also reveals the spin polarization c(ii). Addition to Disilene and Germasilene through
localized at the two carbon centers. a Diradical Intermediate. The formation of disiloxetane
The intermediateDR1—SiC-b, involves the formation of an ~ (X=Y=Si) and germasiloxetane &Si, Y=Ge) through a
Si—O single bond along with rotation of the carbonyl group diradical intermediate follow mechanisms that are similar to one
relative to the (di)metallene. The-SD bond in the intermediate  another. Consequently, a general pathway applicable to both
DR1-SiC-b, is 1.71 A which is essentially the bond distance reactions will be discussed with specific details given as
of 1.69 A in the final siloxetane product showing that a-6i necessary. This pathway is distinct from that of the formation
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of siloxetane (X=Si, Y=C) discussed in the previous section, ;abr/]e 4. fEner:gieAsd g_n_d BO?g Ordfdrshalgng tht?I Zwittg_ri@lnic
; H H H H athway for the ition of formaldehyde to silene, disilene,

and so |t'has been designated diradical pathway twoR2 N Gigermene, and germasilene

our naming scheme. The general structures of the diradical

ieqd b
intermediates and transition states are shown in Figure 2b, . energies bond orders
whereas the energies relative to the separated reactants, B3LYP___SPecies B3LYP ~ CAS AGT XY X0 GO
net spin densities at the radical centers, and HOMO/LUMO 0 Osileneg)(;Si, Y:go - o

; _ ; ; reactants . . . 1. - 1.94
occupations of the CAS-MCQDPTZ natural orbitals are given 5"~ 10  —40 74 171 006 189
in Table 3. ZW1-SiC-b* 108 196 212 119 037 148

The separate reagents react without barrier to form a diradical products —498 —541 -388 08 064 091
intermediate, DR2-SiY-a, along this pathway through the disilend X=Si, Y=Si
formation of a Si-O bond resulting from the attack of the Si rzev{illcztésr}tsgi-a _8-2 g-g 12-8 igg o7 11-9747
by the carbony! group with the-systems of the twp reagents ZW2-SiSi-b* 21 30 119 124 029 174
nearly perpendicular to each other. The-® bond distance in product$ —492 -413 -382 094 064 0091
the intermediate®R2—SiY-a, are within 0.01 A of the %O digermene XGe, Y=Ge
bonds in the product, thereby suggesting that the bond is fully reactants 0.0 0.0 00 173 - 1.94
formed in the intermediate. Once again, examination of the net évwvg'gggg'gt _2-2 _1‘;93 192-03 10-19% %2325 11-%20
spin deljsities at the radical centgrs and the' HOMQ/LUMQ products o256 —357 —145 091 063 094
occupations shows that the electronic structure is consistent with disilend X=Si Y=Si
that of a singlet diradical. It should be noted that structurally |eactants 0.0 00 00 190 - 1.94
and electronically, the diradical intermediate from the addition Zw3-SiSi-a -1.0 24 75 169 012 1.87
of silene to formaldehyd®R1-SiC-b, discussed in the previous ~ ZW3-SiSi-b* 04 -01 101 152 021 178
bsection strongly resembles that of the diradical intermediates ZW3-Sisi-c 0.4 1r.0 01 119038 1.56
subsec aly _ _ ZW3-SiSi-d* 41 162 147 095 047 1.43
DR2-SiY-a (Y = Si, Ge). The primary difference between the  products —492 —41.3 —382 094 064 0091
two reaction pathways is that for diradical pathwayDR1, germasilene XSi, Y=Ge
there is a barrier to formation of the intermediate from the reactant$ 0.0 0.0 00 182 - 1.94
reactants, whereas no energetic barrier for pathwapR, ZW3-SiGe-a —30 183 67 118 029 175
Id be located ZW3-SiGe-b* -1.6 24.2 83 120 030 172
cou - ZW3-SiGe-c 23 165 74 108 040 156
The diradical intermediates were found to be stable with ZwW3-SiGe-d* 0.6 11.7 112 090 046 1.47
respect to the separated reactants with the energies showing aProducts —425 —347 314 092 063 09

stability of 4.9 keal/mol fQPRZ'S'S"a(bOth B3LYP and_ CAS- aEnergies relative to sum of separated reactants reported in kcal/mol.
MCQDPT2) and a stability of 5.6 kcal/mol fdDR2-SiGe-a ®Wiberg bond orders: CAS-MCQDPT2 single point calculations on
(both B3LYP and CAS-MCQDPT2). The relative free energies B3('j—IPt°pt'?1t'hzeg ??Le%"gtgfﬁr%ﬁ P;‘i'ise Ifgll?g've free ‘t?“‘(*é%y a: %Igg K

PP . an atm atthe - ,p) level. e separate (ai)metaliene
were 4'_8 and 4.2 kcal/mOI fdDR2-SiSi-aand DR2-SiGe-a and formaldehyde molecul€’sThe corresponding (di)metalloxetarfeTwo
respectively. Once again, they are greater than the sum of thedistinct zwitterionic pathways were found for the addition of formaldehyde
free energies of the reactants due to a decrease in entropy of disilene.

the system associated with combining the two reactant§ togetheryyere located and will be discussed in part (ii). A different
The reaction then has to overcome an energy barrier corre-siepwise zwitterionic pathway for the addition to germasilene

sponding to a transition sta@R2-SiY-b*, linking the diradical  an( disilene was also found and will be discussed in part (iii).
|ntermed|ate to the (dl).metalloxetane products. Thls transition concerted pathways for the addition to silene and germene will
state involves the rotation of the Y-center of the-Sibond to  pe discussed in part (iv), and a brief discussion of the concerted

allow for the subsequent closure of the four-membered ring as pathways for the addition to disilene, germasilene, and di-
shown through IRC calculations. The magnitude of the barriers germene will be given in part (v).

