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Complexes between formaldehyde and a set of first- and second-row cations, Li+, BeH+, BH2+, CH3+, Na+, MgH', A1H2+, 
and SiH3+, have been explored by ab initio molecular orbital theory. Geometries and partial searches of the potential energy 
surfaces employed the 3-21G split-valence basis set. Interaction energies, calculated with the larger polarized basis (6-31G*), 
are smallest for the ionic complexes involving Na+ and Li+ (29.0 and 40.1 kcal/mol), are intermediate for the other second-row 
cations, MgH', AIH2+, and SiH3+ (54-60 kcal/mol) as well as CH3+ (66.5 kcal/mol), and are largest for BH2+ (71.3 
kcal/mol) and BeH+ (91.8 kcal/mol). The minimum energy geometries for most of the complexes, unlike protonated 
formaldehyde (HO=CH2+), had linear M-OC arrangements. The exceptions, CH30CH2+ (LCOC = 128.09, SiH30CH2+ 
(LsiOC = 148.9'), and planar BH20CH2+ (LBOC = 131.4"), involve more electronegative elements and less polar, directed 
covalent bonds. However, the most stable BH2+ complex is perpendicular BH20CH2+ with a linear, allene structure where 
the formally vacant BH2 orbital can interact with the lone-pair p orbital on oxygen. The linear preferences in other cases 
are attributed to the large electronegativity differences between oxygen and the metallic elements; hence, other metals should 
behave similarly. The potential energy surfaces are rather flat around the minima, and in-plane coordination at angles 
30° from the optimum costs only a few kilocalories per mole. Hence, the metal cation coordination could also be effective 
at nonoptimum geometries. The implications with regard to the attachment of lanthanide shift reagents to carbonyl groups 
are considered. 

Introduction 
Complexes between carbonyl compounds and Lewis acids 

play a fundamental role in organic and biochemical reactions.' 
For example, protonation of carbonyl groups is known to 
precede and to facilitate nucleophilic addition in acidic me- 
dia.2s3 Methylated formaldehyde, more familiar as the 
methoxymethyl cation, is stable enough to be isolated in the 
solid state and is used as an initiator in cationic polymeriza- 
t i o n ~ . ~  Reactions of carbonyl functions are catalyzed by 
complexation with ions like Lif and Na+ as well as by other 
metal cations; in many instances, the stereoselectivity is 
drastically altered as welL5 The interaction between carbonyl 
groups and lanthanide complexes provides a handle for 
structural investigations using shift reagents.6 The role of 
cation binding to carbonyl oxygen atoms in influencing poly- 
peptide and protein conformations has been well documented.' 

Not surprisingly, considerable experimental and theoretical 
efforts have been expended to characterize the structure and 
energies of carbonyl-Lewis acid complexes and also to un- 
derstand the origin of their i n t e rac t i~n .~ - '~  However, most 
of the reported studies have considered only H', CH3+, Li', 
and Na+ as the Lewis acids. Gas-phase binding energies for 
formaldehyde with H+, CH3+, and Li+ have been measured.E 
Protonated and methylated formaldehyde have been studied 
by NMR techniques under stable ion  condition^.^ For the 
latter, a geometrical isomerization has been observed whose 
barrier agrees well with the computed barrier (ab initio, 4-31G 
basis set) for an inversion process. A similar inversion barrier 
has been calculated for CH20H+ (intervention of proton ex- 
change prevents an NMR experimental verification) .9,10 On 
the other hand, linear coordination geometries are indicated 
to be the minima for the Li+ and Na+ complexes on the basis 
of MO calculations." 

The preferred geometries of complexes between form- 
aldehyde and metal cations and the potential energy surfaces 
are the result of a complex interplay of electrostatic and orbital 
interactions and hence provide valuable information regarding 
the nature of these complexes. Several energy-partitioning 
schemes have been proposed and applied to complexes with 
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H+ and Li+.15-19 The interaction energies were broken down 
into physically understandable quantities like charge transfer, 

Rode, B. M. In 'Metal-Ligand Interactions in Organic Chemistry and 
Biochemistry"; Pullman, B., Goldblum, N., Eds.; Reidel Publishing Co.: 
Boston, 1976; Part 1, pp 127-145. 
Olah, G. A,; White, A. M.; OBrien, D. H. In "Carbonium Ions"; Olah, 
G. A., Schleyer, P. v. R., Eds.; Wiley-Interscience: New York, 1973; 

