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Abstract Linker length is one crucial factor affecting the free radical scavenging activity of
curcumin. However, identifying an optimal linker length that maintains the desired activity remains
challenging. This study offers a thermodynamic evaluation of the influence of linker length on free
radical scavenging activity of curcumin, specifically through the hydrogen atom transfer
mechanism, in water solvents. Our first-principles calculations reveal that both elongating and
shortening the linker promotes a more favorable hydrogen atom transfer at the phenolic O—H and
the C—H bond within the linker, respectively. Therefore, linker length should be considered in
developing curcumin as a multifunctional medicine.

Keywords: Curcumin linker length; first-principles calculations; multifunctional medicine; radical
scavenging activity.

Introduction

Research in the medicinal chemistry focuses on the free radical scavenging activity of curcumin, as this
activity benefits human health. One of the early reports on the scavenging activity of curcumin was
published in 1972 by Sharma et. al. [1] The report highlighted curcumin’s ability to inhibit in vitro lipid
peroxidation. One key radical that promotes lipid peroxidation is the highly reactive peroxyl radicals [2,
3]. Numerous studies demonstrate curcumin’s effectiveness in scavenging these radicals [4-7]. This
scavenging ability positions curcumin as a potential therapeutic agent for various diseases related to
free radicals, including spinal cord injury [8,9], cataract [10], neurodegenerative disorders [11,12], cancer
[13,14], and diabetes [15,16].

Enhancing the free radical scavenging activity of curcumin can be achieved through experimental and
computational studies. The studies focus on structural modifications of the aromatic rings — containing
o-methoxy and phenolic O—H — and carbon linker — containing -diketone moiety (See Figure 1a).
Modifying the aromatic rings involves maintaining or adding phenolic O—H groups and maintaining or
replacing o-methoxy groups with other electron donor groups [17—21]. Previous studies suggested the
phenolic O—H groups as active sites of curcumin [21]. On the other hand, the o-methoxy groups facilitate
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hydrogen atom transfer from the phenolic O—H [22,23]. Modifying the carbon linker includes replacing
the B-diketone moiety, introducing a cyclic structure, and eliminating double bonds [18,24—26]. Curcumin
analogs without double bonds in the linker exhibit enhanced scavenging activity toward peroxyl radicals.
Both experimental and computational studies agreed that the scavenging of peroxyl radicals occurs
through hydrogen atom transfer mechanism [27-29], since the insolubility of curcumin in water may limit
electron transfer mechanism [30]. On the other hand, the presence of B-diketone moiety in the linker
enables keto-enol tautomerism, with the keto form (Figure 1b) being dominant in water solvents [31,32].
Sun et al. suggested both enol and keto forms are involved in hydrogen atom transfer mechanism [33].

Although it is known that enhancing the free radical scavenging activity of curcumin is attainable by
finding an optimal linker length, several problems remain. One fundamental problem is determining the
optimal linker length that maintains the desired scavenging activity. Previously, despite discrepancies in
their findings, Shang et al. [26] and Li et al. [34] observed the effect of linker length on the scavenging
activity. Their observations were limited to curcumin with a seven-carbon linker and its monocarbonyl
analog with a five-carbon linker. Hence, a study that provides a broader relationship for the fundamental
problem is needed. To evaluate the effect of linker length on the free radical scavenging activity, we
determined the correlation between linker length and the thermochemistry of hydroperoxyl radical
scavenging reaction using first-principles calculations. Our study included twelve molecules with linker
lengths ranging from three to nine carbon atoms in water solvents.

This paper reports the correlation between curcumin linker length and an X-H bond dissociation energies
(and the Gibbs free energies of scavenging reaction). It begins by modeling hydroperoxyl radical
scavenging reactions using hydrogen atom transfer, designing twelve molecules grouped into three
series, and modeling the water solvent with Polarizable Continuum Model (PCM) using first-principles
calculations. The results and discussion are divided into topics of the ground state structures, the bond
dissociation energies, and the Gibbs free energy of reactions. Finally, the paper highlights the effects of
the linker length in the hydrogen atom transfer based on the thermochemistry point of view. This highlight,
in turn, will provide insight into the factors contributing to enhancing the scavenging activity for medicinal
applications.

Materials and Methods

Reaction and Molecular Models

Reaction (a) in Scheme 1 models the scavenging of hydroperoxyl radical (rfOOH) by phenolic
antioxidants (ArOH) using the one-step hydrogen atom transfer (HAT) mechanism. We chose
hydroperoxyl radical because it was the simplest form of peroxyl radicals. Like other peroxyl radicals, it
also involves in lipid peroxidation [35, 36]. Since experimental and computational evidences showed that
the scavenging of peroxyl radicals by ArOH occurred through HAT [27-29], we chose this mechanism
in this study.

(&) ArOH +'O0OH —» ArO* + HOOH
(b) ArOH —» ArO-+H-
(c) H+ -OOH —» HOOH
(dH"+HO0 —» H2+OH

Scheme 1: The reactions of interest.

In this study, the ArOH were two forms of curcumin and their 10 analogs. The two forms of curcumin and
their analogs were constructed in three series based on the structures in Figure 1. Each series was
differentiated by the type of moiety/group in the linker. Table 1 contains a complete list of all members
in each series. Series |, with an enol moiety (the OH—3—4—5—0 in Figure 1a), was curcumin analogs
[la(n=3), Ib(n=5), and Id(n=9)] and the enol form of curcumin [Ic(n=7)]; series II, with a keto moiety (the
0—3—4—5—0 in Figure 1b), was dicarbonyl analogs [lla(n=3), lIb(n=5), and lld(n=9)] and the keto form
of curcumin [lic(n=7)]; series Ill, with a carbonyl group (the O—4 in Figure 1c), were monocarbonyl
analogs.

There were different reasons to choose each series. Series | and Il were selected because enol and keto
tautomers are present in water solvents. Series Il was included to address the issue discussed in
paragraph 3 of Introduction. We assumed that the geometries of each series are symmetric and that the
possible active sites (1, 2, and 3 in Figure 1) in the left and right halves of the three series have similar
characteristics.
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Figure 1. The basic structures to design the three series of curcumin and its analogs. The enol form
was taken from the observation of Sanphui et al. [58]. and used as a template. Number 1-7
represents carbon atoms in the linker (n). The analogs were designed by either adding or subtracting
the number of carbon atoms. The red boxes mark the location of possible active sites.