are small, with the values obtained through both methods  ¢(j). Addition to Silene through a Zwitterionic Intermedi-
showing a barrier of less than 1 kcal/mol for the formation of ate A pathway was located for the addition of formaldehyde
the disiloxetane (0.9 and 0.2 kcal/mol for B3LYP and CAS- g silene involving the initial formation of a stable intermediate
MCQDPT2, respectively). For the barrier to form germasilox-  resulting from nonbonding interactions between the two reac-
etane, the B3LYP barrier is 0.8 kcal/mol, whereas the CAS- tants, followed by progression through a zwitterionic transition
MCQDPT2 calculations give a negative barrier-60.8 kcal/  state to yield the products. The relative energies of the stationary

mol. The calculated free energy barriers at 298 K are similar to points a|0ng the reaction pathway’ as well as relevant bonds
the energy barriers. For both the formation of disiloxetane and orders are given in Table 4' whereas the structures of the

germasiloxatane, the B3LYP free energy barrier was determinedintermediate and transition state are shown in Figure 4a.
to be 1.3 kcal/mol. The electronic structures of the transition A weakly bound adductZW1-SiC-a, was found on the

states were examined in a manner similar to those of the B3LYP potential energy surface 1.0 kcal/mol lower in energy
intermediates and were found to be representative of singletthan the reactants. The CAS-MCQDPT2 results show the energy
diradicals. of this species to be-4.0 kcal/mol, whereas the relative free
d. Closed-Shell PathwaysSeveral closed-shell stepwise and energy is 7.4 kcal/mol. In this intermediate, thesystems of
concerted pathways were located for the addition of formalde- the two reactants are perpendicular to each other, which allows
hyde to the (di)metallenes. The stepwise zwitterionic pathway for the attack of the metallene by the oxygen lone pair further
for the addition to silene will be discussed in part (i). Stepwise on along the reaction pathway. However, the-Si bond
zwitterionic pathways for the addition to digermene and disilene distance in the intermediate is approximately 1.6 times the
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Figure 5. |sosurface plot of the (a) HOMO and (b) LUMO Kohi®ham
orbitals of the zwitterionic specig/N1-SiC-b* The isosurface value plotted
is 0.1 atomic units.

(1.241) %82? orbital localized on @and O. The calculated Mulliken charges
1.223' réa are also consistent with a zwitterionic species. Specifically, the
0) @N&“' (g-g‘:s) change in the Mulliken charges compared to the free reactants
(122,59 A17.3) ' on G are—0.22 e andt+-0.10 e on O.
124.1° 1238 The single point CAS-MCQDPT2 calculation provides a
ZW2-XY-a ZW2-XY-b? barrier of 23.6 kcal/mol, which is substantially larger than the
B3LYP results. Because the CAS-MCQDPT2 energy is obtained
(1.225) using the B3LYP optimized geometry, this large energy
1-2(129024) difference might be an artifact of this procedure. This possibility
2209 Tu,o was examined by changing the-8D bond length toward both
) P @ the products and the reactants, performing single point calcula-

126.4°

Braps tions at the CAS-MCQDPT2 level on these structures and

evaluating the change in energy fraw1-SiC-b*. The results

of this procedure reveal that small changes in theCibond
length at the B3LYP geometry have a large effect on the CAS-
MCQDPT2 energy. For example, increasing the distance by 0.05
A increased the energy by 6.3 kcal/mol, whereas decreasing
the distance decreased the energy by 1.6 kcal/mol.

d(ii). Addition to Disilene and Digermene through a
Zwitterionic Intermediate. A reaction pathway involving the
formation of a zwitterionic species was also located for the
_ _ _ _ y addition of formaldehyde to disilene and digermene. This
Figure 4. Geometries of intermediates and transition states along the pathway is distinct from that discussed in the previous subsection
zwitterionic pathway for the addition of formaldehyde (a) to silene=X b he i di be ch ized 14 .

C, Y = Si, and (b) to disilene, ¥Y=Si, and digermene, %Y=Ge. : ec_:auset e intermediate can be characterized as a 1, _ZWItter-
Parenthetic parameters in (b) are for the addition of digermene. (c) ionic complex. As a result, the pathway has been designated
Geometries of intermediates and transition states along a second zwitterioniczwitterionic pathway 2 oZW2. The general structures of the

pathway for the addition of formaldehyde to disilenes=X=Si, (distinct ; ; " ; ;
from that in (b) and to germasilene=Si, Y=Ge. Parenthetic parameters intermediates and transition states are shown in Figure 4b and

in (c) are for the addition of germasilene. Bond lengths are in angstroms €nergies and bond orders are given in Table 4.

and angles are in degrees. This pathway involves the initial formation of a zwitterionic
distance in the product, indicating that the-8l bond has not  intermediateZW2-XY-a, in which the two reactants have their
formed. This is further evidenced by the smalt-& Wiberg 7-systems perpendicular to one another, allowing for the