Raber, D. J.; Guida, W. C. J.  Org. Chem. 1976, 41, 690. 
Jaacks, V.; Frank, G.; Griinberger, E.; Kern, W. Makromol. Chem. 
1968, 115, 290. Olah, G. A.; Svoboda, J. J. Synthesis 1973, 52. Ko- 
marov, B. A.; Rozenberg, B. A.; Erikolopyan, N. S. Izu. Akad. Nauk 
SSSR, Ser. Khim. 1974, 1874. Ciaperoni, A,; Gechele, G. B.; Mariani, 
L. J .  Polym. Sci., Polym. Chem. Ed. 1967, 5, 891. Komarov, B. A.; 
Ponomarenko, A. T.; Volkov, V. P.; Rozenberg, B. A,; Erikolopyan, N. 
S. Vysokomol. Soedin., Ser. A 1974, 16, 2464. 
Kayser, M. M.; Morand, P. Tetrahedron Lett. 1979,695. Handel, H.; 
Pierre, J. L. Tetrahedron 1975, 31, 997, 2799. Pierre, J. L.; Handel, 
H.; Perraud, R. Ibid. 1975,31,2795. Loupy, A.; Roux-Schmitt, M. C.; 
Seyden-Penne, J. Tetrahedron Lett. 1981,1685. Ashby, E. C.; Noding, 
S. A. J.  Org. Chem. 1979,44,4371. Gemal, A. L.; Luche, J.-L. J. Am. 
Chem. SOC. 1981, 103, 5454. 
Hofer, 0. Top. Stereochem. 1976,9, 11 1. Inagaki, F.; Miyazawa, T. 
Prog. Nucl. Magn. Reson. Spectrosc. 1981, 14, 67. 
von Hippel, P. H.; Schleich, T. In 'Structure and Stability of Biological 
Macromolecules"; Timasheff, S. N., Fasman, G. D., Eds.; Marcel 
Dekker: New York, 1969; Vol. 2, p 417. Freeman, H. In 'Bioinorganic 
Chemistry"; Eichhorn, G. L., Ed.; Elsevier: Amsterdam, 1973; Vol. 1, 
Chapter 4. Gurudath Rao, K.; Becker, E. D.; Rao, C. N. R. J .  Chem. 
SOC. Chem. Commun. 1977, 350. Rode, B. M.; Fussenegger, R. J .  
Chem. SOC. Faraday Trans. 2, 1975, 1958. 
Woodin, R. L.; Beauchamp, J. L. Chem. Phys. 1979, 41, 1; J .  Am. 
Chem. Soc. 1978,100,501. Staley, R. H.; Beauchamp, J. L. Ibid. 1975, 
97, 5920. 
White, A. M.; Olah, G. A. J.  Am. Chem. Soc. 1%9,91,2943. Farcasiu, 
D.; ODonnell, J. J.; Wiberg, K. B.; Matturro, M. J. Chem. Soc. Chem. 
Commun. 1979, 1124. Farcasiu, D.; Horsley, J. A. J.  Am. Chem. SOC. 
1980,102,4906. N o h ,  R. H.; Rodwell, W. R.; Bouma, W. J.; Radom, 
L. Ibid. 1981, 103, 1913. 
Lathan, W. A.; Curtiss, L. A,; Hehre, W. J.; Lisle, J. B.; Pople, J. A. 
Prog. Phys. Org. Chem. 1974, 11, 175. Bernardi, F.; Csinnadia, I. G.; 
Schlegel, B.; Wolfe, S. Can. J .  Chem. 1975, 53, 1144. Schleyer, P. v. 
R.; Jemmis, E. D.; Pople, J. A. J.  Chem. SOC. Chem. Commun. 1978, 
190. 
(a) Del Bene, J. E. Chem. Phys. 1979, 40, 329. (b) Ha, T.-K.; Wild, 
U. P.; Kuhne, R. 0.; Loesch, C.; Schaffhauser, T.; Stachel, J.; Wokaun, 
A. Helu. Chim. Acta 1978, 61, 1193. (c) Del Bene, J. E. Chem. Phys. 
Lett. 1979, 64, 227. (d) Weller, T.; Lochmann, R.; Meiler, W.; K6hler, 
H.-J. J. Mol. Struct. 1982, 90, 81. (e) Smith, S. F.; Chandrasekhar, 
J.; Jorgensen, W. L. J .  Phys. Chem. 1982,86,3308. (0 Del Bene, J. 
E.; Frisch, M. J.; Raghavachari, K.; Pople, J. A,; Schleyer, P. v. R. Ibid. 
1983,87, 73. (g) Huber, H.; Latajka, Z. J. Cowput. Chem. 1983, 4 ,  
2 5 2 .  
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Table I. 3-21G Optimized Geometries (C, Symmetry) of CH,=O+-M Complexes 
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bond lengths, A 

M H,-C H,-C C-0 M-0 M-H, M-H, 

none 1.083 a 1.207 
H 1.072 1.075 1.252 0.983 
Li 1.077 a 1.225 1.728 
BeH 1.076 a 1.240 1.514 1.313 
BH, (planar) 1.074 1.077 1.253 1.503 1.164 1.125 
BH, ( p e p )  1.075 a 1.237 1.447 1.170 b 
CH, 
Na 

1.234 1.833 1.564 b 
MgH 
AlH, (planar) 1.076 a 
AlH, (perp) 1.076 a 1.233 1.816 1.564 b 
SiH, 1.074 1.077 1.237 1.811 1.468 1.462d 

