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Abstract 

Formyl complexes. MCHO. of first- and second-row metals and metal 

hydrides (M=Li. BeH. BH2 • Na. MgH. AIH 2 ) have been investigated by 

means of ab initio calculations (MP2/6-31+G*//6-3IG- ancl lower

levelsl. Both 02 (i. e. bridged) and "I coordination of the metals 

are found: the former is favored bv larger electronegativitv 
., 

differences between the metal and the formyl carbon. Such ~~ 

coordination Is character-ized by rather long CO bonds. Significant 

alkoxy-carbene character in the formyl group. and a bridging energy of 

about 7-8 kcal/mol for M=BeH and AIH2 . The formyl carbon-meta! 

interactions are predominantly ionic. The insertion reaction of CO 

into the LiH bond. a model for similar processes in transition metal 

compounds. proceeds via an initially formed linear coordination 

complex. HLI-CO. and a three-membered ring transition structure. The 

latter lies energetically about 19 kcal/mol above the complex. The 



overal I activation and reaction energies from LiH + CO to the 

formyllithium product9 LICHO. are +13 and -3 kcal/mol. respectively. 

The energies of the reaction of the other metal hydrides with CO to 

form the corresponding formyl compounds are all endothermic by about 

1-7 kcal/mol. Thus. with the exception of M=Li. al I the formyl 

comp I exes. MCHO. are thermodYnam i ca I I Y tJnstab 1 e., but may be observab Ie 

at lower temperatures if the-activation energies for the loss of CO 

are,comparable. to that~of'LiCHO (about 16 kcal/mol). These 

conclusions are expected to apply to all metal carbonyl compunds with 

high ionic character such as early transition metals. actinides and 

lanthanides. 
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Introduction 

There has been a continuing interest in the Fischer-Tropsch and 

related processes as synthetic routes to petroleum products. 1 

Initially developed in the 1920's. the Fischer-TroPsch method involves 

the reaction of CO with H2 over a metal catalyst to Form a mixture of 

hydrocarbons and related oxygenated compounds. Proposed mechanisms 

For the Fischer-Tropsch reaction involve CO insertion into a metal 

hydride on the surFace of the catalyst resulting in a Formyl-metal 

intermediate. 1.2 In order to understand tllis initial step Further. 

many groups have synthesized and characterized model Formyl-metal 

3-10 complexes. The subject has been reviewed by GladYSz.l1 

Many "1 Formyl-transition metal complexes have now been 

synthesized employing Mo. Mn. Re. Ru. Rh. Os. and Ir as the metals: 

that is. middle-to-Iate transition metals. Nevertheless. the direct" 

react i on of CO with the correspond i rt9 meta I hydr i des has rat~e I y 

resulted in the desired formyl ~omplex. Indeed. many such Formyl-

metal compounds decompose ~j~ a decarbonvlation mechanism. A rare 

example of a successFul CO insertion comes From Wayland who has 

treated CO with rhodium octaethy)oorphyrin hydride to Form the 

corresponding formyl ~omplex.5 In general. Formyl-transition metal 

complexes have been generated. not by insertion of CO. but by the 

reaction of cationic metal carbonyls with bOrOhydrides. 11 

These neutral "1 Formvl-metal complexes exhibit some unusual 

properties. Most notably. they have relatively low C=O stretching 

Frequencies that range From about 1530-1630 cm- 1 • For example, 
r:: 

Re(nJ-CSHS)(PPh3)(NO) (CHO) and Os(CHO)(H}(CO)2(PPh3 )2 have C=O 

stretches of 1558-1566 and 1601 em-I, respectfvely.8.9 Crystal 

structures of several n 1 Formyl-transition metal complexes are known. 
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and they exhibit varying C=O bond lengths (1.19-1.22 A;12.13 the C=O 

bond length in Formaldehyde is 1.Z1 A). These results strongly 

suggest an important contribution From an alkoxy-carbene resonance 

Form in the Formyl moiety. I .. with signiFicant carbon-metal covalency 

that probably includes back-bonding From Filled metal d-orbitals. 