Table 1. List of the members of the three series of curcumin and its analogs based on the number of
carbon atoms in the linker (n)

No. Series | Series Il Series lll n

1. la la lHa 3
2. 1b b b 5
3. lc llc llic 7
4. Id Id id 9

Solvent Models

We employed the PCM [37] to model a water solvent, which represents the biological environment where
radical scavenging reactions occur. In a water solvent, Reaction (c) in Scheme 1 competes with Reaction
(d) in Scheme 1. In the gas phase, experimental observation showed that both reactions were exothermic
and endothermic, respectively [38, 39]. This observation suggested the former is more favorable. To
ensure PCM can effectively model a water solvent, we calculated the enthalpy of reactions for both
reactions without and with PCM (Table S1). Our results aligned with the experimental results, indicating
that PCM is appropriate to model the water solvent in this research. In addition, previously, PCM has
been able to explain experimental results regarding the antioxidant activity of oleuropein and its
derivatives [40].

Reaction Energy Calculations

We used two thermochemical quantities to evaluate the correlation between linker length and the -OOH
scavenging reactions. They were bond dissociation energies (BDE), A,.H’, and the Gibbs free energies
of HAT, ArG’. The bond dissociation energy is calculated according to Equation 1 and based on Reaction
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(b) in Scheme 1. On the other hand, the ArG’ is calculated according to Equation 2 and based on
Reaction (a) in Scheme 1.

AH® = [H° (ArOe) + H'(He)] — [H°(ArOH)] (1)
AG* =[G’(ArOe) + G’(HOOH)] - [G*(ArOH) + G"(eOOH)] @

In a scavenging reaction, a hydrogen atom is dissociated from the ArOH before it reacts with OOH.
According to the Bell-Evans-Polanyi principle, there is a linear relationship between the dissociation
energy and the activation energy of an O—H or C-H bond dissociations [41]. Therefore, the dissociation
energy can be an indicator of scavenging activity, as suggested by Wright et al [42].

As a benchmark, we used the dissociation energy of the O—H bond of phenol. In the gas phase, our
calculated dissociation energy of the O—H bond of phenol is 88.32 kcal/mol. This value fits perfectly in
the range of experimental values (87.36 - 88.60 kcal/mol) [43].

Computational Details

This work uses first-principles calculations, which is density-functional calculations [44, 45] integrated
into Gaussian 16 [46] software. The calculations have been used for studying homolytic bond
dissociation [47, 48] and chemical reactions [49, 50]. For performing the calculations, we used M06-2X
and 6-311++G(d,p) as the exchange-correlation (XC) functional and basis set (BS), respectively.
Developer M06-2X suggested it for thermochemical calculations [51]. We have used the XC for modeling
an O—H and C-H bond dissociations previously [52, 53]. Other researchers also used the XC to study
other chemical reactions [54].

We performed geometry optimization and vibrational frequency calculations. The optimizations obtained
singlet-spin states for ArOH and doublet-spin states for *OOH and ArO- in Reaction 1. The vibrational
frequency calculations were performed to obtain thermal correction at room temperature (298.15 K). We
followed the calculation routines in Ref. [55]. The calculation in a water solvent used PCM implemented
in Gaussian 16 software. From both routines, we obtained (1) the sum of electronic and thermal
enthalpies [(ey + Heorr)aroe] @nd (2) the sum of electronic and thermal free energies [(ey + Georr)aroel
at the standard temperature and pressure. (o + Hcorr)aroe @nd (g9 + Georr)aroe Were H’(ArOe) and
G’(ArQe) in equation (1) and (2), respectively. Lastly, Natural Bond Orbital (NBO) calculations were
performed to determine the orbital hybridization [56, 57].

Results and Discussion

The Ground State Structures

The linker elongation affected the planarity of the three series of curcumin and its analogs in different
ways. The planarity of series | alternated between planar and non-planar as the linker elongated (Figure
2a to 2d), while the planarity of series Il alternated inversely (Figure Sle to S1h). On the other hand, all
the analogs in series Il exhibited a non-planar configuration (Figure Sla to S1d). The planarity of Ic
(Figure 2c) was consistent with the previous observation [58], while the planarity of lic (Figure Sic)
aligned with the calculations reported by Benassi et al. [59]. Table S3 presents the calculated bond
lengths for these structures.

Most members of the three series were not planar because conjugated systems were absent in their
linkers. The non-planarity was evident in (1) the twisting of the linker of Id (Figure 2d), Ild (Figure S1d),
and llic (Figure S1g), (2) the folding of the linker of Ib (Figure 2b), lIb (Figure S1b) and Illa(Figure Sle),
and (3) the folding of the methylene group in series Il (Figure Sla to S1d). We note that the twisting and
folding of the linker occurred as the linker elongated or shortened. The data on bonding orbitals in Table
S4 show that in areas where the twisting and folding occurred, there was no conjugated system. For
example, in parameters 5-10 (Ib(n=5)), there were no alternating single C—C and double C—C bonds.
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Figure 2. Optimized geometries of all members of series |. The optimized geometries of series
Il and IIl are shown in Figure S1. All the Cartesian coordinates are shown in Table S2. Atom
numbering is shown in Figure 1

The Bond Dissociation Energies

The phenolic O—H bond in curcumin Radical spin delocalization influenced the phenolic O—H (site 1)
dissociation energy. The dissociation energy of site 1 in Ic and llc were the lowest compared to the other
sites (see Figures 4a and 4b). The energy was also lower than the dissociation energy of the phenolic
O—H in phenol (87.74 kcal/mol). Dissociation of site 1 lead to the formation of a phenoxyl radical with a
highly delocalized unpaired electron (Figure 3). These results support the conclusion of Brinck et al. [60]
that delocalization is the dominant factor determining the dissociation energy of phenolic O—H in phenol.
Therefore, the hydrogen atom transfer of the phenolic O—H in curcumin is the easiest, consistent with
experimental [4, 29, 61, 62] and computational [29, 63] studies.

The effect of the moieties in the linker The type of moieties in the linker only affected the dissociation
energy of the C—H bond (site 4) within the moieties. The average dissociation energy of site 4 in series
Il was 22.30 kcal/mol lower than that in series |. This value was much greater than the mean unsigned
error (MUE) of M06-2X — 1.2 kcal/mol for the homolytic bond dissociation energies [64]. These results
indicate the HAT of the methylene group in the B-diketones of series Il is easier than the HAT of the
same group in series |. The results are in accordance with the suggestion of Sugiyama et al. [65] that
the B-diketone group exhibits antioxidant activity.