bond order of 0.06, as well as by the small changes in the bondbonding interaction between the carbonyl oxygen lone pair and
orders of the double bonds of the two reactants. The interactionthe X atom (X= Si or Ge). The covalent character of the-®
of the silene and formaldehyde moietiesZiV1—SiC-a, can bond is greater in this intermediate compared to the previous
be characterized as a weak Lewis acid/Lewis base complex,zwitterionic pathway, but it is still weak. This is shown by-X0
which is stabilized by the alignment of the dipoles of the two bond orders of 0.27 and 0.22 f@W2-SiSi-aandZW2-GeGe-
reactants. a, respectively, as well as decreases in theYXbond order
The reaction then proceeds over an 11.8 kcal/mol energy compared to that in the free dimetallene. The-&( bond
barrier (B3LYP) connecting the intermediate to the products. distance iiZW2-SiSi-aandZW2-GeGe-aare both 1.24 times
The calculated free energy barrier at 298 K and 1 atm is slightly larger than the XO bonds in the product dimetalloxetanes.
larger at 13.8 kcal/mol. The general structure of this transition The driving force behind this interaction is the polarization of
state ZW1-SiC-b*, agrees with a previously reported structure the X—Y double bond due to the presence of the carbonyl group
for the addition to silene. The progress to products through Which results in an increase in negative charge at the Y-center
ZW1-SiC-b* involves rotation at the carbonyl carbon, with this Of the bond and an increase in the positive charge at the
atom moving out of the plane defined by the four heavy atoms X-center. This was shown through natural bond analysis which
in the intermediate to allow for the formation of the carbon  revealed an occupied lone pair on the Y atom and an unoccupied
carbon bond in the products. Examination of the HOMO and lone pair orbital on the X atom. The increase of positive charge
LUMO Kohn—Sham orbitals oZPW1-SiC-b* reveals a structure  at the X-center promotes the nucleophilic attack by the carbonyl
that is consistent with a zwitterionic species. An isosurface plot 0xygen to completely form the XO bond further along the
of the HOMO orbital of ZW1-SiC-b* shown in Figure 5a  reaction pathway.
reveals that it can be characterized as a lone pair orbital localized According to the B3LYP calculations, the intermediates are
on G, whereas the LUMO shown in Figure 5b isné-like only slightly more stable than the separated reactants Akth
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= —0.2 and —0.5 kcal/mol for disilene and digermene, calculated bond order of 1.69. For germasilene, the first
respectively. The multireference calculations were similar with intermediate has a greater-O covalent character as shown
AE = +2.9 and—4.9 kcal/mol for disilene and digermene, by the larger S+O bond order of 0.29 and the greatly
respectively. These differences are small and are likely due todiminished Ge-Si bond order of 1.18 from 1.82 in the reactant.
differences in the minimum energy geometries on the CAS- Despite the distinct nature of the disilene and germasilene
MCQDPT2 and B3LYP potential energy surfaces. This was intermediatesZW3-SiSi-aandZW3-SiGe-ga, respectively, both
examined through a partial optimization &W?2-SiSi-a, are weakly bound with B3LYP binding energies determined to
optimization of the bond lengths between heavy atoms, at thebe 1.0 and 3.0 kcal/mol.
CAS-MCQDPT2 level which showed a 1.9 kcal/mol decrease  Direct progression from the first intermediate to the products
in the energy with a very small change in bond length8.02 is not possible and the reaction overcomes an energy barrier,
A maximum difference in bond lengths between B3LYP and zw3-SiY-b*, involving the rotation of the carbonyl group with
CAS-MCQDPT2 structures). Presumably, if optimization of all respect to the dimetallene to produce a second intermediate
degrees of freedom was performed, then the energy would zW3-SiY-c. The value of the energy barrier is small with
decrease further. B3LYP values showing energies of 1.4 kcal/mol. Free energy
The pathway then progresses over an energy bazia®- corrections to these barriers were less than 1.2 kcal/mol with
XY-b*, that connects the intermediate with the products as AG¥(298 K) = 2.6 and 1.6 for the addition to disilene and
confirmed by IRC calculations. The transition state results from germasilene, respectively.
the rotation of the carbonyl group out of the planar geometry  This intermediate involves further formation of the—%
formed by the four heavy atoms in the intermediate along with bond along with the rotation of the carbonyl component with
slight rotation at the Y atom to allow for ring closure and the respect to the dimetallene and possesses an electronic structure
formation of products. The electronic structureZof/2-XY-b * consistent with a 1,4 zwitterion. For the disilene addition, the
is quite similar to that of the intermediate, and the complete second intermediatBW3-SiSi-c is almost of the same energy
formation of the X-O bond has not yet occurred. The B3LYP  as the transition stat8W3-SiSi-b*, with both lying 0.4 kcal/
calculations indicate that the barrier for this reaction is quite mol, above the free reactantZW3-SiSi-c is 0.04 kcal/mol
small, 2.3 kcal/mol for the addition to both compounds. The more stable.) Frequency calculations confirm that, although they
gas-phase free energy corrections to these barriers were slightire similar in energy, they are distinct stationary points and IRC
with AG¥(298 K) = 0.9 and 3.3. kcal/mol for the addition to  calculations show that they are on the same pathway. The
disilene and digermene, respectively. The barrier determined geometries are also distinct. For example, the-Gibond
at the CAS-MCQDPT?2 level was in agreement for the addition distance inZW3-SiSi-b* is 2.209 A while it is 0.3 A shorter in
to disilene, with a value of 1.1 kcal/mol. However, the CAS- the intermediateZW3-SiSi-c. The free energies showed a
MCQDPT2 barrier for the addition to digermene was 15.9 kcal/ stability relative to the previous transition state of 0.9 kcal/mol
mol larger than the B3LYP value. To examine the underlying for the addition to germasilene, whereas the free energies of
cause of this difference, single point calculations at the CAS- the ZW3-SiSi-b* and ZW3-SiSi-c were equivalent.
MCQDPT2 level were performed on the structures resulting  The reaction proceeds through a second transition state
from both decreasing and increasing the® distance iz \W2- corresponding to a rotation at the Y center of the dimetallene
GeGe-tf by 0.05 A. It was observed that decreasing this si—y bond to allow for subsequent ring closure to form the
distance led to a decrease in the in the barrier by 14.1 kcal/ products. The B3LYP energies show that the second intermedi-
mol. The change in energy with the increase in distance was ate is only slightly more stable than the preceding transition
negligible. These results indicate that the difference in the state and that the barrier to the formation of products is 3.7
barriers may result from small differences in the transition state kcal/mol for the addition to disilene and 2.9 kcal/mol for the
geometries on the two potential energy surfaces. addition to germasilene. These results are consistent with the
d(iii). Addition to Germasilene and Disilene through a calculated free energy barrier of 4.6 and 3.8 kcal/mol for the
Zwitterionic Intermediate. A third pathway involving the formation of the products from disilene and germasilene,
formation of zwitterionic species was located for the addition respectively.
of formaldehyde to disilene and germasilene. This pathway is a comparison of the B3LYP energies with the CAS-
distinctly different from the zwitterionic pathways previously MCQDPT2 energies for the zwitterionic pathways reveals a
discussed due to the fact that the reaction proceeds through tWhyumber of large discrepancies. As discussed in section Ii-b, the
intermediates and two transition states in order to form the B3LYP results are expected to provide accurate results for the
products. The pathways for the addition to both compounds are zyjitterionic pathways because all of the species involved are
similar and thus will be discussed as a general pathway with nearly single reference wave functions, with the ground-state
specific data given as necessary. The structures of the variougjeterminant contributing over 95% in all cases. Although the
species are shown in Figure 4c, with energies and bond ordersgiscrepancies may be expected because the CAS-MCQDPT2
given in Table 4. values were a result of single-point energies performed on the
This pathway involves the initial formation of a complex B3LYP geometries, the discrepancies are generally larger than
resulting from a weak interaction between the Si atom and the those observed for the diradical pathways. To address this issue,

carbonyl oxygen. In the case of disilene, the intermedi&até3- we have performed partial geometry optimizations at the CAS-
SiSi-a can be characterized as a nonbonding adduct similar toMCQDPT2 level on the intermediates. Unfortunately, full
the intermediate in zwitterionic pathway ZW1-SiC-a. The geometry optimizations and transition state optimizations could

calculated SO bond order is small, 0.12, and the-Si can not be performed at the CAS-MCQDPT2 level. We found that
still be characterized as a double bond as evidenced by theZW3-SiSi-cis not a minimum on the CAS-MCQDPT?2 surface
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Table 5. Energies and Bond Orders for Complexes along the

Concerted Pathway for the Addition of Formaldehyde to Silene (2.141) CrO-X-C, = 16.1°

and Germene _g_zssz (28.9°)
-O- = o
energies? bond orders® (1.855) X-0 C2(10824‘,1'1O )
species B3LYP CAS® AGH X-0 c,-C, X-C, 0-C, -~ 1.729
. - O 2 655~ 0O-X-C, =104.0°
silene X=Si, Y=C 2‘ (90.7°)
CN1-SiC? 140 180 276 0.12 022 128 150 (2.630)
product$ —49.8 —-541 -388 0.64 102 0.80 0.91 CN1-XCt X=Si, (Ge)
germene x-Ge, Y=C Figure 6. Geometries of transition states along the concerted pathway for
CN1=GeC! 165 131 27.0 029 028 127 152 e addition of formaldehyde to silene and germene. Bond lengths are in
products —36.7 —498 -256 065 1.03 084 093 angstroms and angles in degrees. Values not in brackets are for the addition

