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is positive. Secondly, the magnitude of p (<1) indicates that the 
charge buildup is lower than that found in the gas-phase car-
boxylate anion. The demonstrated relationship between the 
gas-phase heats of acidity of the acetic acids and the activation 
barriers for /3-hydride elimination in adsorbed ethoxides allows 
prediction of the rates of decomposition in other alkoxides. 

The implications of this work extend beyond /9-hydride elim
ination in ethoxides on the Cu(111) surface. Similar influences 
of fluorination have been observed in the ethoxides on the Cu(110), 
Cu(IOO), and Ag(110) surfaces. They have also been observed 
in the longer chain hydrocarbon and fluorocarbon alkoxides on 
the Ag(110) and Cu(IOO) surfaces.10'13 We have also been able 
to study the influence of fluorination on /S-hydride elimination 
in alkyl groups adsorbed on the Cu(111) surface. The activation 
barrier for /S-hydride elimination of 3,3,3-trifluoropropyl to 
3,3,3-trifluoropropylene is 8.5 kcal/mol higher than for the reaction 
of propyl to propylene.18 

Studies using much different approaches also suggest that the 
transition state is really described as hydride elimination. The
oretical studies of /S-hydride elimination in alkyl groups on Al 
surfaces suggest a four-center transition state in which the hy
drogen carries net negative charge.21 Finally, results similar to 
ours have been found in a study of the insertion of olefins into 
Nb-H and Ta-H bonds in a homogeneous phase.7 This reaction 

(21) (a) Higishi, G. S.; Raghavachari, K.; Steigerwald, M. / . Vac. Sci. 
Techno!. 1990, B8, 103. (b) Chan, A. W. E.; Hoffmann, R. / . Vac. Sci. 
Technol. 1991,/49 (3), 1569. 

Introduction 
Tin inorganic and organometallic complexes are widely used 

in the field of catalysis (transesterification and polyurethane foam 
and silicone elastomers production)1 and as efficient modifiers 
of supported metal particles.2 The bimetallic solids obtained in 
the latter case present new properties, high conversions, and high 
selectivities for a number of reactions, particularly in the field 
of synthesis of fine chemicals.3 Yet, the reactions occurring during 
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is the microscopic reverse of jS-hydride elimination, and the effects 
of substituents have also lead to the conclusion that the transition 
state for the reaction involves charge separation of the form 
C^+-H6-. 

5. Conclusions 
We have demonstrated that fluorination of the methyl group 

in ethanol exerts an influence on both the heat of dissociative 
adsorption to form ethoxides on the Cu(111) surface and on the 
kinetics of /3-hydride elimination in these species. The influence 
of fluorine on the heat of reaction forming ethoxides from gas-
phase ethanols is quite small (~2 kcal/mol). By comparison, the 
influence on the kinetics of /3-hydride elimination is relatively large, 
increasing the barrier from 29 kcal/mol in ethoxide to 42 kcal/mol 
in trifluoroethoxide. This indicates that the influence of fluorine 
is on the transition-state energetics. The description of the 
transition state is one in which positive charge builds up on the 
/3-carbon atom (C^+-H*") and is destabilized by fluorination of 
the methyl group. The magnitude of the p parameter in the free 
energy relationship between the reaction barrier for 0-hydride 
elimination and the stabilization of gas-phase acetate by fluori
nation indicates that the charge buildup in the transition state 
is much lower than is observed in the gas-phase acetate anion. 
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the synthesis of such catalysts are not well understood, due to the 
high complexity of such multicomponent systems. In particular, 
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Abstract: Tetraalkyltin complexes, SnR4 (R = Me, Et, i'-Pr, Bu), and tributylhydridotin were reacted with the surface of 
partially dehydroxylated silica. Interaction between the complexes and the silica surface was followed by IR and '3C and 
1 "Sn MAS NMR spectroscopies and analysis of the evolved gases. At room temperature, all the studied complexes are physisorbed: 
a hydrogen-type bonding between the terminal methyl group of the alkyl ligands and/or the hydride ligand and the surface 
silanol groups is evidenced. Above 100 0C, with silica dehydroxylated at 500 0C (SiO2(500)), a reaction occurs, leading to 
the formation at 200 0C of essentially one surface complex, ̂ SiO-SnR3 (1) with evolution of 1 mol of alkane per mol of surface 
tin. 1 is already formed at room temperature by reaction of silica with Bu3SnH; the reaction is slow and liberates 1 mol of 
H2/mol of surface Sn. At low surface coverage, and for R ^ Me, the alkyl ligands of 1 are folded toward the surface, interacting 
with it via hydrogen-type bonding. The same interaction and reaction are observed when the surface of silica is less dehydroxylated, 
SiO2(200): nevertheless 1 is less stable, probably due to the availability of surface silanol groups in the neighborhood of 1. 
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almost nothing is known about the reaction of tetraalkyltin com
plexes with the surface of the conventional supports used, such 
as silica and alumina.4 

Recently, it was shown that the reaction of tin organometallic 
complexes with the external surface of zeolites induces important 
modifications of their adsorptive properties.5 The effect seems 
to be correlated to inter alia the bulk of the ligands. 

The reactivity of main group metal alkyls toward the surface 
of inorganic oxides is known as one of the methods of determi
nation of the surface "active" hydrogens. Thus methylmagnesium, 
CH3MgI,6" trimethylaluminum,6b'c ethyllithium,6c and di-
methylzinc,6d for example, are reported to react quantitatively with 
the surface protons of silica. The observed reactivity involves the 
grafting of the organometallic fragment via either one or two 
surface oxygens, depending upon the degree of dehydroxylation 
of the surface.7 Owing to their relative inertness, the reactivity 
of tin alkyl complexes was relatively less studied and the surface 
species were so far only poorly characterized.8 

We report here the results concerning the low-temperature 
reactivity of tetraalkyltin complexes, SnR4 (R = Me, Et, /-Pr, 
n-Bu), and Bu3SnH toward the surface of a high-specific-area 
silica. 

