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Addition Reaction of Nitrones on the Reconstructed Si(100)-Z 1 Surface
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The reaction of nitroneN-methyl nitrone, and their hydroxylamine tautomers (vinyl-hydroxylamine and
N-methyl vinyl-hydroxylamine) on the reconstructed Si(100}-2 surface has been investigated by means

of hybrid density functional theory (B3LYP) and Mgller-Plesset second-order perturbation (MP2) methods.
The calculations predicted that both of the nitrones should react with the surface dimer via facile concerted
1,3-dipolar cycloaddition leading to 5-member-ring compounds. The reaction of hydroxylamine tautomers
on the Si(100) surface follows-complex (intermediate) mechanism. For the reactiomNahethyl vinyl-
hydroxylamine, ther-complex intermediate undergoesH2] cycloaddition leading to a 4-member-ring
compound. But in the reaction of vinyl-hydroxylamine, the intermediate undergoes H-migration reaction (“ene”
reaction) resulting in the oxime-terminated Si surface. All the surface reactions result in the hydroxyl-terminated
silicon surfaces, which are very useful for the further modification of the semiconductor.

1. Introduction SCHEME 1

The covalent attachment of organic molecules on silicon R\e/oe R\ /OH
surfaces have attracted particular interest not only for industrial N N
purposes but also for scientific interésg. Since the seminal | R=H CH
work reported by Chidsey and co-workers a decade ago, many PR X

methods for preparing a hybrid organisilicon system have
been developed involving wet chemical and ultrahigh-vacuum
(UHV) approacheg$:13 Among these, a promising approach is
the addition reaction of unsaturated organic compounds on the
Si(100) surface because of its simplicity in operation, mild
reaction conditions, and high selectivity. In the past decade, the
cycloaddition reactions of simple and conjugated alkene/alkyne
derivatives with the Si(100) surface have been extensively
studied!#~22 Most theoretical investigations revealed that the
[2+2] and [4+2] cycloadditions follow a stepwise mechanism
by means of ar-complex precursor and a diradical intermedi-
atel7a1822However, the study of 1,3-dipolar cycloaddition of
1,3-dipoles on the Si(100) surface is still very limited. Barrio-
canal et al. studied the 1,3-dipolar cycloaddition of nitromethane
on the Si(100) surfac®. Lu and co-workers investigated the
1,3-dipolar cycloadditions of a series of small 1,3-dipolar
molecules onto the C(100) surfate.

In fact, the 1,3-dipolar cycloaddition reaction is probably the
second most important cycloaddition reaction after the Biels
Alder reactions. In particular, the reaction of nitrones with
simple alkenes has received great attention in asymmetric
synthesis. One of the reasons is that contrary to the majority of
other 1,3-dipoles, most nitrones are stable compounds that do ]
not require in situ formation. On the other hand, in the 1,3- 2- Computational Method
dipolar cycloaddition reaction of nitrones up to three new
contiguous chiral centers can be formed and the adduct
(isoxazolidine) can be transformed into numerous attractive
building-block molecules.

On the native Si(100) surface, each surface silicon atom has
a “dangling bond” with one electron in each. Therefore, on
thermally reconstructed Si surface, the surface Si atoms can
easily pair into dimers with partial characteristic of double bond.
Because of the nonplanar geometry on the surface dimer; the
overlap in the surface dimer is poor and the silicon surface is
very reactive. Both experimental and theoretical studies revealed
that the surface dimer reacts with many kinds of unsaturated
organic compounds to form numerous addition prodicts.
The typical addition reactions are cycloaddition reactions of
[4+2] (Diels—Alder reaction) with conjugated dienes andZ|
with simple alkenes.

To explore a new type of surface reaction that can be used
to functionalize silicon surface, the present work makes an effort
to investigate the addition reactions of nitrones on the recon-
structed Si(100)-% 1 surface. Nitrones withi-hydrogen could
isomerize to their hydroxylamine tautomers (see Scheme 1),
which possess the reactive=C double bond. Therefore, the
reactions of hydroxylamine tautomers on the Si(100) surface
were studied also.

All calculations were carried out by using the Gaussian 98
program package. The geometric parameters of the reactants,
intermediates, and transition states were fully optimized at
UB3LYP/6-31G(d) level and confirmed by vibrational analysis.
On a potential energy surface, all optimized geometries cor-
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Figure 2. Possible reaction pathways. (a) 1,3-dipolar cycloaddition
iso-m-N of nitrone andN-methyl nitrone; (b) addition reaction of hydroxylamine
X tautomers.