] ] ] to silene (X= Si) and the bracketed values are for the addition to germene
2 Energies relative to sum of separated reactants reported in kcal/mol. (x = Gg).
bWiberg bond ordersi CAS-MCQDPT2 single point calculations on

B3LYP optimized geometries.The corresponding dimetalloxaterfeGas .
phase relative free energy at 298K and 1 atm at the B3LYP 6-313(d,p) MCQDPT2 energy agreeing at 18.0 kcal/mol. The free energy

level. barrier for this addition is larger at a value of 27.6 kcal/mol.
Analysis of the two transition state€N1-SiC* and CN1-
and upon optimization attempts to dissociate progressing towardGeC* and visual inspection of the corresponding IRC pathways
transition stateZW3-SiSi-b*. Given that the B3LYP results  are consistent with a concerted process instead of a stepwise
show thatZW3-SiSi-c is essentially thermoneutral with the one. The bond orders reported in Table 5 show the simultaneous
preceding transition state, it is not surprising that this intermedi- formation of the X-O and G—C, bonds, and breaking of the
ate is not a minimum on the CAS-MCQDPT2 potential energy C,—O and X-C; double bonds. (The £O and X-C; Wiberg
surface. The partial optimizations also revealed tA#{3- bond orders in the reactants are all in the range of-11824).
SiGe-cwas not a minimum on the CAS-MCQDPT2 potential d(v). Concerted Additions to Disilene, Germasilene, and
energy surface, with the optimization taking the structure toward Digermene. Many attempts to locate transition states along
the products. concerted pathways for the addition to disilene, germasilene,

Partial optimizations ocZW3-SiGe-arevealed that the energy ~ and digermene were made; however, no structures consistent
of this intermediate relative to that of the reactants was 1.6 kcal/ With @ concerted process were found. Either the concerted
mol, which is in better agreement with the B3LYP relative Pathways do not exist on the B3LYP potential surface or we
energy of—3.0 kcal/mol. Presumably, if all degrees of freedom could simply not find them. To address the latter possibility,
were optimized, then the energy would decrease further. To @" estimate of the energetics of concerted mechanisms for the
examine the energy surface arol@M/3-SiGe-I* single-point addition of formaldehyde to disilene, germasilene, and di-
calculations at the CAS-MCQDPT2 level of theory were 9€rmene was determined. A_Iinea_r transit procedure was
performed on structures obtained by changing the Géond ~ €MPployed at the B3LYP level in which the>O and Y-C
length by 0.05 A toward both the products and the reactants, distances were constrained such that the ratio of these two
The calculations showed an increase in the energy of 3.5 kcal/d'Stamfes wz;]\s equa! to thehsame r";t'o n th'ﬁ prﬁduzts at eacrfl
mol for the increase in this distance; however, for the decrease,s'[ep along the rea}ct!on pat way, whereas a ot er degrees o
a difference in energies of 4.4 kcal/mol was observed. This fr_eedom were opt|m|_zed. This was performed to simulate the
indicates that the energy of the system may be sensitive to Sma”sgnultan;otl;]s tf()thatéc;nL$Lthe >0 _and :(_t:]: bondsr.“lt ‘;V&S ted
changes in the geometry and that the large difference in the 0PSEIVe at the energies at the roughly focate

B3LYP and CAS-MCQDPT2 energies is an artifact of perform- transtltlotn statesl Oreiatévg to c}h: 355 ml /Of tlhe .'([ehner?es of t.h ?
ing single point calculations on the B3LYP geometry. reactants were 10.4, 6.6, and 8.3 kcal/mol (without zero-poin

) N ) energy correction) for the additions to disilene, germasilene,
(iv). Concerted Addition to Silene and GermenePathways and digermene, respectively. These rough concerted energy

that werg'characterized as concerteq additions were located forbarriers are much higher than the barriers found for the other
the addition of formaldehyde to silene and germene. The oy, yavs located for these addition reactions and as a result
conc_erted addl_tlons to dlSlIene,_germasnene,_ r_;md dlgermene W'"they were not further explored.

be discussed in the next section. The additions to silene and o gqvent Effects The results discussed above have been

germene are similar and will be discussed together as a generajenerated from gas-phase simulations. However, one might
pathyvay with _specmc information given as necessary. The expect more polar solvents to stabilize the zwitterionic pathways
relative energies of the steps along this pathway as well asmore so than the concerted or diradical addition pathways. We
relevant bond orders are given in Table 5. The general haye explored the effect of solvent on the gas-phase reaction
geometries of the transition state structures are given Figure 6-pathways previously discussed using the polarizable continuum
For the addition of formaldehyde to germene, a concerted model (PCM). More specifically, we have performed single-

mechanism was the only pathway located. It was found to have point PCM calculations at the B3LYP/6-33#-G(d,p) level

