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Abstract

Antioxidants have been the subject of intense rebdaterest mainly due to their beneficial
properties associated with human health and welthé?henolic molecules, such as naturally
occurring Resveratrol and Vanillin, are well knowar their anti-oxidant properties,
providing a starting point for the development efwnantioxidants. Here we report, for the
first time, the synthesis of a number of new vamithrough the reductive amination reaction
between vanillin and a selection of amines. All toenpounds synthesised, exhibited strong
antioxidant properties in DPPH, FRAP and ORAC assejth compound4b and2c being
the most active. The latter also demonstratedathity to protect plasmid DNA from
oxidative damage in the presence of the radicaliator AAPH. At cellular level,
neuroblastoma SH-SY5Y cells were protected frondatve damage (}D,, 400 uM) with
both 1b and2c. The presence of a tertiary amino group, along with number of vanillin
moieties in the molecule contribute for the antiait activity. Furthermore, the
delocalization of the electron pair of the nitrogemd the presence of an electron donating
substituent to enhance the antioxidant propertiethis new class of compounds. In our
opinion, vanillin derivativedb and2c described in this work can provide a viable platfo

for the development of antioxidant based therapsuti

Keywords: Vanillin derivatives, Synthetic antioxida, Antioxidant assays, Oxidative stress, DNA

and Cell protection.



Introduction

In recent years, antioxidants have been the subjaatense research interest mainly due to
their beneficial properties associated to humaitthead wellbeing [1]. Oxidative stress, the
imbalance between reactive oxygen and nitrogeniesp€ROS and RNS) production and the
antioxidant defence, is well known to play a fun@atal role in different pathophysiological
conditions [2]. In fact, a strong link between agelated diseases such as cancer,
cardiovascular, immune and neurodegenerative dis®rvith oxidative stress has been
recently found [3-5]. With an aging world populatjadhe occurrence of these conditions is
on the increase and therefore there is intenseestten the search and study for novel
antioxidant molecules for their potential use asrdbeutic agents [6]. Furthermore, new
synthetic antioxidants can help to decipher the enofdaction of many diseases associated
with oxidative stress. In the last decade, Cébial showed the beneficial effect of an
antioxidant-based therapy on cognitive declineatigmts suffering from Alzheimer disease
(AD) [7]. In addition, Takahatat al reported on the strong link between oxidativesstrand
the lipid peroxidation occurring in Parkinson’s eise (PD), thus setting the basis for a
possible antioxidant therapeutic approach [8]. Alowith their potential therapeutic
applications, the food industry uses popular sywithentioxidants such as trolox,
ethylvanillin, butylhydroxytoluene (BHT) and butyltiroxyaniline (BHA) to extend the shelf
life of food products. Therefore, there is alsohhdemand for new antioxidants in the food
industry [9, 10].

Although there have been many studies on the adit of individual natural and synthetic
polyphenolic compounds against cancer [11d8] inflammatory conditions [14], there is
limited information on the derivatives of vanillithe latter is a phenolic compound widely
available and applied in the food, drink and cosenedustries [15, 16]. Furthermore it has
been shown recently that vanillin exhibited neuod@ction ability in an experimental model
of Huntington’s disease and ischemia mainly du@g@antioxidant, anti-inflammatory, and
anti-apoptotic properties [17]. Recently, Lee al. reported the synthesis of a number of
vanillin based dendrimers with enhanced antioxidardperties. They also found those
dendrimers to have protective effects on fatty ggtidoleic acid), DNA (pBR322), and
lipoprotein (human LDL) against free radical damad&8, 19]. In other reports
diarylpyrazole derivatives bearing a vanillinic Ingdine moiety, had been designed and

synthesised to demonstrate bathvivo hypoglycemic andn vitro antioxidant activities. It



was also claimed that the presence of vanillinmugrcontributed to its radical scavenging
properties [20, 21].

Here we report for the first time the synthesis ah@dracterisation of a number of new
vanillin derivatives $cheme 1, 1a-1j, 2a-2f, 3 and 4); the determination of thein vitro
antioxidant properties together with their struetactivity relationship (SAR) analysis and
their ability to protect DNA from free radical dage The protection of hydrogen peroxide
stressed human neuroblastoma cells with the mastamntioxidant derivativeslb, 2c) was
also studied.



Results and discussion

Chemical Synthesis

The synthesis of a series of vanillin derivativeasvachieved by reacting Vanillin with the
corresponding amines under reductive amination itond [22] (NaCNBH ZnCl) in
methanol to yield either the mono, di- or the tetranillin derivatives in yields ranging from

12-90% (see scheme 1).
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Scheme 1Chemical strategy for the synthesis of Vanillinideatives

Depending on the ratio of the reagents used in ezattion, either the di- or tetra- vanillin
derivatives were obtained. For example, in thetwsis of divanillin derivative$a-1f and1i
an excess of amines was required. The excess amwaseremoved by extracting with
CHCls/saturated NaHCO(the amines being water soluble together with NBEN and

ZnCl,, were efficiently removed by the bicarbonate solutwash) or by column



chromatography (CH@1 MeOH 95:5) Interestingly, this reaction always yielded theNdi-
alkylated product (divanillin) rather than the mexealkylated derivative. This finding will
require further study and elaboration, but it was with the scope of this work. For this
reason, the synthesis of compouhdas performed in a multistep reaction (see scheme 1
Compoundl was obtained after the reaction of vanillin with @quimolar amount of amine
to yield the corresponding imine which upon subsequreduction, using sodium
borohydride, afforded! in 68%. It is also of interest to note that onhe tN,N-divanillin
derivative 1h was obtained following the same above mentioneatesty and nd\*,N*-
disubstituted isomeric compound was obtained as@diduct.

Interestingly, some of the crude compounds wheffipdrby solvent extraction gave poorer
yields (12-23%). This is due to the fact that the@seducts are sparingly soluble in the
aqueous phase. In contrast using column chromatbygréor purification of the crudes
afforded higher yields (65-82%). For the syntheditg, 1j, 2a-2f an excess of the aldehydic
compound (2-3 equivalents) led to the production tké stoichiometrically desired
compounds in good yields (38-90%) which precipdatet from the reaction solution except
for compound2b (18%). All compounds were fully characterised'byand**C NMR and
high resolution mass spectroscopy (see experimeration and Supplementary

Information, Sl).