Experimental Section 

Reagents. The tetraalkyltin complexes, SnBu4 (from Merck), SnEt4 
(from Janssen), SnMe4 (from Aldrich), Sn(Z-Pr)4 (from Strem), and 
Bu3SnH (from Strem) were used as received. Silica (Aerosil from De-
gussa, 200 m2/g) was treated under vacuum (IO"5 Torr, 14 h) at re
spectively 200 0C (SiO2(200)) and 500 0C (SiO2(500)). 

Sample Preparation. All preparations were performed under strict 
exclusion of air, using standard break and seal Pyrex glassware. 

The tin complexes were introduced via a syringe onto the surface of 
the silica, previously dehydroxylated in situ under vacuum (IO"4 Torr) 
at the desired temperature. The amount of complex introduced was 
usually lower than the number of estimated surface OH groups: the 
presence of excess unreacted complex was thus avoided. A typical sample 
was thus prepared by introducing ca. SO iiL of SnBu4 onto 1 g of silica. 

The surface reactions were followed by in situ infrared spectroscopy 
and gas-phase analysis (volumetry, GC). The resulting solids were 
characterized by solid-state '3C and "9Sn MAS NMR spectroscopy. The 
tin content, determined by elemental analysis, was between 0.5 and 6 wt 
%. 

Physical Measurements. IR spectra were recorded on a NICOLET 
10-MX FT spectrometer. The cell used for in situ measurements was 
previously described.' 

MAS NMR spectra were recorded on a BRUKER MSL-300 spec
trometer, operating at 75.47 MHz for '3C and 111.9 MHz for ' "Sn and 
equipped with a double bearing probe, allowing spinning frequencies of 
3-4 kHz. The samples were introduced into the rotors, made of zirconia, 
under nitrogen in a glovebox, and the rotors were tightly closed. For 13C, 
spectra were recorded by using cross polarization (contact time = 5 ms, 
duration time for obtaining the 90° pulse = 6.2 n$). The delay between 
the scans was 5 s, allowing a complete relaxation of the 13C nuclei. 
Typically, 500-12000 scans were accumulated, depending on the carbon 
amount of the sample. Adamantane was used as an internal reference, 
and the chemical shifts are given relative to TMS. The '"Sn MAS 
NMR spectra were recorded by using a single-pulse sequence; the delay 
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(8) (a) Karasev, A. N.; Polak, L. S.; Shlikhter, E. B.; Shpinel, V. S. Kinet. 
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Figure 1. Infrared spectrum in the 4000-2500-cm"1 region of (a) 
SiO2(SOO); (b) sample a after introduction of SnBu4 at room tempera
ture; and (c) sample b after vacuum treatment at 100 0C (7 h). 

between pulses was 5 s, and 500-12000 scans were accumulated. The 
chemical shifts are given relative to external SnMe4 (with the IUPAC 
convention of the chemical shifts: higher values for higher frequencies). 

Synthesis of Tributyl(tris(phenyl)siloxy)tin. Bu3(Ph3SiO)Sn was 
prepared by reaction between Bu3SnH and Ph3SiOH: 

Ph3SiOH + Bu3SnH — (Ph3SiO)Bu3Sn + H2 

Bu3SnH (200 nL, 7.4 X IO"4 mol) was injected through a septum into 
a closed vessel containing freshly sublimed Ph3SiOH (278 mg, IO"3 mol) 
under vacuum. The system was maintained at 100 0C for 13 h. Analysis 
of the gas phase revealed the formation of H2 (6.3 X IO"4 mol). Yield: 
85%. The crude product was identified by its 13C and 119Sn spectra: 13C 
(ppm, CDCl3) 16.5 (CJ, 13.7 (C{), 27.8 (C^), 27.1 (C7);

 119Sn (ppm, 
CDCl3) 94. 

Results 
Reactivity of Tetraalkyltin Complexes toward Silica. A. Silica 

Dehydroxylated at 500 0C. (i) Reactivity of Tetrabutyltin. When 
a small amount of SnBu4 is brought into contact at room tem
perature with a sample of SiO2(500), no evolution of hydrocarbons 
(butane or any lower hydrocarbon) is detected in the gas phase. 
When the same experiment is performed in an infrared cell, the 
following modifications of the vibrational spectrum of the starting 
silica (Figure la) are observed: a strong, moderately broad band 
(Figure lb) appears at 3697 cm"1 while the intensity of the band 
characteristic of free silanol groups7 at 3747 cm"1 decreases. 
Simultaneously, the bands typical of butyl ligands at 2958 cm"1 

(Va8(CH3)), 2924 cm"1 MCH 2 ) ) , 2872 cm"1 (K8(CH3)), 2855 cm"1 

(V8(CH2)), 1465 cm"1 (8(CH2), 6(CH3)), and 1376 cm"1 (5(CH3)) 
are observed. All these new bands disappear after evacuation at 
100 0C (7 h, 10"" Torr), while the intensity of the band corre-
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Table I. 13C and "'Sn NMR Shifts for Some Tin Alkyl Complexes Supported on Silica and Related Model Compounds 

compound 

SnBu4
6 

SnBu4/SiO2(200) 
SnBu4/SiO2(500) 
SnBu4/SiO2(200) 
SnBu4/SiO2(500) 
Sn(i-Pr)/ 
Sn(;-Pr)4/SiO2(500) 
Sn(i-Pr)4/SiO2(200) 
Sn(i-Pr)4/SiO2(500) 
SnEt4" 
SnEt4/SiO2(500) 
SnEt4/SiO2(200) 
SnEt4/SiO2(500) 
SnMe4* 
SnMe4/SiO2(500) 
SnMe4/SiO2(200) 
SnMe4/SiO2(500) 
Bu3SnH* 
Bu3SnH/SiO2(200) 
Bu3SnH/SiO2(500) 
Bu3SnOMe 
Bu3SnOSiPh3" 
Me3SnOMe 

