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clodextrins or even chymotrypsin.6,10,11 With cyclodextrin, only 
part of the ester, either the p-nitrophenyl or the aliphatic chain, 
is inserted in the pocket.12 The apo-Mb cleft is large enough to 
accommodate the whole ester, at least in the case of la and Ic, 
resulting in a binding that is tighter by about 1 kcal. We have 
made no attempt to optimize the geometry of the transition state 
by tailoring the substrate to fit the active site. It is therefore 
conceivable that higher rate accelerations might be achieved with 
this new semisynthetic esterase. 
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Despite their importance as prototypes for studying amino acid 
chemistry, the interaction of amides with well-characterized 
single-crystalline metal surfaces has not been studied previously. 
A variety of transition-metal-formamido compounds have been 
synthesized and characterized, however, and a number of form-
amide-derived ligands have been observed, including V ( Q -
CONR2 (R = H, alkyl or aryl),1 V(N1O)-NRCRO,2 V(N)-
NHC(R)O,3 V(CO)-NR2CO,4 V(C1N)-OCNHR,5 and V(Q-
N)-HOCNH.6 In this paper, we present preliminary results of 
an electron energy loss spectroscopic (EELS) and thermal de-
sorption mass spectrometric (TDMS) study of formamide ad
sorption on the Ru(OOl) surface on which an ordered p(lX2) 
overlayer of oxygen adatoms is present. This study provides 
evidence for the formation of an V(N1O)-NHCHO species, 
analogous to the V-formate formed from formic acid decompo
sition on the initially clean Ru(OOl) surface.7,8 
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Figure 1. (a) EEL spectrum of the Ru(001)-p(lX2)-O surface, (b) The 
EEL spectrum that results following a 5 X 10*7 torrs exposure of NH2-
CHO to the Ru(OO l)-p(lX2)-0 surface at 80 K, showing the charac
teristic features of molecular chemisorbed formamide. (c) The EEL 
spectrum that results when the surface of (b) is annealed briefly to 400 
K and recooled to 80 K, showing the characteristic features of V(N,-
O)-NHCHO. 

Table I. Vibrational Frequencies in cm""1 and Mode Assignments of 
Molecularly Chemisorbed Formamide on the Ru(001)-p(lX2)-O 
Surface at 80 K and of Gas-Phase and Liquid Formamide 

mode 

' , (NH2) 
".(NH2) 
KCH) 
HCO) 
5(NH2) 
KCN) 
(5(CH) 
Tr(CH) 
NH2 deformations" 
5(NCO) 
KRu-NH2CHO) 

NH2CHO/ 
Ru(OOl)-
p(lX2)-0 

3490 
3230 
2940 
1660 
1585 
1360 
n.o. 
n.o. 
1110, 790 

~525* 
310c 

NH2CHO 
(gas)13'14 

3545 
3451 
2852 
1734 
1572 
1255 
1378 
1030 
1059, 602, 289 

565 

NH2CHO 
(liquid)13,15 

3388 
3207 
2881 
1681 
1611 
1309 
1391 
1050 

1090, 750, 200 
595 

"The assignment of the NH2 rocking, wagging, and twisting modes 
for the molecular formamide is somewhat controversial, thus, we have 
not attempted to assign these modes. 'Overlaps with P5(RuO) of oxy
gen adatoms. cNot well resolved in Figure lb; sharpens with anneal
ing, n.o. = not observed, a = asymmetric, s = symmetric. 

The ultrahigh vacuum chamber in which the EELS and TDMS 
experiments were performed has been described previously,9 as 
have the properties and method of preparation of the Ru-
(001) -p ( lX2) -O surface.10"12 The p ( l X 2 ) - 0 overlayer corre-
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Table II. Vibrational Frequencies in cm"1 and Mode Assignments of 
7)2(N,Q)-NHCHO and i)2(N,Q)-NDCHO on Ru(001) -p( lx2) -O ' ' 

[R 2MN-
V2- (CH3)C-

OCHO 7 (CH 3 )O] 2
2 3 

H 

mode 
T , 2 - N H C H O 

(r,2-NDCHO) 
KNH) 
KCH) 
K3(NCO)6 

K1(NCO)* 
CH bendc 

NH bendc 

5(NCO)6 

HRu-NHCHO)6 

3365 (2480) w 
2980 (2960) w 
n.o. 
1395 (1360) st 
1340 (unresolved) sh 
1140 (920) m 
770 (760) m 
400 (400) st 

2920 w 
n.o. 
1360 st 
n.o. 

805 m 
380 st 

1571-1585 at 
1392-1400 st 

n.r. 
355-492 m 

"s = symmetric, a = asymmetric, st = strong, m = medium, w = 
weak, sh = shoulder, n.o. = not observed, n.r. = not reported. 6 In the 
case of i;2-OCHO (formate), the closely related modes are, of course, 
pa(OCO), j»s(OCO), 6(OCO), and K ( R U - O C H O ) , respectively. cSince 
data for CH and NH bending modes in analogous organometallic 
compounds are lacking, we do not attempt to assign these bending 
modes as in-plane (<5) or out-of-plane [T). 

sponds to a fractional coverage of 0.5, and the oxygen adatoms 
occupy threefold hollow sites on the hexagonally close-packed 
Ru(OOl) surface.11'12 The most notable feature of the EEL 
spectrum of Figure la is the strong mode at 585 cm"1 which is 
due to the symmetric stretching vibration of the oxygen adatoms 
normal to the surface. The asymmetric ruthenium-oxygen stretch 
and a ruthenium surface phonon give rise to weaker modes at 430 
and 240 cm"1, respectively.12 