1.073 1.076 1.239 1.525 1.078 1.025' 
1.078 a 1.221 2.075 
1.077 a 1.231 1.892 1.684 

bond angles, deg 

H,-C-O H,-C-0 C-0-M 0-M-H, 0-M-H, 

122.5 
116.1 
121.2 
120.0 
117.6 
119.5 
117.5 
121.6 
120.8 
120.4 
120.4 
118.8 

a 
122.4 
a 
a 
121.3 
a 
121.8 
a 
a 
a 
a 
121.6 

123.2 
180 
180 180 
131.4 114.7 113.4 
180 
128.0 108.3 115.9 
180 
180 180 
180 109.4 b 
180 108.1 b 
148.9 103.3 112.5 

114.3 b 

" By symmetry equivalent to  the value for HI .  By symmetry equivalent to  the value for H,. ' H, and H,' are equivalent by symmetry; 
H,-C-H,' = 112.4'. H, and H,' are equivalent by symmetry; H,-C-H,' = 116.4'. 

Table 11. Energies of Lewis Acid-Formaldehyde Complexes and Reference Species (hartrees) 

cation (M+) energy 
H,C=OM+ complex, M+ = (6-31G*//3-21G)' STO3G//STO-3G 3-21G//3-21Gb 6-3 1 G* //3-21 Gb 

none (formaldehyde) -112.35435" -113.22182" - 113.86528 
H+ 0 -112.70702' - 11 3.51414a - 114.15437 
Li+ -7.23554' -11 9.60702" -120.49356" -121.16481 
BeH+ - 14.84954' -127.23272 -128.15555 -128.86114 
BH2+ (planar) -25.47080' - 137.70674 -138.67309 
BH,C (perp) -137.70674 - 13 8.6 77 93 - 139.44974 
CH,+ -39.23064' -1 51.30892 -152.35092 -153.20192 
Na+ - 16 1 .6592gd -272.19288 -273.95623 -275.57086 
MgH+ -199.88493 -309.97147 -312.08718 -313.83900 
AlH,+ (planar) -242.76252 -352.43266 -354.76894 

-352.43438 -354.77382 -356.71418 
SiH,+ -290.32881 -399.56526 -402.13285 -404.28897 
AH,+ (perp) 

' Most of the reference values at STO3G//STO-3G and a t  3-21G//3-21G along with the geometries are available in ref 30. The 3-21G 
optimized geometries given in Table I were used. ' Value at 6-31G*//6-31G* from ref 30. Reference l l e .  

polarization, exchange energies, etc. These studies have been 
of significant value in understanding the origin of noncovalent 
interactions, although a certain degree of arbitrariness is im- 
plicit in each partitioning scheme. 

An alternative procedure is adopted in the present study. 
A series of first- and second-row Lewis acids interacting with 

Wldesi, P.; Hofer, 0. Tetrahedron Lett. 1980,21,2137. Abraham, R. 
J.; Bovill, M. J.; Chadwick, D. J.; Griffiths, L.; Sancassan, F. Tetra- 
hedron 1980,36,279. Abraham, R. J.; Chadwick, D. J.; Griffiths, L.; 
Sancassan, F. Tetrahedron Lett. 1979, 4691. Lienard, B. H. S.; 
Thomson, A. J. J.  Chem. Soc., Perkin Tram. 2 1977,1390. Lenkinski, 
R. E.; Reuben, J. J .  Am. Chem. So'. 1976,98,4065. Finocchiaro, P.; 
Recca, A.; Maravigna, P.; Montaudo, G. Tetrahedron 1974,30,4159. 
Newman, R. H. Ibid. 1974, 30, 969. 
Raber, D. J.; Janks, C. M.; Johnston, M. D., Jr.; Raber, N. K. J .  Am. 
Chem. SOC. 1980,102,6591. Tetrahedron Lett. 1980,677. Raber, D. 
J.; Propeck, G.  J. J .  Org. Chem. 1982,47,3324. Raber, D. J.; Janks, 
C. M. Ibid. 1983,48, 1101. Vanhoeck, L.; Merckx, E. M.; Bossaerts, 
J.; Lepoivre, J. A.; Alderweireldt, F. C. Org. Magn. Reson. 1983, 21, 
214. 
Narula, A. S. Tetrahedron Lett. 1981, 22, 41 19. 
Morokuma, K. Acc. Chem. Res. 1977,10,294. Umeyama, H.; Moro- 
kuma, K. J .  Am. Chem. SOC. 1977, 99, 1316; 1976,98, 4400. 
Douglas, J. E.; Kollman, P. A. J.  Am. Chem. SOC. 1980, 102, 4295. 
Kollman, P. A. Chem. Phys. Lett. 1978, 55, 5 5 5 .  Kollman, P.; Roth- 
enberg, S. J .  Am. Chem. So'. 1977, 99, 1333. 
Berthod, H.; Pullman, A. Chem. Phys. Lett. 1980,70,434; Isr. J .  Chem. 
1980, 19, 299. 
Schuster, P.; Jakubetz, W . ;  Manus, W .  Top. Curr. Chem. 1975, 60, 1. 
Del Bene, J. E.; Vaccaro, A. J .  Am. Chem. So'. 1976, 98, 7526. Del 
Bene J. E. Ibid. 1978, ZOO, 1673. Del Bene, J. E.; Frisch, M. J.; 
Raghavachari, K.; Pople, J. A.; J.  Phys. Chem. 1982, 86, 1529. 