In contrast. direct CO Insertions are now common For early 

trans'ition metals and cyclopentadienylactinide compounds. Bercaw has 

suggested an initial CO insertion in the reaction of (n5-CSMeS)2zrHz 

with CO to Form a transient Formyl-zirconium intermediate. 14.15 

Marks l6 has demonstrated even faster reversible addition of CO to 

alkoxy-bis(pentamethylcyclopentadienyl)thorium hydrides to generate 

formyl-thorium complexes. Moreover. nZ coordination to the formyl 

group apoears impl icated in these compounds. Bercaw has suggested 

that' his intermediate is possibly stabilized by n2 coordination of the 

formyl ligand to the metal. I n Marks P thor f um compounds. spectro--

rnetr-ic data. such as trle low C=O frequencies of 3bout 1477 crn- I .. imply 

n2 coordination of the formyl I igand to the metal. Sincethis 

represents one of the very few examples of CO directly inserting into 

? 
a metal hydride to Form a formyl-metal complex. it appears that the n~ 

coordination may provide a driving Force for such insertions. 

Insertion reactions of CO are also known for some main group 

e1ements. Trialkylboranes react readily with CO to give either 

alcohols. aldehydes. or ketones depending on the reaction 

conditions. I7 Hillman has proposed an insertion mechanism that is 

similar to mechanisms proposed For transition metal comolexes. IS 

After CO coordinates with the electron-deFicient boron. one of the 

alkyl groups migrates to give an acyl-borane intermediate. R2 B-C(O)R. 
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A second migration is assisted by coordination of the carbonyl oxygen 

to boron. Finally. a third migration may occur to give a boronic 

anhydride. OB-CR 3 • Therefore. although their reactivities may differ. 

acyl-boranes and acyl-transition metal complexes may be formed by 

similar paths. Furthermore. oxygen assistance and possible ~2 

coordination may play an important role with acyl--borane complexes. 

Several asp~r.ts of formyl-rnl:.;.·tdl chernistry are of theoretical 

interest. Bonding to early transition metals and to actinides tends 

to be more ionic and n2 cOordination to the formyl group may be 

t.yp i ca I of more ion i c bond i ng. Such bond i n.~ character i st i cs can 

f"eadi Iy be given by an ab initio study with small model systems and 

reasonably large basis sets. Moreover. a study of formyl-metal 

compounds may have direct application to more common acyl-metal 

analogs where n2 coordination is well documented. 19. Crystal 

structures of acyl-titanium. zirconium. and ruthenium complexes show 

coordination of both the oxygen and the carbon of the acyl ligand to 
.., 

the metal. Such n~ acyl-metal complexes e~hibit low.C=O stretching 

frequencies (1530-1600 em-I). Inherent in these structures are 

ext ,-eme I y sma I I O-C-M ang I es of approx i mate I y 65°. 20 

In an important related field. there has been much interest in 

the synthetic utility of acyl lithium complexes. Seyferth and 

coworkers. extending earlier investigations of other groups.21-Z3 have 

developed the method of direct nucleophil ic acylations24 (aroylations 

seem to be less satisfactory25). The products. in most cases. are 

consistent with the generation of a formal "acyl anion" intermediate 

which then reacts with electrophiles. e.g. aldehydes. ketones. and 

esters. Acyl lithiums. however. were not observed directly. presumably 

due to their high reactivity.26 Instead. these species are generated 
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and used jn situ. Thus. acyl anions are important synthons. and direct 

utilization of such intermediates shows promise. 

There have been previous studies of the Formyl anion. but its 

metal coordination has yet to be fully studied. 27- 29 Since Formyl and 

acyl anions have adjacent carbon and oxygen lone pairs available For 

coordination. either 0 2 or 0 1 coordination is possible (2 and 3. 

respectiveJy). Moreover. iF' the formyl or acyl anion's negative 

charge is transFerred to the oxygen by polarizat'ion of the p,i-MO then 

considerable alkoxy-carbene character should result. Finally. the 0
2 

Formyl and acyl-metal interactions may be characterized as either a 

metal d-orbital overlap with the carbon and oxygen lone pairs. or as 

an ionic attraction between the cationic metal and the anion. 

The present-work focuses' on formyl complexes of first and second 

row metals and metal hydrides. The First and second row metals cover 

a wide, range of e·1 ectronegat i v i ties: thereFore 0 they shou I d prov i de a 

useful basis For developing trends in formyl-metal complexation. 

especially those related to ionic character. These model systems are 

not expected to show the varied chemistry of transition metals: in 

particular. these main group m~tals generally do not employ d-orbitals 

in bonding. and wll J therefore not provide models of transition metal 

d-orbital eFfects. Nevertheless. they should provide a valuable 

i nd i cat i on of- the~ eFfects of~ metal subst:i tuti on on forma I dehyde. and 

formyl-lithium compounds to be discussed should be excellent models 

For the synthetically useFul acyl-lithium complexes. 

