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for these crucial experiments are exhibited for the specific case 
of the peracetate of [4S]-rhynchosporoside (19b). Thus in plot 
A (Figure 1) (1H decoupled 13C NMR spectrum) the anomeric 
signals are located at 5 100.79, 100.66, and 100.50 for the /3-
bonded carbons and at 5 95.53 for the a-bonded carbon. Plot B 
(Figure 1) (2D 1H-13C heteronuclear chemical shift correlated 
spectrum)15 correlates the chemical shifts of the anomeric carbons 
with the respective anomeric protons which assisted in their as
signment. These experiments provided a convenient and unam
biguous way of establishing the stereochemical configuration of 
the rhynchosporosides, their high purity and the specificity of the 
reported coupling reactions. 

With these rhynchosporosides now readily available in pure form 
by synthesis, their isolation from nature, structural elucidation, 
and biological evaluation becomes feasible. Preliminary bioassays 
with the tri-, tetra-, and pentasaccharides, for example, indicated 
high destructive potency for the [3R]-, [4J?]-, and [5i?]-rhync-
hosporosides 15a, 19a, and 25a which caused massive tip wilt and 
necrosis in young barley plants.16'17 
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The interaction of formaldehyde with transition-metal surfaces 
is of obvious importance in view of the fact that species such as 
M-CH2O and M-CHO may play a key role in the catalytic 
hydrogenation of carbon monoxide.1"3 Recently, several or-
ganometallic complexes have been identified in which both 
formaldehyde4"7 and the formyl group8 function as dihapto (i?2-) 
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Table I. Mode Assignments for ??2-H2CO (r>2-D2CO) on Ru(OOl) 

mode 

HCO) 
V 1 ( C H 2 ) 
5(CH2) 
^(CH2) 
P(CH2) 

r;2-H2CO, cm"1 
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2940 
1450 
1160 
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Table II. Mode Assignments for 

r,2-D2CO, ( 

1020 
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1190 
865 
620 

;m ' 

T,2-HCO (r,2-DCO) on 

frequency ratio 
(H2CO/D2CO) 

0.96 
1.32 
1.22 
1.34 
1.35 

Ru(OOl) with 
Corresponding Assignments from the Model Compound HCOOCH3 

(DCOOCH3) (S 

mode 

KCH) 
6(CH) 
"(CO) 
ir(CH) 
KRu-HCO) 

eeRef 15) 

i;2-HCO, HCOOCH3, Ti 
cm"1 

2900 
1400 
1180 
1065 
590 

cm ' 

2943 
1371 
1207 
1032 

2-DCO, 
cm-1 

a 
980 

1160 
825 
550 

DCOOCH3, 
cm"1 

2216 
1048 
1213 
870 

"Weak and not resolved from the tail of the strong feature due to ad
sorbed CO at 1990 cm"1. 

ligands. In this paper, we report the results of high-resolution 
electron energy loss (HREELS) measurements of formaldehyde 
adsorbed on the hexagonally close-packed Ru(OOl) surface that 
demonstrate the existence of both T/ 2-H 2CO and r;2-HCO. This 
represents the first spectroscopic identification of either species 
on any metal surface. 

The ultrahigh vacuum (UHV) system in which the experiments 
were performed has been described previously.9 HREELS was 
used to identify surface reaction products after adsorption at 80 
K, subsequent annealing up to 600 K, and recooling to 80 K to 
record the spectra. Gaseous H2CO and D2CO were produced by 
thermal dehydration and depolymerization of their parent poly-
oxymethylene glycols (paraformaldehyde) and were introduced 
into the UHV chamber through a leak valve. The H2CO (D2CO) 
produced by this method contains 3-5% H2O (D2O) impurity,10 

and, consequently, spectra recorded after heating below 170 K 
are expected to show vibrational features attributable to small 
amounts of coadsorbed water.11 

