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Abstract Spin trapping of hydroperoxyl radical (HOO�)

by the amide-linked conjugate of 5-carbamoyl-5-methyl-1-

pyrroline N-oxide (AMPO) to b-cyclodextrin (b-CD) was

studied computationally using a two-layered ONIOM

method. From a conformational perspective, the ‘‘internal’’

conformation of 5R-b-CD-AMPO is more favored than the

‘‘external’’ conformation in which the nitrone is located

outside of the cavity of the b-CD. When the HOO� addition

product is formed, the most stable isomer has the nitroxyl

(N1–O1) moiety pointing inside the cavity of the b-CD.

Thus, this ‘‘internal’’ conformation might protect the N1–

O1 moiety of the resulting spin adduct from access by

reducing agents, thereby improving the lifetime of the

radical adduct. The computed energetic barrier for HOO�

addition to the 5R-b-CD-AMPO is 8.7 kcal/mol, which is

marginally smaller than spin trapping by the non-conju-

gated AMPO (that is, without the b-CD). To optimize the

reactivity of the b-CD-AMPO conjugate, the effect of a

spacer unit between the AMPO segment and the b-CD

moiety with varying methylene units, (CH2)n (n = 1, 2, 3),

on the energetics of HOO� addition was evaluated. The

structure with only one methylene spacer (n = 1) appears

to be optimal as determined by the smaller activation

barrier (6.2 kcal/mol) for HOO� addition to the nitrone

moiety. Compared with very time-consuming quantum

mechanical methods, the ONIOM method appears to offer

significant advantages for evaluation of the best b-CD-

AMPO conjugate for trapping of such reactive oxygen

species and providing for the rational design of novel nit-

rones as spin traps.

Keywords Nitrone � Spin trapping � Hydroperoxyl

radical � Electron paramagnetic resonance spectroscopy �
Cyclodextrin

1 Introduction

It is well accepted that overproduction of reactive oxygen-

centered radicals is associated with the pathogenesis of

many human diseases [1–3]. In situations of oxidative

stress, superoxide radical anion (O2
�-) is often initially

formed and can then facilitate the formation of other

reactive oxygen species (ROS). The protonated form of

O2
�-, hydroperoxyl radical (HOO�), has also received much

attention due to its high reactivity and its uncharged nature,

which might allow it to cross membranes more readily than

the charged O2
�-; [4] however, hydroperoxyl radical is two

or three orders of magnitude lower in concentration than

O2
�- at physiological pH [5]. Spin trapping using nitrones

(e.g., 5,5-dimethyl-1-pyrroline N-oxide (DMPO) [6–10] or

a-phenyl-N-tert-butylnitrone (PBN) [11, 12]) in combina-

tion with electron paramagnetic resonance (EPR) spec-

troscopy [10] has been a popular technique for the

detection of oxygen-centered radicals (Scheme 1).
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However, the use of these spin traps has limitations; [13–

15] for instance, the lifetime of the generated radical

adducts is relatively short in the case of the O2
�- adduct or

the species are redox active.

The development of spin-trapping agents with more

improved properties is ongoing, especially for more effi-

cient radical trapping and improvement in the stability of

the resulting spin adducts. During the past several dec-

ades, various derivatives of DMPO and other nitrones

were synthesized and investigated, many with improved

spin-trapping properties [16–27]. Ligation of the trapping

agents to some carriers could provide solutions for the

detection of radicals at the site of their production in

cellular systems [28, 29]. However, the presence of highly

reducing species, such as ascorbate, thiols, or metal ions,

in cellular systems can significantly reduce the lifetime of

the spin adducts. Exposure of the N–O moiety of the spin

adduct to the reducing environment was hypothesized to

be responsible for their bioreducibility [33]. We posit that

protection of the N–O moiety of the nitrones and the spin

adducts from reducing species might provide improved

spin trap bioavailability and increased lifetime of the spin

adducts.

One way to protect the radical spin adduct from

reduction might be to sequester the product within a

hydrophobic cavity. Cyclodextrins, which are composed of

carbohydrates, have hydrophobic interiors but have sec-

ondary hydroxyl groups that line the top and bottom rims.