Antioxidant activity

All compounds synthesised were studied for thetfoaiant properties using a range of
assays with differing oxidative potential evalugtimechanisms. Furthermore, the ability of
selected compounds to protect plasmid pBR322DNAnfatlamage in the presence of the
radical initiator AAPH was also studied. All thetiaxidant results are listed in tables 1 and 2

below.

DPPH Assay

Diphenyl-1-picrylhydrazyl (DPPH) is a stable orgamitrogen radical with an absorption
maximum at 515nm. Its reduction in the presence aafioxidants was monitored
spectrophotometrically [23]. The dgvalue of each compound was determined (see table 1
and Supplementary Information, SI). All the Vanillin derivatives excepth, 2a and 2e
showed strong radical scavenging activity withsol€@anging from 5.8 to 24M when
compared with the starting compounds used in théhegis i.e. vanillin and syringaldehyde

(ICso 4050 and 1150uM respectively). Interestingly the majority of theompounds



synthesised, showed similar range of activity town antioxidant Trolox (16 27.6 uM)

[19].

Table 1. Antioxidant properties of vanillin deriwegs 1a-1j, 2a-2e, 3 and4.

Compound
la

1b

1c

1d

le

1f

1g

1h

1i

1

2a

2b

2c

2d

2e

2f

3

4
Vanillin

Syringaldehyde

Results from each assay are expressed as a meBnaf tBree independent experimen@ompounds were

tested up to 250QM.

DPPH (ICso uM)

12.77£0.11

13.65+0.15

21+0.40

24 +2.00

22.20+0.60

21.90+1.70

29.70+£1.30

INACTIVE*

12.30 +1.20

1538+1

INACTIVE*

137.50 £ 5.50

5.80+0.10

144.30 £ 34.70

INACTIVE*

98 +5.51

248.5 £ 24.50

107 +1

4050 + 25

1150 + 22

FRAP (TE)
0.62 +0.05
0.68 +0.02
0.62 +0.03
0.63 +0.03
0.64 +0.02
0.60 +0.01
0.55 + 0.05
0.28 +0.02
1.14 +0.04
1.11 +0.03
2.54 +0.56
0.56 + 0.05
5.29 + 0.62
2.81+0.45
0.74 +0.13
2.78 +0.03
0.06 + 0.003
0.16 +0.08
0.11 +0.07

0.93+0.03



Compoundsla, 1b, 1c, 1d, 1e and 1f all exhibited similar activity (16 ranging from 12.77
to 22.2uM), confirming that the nature of the alkyl chaiashno effect on the antioxidant
activity. Furthermore, it is interesting to notatlthe terminal functional group does not have
any impact on antioxidant activity. For examgde has a terminal hydroxyl group wherdds
has a methyl group, both compounds demonstratetiasilange of antioxidant properties
with ICsp values of 13.65 to 219 respectively.

It can clearly demonstrated that the structuratuee contributing to the greatest impact on
the radical scavenging property was the basicityhef nitrogen in the molecule. This is
evident when comparing the activity of compou3d4 and1g (ICs0248.5, 107 and 29 iM
respectively) withlg bearing a tertiary amine, showed greater activitgn compared to the
secondary aminé and the imine8. Furthermore, quaternary salts and2e were devoid of
any activity, suggesting the importance of the tetecpair on the nitrogen atoms for radical
scavenging property. In addition, the number ofilianmoieties present in each molecule
had a significant effect on the antioxidant acyivof each compound. For examf@e has 4
vanillin moieties and is almost 2 times more actilkan 1b, which has only two vanillin

moieties (1Go5.8 and 13.65M respectively).

Compounds with a syringaldehyde moiety suchlps(an extra methoxy group when
compared with vanillin) showed an increase in dgtiwvwhen compared with the
corresponding vanillin derivativig with 1Csp values of 15.38 and 29uM respectively, thus
highlighting the role of the extra methoxy groupthe aromatic structure. At the same time,
removal of the methoxy group caused a dramatic atemiu of activity as shown in
compound2c and2f (5.8 and 98uM respectively). Finally, as expected the presevica
hydroxyl group in the vanillin moiety plays a fumdantal role in antioxidant activity [24].
This is clearly demonstrated with compoutadwhich bears no hydroxyl group, exhibited no
activity and this is compared with hydroxylated gmund2f (98 uM). Interestingly, the
substitution of the phenyl ring @ with a cyclohexane ring2b) also caused a dramatic loss

of antioxidant activity (5.8 and 137}BM respectively).

FRAP Assay
The FRAP assay works at acidic pH and is based hen reduction of the ferric-
tripyridyltriazine complex by antioxidants. The wdshg formation of the ferrous-

tripyridyltriazine complex leads to a measurablgebtolour (593 nm) [25] and the results are



expressed as Trolox Equivalent (TE) (St by direct comparison with the standard trolox
calibration curve. All the derivatives synthesisstipwed significantly increase (up to 48
times) in activity in the FRAP assay (0.16- 5.29) T#en compared with vanillin (0.11 TE)
except for compound (imine derivative, 0.06 TE). No statistical diffaes in activity were
found for the derivatives bearing different alkylain linked to the basic nitrogedaf1g)
with values ranging from 0.55-0.68 TE.

As in the above DPPH assay the presence of the bagen in the molecule provides
some impact on the antioxidant activity as eviddnag comparing compounds(imine), 4
(2° amine)and 1g (3° amine)showing a gradual increase in FRAP activity witdg).0.16
and 0.55 TE respectively. Furthermore, the dihydim@de saltslh and 2e showed weak
FRAP activity with 0.28 and 0.74 TE respectivelyn @he other hand, syringaldehyde
derivatives showed improved activity (almost twonds) when compared with the
corresponding vanillin derivatives, as evidencedhwij with 1g, 1.11 and 0.55 TE
respectively andi with 1b, 1.14 and 0.68 TE respectively. However, the iaseein activity
of syringaldehyde derivatives does not follow tlaens trend of syringaldehyde itself when
compared with vanillin (0.93 and 0.11 TE, respestiy.