Figure 1. Structures of nitrone (), N-methyl nitrone (m-N), and

their hydroxylamine tautomers vinyl-hydroxylamine (is@}Nand
N-methyl vinyl-hydroxylamine (iso-m-} calculated at UB3LYP/6- - *: J\J‘{
Ny . pY

31G(d) level. Lengths are in 0.1 nm and angles are in degrees.
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with a basis set of 6-31G(d) were performed at the UB3LYP/ 3-003: 3000 3.035, 2308 12.500

6-31G(d) optimized structures. 52.22¢
We employed SHi» cluster model to represent a dimer site }/ t ‘\ ‘/t

on the Si(100)-2x 1 surface, which has been widely used in Y : A :
the theoretical investigation of addition reaction on silicon '
surface!®18:22 v

3. Results and Discussions -13.0 -56.9 -107.0

The most commonly used substituent at the nitrogen atom
of nitrone is the phenylethyl group because it can be removed
from the resulting adduct by hydrogenoly3ifor the sake of
simplicity, we only studied nitrone and-methyl nitrone.

. . . S . 2?56!: 2.313;‘
Nitrones with ana-hydrogen are in equilibrium with the By

hydroxylenamine tautomé®f. Our calculations indicated that A— -

. 2.417‘\
nitrone and\-methyl nitrone could isomerize to their hydroxy- A :
lamine tautomers with barriers of 146.5 and 144.5 kJ/mol,
respectively2” The optimized structures of nitrone {}\l N-

]

methyl nitrone (m-N), and their hydroxylamine tautomers
(denoted as iso-Nand iso-m-N, respectively) are shown in
Figqre 1. . _ -165.4 -214.3 -272.3

_Nitrone (No) and N-methyl nitrone (m-N) are typical 1,3-  Figure 3. A series of geometries on the reaction path for 1,3-dipolar
dipoles, which could undergo 1,3-dipolar cycloaddition. Their addition of nitrone obtained by stepwise optimization with ZPE-
hydroxylamine tautomers possess=C double bonds that can uncorrec_ted energigs calculated at the UBSLYP/G-SlG(d) level in kJ/
be described as ethylene derivatives, which could also react withmo! refative to the isolated reactants. Lengths are in 0.1 nm.
the Si(100) surface. Therefore, in this study two kinds of o )
reactions were considered: (1) 1,3-dipolar cycloaddition of for an activation barrier between the separated reactants and
nitrone andN-methy! nitrone and (2) addition reaction of the the 1,3-dipolar cycloaddition adducts. Instead, the products were

hydroxylamine tautomers with surface dimer, as shown in Figure réached on asymmetric reaction paths by simply minimizing
) the energies from the initial geometries. It is similar to the 1,3-

3.1. 1,3-Dipolar Cycloaddition of Nitrones. We have dipolar cycloaddition of nitromethane on the Si(100) surf&ce.
investigated the reaction mechanism of 1,3-dipolar cycloaddition The series of geometries and relative energies on the reaction
for nitrone (N) and N-methyl nitrone (m-N) on the Si(100)  Paths for nitrone (A andN-methyl nitrone (m-1) are shown
surface. To establish the initial geometries, the nitrones were IN Figure 3 and 4, respectively.
positioned above the SiSi dimer with the distance of SO Figure 3 shows that the relative positions of nitrone to the
and Si-C being 3.00 A. Because of the second-order Peierls surface dimer changes with the forming of the first 8 bond.
distortion?® the lowest energy Si(100) dimer structure is After the distance of StO reached~1.8 A, the distance of
asymmetric (i.e., one dimer atom is more electron rich than the Si—C decreased to-2.8 A. With the formation of the second
other) giving the Si=Si bond a dipolar character. Therefore, in  Si—C bond, a large amount of association energy was released.
our calculation the electron-rich oxygen atom of nitrone was  N-methyl nitrone is similar to nitrone so the influence of
oriented to the electron-poor Si atom. We found no evidence substituent on the 1,3-dipolar cycloaddition is not obvious.