Bardelang et al. [30] recently demonstrated that the half-

life of the free PBN–HOO� adduct can indeed be increased

to 3 min even in the presence of sodium L-ascorbate

through inclusion with b-cyclodextrin (b-CD). However,

the relatively high concentration of b-CD might limit the

application of this spin-trapping method in vivo. To

improve the performance of this method, PBN was ligated

to b-CD and shown to have very promising properties for

the persistence of the corresponding radical adducts [31,

32]. Moreover, the synthesis of 5-carbamoyl-5-methyl-1-

pyrroline N-oxide (AMPO) covalently linked to b-CD has

been reported, and this conjugate was shown to improve

spin-trapping performance and spin-adduct stability [33].

The maximum half-life of t1/2 = 27.5 min at pH 7.0 was

achieved for O2
�- trapping by this b-CD-AMPO conjugate

[33]. The presence of intramolecular H-bonding

interactions might also play a significant role in facilitating

HOO� addition to nitrones [34].

Understanding the various modes of interaction from a

theoretical point of view would be helpful in order to

design better spin traps based on the conjugation of nitro-

nes to b-CD. Although some very low-level molecular

modeling approaches have been employed to study the b-

CD-AMPO conjugate [33], any intramolecular H-bonding

interactions between grafted AMPO and b-CD were not

revealed. The effect of the length of the linker between

AMPO and the b-CD on the spin-trapping properties is of

interest. Moreover, theoretical details on the kinetics of

trapping of HOO� or O2
�- by b-CD-AMPO are still lacking

[33]. For a number of years, we have demonstrated success

in the use of theoretical methods for the rational design of

nitrones as EPR spin traps as well as in the determination

of the kinetic parameters for spin trapping [34–40].

In this work, spin trapping of HOO� by the amide-linked

conjugate of AMPO to b-CD was studied using a two-

layered ONIOM method and compared with a complete

quantum mechanical (QM) method. To optimize the reac-

tivity of the b-CD-AMPO conjugate, a spacer unit with

varying methylene units, (CH2)n (n = 1, 2, 3), was evalu-

ated between the AMPO segment and the b-CD moiety.

These computational studies were used to aid the rational

design of more efficient spin traps for reactive oxygen

species.

2 Computational methods

Calculations of the b-CD-AMPO and its corresponding

HOO� spin adducts were performed using the two-layered

ONIOM method [41, 42] as implemented in the Gaussian

03 program [43]. The ONIOM method is a multilevel,

subtractive QM/MM extrapolation method in which the

studied molecular system is divided into two or more parts

or layers. The most important layer from a chemical point

of view is treated at a high level of ab initio molecular

orbital method, and the rest of the system is described by a

computationally less demanding method (such as the

lowest ab initio approximation or semiempirical or

molecular mechanics approximations). In the current

effort, the b-CD-AMPO model was divided into two layers.

Scheme 1 DMPO, AMPO and

PBN
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The high layer, using the B3LYP/6-31G(d) method [44,

45], includes the AMPO and the upper CH2OH groups of

b-CD (shown in Fig. 1). The other atoms of b-CD,

belonging to the low layer, were treated using the PM3

semi-empirical method [46], which has been shown to give

very reasonable geometrical parameters for cyclodextrins

[47]. The two layers are connected by link atoms. The

molecule b-CD-AMPO and the HOO� adduct were also

fully optimized at the B3LYP/6-31G(d) level of theory, and

single-point energies were then computed at the B3LYP/6-

31?G(d,p)//B3LYP/6-31G(d) level of theory to evaluate

the performance of the ONIOM method. Such single-point

calculations with the B3LYP functional have been suc-

cessfully applied to conformational issues with carbohy-

drates [48]. A variety of conformations were examined,

varying in their orientation of hydrogen bonds.

To predict the energy barrier for the trapping of HOO�

by b-CD-AMPO, potential energy surface (PES) scans

along the C2–Ob bond cleavage of b-CD-AMPO-HOO�

were investigated using the two-layered ONIOM method.

The C2–Ob bond length (R) was stretched in units of 0.05

Å, from 1.40 to 3.40 Å. At each value of R, the other

coordinates of the complex were fully optimized. The PES

near to the peak was then scanned in smaller steps of 0.01

Å to obtain a more accurate structure and energy of the

transition state. The products and initial reactants were

fully optimized to local minima using the same ONIOM

method. Single-point energies on the optimized ONI-

OM(B3LYP/6-31G(d):PM3) geometries were calculated at

ONIOM(B3LYP/6-31?G(d,p):PM3) level of theory. To

understand whether the PES scan could give a reasonable

transition state structure and energy barrier using ONIOM

method, fully optimized QM studies at the B3LYP/6-

31G(d) level of theory were performed. The molecules

with varying spacer units, (CH2)n (n = 1, 2, 3), between

the AMPO segment and the b-CD moiety were evaluated

with the same strategy (Scheme 2).