Compound<c, 2d, 2f and2a showed the highest activities with 5.29, 2.8142aid 2.54 TE
respectively, thus highlighting the importance bé thumber of vanillin moieties and the
presence of both hydroxyl and methoxy groups inrtwecule. Compounds bearing only
hydroxy @f), methoxy a) groups and no substituents on the aromatic riaj $howed
similar activity (2.78, 2.54 and 2.81 TE, respeelyy. When both hydroxy and methoxy
substituents are present at the same time on dmeadic ring 2c), this enhances the activity
of the compound (5.29 TE). Interestingly, the siibgbn of the phenyl ring ir2c with a
cyclohexane ring2b resulted in a dramatic loss in antioxidant acyiv$.29 and 0.74 TE
respectively). For that reason, in contrast to BfePH assay, the delocalization of the
nitrogen’s electrons onto the aromatic ring linkitige vanillin /syringaldehyde moieties
appears to be fundamental for enhanced antioxiaetitity. It is of note thaRb exhibited
comparable FRAP activity to compounda-1i, all the latter compounds are not able to
delocalize the tertiary amino electrons due to dbsence any conjugated system linking

vanillin /syringaldehyde moieties (see Figure 4).



ORAC Assay

The ORAC assay is based on hydrogen atom transigrnaeasures the capacity of a
compound to inhibit the peroxyl free radical inddiaexidation of fluorescein. The thermal
decomposition of the oxidative stress inducer AARBLIts in the formation of free radicals,
emulating that found commonly in the human bodyus'making this assay more relevant to
biological systems [26].

Only a selection of compounds was put through tRAO assay (see table 2). The selection
(1b, 1g, 1h, 2c, 2e, 3, 4) was based on the number of vanillin moieties #edresults from

the previous antioxidant assays.



Table 2. Antioxidant properties of selected vamitlierivatives.

Compound ORAC (TE) DNA Protection (1Csy uM)
1b 6.02 £ 0.56 3.60 £ 0.87
1g 5.34+1.54 3.80+1.40
1h 4.08 £ 0.82 61.50 + 5.20
2a INSOLUBLE 13.60+1.20
2c 20.40+1.30 0.60 £ 0.10
2e 7.54 +£1.25 13.90 + 4.20
3 1.85+0.90 3.80+1.20
4 3.16 £1.15 410+1.90
Vanillin 2.19+0.28 5.60 + 0.60
Syringaldehyde 1.45+0.12 9.50 £0.30

Results from each assay are expressed as a mdanftisee independent experiments

All the derivatives showed increased activity witre ORAC assay compared with the
starting compound vanillin (2.19 TE) except thenenderivative3 (1.85 TE) (see table 2).
The different types of alkyl chains has no effetttioe activity in this assay. For examfle
and 1g showed similar activity (6.02 and 5.34 TE respastyi); however, the number of
vanillin moieties in the molecule appears to cdniteé significantly in the activity, since
compoundlg showed to be 2 fold more active th&nAt the same time, compourdd(a 2
amine) showed increased activity when compared 8iiimine), confirming the importance
of the nitrogen basicity as discussed above. Irtrashto the DPPH and FRAP assays the
hydrochloride saltdh and2e, turned out to be active in the ORAC assay wifl84and 7.54
TE respectively. This may be due to the weaklyd§sH 7.4) environment the experiment
was carried out. Compoungc showed the highest activity (20.4 TE), highligltithe

importance of the number of vanillin moieties ie tnolecule.

DNA Damage Protection Assay
The same set of compounds used in the ORAC assayapplied to the DNA damage
protection assay. As previously demonstrated in @AC assay above, AAPH has the

ability to reduce fluorescence intensity of the dugeiorescence probe, caused by radical



generation. AAPH is also able to cause oxidativeAD$tand breakage in pBR322 plasmid
DNA [27], from the supercoiled to both opened diaciand linear form of the plasmid DNA.
Previous work had demonstrated natural compound$ @as phenolic extracts from
Sphallerocarpus graciliseeds are able to prevent plasmid DNA strand bij@&k.Here all
the derivatives tested, showed better activity iotgrting oxidative DNA damage when
compared with vanillin (165 5.6 uM, see table 2) except for derivativis, 2a and2e which
gave IGo values of 61.5, 13.6 and 138 respectively. Both of the hydrochloride salts
showed lower activity (I values 61.5 and 13.9uM respectively), confirming the
importance of the electron pair on the nitrogemmetdor enhanced activity. For example in
Figure 1, DNA protection can be observed with mbgdher vanillin concentration (3éM)

while with 2c only a concentration ofydM was required to obtain maximum DNA protection

(figure 1). Furthermore, while vanillin at 21 concentration showed no protective effect,

2c (at 0.1uM) on the other hand showed 14.7% DNA protection.

circular

linear ‘/\/\/L,

supercoiled g

2.2 UM

Figure 1.Gel image obtained after DNA protection assayvamillin (above) and compourizt (below). The
first band (c) at the base represents the DNA ainthe band (AAPH) is the AAPH control, the bafrdsn (34
- 2.2 /M) and from (4.0 — 0.11M) represent the DNA protection for different comications of the
compounds. The intensity of each band was measvitedmage J software and the percentage of praiact
was measured for each concentration.

The substitution of the OH group with an H atontha vanillin moieties caused a dramatic
reduction of activity as shown in compoungs (ICso 13.6 uM) and 2c (ICso 0.6 uM).
Although the type of alkyl chainl, ICso 3.6 andlg, ICso 3.8 uM) showed no effect on



activity, the number of vanillin moieties in theolecule however plays a crucial role on the
activity as seen in derivativ@c which bears four vanillin moieties (& 0.6 uM).
Interestingly in this assay no statistically diffece in activity between imin8 and its

corresponding reduced fordnwas showed (1633.8 and 4.JuM respectively).