Exposing the Ru(OOl) surface at 80 K to 7 langmuirs (1 
langmuir = 10"6 torr s) or more of H2CO or D2CO results in the 
formation of molecular multilayers of formaldehyde, as evidenced 
by a comparison of the observed vibrational spectra to the IR 
spectrum of gaseous formaldehyde.12 Annealing the surface to 
140 K desorbs the multilayer, leaving adsorbed carbon monoxide 
(0 = 0.20 CO molecules/Ru surface atom),13 hydrogen adatoms 
(9 = 0.40),14 and another surface species (6 = 0.10) which is stable 
to approximately 250 K. This new species is identified as r)1-
formaldehyde. The spectra for H2CO and D2CO are shown at 
the top of Figure 1, and mode assignments are given in Table I. 
The observed CO stretching frequency of approximately 1000 cm"1 

is consistent with a reduction in bond order of the CO bond from 
double to single and is in good agreement with the CO stretching 
frequency of 1017 cm"1 for ?i5-H2CO in the organometallic com
pound (PPh3)2(CO)2Os(7/2-H2CO).4 The observed frequencies 
and deuteration shifts for the various CH2 modes agree well with 
those observed for sp3-CH2 groups in various molecules.15 
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Figure 1. High-resolution electron energy loss spectra of (1) a multilayer exposure (10 langmuirs) of H2CO (D2CO) adsorbed on Ru(OOl) at 80 K 
and annealed to 250 K and (2) a submonolayer exposure (0.8 langmuir) of H2CO (D2CO) on Ru(OOl) at 80 K. The spectra in (1) are characteristic 
of 7/2-formaldehyde, and those in (2) are characteristic of ?j2-formyl. In all these spectra intense modes near 450 and 2000 cm"' are due to adsorbed 
CO from formaldehyde decomposition, as is the weak combination band occasionally observed near 2450 cm-1.1^ Adsorbed hydrogen adatoms from 
formaldehyde decomposition are not observed due to their extremely small scattering cross section.14 Features at 800 and 1590 cm"' in the H2CO 
spectrum of (2) and near 360 cm"1 in the D2CO spectrum of (2) are due to H2O and D2O,11 respectively, to which the crystal is exposed unavoidably 
during the adsorption of H2CO and D2CO at 80 K. 

Spectra of lower coverages of H2CO or D2CO on Ru(OOl) at 
80 K reveal a species that is fundamentally different from the 
?72-formaldehyde that results after annealing the formaldehyde 
multilayer. The spectra obtained after clean Ru(OOl) is exposed 
to 0.8 langmuir of H2CO (or D2CO) at 80 K are shown at the 
bottom of Figure 1. Although there is significant decomposition 
to adsorbed carbon monoxide {8 = 0.15) and hydrogen (6 = 0.30), 
additional loss features due to another adsorbed species (0 = 0.05) 
are observed at 2900, 1400, 1180, 1065, and 590 cm"1 for H2CO, 
and at 1160, 980, 825, and near 550 cm"1 for D2CO. Heating 
to 100 K causes these features to disappear as this species de
composes to carbon monoxide admolecules and hydrogen adatoms. 
Weak features at 800 and 1590 cm"1 in the H2CO spectrum and 
at 360 and 1150 cm"1 (obscured by the stronger mode at 1160 
cm"1 associated with D2CO adsorption in the spectrum of Figure 
1) in the D2CO spectrum persist to 170 K, the desorption tem
perature of water from the Ru(OOl) surface, and can be identified 
readily with librational and scissoring modes of small amounts 
of coadsorbed H2O and D2O, respectively.11 The spectra in the 
bottom panel of Figure 1 can be identified unambiguously as an 
)72-HCO (T;2-DCO) adspecies,8 and the mode assignments are given 
in Table II. The presence of the 7j2-formyl is perhaps not sur
prising in view of the fact that there is substantial decomposition 
of the formaldehyde to adsorbed carbon monoxide and hydrogen 
at low surface coverages, and ??2-formaldehyde exists at saturation 
monolayer coverage. The formyl ligand, although not heretofore 
identified on a surface, has been observed as a product of the 
interaction of formaldehyde with metal centers in organometallic 
compounds.1'4'5 As would be expected, there is excellent agreement 
between the vibrational frequencies of the ?j2-HCO (i72-DCO) 

bonded to the Ru(OOl) surface and the corresponding vibrational 
frequencies of the HCO (DCO) function of the "model compound" 
HCOOCH3 (DCOOCH3),

15 of which the latter are listed in Table 
II. The mode at 590 cm"1 (550 cm"1) for )72-HCO (t72-DCO) is 
assigned to the frustrated translation of the formyl perpendicular 
to the surface, its rather high frequency a natural consequence 
of the relatively low mass of HCO (DCO) and the stiffness of 
the (one) Ru-O and (two) Ru-C bonds which coordinate it to 
the surface. 