The effect of the linker length Linker elongation, by increasing the value of n, weakened the phenolic
O—H bond (site 1) of the three series gradually (Figure 4). This weakening could be seen from the
decrease in site 1 dissociation energy as the value of n increased. Most of this decrease, between
1.96-4.64 kcal/mol, was greater than the MUE. Therefore, this weakening is significant.

The weakening of the phenolic O—H bond was due to the increased stability of the phenoxyl radical. As
n increased, oxygen atoms, which lose hydrogen atoms, became more negative (Table S5). Therefore,
the Coulombic attraction between those oxygen atoms and the hydrogen atoms in the methoxy group
increases. As a result, the stability of the phenoxyl radical increased. These results complement the
results obtained by de Heer et al. [22], Chen et al. [23] and Somparn et al. [18] In addition to the hydrogen
bonding between the methoxy and phenolic O—H groups, they suggested, the stability of the phenoxyl
radical plays a role in weakening the phenolic O—H bond. Thus, hydrogen atom transfer from the
phenolic O—H occurs.
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Figure 3. Spin density of phenoxyl radicals with isosurface value of 0.002. Some hydrogen atoms
are omitted for clarity. Orange and purple colors represent alpha- and beta- electron densities,
respectively. Atom numbering is shown in Figure 1. The spin densities of other radicals are shown
in Figure S2

Instead of phenolic O—H, linker shortening weakened the C—H bond in the linker and the O—H bond in
the B-diketone moiety significantly (Figure 4). As the value of n decreased, the dissociation energies of
the C—H bond (site 3) of Ib, IIb and llla and the O—H bond (site 5) of Ib decreased in the range of 16-22
kcal/mol. This significant decrease caused the dissociation energy of site 3 to be similar to or even lower
than that of site 1. However, it was not the case for site 5. Therefore, the C—H bond in the linker can
easily transfer its hydrogen atoms as easily as phenolic O—H.

The role of a conjugated system The absence of a conjugated system in the linker directly affected
the strength of the C—H bond in the linker. This was evident in molecules Ib(n=5), lIb(n=5), and Illa(n=3),
where two specific conditions indicated a reduced strength of the C—H bond. These conditions were the
presence of a hybrid sp* with A greater than three (see highlighted cells in Table S6) and the formation
of a stable radical (marked in red in Figure S3) due to delocalized unpaired electrons (Figure S4a, S4d,
and S4q).

On the other hand, the absence of a conjugated system in the linker indirectly affected the dissociation
energy of the O—H bond in the moiety. This was demonstrated in the folded structure of the linker Ib
(n=5), which gave rise to three distinct conditions. These conditions were the weakest coulomb attraction
between the positively charged H atom (in the O—H bond) and the negatively charged O atom (in the
C—0O bond near the O—H bond) due to their largest distance (Table S7), the largest magnitude of the
O—HO angle (Table S7), and the highest frequency of O—H vibrations with the lowest intensity (red line
in Figure S5). The last condition aligns with the IUPAC criterion of weaker hydrogen bonds [66].
Consequently, the O—H bond in the Ib molecule (n=5) is comparatively weaker. Both the direct and
indirect effects indicate that the absence of a conjugated system is a crucial characteristic for curcumin
analogs as radical scavengers.
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Figure 4. The calculated C—H and O—H bond dissociation energies against the number of
carbon atoms (n) in the linker of the three series. The site numbering refers to Figure 1. The
label inside the bracket in the x axis is the name code listed in Table 1.

The Gibbs Free Energies of HAT

The trend of Gibbs free energy of HAT was in line with the trend of dissociation energy. Like the
dissociation energy, lengthening the linker decreased the value of ArGe of site 1 in three series gradually.
Whereas, shortening the carbon chain decreased the ArGe of site 3 significantly at a certain value of n.
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The values of ArGe at the two sites were less than zero. This means that the HAT occurring through sites
1 and 3 was thermodynamically favorable.

Table 2. The calculated Gibbs free energies of HAT at every value of n

n The Gibbs free energy of reaction
Sitel [Site2 [Site3 |[Site4 |[Sites

Series |

31270 13.26 n/a 25.01 21.34

5] -141 12.20 -2.46 24.25 3.70

7| -1.44 11.04 17.39 28.59 22.25

9 | —2.45 11.96 16.00 28.20 19.10
Series |l

31271 13.24 n/a 7.01 n/a

51 -0.23 14.21 -6.35 3.55 n/a

7 |-1.32 12.43 16.41 4.23 n/a

9 |-152 13.22 16.75 4.89 n/a
Series Il

3 | -0.65 11.66 -4.60 n/a n/a

5-1.49 12.51 16.59 n/a n/a

7 | -3.08 12.44 15.37 n/a n/a

9 | -1.20 11.08 17.34 n/a n/a

n/a means the data is not available.

The linker length affected the factors determining the Gibbs free energy of HAT at sites 1 and 3. Linker
elongation reduced the enthalpy and entropy of the reactions at site 1 of the three series, as shown in
Table S8. Conversely, linker shortening decreased the enthalpy but increased the entropy of the
reactions at site 3 of certain molecules. Thus, enthalpy is the key factor determining ArGe < 0 at the
phenolic O—H (Site 1 in Table 2), while enthalpy and entropy are the factors influencing ArGe < 0 at the
C—H bond in the linker (Site 3 in Table 2) of Ib(n=5), lIb(n=5), and Illa(n=3). The increased entropy at
site 3 of those molecules suggests that the absence of conjugated systems enhances system disorder.

The conjugated systems in the carbon linker impacted on free radical scavenging activity of curcumin.
Somparn et al. [18] observed and found that curcumin analogs without a conjugated system on the seven
carbon linker exhibited stronger scavenging activity compared to curcumin. Our findings, focusing on
linker with fewer carbon atoms [Ib(n=5), lIb(n=5), and llla(n=3)], align with their results, indicating that
the absence of conjugated systems in the linker enhances the scavenging activity. Therefore, both
studies highlight the significance of the absence of conjugated systems in enhancing curcumin’s free
radical scavenging activity.