Cellular protection through MTT assay

3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazofn bromide (MTT) assay is a colorimetric
experiment to study cell viability. In this studye protective potential dfb and 2c was
investigated using the neuroblastoma SH-SY5Y hud®ived cell line. In many age related
diseases, cell death is often induced by the poesehReactive Oxygen Species (ROS). Here
H,0O, (400 uM) was used as a model neurotoxin since it gives 1o oxidative stress in SH-
SY5Y cells followed by cell death. [29]

Compoundslb and 2c were chosen in this assay due their strong awmtaoi activities
demonstrated in the different assays discussedealidmpounddb and?2c did not show
cellular cytotoxicity up to 1 mM and 3@M respectively (se&l). Therefore the ability afb

to protect HO, (400uM) treated cells, at concentrations ranging froth-0200uM and for
2c from 0.01-10.00uM were studied. From Figure 2, it can clearly berse¢hat 1b

significantly protected (6%) stressed cells at emiation as low as BM (p < 0.05).
Maximum cellular protection (20%) was achieved va@0OuM of 1b (p < 0.001).

Similarly from figure 2, compoundc significantly protected (8%) D, (40QuM) stressed
cells at a much lower concentration of UM (p < 0.01) and the maximum cellular
protection (30%) was achieved at iM (p < 0.001) which is well below the cytoxicity
concentrations ofc. Therefore2c is 20 times better at protecting® (40QuM) stressed
cells thanlb. It is noteworthy to mention that vanillin itselp to 800uM concentration did

not show any protection on,8, (400uM) stressed cellssée Sl).
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Figure 2.Protective effects of compoudt and 2c in hydrogen peroxide (4@M)-stressed cells. Cells were
incubated withlb (0.1-20Q/M) or 2¢ (0.01-1QM) for 24 hours before the addition of hydrogengeéde. After
24 hours the cell viability was measured using MiET assay. Values are expressed as the percenfathe o
untreated control and represented as mean + Shiafet independent experiments in each group. ***®€Q,,
**p<0.01, *p<0.05, ns no significantly different ogpared to the control.

SAR

Different antioxidant assays were performed onttedl compounds synthesised to evaluate
their antioxidant properties and to determine acstire-activity relationship (SAR). For
enhanced antioxidant properties the presence dbtlosving are important (see figure 3): (i)
tertiary amine (ii) phenolic functionality (iii) 8nnumber of vanillin moiety (iv) electronic

delocalisation.

OCHs3 OCH3;

Figure 3.SAR study for new derivatives. The key featurethéoantioxidant activity are highlighted in diféart
colours: vanillin moiety (blue), phenolic functidita (yellow), tertiary amine (red) and electronic
delocalisation (purple).



The most interesting antioxidant compountis and 2c showed their ability to protect
plasmid DNA from radical damage withJ@&values 3.6 and 0)6M, respectively. Compound
2c exhibited total DNA protection up to concentratioh4 uM, demonstrating improved
activity compared with other synthetic compoundswveel from natural occurring antioxidant
resveratrol [30]. Interestingly a homologue compmboh2c reported by Leet al.[19] with a
benzyl group linking the four vanillin moieti&s (figure 4) instead of a phenyl group as in
the case ofc (0.6 uM) showed much weaker DNA protection activity ahcentration > 45
MM. Therefore the ability for the lone pair of elexts on the tertiary amino group to
delocalise towards the phenyl group may be a dartory factor for increased antioxidant

activity.

PHCO ocH; H3CO OCH
: N
:;: /<;i7// OH
OCHs OCH3

OCHj,4 OCHjs

H,CO OCHj HaCO OCHj
HO //l:i]/ HO //i:i]/
N

OCH,

OCHj,3 OCH3
Figure 4. Benzyl Vanillin derivativéy [19] and Phenyl Vanillin derivative@b and 2c. The nitrogen’s electron
pairs cannot be delocalized in the cyclic systerarlmge (compoundA and 2b). However, delocalization is
possible for compounzkt.

P

I—O—I
I—O—I

OCHj

In a more complex cell based assay diditand2c demonstrated cellular protection of®3
treated neuroblastoma cells with exhibiting some protection at drug concentratiericav
as 0.01uM. Furthermorelb and2c showed an increase in the cell viability of alm28¢6
and 30% at concentrations of 2QM and 10uM respectively. Our results showed similar
antioxidant effects when compared to huperzine A (M), a naturally occurring

sesquiterpene alkaloid compound. The latter isdiredsterase inhibitor well-known for its



protective effects on hydrogen peroxide-stresséld emad is currently undergoing phase |

trial for Alzheimer disease treatment. [31-32]

Conclusions

A structurally related series of vanillin derivas/ were synthesized using reductive
amination methodology. The yields of the reactianged from 12-90 %. Depending on the
assay used, the majority of the compounds exhilfit@eh good to very good antioxidant
properties. Based on the results we have preseotddr, the mechanism of DNA or/and
cellular protection can either beia direct antioxidant activity or by upregulation of
antioxidant defences. In the case of DNA protectissay, since this is an vitro set up,
most likely, the compound2¢ and1b) tested, acted as radical scavenging agent. Hewev
in the cellular assay, both mechanisms are possitWe are currently addressing these
important questions at cellular levels and our ifigd will be reported elsewher@aken
together the vanillin derivatives reported in thisrk can provide a viable platform in the

development of antioxidant based therapeutics. [33]

Experimental Section

All the reagents and solvents were purchased froagm&Aldrich and Fisher Scientific
unless otherwise stated. AM and'®C spectra were collected using a Magnet Ultrashield
Bruker 400 MHz. High-resolution Mass spectrometrgswperformed at EPSRC National
Mass Spectrometry Service Centre at Swansea UiteBsvansea using Thermo Scientific
LTQ Orbitrap XL or Waters Xevo G2-S spectrometdrise progress of each reaction was
monitored by thin layer chromatography (TLC Alunuim foil silica gel 60 with fluorescence
indicator 254 nm, Sigma-Aldrich) viewed under U\Wght (254-265 nm). Column
chromatography was carried using silica gel (Alfasar 70-230 mesh) as stationary phase
and chloroform/methanol as mobile phase. The chantdiawing and nomenclature of the
compounds were applied according to ChemBioDrawaUlersion 13.0 (CambridgeSoft).
Neuroblastoma SH-SY5Y cells were from the Europ€atlection of Authenticated Cell

Cultures (ECACC). Cells were maintained in DMEM nugd (containing GlutaMAX-1 with



25 mM HEPES), supplemented with 10% (v/v) FoetaviBe Serum (FBS) and 1%
Penicillin/Streptomycin (10,000 pg/mL). Cells wegeown at 37C (5% CQ). GelRed™

Nucleic Acid Gel Stains 10000x in water (Biotiumasvfrom VWR.