7"(0C) 

25 
25 

150 
150 

25 
150 
150 

25 
160 
160 

25 
180 
180 

100 
100 

wt %Sn 

1.12 
1.85 
6.22 
4.92 

2.52 
2.46 
2.57 

1.50 
1.51 
2.62 

0.47 
2.23 
0.47 

4.14 
4.81 

c„ 
9.1 
7.8 
7.8 

15.2 
15.1 
13.9 
13.4 
18.8 
18.6 
-0.4 
-1.2 

5.5 
5.3 

-9.6 
-13 

-7.9 
-7.8 

8.3 
15.2 
15.2 
14.1 
16.5 
-5.7 

13C NMR 5 (ppm) 

C? 
29.6 
28.6 
28.5 
26.9 
26.8 
22.4 
21.5 
20.2 
19.9 
11.0 
10.0 

30.2 
26.7 
26.7 
28.4 
27.8 

c, 
27.6 
26.7 
26.6 
26.9 
26.8 

27.3 
26.7 
26.7 
27.4 
27.1 

C6 

13.7 
12.2 
12.6 
13.0 
12.8 

13.7 
12.9 
13.0 
13.7 
13.7 

C/ 

11.3 
11.3 

17.5 
17.2 

6.8 
6.6 

11.3 
11.3 

"9SnNMR 
S (ppm) 

-13 
-13 
-13 
103 
106 
-44 
-42 

nd 
34 

1 
2 

95 
98 

0 
0 

nd 
136 
-83 
102 
105 
83 
94 

129 

ref 

10 
this work 
this work 
this work 
this work 
this work 
this work 
this work 
this work 
10 
this work 
this work 
this work 
10 
this work 
this work 
this work 
10 
this work 
this work 
10, 11 
this work 
12,28 

"Temperature of treatment under vacuum of the sample. 'Neat liquid. fIn CDCl3.
 dx = S (precursor: SnBu4 or Bu3SnH), 0 (SnEt4 or 

Sn(I-Pr)4), a (SnMe4). 
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Figure 2. 13C NMR spectra of SnBu4/SiO2(500) (a) after interaction 
at 25 0C and (b and c) after treatment at 150 0C (7 h): (b) wt % Sn 
= 0.5; (c) wt % Sn = 4.9. 

sponding to the free silanol groups is almost entirely restored 
(Figure Ic). The 13C MAS NMR spectrum of a sample prepared 

SO 100 ISO 200 

Temperature ('C) 

Figure 3. Gas-phase analysis during the thermal treatment of SnR4/ 
SiO2(500) (R = Me (D), Et (*), i-Pr (+), n-Bu (•)). 

under similar conditions presents peaks at 28.5, 26.6, 12.6, and 
7.8 ppm, which can be assigned to the /3-, y-, S-, and a-C atoms 
of the butyl ligands, by comparison with the 13C NMR spectrum 
of pure SnBu4.

10 These peaks are very narrow, suggesting the 
presence of liquid-phase-like SnBu4 (Figure 2a). AU these data 
indicate that, between 25 and 100 0C, SnBu4 is simply reversibly 
adsorbed on the surface of silica. 

When the temperature of the system is raised, the evolution 
of only n-butane is observed; between 100 and 150 0C, ca. 1 mol 
of butane per mol of surface Sn (0.94 mol of C4H10/mol of grafted 
Sn) is evolved (Figure 3). In this temperature range, pure SnBu4 
is stable, so that the butane evolution can be reasonably correlated 
to a surface reaction. The grafted complex(es) formed is(are) 
stable up to 200 0C, allowing complete characterization. Three 
peaks are observed on the 13C MAS NMR spectrum of a sample 
prepared under similar conditions (0.5 wt % Sn) at 26.8, 15.1, 
and 11.3 ppm, respectively (Figure 2b). The peak at 26.8 ppm 
can reasonably be assigned to the /8- and -y-C of the butyl ligands 
(Table I). The peak at 15.1 ppm is attributed to the a-C, since 
a shift to lower fields (when compared to that for SnBu4) is 
observed in molecular analogues when one butyl ligand is sub
stituted for an alkoxy ligand10 (Table I). The third peak at 11.3 
ppm may thus reasonably be assigned to the 5-C, but is at fields 

(10) Mitchell, T. N. J. Organomet. Chem. 1973, 59, 189. 
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Figure 4. 119Sn MAS NMR spectra of (a) Sn(i-Pr)4/SiO2(500) after 
treatment under vacuum at 150 0C (8 h) and (b) Sn(Et)4/SiO2(500) 
after treatment under vacuum at 160 0C (7 h). (* rotational bands). 

higher than expected from comparison with model compounds1011 

(see Table I), suggesting that this methyl group is involved in some 
kind of interaction with the silica surface. 

When the amount of tin grafted on the surface is raised (wt 
% Sn = 4.8), the 13C NMR spectrum (Figure 2c) presents a new 
peak at 12.8 ppm, which is much closer to the expected chemical 
shift for the S-C (Table I). This suggests that the interaction 
observed at low tin coverage is partially removed at higher coverage 
of the surface. The ' 19Sn MAS NMR spectrum of this sample 
presents two peaks at -13 and 106 ppm. The first one corresponds 
to the presence of trace amounts of free SnBu4 whereas the second 
one is likely due to a well-defined surface tin complex. 

(U) Reactivity of Tetraisopropyltin. When a small amount of 
Sn(J-Pr)4 is put into contact at room temperature with the surface 
of SiO2(500), no gas evolution is detected. The 13C MAS NMR 
spectrum of the resulting solid presents two peaks, which compare 
well with those of the solution spectrum of Sn(I-Pr)4 (Table I). 