Conclusions

In water solvents, both elongating and shortening curcumin linker length improves its -OOH scavenging
activity thermodynamically. As the linker elongates, the *OOH scavenging activity through phenolic O—H
improves gradually. On the other hand, as the linker shortens, the *OOH scavenging activity through the
C—H bond in the linker improves significantly. The significant improvement was due to the absence of a
conjugated system in the linker. Therefore, an analog without a conjugated system in the linker is most
suitable as a radical scavenger.

The improvement in *OOH scavenging activity emphasizes the importance of considering the length of
the curcumin linker without a conjugated system. Further exploration of scavenging reactions in different
solvents expands the applicability of curcumin. Further development of curcumin analogs may offer
promising opportunities for the design of efficient radical scavengers. These opportunities strengthen the
potential of curcumin for applications in medicinal chemistry and beyond.
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Figure S1. Optimized geometries of all members of series Il (lla - 1ld) and Il (llla -llid)

Table S1. Enthalpy of reaction (kcal/mol) (a) without and (b) with Polarizable Con-tinuum
Model (PCM)

No. Reaction (a) (b)
1. H" '+ 'OOH — HOOH -77.32 -86.32

2. H +H)0 —> H,+OH 13.66 15.37

Table ESI-2. Cartesian coordinates of optimized geometries of the three series

No X Y Z
la

8 —6.253143000 1.882516000 0.289073000
8 —6.135023000 - 0.702796000 -0.175524000
8 —1.226849000 - 1.877066000 -0.033570000
8 1.254891000 —1.876419000 -0.120345000
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5.650156000

Y

2.339481000
2.351192000

4

- 1.856803000
- 0.760248000

o

2.610128000
2.527203000
—3.179412000
—2.611764000
2.428843000
2.999990000
2.571393000
0.109142000
1.331192000
1.406165000
0.255028000
- 0.972615000
—1.054427000
—2.374399000
—3.085156000
- 3.676538000
—2.856382000
—2.395316000
—0.961038000
—0.628726000
0.701613000
1.700316000
1.367320000
0.048474000
2.195972000
3.262780000
3.610639000
2.233948000
1.955784000
0.046956000
0.330867000
- 1.862272000
—2.214025000
—4.642062000
- 3.828768000
—2.465928000
—0.212375000
1.809719000
1.496328000
3.159468000
—1.407284000
0.973169000
3.521853000
—3.016986000
—3.043812000

2.063028000
1.036933000
- 0.453898000
- 0.189539000
- 0.927961000
—1.896297000
0.700096000
1.360040000
1.436679000
1.960305000
2.391203000
2.325638000
1.817212000
1.742502000
0.441161000
0.303655000
- 0.565519000
-1.920038000
- 1.857382000
- 2.308526000
—2.318298000
—1.867748000
- 1.383389000
- 1.384675000
- 0.581460000
1.586266000
0.472958000
1.545108000
—0.178389000
0.957359000
2.797306000
2.694222000
1.783133000
- 0.199640000
1.271962000
- 2.611482000
- 1.018896000
- 1.443632000
0.254133000
- 0.282718000
- 2.658279000
—2.680376000
—1.402357000
2.575179000
- 2.268710000

1.268696000
- 1.167341000
-1.901848000
2.369174000
1.398637000
-0.999125000
- 2.548916000
- 1.304971000
- 0.656259000
0.645652000
1.280093000
0.619291000
- 0.671607000
- 1.412962000
-1.095162000
0.302943000
1.246807000
0.747528000
0.251825000
-1.018444000
- 1.442417000
- 0.598728000
0.677634000
1.100850000
2.758709000
0.738003000
- 2.770817000
- 3.154375000
- 2.753193000
- 2.308767000
2.282110000
1.117425000
- 2.490235000
0.185965000
0.776238000
1.590780000
2.086279000
3.308210000
2.830952000
3.163116000
- 1.686135000
- 2.427427000
- 0.352468000
-1.116638000
- 0.055761000

(oo lioelioelio o i, el e e e e e e el el el i N N e N Ne) o) Ne) o) Re) Ne) Ne) o) No) o) o) o) Wer Nep ol e o v oo oo i, ool ol
0

6.721623000
6.447530000
0.881311000
- 0.881319000
—6.447329000

- 2.126531000
—2.112147000
2.685055000
2.684627000
- 2.112545000

1.706037000
- 0.913260000
- 2.012866000
2.013397000
0.912839000
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Z
o

T8 —6721792000 - 2126027000 - 1706444000

X

6.342232000
4.620445000
5.595366000
5.769185000
4.964006000
3.986302000
3.801016000
2.789389000
1.912490000
0.950191000
- 0.000004000
- 0.950215000
- 1.912493000
- 2.789481000
—3.801147000
—3.986625000
—4.964350000
—5.769347000
—5.595332000
—4.620409000
—6.341525000
7.180213000
7.099932000
6.534217000
5.352555000
4.478920000
5.116328000
3.368728000
2.746520000
1.873425000
—0.564005000
0.564002000
—1.873360000
- 2.746646000
—4.478751000
—6.533505000
—5.351686000
—7.099001000
—3.369208000
—5.116826000
—7.180195000

Y

—2.138882000
—0.492051000
—1.302841000
- 1.335349000
- 0.555821000
0.257119000
0.300807000
1.136633000
1.958352000
2.740451000
3.622911000
2.740297000
1.958342000
1.136601000
0.300945000
0.257741000
- 0.555066000
- 1.334961000
- 1.302938000
- 0.492263000
- 2.140032000
- 2.589357000
—2.836874000
—1.147977000
—2.486669000
—0.459866000
- 0.597215000
0.858273000
1.084743000
2.083829000
4.242712000
4.242555000
2.083961000
1.084532000
- 0.460449000
-1.149382000
- 2.487834000
- 2.838322000
0.859197000
- 0.596078000
- 2.589202000

4

- 2.331168000
- 0.785505000
-0.231532000
1.163244000
1.981462000
1.424075000
0.039129000
- 0.599543000
0.000058000
- 0.799960000
0.000364000
0.800506000
0.000327000
0.599770000
- 0.039065000
- 1.424001000
- 1.981545000
- 1.163497000
0.231267000
0.785397000
2.330694000
0.991224000
- 2.676227000
- 2.749186000
- 2.636348000
- 1.858665000
3.053024000
2.079412000
- 1.685725000
1.076598000
- 0.697805000
0.698668000
-1.076194000
1.685945000
1.858552000
2.749319000
2.635327000
2.675644000
- 2.079208000
- 3.053100000
- 0.991738000