For comparison, the spin trapping of HOO� by AMPO

was studied at the B3LYP/6-31G(d) level of theory. The

non-conjugated AMPO nitrone with HOO� complex and

spin-adduct structures were fully optimized to local min-

ima, and each stationary point was determined to have zero

imaginary vibrational frequencies. Transition states for the

trapping of HOO� were characterized as having only one

imaginary vibrational frequency. The corresponding nor-

mal mode for the imaginary vibrational frequency then

suggested the related reactant and product for that transi-

tion state. Single-point energies on the optimized B3LYP/

6-31G(d) geometries were evaluated at the B3LYP/6-

31?G(d,p) level of theory. The bottom-of-the-well energy

will be used for the following discussion.

3 Results and discussion

3.1 ‘‘Internal’’ and ‘‘external’’ conformations

of the b-CD-AMPO conjugates

The cyclic nitrone, when grafted to the narrow rim of the b-

CD by an amide bond linkage, functions like a lid, which

may be ‘‘open’’ or ‘‘closed’’ relative to the rest of the

cyclodextrin. Two typical isomers were explored, which

represented the ‘‘open’’ and ‘‘closed’’ conformation of b-

CD-AMPO at the ONIOM(B3LYP/6-31G(d):PM3) level.

Both of the stereoisomeric structures (5R and 5S) of b-CD-

AMPO were considered. To evaluate the performance of

the ONIOM method, additional (and very time-consuming)

optimizations of the b-CD-AMPO conjugate were also

Scheme 2 b-CD-A-(CH2)n-MPO (n = 1, 2, 3). For clarity, the b-CD

is shown as a truncated barrel

O1 

C4 

C5 

O6 

N1 
C2 

H7 

C3 

C6 

N7 

O1′

O4′

O3′

O5′

O2′

Ob Oa 

Ha 

H1′ H2′

H3′

H4′
H5′

H6′

O6′

Fig. 1 Two partition schemes used for the two-layer ONIOM

calculation of the b-CD-AMPO. The high layer (B3LYP/6-31G(d))

is noted with a ball and stick model. The low layer (PM3) is

represented as a line model. The atomic numbering is also provided

and used in the discussion
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carried out at the B3LYP/6-31G(d) level of theory to

provide calibration of this approach.

The optimized structure of the ‘‘external’’ conformation

of 5R-b-CD-AMPO at the ONIOM(B3LYP/6-

31G(d):PM3) level of theory is shown in Fig. 2a (top and

side views are provided). The primary hydroxyl groups

crowning the narrower rim form a half-circle as a H-bond

chain. The H-bond lengths vary from 1.80 to 1.87 Å. This

hydrogen-bonding mode is consistent with the favored

structure of a-CD in the gas phase [49]. Moreover, the

amide linkage also forms an intramolecular H-bond with

the nitrone moiety (N1–O1
…H7–N7). The five-membered

ring of AMPO does not interact with any hydroxyl groups

of b-CD in the ‘‘external’’ conformation. In comparison

with the fully optimized structure at the B3LYP/6-

31G(d) level of theory, the ONIOM method gives a very

similar structure at relatively inexpensive cost.

As for the ‘‘internal’’ conformation of the 5R-b-CD-

AMPO (Fig. 2b), a H-bond chain was also formed, bridged

by the amide linker (1.79 Å for O60H60
…O6=C6 and 2.13 Å

for N7H7
…O10H10) at the rim. Another striking feature for

the ‘‘internal’’ conformation is the formation of N1–

O1
…H30O30 H-bond (1.70 Å) between the N1–O1 moiety of

AMPO and the H30O30 groups of b-CD. This H-bond may

play an important role in keeping the N1–O1 moiety of

AMPO pointing into the cavity of b-CD. The H-bond

length differences between the ONIOM method and QM

method are less than 0.05 Å. It appears that the ONIOM

method works well for the geometrical optimization of the

b-CD-AMPO conjugate.