When the temperature of the system is progressively raised, 
evolution of propane is detected above ca. 100 0C: thus, between 
100 and 150 0 C, ca. 1 mol of propane per mol of surface tin is 
evolved (Figure 3). The system is then thermally stable up to 200 
0C. The 13C MAS NMR spectrum of a similar sample resulting 
from a thermal treatment at 150 0C presents three peaks, which 
can be easily assigned (Table I). Occurrence of the third peak 
at 17.2 ppm indicates that some methyl groups are interacting 
with surface silanol groups. The downfield chemical shift of the 
a-C suggests the substitution of an isopropyl ligand by an alk-
oxy-type ligand in the coordination sphere of tin. This hypothesis 
is confirmed by the presence, in the ' 19Sn NMR spectrum of the 
same sample, of a peak at 34 ppm (Figure 4a). (A second narrow 
peak at -42 ppm may be due to trace amounts of unreacted 
Sn(Z-Pr)4, not detectable in the 13C NMR spectrum.) This 

(11) Smith, P. J.; White, R. F. M.; Smith, L. J. Organomet. Chem. 1972, 
40, 341. 

(12) Kennedy, J. D. J. Chem. Soc, Perkin Trans. Il 1977, 242. 
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Figure 5. Infrared spectrum in the 4000-2500-cm"1 region of (a) a disk 
of SiO2(500); (b) sample a after introduction OfSnEt4 at 25 0C; (c) the 
gas phase over sample b; and (d) sample b after treatment at 200 0C, 
16 h, followed by evacuation at 100 0C, 3 h. Inset: enlargement in the 
3100-2800-cnr1 region of spectrum d. 

chemical shift displacement (80 ppm) is comparable to the one 
observed previously and attributed to alkyl/alkoxy substitution. 
Elemental analysis of the solid confirms the presence of three C3 

ligands per surface tin (%C 2.65, %Sn 2.57, C/Sn 9.9). 
(Ui) Reactivity of Tetraethyltin. Because SnEt4 has a reasonably 

high vapor pressure at room temperature (which is not the case 
for SnBu4 and Sn(I-Pr)4), the reaction between this complex and 
the surface of SiO2(500) can be easily followed by in situ IR 
spectroscopy. The spectral modifications, in the 4000-1200-cm"1 

region, observed when SnEt4 is put in contact with a disk of 
SiO2(500) at room temperature are very similar to those already 
described in the case of SnBu4/SiO2(500). In the gas phase, only 
the spectrum of SnEt4 is observed, with a low intensity (Figure 
5c). Analysis of the gas phase above a larger sample (1 g) 
prepared under similar conditions reveals no presence of any 
hydrocarbon (ethane...). Finally, all the new IR features observed 
when SnEt4 is put into contact with SiO2(500) are totally removed 
after evacuation at room temperature. 

When the temperature of the system is raised above 100 0 C, 
ethane is liberated as the only detectable hydrocarbon (Figure 
3). The evolution of ethane reaches a value of ca. 1 mol/mol of 
surface Sn at 160 0C. Only a minor amount of C2H4 is formed 
at this temperature (<0.01 mol/mol of surface Sn). The IR 
spectrum of the corresponding surface species (Figure 5d) is 
characterized by the moderately intense v(C-H) vibrational bands. 
The 13C MAS NMR spectrum of a similar sample reveals two 
peaks (Table I): their chemical shifts exhibit values in agreement 
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Figure 6. Gas-phase analysis during the thermal treatment of SnR4/ 
SiO2(200) (R = Me (D), Et (*), i-Pr (+), n-Bu (•)). 

respectively with siloxy substitution of one alkyl ligand and the 
interaction between the terminal methyl group and the surface 
hydroxyl groups. Only one signal is observed on the "9Sn MAS 
NMR spectrum at 98 ppm, suggesting total consumption OfSnEt4 

and the occurrence of only one major Sn environment on the 
surface (Table I, Figure 4b). Elemental analysis of this same 
sample confirms the presence of ca. three ethyl ligands per surface 
tin (%C 1.52, %Sn 2.6, C/Sn 5.7). 

(iv) Reactivity of Tetramethyltin. The type of interaction ob
served at room temperature and the nature of the first chemical 
reaction occurring between tetramethyltin, SnMe4, and the surface 
of SiO2(500) are similar, according to IR and 13C and 119Sn MAS 
NMR spectral data, to those previously described for SnR4 (R 
= Bu, /-Pr, Et) complexes. Thus, at room temperature, the 
intensity of the K(OH) band at 3747 cm"1 decreases and a band 
appears at 3697 cm"1. Simultaneously, the KC-H) bands of the 
methyl ligands are observed at 3048,2986, and 2919 cm"1. When 
the temperature is gradually raised, the intensity of the band at 
3697 cm*1 decreases, and the band vanishes at 200 0C; but si
multaneously, no isolated free silanol groups are restored. Methane 
is detected in the gas phase (v(C-H) at 3017 cm"1). Quantitative 
analysis of the gas phase above a similar sample (1 g) reveals the 
liberation of 1.1 mol of CH4/mol of surface tin between 100 and 
200 0C. The spectrum of the solid presents J- (C-H) bands at 2992, 
2964, and 2925 cm"1. The related 13C NMR spectrum presents 
one major peak at -7.8 ppm, i.e. a value shifted to lower fields 
when compared to that for the precursor SnMe4 (-9.6 ppm). A 
weak peak at -5.3 ppm could arise from a small amount of a 
species such as (^SiO)2SnMe2.13 The ' 19Sn MAS NMR spec
trum confirms the presence of surface Sn in one major environ
ment: only one peak is observed at 136 ppm (Table I). 

B. Silica Dehydroxylated at 200 0C. We will not describe here 
every detail of the experiments, but rather will emphasize the 
differences which may be related to the degree of dehydroxylation 
of the silica surface. 