General Method

All the Vanillin derivatives {a-1j, 2a-2€) were obtained through the reductive aminatioa in
one pot reaction as previously reported (with modifons). [34] In general a mixture of
Vanillin, Syringaldehyde or Benzaldehyde and theresponding amine or diamine were
dissolved in methanol followed by the addition oA@NBH; and ZnCj. The reaction
mixture was stirred overnight at room temperatuddter the reaction was completed
(monitored by tlc), it was evaporated to drynessgig rotary evaporator, then the residue
was dissolved in chloroform followed by extractiath saturated NaHCO(x 3). The
organic fraction was dried with anhydrous sodiunplsate, filtered and the solvent removed
undervacuoto yield the final products. In some cases ascatéd in the method section, the
crude products were directly subjected to colummmiatography (CHGI MeOH 95:5) to
give pure products. In other reactions, when thactren was complete, the product
precipitated out of solution. The resulting pre@ was collected by filtration, washed

thoroughly and dried undeacua
Synthesis of 4,4'-(((2-hydroxyethyl)eazanediyljbetfylene))bis(2-methoxyphendig

Vanillin (1g, 6.6 mmol) and 2-aminoethanol (0.3Q Bimmol) in presence of NaCNBKilL.2
equiv.) and ZnGl (1.2 equiv.) in methanol affordedh in 12 % vyield as a thick orange oil
after extraction with CHGland saturated NaHGO'HNMR: (CDCl; solvent peald:7.21),
6.76-6.67 (m, Ar-H, 6H), 3.75 (s, -OGH5H), 3.50 ( t, CRCH,-OH, J = 5.6 Hz, 2H), 3.45
(s, Ar-CH-N, 4H), 2.57 (t, N-CH-CHy, J = 5.6 Hz, 2H)*CNMR: (CDCl; solvent pealé:
77.4-76.8), 146.8-111.2, 58.5, 57.9, 56.0, 54.6.M3Rcalcd for GgH/NOs [M+H]"
334.1649m/zfound 334.1648.

Synthesis of 4,4'-(((3-hydroxypropyl)azanediylisthylene))bis(2-methoxyphendllp

Vanillin (1 g, 6.6 mmol) and 3-amino-1-propanol 32 ml, 5 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGI(1.2 equiv.) in methanol affordeth in 70% vyield as a
thick orange oil after column chromatography of tmade.’HNMR: (CDCl; solvent peak
0:7.21), 6.82-6.72 (m, Ar-H, 6H), 3.83 (s, -OgHH), 3.63 (t, CH+CH,-OH, J = 5.2 Hz,



2H), 3.45 (s, Ar-CHN, 4H), 2.60 (t, N-CH-CH,, J = 5.6 Hz, 2H), 1.72 (m, CHCH,-CH,,
2H). 3CNMR: (CDCl; solvent peals: 77.6-74.8), 147.0-110.7, 64.3, 58.4, 55.9, 53B4.
HRMS calcd for GgHo6NOs [M+H] ™ 348.1805m/zfound 348.1801.

Synthesis of 4,4'-(((4-hydroxybutyl)azanediyl)begtfiglene))bis(2-methoxyphenaly

Vanillin (1 g, 6.6 mmol) and 4-amino-1-butanol @14 ml, 5 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGI(1.2 equiv.) in methanol affordett in 14 % yield as a
thick orange oil after extraction with CHCind saturated NaHGO'HNMR: (CDCl; solvent
peaks:7.21), 6.83-6.70 (m, Ar-H, 6H), 3.80 (s, -OgHH), 3.65 (s, Ar-CHN, 4H), 3.51 (t,
CHx-CH,-OH, J = 5.6 Hz, 2H), 2.64 (t, N-CHCH,, J = 5.6 Hz, 2H), 2.38 (m, CHCH,-
CHy, 2H), 1.60 (m, ChCH,-CH,, 2H). *CNMR: (DMSO solvent peak: 40.6-39.3), 147.8-
112.8, 60.5, 56.1, 46.8, 29.9, 23.3. HRit8cd for GoH2eNOs [M+H] ™. 362.1962m/zfound
362.1962.

Synthesis of 4,4'-(((5-hydroxypentyl)azanediyl)jbethylene))bis(2-methoxyphendlgt

Vanillin (1 g, 6.6 mmol) and 5-amino-1-pentanol3@6 ml, 5 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGl(1.2 equiv.) in methanol afforded in 82% yield as thick
orange oil after column chromatograpfANMR: ((CDs),SO solvent peals:2.52-2.50),
(H20 3.38), 6.90-6.78 (m, Ar-H, 6H), 3.99 (s, Ar-&N, 4H), 3.75 (s, -OCH 6H), 2.81 (t,
CH,-CH,-OH, J = 6.4 Hz, 2H), 2.50 (t, N-CHCH,, J = 6.4 Hz, 2H), 1.63 (m, CHCH,-
CHy, 2H), 1.41 (m, CHCHy-CHy, 2H), 1.35 (m, C+CH,-CH,, 2H). *CNMR: 147.7-113.8,
61.2, 57.2, 55.9, 50.7, 46.5, 30.6, 25.2, 22.2. HRJslicd for GiHo30NOs [M+H] " 376.2118,
m/zfound 376.2108.

Synthesis of 4,4'-(((6-hydroxyhexyl)azanediyl)b&tfiylene))bis(2-methoxyphenale

Vanillin (1 g, 6.6 mmol) and 6-amino-1-hexanol @55 mmol) in presence of NaCNBH
(1.2 equiv.) and ZnGl(1.2 equiv.) in methanol affordeed in 17 % yield as thick orange oil
after extraction with CHGland saturated NaHGO'HNMR: (CDCl; solvent peald:7.22),
6.83-6.62 (m, Ar-H, 6H), 3.76 (s, -OGH6H), 3.48 (t, CH-CH,-OH, J = 6.8 Hz, 2H), 3.38
(s, Ar-CHx-N, 4H), 2.68 (t, N-CH-CHy, J = 6.8 Hz, 2H), 1.62 (m, CHCH,-CH,, 2H), 1.56
(m, CH-CH,-CH,, 2H), 1.32 (m, CHCH,-CH,, 2H), 1.28 (m, ChCH,-CH,, 2H).
¥*CNMR: (CDCl; solvent pealé: 77.5-76.9), 147.2-110.1, 67.8, 61.4, 58.2, 5820-27.3.
HRMS calcd for GoH3NOs [M+H] " 390.2275 m/zfound 390.2272.