The ‘‘internal’’ and ‘‘external’’ isomers of 5S-b-CD-

AMPO were also investigated (see supporting information,

Figure S1). Little geometrical difference of the b-CD part

was observed for the ‘‘external’’ isomer between the 5R-

and 5S-b-CD-AMPO. As for the ‘‘internal’’ conformer of

5S-b-CD-AMPO, however, the H-bond chain showed dif-

ferences in comparison with the 5R-b-CD-AMPO. The

O30H30
…O40H40 H-bond was formed for 5S-b-CD-AMPO but

was not observed for 5R-b-CD-AMPO. The O40H40
…O50H50

H-bond was not seen in the 5S-b-CD-AMPO, but it existed

in the 5R-b-CD-AMPO. For the internal conformers,

hydrogen-bonding patterns change (N1–O1
…H40O40 for 5S-

b-CD-AMPO and N1–O1
…H30O30 for 5R-b-CD-AMPO), but

the number of H-bond partners is conserved.

Table 1 gives the relative energies of these four conformers.

The ‘‘internal’’-5R-b-CD-AMPO isomer is 9.5 kcal/mol lower

than the ‘‘external’’-5R-b-CD-AMPO at the ONIOM(B3LYP/

6-31?G(d,p):PM3)//ONIOM(B3LYP/6-31G(d):PM3) level

of theory; thus, the ‘‘internal’’ conformation is much more

favored for the b-CD-AMPO conjugate. Optimized structures

Side ViewTop View
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1.82 

1.95 
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(b) 

Fig. 2 Two views of the

optimized structure of

a ‘‘external’’ and b ‘‘internal’’

conformations of 5R-b-CD-

AMPO as calculated with the

ONIOM(B3LYP/6-

31G(d):PM3) method. The

H-bond lengths are shown in

normal text. The H-bond lengths

obtained from the QM

optimized structure of b-CD-

AMPO are listed in italics for

comparison. The colors
represent the following atoms:

gray is for carbon, white is for

hydrogen, red is for oxygen, and

blue is for nitrogen. Bond

lengths are shown in angstroms

(Å)
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of these two isomers at the B3LYP/6-31G(d) level of theory

give an 8.1 kcal/mol energy difference, and the single-point

energy at the B3LYP/6-31?G(d,p)//B3LYP/6-31G(d) level

reduces this preference to 5.3 kcal/mol. For each of these

levels of theory, the ‘‘internal’’-5R-b-CD-AMPO conformer is

considerably more stable than the ‘‘external’’-5R-b-CD-

AMPO conformer.

However, the energy difference between the ‘‘internal’’

and ‘‘external’’ conformers of the 5S analog is much

smaller. For 5S-b-CD-AMPO, the ‘‘internal’’ isomer is

only 1.1 kcal/mol more stable than the ‘‘external’’ isomer

at the B3LYP/6-31?G(d,p)//B3LYP/6-31G(d) level.

3.2 Conformations of the b-CD-AMPO-HOO� spin

adducts

3.2.1 Geometries and relative energies

Since the HOO group can act as both a H-bond donor and

acceptor when interacting with hydroxyl groups of b-CD,

three different spin-adduct conformers (5R-b-CD-AMPO-

HOO�-1 to 5R-b-CD-AMPO-HOO�-3) were studied on the

basis of the most stable ‘‘internal’’ conformation of 5R-b-

CD-AMPO. For the ‘‘external’’ conformation of 5R-b-CD-

AMPO, spin-adduct 5R-b-CD-AMPO-HOO�-4 was stud-

ied. Spin adducts 5S-b-CD-AMPO-HOO�-1 and 5S-b-CD-

AMPO-HOO�-2 were also studied based on the ‘‘internal’’

and ‘‘external’’ conformers of the 5S-b-CD-AMPO,

respectively. The optimized structure of 5R-b-CD-AMPO-

HOO�-1 is depicted in Fig. 3, and the others are shown in

the supporting information (Figure S2). The relative ener-

gies of these conformers were listed in Table 2. To eval-

uate the performance of the ONIOM method on the radical

adducts, full geometry optimizations of the b-CD-AMPO-

HOO� adduct were carried out at the UB3LYP/6-

31G(d) level of theory.