(i) Reactivity of Tetrabutyltin. When SnBu4 is put into contact 
with silica(200), the number of free silanol groups decreases 
(lowering the intensity of the band at 3747 cm"1) and a new type 
of surface OH groups appears, characterized by a broad band at 
3697 cm"1; at the same time, the i>(C-H) and 8(CHx) bands typical 
of the butyl ligands appear. Simultaneously, no hydrocarbon 
(butane...) is detected in the gas phase. 

A reaction takes place above ca. 70 0C, liberating butane as 
the only hydrocarbon (Figure 6). Butane is progressively evolved 
between 70 and 200 0C, suggesting that no well-defined unique 
surface species is formed or stable in this temperature range. The 
13C MAS NMR spectrum of a similar sample treated at 150 0 C 
(i.e. when ca. 1 mol of butane is evolved) presents 4 peaks at 26.9, 
15.2, 13.0, and 11.3 ppm, which compare to those observed 

(13) Nedez, C; Theolier, A.; Lefebvre, F.; Choplin, A.; Basset, J. M. To 
be published. 
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Figure 7. 13C MAS NMR spectra of (a) SnBu4/SiO2(200) after treat
ment at 150 0C, 7 h; (b) sample a recorded at 50 0C; and (c) sample a 
recorded at 80 0C. 

previously for the species obtained at the same temperature on 
SiO2(500). This spectrum is temperature dependent (Figure 7). 
At 50 0C, all peaks become sharper so that the /S- and y-C peaks 
at 27.2 and 26.2 ppm are now better resolved; the a-C peak is 
slightly shifted toward lower fields (15.9 ppm). Most interestingly, 
the intensity of the peak at 11.3 ppm decreases, while the intensity 
of a peak near 13 ppm (Ca) increases. At 80 0C, in this latter 
region, only the peak at 13 ppm is observed. These changes are 
reversible. These data suggest the occurrence, at room temper
ature, of a weak interaction between the terminal methyl group 
of butyl ligands and the surface of silica; this interaction would 
be suppressed at higher temperatures. 

The "9Sn MAS NMR spectrum, recorded at room temperature, 
presents only one peak at 101 ppm, which compares well with the 
peak observed under similar conditions for SnBu4/SiO2(500) (the 
presence of a small narrow peak at -13 ppm is probably due to 
a trace amount of unreacted SnBu4). 

(U) Reactivity of Tetraisopropyltin. Similar behavior is observed 
in the case of Sn(i'-Pr)4/SiO2(200). Propane is continuously 
evolved between 50 and 200 0 C (Figure 6), reaching a value of 
1 mol of propane/mol of surface Sn at 150 0 C. The 13C NMR 
spectrum of a similar sample treated at 150 0 C presents three 
peaks, which compare well with those in the spectrum of Sn(i-
Pr)4/SiO2(500) under similar conditions, thus suggesting the 
presence of the same major species at this temperature. 

(iii) Reactivity of Tetraethyltin. The behavior of the system 
SnEt4/SiO2(200) as a function of temperature is similar to that 
described for SnBu4/SiO2(500). Ethane is the only hydrocarbon 
evolved between 50 and 200 0 C. Apparently no well-defined 
unique, thermally stable, surface complex is formed in this range 
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Figure 8. Infrared spectrum in the 4000-1300-crrf' region of (a) a disk 
of SiO2(SOO); (b) sample a after introduction of Bu3SnH; and (c) sample 
b after 24 h at room temperature. 

of temperature, as the continuous evolution of ethane suggests 
(Figure 6). Nevertheless, 1 mol of ethane is evolved at 160 0C; 
at this temperature, analysis of the sample by 13C MAS NMR 
spectroscopy reveals the presence of two peaks at 6.8 and 5.5 ppm, 
confirming the presence of a surface species similar to that already 
observed on SiO2(500) (Table I). The ' 19Sn NMR spectra of the 
same sample presents only one peak at 95 ppm, suggesting the 
presence of the same surface complex as observed on SiO2(500) 
under similar experimental conditions. 

(iv) Reactivity of Tetramethyltin. The introduction of a small 
amount of SnMe4 on SiO2(200) leads to the same experimental 
observations (IR and NMR data) as previously described (Table 
I), suggesting a very similar reactivity. It is worth mentioning 
here that the type of interaction revealed by the presence of a band 
at 3697 cm'1 and occurring at room temperature disappears after 
reaction at temperatures near 200 0C. Only methane is detected 
in the gas phase, when the temperature of the system is pro
gressively raised, reaching a value of ca. 1 mol of CH4/mol of 
surface Sn near 200 0 C (Figure 6). 

Reactivity of Hydridorributyltin with Silica. A. Silica Dehy
droxylated at 500 0C. When Bu3SnH is put into contact with 
a disk of silica(500), the IR spectrum of the solid presents the 
bands typical of e(C-H), 6(C-H), and v(Sn-H) of the precursor 
complex14 (Figure 8). In addition, the intensity of the x(OH) 
band at 3747 cm"1, corresponding to the free surface silanol groups, 
decreases sharply while two moderately broad bands appear at 
3697 and 3600 cm-1. These two bands can be assigned to O-H 
stretching vibrations, shifted toward lower frequencies by hy
drogen-type bonding. The first one compares well with that 

(14) (a) Sawyer, A. K.; Brown, J. J. Organomet. Chem. 1966, 5, 438. (b) 
Maddox, M. L. J. Organomet. Chem. 1965, 4, 50. (c) Kawakami, K. J. 
Organomet. Chem. 1967, 8, 377. 
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Figure 9. Variation of the intensity of the (Sn-H) and (C-H) bands 
during the interaction, at room temperature, of Bu3SnH with SiO2(SOO) 
(•) and SiO2(200) (+) as a function of time. 