Adsorption of submonolayer concentrations of formamide on 
the Ru(OOl)-p(lX2)-0 surface at 80 K leads to molecularly 
chemisorbed formamide, as may be seen from the EEL spectrum 
of Figure lb and the mode assignments that are listed in Table 
I. The fact that the K(CO), K(CN) , 5(NH2), and c(CH) modes 
are all present, together with the lack of any modes not due to 
molecular formamide, indicates that little, if any, dissociation has 
occurred. The frequencies of the c(CO) (1660 cm-1) and v(CN) 
(1360 cm-1) modes are evidence that no significant rehybridization 
of these bonds occurs upon adsorption. The slightly lowered 
frequency of the e(CO) mode, relative to its gas-phase value of 
1734 cm"',13'14 suggests coordination to the surface via a lone pair 
of electrons on the oxygen atom, as has been observed for acetone16 

and formaldehyde17 on Ru(OOl) surfaces on which ordered 
overlayers of oxygen are present. The loss feature at 570 cm"1 

in Figure lb is broadened because it results from the overlap of 
two modes: the ^(RuO) mode of the oxygen adatoms and the 
intense 5(NCO) mode of the molecularly adsorbed formamide.18 

The loss feature at 1360 cm"1 may involve the in-plane CH bending 
mode as well as the i>(CN) mode. 

Annealing the Ru(001)-p(lX2)-O surface to 260 K causes the 
molecularly adsorbed formamide to decompose (which is accom
panied by the desorption of H2

20), resulting in the formation of 
a new surface species that is stable to 420 K. This new species 
is identified by its EEL spectrum (Figure Ic) as ?)2(N,0)-
NHCHO, the nitrogen-containing analogue of the 7)2-formate 
formed on Ru(OOl) as the result of formic acid decomposition:7 
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is no K(RUO) mode at 585 cm-1 that overlaps with the 5(NCO) mode. 
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the total amount of H2 that is desorbed as a consequence of the decomposition 
of formamide on the surface. Any desorption of H2 from Ru(001)-p(lx2)-O 
must be reaction-limited because this surface does not chemisorb H2 under 
UHV conditions.17 For sufficiently high initial formamide coverages, some 
molecular desorption occurs as well. 
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The 7j2(N,0)-NHCHO is also related closely to the N(CH3)C-
(CH3)O ligands in compounds of the type shown at the right, 
above.2a Vibrational data for all of these species are summarized 
in Table II, and data for r/2(N,0)-NDCHO formed from ND2-
CHO decomposition on Ru(OOl)-p(lX2)-0 are presented also. 
Since TJ2(N,O)-NHCHO differs from ?72-formate only in that an 
oxygen atom has been replaced by an NH group, the skeletal and 
metal-ligand stretching modes of these two species should occur 
at very similar frequencies, and it can be seen that this is indeed 
true for the NCO (OCO) symmetric stretch, the NCO (OCO) 
scissoring mode, and the metal-ligand stretch.21 The increase 
in frequency of 5(NCO) compared with that of the gas-phase 
formamide (565-770 cm"1) is very similar to the observed increase 
in 5(OCO) in going from gas-phase formic acid to ̂ -formate on 
Ru(OOl) (625 to 805 cm"1) and is indicative of delocalized Tt-
bonding within the NCO group. The agreement among the 
vs(NCO) frequencies of T I 2 ( N , 0 ) - N H C H O and the series of (four) 
[R2MN(CH3)C(CH3)O]2 compounds is clearly excellent. Single 
CH and NH stretching modes are identified, and no NH2 scis
soring mode is observed at 1500-1600 cm"1. These facts, together 
with the H2 desorption near 260 K mentioned above, indicate that 
one NH bond of the formamide NH2 group has been cleaved. The 
EEL spectrum of Figure Ic is thus fully consistent with the 
presence of an )72(N,0)-NHCHO species and in excellent 
agreement with EEL and IR data for closely related surface and 
organometallic species. Other formamide-derived ligands that 
have been identified in organometallic compounds1"6 are incon
sistent with the EEL spectrum of Figure Ic for at least one of 
several reasons: they have no hydrogen atom bonded to the 
formamide carbon atom; they contain NH2 groups; they contain 
CN or CO double bonds (which should give rise to intense 
stretching modes in the 1500-1800-cm"1 region); their 5(NCO) 
modes should occur at substantially lower frequency. We note 
finally that we observe no EELS (e.g., i<(OH) or 5(OH2) modes) 
or TDMS (e.g., H2O desorption) evidence for the formation of 
OH bonds in this work. 

The i;2-NHCHO decomposes when the surface is annealed to 
420 K, with reaction-limited CO and H2 desorbing at this tem
perature. Nitrogen adatoms remain on the surface to approxi
mately 600 K, at which temperature recombinative desorption 
of N2 occurs, leaving the p(l X2)-0 overlayer intact. At a satu
ration coverage of molecularly chemisorbed formamide on the 
Ru(OOl)-p(lX2)-0 surface, approximately 0.05 monolayer of 
i72-NHCHO forms and decomposes. 

In summary, formamide chemisorbs molecularly on the Ru-
(001)-p(lX2)-O surface beow 260 K, in a manner such that the 
double-bond character of the CO bond is maintained. Annealing 
the surface to 260 K results in the formation of TJ2(N ,O)-NHCHO, 
which decomposes at 420 K. A more detailed account of this work 
will be presented elsewhere.19 
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