(NeNerNe) o) NepRocfooioeNoecioolool . Rl ol ol il ol el il R e Ne) e ) NerNe) Ne) o) Ne) Ne) Ne) Nor Ne) Ne) o) N Ne) Ne) Ne) o) Nep o))
Q

8.195083000
5.698904000
1.290412000
- 1.447147000
—7.295177000
—7.422512000
4.370790000
4.910128000
5.893440000
7.239241000
7.576454000
6.582760000

- 2.444385000
—3.123799000

2.218190000

2.889334000
- 0.970172000
- 3.234280000
—3.553028000
- 0.842567000
- 1.812065000
- 1.483047000
- 0.181568000

0.795112000

0.257393000
- 0.229287000
- 1.718772000

1.068050000

1.511859000

0.173901000
- 0.494204000

0.148372000

0.076675000

0.330141000

0.648525000

0.719173000
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No X Y Z
5.246456000 0.484324000 0.475350000
2.917358000 1.430013000 0.429750000
1.967676000 2.577951000 0.557018000
1.135975000 2.821947000 —0.684354000
0.022415000 3.855175000 -0.539725000

—1.224464000
—2.112233000
—3.217732000
—4.454840000
—4.558949000
—5.552260000
—6.451640000
—6.355483000
—5.370728000
- 7.279389000
7.768527000
4.433700000
3.960728000
3.731494000
3.880670000
8.615269000
6.855747000
2.467632000
2.491694000
—0.136479000
0.271508000
—2.508254000
—3.890483000
- 5.303212000
- 7.432478000
- 6.334871000
- 8.099762000
—3.857536000
—5.635014000
—7.945560000
4.238534000
—3.393147000
4.642991000
1.254297000
—2.697973000
—1.471314000

3.093066000
2.589923000
1.696162000
-0.489984000
-1.705288000
-2.629177000
- 2.344158000
-1.122703000
-0.208036000
0.234032000
- 3.280330000
—4.616604000
—3.026904000
- 3.388544000
—1.108186000
0.059056000
1.813710000
0.464575000
3.511721000
4.333381000
4.587149000
3.487803000
2.120567000
0.723102000
1.098223000
0.339309000
0.158256000
-1.936877000
- 3.573343000
- 2.860870000
1.553603000
0.453130000
2.540885000
2.424995000
0.072800000
2.100111000

-0.101330000
-1.219518000
-0.754757000
-0.816665000
-1.490303000
-1.164552000
-0.155155000
0.539232000
0.213930000
2.265457000
0.025268000
-0.707771000
-1.359690000
0.376573000
-0.051565000
0.840061000
0.970746000
0.215301000
0.788019000
-1.505653000
0.227763000
-1.712922000
-0.015264000
0.760541000
1.614496000
2.804732000
2.973980000
- 2.283846000
-1.689387000
0.896078000
0.570003000
-1.206907000
0.786298000
1.378219000
-1.953414000
-1.960657000

mmmmmmmmmmmmm:|—\|—\|—\Hmml—\l—\l—\l—\l—\Hr—\r—\r—\r—\r—\r—\r—\r—\r—\r—\r—\r—\l—\HO\O\O\O\O\O\O\O\O\O\ oo o) o) O
Q

2.534148000
3.356692000
- 0.236896000
—0.208353000
—1.938888000
3.793940000
1.465119000
2.216232000
1.808133000
0.667178000
—0.089881000
0.290539000
—0.583367000

—2.142261000
- 0.045026000
3.717453000
- 2.275011000
- 3.266816000
1.026266000
1.303900000
0.139913000
—0.993134000
—0.934056000
0.237446000
1.352058000
2.593542000

-1.110100000
0.265258000
0.852263000
1.395578000

- 0.322913000
1.090423000

- 0.502125000

- 0.458064000

-1.181881000

-1.959951000

-1.999317000

- 1.264996000

-1.217570000
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Z
o

X

- 2.126729000
- 2.156225000
—3.063031000
—3.005070000
—2.029466000
—1.116754000
—1.188788000
0.790931000
3.280467000
4.690093000
3.028998000
4.030894000
1.762668000
0.363090000
—1.005734000
—1.500171000
- 3.017132000
- 0.473681000
0.338266000
1.387666000
1.421626000
—3.814357000
—3.702145000
—1.186226000
—0.063040000
- 2.108673000

Y

2.261595000
0.772715000
0.206504000
-1.156219000
-1.947401000
- 1.386651000
-0.041127000
- 1.780710000
—1.991505000
0.673806000
1.279754000
1.906189000
2.171417000
—1.816378000
0.260376000
2.410887000
2.726685000
0.402218000
- 1.377506000
- 1.008367000
- 2.630156000
0.827920000
-1.606135000
- 3.639999000
3.453356000
2.495653000

4

0.863314000
0.610357000
-0.273278000
-0.578232000
- 0.005364000
0.907461000
1.220179000
2.276286000
- 0.514963000
1.593948000
1.829482000
0.487778000
0.074555000
- 2.511275000
- 2.578166000
- 1.781982000
0.427108000
1.903893000
3.185579000
1.783935000
2.525419000
- 0.747908000
-1.275189000
0.154978000
- 1.644973000
1.929280000

il o) Ne)Ne) Ne)Ne)Ne)Ne)Ne)Ne)Ne)Ne)Ne)Ne) Ne) Ne) Ne)Ne)NerNep e clocle oo i, Il ol ol ol i sk 2 K N e Ne ) Re) Ne) Ne) o))

b

7.581988000
7.338140000
0.000000000
- 7.338140000
—7.581988000
7.261033000
4.897421000
6.170931000
6.337720000
5.226409000
3.949298000
3.766226000
2.447236000
1.252005000
0.000000000
—1.252005000
—2.447236000
—3.766226000
—3.949298000
—5.226409000
—6.337720000
- 6.170931000
—4.897421000
- 7.261033000
8.223761000
8.287044000
6.745064000