Table 111. 3-21G Calculated Energies of Cation-Formaldehyde 
Complexes for Various C-0-M Angles (hartrees)a 

cation 120" 150" 180" 

H+ -1 13.5 1388 -1 13.5021 8 -1 13.49000 

BeH+ -128.13879 -128.15239 -128.1555Sb 
Li+ -120.47774 -120.49025 -120.49356b 

BH,+ (planar) - 138.669 84 -1 3 8.66882 - 13 8.66 167 
BH,+ (perp) -138.66355 -138.67648 -138.67793b 
CH,+ (syn)' -152.34892 -152.34245 -152.33072 

MgH+ -31 2.06993 -312.08352 -312.0871 8b 
AlH,+ (planar) - 3 54.75 843 - 3 5 4.76 802 - 3 54.76 894 
AlH,+ (perp) -354.75301 -354.76950 -354.77382b 
SiH,+ (syn)' -402.12400 -402.13284 -402.13146 

" Each C-0-M angle was fixed a t  the indicated values, and the 
entire complex was restricted to  C, symmetry. All other bond 
angles and bond lengths were optimized. 
geometries, defined in Table I. ' The dihedral angles HCOC or 
HSiOC were 0" for the in-plane hydrogens. 

formaldehyde is considered at a uniform level of theory of 
reasonable accuracy. The electronegativities and the number 
of available acceptor orbitals as well as their energies vary 
significantly in this series. Therefore, an analysis of the po- 
tential energy surfaces of these complexes provides valuable 
insight into the nature of their interactions. Our results should 
also have significant implications for the interaction of carbonyl 
compounds with other electropositive groups, e.g., in structural 
investigations using lanthanide shift  reagent^.^^'^^'^ 

Na+ -273.94237 -273.95316 -273.95623b 

Minimum-energy 
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Table IV. 3-21G Relative Energies of Formaldehyde-Cation 
Complexes for Different C-0-M Angles (kcal/mol) 

M+ 180" 150" 120" optimum angle' 

H' 15.2 7.5 0.2 0.0 (116.1°) 
Li+ 0.0 2.1 9.9 
BeH+ 0.0 2.0 10.5 
BH,+ (planar)b 7.2 2.7 2.0 0.0 (131.4") 
BHZt (perp)b 0.0 0.9 9.0 
CH,+ 12.7 5.3 1.3 0.0 (128.0") 
Na+ 0.0 1.9 8.7 
MgH+ 0.0 2.3 10.8 
AIH,+ (planar)c 0.0 0.6 6.6 
AH,+ (perp)c 0.0 2.7 13.1 
SiH,+ 0.9 0.01 5.6 0.0 (148.9") 

' The optimum angle (if not 180") is given in parentheses. 
The best planar structure (nonlinear) is less stable than the best 

perpendicular structure (linear) by 3.0 kcal/mol. The best 
planar structure is less stable than the best perpendicular structure 
(both linear) by 3.1 kcal/mol. 

Table V. Complexation Energies between Lewis Acids and 
Formaldehyde (kcal/mol)' 

Lewis 3-21G// 6-31G*// best 
acid STO-3G 3-21G 3-21G exptl calcd 

H+ 221.3 183.5 181.4 171-176b 172.6' 
Li' 73.6 53.1d 40.1d 36e 35.5f 
BeH' 134.0 108.8 91.8 
BH,+ 111.4 86.3 71.3 
CH,+ 109.8 75.1 66.5 78 t lg g 
Na+ 33.8 38.1 29.0 
MgH+ 70.2 55.7 
AH,: 63.9 67.4 54.2 
SiH, 77.7 70.7 59.5 

a Based on the equation H,C=OM+ -+ H,C=O + MI. See: 
Walker, R.; Franklin, J. L. Znt. J. Mass. Spectrom. Zon Php .  1980, 
36, 85. Reference 19. Reference l l e .  e Reference 8. 

Reference l l f .  See ref 9 and literature cited. 