The 5R-b-CD-AMPO-HOO�-1 isomer, in which the

HOO group only acts as a H-bond donor (HOaOb
…H40O40)

with the H40O40 group of b-CD, is the most stable con-

former among these four spin-adduct product isomers

(Table 2). The H-bond length (HaOaOb
…H40O40) is only 1.75

Å. The other H-bond modes of this conformer change little

Table 1 Relative energies of

the ‘‘internal’’ and ‘‘external’’

conformations of the 5R- and

5S-b-CD-AMPO conjugates (in

kcal/mol)

ONIOM(B3LYP/

6-31G(d):PM3)

ONIOM(B3LYP/6-

31?G(d,p):PM3)//ONIOM(B3LYP/

6-31G(d):PM3)

B3LYP/

6-

31G(d)

B3LYP/6-

31?G(d,p)//

B3LYP/6-31G(d)

5R-‘‘Internal’’ 0.0 0.0 0.0 0.0

5R-‘‘External’’ 11.6 9.5 8.1 5.3

5S-‘‘Internal’’ 3.3 3.4 4.7 4.5

5S-‘‘External’’ 11.5 9.4 8.6 5.6

5R-β-CD-AMPO-HOO•-1 

1.82 
1.84

1.75 
1.75

1.85 
1.87

1.79 
1.76

1.81 
1.81

1.78 
1.85

1.84 
1.87

2.15 
2.14

Fig. 3 The optimized 5R-b-CD-AMPO-HOO�-1 isomer obtained at

the ONIOM(B3LYP/6-31G(d):PM3) level of theory. The H-bond

lengths are shown in normal text. The H-bond lengths obtained from

the fully optimized B3LYP structure are given in italics for

comparison. The colors represent the following atoms: gray is for

carbon, white is for hydrogen, red is for oxygen, and blue is for

nitrogen. Bond lengths are shown in angstroms (Å)

Table 2 Relative energies of

four isomers of 5R-b-CD-

AMPO-HOO� (in kcal/mol)

ONIOM(B3LYP/

6-31G(d):PM3)

ONIOM(B3LYP/6-31

?G(d,p):PM3)//ONIOM

(B3LYP/6-31G(d):PM3)

B3LYP/

6-31G(d)

B3LYP/6-31

?G(d,p)//B3LYP/

6-31G(d)

5R-b-CD-AMPO-HOO�-1 0.0 0.0 0.0 0.0

5R-b-CD-AMPO-HOO�-2 9.0 7.8 8.6 7.8

5R-b-CD-AMPO-HOO�-3 12.5 11.8 10.5 11.4

5R-b-CD-AMPO-HOO�-4 12.4 9.5 8.6 4.8
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compared with the intact ‘‘internal’’ 5R-b-CD-AMPO.

Moreover, the difference of corresponding H-bond lengths

between 5R-b-CD-AMPO-HOO�-1 and ‘‘internal’’ 5R-b-

CD-AMPO is no more than 0.02 Å except N1–O1
…H30O30,

which is 0.11 Å longer for the spin-adduct product. The

N1–O1
…H30O30 H-bond may stabilize the N1–O1 moiety of

AMPO pointing into the cavity of b-CD. This conforma-

tion may protect the N1–O1 moiety of the spin-adduct

product from access to reducing species, thereby perhaps

increasing the lifetime of the spin-adduct product. The

H-bond distances obtained by ONIOM and B3LYP meth-

ods are very similar except the O20H20
…O30H30 (1.78 Å for

ONIOM vs. 1.85 Å for B3LYP).

Although both 5R-b-CD-AMPO-HOO�-2 and 5R-b-CD-

AMPO-HOO�-3 isomers form two H-bonds between the

HOO group and the rim hydroxyl groups of b-CD (Figure

S2), the relative energies of the two conformers are 7.8 and

11.8 kcal/mol, respectively, higher than the most stable one

using ONIOM method (Table 2), indicating that these two

isomers are not favorable structures. The relative (ONIOM)

energy of the 5R-b-CD-AMPO-HOO�-4 isomer, which is

based on the ‘‘external’’ conformation of 5R-b-CD-AMPO,

is 9.5 kcal/mol larger than the most stable 5R-b-CD-

AMPO-HOO�-1 isomer. The ‘‘external’’ spin-adduct

structure is also not favorable relative to the ‘‘internal’’

conformation. Larger relative energy differences between

ONIOM and B3LYP methods were found for this ‘‘exter-

nal’’ HOO� adduct isomer in comparison with the ‘‘inter-

nal’’ HOO� adduct isomers.