- 1.736600000
0.886728000
1.928963000
0.886728000

- 1.736600000
2.306579000
0.732585000
0.190400000

- 1.205108000

—2.035621000

—1.489873000

—0.104032000
0.524769000

—0.085715000
0.703816000

- 0.085715000
0.524769000

- 0.104032000

- 1.489873000

- 2.035621000

-1.205108000
0.190400000
0.732585000
2.306579000

- 1.013091000
2.663940000
2.663323000

0.000231000
0.000396000
- 0.000340000
0.000228000
- 0.000083000
0.000473000
0.000115000
0.000220000
0.000137000
- 0.000054000
- 0.000151000
- 0.000059000
- 0.000141000
- 0.000071000
- 0.000186000
- 0.000129000
- 0.000238000
- 0.000217000
- 0.000385000
- 0.000340000
- 0.000126000
0.000034000
- 0.000021000
0.000349000
0.000346000
0.000611000
0.894932000
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X

4.759612000
5.378449000
3.095549000
2.439544000
1.156132000
—1.156132000
—2.439544000
- 4.759612000
—6.745247000
- 6.745083000
- 8.287044000
—3.095549000
—5.378449000
—8.223761000

Y

1.806667000
—3.108077000
—2.155736000

1.612920000
- 1.165607000
- 1.165607000

1.612920000

1.806667000

2.663457000

2.663296000

2.663940000
- 2.155736000
- 3.108077000
-1.013091000

4

0.000174000
- 0.000132000
- 0.000317000
- 0.000258000

0.000075000

0.000011000
- 0.000338000

0.000095000
- 0.894162000

0.894831000

0.000476000
- 0.000574000
- 0.000480000

0.000054000

o

PRRPRPRRPRPRPRPRRPPRPRPROONONNDNDNNNDNNNNNNNNNNNNAN00N00™ R RRRRRRRERRR P

- 8.500475000
—6.599815000
0.000151000
6.599246000
8.500755000
—5.614481000
—5.053504000
—6.271145000
- 7.309201000
—7.105898000
—5.876262000
—4.840658000
—3.565736000
—2.497814000
—1.245265000
0.000109000
1.245434000
2.498050000
3.565788000
4.840737000
5.876755000
7.106467000
7.309419000
6.270918000
5.053197000
5.613531000
—8.449497000
—6.072939000
—5.326966000
—4.733576000
—4.262605000
—7.911725000
—5.725368000
—3.520981000
—2.496617000
1.327460000
1.050239000
2.497093000
3.520882000

1.143692000
2.074504000
- 0.124753000
2.074830000
1.143601000
2.623825000
0.308195000
0.962820000
0.492136000
- 0.628671000
- 1.286736000
- 0.836095000
-1.573247000
- 1.331064000
- 2.146987000
—1.333975000
- 2.147340000
- 1.331562000
—1.573005000
—0.835895000
—1.286705000
—0.628749000
0.492134000
0.963032000
0.308518000
2.624229000
1.893681000
3.490945000
1.899636000
2.932755000
0.682540000
- 0.979629000
- 2.165901000
- 2.406269000
- 0.512167000
—2.957061000
- 2.631633000
- 0.513439000
—2.405360000

0.495717000
- 1.070658000
0.000366000
1.070777000
- 0.494317000
- 1.934754000
-0.393921000
- 0.358320000
0.469098000
1.250489000
1.212990000
0.396815000
0.392083000
- 0.370479000
- 0.310504000
- 0.000162000
0.309466000
0.370043000
- 0.393011000
- 0.397225000
-1.212783000
- 1.249654000
- 0.468280000
0.358457000
0.393433000
1.934389000
- 0.111935000
- 2.402372000
- 2.700769000
- 1.367016000
- 1.030049000
1.883857000
1.829124000
1.091544000
- 1.083768000
- 0.421667000
1.276077000
1.084223000
- 1.093256000
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X

5.325618000
4.732909000
6.071812000
5.726136000
7.912626000
8.449490000
—1.050070000

Y

1.900074000
2.933191000
3.491339000
—2.165934000
—0.979846000
1.893673000
- 2.630522000

4

2.700286000
1.366231000
2.402196000
- 1.828894000
- 1.882524000
0.113209000
- 1.277497000

RPRRPRRPRRPRRRRPRRPRRERRRRPRRERRERRERRRERRPAACODDIDDNNDDIDINNDDNDNNNND N 0000000000 === 0= =

- 9.780351000

—10.083537000

9.671836000
7.343548000
8.628748000
8.826644000
7.733086000
6.443777000
6.229101000
4.895700000
3.714094000
2.457085000
0.000000000
—2.457085000
—3.714094000
- 4.895700000
—6.229101000
—6.443777000
—7.733086000
—8.826644000
- 8.628748000
- 7.343548000
- 9.671836000
10.708987000
10.689700000
9.148229000
9.148200000
7.184377000
7.906992000
5.606457000
4.875332000
3.667787000
- 2.493147000
—3.667787000
- 4.875332000
- 7.184377000
—9.148220000
- 9.148209000

- 10.689700000

—5.606457000
—7.906992000

—10.708987000

0.898438000
-1.720641000
2.316004000
0.690686000
0.175631000
—1.215329000
—2.067918000
- 1.549793000
- 0.168301000
0.432788000
—0.213148000
0.497267000
0.688460000
0.497267000
-0.213148000
0.432788000
- 0.168301000
- 1.549793000
- 2.067918000
-1.215329000
0.175631000
0.690686000
2.316004000
—0.983231000
2.696098000
2.661599000
2.661638000
1.761857000
—3.137144000
- 2.236083000
1.520955000
—1.298338000
1.584945000
-1.298338000
1.520955000
1.761857000
2.661699000
2.661538000
2.696098000
- 2.236083000
- 3.137144000
-0.983231000

—1.327383000 - 2.957297000 0.419968000

Id
10.083537000 —1.720641000 - 0.000063000
9.780351000 0.898438000 - 0.000030000
0.000000000 1.915349000 0.000065000

0.000075000
- 0.000010000
0.000003000
0.000011000
- 0.000019000
- 0.000039000
- 0.000025000
0.000002000
0.000015000
0.000038000
- 0.000094000
- 0.000039000
- 0.000057000
- 0.000023000
- 0.000067000
0.000063000
0.000047000
0.000004000
- 0.000014000
0.000009000
0.000056000
0.000078000
0.000202000
- 0.000066000
- 0.000006000
0.894432000
- 0.894395000
0.000028000
- 0.000032000
0.000024000
0.000169000
- 0.000244000
0.000108000
- 0.000210000
0.000190000
0.000115000
- 0.894184000
0.894643000
0.000241000
- 0.000005000
- 0.000042000
0.000040000
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No X Y Z
1 2.493147000 1.584945000 0.000096000
6 —1.250288000 —0.098065000 —0.000127000
6 1.250288000 —0.098065000 —0.000138000
1 —-1.168309000 —1.180389000 —0.000255000
1 1.168309000 —1.180389000 —0.000268000

Table S3. Geometrical parameters of Ic and lic calculated using M06-2X (Calc.) com-
pared to the literature values (Lite.) [1].