Computational Details 
Ab initio calculations have been carried out on complexes between 

formaldehyde and the series of Lewis acids, M: H+, Li+ BeH+, BH2+, 
CH3+, Na+, MgH', AlH2+, and SiH3+.20 Two conformations, planar 
and perpendicular, were considered for BH2+ and AIH2+ groups to 
probe the importance of orbital interactions in two orthogonal planes. 
Geometry optimizations were first carried out with the minimal 
STO-3G basis set, but the results proved to be unreliable for the 
systems with second-row atoms. We now recognize that the STO-3G 
basis set for sodium is unsatisfactory,20g and this compromises some 
conclusions we reached earlier.2' Hence, we discuss here geometries 
obtained with the split-valence 3-21G basis set.20 The potential energy 
surfaces (Tables I11 and IV), were calculated by optimizing all 
geometrical parameters for different C U M  angles, with C, symmetry 
constraint. The fully optimized geometries are given in Table I, and 
the corresponding energies are provided in Table 11. Single-point 
calculations using the polarization 6-31G* basis set should afford more 
reliable energies, and these are also given in Table 11. The 6- 
3 1G*//3-21G complexation energies between formaldehyde and the 
various Lewis acids are compared with available experimental and 

(20) The GAUSSIAN 70 and GAUSSIAN 76 series of programs were used with 
some modifications: (a) Hehre, W. J.; Lathan, W. A.; Ditchfield, R.; 
Newton, M. D.; Pople, J. A. QCPE 1973, 13, 236. (b) Binkley, J. S.; 
Whiteside, R. A,; Hariharan, P. C.; Seeger, R.; Pople, J. A,; Hehre, W. 
J.; Newton, M. D. QCPE 1979, 13, 368. (c) The STO-3G basis set: 
Hehre, W. J.; Stewart, R. F.; Pople, J. A. J. Chem. Phys. 1969, 51, 
2657. (d) The 3-21G basis set for first-row elements: Binkley, J. S.; 
Pople, J. A.; Hehre, W. J. J. Am. Chem. SOC. 1980,102,939. (e )  The 
3-21G basis set for second-row elements: Gordon, M. S.; Binkley, J. 
S.; Pople, J. A.; Pietro, W. J.; Hehre, W. J. J .  Am. Chem. SOC. 1982, 
104, 2797. (f) The 6-31G* basis set: Harihan, P. C.; Pople, J. A. 
Theor. Chim. Acta 1973,28, 213. Francl, M. M.; Pietro, W. J.; Hehre, 
W. J.; Binkley, J. S.; Gordon, M. S.; DeFrees, D. J.; Pople, J. A. J .  
Chem. Phys. 1982, 77, 3654. (g) Unpublished results in Erlangen. 

(21) Collins, J. B.; Dill, J. D.; Jemmis, E. D.; Apeloig, Y.; Schleyer, P. v. R.; 
Seeger, R.; Pople, J. A. J .  Am. Chem. SOC. 1976,98, 5419. Clark, T.; 
KBrner, H.; Schleyer, P. v. R. Tetrahedron Lett. 1980, 143.  

higher level theoretical values in Table V. 

Results and Discussion 
In agreement with previous calculations and available ex- 

perimental results,"'J6 both  CH20H+ and CH20CH3+ are 
calculated to have bent geometries with significant barriers 
to inversion at oxygen, while the lithium complex, CH20Li+, 
is indicated to prefer linear coordination. Previous discussions 
on the nature of oxygen base-Lewis acid interactions have been 
based mainly on these r e s ~ l t s . ' ~ ~ ' ~ J ~ J ~  There is general  
agreement that the interactions of H+ and CH3+ with form- 
aldehyde are mainly covalent in character. If corresponding 
complexes are regarded as methyl cations substituted by OH 
and OCH3 groups, the bent geometry at the oxygen atoms is 
expected by analogy with water, alcohols, and ethers. The 
complex with LP,  on the other hand, is predominantly ion- 
dipolar in nature. '5J6J8 Significant stabilization results by 
polarization of the carbonyl dipole. Such polarization is more 
effective along the C=O axis. Similarly, LiOH, Li20, and 
LiOCH3 have linear geometries.22 The ionic formulation 1 
helps in understanding this effect. 

- +  
H*C - o m 

Q. Qi,CH3 
0 R rH II 

2 3 4 

Y 

a 9 f 0  

While these are satisfactory explanations, they are not ad- 
equate to rationalize all the results in this study. However, 
an analysis in terms of molecular orbitals is uniformly suc- 
cessful in accounting for the calculated inversion potential  
energy surfaces. 

The two oxygen lone pairs of formaldehyde are often rep- 
resented by localized sp2-hybridized orbitals, 2. As pointed 
ou t  inter alia by Jorgensen and Salem,23 such "rabbit ear" 
representations do reflect the electron density. On this basis, 
i t  is easy to unders tand  why acids l ike H+ a n d  CH3+, with  a 
single low-lying vacant orbital ,  prefer bent arrangements, 3 
a n d  4. Such acids form bonds by a t t achmen t  to one of the  
sp2 lone pairs.  