For the smallest system. the lithium formyl complex. a more 

extensive study was undertaken to check the perFormance of basis sets 

for geometries and relative energies and correlation energies. In this 
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case two additional structures have been considered: a CO molecule 

attached to 1 ithium hydride by C and 0 coordination. respectively 

(structures 4 and 5). 4 is a model For a simple metal carbonyl. 5 

For a hypothetical "isocarbonyl" complex. 

Calculations 

Computations were carried out using Vax 11/750. 11/780~ CDC 7600. 

and CYBER 845 computers with Gamess. 30 Gaussian 80. 31 or Gaussian 82 32 

quantum mechanical programs. Several basis sets were employed: 3-

21+G. 6-31+G*. and 6-311+G* denote the standard 3-21G. 33 6-31G*.34 and 

6-31IG*35 basis sets with additional diFFuse sp orbitals on carbon and 

oxygen. 36 The 3-2IG* basis set is augmented with d-Functions on al I 

non-hydrogen atoms. 37 

All structures were optimized with the 3-21+G (or 3-21G). 3-21G*. 

and 6-3IG* basis sets. Single point calculations on these geometries 

were carried out with inclusion of correlation corrections at the 

M~I ler-Plesset38 second order level (MP2/6-31G* and MP2/6-31+G*). 

Higher level calculations were perFormed For the I ithium systems: 

Optimizations at 6-3IG* and 6-31+G* were Fol lowed by single points 

(MP4/6-31+G*. MP2/6-311G*, and MP2/6-311+G*). For these compounds also 

zero point vibrational energies {at 6-3IG*. scaled by 0.9,39 were 

obtained. 

As has been noted beFore. 36 optimizations with and without 

diFFuse Functions (e.g. 3-21G and 3-21+G) give similar results. That 

the Inclusion of diFfuse functions has little effect on geometry also 

is shown by comparing the 6-3IG*, and 6-31+G* results In Table 2. In 

contrast, d-functlons have a larger effect (3-2IG or 3-21+G vs. 3-

2IG*. Tables I and 2). There are also signIficant differences between 
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the 3-21G* and 6-31G* results9 and only the parameters obtained at the 

highest levels employed are discussed (6-31+G* for the lithium 

systems. Table 2)0 

For the contour maps. wavefunctions were projected into a planar 

density grid by the program PROJ. 40 These projected electron density 

grids were divided into molecular fragments by a program designed to 

find relative minima in the electron density. These minimum density 

demarkations-of such projected functions are'vertical curtains- that' 

approx i mate the vir i a I boundar i es, of" R. F-. - W. - Bader 41 and the der i ved 

integrated fragment populations approximate the true integrations oyer 

Bader "basins". Bader has shown that these vi rial boundaries have 

important properties and that the integrated populations are uniquely 

defined and unambiguous atom populations. Our populations are faster 

to compute and ar~ expected to be qualitatively correct. particularly 

when electron densities drop to such low levels as between 

electropositive metals and other atoms. The electron density grids. 

were converted to contour maps and integrated over molecular fragments 

using previously described programs. 42 The integration of the 

projected density grid over a molecular fragment will be referred to 

as the fragment population. 

Results 

Geometr i es and Bonding. All structures ,were found'to be p.l anar' 

except-formylborane and formylalane which had ~ symmetry and 

hydrogens on both sides of the mirror plane. The corresponding 

alternatives wfth all atoms in the same plane are higher in energy and 

correspond to transition structures for rotation of the BH2 and A1H2 

groups. respectively. 
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By examinIng the O-C-M angles and oxygen-metal distances (Tables 

1. 2) it is apparent that LiCHO. HBeCHO. NaCHO. HMgCHO. and H2AlCHO 

adopt n2 coordination. 2. Allor these structures are quite similar. 