Synthesis of 4,4'-((butylazanediyl)bis(methyleng{2bmethoxyphenol i

Vanillin (1 g, 6.6 mmol) and n-butylamine (0.5mimBol) in presence of NaCNBH1.2
equiv.) and ZnGl (1.2 equiv.) in methanol affordelf in 23 % yield as a thick orange oil
after extraction with CHGland saturated NaHGO'HNMR: (CDCl; solvent peald:7.20),
6.81-6.63 (m, Ar-H, 6H), 3.73 (s, Ar-GHN, 4H), 3.64 (s, -OCkl 6H), 2.57 (t, N-CHCH,

J = 7.2 Hz, 2H), 1.42 (m, CHCH,-CH,, 2H), 1.25 (m, CRHHCH»-CHs, 2H), 0.94 (t, CH
CHs, J = 6.8 Hz, 3H).*CNMR: (CDCl; solvent peals: 77.8-76.7), 146.6-110.8, 55.8, 49.2,
32.2-20.5. HRMSalcd for GoH2;NO,4 [M+H] * 346.2013m/zfound 346.2013.

Synthesis of 4,4'-((benzylazanediyl)bis(methylersgP-methoxyphenol}g

Vanillin (1.5 g, 20mmol) and benzylamine (0.55 Bilmmol) in presence of NaCNBH1.2
equiv.) and ZnGl (1.2 equiv.) in methanol gave a precipitate whafter filtration, washing
with deionized water and methanol, affordigdin 90 % yield."HNMR: ((CD5).SO solvent
peakd:2.42-2.40), (HO, 3.26), 7.30-6.59 (m, Ar-H, 11H), 3.67 (s, -Of£lAH), 3.56 (s, Ar-
CHx-N, 2H), 3.47 (s, Ar-ChN, 4H), ®*CNMR: ((CD5);SO solvent peald: 40.6-39.3),
141.34-115.5, 55.9, 52.5, 45.6. HRMSIcd for GsHeNO4 [M+H]™ 380.1856,m/z found
380.1849.

Synthesis of ANN'-bis(4-hydroxy-3-methoxybenzyl)propane-1,3-dianminihloride-1h

Vanillin (1 g, 6.6 mmol) and 1,3 diaminopropane8®.ml, 10 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGl(1.2 equiv.) in methanol afforded a precipitatechhwas
fillered and washed with deionized water and meihaBuspension of the precipitate in
methanol (5 mL) followed by the addition of congatéd hydrochloric acid, gave a solid. All
the solvent was removed using a rotary evaporaitize resulting solid washed with diethyl
ether and dried undemcuoto yield 1h (67%) as a white solidHNMR: ((CD3),SO solvent
peaks:2.51) (HO, 3.64), 7.12-6.79 (Ar-H, 6H), 4.00 (s, Ar-&N, 4H), 3.78 (s, -OCH
6H), 2.95 (t, N-CH-CHy, J = 7.6 Hz, 2H), 2.87 (t, CHCH,-NH3" J = 7.6 Hz, 2H), 1.92 (m,
CHx-CH,-CH,, 2H). *CNMR 147.6-113.8, 55.9, 51.0, 43.6, 36.5, 23.7. HRb#fcd for
C1oH26CIN20, 347.1965 [M-H2CI], m/zfound 347.1965.

Synthesis of 4,4'-(((3-hydroxypropyl)azanediyl)nisthylene))bis(2,6-dimethoxyphendl)-

Syringaldehyde (0.5 g, 2.7 mmol) and 3-amino-1-prag (0.1 ml, 1.7 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGl(1.2 equiv.) in methanol affordeidh in 65% yield as thick



colourless oil after column chromatograpAyNMR: (MeOD solvent peak:3.34), 6.81 (s,
Ar-H, 4H), 4.17 (s, Ar-CHN, 4H), 3.84 (s, -OCk] 12H), 3.73 (t, ChtCH,-OH, J = 5.6 Hz,
2H), 3.23 (t, N-CH-CH,, J = 5.6 Hz, 2H), 1.97 (m, CHCH,-CH,, 2H), **CNMR: (MeOD

solvent peald: 48.2), 149.0-106.8, 59.4, 55.7, 51.6, 45.6, 2BRMS calcd for GiH3oNO;

[M+H] " 408.2017m/zfound 408.2012.

Synthesis of 4,4'-((benzylazanediyl)bis(methylers},6-dimethoxyphenol}j

Syringaldehyde (1 g, 5.4 mmol) and benzylamine (MR 1.8 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGI(1.2 equiv.) in methanol, gave a precipitate whizds
filtered and washed with deionized water and methand dried to afford 1j in 46 % yield.
'HNMR: ((CD3),SO solvent peak:2.40), (HO, 3.25), 7.28-6.48 (m, Ar-H, 9H), 3.64 (s, -
OCH,, 12H), 3.56 (s, Ar-ChN, 4H), 3.46 (s, Ar-ChN, 2H),. *CNMR: ((CD3),SO solvent
peaks: 40.6-39.3), 140.3-127.0, 56.3, 45.4. HRM&cd for GsHzNOs [M+H] " 440.2058,
m/zfound 440.2058.

Synthesis of NN, N* N*-tetrakis(3-methoxybenzyl)benzene-1,4-diamifia —

m-Anisaldehyde (0.82 g, 6 mmol) and p-Phenylendm(0.1 g, 1 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGl(1.2 equiv.) in methanol afforded a precipitatachirupon
filtration, washed with deionized water and methaamad drying gave?a in 54 % vyield.
'HNMR: (CDCl; solvent peal: 6.81), 7.38-7.33 (m, Ar-H, 4H), 7.01-6.89 (m, Ar-16H),
4.62 (s, Ar-CH-N, 8H) 3.87 (s, -OCH 12H).*CNMR: (CDCl; solvent peals: 77.6-77.0),
160.0-112.2, 55.5, 55.2. HRMSalcd for GgHsiN,O, [M+H]" 589.3061, m/z found
589.3047.