a barrier of 16.5 kcal/mol at the B3LYP level of theory with using the gas-phase geometries on all reactants, products,
the CAS-MCQDPT2 result in agreement giving a barrier of 13.1 intermediates, and transition states for the additions to silene,
kcal/mol. The free energy barrier for this process was larger disilene, and germasilene. The solvation calculations we have
with a value of 27.0 kcal/mol due to an addition entropic barrier. performed can be considered qualitative in nature. They will
For the addition to silene, diradical, zwitterionic, and now suggest trends and to a degree how strong the solvation effects
concerted addition pathways have been located. The B3LYP may be. The results of the PCM calculations are shown in Table
barrier to the concerted addition is 14.0 kcal/mol with the CAS- 6, for the following solvents: cyclohexane, acetone, acetonitrile
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Table 6. Energies for the Reaction of Silene, Disilene and calculations. As the polarity of the solvent increases (i.e.,
Germasilene with Formaldehyde in the Presence of Solvents dielectric constant increases), the barrier from the diradical
calculated relative energy® in intermediate to the products remains constant, however the
species gas-phase  cyclohexane  acetone  acetonitrle  water energies 0DR1-SiC-b andDR1-SiC-¢ relative to the energy
silene of the reactants increases. The barrier to product formation
DR1-SiC-& 5.5 5.6 4.3) 4.2y (4.1p through a zwitterionic intermediate decreases by 0.6 kcal/mol
Bgi:g:g:g g'g gi ?-2 ?-2 ?-(7’ as the polarity of the solvent increases along with a decrease of
ZW1-SiC-a 10 —04 0.4 0.4 05 0.9 kcal/mol in the stability of the intermediate with respect to
ZW1-SiC-b* 10.8 11.1 11.4 11.4 11.4 the reactants. As a result, the zwitterionic intermediate becomes
CN1-SiC* 14.0 14.7 15.6 15.7 15.7 slightly more preferred with respect to the diradical as the
products T498 48T —469 468 46T polarity of the solvent increases, a trend that is expected. The
DRoSiSia 4o slene o s amount of this stability is minimal and thus as in the gas-phase
DR2-SiSi-t —4.0 26 —06 ~05 0.4 both the zwitterionic and diradical pathways are competitive.
ZW2-SiSi-a 02 1.0 0.6 0.6 0.6 e(ii). Solvent Effects—Addition to Disilene. The results of
ﬁwgg:g:g —i.cl) _f‘g _00'74 _00%3 —0063 the gas phase calculations for the addition of formaldehyde to
ZW3-SiSi-b* 0.4 0.2 “11 12 1.0 disilene indicated that the pathway involving the formation of
ZW3-SiSi-c 0.4 -0.2 -1.7 -1.8 -1.9 a diradical intermediate is preferred. The other two pathways
ZW3-SiSi-d* 4.1 38 25 24 23 found were zwitterionic in nature and as a result may be
products —49.2 —483 _ cArz Al —ard stabilized by polar solvents. The results of the solvation
DR2.SiGe.a 5.6 gejzgs"e”efzs Cos o1 calculations show that in the presence of a nonpolar solvent
DR2-SiGe-H 48 —34 1.4 —06 1.2 such as cyclohexane the diradical pathway is still clearly favored.
ZW3-SiGe-a -3.0 —4.8 -7.2 -7.3 -7.4 This is an important result because the experiments involving
ZW3-SiGe-t"  —1.6 -34 -59  -61  -62 the addition of mechanistic probes to disilenes which resulted
gwgg:gg& _(2):2 :8:2 :g:? :g:g :g:i in the proposal of a diradical mechanism were performed in
products —425  —415 —400 -39.9 —398 hexaned’“8However, as the polarity of the solvents increases

the diradical intermediate and transition state becomes desta-

2 Energies kcal/mol relative to the sum of the energies of the separated pjjlized with r her n kcal/mol _
reactants calculated at the B3LYP/6-3t£G(d,p) level with the PCM bilized with respect to the reactants by up to 3.6 kcal/mol (gas

solvation model. Zero-point corrections equal to those calculated in the gas- Phase to water), whereas the relative energies of the zwitterionic
phase added to all energiédJsing the PCM solvation model, these  complexes change by2.3 to+1.8 kcal/mol. As a result, the

intermediates no longer possessed diradical character. difference in energies between the diradical and the zwitterionic
and water, which have dielectric constants of 2.02, 20.70, 36_64'pathways decreases as the polarity of the solvent increases as

and 78.39, respectively. Although experimentally these reactionswOUIOI be expegted. The diradical pathway still remains the mpst
are not likely to be performed in water or acetone due to the favorable even in the presence of the most polar solvent consider

fact that competitive reactions with the solvent could occur, this (\(va.ter).; however, n this solven.t ' pathwa@ﬁezlandzws are
choice of solvents was used to examine a wide range of solvents'mIlar Inenergy with the exceptlop of.the. barrier to the products
dielectric constants. (In the PCM simulations, the solvent which is 4.2 keal/mol for the zwitterionic pathway, but only

molecules are not treated explicitly.) We note that these reactionsl'1 kcal/mol for the diradical pathway.
have experimentally been performed in hex4ne8 and e(iii). Solvent Effects—Addition to Germasilene. From the
acetonitrile?® The effect of solvents on the reactions with 9as phase results presented above, it was clear that the diradical
germene and digermene were not performed because only ondathway was favored over the zwitterionic pathway for the
mechanistic pathway was located for these additions. addition of formaldehyde to germasilene. In the presence of
e(i). Solvent Effects-Addition to Silene. On the basis of cyclohexane, the diradical pathway is still favored, which agrees
the gas-phase calculations presented above, the diradicaWith the results of the addition of mechanistic probes to
pathway was favored over both a zwitterionic and concerted 9ermasilenes in hexanes. However, in the presence of more polar
addition mechanism. The results of the solvation simulations Solvents, the solvation simulations suggest that the addition of
are given in Table 6. The most apparent difference is that the 9érmasilene will favor the zwitterionic pathway even for
transition stateDR1-SiC-&, linking the reactants to the diradical ~acetone. As the polarity of the solvent increases, the zwitterionic
intermediateDR1-SiC-b, is lower in energy than the diradical ~Pathway becomes increasingly favored, with all steps along this
intermediate for all solvents considered except cyclohexane. ThisPathway being lower in energy than the diradical pathway for
is possib|e because we have On|y performed sing|e point all solvents considered except CyCloheXane. ThUS, the addition
solvation calculations on the gas-phase geometries. Thus, the€action involving germasilene is more strongly affected by
single point geometries are not stationary points in the solvation solvent than disilene, favoring a zwitterionic pathway in polar
calculations. However, further examination of the electronic Solvents.
structure ofDR1-SiC-d, revealed that this species no longer f. Pathway Selectivity. It is interesting to note from the
possessed diradical character in all solvents except cyclohexanetesults presented above that there are fewer pathways available
Thus, it was not representative of the diradical path resulting for the addition of formaldehyde to germene and digermene
in the anomolous results. than there are for the other three (di)metallenes studied. In
In all of the solvents considered, the zwitterionic intermediate particular, no mechanisms involving the formation of diradical
is more stable than the diradical intermediate and the concertedintermediates were available for the reaction of formaldehyde
pathway is always highest in energy, as in the gas-phasewith germene and digermene. In other words, when aGe
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bond is formed during the reaction the diradical pathway is not observed upon attempting to locate diradical intermediates for
observed, whereas when a-%) bond is formed the diradical  the reaction of formaldehyde with germene and digermene and
pathway is available. Because the zwitterionic pathways involve as a result of this difference in bond energies these (di)metallenes
charge-polarized intermediates, it is possible that the selectivity are limited in the number of reactive pathways available to them.
may be due to the polarizability of silicon versus germanium. We have additionally examined the addition of germasilene to
However, both elements have similar atomic polarizabilitfes. formaldehyde in which the GeO bond forms instead of the
As previously discussed, the diradical pathways involve the more favored S+O bond. (Recall that a favorable diradical
formation of intermediates in which-SD covalent bond is fully pathway is found for this addition when the-8D forms.) All
formed and where the bond lengths are essentially the sameattempts to locate such a diradical intermediate lead to a
(within 2%) distance as in their respective products. On the other zwitterionic complex, a result that agrees with the idea that the
hand, the intermediates along the zwitterionic pathways have strength of the %O bond influences the pathway selectivity.
weak X—O bonds, with X-O bond distances that are-125% For the addition reactions involving silene, disilene, and