No. Parameter Calc. Lite.
Ic

1. O3 _ H3 1.001 0.940

2. c3_ O3 1.327 1.310

3. C> = O° 1.252 1.270

4. Cc3 =C4 1.370 1.374

5. ct— c° 1.440  1.420
llc

6. c3—03 1.216

7. Cc>—0° 1.216

8. c3—c4 1.524

9. c4—C> 1.524

Table S4. The bonding orbital of C1-C2 bond in the carbon linker of the three series
is shown as a linear combination of atomic orbital aC1(sp?) + bC2(spf). a + 8 = 2.00
indicates a C C bond, while a + 8 = 3.00 indicates a C C bond. The Labels for the
atoms in the *Parameter” section are based on the provided figure (Ic)

(‘:Hs O‘H (ﬁ CHs

OTTTOL
HO OH
No Parameter a a b 6
Ia

1 a-1 0.71 2.21 0.71 2.37

2 1-2 0.71 2.79 0.71 1.96

3 2-3, 0.70 1.97 0.71 2.89
";l 3-a 0.71 234 0.71 2.19

5 a-1 0.71 221 0.71 237

- 7 . .

5 373 8786 142 841 148

8 3-4 0.72 2.04 0.70 1.72

9 4-5 0.70 1.97 0.71 2.89
I%:O 5-a 0.71 234 0.71 2.19
11 a-1 0.72 211 0.69 1.88
12 1-2 0.67 1.00 0.74 1.00
13 2-3 0.70 2.04 0.71 1.86
14 34 0.62 1.00 0.79 1.00
15 4-5 0.71 197 0.70 1.76
16 5-6 0.72 1.87 0.71 2.07
17 6-7 0.74 1.00 0.67 1.00
18 7-a 0.69 1.88 0.72 2.10

Continued on next page

ESI-15

10.11113/mjfas.v20n1.3245
146



{\Ig Parameter a o b 8

19 a-1 0.72 2.09 0.70 1.96
20 1-2 0.71 1.00 0.71 1.00
21 2-3 0.72 2.52 0.70 211
22 34 0.71 2.72 0.71 1.95
23 4-5 0.71 143 0.71 1.76
3¢ 278 876 83 849 83
26 7-8 0.72 2.36 0.70 2.07
27 8-9, 0.71 1.00 0.71 1.00
I%% 9-3 0.70 1.95 0.72 2.09
29 a-1 0.72 224 0.69 1.81
30 1-2 0.69 195 0.72 2.68
31 2-3, 0.72 2.78 0.69 1.98
ﬁ%’ 3-a 0.69 1.75 0.72 2.25
33 a-1 0.70 2.28 0.71 2.53
3 373 0:66 188 878 183
36 3-4 0.72 2.70 0.69 1.95
37 4-5 0.70 1.82 0.72 2.88
ﬁ% 5-a 0.71 250 0.71 2.26
39 a-1 0.72 2.10 0.70 1.87
40 1-2 0.66 1.00 0.75 1.00
41 2-3 0.71 2.15 0.70 1.79
yCR 853 388 B8 %38
44 5-6 0.70 1.79 0.71 2.15
45 6-7, 0.75 1.00 0.66 1.00
I1<6:| 7-a 0.70 1.87 0.72 2.10
47 a-1 0.72 2.09 0.70 1.96
48 1-2 0.71 154 0.70 1.53
49 2-3 0.70 2.07 0.72 234
50 3-4 0.72 2.87 0.70 1.79
51 4-5 0.69 197 0.72 2.87
23 276 876 158 393 %4’
54 7-8 0.72 2.34 0.70 2.07
55 8-9 0.71 1,55 0.71 1.52
ﬁf’a 9-3 0.70 1.95 0.72 2.09
57 a-1 0.71 223 0.71 241
58 1-2 0.72 2.87 0.70 1.87
59 2-3 0.70 1.88 0.72 2.86
I(i?b 3-a 0.71 252 0.71 2.26
61 a-1 0.72 2.09 0.70 1.86
g2 373 857 398 848 189
64 3-4 0.70 1.88 0.71 2.13
65 4-5 0.75 1.00 0.67 1.00
I‘i?c 5-a 0.69 1.88 0.72 211
67 a-1 0.72 2.09 0.70 1.95
68 1-2 0.71 1.00 0.71 1.00
69 2-3 0.70 2.07 0.72 2.35
VA 066 187 893 18l
72 5-6 0.72 2.35 0.70 2.07
73 6-7 0.71 1.00 0.71 1.00

Continued on next page
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Table 4 — Continued from previous page

No Parameter a o b 8

Iﬁd 7-a 0.70 1.95 0.72 2.09
75 a-1 0.71 2.07 070 1.91
76 1-2 0.69 1.00 0.72 1.00
77 2-3 0.71 196 0.71 190
78 3-4 0.74 1.00 0.67 1.00
79 4-5 0.71 2.10 0.71 1.88
80 5-6 0.70 1.87 0.71 2.07
81 6-7 0.75 1.00 0.67 1.00
82 7-8 0.70 193 0.71 1.95
83 8-9 0.72 1.00 0.69 1.00
84 9-a 0.70 190 0.71 2.08

Table S5. Charges of the radicalized oxygen atom (O) and a hydrogen atom (H) in the

methoxy group of the radical forms of the three series.

10.11113/mjfas.v20n1.3245

Molecules n NBO charges (e)
(0] H
la 3 -0.584 0.194
1b 5 -0.630 0.194
Ic 7 -0.594 0.192
Id 9 -0.604 0.192
la 3 -0.580 0.195
11b 5 -0.599 0.198
lic 7 -0.589 0.193
Id 9 -0.604 0.190
1a 3 -0.597 0.192
1111 ) 5 -0.593 0.192
Ilic 7 -0.604 0.192
1id 9 -0.601 0.191
ESI-17
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(a) Radical Ic from dissociation of site 2.
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(c) Radical Ic from dissociation of site 4.
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(e) Radical llc from dissociation of site 2.
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(g) Radical llc from dissociation of site 4.