The long C=O bonds (1.24-1.25 l; 1.18 l in H2CO at.,the same levels or 

theory) indicate a signiricant perturbation or the carbonyl group. As 

a test. rormyllfthfum was optimized with correlation corrections at 

the MP2/6-31G~ level. 43 In Table 2. it can be seen that correlation 

has rather minor eFrects although the C=O bondlength is somewhat 

lengthened compared to the Hartree-Fock structures. All of the n2 

coordinated metals carry large positive charges (ca. +0.85); the 

interaction with the negatively charged oxygen provides electrostatic 

stabilization. The charge on the metal is calculated by integrating 

the projected electron density within a line of demarkation as shown 

in Figure 1 For formyl! ithium. The demarkation line represents the 

gradient minimum of electron density between the metal fragment and 

the rest of the molecule. In accordance with the ionic radii. the 

oxygen-metal bonds are shorter than the corresponding carbon-metal 

bonds. 
':> 

Inherent in the ~~ structures are extremely smal I O-C-M angles 

(ca. 650 
); this restricts the covalent overlap between the metal and 

" .. 

carbon. These calculated structures parallel those in crystal 

structures of n2 acyl-metal complexes. Fachinetti et ~20 have 

reported O-C-M angles of 78.60 and C=O bond lengths of 1.21 l with 

their acyl-zirconium complexes. Zirconium is much larger than any of 

the metals studied here. In a corresponding ionic model. the greater" 

distance to the metal would result in a larger O-C-M angle. and would 

weaken the perturbation of the carbonyl group. 

For HBeCHO and H2AICHO. n 1 coordinated local minima also could be 
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located., i n ~.§.::-symmetrYe At 6-31 G* on 1 y a~ r? isomer sur v f ves for 

H2AICHO; the open rorm round at 3-21+G closes upon rurther 

optimization to give the bridged structure. 

Optimization or rormylborane led to a n1 coordinated structure~ 

3. with the normal carbonyl bond length. 1.20 Ii. which characterizes 

all of the n1 species. The moderate positive charge on the borane 

fragment ( +0.58 ) impl ies a strong covalent contribution to the 

carbon-boron bond~4 resulting. From the small electronegatfvity 

diFFerence between these elements. A low metal Fragment charge also 

reduces the driving Force For coordination to the oxygen. Therefore. 

although the oxygen may assist in the alkyl migrations involved in 
.., 

reactions of trialkylboranes with CO~ it does not appear that n~ 

coordinated acyl-borane intermediates are present. 

It is userul to evaluate the energy differences between n2 and n 1 

structures. For HBeCHO this can be done directly. since n 1 and n2 

isomers are both local minima. The· MP2/6-31+G*//6-31G* energy 
..,., 

diFFerence is 8.3 kcal/mol. For H2A1CHO. two comparisons with the nG.· 

energies can be made. The 0 2 Form is 6.7 kcal/mol lower in energy at 

MP2/6-31+G*//6-31G* than the '11 isomer with the AIH2 group rotated 

into the plane. Alternatively. the MP2/6-31+G*//3-21+G single point 

energy For the perpendicular 0 1 Form gives nearly the same '11_'12 

diFference. 4.9 kcal/mol (TabJe,,3). 

[n the '12 Formyl complexes. the carbonyl bonds are'rather long 

(ca. 1.25 Ii) and the oxygen carries a' large negative charge 

(ca. -1.3). As a reFerence. Formaldehyde has a C=O bond length of 

1.18 l and an oxygen charge of -1.03 at the 3-21G* level;45 

therefore. there appears to be a contrfbution from an alkoxy-carbene 

resonance form~ 1. in the formyl ligand. However. since this resonance 
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form is the result of a pi-bond polarization. it is more useful to 

examine the population effects in the pi-M.O. The contour 

representations of the pi-MO's of formaldehyde and formylberyllium 

hydride in Figure 2 show that the pi-bond of the rormyl-metal complex 

is more highly polarized than that of formaldehyde. Moreover. 

integration over the oxygen fragments of the pi-M.O.'s yields 

populations of 1.73 and 1.56 electrons for formylberyllium hydride and 

formaldehyd~. respectively. This shows that much of the increase in 

the oxygen electron density of the formyl-metal complex is the result 

of a pi-bond polarization; hence the formyl anion in these complexes 

has significant alkoxy-carbene character. 

If the interaction between the lithium cation and the formyl 

anion were completely ionic. then the 2$ (and 2p) shell on lithium 

would be empty. By I fmiting I ithium to a basis set t'hat contains only 

a Is shell C3-21G with valence shells removed), the I ithium can be 

forced to interact completely ionically. The structure of 

formyl lithium. optimized using a 3-21G* basis set with only a Is shel I 

on lithium. is compared in Table 4 along with the 3-2IG* results. 

This drastic change in basis sets results in only smal I changes In 

geometry. Thus. the ~2 geometry is indeed given by a totally ionic 

model. Previous work40.41.46 indicates that the carbon-lithium bond in 

general is largely ionic. Since the other ~2 formyl-metal complexes 

have structures and electron distributions similar to formyllithium. 

their carbon-metal bonds are also expected to be dominated by ionic 

interactions. 