larger than that in their respective products. germasilene, both diradical and zwitterionic pathways are
We suggest that a major contributing factor to the observed gyajlaple. It is interesting to consider what determines the
pathway selectivity is a result of the decreased thermodynamic pathway selectivity because the interaction between the reactant
stability of the Ge-O bond in comparison with the SO bond. molecules reacting along the diradical and zwitterionic pathways
When X = Si, the strong SO bond stabilizes the diradical g gjmijlar, resulting in the formation of intermediates possessing
intermediate whereas when X Ge, the Ge-O bond is not O—X bond. The answer to this question may lie in how the
strong enough stabilize the intermediate. Because th®©X g reactant molecules approach one another to proceed through
bonds in the zwitterionic intermediates are weak, these speciesyjther the zwitterionic or diradical pathways. In the approach
do not exhibit the same destabilization as the diradical species|eading to the zwitterionic pathways, the formaldehyde and
and the formation of zwitterionic complexes with both-& dimetallene molecules approach one another with their

and Ge-O bonds is possible. systems perpendicular allowing for the interaction of the

To test this hypothesis, it is necessary to have bond energieszarhonyl oxygen nonbonding-orbital with the orbital of the
for the SO and Ge-O bonds. Experimental values for both  (giymetallene. In this approach the-©—X—Y dihedral angle

bond energies are available with those for-8i ranging from is very close to ®as shown in Figure 4, and hence, the dipole
122.4 to 136.0 kcal/méft and.those for the GeO ranging from of the formaldehyde is aligned with XY bond which may
72.0t0 107.6% kcal/mol. It is apparent that the SO bond is induce some polarization of this bond facilitating the formation

stronger; however, given that the ranges of these values, ot the zwitterionic species. Additionally, in this orientation the
particularly for the Ge-O bonds, are large it was decided t0  yq jonic centers, the carbon of formaldehyde and the Y center
palculate the bond energies to better determine the dlfferen_ceof the (di)metallene, are in closer proximity to one another, upon
in the energy between the two bonds. Thus, the bond energies,omparison with the diradical species, offering stability to the
were calculated through a series of dehydrogenation thermo-,iterion. The approach that results in the diradical species is

chemical cycles as outlined in the Computational Details and gitterent than that just described for the zwitterionic pathway
Scheme 2. This technique has previously been employed toparticularly with the G-O—X—Y dihedral angle being much

evaluater-bond energies of _(d|)metallene SYSte%g‘}'ga . larger at~90°. Hence, the dipole of the carbonyl species is
The results of the calculations revealee-8i bond energies o endicular to the XY bond and polarization of this bond

of 118.9, 117.1, and 116.3 kcal/mol for the addition to silane, 5 not induced. In this arrangement, the distance between the

disilane, and germylsilane, respectively. This corresponds to aNcarbonyl carbon and the Y-center of the (di)metallene is also

average calculated SO bond energy of 117.4 kcal/mol, slightly  ch Jarger than that in the zwitterion and electrostatic

lower than the range of values given above. The bond energy g,y jjization of any charge accumulation at these centers would
of the Ge-O bond was found to be 99.1 and 96.8 kcal/mol for po 1k Jess.

the reaction of methanol with germane and digermane, respec-
tively. This results in an average 6©® bond energy of 98.0
kcal/mol. This value falls within the range of the reported-&e

Related to the question of pathway selectivity, the ease in

which the reactants can switch between diradical and zwitteri-

bond dissociation energies given above. '(I)'EIiC ir;atf;wz):tsicdlllarllrngi tzﬁi C;:rsiﬂﬁze reacg]?gillsnof t')me;iSt'

These calculations indicate that the -@@ bond is ap- s 1S of particu gnificance in the case ene because
the zwitterionic intermediateZW1-SiC-a, is lower in energy

proximately 19 kcal/mol weaker than the-8D bond. An o ; ey :
examination of the diradical reaction pathways discussed abovethan. the diradical intermediat@R1 S'C.b' b ut the reac tion
barrier to the products along the zwitterionic pathway is larger

shows that the intermediates along these pathways are only . ;
slightly more stable than the reactants, on the order of only athan that of the diradical pathway (see Figure 7a). Thus, a

few kcal/mol if an Si-O bond is formed. If the mechanism possible low energy reaction channel for the addition of
involves the formation of a GeO bond. then the intermediate formaldehyde to silene may first involve the initial formation

would no longer be energetically favored and dissociation to ?f th(.':‘t. ZW|tttetrr|]on:;:. |n(]t|§rnl1ed[[?]t(=zwt1-sflc-a, fc()jlllov;(.ed Iby a.
form the reactants would occur. This is indeed what was - 2/>'ton 1o the diradical pathway to form a diradical Species
such asDR1-SiC-b. To explore this possibility, a potential

(90) CRC Handbook of Chemistry and Physig¢ ed.; Lide, D. R., Ed.; CRC  energy surface scan has been performed by decreasing-tke Si

Press: Boca Raton, London, New York, Washington, DC, 2000. i i _QiC- i _QiC-h i
(91) Shaulov, Y. K.; Federov, A. K.; Zueva, G. Y.; Borisyuk, G. V.; Genchel, _dIStance from that iZwW1 SI_C _a_ to that in DRl SiC-bin
V. G. Russ. J. Phys. Chem. Engl. Ei97Q 44, 1181. increments of 0.1 A and optimizing the remaining degrees of
(92) Jackson, R. AJ. Organomet. Chen1979 166, 17. .
(93) Schmidt, M. W.; Truong, P. N.; Gordon, M. $. Am. Chem. Sod.987, freedom at the B3LYP/6-31+G(d,p) level of theory. It was
109, 5217. observed that a smooth transition was made from the zwitter-
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30 — IV. Summary and Comparison to Experiment
a silene X=Si, Y=C ,"—-“\CN_S'O I . .