Synthesis of 4,4',4",4™-((((1r,4r)-cyclohexand-1
diyl)bis(azanetriyl))tetrakis(methylene))tetrakisfthoxyphenol) 2b

Vanillin (1.82 g, 12 mmol) and trans-1,4-diaminooyexane (0.2 g, 2 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGI(1.2 equiv.) in methanol afforded a precipitatdclibafter
filtration and washing with methanol to give a doliThe latter was dissolved in water,
filtered and extracted with chloroform. The watérape was subjected to freeze drying to
yield 2b (18 %).*HNMR: ((CDs),SO solvent peak:2.40 ), (HO, 3.26), 7.10-6.67 (m, Ar-H,
12H), 3.88 (s, Ar-ChtN, 8H), 3.68 (s, -OCH 12H), 2.79 (m, N-CH-(Ch),, 2H), 2.10 (m,
CH-CH,-CH,, 4H), 1.30 (m, CH-CRCH,, 4H). **CNMR: ((CD3),SO solvent peak: 39.9-



39.0), 148.0-114.4, 56.2, 55.0, 48.2, 27.3. HR&&Rd for GgH47N.Og [M+H]" 659.3327,
m/zfound 659.3327.

Synthesis of 4,4'4" 4"-((1,4-phenylenebis(apayiptetrakis(methylene))tetrakis(2-
methoxyphenol) 2c

Vanillin (1 g, 6.6 mmol) and p-Phenylenediaminel(§, 1 mmol) in presence of NaCNBH
(1.2 equiv.) and ZnGl(1.2 equiv.) in methanol afforded a precipitatachhwas filtered and
washed with deionized water and methanol. The se#id then dissolved in chloroform and
extracted with saturated NaHG@O he organic phase was dried and evaporated twedsyto
give 2c in 74 % yield.'HNMR: (CDCl; solvent peal: 7.30), 6.88-6.76 (m, Ar-H, 16H), 4.39
(s, Ar-CH-N, 8H), 3.83 (s, -OCH 12H). *CNMR: (CDCl; solvent pealks: 77.4-76.7),
164.5-109.9, 55.9, 55.1. HRMSalcd for GgHiiN-Og [M+H]" 653.2857, m/z found
653.2851.

Synthesis of A\N!,N* N*-tetrabenzylbenzene-1,4-diamin@d-

Benzaldehyde (1.27 g, 12 mmol) and p-Phenylenedi@ar(®.2 g, 2 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGl(1.2 equiv.) in methanol afforded a precipitatechihwas
filtered and washed with deionized water and methafhe solid was then dissolved in
chloroform and extracted with saturated NaHCOhe organic phase was dried and
evaporated to dryness to affo?d in 80 % yield."HNMR: (CDCl; solvent pealé: 7.25),
7.40-7.25 (m, Ar-H, 20H), 6.68 (s, Ar-H, 4H), 4.%86 Ar-CH-N, 8H). ®*CNMR: (CDCl;
solvent peakd: 77.4-76.7), 141.7-114.77, 55.1. HRMSIcd for G4Hs:N2 [M]™ 468.2560,
m/zfound 468.2550.

Synthesis  of  NN! N N°-tetrakis(4-hydroxy-3-methoxybenzyl)propane-1,3vdisum
chloride —2e

Vanillin (1.8 g, 12 mmol) and 1,3 diaminopropanel{® ml, 2 mmol) in presence of
NaCNBH; (1.2 equiv.) and ZnGl(1.2 equiv.) in methanol afforded a precipitdibe latter
was washed with deionized water and methanol. Hsalting solid was suspended in
methanol (5 mL), followed by the addition concetdgdahydrochloric acid. All the solvent
was removed by rotary evaporator and the solidiodda was washed with diethyl ether to
give 2ein 38% yield.*HNMR: ((CD5),SO +DO solvent peak:2.51), (HO, 4.03), 7.05-6.78
(m, Ar-H, 12H), 3.99 (s, Ar-CHN, 8H), 3.76 (s, -OCk} 12H), 2.96 (t, N-CHCH,,J = 2.4
Hz, 4H), 1.98 (m, CHCH,-CH,, 2H). *CNMR: ((CDs),SO solvent peals: 39.8-38.6),



149.0-114.2, 56.1, 50.7, 43.8, 22.5. HRI#8cd for GsHasCIN,Og [M-H2CI]* 619.3014m/z
found 619.3002 [M-H2C]

Synthesis of 4,4',4",4"-((1,4-phenylenebis(amdyiptetrakis(methylene))tetraphenol2f

The reaction between 4 hydroxybenzaldehyde (1.52gmmol) and p-Phenylenediamine
(0.2 g, 2 mmol) in methanol was evaporated to dsgndhe resulting solid was washed
thoroughly with water, chloroform and after dryingave2f in 66%. *HNMR: ((CD3),SO
solvent peak:2.52-2.50), (HO, 3.37), 9.23 (s, Ar-OH, 4H), 7.02-6.55 (m, Ar2Q H), 4.27
(s, Ar-CH-N, 8H). ®*CNMR: ((CD3);SO solvent peals: 40.6-39.3), 156.5-115.5, 54.8.
HRMS calcd for G4H33N,04 [M+H] " 533.2435m/zfound 533.2427.

Synthesis of 4-((benzylimino)methyl)-2-methoxyphedo

Vanillin (1g, 6.6 mmol) was reacted with benzylami(l.07 g, 10 mmol) in methanol
overnight at room temperature. Once the reactios w@mpleted, it was dissolved in
chloroform followed by extraction with saturatedHN2O; solution. The organic phase was
collected, dried with anhydrous sodium sulphate ewaporated to dryness to affasdin
63% vyield.'HNMR: (CDCl; solvent peals:7.38), 8.32 (s, Ar-CH=N, 1H), 7.54-6.95 (m, Ar-
H, 8H), 4.85 (s, Ar-ChHN, 2H), 3.93 (s, -OCk 3H). ®*CNMR: (CDCl; solvent peald: 77.4-
76.7), 161.8, 148.4-108.3, 64.9, 56.1. HRM&cd for GsHigNO, [M+H]" 241.1176,m/z
found 242.1170.