The conditions that lead to the formation of r/2-HCO and 
)?2-H2CO provide a consistent picture of the mechanism of H2CO 
decomposition on the Ru(OOl) surface. The ?72-HCO is favored 
over 772-H2CO at low surface coverages because there exist vacant 
sites at which a hydrogen atom from the decomposing ?)2-H2CO 
may bind. At higher coverages the absence of such vacant sites 
inhibits decomposition and favors the formation of ?72-H2CO. 
Indeed, precoverage of the Ru(OOl) surface by a saturation ex
posure (3 langmuirs) of H2, followed by exposure to H2CO at 80 
K, results in the formation of i?2-H2CO at all submonolayer 
coverages, with essentially no dissociation to adsorbed CO and 
hydrogen at 80 K. 

The spectroscopic identifications put forward in this paper have 
been confirmed by off-specular HREELS measurements, thermal 
desorption mass spectrometry results, and complementary ex
periments concerning H2CO and D2CO adsorption on the Ru(OOl) 
surface modified by the presence of a p(2X2) ordered overlayer 
of oxygen adatoms. A complete discussion of all of these results 
will be presented separately.16 

(16) Anton, A. B.; Parmeter, J. E.; Weinberg, W. H., unpublished results. 



5560 J. Am. Chem. Soc. 1985, 107, 5560-5562 

Acknowledgment. This research was supported by the National 
Science Foundation under Grant CHE-8206487. The assistance 
of Dr. Neil Avery in the early stages of this work is very much 
appreciated. 

Ab Initio Mechanisms for the Addition of CH3Li, HLi, 
and Their Dimers to Formaldehyde 

Elmar Kaufmann and Paul von Rague Schleyer* 

Institut fiir Organische Chemie der 
Friedrich- Alexander-

Universit'at Erlangen-Niirnberg 
D-8520 Erlangen, Federal Republic of Germany 

K. N. Houk* and Yun-Dong Wu 

Department of Chemistry, University of Pittsburgh 
Pittsburgh, Pennsylvania 15260 

Received August 8, 1984 

Although the reactions of alkyllithiums with carbonyl com
pounds are among the most elementary synthetic reactions,1 little 
detailed mechanistic information is available. By use of rapid 
injection NMR, McGarrity et al. have shown that butyllithium 
dimer in tetrahydrofuran reacts about 10 times faster than the 
tetramer with benzaldehyde.2,3 Even at high dilution, there is 
no detectable concentration of monomer. Hence, contrary to 
earlier suggestions based on kinetic evidence,4 the monomer does 
not appear to be the reactive intermediate in ether solvents. 

We now report an ab initio examination5 of the mechanisms 
of model reactions of formaldehyde with the monomers CH3Li 
and LiH, as well as with their dimers. The performance of the 
split valence 3-2IG basis set, used for all these systems, was 
evaluated at higher levels for the HLi + H2CO process (see 
caption, Scheme I) and should be reasonably reliable for the larger 
systems (Schemes II-IV). 

All four reaction pathways (Schemes I-IV) are rather similar; 
each proceeds in three stages. Formaldehyde complexes with the 
lithium reagents la-4a are formed first.4,6 Since the association 
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Scheme II. Formaldehyde-CH3Li Addition Pathway 
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is quite exothermic,7 the bonds in the complexes are lengthened 
slightly. Complexes la-4a next convert to the addition transition 
structures ("states" is less satisfactory nomenclature) lb-4b; each 
is characterized by having a single imaginary frequency. In all 
four cases, the activation energies are quite small. The last stage 
of each reaction, conversion to ROLi (Ic or 2c) or to a ROLi-RLi 
mixed dimer (3c or 4c), is very exothermic, as is the overall energy. 

(7) See Del Bene, J. E.; Frisch, M. J.; Raghavachari, K.; Pople, J. A.; 
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mann, E., unpublished calculations. Smith, S. F.; Chandrasekhar, J.; Jor-
gensen, W. L. / . Phys. Chem. 1982, 86, 3308. 
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