In addition, the corresponding HOO� spin adducts 5S-b-

CD-AMPO-HOO�-1 and 5S-b-CD-AMPO-HOO�-2 were

investigated based on the ‘‘internal’’ and ‘‘external’’ con-

formers of the 5S-b-CD-AMPO, respectively (supporting

information, Figure S3). Although the topology of the

H-bonds is quite different between these two isomers, the

total number of H-bonds (8) is conserved. A striking fea-

ture on the relative energies (Table 3) is that only small

energy differences between the 5S-b-CD-AMPO-HOO�-1

and 5S-b-CD-AMPO-HOO�-2 were noted according to the

B3LYP results, and interestingly the ONIOM results sug-

gest larger energy differences. The ‘‘internal’’ structure in

which the N1–O1 moiety of the spin adduct is H-bonded to

a hydroxyl group of b-CD may not play a significant role in

the spin-trapping products by 5S-b-CD-AMPO. In

comparison, the most stable ‘‘internal’’ isomer for the N1–

O1 moiety being protected inside the cavity of the b-CD is

the 5R-b-CD-AMPO-HOO� adduct. This observation may

be an explanation accounting for the shorter half-life of the

spin adduct derived from 5S-b-CD-AMPO [33].

3.2.2 Potential energy surface for HOO� trapping

On the basis of the most stable 5R-b-CD-AMPO-HOO�-1

isomer, the C2–Ob bond was stretched to investigate the

ONIOM potential energy surface for the process of kinetic

trapping of HOO� by b-CD-AMPO. Figure 4 shows that the

peak of the PES was achieved when the C2
…Ob distance

equals 2.06 Å. The PES becomes much flatter when the

C2
…Ob distance reaches more than 3.30 Å where it seems a

local minimum is reached. On the basis of these PES

results, the initial complex of HOO� with b-CD-AMPO was

fully optimized (Fig. 6). The distance between Ob of HOO�

and C2 of the nitrone is 3.47 Å. Based on the peak of PES

and the starting complex of HOO� with b-CD-AMPO, the

predicted energy barrier for trapping HOO� by b-CD-

AMPO is 8.7 kcal/mol at the ONIOM(B3LYP/6-

31?G(d,p):PM3)//ONIOM(B3LYP/6-31G(d):PM3) level

of theory. The product energy is 12.4 kcal/mol lower than

the initial complex (Table 4).

In order to ascertain whether the potential energy sur-

face study could give a reasonable structure of the transi-

tion state (TS) of HOO� addition, the TS structures for

HOO� addition have been located at the B3LYP/6-

31G(d) level of theory. The C2
…Ob distance is 2.06 Å

similar to the ONIOM PES (Figs. 5, 6). Moreover, the

H-bond lengths show little difference. The PES scan for

HOO� addition using the ONIOM method provides a very

good TS structure for this radical addition reaction. Fur-

thermore, the geometries of the initial complex and the

product are also well reproduced by the ONIOM method.

The calculated energy barrier at the B3LYP/6-31?G(d,p)//

B3LYP/6-31G(d) level of theory is 8.6 kcal/mol, which is

very similar to the ONIOM result. The spin-adduct product

is exothermic by 12.5 kcal/mol, also similar to the ONIOM

computational result (Table 4).

To gain insight as to whether b-CD facilitates trapping

of HOO�, four structures of initial complexes of HOO� and

AMPO have been located as local minima (supporting

Table 3 Relative energies of the two isomers of 5S-b-CD-AMPO-HOO� (in kcal/mol)

ONIOM(B3LYP/

6-31G(d):PM3)

ONIOM(B3LYP/6-31?

G(d,p):PM3)//ONIOM

(B3LYP/6-31G(d):PM3)

B3LYP/

6-31G(d)

B3LYP/6-31?