/1.699
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Figure 4. A series of geometries on the reaction path for 1,3-dipolar ae *% J.
addition of N-methyl nitrone obtained by stepwise optimization with e ’\ Q\
ZPE-uncorrected energies calculated at the UB3LYP/6-31G(d) level f.’ N 9 2 /J--a
in kd/mol relative to the isolated reactants. Lengths are in 0.1 nm. 13}2,310 /1965 502, 2.395 / 1.937 1,4%2-393 1.935

Experimental evidence has indicated that most 1,3-dipolar \ /f
additions to G=C bonds follow a concerted path, and the first- / (
principles calculations are in agreement with this picfdré! y

However, recent studies of 1, 3-dipolar cycloadditions on the

C(100)-2 x 1 surface indicated that the reaction undergoes -138.5 -257.9 -259.6
stepwise mechanisitwhich is different from our calculations  Figure 5. (a) Optimized geometric structures for intermediatg)(M
on the Si(100)-2« 1 surface. There are several reasons for the transition state (T, and product (B. The values of<S*> for the

difference. First. the Si dimet-bond is weaker than that of ¢~ Wave functions of these stationary points are also given. (b) A series
. ' o of geometries on the reaction path from transition state)(@Sroduct

dlmfer' SO th(fare IS “tt)tle dener?]y (.:OSt tc.) Overclomel before thg (P,) obtained by stepwise optimization with ZPE-uncorrected energies

surface can form a bond to the incoming molecules. Second, cajculated at the UB3LYP/6-31G(d) level in kJ/mol relative to the

the initial stage of the 1,3-dipolar addition of nitrones on the isolated reactants. Lengths are in 0.1 nm.
Si(100) surface involves the formation of an—%) bond. _ S N
Because the SiO bond energies (108 kcal/mol) are much Vinyl-hydroxylamine (iso-m-Py follows the [2+-2] cycloaddition

stronger that those of the-@ bond (86 kcal/mol§2 the ~ reaction resulting in a 4-member-ring product. .
formation of the Si-O bond lowers the barrier more effectively ~ 3.2.1. Ene Reaction of Vinyl-hydroxylamine (isg-Mtudies
than in the reaction with C(100) surface. have shown that in addition to the2] cycloaddition, some

ethylene derivative withoi-hydrogen such as propylene and
2-butene can undergo another potential competing reaction, the
ene reaction®170 Vinyl-hydroxylamine (iso-N) possesses
o-hydrogen on the nitrogen atom. Therefore, the surface reaction
of vinyl-hydroxylamine on the Si(100) surface is expected to
undergo the ene reaction. Our calculation indicated that vinyl-
hydroxylamine could undergo a facile ene reaction with a
negligible activation barrier. The geometrical feature of inter-

3.2. Addition Reaction of Hydroxylamine Tautomers.
UB3LYP calculations predicted that the reactions of ethylene
derivatives with the Si(100) surface follow a stepwise mecha-
nism1822first, the G=C double bond of ethylene derivatives
reacts with a surface Si atom to form a weakly bonded
m-complex intermediate; second, the intermediate transformed
to a singlet diradical intermediate via a transition state with the

forming of the first Si-C bond; finally, the singlet diradical iat L T h
intermediate undergoes a ring-closing reaction to form the[2 inr:elgsufe(l\é;'_ transition state (T8, and product (p) are shown

cycloaddition product. Recently, Gordon and co-workers used Figure 5a shows that vinyl-hydroxylamine (isa)Mirst forms

multlrefc;rsbnce wave functions to study the surface_ reaction of a three-centered-complex intermediate (M between the two
2-butene'’® They found that 2-butene surface reaction follows .:hon atoms of the €C bond and one Si atom of the==Si

a different reaction channel, the well-known “ene” reaction in bond, which is very similar to the reaction of the ethylene
organic chemistry, in which a methyl hydrogen transfers to the yerivative with the Si(100) surfad&?? In the z-complex
Si(100) surface. intermediate formed by the ethylene and Si(100)-2 surface,

Our calculations predicted that the reaction of hydroxylamine the Si=Si bond length is 2.363 A and the distance-Siis
tautomers of nitrones on the Si(100) surface followed a similar 2.406 A8 But in the structure of I the bond length of St
but different mechanism (see Figure 2). Vinyl-hydroxylamine Si bond is 2.394 A and the distances of the twe-Gibonds
(iso-N;) undergoes an H-migration reaction (ene reaction) are 2.135 and 2.695 A, respectively, suggesting a stronger
leading to a oxime-terminated Si surface while thallafethyl interaction between the=€C double bond and surface Si atom
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Figure 6. UB3LYP/6-31G(d) calculated energies of HOMO and

LUMO of vinyl-hydroxylamine (iso-N1) and SiH;, in atomic unit.
Values in parenthesis are the HOMO and LUMO of ethylene.
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Figure 7. Energy profile for the addition reaction of vinyl-hydroxy-
lamine (iso-m-N1) nitrone with SiH;, at UB3LYP/6-31G(d) level.