However, when the  energy of the lone-pair orbitals in  
formaldehyde is important, representation 2 is inadequate. For 

(22) Dill, J.  D.; Schleyer, P. v. R.; Binkley, J. S.; Pople, J. A. J .  Am. Chem. 
Sm. 1977,99,6159. Chase, M. W.; Cumutt, J. L.; Hu, A. T.; Prophet, 
H.; Syverud, A. N.; Walker, L. C. J .  Phys. Chem. Re$ Data 1974, 3, 
31 1. Biichler, A.; Stauffer, J. L.; Klemperer, W.; Wharton, L. J.  Chem. 
Phys. 1963, 39, 2299. White, D.; Seshadri, K. S.; Dever, D. F.; Mann, 
D. E.; Lineusky, M. J. Ibid. 1963, 39, 2463. 

(23) Jorgensen, W. L.; Salem, L. "The Organic Chemist's Book of Orbitals"; 
Academic Press: New York, 1973. 
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example, the photoelectron spectrum indicates the lone-pair 
orbitals of formaldehyde to be different, and to be separated 
by ca. 5 eV.24 As shown in 5, one of these orbitals is sp 
hybridized and lies along the C=O axis. This sp lone pair 
actually lies below the P C=O orbital in energy. The HOMO, 
the lone-pair orbital with p character, lies perpendicular to 
the C=O axis. Formula 5, rather than 2, affords a better 
understanding of the nature of the interaction of a wide variety 
of Lewis acids with formaldehyde, although both are equivalent 
representations of the basis orbitals. 

Consider protonated and methylated formaldkhyde in linear 
arrangements, 6 and 7. The sp-hybridized bonds to oxygen 
are strong, but the remaining lone pair is forced into a p orbital 
that is high in energy. Bending to give 3 and 4, respectively, 
allows s character to mix into this lone-pair orbital, and the 
energy is significantly lowered. Consequently, 3 and 4 are 
preferred over 6 and 7. 

Stabilization of the linear form is found when a vacant p 
orbital is present on the atom attached to oxygen. Consider 
6 and 7 again. The OH hydrogen in 6 has no orbital to interact 
with the lone pair. The methyl group in 7 does have an an- 
tibonding orbital of the proper symmetry for interaction with 
the lone-pair orbital. This interaction, although weak, con- 
tributes to the lower 4-7 energy difference (relative to 3-6). 
A perpendicular BH2 substitutent, 8, is quite different. In the 
conformation shown in 8, the vacant p orbital interacts strongly 
with the lone pair on oxygen. As this interaction is best when 
the lone pair is in a p orbital, the linear C=O-B arrange- 
ment, 8, is favored. The preferred geometry is easy to un- 
derstand, since 8 is isoelectronic and isostructural with allene 
(9).  The dication (CH20CH2)2+ is also isoelectronic with 
allene, and it too prefers a linear geometry.25 

If the BH2 group is turned 90°, so that all atoms lie in the 
moiecular plane, a bent structure, 10, is favored. The vacant 
boron p orbital, as shown, now interacts with the C=O 7~ 
orbital, but this interaction is substantially independent of the 
C-0-B angle. Both 10 and 8 are indicated to be minima 
on the potential energy surface, with 8 favored by 3 kcal/mol 
at the 3-21G level. 

Although the SiH3 group also prefers a bent conformation, 
the distortion from linearity and the resulting stabilization are 
much less than for methyl. The 3-21G basis set does not 
include d orbitals on silicon, and the lone-pair stabilizing effect 
can be attributed to interaction with relatively low-lying SiH3 
antibonding orbitals of appropriate symmetry (T* SiH3). The 
greater electronegativity of carbon, relative to silicon, also 
contributes to the difference in behavior.26 Silicon and boron 
have comparable electronegativities, however, and the behavior 
of the SiH3 and planar BH2 complexes are qualitatively similar 
(table IV). A PRDDO calculational study indicates the 
acetone complex with SiH3+ to be nonlinear, but the bending 
also is less than in the CH3+ ~omplex .~ '  

Unlike H2C=O-BH2+, both perpendicular and planar 
AlH2 arrangements in H2C==O-AlH2+ favor linear C-0-M 
geometries. The A1-0 electronegativity difference is larger 

(24) Ogata, H.; Kitayama, J.; Koto, M.; Kojima, S.; Nihei, Y.; Kamda, H. 
Bull. Chem. SOC. Jpn. 1974, 47, 958. Chadwick, D.; Katrib, A. J.  
Electron Spectrosc. Relat. Phenom. 1974, 3, 39. Cederbaum, L. S.; 
Domcke, W.; Niessen, W. v. Chem. Phys. Lett. 1975, 34, 60. Her- 
nandez, R.; Masclet, P.; Mouvier, G. J.  Electron Spectrosc. Relat. 
Phenom 1977,10, 333. Tam, W.-C.; Yee, D.; Brion, C. E. Ibid. 1974, 
4,77. Brundle, C. R.; Turner, D. W. J. Chem. SOC., Chem. Commun. 
1967, 314. Kimura, K.; Katsumata, S.; Achiba, Y.; Yamazaki, T.; 
Iwata, S. 'Handbook of He I Photoelectron Spectra of Fundamental 
Organic Molecules"; Halsted Press: New York, 1981, p 144. 