reported in the case of the tetraalkyltin complexes, while the second 
one might be correlated to the presence, in this case, of a Sn-H 
bond. The IR spectrum changes as a function of time; the intensity 
of the v(Sn-H) band at 1809 cm"1 decreases and a shoulder is 
observed at 1784 cm"1, while the intensities of the v(C-H) and 
S(C-H) bands remain practically constant (Figures 8 and 9). The 
intensity of the v(0-H) band at 3600 cm"1 decreases as that of 
the v(Sn-H) decreases: both bands vanish at the same time, 
suggesting that they are correlated. When the same experiment 
is performed on a larger sample, the evolution of only molecular 
hydrogen is detected in the gas phase. Total disappearance of 
the i»(Sn-H) band and the absence of any further H2 or hydro
carbon evolution after ca. 24 h indicate completeness of the re
action. When a large sample is used, a temperature of 100 0 C 
is needed to reach equilibrium in a reasonable time, probably 
because of mass transfer problems: 0.96 mol of H2/mol of surface 
Sn is then evolved. The 13C and 119Sn MAS NMR spectra of a 
sample taken after reaction completion are identical to the spectra 
of a sample of SnBu4/SiO2(500) after treatment at 150 0C (Table 
I), suggesting the formation of the same surface complex (a small 
narrow peak at -83 ppm (119Sn) indicates the presence of trace 
amounts of unreacted Bu3SnH). 

C. Silica Dehydroxylated at 200 0C. The interaction and then 
the reaction between Bu3SnH and the surface of a silica partially 
dehydroxylated at 200 0 C are similar to what was observed on 
SiO2(500), as evidenced by infrared spectroscopy (Figure 9). At 
room temperature, only molecular H2 is liberated (0.98 mol of 
H2/mol of surface Sn), indicating the formation of only one surface 
species. This is further confirmed by 13C and 119Sn MAS NMR 
spectroscopy (Table I). 

Discussion 
The nature of the interaction of tetraalkyl- or hydridotrialkyltin 

complexes with the surface of partially dehydroxylated silica is 
a function of temperature. Two distinct steps are evidenced here. 
A weak reversible interaction takes place at room temperature, 
leaving the complex intact. A chemical reaction takes place above 
100 0C, as a result of the substitution of an alkyl or an hydrido 
ligand by a surface siloxy ligand and leading to the grafting of 
an R3Sn moiety to the surface of silica via a (>SiO)-(SnR3) 
covalent bond. We will discuss these two steps in some detail. 

Physisorption. Whatever the nature of the alkyl ligands R 
studied here (R = Bu, Et, i-Pr, Me), the occurrence of a weak, 
reversible interaction between the tin complexes and the surface 
silanol groups is evidenced by IR spectroscopy (appearance of a 
moderately broad band at 3697 cm"1). Such a low-frequency shift 
can be explained by the participation of the free doublet of a 
surface oxygen atom in a new bond which could be either a 
donor-acceptor bond or a hydrogen-type bond. In the first case, 
Sn(IV) would act as a Lewis acid center via its empty d orbitals. 
In the second case, a hydrogen-type bond would involve a C-H 
bond of the alkyl ligands and the oxygen doublet. The first 
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hypothesis seems unlikely, since Sn(IV) behaves generally as a 
rather weak Lewis acid, whose acidity needs to be enhanced by 
electron-withdrawing ligands, such as Cl and O.15 The only 
examples of coordination of an oxygen atom to a tetraalkyltin 
complex have been recently reported and involve intramolecular 
coordination of a carboxylic or an alcoholic oxygen, in the solid 
state.16 Finally, the observed ' 19Sn NMR spectrum is very close 
to that of the precursor SnR4 complex: an upfield shift would 
have been expected if pentacoordination of a silanol or siloxy bridge 
would have occurred.17 The second hypothesis, i.e. formation 
of hydrogen-type bonds, is supported by the following data. The 
low-frequency shift of the OH vibration is exactly the same when 
hexane18 or cyclooctane19 is introduced on a silica surface. Al
though the "classical" hydrogen-bonding groups are not present 
here, this type of bonding, C-H-O-, is well documented in organic 
crystals2021 and has also been invoked to explain the ordering of 
alkylidyne and CO molecules when coadsorbed on Pt(IIl).22 

That the phenomenon observed here involves the alkyl ligands 
is also corroborated by the fact that it is still observed when the 
tin complexes are chemisorbed (vide infra), but only as long as 
free silanol groups are available (i.e. at low tin coverage) and when 
the alkyl chain length is sufficient. Thus, this interaction is 
suppressed for grafted SnMe4, i.e. >SiO-SnMe3. This interaction 
seems to concern only the terminal methyl group of the alkyl 
ligands, as evidenced by '3C NMR data, which may be explained 
by steric reasons. 

This hydrogen bond type interaction is rather weak, as expected 
for hydrogen bonds of this nature:17 it is released when the 
temperature is slightly increased, as evidenced by 13C NMR 
spectroscopy of ^SiOSnBu3 at ca. 80 0C. The precise nature of 
these "hydrogen-bonds" is not very clear; as C-H bonds of alkanes 
are weakly polarized, C+-H", it is possible that the more polarized 
surface silanol groups are able to induce the reverse polarization, 
C-H+, necessary to account for further hydrogen bonding.23 The 
propensity of alkyl chains to interact with the surface of silica 
has also been evidenced in the case of alkylsilyl silicas and ex
plained by only van der Waals type interactions, easily removed 
in the presence of a solvent or by steric crowding (high surface 
coverage).24 

In the case of the hydridotributyltin complex, IR spectroscopic 
data (appearance of two broad shoulders at 3698 cm'1 and near 
3600 cm-1, respectively) suggest that the same type of interaction 
is also occurring when this complex is in contact with a silica 
surface: a hydrogen bond between the butyl ligand (via the 
terminal methyl group) and the surface silanols and a second one, 
slightly stronger, between Sn-H and the surface silanol groups. 
The occurrence of a weak band near 1784 cm"1, Le. shifted toward 
lower frequencies by about 25 cm"1, may be related to the expected 
Sn-H bond weakening. This latter interaction is totally suppressed 
once the H ligands are consumed by reaction with the silica surface 
(see Bu3SnH/SiO2(500)). 