Synthesis of 4-((benzylamino)methyl)-2-methoxyghedo

Compound3 (0.7 g, 3 mmol) and sodium borohydride (0.11 gni@®ol) in methanol were
stirred for 2 hours. Evaporation of the solvenideel a solid which was washed thoroughly
with deionized water and dried undexcuoto afford4 in 68% yield as a pale yellow solid.
'HNMR: ((CD3),SO solvent peak:2.42-2.40), (HO, 3.25), 7.33-6.62 (m, Ar-H, 8H), 3.86 (s,
Ar-CHx-N, 2H), 3.65 (s, -OCH 3H), 3.55 (s, Ar-ChN, 2H). *CNMR: ((CD3),SO solvent
peakd: 40.6-39.4), 147.9-112.9, 56.0, 52.2. HRMiScd for GsH1gNO, [M+H] " 244.1332,
m/zfound 244.1333.

Antioxidant activity

DPPH Assay
The ability of the new compounds to scavenge DPRi¢ fadical was determined by

following Payetet al. [23] procedure with minor modifications on a 96-welatform. A



dilution series of antioxidant ranging from 1.51@00uM was made in eppendorf tubes (1.5
mL). Those solutions (5Ql) were transferred to the corresponding well winilethanol (50
pl) was used as negative control wells. ThereaftePB solution (10Qul, 0.1 mM) were
added to each well and the 96-well plate was kephe dark for 30 minutes after which the

absorbance was measured at 517 nm using a BioNRa# microplate reader.

FRAP Assay

The reducing capacity of the new compounds was unedsising FRAP assay following the
method described by Firuzt al. [25], with minor modifications on a 96-well platé
dilution series of antioxidant and Trolox rangingprh 500 to 5000uM was made in
eppendorf tubes, then each solution (I0was pipetted in the corresponding well in a 96
well-plate. FRAP reagent (194), prepared by mixing 2.5 ml of 10 mM TPTZ soluti@n

40 mM HCI), 2.5 ml of 20 mM Fegl(in deionized water) and 25 ml of 300 mM sodium
acetate buffer (pH 3.6) was added in each well. plag¢e was stored in the dark for 30
minutes before the absorbance was measured atrBQsimg a Bio-Rad iMark microplate
reader.

ORAC Assay

The ability of the new compounds to prevent thedative degradation of the fluorescent
molecule fluorescein was measured using ORAC afdlyving the methods described by
Roy et al [35] and Huanget al. [36] with minor changes on a black-walled 96-wddtp. A
dilution series of antioxidant and Trolox was madeppendorf tubes. 28 of solution from
each tubes were pipetted in the correspondingiwélie plate whereas phosphate buffer (25
pl, 75 mM, pH 7.4) were transferred in the contnalls. Fluorescein solution (154, 25
nM) were added in each well and the plate was ia@in the plate reader at 37 °C for 30
minutes. Subsequently AAPH solution (@5 0.15 M) was added in the positive control and
in the antioxidant wells whereas phosphate buftény) was pipetted in the negative control
and the fluorescence was measured every 2 minwtasaoperiod of 2 hours (485/20 nm
excitation, 525/20 nm emission) using a BioTek 3ggedT microplate reader.

DNA Damage Protection Assay

The ability of the novel derivatives to prevent dedive stress-mediated strand breakage in
supercoiled DNA plasmid was measured following thethod previously described by us
[37] and other$38] with minor changes. 0.7% agarose gel (50 mAEDuffer). Gel red dye



(5 ) was used as DNA stain. A dilution series of axtilant was made in 6 different
eppendorf tubes depending on their protective effélasmid pbr322 DNA was used (0.5
png/ul, PBS). 8 different solutions were prepared ineamorf tubes; the negative control (1
pl of DNA plasmid solution and 2@l PBS); the positive control (ful of DNA plasmid
solution, 14ul of PBS and &l of 10 mM AAPH solution) and the working solutio(isul of
DNA plasmid solution, Gl of PBS, 8ul of 10 mM AAPH solution and 8l of antioxidant
solution at different concentrations (referSofor concentrations used for each compound).
The tubes were incubated in the dark at 37°C fdnowir. 2 pl of loading dye (0.5%
bromophenol blue, 50% glycerol in deionized wateere added in each tube and mixed
thoroughly. Finally, 1Qul of each solution was loaded in each well of tgarase gel (0.7%)
and it was electrophoresed for 70 minutes at 8Gvdhe gels were analysed with a Fusion
FX7 system for chemiluminescence and fluorescemckaapicture was taken with a high

resolution camera system.

Cell viability in the presence of,B, stressor using the MTT Cell Assay

SH-SY5Y cells were seeded (7 x*IdelIs/well) in a 96-well plate. After attachmeg#(hr),
cells were treated with different concentrations{200.uM for 1b and 0.001-1040M for

2c¢) of drug and incubated for 24 hours. Subsequetily, solution (50ul, 1.6 mM) were
then added in the positive control and in the dmedls (to give a final concentration of 400
p1M) followed by incubation for another 24 hours. fhall the solutions were pipetted off
from all the wells and 10l of MTT solution (0.5 mg/ml) were added in eachliw&he
plate was covered with aluminium foil and incubated4 hours at 37 °C. The solutions in
each well were removed and 1ADof DMSO were added in each well in order to digso
the formazan crystals. After 20 minutes of gentiaking, absorbance was measured at 490
nm with a Bio-Rad iMark microplate reader. Cellhilay was expressed as a percentage of

the absorbance from control cells.

Statistical analysis

Data are shown as mean + standard deviation (SO pakrhe experiments were run at least
in triplicate. Statistical analysis was performeihg both Microsoft Excel 2013 and GRAPH
PAD prism 4 using ONE WAY ANOVA and Bonferroni’'s miple comparison test.



Significant differences are labelled accordinglys-(mot significant, p<0.05*, p<0.01**
p<0.001 ***).
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Highlights

e  Facile synthesis of new Vanillin derivatives based on reductive amination reaction

* High Anti-oxidant/radical scavenging properties of most compounds when compared to

parent compound vanillin

e DNA protective properties of synthesised derivatives against free radical inducer

e Cyto-protective activity of selected Vanillin derivatives against Oxidative damage

« Potential platform for the development of antioxidant based therapeutics.
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