Finally. the atomic populatfons In the formyl-metal systems can 

also be considered using Reed. Wefnstock~ and Weinhold's Natural 
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Populations. 46 Natural Populations are atomic orbital-l Ike basis 

populations that are relatively basis set independent. As a test. 

these atomic populations were calculated for formyllithium. 2. at the 

6-31G~ level. The lithium population is calculated as 2.12 electrons 

with both our integrated populations and Reed et ~Ps Natural 

Populations (Table 2). This result points out the utility of the 

Natural Populations in organolithium compounds. 46 However. there is a 

difference.in the-oxygen populations. Such differences between real 

space (integrated populations) and the Hilbert space (Natural 

Populations) partitions appear to be general for covalent bonds 

between atoms of different electronegativities. 44 

The Mechanism of LiH/CO Reactionso 47 The course of the reaction 

of RLi with CO was investigated theoretically by exploring the 

potential energy surf'ace of' the smallest system. HLi/CO. at rather 

high levels. Our earlier calculations on related mechanisms show that 

HLi is a good model for CH3Li and larger (RLi)n systems. 48 

Lithium hydride and carbon monoxide first form a complex. There 

are two possibilities: lithium attached to oxygen or to carbon in 

I inear geometries. Both complexes as well as the addition product • 
.. 

LiCHO. are true minima on the 6-31G~ potential hypersurface (no 

Imaginary frequencies). The relative energies depend on the level of 

theory employed (Table 5). HLi-OC is slightly more stable than Hli-CO 

with larger basis sets. and also is the global minimum at the Hartree-

Fock I eve 1. I nc I us i on of electron corre 1 at'i on correct ions. however. 

reverses the relative stability of the two linear complexes. This is 

undoubtedly due to the known change in the CO dipole moment direction at 

correlated levels. 49 At MP2/6-311+G*//6-31+G*9 HLf-CO fs more stable 

than HLI-OC by 3.4 kcal/mol. but the addition product. LiCHO. is 2.8 
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kcal/mol lower in energy. These relative energies. however. rerer to 

the hypothetical motionless states. Correction ror zero point 

vibrational energies (at 6-31G*. scaled by 0.9)39 disravors the 

addition product by about 4.4 kcal/mol relative to the linear 

complexes. Our rinal estimate (rererring to 0 K) predicts the linear 

complex Hli-CO to be the global minimum. HLi-OC and rormyll ithium. 

lJCHO. are less stable by 2.1 and 3.1 kcal/mol. respectively. 

Nevertheless. all or these isomers are very close in energy. 

We have located the transition structure. 6 (one imaginary 

rrequency) leading rrom HLi-CO to rormyllithfum. liCHO. at 3-21G. 6-

31G6. and 6-31+G* levels. Our best theoretical estimate or the 

activation energy is about 19 kcal/mol (Table 5). Similar three

membered ring transition structures ror alkyl migration to coordinated 

carbon monoxide have been proposed in transition metal chemistry.50 

a I tt)ough it is known that the m i grat ion is rac iIi tated by add i ng CO. 

donor ligands. or lewis acids. 51 - 53 Isotope labelling shows that the 

CO cis to the incoming CO rorms the acyl ligand. 51 Thus the 

additional CO molecule (or donor I igand) is not directly involved in 

the alkyl migration. The additional CO only lowers the activation 

energy somewhat by occupying a rurther coordination site at the metal. 

but does not alter the mechanism. Hence. our mechanism ror the 

rormat i on or U CHO may be a good mode I ror CO- insert ions in genera I . 

Recently. Morokuma 47a has investigated theoretically the 

insertion or carbonyl into the methyl-metal bond or a model palladium 

complex. The transition structure Tor this process also is a three

membered ring and is similar to that in our lithium system. Both 

indicate that the methyl (or hydride) migrates as the metal-CO axis 
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remains almost I inear during the transrormation to the transition 

state. 

Energy Evaluations. The relative energies of the other formyl 

systems can be assessed by means or equations (1) and (2). Equation 

(1) gives the energy involved by inserting CO into the MH bond. 

MH + CO = MCHO (1) 

CH3M + HCHO = MCHO + CH4 (2) 

equation (2) evaluates the stabilization energy or the. metal 1 igands 

bound to the rormyl with respect to CH3M as a standard. Because of 

its isodesmic character. equation (2) is not as sensitive as equation 

(1) to the level or theory employed; the latter is heavily arfected 

by basis set superposition error (BSSE)54 which is largely eliminated 

when diffuse and polarization basis sets are employed (see Table 6). 