Values in parentheses are calculated at UMP2/6-31G(d) level at the
UB3LYP/6-31G(d) optimized geometries. All the energies are ZPE-

corrected values.

than that of ethylene. This can be understood by examining the

frontal orbitals of vinyl-hydoxylamine (iso-}), ethylene, and
SigH1> cluster.

The HOMO and LUMO energies of the vinyl-hydroxylamine
(iso-Ny), ethylene, and 9, are shown in Figure 6. Because
of the smaller energy gap between HOMO of vinyl-hydroxy-
lamine (iso-N) and LUMO of SgH1, than that between the
HOMO of the SH;, and the LUMO of vinyl-hydroxylamine,
vinyl-hydroxylamine plays the role of-electron donors whereas
the S+=Si bond is the acceptor. Theelectron-donating abilities
usually increase with the HOMO energy of the donor. Figure 6
shows that the HOMO of the vinyl-hydroxylamine is much
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Figure 8. (a) Optimized geometric structures for intermediate)(M
transition state (T$, and product (B). The values of<&*> for the
wave functions of these stationary points are also given. (b) A series
of geometries on the reaction path from transition state)(fSroduct

(P,) obtained by stepwise optimization with ZPE-uncorrected energies
calculated at the UB3LYP/6-31G(d) level in kd/mol relative to the
isolated reactants. Lengths are in 0.1 nm.

3.2.2. [2+2] Cycloaddition of N-Methylinyl-hydroxylamine
(iso-m-N). Our calculations predicted that the addition reaction

higher .than that of ethylene. Therefore, thgre is stronger of N-methyl vinyl-hydroxylamine (iso-m-b) with the Si(100)
interaction between the=€C double bond and Si(100) surface ¢ rface follows [2-2] cycloaddition mechanism. Like the

than that of ethylene.

reaction of vinyl-hydroylamine on the Si(100) surface, the

The energy profile on the ene reaction path is shown in Figure reaction ofN-methyl vinyl-hydroxylamine is also initiated by

7. From Figure 7, one can see thai Mhdergoes a transition
state (T9) leading to the oxime-terminated Si surface)(®ith

a negligible activation barrier. In T Sthe distance of Si(2)
C(1) decreased to 2.124 from 2.135 A, and the dihedral of Si-
(1)Si(2)C(3)C(4) changed from60.2 to—36.5". Because of
the larger distance of Si(HC(4) (3.439 A), Si(1)¥N (4.200

A), and Si(1-0(5.100 A) in TS, the energy profile is smooth
when the geometries changed from M TS;.

the formation of ar-complex intermediate (b, releasing a
large amount of energy (71.3 kJ/mol). The intermediate)(M
then transferred to the cycloaddition product)(Ria a very
small barrier transition state (35 The geometrical feature of
Mo, transition state (TS, and product (B are shown in Figure
8a. The energy profile of the reaction path is drawn in Figure
9.

As shown in Figure 8(a) and 9, the three-centerezbmplex

A series of the geometries and relative energies on the reactionintermediate (M) has the similar Si(2yC(3) bond length as

path from TS to the product (B are shown in Figure 5(b). As

that of vinyl-hydroxylamine, implying a weak influence of

shown in Figure 5(b), at the first stages when the moiety of substituent (methyl group on nitrogen) on the interaction

vinyl-hydroxylamine molecule rotates along SKX}(3), the

between the &C double bond and the Si atom of the=Si

total energies only decrease a little and the distances of-Si(1) dimer. This is in accord with the similar HOMO and LUMO

Si(2) and Si(2)-C(3) remain almost unchanged. But with the energies of vinyl-hydroxylamine arid-methyl vinyl-hydroxy-
approach of the H atom on the nitrogen to the Si(1) atom, the lamine33

energy starts to drop sharply. After the hydrogen migrates to

The intermediate (I) transfers directly to the [22] cy-

the silicon surface, the hydroxylamine functional group trans- cloaddition product (B via a very small barrier transition state

forms to a oxime group.

(TS,), which is unlike the addition of the ethylene derivative
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