G(d,p)//B3LYP/

6-31G(d)

5S-b-CD-AMPO-HOO�-1 0.0 0.0 0.0 0.0

5S-b-CD-AMPO-HOO�-2 8.1 4.7 3.4 –0.1
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information, Figure S4). The transition states were then

located for radical addition. Although the reaction barrier

for the AMPO-(2R,5S)-2 conformer is very small, the high

relative energy of the starting complex implies that this

conformer may not play an important role in the reaction

with HOO� (supporting information, Table S1). AMPO-

(2S,5S)-1 conformer may play an important role in the

reaction with HOO� due to the stability of the starting

complex and the relatively low barrier for reaction. For the

TS structure, the C…O distance is 2.10 Å that is very

similar to the forming bond length for the b-CD-AMPO

conjugate. The predicted energy barrier for HOO� trapping

by AMPO is 9.1 kcal/mol, about 0.5 kcal/mol higher than

the b-CD-AMPO energy barrier. It should be noted that the

C…O distance in the starting complex of AMPO with HOO�

is 3.89 Å, while the comparable distance for b-CD-AMPO

with HOO� complex is only 3.47 Å. Comparing to the

isolated AMPO model calculations, the role of the b-CD

might be to anchor the HOO�, which then makes the nitrone

more accessible for radical addition.

3.3 5R-b-CD-A-(CH2)n-MPO (n = 1, 2, 3)

To optimize the reactivity of the b-CD-AMPO conjugate, a

spacer unit with varying methylene units, (CH2)n (n = 1, 2,

3), was evaluated between the AMPO segment and the b-

CD moiety. The new molecules are presented by 5R-b-CD-

A-(CH2)n-MPO (n = 1, 2, 3). For the nitrone, only the

‘‘internal’’ conformation was investigated based on the

most stable ‘‘internal’’ b-CD-AMPO isomer. For the HOO�

adduct, only the stable isomer for which the HOO group

acts as a H-bond donor with b-CD was considered.

3.3.1 One methylene linker (n = 1)

The N7H7
…O10H10 H-bond in 5R-b-CD-A-CH2-MPO-HOO�

is decreased by 0.21 Å compared with 5R-b-CD-A-MPO-
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Fig. 4 Potential energy surface (PES) of the C2–Ob bond cleavage of

5R-b-CD-AMPO-HOO�. The C2–Ob bond length (R) was stretched in

steps of 0.05 Å, from 1.40 to 3.40 Å. At each value of R, the other

coordinates of the complex were fully optimized. The summit of the

PES was scanned in the units of 0.01 Å to obtain a more accurate peak

on the PES

Table 4 Summary of the predicted kinetic barriers and thermochemistry for the HOO� attacking to 5R-b-CD-A-(CH2)n-MPO (n = 0, 1, 2, 3) (in

kcal/mol)

ONIOM(B3LYP/

6-31G(d):PM3)

ONIOM(B3LYP/6-31?

G(d,p):PM3)//ONIOM

(B3LYP/6-31G(d):PM3)

B3LYP/

6-31G(d)

B3LYP/6-31?G(d,p)

//B3LYP/6-31G(d)

n = 0

5R-b-CD-AMPO ? HOO� 0.0 0.0 0.0 0.0

TS 6.9 8.7 6.4 8.6

5R-b-CD-AMPO-HOO� –14.5 –12.4 –14.7 –12.5

n = 1

5R-b-CD-A-CH2-MPO ? HOO� 0.0 0.0 0.0 0.0

TS 5.3 6.2 5.1 6.2

5R-b-CD-A-CH2-MPO-HOO� –15.5 –13.9 –14.9 –13.6

n = 2

5R-b-CD-A-(CH2)2-MPO ? HOO� 0.0 0.0 – –

TS 7.9 8.8 – –

5R-b-CD-A-(CH2)2-MPO-HOO� –15.5 –13.8 – –

n = 3

5R-b-CD-A-(CH2)3-MPO ? HOO� 0.0 0.0 – –

TS 8.8 9.4 – –

5R-b-CD-A-(CH2)3-MPO-HOO� –14.4 –12.8 – –
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HOO�-1 (Fig. 7). The N1–O1
…H30O30 H-bond is also short-

ened by 0.05 Å, suggesting that the H-bond might be

strengthened and might help to protect the N1–O1 moiety

of AMPO pointing into the cavity of b-CD.