For M=LI we have evaluated equation (1) at rather high 

levels (Table 5). The calculated energies vary somewhat. but the 

values at MP4/6-3l+G*//6-31+G* and at MP2/6-3l1+G*//6-31+G* ~re 

reasonably close to the results obtained at the highest level used for 

al I other metals (MP2/6-31+G*//6-3IG*). This level. thererore. should 

be a good basis for comparison. Only the rormation of the n2 

coordinated species has favorable energies in equation (1). and 

lithium is by far the best. This may be due to the small radius or 

the lithium cation resulting in a very efrective electrostatic 

interaction with the oxygen of the carbonyl group. The reaction 

energies of equations CI} and (2) parallel one another; both reflect 

the interaction or the metals with the carbonyl group. There are a 

few exceptions. but most or the reaction energfes for both equations 

(1) and (2) are wfthln the 0 ± 5 keaJ /mol r.ange. 
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Conclusions 

Formyl complexes with n2 geometrie~ involving First- and second

row metals and metal hydrides have been demonstrated. The n2 

coordination does not require metal d-orbftal or e~en p-orbital 

involvement and is best described as an ionic interaction between a 

cationic metal center and the lone pairs on carbon and oxygen. The, 

large charge transFer to oxygen and the C=O bond lengthening in the n2 

complexes conFirms the presence of an alkoxy-carbene resonance Form in 

the Formyl ligand. 1. Finally. n2 coordination can provide a 

chemically signiFicant amount of stabilization and should be most 

important in systems where the ionic nature of the interaction is 

large. 

Since the activation energies For the addition of CO to LiH and 

loss of CO From LiCHO are only 19.3 and 16.2 kcal/mol. respectiv~ly. 

For the monomeric species in the gas phase. LiCHO can clearly serve as 

a catalyst or intermediate For Further reactions. Such catalytic 

activity is well known with transition metals. 55 Si~ce the overall 

reaction is almost thermoneutral. the equil ibrium may well be promoted 

by solvation or aggregation aFFects. These Findings may encourage 

attempts to isolate derivatives of such lithium-carbonyl species. The 

other metal-Formyl complexes are indicated to be thermodynamically 

unstable with respect to loss of CO. but also may be stable 

kinetically iF decomposition barriers are suFFiciently large. 

The present conclusions are expected to apply generally to any 
? 

metal carbonyl bonding with high ionic character; that is. n~ 

coordination as a characteristic even of wholly ionic bonding is more 

Important than may have been appreciated in the past. Examples of 

metals with high electropositive character are the early transition 
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metals. actinides and lanthanides. The n2 coordination observed Tor 

acyl-complexes or these metals is a normal consequence of ionic 

bonding and does not necessarily represent unusual bonding modeso 56 

Late transition metal compounds are expected to show more covalent 

character with d-orbital involvement. 
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Table 1. Geometrfes or Fbrma·l dehyde and Formyl-Metal Complexes 

at Various Levelsa 

3-21+G 3-21G* 6-31G* 

H2CO 1.207b 10182 1.184 

BeH. 112 CO 10291 b 1.254 1.249 

CSe. 1.742. 1.686 1.673 

OBe 1.592 1.572 1.582 

OCBe 61.2 63.4 63.6 

[BeH]c 4. 18 

[Old 9.26 

BeH. ,,~ CO 1 .233b 1.207 

CBe 1.741 1. 738 

aBe' 2.526 2.471 

OCBe 115.2 I 12.9 

BH2 perpv 1 CO 1 .221 b 1. 198 1. 197 " 
CB 1.576 1.587 1 .591 

OB 2.446 2.342 2.425 

OCB 121 .4 113.7 120.2 

[BH
2

]c 6. 42~ 

[Old 9.26 

BH2 plan. 1 CO 1.230 1.191' " 
CB 1.601 1 .61 1 }o, 

OB 2.482 2.457 

OCB 121.9 121.4 
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Table 1. (Continued) 

Na. 2 CO 1.288 1.237 1.239 n 

CNa 2.256 2.180 2.243 

ONa 2.046 2.090 2.165 

OCNa 63.8 69.2 70.3 

(Na]c 10. 10 

[Old 9.33 

MgH. 2 CO 1.296 1.251 1.247 n 

CMg 2.140 2.078 2.074 

OMg 1.973 1.957 1.995 

OCMg 64.7 66.8 68.8 

[M9]c 12. 12 

[Old 9.33 

AIH2 perp. 2 CO 1.290 1.249 1.243 1'1. 