(25) Apeloig, Y.; Arad, D. J. Am. Chem. SOC. 1981, 103, 4258. Stang, P .  
J.; Maas, G.; Fisk, T. E. Ibid. 1980, 102, 6361. 

(26) Gimarc, B. M. 'Molecular Structure and Bonding"; Academic Press: 
New York, 1979; p 153 ff. 

(27) Hendewerk, M. L.; Weil, D. A,; Stone, T. L.; Ellenberger, M. R.; 
Farneth, W. E.; Dixon, D. A. J. Am. Chem. SOC. 1982, 104, 1794. 
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than far B-0, and this leads to the angle widening.26 Planar 
H2C=O-BH2+ (lo), like H2C=OH+ (3), is best when bent; 
the electronegativity of boron is similar to that of hydrogen, 
and the bonds to oxygen are more covalent and less ionic in 
character than A1-0 bonds. While the orbital overlap of 
oxygen with second-row atoms is less than with first-row atoms, 
an orbital contribution to the linear preference of the per- 
pendicular conformation of AlH2 is indicated by the data in 
Table IV. The 120-180° energy difference is twice as large 
for perpendicular H2C=O-A1H2+ than for the planar form. 

All the remaining electropositive groups investigated, LP,  
BeH+, Na+, and MgH+, prefer linear C-0-M geometries. 
Although all these groups possess vacant p orbitals that could 
interact either with the oxygen lone-pair orbital (as in 8) or 
with the carbonyl orbital (as in lo), the large metal-oxygen 
electronegativity difference plays the dominant role in de- 
termining the minimum energy structure. Similar effects are 
responsible for the in-plane bisected geometries typically ob- 
served for the solid-state complexes of metal cations with ethers 
when no restraints are present.2* 
Acid-Formaldehyde Interaction Energies 

A few of the interaction energies calculated in this study 
are available from experiment or through prior higher level 
ca l cu la t i~ns .~~J~  The data provided in Table V afford a check 
on the reliability of our calculations. The proton and methyl 
cation affinities are overestimated at the 3-21G level, while 
the 6-31G* values are in better agreement with experiment. 
The smaller basis set does not provide a good description of 
the oxygen lone pairs; this is improved when polarization 
functions are added.29 The Lif interaction energy is still 
calculated to be too large at both levels, the 3-21G value being 
about 40% in error. Errors on species that have not yet been 
experimentally examined are expected to be comparable to 
those indicated in Table V. 
Conclusions 

Our calculations on a series of formaldehyde-Lewis acid 
complexes indicate that both bent and linear coordinations are 
possible, depending on the nature of the Lewis acid. A bent 
geometry is preferred if the major interaction is a charge 
transfer from the carbonyl oxygen to a u type acceptor orbital 
on the Lewis acid. A linear geometry results if a P type 
acceptor orbital is available on the Lewis acid that can interact 
with the lone-pair p orbital of the carbonyl oxygen. If elec- 
trostatic interactions predominate, linear coordination is again 
preferred. The results also demonstrate that a linear geometry 
does not preclude significant charge-transfer interaction be- 
tween the carbonyl group and the Lewis acid. In particular, 
the C,, minimum energy geometry for the lithium complex 
is probably due to dominant ion-dipole interaction, but par- 
ticipation of acceptor p orbitals on lithium may also contribute. 
While the energy differences between linear and 1 20° struc- 
tures is consistently large (usually 7-10 kcal/mol), distortions 
of up to 30' from the optimum geometry usually require only 
2 kcal/mol or less. Consequently, strong interactions between 
carbonyl oxygen and metal cations are to be expected even 
when steric or other restraints preclude the optimum coor- 
dination geometry. The directionality of the interaction be- 
tween carbonyl groups and Lewis acids has profound conse- 
quences in structural studies of ketones using lanthanide shift 
reagents. It has often been assumed that a lanthanide shift 

(28) Chakrabarti, P.; Dunitz, J. D. Helu. Chim. Acta 1982, 65, 1482. 
(29) Addition of diffuse functions on oxygen to the basis set are now known 

to bring a further improvement in accuracy. See: Clark, T.; Chan- 
drasekhar, J.; Spitznagel, G. W.; Schleyer, P. v. R. J .  Comput. Chem. 
1983, 4, 294. 