'20 S e EWISICbE A comparison of the pathways described above for the
= DRI-SiC-2¢ DRLSIC-b./ ;\\,"‘/Dkl-SiC-c* addition of formaldehyde to each (di)metallene is presented in
g 10 7 Y sections a to e and the most likely mechanistic pathway based

. ) , . . '
; rman&/_;_.—-’ ZW1-SiC-a \\_\, on the results is proposed along with comparison to experimental
g0 i “."-.‘ results. To present our results clearly, only the free energies at
2 — diradical Ra"‘W:Y \\ 298 K and 1 atm are shown in Figure 7. The B3LYP and CAS-
0L - i‘:’:i':;’;igfﬁngy = - MCQDPT2 results will be discussed as necessary although they

40 products provide the same qualitative description of the reaction pathways

20 as the free energies. The conclusions are given in part f.
b disilene X=Si. Y=Si —— a. Adq_ition to Germene. The calculations indicated that for

. » IW2SiSia ™ P the addition of formaldehyde to germene, the only pathway for
> ZW3-SiSi-b} [ 77 ad” TW2-SISED ; f . : :
= P S the formation of germoxetane is that involving progression
= IWISiISa T zwsTisic \_DR2-SiSi-bt through a concerted transition state as previously discussed in
g \ section IlI-d(iv). It is interesting to note that this pathway was
% reactants \ the only one located for the addition to germene, and thus, it
= L _ diradical pathway \\./ j appears that germene does not react with formaldehyde in a

- ---- zwitterionic pathway 2 - - similar manner as silene which has several paths available for

40 . svitteronic pathway 3 | products | the formation of products. As stated in the Introduction the

elucidation of the mechanism of the addition to germenes has

20 - - not received much attention; however, a transition state of a

germasilene X=Si, Y=Ge L. .
C. similar geometry has been located through previous B3LYP
> IWISIGED? s SiGee  ZW3-SiGe-dt calculation$® Our results are consistent with the existing kinetic
g 10 W SiGen \" Vo data*%No detectable reaction was reported for the addition
o e ad 4 DRE-SiGe-b? of acetone to 1,1-diphenylgerméhdn agreement with our
-% — finding that there are no low lying pathways available for the
°© 0 . % addition of formaldehyde to germene. However, a reaction was
— ___ diradical pathway — — detected in the addition of acetone to a (1-germa)hexaffiene
---- owiterionic pattway | % ‘ suggesting that a change in substituents may make a stepwise
-35 pathway accessible (presumably involving a biradical by

(@ B3 hose | " - g comparison to the silene systéf).
Figure 7. (a) B3LYP gas-phase free energy profiles at Kand 1 atm e ; ;
for the addition of formaldehyde to (a) silene, (b) disilene, and (c b. Addition to Digermene. Only one reaction pathway, a

germasilene. Energies are in kcal/mol relative to the sum of the energies of StePWise zwitterionic process, was located for the addition of
the separated reactants. formaldehyde to digermene with a calculated free energy barrier
of 3.3 kcal/mol from the intermediate to the products. Although
an estimated barrier for a concerted reaction has been calculated
ionic to diradical intermediate with the highest energy point at 10-11 kcal/mol (at the B3LYP level), no formal stationary
along this coordinate being equivalent to an estimated activation points could be located for the pathway. This estimated barrier
energy of 6.5 kcal/mol. Transition state optimization of the is approximately 8 kcal/mol greater than the barrier to the
highest energy structure along this path yield®®1-SiC-&, zwitterionic process. Thus, we conclude that the most likely
which was shown by IRC calculations not to connZw/1- pathway for the addition of formaldehyde to digermene occurs
SiC-a to DR1-SiC-b. We were unable to locate a formal through the formation of a zwitterionic intermediate and
transition state for this process by any other means. However, ransition state as discussed in section Ill-d(ii). This is an
to further estimate the energetic requirements of the transition INteresting conclusion given thatit had previously been proposed

from the zwitterionic to diradical pathways structd®1-SiC-b that the addition occgrred through a concerted pro_’t%\%\ﬁe
. note, however, that this result was drawn from experiments that
was forced to adopt a closed-shell electronic structure. The . N .
. . . ruled out the possibility of diradical intermediates, but were not
energy of this closed shell species was such that an approximate S .
. . . able to distinguish between zwitterionic or concerted mecha-
barrier of 17.8 kcal/mol is estimated for the proceZN1-

- ) ) nisms?® The fact that a diradical pathway was not found is in
SiC-ato DR1-SiC-b(closed-shellyo DR1-SiC-b(open-shell) agreement with experiments.

Although ZW1-SiC-a and DR1-SiC-b are displayed close to c. Addition to Silene. For the addition of formaldehyde to
one another in Figure 7a, the transition between the zwitterionic sjlene three competing pathways were located involving the
and diradical pathways may involve different species. Thus, an formation of either diradical or zwitterionic species or progres-
analogous set of calculations were performed to consider thesion through a concerted transition state. A comparison of the
process:ZW1-SiC-a to DR1-SiC-a(closed-shell) tdDR1-SiC- free energies of these pathways is shown in Figure 7a. The
a*(open-shell). The estimated barrier for this process is only B3LYP and CAS-MCQDPT2 calculations given in Tables 3,
7.0 kcal/mol. Thus, a reaction channel involving the transition 4, and 5 are in qualitative agreement with the free energies.
from a zwitterionic intermediate to the diradical pathway may The free energy profiles show that the diradical and zwitterionic
be competitive with _t_he pure!y Z_Witterionic_ and diradical (94) Leigh, W. J.; Toltl, N. P.; Apodaca, P.; Castruita, M.; Pannell, K. H.
pathways for the addition reaction involving silene. Organometallic200Q 19, 3232.
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pathways are competitive. The estimated free energy barrier forprocess was estimated, however, a transition state for a concerted
the formation of the intermediai2R1-SiC-b along the diradical pathway was not located. The comparison of the free energy
pathway is 15.5 kcal/mol, whereas the free energy barrier for pathways shown in Figure 7c shows that the diradical mecha-
product formation from the zwitterionic intermediat&W1- nism is favored over the zwitterionic mechanism in the gas
SiC-a, is 13.8 kcal/mol. Our calculations suggest that the phase. Experimental studfé4® in hexane with mechanistic
concerted pathway which has a free energy barrier of 27.0 kcal/ probes show evidence of a diradical intermediate, which agrees
mol from the reactants is not competitive with the zwitterionic with our gas-phase results. Our solvation simulations, suggested
and diradical pathways. As detailed in section IlI-f, “Pathway that in all solvents more polar than hexane, the zwitterionic
Selectivity”, the possibility of a hybrid reaction channel involv-  pathway was favored. Thus, we suggest that similar mechanistic
ing the initial formation of the zwitterionic intermediaZ&V1- studies performed in more polar solvents may not show evidence
SiC-a, followed by a transition to the diradical pathway may of a diradical intermediate.
also be operative. Here, we have estimated an overall energy
barrier of 7.0 kcal/mol. Because no formal transition states could V. Conclusion
be located for this process, this value is a zero-temperature
electronic energy barrier that does not include zero-point energyOIi
corrections, not a finite temperature free energy barrier. Thus,
to be put on equal footing with the purely diradical and purely
zwitterionic pathways, the 7.0 kcal/mol barrier for the hybrid
reaction channel must be compared to the 4.16 kcal/mol overall
barrier for the diradical pathway and the 11.5 kcal/mol overall
energy barrier for zwitterionic pathway.