CAl 2.039 1 .973 1.956 

OAI 1.930 1.876 1.913 

OCAI 66.5 66.9 69.4 

(AIH
2

]C 14. 14 

[Old 9.33 

A1H2 perp. 1 CO 1.240 1'1 

CAl 2.044 

OAI 2.820 

OCAI 116.2 
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Table I. (Continued) 

AlH2 plan. 111 CO 

CAl 

OAI 

DCA I 

1.236 

2.048 

2.885 

121.0 

1.201 

2.030 

20825 

119. 7 

aOistances in Angstroms. angles in degrees. 

b 3- 21G optimization. 

cElectron population on the metal Fragment including hydrogens. 

dElectron population on oxygen. 
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Table 2. Geometries of' liCHO Isomers at Various Levelsa 

3-21G 3-21G* "6-31G* 6-31+G* MP2/6-31G* 

Li CHO. 2 2 CO 1.280 1.246 1.243 1.244 1.277 '1 

CLf 1.938 1.895 1.902 1.907 1.891 

OLi 1.746 1.762 1.782 1.774 1.835 

OCLi 61.8 64.1 65.1 64.5 67.6 

CH 1.098 1.104 1 • 104 1 • 114 

OCH 113.4 112.8 1 12.6 112.4 

[Li ] 2.12b 2.12c 

[0] 9.28b 8.87c 

OC-LiH 4 CO 1 • 121 1. 107 1.107 

CLf 2.267 2.339 2.327 

LiH 1.641 1.643 1.639 

CO-LiH 5 CO I. 138 1 • 119 1 • 1 19 

OLi 1.928 2.042 2.027 

LiH 1.654 1.641 1.638 

(l i H) (CO) 6 CO 1.208 I . 191 1. 192 

Cli 1.927 1.947 1.930 

OCli 166.5 163.7 167. 1 

CH 1.240 1.209 1.215 

OCH 1 13.6 1 12.4 1 1 1 .8 

LiH 2. 101 2.180 2. 1 15 

aOlstances In ~ngstroms. angles In degrees. 

bIntegrated electron populatfon on I fthfum and oxygen at 3-21G*. 

CNatural Population on I f th f urn and oxygen at 6-31G*. 
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Table 3. Stabilfzation by .,2 Coordination 

OeMa Energyb 

HBeCHO~ 
2 63.6 -128.83692 ., 

HBeCHO. 1 112.9 -128.82365 11 

H2AlCHO perp. ,,2 69.4 -356.69872 
6.7 

H2AICHO plan • 1 119.7 -356.68808 ., 
H2A1C~O 

2 66.5 -356': 69876d perp. " 
H2 AICHO 1 116.2 -356.69096d perp • ., 4.9 

aAngle in degrees. 

bTotal energy (a.u.) at MP2/6-31+G~//6-31G*. 

CEnergy difference between .,2 and .,1 structure in kcal/mol. 

dTotal energy (s.u.) at MP2/6-31+G*//3-21+G. 
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Table 4. Basis Set Truncation Effects on the Geometry 

Or Formyl1ithium 

Basis set 3-21G~ 3-21GIO(ls)a 

eo (~) 1.246 1.249 

elf (~) 1.895 1.881 

Oli (~) 1.762 1.700 

Oeli (deg) 64. 1 62.0 

aearbon. oxygen. and hydrogen have standard 3-21G 

basis sets and lithium has a 3-21G basis set with 

the two valence shells removed. 
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Table 5. RelatIve and Zero Point Vibrational Energies (kcal/mol) 

of LfCHO Isomers 

3-21G//3-21G 

6-31G*//6-31G* 

MP2/6-31G*//6-31G* 

6-31+G*//6-31G* 

MP2/6-31+G*//6-31G* 

6-311G*//6-31G* 

MP2/6-311G*//6-31G* 

6-31+G"//6-31+G* 

MP2/6-31+G*//6-3J+G* 

MP3/6-31+G*//6-31+G* 

MP4/6-31+G*//6-31+G* 

6-311+G*//6-31+G* 

MP2/6-311+G*//6-31+G* 

ZPEa 

b Final est. (0 K) 