Chemisorption. No chemical reaction between any of the 
tetraalkyltin complexes studied and silica occurs at temperatures 
below ca. 100 0C, as suggested by the absence of evolution of any 
hydrocarbon (butane, propane, ethane, and methane, respectively) 
in the gas phase. The release of hydrocarbon above 100 0C cannot 

(15) Davies, A. G.; Smith, P. J. In Comprehensive Organometallic 
Chemistry, Wilkinson, G., Stone, F. G. A., Abel, E. W., Eds.; Pergamon: 
Oxford, England, 1982; p 530. 

(16) (a) Jousseaume, B.; Villeneuve, P.; DrSger, M.; Roller, S.; Chezeau, 
J. M. J. Organomet. Chem. 1988, 349, C1-C3. (b) Pan, H.; Willem, R.; 
Meunier-Piret, J.; Gielen, J. Organometallics 1990, 9, 2199. 

(17) Nadvornik, M.; Holecek, J.; Handlir, K.; Licka, A. J. Organomet. 
Chem. 1984, 275, 43. 

(18) Kazanskyi, V. B.; Kustov, L. M.; Borovkov, V. Yu. Zeolites 1983, 3, 
77. 

(19) Quignard, F. Personal communication. 
(20) Desiraju, G. R. Ace. Chem. Res. 1991, 24, 290. 
(21) Taylor, R.; Kennard, O. / . Am. Chem. Soc. 1982, 104, 5063. 
(22) Blackman, G. S.; Kao, C. T.; Beny, B. E.; Mate, C. M.; van Howe, 

M. A.; Somorjai, G. A. Surf. Sci. 1988, 207, 66. 
(23) Wiberg, K. B.; Waldron, R. F.; Schulte, G.; Saunders, M. J. Am. 

Chem. Soc. 1991, 113, 971. 
(24) Zeigler, R. C; Maciel, G. E. J. Am. Chem. Soc. 1991, 113, 6349. 

Scheme I 

be related to thermal decomposition of SnR4 complexes. It is 
correlated to significant changes in the IR and 13C and "9Sn MAS 
NMR spectra. These latter are typical of tris(alkyl)alkoxytin 
complexes (Table I). All these data agree with the occurrence 
of the following reaction on the surface of silica: 

>Si-OH + SnR4 — >SiO-SnR3 + R-H (1) 

R = Me, Et, /-Pr, n-Bu 

Elemental analysis (C,Sn) is in agreement with this formulation 
of the surface complex. Reaction 1 is well documented in mo
lecular chemistry; the mechanism involves an electrophilic attack 
by the weak Bronsted acidic surface silanol groups. 

The 119Sn MAS NMR spectral data suggest that Sn remains 
essentially tetracoordinated on the surface; in all cases, the 
chemical shifts observed are indeed very close to the values 
generally attributed to tetracoordinated Sn in molecular model 
compounds (Table I), but very far from values indicative of 
pentacoordinated complexes.12 Moreover, when the same reaction 
is performed on the surface of alumina, the 119Sn spectra present 
numerous peaks, indicative of Sn in two major environments on 
the surface, characterized by tetra- and pentacoordination.25 

The same hydrogen-type bonding as previously described (vide 
supra) occurs between H atoms of the alkyl ligands and surface 
O atoms. That only the H atoms of the terminal methyl groups 
and mainly the surface silanol groups are involved is indicated 
by the 13C NMR and the IR data (v(OH)). This interaction is 
not observed when R = Me; the distances between the concerned 
atoms are certainly not favorable. Finally, this kind of interaction 
is released either when the surface concentration of tin complexes 
is increased or when the temperature of the solid is slightly in
creased (>80 0C). 

Reaction 1 takes place at a temperature which seems to be 
somehow dependent upon the nature of the alkyl ligands: the 
shorter the hydrocarbon ligand, the higher the temperature 
necessary for reaction to occur (Figures 3 and 5). This is 
unexpected according to the well-known solution chemistry,26 but 
it may be related to the difference in the partial vapor pressures 
of the different tin complexes, under our reaction conditions: 
tetrabutyltin is a liquid with almost no vapor pressure, while 
tetramethyltin is gaseous. Thus, one compares a liquid/solid 
reaction to a gas/solid reaction. 

The surface reactivity depends upon the degree of dehydrox-
ylation of the surface of silica; on silica(500), the reaction leads 
to essentially one well-defined surface complex, whose thermal 
stability domain is sufficient to allow its full characterization 
(Figure 3). On the other hand, on SiO2(200), the evolution of 
alkane is continuous, indicating that the first formed complex has 
only a limited thermal stability. These different behaviors must 
be related to the presence of neighboring OH groups in the latter 
case. The number of geminal and vicinal surface OH groups 
capable of reacting with one Sn center is higher in the case of 

(25) Nedez, C. Ph.D. Thesis, University Lyon-!, France, 1992. 
(26) See for example: Greenwood, N. N.; Earnshaw, A.; Chemistry of The 

Elements; Pergamon Press: Oxford, England, 1984; p 461. 
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SiO2(200) than for SiO2(500).724 

The same surface species, >SiOSnR3, is obtained already at 
ambient temperature by reaction 2 between Bu3SnH and the 
silanol groups, suggesting that a Sn-H bond is more reactive 
toward silanol groups than a Sn-C bond. The thermal stability 

>SiOH + HSnBu3 — ^SiO-SnBu3 + H2 (2) 

of these surface grafted trialkyltin complexes is slightly higher 
on the surface of a silica dehydroxylated at 500 0C than on a more 
hydroxylated surface, such as SiO2(200) for example. On the 
latter surface, reaction with neighboring available OH groups takes 
place.13 The overall reactivity of SnR4 and HSnR3 complexes 
is summarized in Scheme I. 