The PES scan for the C2–Ob bond length of 5R-b-CD-A-

CH2-MPO-HOO� shows that the maximum occurs when the

C2
…Ob distance is 2.06 Å, very similar to that for the PES scan

of 5R-b-CD-A-MPO-HOO� (supporting information, Figures

S5 and S6). As for the starting complex of 5R-b-CD-A-CH2-

MPO with HOO�, the C2
…Ob distance is only 3.14 Å (sup-

porting information, Figure S7). The HOO� is more accessible

to the addition site of the nitrone moiety in the starting

complex. As a consequence, the predicted energy barrier to

trap HOO� is 6.2 kcal/mol for 5R-b-CD-A-CH2-MPO using

the ONIOM method, which is 2.5 kcal/mol lower than

without a methylene linker as in 5R-b-CD-AMPO (Table 4).

Moreover, the energy difference between reactant complex

and product is 13.9 kcal/mol, which is 1.5 kcal/mol more

exothermic than the 5R-b-CD-AMPO model (Table 4). The

5R-b-CD-A-CH2-MPO is a much better agent to trap the

HOO� from both kinetic and thermodynamic points of view.

The fully B3LYP optimized calculation of the addition of

HOO� to 5R-b-CD-A-CH2-MPO was also performed. The TS

structure and the starting complex have similar geometries to

the ONIOM method. Moreover, the energy barrier predicted

at the B3LYP/6-31G?(d,p)//B3LYP/6-31G(d) level of the-

ory is also 6.2 kcal/mol.

3.3.2 Two methylene linkers (n = 2)

The H-bond chain in the optimized structure of 5R-b-CD-

A-(CH2)2-MPO-HOO� (supporting information, Figure S8)
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is very similar to 5R-b-CD-A-CH2-MPO-HOO� (the

H-bond length differences are less than 0.05 Å). The PES

scan for C2–Ob bond cleavage of 5R-b-CD-A-(CH2)2-

MPO-HOO� indicates that the peak is achieved when the

distance of C2
…Ob reaches 2.06 Å (supporting information,

Figures S9 and S10). The optimized initial complex (Figure

S11) shows the distance between C2
…Ob is 3.33 Å,

approximately 0.19 Å longer than the corresponding dis-

tance in the initial 5R-b-CD-A-CH2-MPO with HOO�

complex. The predicted ONIOM energy barrier for this two

methylene linker model is 8.8 kcal/mol, which is 2.6 kcal/

mol higher than the one methylene spacer (Table 4). It

seems that the model with two methylene spacers is not the

best choice.

3.3.3 Three methylene linkers (n = 3)

We also investigated three methylene spacers, but the

characteristics of H-bond interactions change very little.

The estimated reaction energy barrier is 9.4 kcal/mol for

HOO� addition to 5R-b-CD-A-(CH2)3-MPO based on the

PES scan along the C2–Ob coordinate (Table 4). Thus, it

appears that one methylene spacer is the optimal linkage

from a kinetic point of view.

4 Conclusions

AMPO ligated to b-CD by the amide group was compu-

tationally studied to gain insights on the effect of b-CD for

spin-trapping properties of HOO�. For the nitrone, the

‘‘internal’’ conformation of 5R-b-CD-AMPO is preferred

over the ‘‘external’’ conformation. When the hydroperoxyl

radical addition product is formed, the most stable isomer

has the N1–O1 moiety of AMPO pointing inside of the

cavity of b-CD. This conformation might protect the

nitroxyl (N1–O1) moiety of the spin-adduct product from

oxidoreductants. The predicted energy barrier for HOO�

addition to the 5R-b-CD-AMPO is 8.7 kcal/mol, which is

only marginally smaller than the AMPO nitrone itself. To

investigate the length of the optimal 5R-b-CD-AMPO

spacer, three different methylene, (CH2)n (n = 1, 2, 3),

systems were studied in which this linker was inserted

between the amide and MPO. The structure with only one

methylene spacer (n = 1) appears to be the best one due to

the smallest energy barrier for hydroperoxyl radical addi-

tion. Moreover, 5R-b-CD-A-CH2-MPO is also favored to

trap HOO� from a thermodynamic point of view.

Moreover, this study provided good calibration between

the ONIOM(B3LYP:PM3) method and complete B3LYP

calculations for systems involving cyclodextrins. Excellent

agreement was observed in terms of energies and geome-

tries. Compared with the very time-consuming B3LYP

method for this system’s size, the ONIOM method appears

to offer significant advantage for the evaluation of the best

5R-b-CD-AMPO conjugate for trapping of radical species

and to provide opportunities for the rational design of novel

spin traps with improved properties [29].
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