LfCHO OC-LiH CO-LiH 
245 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

0.0 

10.5 

0.0 

+4.7 

-2.3 

+2.5 

-1.6 

+3.7 

-3.8 

+Ll 

-1.6 

+3.6 

+4.7 

+2.0 

-2.7 

+2.8 

6.2 

-3. 1 

+0.5 

-2.4 

+5.0 

-1.8 

+6.3 

-4. 1 

+4.2 

-}.8 

+6.3 

+5.8 

+3.6 

-2.9 

+6.2 

6.0 

-1.0 

T ~;S. 
6 

+29.8 

+24.6 

+23.4 

+22.4 

+20.2 

+23.0 

+21.7 

+22.4 

+19.9 

+20.6 

+19.3 

+21.3 

+19.3 

8.0 

+16.2 

CO+LfH 

+5.7 

+12.9 

+5.6 

+12.3 

+2.8 

+5.6 

+12.3 

+13.0 

+10.5 

+3.5 

+10.8 

4.9 

+3.4 

a Zero point vibrational energy at 6-31G~. scaled by 0.9. 37 

b--
FinaJ estimate evaluated using MP2/6-311+G*//6-31+G* data plus 

ZPE~corrections. adjusted For the MP2~MP4 difFerences at 6-31+G*. 
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Table 6. Reaction Energies (kcal /mol) or . Equation (1) 

MH + CO --) MCHO 

MP2/ 
6-31+G*a 

MP2/ 
3-21+G// 6-31G*// 6-31G*// 6-31+G*a .. ' M 3-21+G 6-31G* 6-31G* 

L i • 2 -18.6 -5.7 -12.9 -5.6 -12.3 ., 
BeH. .,2 -5.3b +3.6 -5.6 +4.7 -4.3 

BeH. 1 +5.9b +13.0 +4.8 +12.8 +4. 1 n 

BH2 perp, 1 +6.1 b +10.2 +2.9 +9.7 + 1. 7 n 

BH2 plan, 1 +2.4 +12.3 +5.1 +12.3 +4.5 ., 
Na. 2 -18.4 +3.3 -3.1 +2.3 -4.2 n 

~ '.~ 

.,2 
:- ... ·,ot , . 

MgH. -7.4 +5.5 -2.1 +6.4 -1.0 

2 
,.:, ,"t 

AIH2 perp, ., -1.2 +7.3 -2.5 +8.5 -1.2 

1 
:;.'.;~ 

AlH2 perp, ., +2.4 +3.7 

AIH2 plan, 1 +2.4 +15.5 +6.6 +15.0 +5.5 ., 
.- . 

. i 'I ~ "! 

aGeometries at various levels (6-31G* or 6-31+G*). b3-21G//3-21G. :' ,[--

• 
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Table 7. Reaction Energies (kca 1 /mol ) or. Equat ion (2) 

CH3M + HCHO --) MCHO + CH 4 

MP2/ MP2/ 
3-21+G// 6-31G"d 6-31G*a 6-31+G*a 6-31+G*s 

M 3-21+G 

L i .. -11 
2 -28.9 -25.8 -24.9 -24.5 -21.8 

·BeH. 11 2• -9.6b -6.9 -8.4 -5.0' -5.5 

Bet:r 1 +·1.6b +2.5 +2.0 +3. 1 +2.8 11 

BH2 perp. 1 + 1 .4b +0.6 +0.8 +0.6 +0.6 11 

BH2 plan. 1 +1.8 +2.7 +3.1 +3. 1 +3.4 " 
Na. 2 -29.5 -21.5 -18.4 -20. 1 -16.0 

" 
MgH. ,,2 -12.2 -12.0 -11.0 -9.8 -7.7 

AlH2 perp. 2 -1.3 -5.3 -6.8 -3.4 -4. 1 " 
A1H2 perp. 1 +2.2 +0.7 11 

A1H2 plan. 1 +2.3 +2.9 +2.3 +3.1 +2.5 11 

aGeometries at various levels (6-31G* or 6-31+G*). b3-2IG//3-21G. 

~. 
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Figure Ie Projected electron densIty map ~r rormyllfthfum at 3-21Ge. 

Figure 2. 

Molecular rragments are demarked by the dotted lInes and 

Fragment populatIons are gIven. Contour levels are rrom 

2 0.05 to 0.53 wtth a ~radient or 0.08 e/a.u. 

Projected electron density maps or the pI M.O.'s or 

rormaldehyde (a) and rormylberyllfum hydride (b) at 3-21Ge. 

The contour'levels are'rrom 0.03 to 0.30 with a gradient of 

2 0003 e/aou. In each case the oxygen fs on the leFt. 
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