Experimentally, all three mechanisms (diradical, zwitterionic,
and concerted) have been implicated for the addition of
carbonyls to silené’-40.4245:46.990yr results slightly favor the

We have examined the addition of formaldehyde to silene,

silene, germene, digermene, and germasilene in an effort to
provide fundamental knowledge of the mechanistic pathway for
the addition of nonenolizable aldehydes and ketones to (di)-
metallenes. Attempts were made to locate pathways involving
both closed- and open-shell species, as well as concerted
processes, to allow for a comparison of these paths through
theoretical means. It was found that for the addition of

formaldehyde to germene the only pathway available is a
concerted one. For the addition to digermene a stepwise
zwitterionic pathway was located and found to be more

ZW|tter|on!c pathway over the diradical pathwgy. Fur.t hermore, favorable than the estimated concerted process. For the addition
the solvation calculations suggest that the zwitterionic pathway - T
of formaldehyde to silene, zwitterionic, diradical, and concerted

is more favored as the polarity of the solvent increases. Because . LT L
the zwitterionic and the diradical pathways are competitive pathways were located, with the zwitterionic and diradical paths

substituent effects may play a large role in ultimately determin- being quite similar in energy in the gas phase. For the additions

; . . g . . . todisilene and germasilene, it is clear that the diradical pathway
ing which pathway is favored. This is consistent with the varied . . .
. . o L is energetically favored in the gas phase, although pathways
experimental results showing diradical and zwitterionic pathways . - - . ; S .
. - . involving the formation of species with zwitterionic electronic
depending on the reaction conditions and reactants. The calcula-
tructures were also found.

tions presented here are not consistent with the observation of° ) )
Our calculations reveal that when a-68@ bond forms during

a concerted mechanisra result that is in agreement with most < T ; ’
experimental studie¥, the addition, a diradical pathway is not available, whereas when
a SO bond forms during the addition, both diradical and

d. Addition to Disilene. Three pathways, two involving the or Y ' e
formation of zwitterionic species and one involving the forma- zwitterionic pathways are found. We find that the distinct nature
O (X = Si or Ge) bond in the zwitterionic and

tion of diradical structures were located for the addition of O_f th? X__ . . )
formaldehyde to disilene. A comparison of the free energies diradical intermediates, as well as the difference in the bond
along the three stepwise pathways is shown in Figure 7b. The€nergies of the SiO (~117 kcal/mol) and GeO (~98 kcal/
energy barrier of a concerted process was estimated,; however,mOI) F’O”‘?'S pllay a S|gr.1|f|cant role this pathway selept|V|ty. In
a transition state was not located and thus the data are not showri"® diradical intermediates, the-O covalent bond is fully
This comparison demonstrates that the pathway involving the formed, whereas in the zwitterionic |nt_e-_rmed|at_es itis _s|gnf|-
formation of diradical species is clearly most energetically Cantly weaker. Therefore, for the addition of silene, disilene
favorable, with all steps along the diradical pathway being lower @nd germasilene in which a-SO bond forms the diradical
in energy than the reactants. This is also true in all solvents intermediate is stabilized by the strong—%) bond and a

considered in this study. The B3LYP and CAS-MCQDPT2 diradical pathway is available. On the other hand, for the
taddition of germene and digermene where a-Gebond forms,

results, although not presented in Figure 7b, also indicate tha ] -

the diradical pathway is significantly lower in energy than the the weaker GeO bond is not strong enough to stabilize the

other mechanisms. These findings agree with the previousd'rad'cal intermediate and therefore the diradical pathways are
not observed in those cases. A significant difference is noted

proposalg/’48 based on studies with mechanistic probes, that ! g :
the addition to disilene occurs through a diradical intermediate. Petween the pathways available to the metallenes in comparison
to the dimetallenes. Specifically, a concerted pathway is

e. Addition to Germasilene. Shown in Figure 7c is the . . . .
calculated gas-phase free energy pathways for the addition ofavailable to silenes and germenes but not to disilene, digermene,

formaldehyde to germasilene at 298 K. One pathway involves 2nd germasilene. This may be due to the fact that silene and
the formation of zwitterionic species and another involving the 9&rmene have a more polarizee=X double bond than disilene,
formation of diradical species. The barrier for a concerted digermene, and germasilene (Ge and Si are close in electro-
negativity). However, we have not explored this further. We
(95) Leigh, W. J.; Sluggett, G. WOrganometallics1994 13, 1005. also note that the concerted reaction channels for disilene,
(96) An early kinetic study by Leigh and co-work&rprovided evidence which digermene, and germasilene may exist but we could not locate

was interpreted in terms of a concerted addition of acetone to 1,1- .
diphenylsilene; however, subsequent studies favor a zwitterionic paffiway. formal transition states for them.
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Solvation simulations were performed to examine the effect study are not observed in chemical reactions, their examination
of solvent polarity on the reaction energetics. The solvents provides a basis for the explanation of experimental findings
cyclohexane, acetone, acetonitrile, and water, which cover awith regards to the mechanism of nonenolizable aldehyde and
wide range of dielectric constants, were simulated. The solvent ketone addition to (di)metallenes.
simulations showed that the diradical and zwitterionic pathways
remain similar in energy for the addition to silenes even in the  Acknowledgment. We gratefully acknowledge the Natural
presence of polar solvents. The addition of formaldehyde to Sciences and Engineering Research Council of Canada (NSERC),
disilene is slightly more sensitive to solvent effects, but the the Canada Foundation for Innovation, the Ontario Innovation
diradical pathway is still favoured over the range of solvent Trust, and the Academic Development Fund at the University
polarities examined. The addition involving germasilene is the Of Western Ontario for financial support. Computing resources
most sensitive to solvent polarity. The diradical pathway is Made available by SHARCnet of Canada is also acknowledged.
favored only in the most nonpolar solvent tested (cyclohexane).
In the presence of polar solvents, the zwitterionic pathway is
favored, and becomes more favored as the solvent polarity
increases.

The results of the current study provide valuable insight into
the nature of the pathways for the addition to these (di)-
metallenes and although the (di)metallenes considered in thisJA0269845
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