(30) Whiteside, R. F.; Frisch, M. J.; Binkley, J. S.; DeFrees, D. J.; Schlegel, 
H. B.; Raghavachari, K.; Pople, J. A. 'Carnegie-Mellon Quantum 
Chemistry Archieve", 2nd ed., 1981. Available from Prof. Pople. 
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reagent would coordinate to either of two equivalent lone pairs 
of electrons on the carbonyl oxygen (cf. structures 2-4).12 
Spectroscopic results corresponding to a time average of these 
two complexes were expected, and this has been labeled the 
two-site model. However, some of us have found that results 
for Eu(fod), complexes of symmetrical ketones are consistent 
only with a linear complex having a C=O-Eu angle of 180° 
(one-site model; cf. structures 5-7).13 Since lanthanide ions 
are highly electropositive and possess vacant d or f orbitals 
having the requisite symmetry, they may adopt a linear ge- 
ometry in their complexes with ketones. Our results suggest 
that the one-site model13 may not just be a computational 
convenience but rather may be a proper description of the 
actual complex. 
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Note Added in Proof. Scatter plot analysis of X-ray data involving 
hydrogen-bonding interactions to a variety of oxygen functional groups 
reveals a statistical preference for the conventional lone-pair directions 
involving ketones (Murray-Rust, P.; Glusker, J. P. J .  Am. Chem. Soc. 
1984,106, 1018). X-ray structures of an Ag+-acetophenone complex 
(Crist, D. R.; Hsieh, Z.-H.; Quicksall, C. 0.; Sun, M. K. J .  Org. Chem. 
1984,49, 2478) and of a [LiBr.2(acetone)I2 complex (Seebach, D. 
Proceedings, 27th Welch Conference in Chemical Research, 1983, 
in press) also indicate nonlinear C=O-M+ interactions. More data 
of this type are needed before reliable conclusions can be drawn about 
the shape of the potential energy surface. 

CH2=O-Li+, 53259-65-7; CH2=O-BeH+, 9 1744-02-4; CH2= 
O-BH2+, 91744-03-5; CH2=O-CH3+, 41879-84-9; CH+Na+, 

91744-05-7; CH2=O-SiH3+, 91744-06-8. 

Regisby NO. C H 2 4 ,  50-00-0; CH2=O-H+, 18682-95-6; 

57450-19-8; CH2=O-MgH+, 91744-04-6; CH2=O-AIH2+, 

Contribution from the Department of Chemistry, University of California, and Materials and Molecular Research Division, 
Lawrence Berkeley Laboratory, Berkeley, California 94720, and Institute of Inorganic Chemistry, 

University of Gottingen, Gottingen, West Germany 

X-ray Photoelectron Spectroscopic Study of Sulfur-Nitrogen-Fluorine Compounds 
DAVID B. BEACH,la WILLIAM L. J0LLY,*la RUDIGER MEWS,lb and ALFRED WATERFELDlb 

Received March 6, 1984 

The gas-phase core binding energies of NSF, NSF3, and several compounds of the types NSF2R and F2SNR have been 
determined. Qualitative interpretation of the data shows that N(pr)-S(d?r) bonding is probably important in the NSF2R 
compounds and in NSF3, that the bonding of the sulfur atom in NSF is similar to that in SO2, and that the nitrogen atom 
of NSF, is more negatively charged than that of NSF (in spite of a stronger N-S bond in NSF3). Quantitative interpretation 
of the data for NSF and NSF,, together with literature valence ionization potentials, shows that the HOMO of each molecule 
has principally nitrogen 2p character and is stabilized by interaction with a higher lying sulfur 3d orbital. The approximate 
atomic orbital contributions to the other molecular orbitals of these molecules are deduced. 

We have obtained the gas-phase X-ray photoelectron spectra 
of the compoundsZ shown in Chart I in order to attempt 
clarification of the a bonding in the compounds. The struc- 
tures in Chart I are Lewis octet structures, which imply the 
use of only s and p valence orbitals. The indicated charges 
are merelyformal charges, i.e., the charges that the atoms 
would have if bonding electrons were equally shared between 
bonded atoms. It is of particular interest to determine whether 
p a  - d a  bonding is involved, Le., to determine whether 
structures such as 

F 

N E S - F  

F 

1 
I 

must be considered. 
Qualitative Interpretation of Core Binding Energies 

The core binding energy data for the compounds of Chart 
I are given in Table I. 

Sulfur. It can be seen that replacement of a fluorine atom 
in NSF3 by the C(CF3), or N(CH3), group causes a decrease 
in the sulfur 2p3,2 binding energy in qualitative accord with 
the relative electronegativities of the groups. As expected, 

(1) (a) University of California and Lawrence Berkeley Laboratory. (b) 
University of G6ttingen. 

(2) For a review of these compounds, see: Glemser, 0.; Mews, R. Angew. 
Chem., Int .  Ed .  Engl. 1980, 19, 883. 
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replacement by the CF(CF3)2 group causes a decrease similar 
to that of the C(CF3)S group, but inexplicably the CF(CF3)* 
group causes a greater decrease than the C(CF3)3 group. 

Of course, removal of two fluorine atoms from NSF3 to form 
N S F  would be exected to cause a marked drop in the sulfur 
binding energy, and the observed drop of 2.96 eV is entirely 
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