Conclusion 
The reaction between a number of tetraalkyltin or hydrido-

tributyltin complexes and the surface of partially dehydroxylated 

Introduction 
Silver catalysts are used for the industrial epoxidation of 

ethylene to ethylene epoxide. Although much is still not known 
about this industrially significant reaction, the behavior of oxygen 
on Ag(110) is quite well understood. Atomic oxygen behaves as 
a Bronsted base, exemplified in the observed acid-base reaction 
of atomic oxygen and adsorbed formic acid:1 

HCOOH(a) + 0 ( a ) — H0 ( a ) + HCOO(a) (1) 

Adsorbed atomic oxygen also behaves as a nucleophile, attacking 
electron-deficient carbon centers, as in the observed reaction of 
atomic oxygen and formaldehyde:1 

H2CO(a) + O00 -* H2C02(a ) (2) 

The fact that oxygen behaves both as a Bronsted base and as a 
nucleophile implies that adsorbed oxygen is partly anionic. Ex
perimental and theoretical evidence confirms this observation.2"4 

Reactions on Ag(110) of oxygen with unsaturated hydrocarbons 
can be classified as C-H bond activation, C = C epoxidation, and 
cycloaddition. Although C-H bond activation by 0 ( a ) has been 
known for some time, epoxidation reactions by this species were 
confirmed only recently with the epoxidation of both norbornene 
to norbornene epoxide5 and 3,3-dimethyl-l-butene to 3,3-di-
methyl-1-butene epoxide.6 Even more recently, Roberts et al. 
observed the cycloaddition of 1,3-butadiene with 0 ( a ) to form 
2,5-dihydrofuran.7 

The activation of C-H bonds by atomic oxygen on silver is 
governed by the gas-phase acidity or heterolytic bond dissociation 
enthalpy (AJ/acJd), determined by the following gas-phase reaction: 

•To whom correspondence should be addressed. 

silica leads to the clean formation of the related trialkyltin surface 
complexes, >SiOSnR3, with liberation of 1 mol of alkane or 1 
mol of H2, respectively, per mol of surface tin. The alkyl ligands 
are interacting with the surface silanol groups via hydrogen-type 
bonds. This interaction occurs when surface hydroxyl groups are 
available and accessible, when the hydrocarbon chain length is 
sufficient, and when the temperature is lower than 80 0C. These 
surface organometallic SnR3 fragments are stable up to at least 
200 0C, when the surface of silica was previously dehydroxylated 
at 500 0C. This described chemistry has recently been extrap
olated to the external surface of a mordenite: the SnR3 entities 
are able to induce new shape selective properties for the zeolite.27 

(27) Nedez, C; Theolier, A.; Choplin, A.; Basset, J. M.; JoIy, J. F.; Be-
nazzi, E. To be published. 

(28) Bishop, M. E.; Schaeffer, C. D.; Zuckerman, J. J. J. Organomet. 
Chem. 1975, 101, C19. 

R-H -* R+ + H- (AH = Affacid) (3) 

If the heterolytic bond dissociation enthalpy of the conjugate base 
is less than that of water (A#acid = 395 kcal/mol), then the 
following acid-base reaction is expected to occur: 

BH(a) + O0 0- - B(1)" + HO0 0 (4) 

Hence, propylene (A#acid = 392 kcal/mol8) reacts with 0 ( a ) to 
form surface hydroxyl groups and, at higher temperatures, CO2 

and H2O; cyclohexene (A#acid = 387 kcal/mol9) reacts with 
surface oxygen to yield benzene.10 

Recently, 1-butene was observed to react with surface oxygen 
to yield butadiene, 2,5-dihydrofuran, furan, 2(5#)-furanone, and 
maleic anhydride." The following mechanism was proposed. 
First, 1-butene acidic C-H bond activation by 0 ( a ) leads to bu
tadiene formation. Butadiene and oxygen undergo 1,4-cyclo-
addition to form 2,5-dihydrofuran. 2,5-Dihydrofuran is acidic 

(1) Barteau, M. A.; Bowker, M.; Madix, R. J. Surf. Sci. 1980, 94, 303. 
(2) Madix, R. J.; Solomon, J. L.; Stohr, J. Surf. Sci. 1988, 197, L253. 
(3) Barteau, M. A.; Madix, R. J. J. Electron Spectrosc. Relat. Phenom. 

1983,5/, 101. 
(4) Wurth, W.; Stohr, J., unpublished results. 
(5) Roberts, J. T.; Madix, R. J. J. Am. Chem. Soc. 1988, 110, 8540. 
(6) Mukoid, C; Hawker, S.; Badyal, J. P. S.; Lambert, R. M. CaM/. Lett. 

1990, 4, 57. 
(7) Roberts, J. T.; Capote, A. J.; Madix, R. J. J. Am. Chem. Soc. 1991, 

113, 9848. 
(8) DePuy, C. H.; Bierbaum, V. M.; Damraurer, R. J. Am. Chem. Soc. 

1984, /0(5,4051. 
(9) Lee, R. E.; Squires, R. R. J. Am. Chem. Soc. 1986, 108, 5078. 
(10) Roberts, J. T.; Madix, R. J. Surf. Sci. 1990, 226, L71. 
(11) Roberts, J. T.; Capote, A. J.; Madix, R. J. Surf. Sci. 1991, 253, 13. 
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Abstract: TPRS, EELS, and isotope experiments show that furan reacts with active oxygen on Ag(110) to form CO2, H2O, 
and small amounts of the partially oxidized products maleic anhydride, bifuran, and benzene that evolve between 520 and 
560 K. The first step in furan combustion is C-H bond activation by 0 (a), followed by 0 ( a ) attack at the a-carbon at 308 
K. 180(a) experiments prove that maleic anhydride is formed via intermediates where the furan ring has been cleaved. This 
contrasts with mechanisms proposed for maleic anhydride production from furan over VPO catalysts. 
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