Figure S2. Spin density of the radical forms of Ic and llc with an isosurface of 0.002.
Some hydrogen atoms are eliminated for clarity. The dominant a and 8 densities are
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(b) Radical Ic from dissociation of site 3.

(d) Radical Ic from dissociation of site 5.

%-e

(f) Radical llc from dissociation of site 3.

indicated by orange and purple colors, respectively
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H, H_

(Kcal;cr;ol) (Kcalr/crlnol)
30.00 30.00
25.00 p— 25.00 _—
20.00 — 20.00
15.00 15.00 —
10.00 = 10.00
5.00 5.00 —
0.00 0.00 —
5.00 5.00
10.00 -10.00
rad-1 rad-2 rad-4 rad-5 rad-1 rad-2 rad-3 rad-4 rad-5
(a) 1a (b) b
Heo, Heg,
(Kcal/mol) (Kcal/mol)
30.00 30.00 —
25.00 p— 25.00
20.00 — 20.00 — —
15.00 15.00
10.00 — 10.00
5.00 5.00
0.00 0.00
5.00 -5.00
10.00 -10.00
rad-1 rad-2 rad-3 rad-4 rad-5 rad-1 rad-2 rad-3 rad-4 rad-5
(c) 1c (d) 1a
Heg Heg
(Kcal/mol) (Kcal/mol)
30.00 30.00
25.00 25.00
20.00 20.00
15.00 15.00
10.00 — 10.00
5.00 —_— 5.00 —
0.00 0.00
-5.00 -5.00 —
10.00 -10.00
rad-1 rad-2 rad-4 rad-1 rad-2 rad-3 rad-4
(e) na (f) b
rel. Hio.
(Kcal/mol) (Kcal/mol)
30.00 30.00
25.00 25.00
20.00 — 20.00 —
15.00 — 15.00
10.00 10.00
5.00 — 5.00 =
0.00 0.00
-5.00 -5.00
-10.00 -10.00
rad-1 rad-2 rad-3 rad-4 rad-1 rad-2 rad-3 rad-4
(g) nc (h) na

Figure S3. Stability of radicals based on standard enthalpy (H°). Radicals resulting
from dissociation at site 1 and 2 are denoted as rad-1 and rad-2, respectively, and so on.
The standard enthalpy of rad-1 is used as the reference value. Highly stable radicals are
shown in red.
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Hrel, H,

rel.

(Kcal/mol) (Kcal/mol)

30.00 30.00

25.00 25.00

20.00 20.00 —
15.00 —_— 15.00 —

10.00 10.00

5.00 5.00

0.00 — p— 0.00

5.00 5.00
10.00 10.00

rad-1 rad-2 rad-3 rad-1 rad-2 rad-3
(i) ma @) wb
Heg Hpg
(Kcal/mol) (Kcal/mol)

30.00 30.00
25.00 25.00
20.00 p— 20.00 _
15.00 Pr— 15.00 —

10.00 10.00

5.00 5.00

0.00 —_— 0.00

5.00 5.00
10.00 10.00

rad-1 rad-2 rad-3 rad-1 rad-2 rad-3
(k) mc (1 ma

Figure S3. Stability of radicals based on standard enthalpy (H°). Radicals resulting
from dissociation at site 1 and 2 are denoted as rad-1 and rad-2, respectively, and so on.
The standard enthalpy of rad-1 is used as the reference value. Highly stable radicals are
shown in red (continued).
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(b) ic

(f) na

(i) mc () ma

Figure S4. Spin density of radicals with isosurface of 0.002. The radicals are generated
from the dissociation of site 3 (E-H bond in the linker). The dominant a and 8 densities
are marked in orange and purple, respectively.
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Figure S5. Infrared spectrum of members of series |, showing the peak for the stretching
of the OH bond in the enol moiety. The frequency (x-axis) is in 1/cm and the intensity (y-

axis) is in km/mol.

Table S6. The bonding orbitals of the G-H bond (site 3) and OH bond (site 5) as a
linear combination of atomic orbitals aX(sp?) and bH(sp®). X are C or O atoms. The

1 1 1
3,000 3,050 3,100

1 1
3,150 3,200

highlighted cells represent A values greater than three.

No. Molecule n a A b
Site 3 (CH)
1. 1b 5 0.788 3.45 0.616
2. lc 7 0.777 267 0.629
3. Id 9 0.777 2.72 0.630
4. b 5 0.787 3.28 0.617
5. llc 7 0.782 2.69 0.623
6. Iid 9 0.777 272 0.629
7. 1la 3 0.786 3.34 0.618
8. b 5 0.777 2.69 0.630
9. Illc 7 0.777 272 0.630
10. 1md 9 0.778 2.69 0.628
Site 5 (O—H)
11. la 3 0.891 293 0.453
12. 1b 5 0.884 3.10 0.467
13. Ic 7 0.889 2.94 0.458
14. Id 9 0.886 3.02 0.464

Table S7. Geometrical parameters of oxygen and hydrogen atoms in the moiety of Series
I. The figure shows the optimized geometry of la, calculated using M06-2X.

O-QO ) .®l q 080

ST I

1
3,250

Molecule n NBO Charge (e) R: H...O A: O-H...O
H (0] (A) (degree)
la 3 0.518 -0.703 1.55 150.8
1b 5 0.522 -0.690 1.74 145.8
Ic 7 0.520 -0.720 1.60 150.0
Id 9 0.521 -0.680 1.68 146.8
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Table S8. Enthalpy (kcal/mol) and entropy (cal/mol.K) of reactions via site 1 (phenolic
O-H bond) and site 3 (C Hbond in the linker) of the three series

Molecules n Site 1 Site 3
H S H S

la 3 2.81 0.37

1b 5 -0.34 3.60 0.27 8.77
Ic 7 -0.36 3.63 18.49 3.69
Id 9 -1.38 11.05 17.04 10.93
lla 3 3.43 2.41

1] ) 5 1.09 4,43 -4.28 6.96
llc 7 0.10 476 18.34 6.48
1id 9 -1.21 -5.24 16.96 0.72
1 E] 3 0.51 390 -1.40 10.73
11b 5 -0.34 3.86 18.14 5.19
Illc 7 -1.45 5.46 16.79 4.75
1id 9 -2.23 -345 18.77 4.82
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