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Abstract:

SCM-198 (Leonurine) has attracted great attentiom td its cardioprotective effects
in myocardial infarction (MI). However, no systematmodifications and
structure-activity relationship (SAR) studies coble traced so far. In this study, 35
analogs of SCM-198 were designed, synthesized lagid tardioprotective effects
were evaluated. The cell viability assayaandiomyocyte cell line H9c2 challenged
with H,O, showed that several analogs exhibited more patgoprotective effects
than SCM-198 at UM and 10uM concentrations. LDH release level in cells trdate
with 1 uM 140 was comparable with cells treated with 20 SCM-198. Results of
Bcl-2 expression and caspase-3 activation accdrdimglicated higher protective
activity of 140 than SCM-198. Moreover, in a mouse model of Mie timice
pretreated withl4o had much lower infarct size compared with thatSefM-198.
The mechanism study suggested th&d improved cardiac morphology and reduced

apoptosis of cardiomyocytes in the border zonenfairction, as proved by H&E and
1



TUNEL staining.

Keywords: SCM-198; leonurine; cardioprotection; myocardidianation; structural

modification

1. Introduction

Although considerable improvements have occurred tie treatment of
cardiovascular disease (CVD), it still produces iemse health and economic burden
globally and will become even more prevalent aspibpeulation ages. CVD is now
the first cause of death globally, taking an estedal7.9 million lives annually
calculated from the World Health Organization (WH@). Acute myocardial
infarction (AMI) is one of the most deadly causdsQ¥D-induced death and is
becoming an increasingly significant problem in @eping countries [2]. AMI
mainly caused by coronary artery stenosis or thasis) and ischemia in the nearly
blood supplying areas results in corresponding kigpajury of cardiomyocytes.
Apart from surgical treatment, development of dffexdrugs that can reduce infarct
area and improve prognosis is likely to contribiotéhe reduction in the fatality from
CVD, possibly leading to new treatment options [3].

Natural products have long been an important soofa®vel drugs or leads [4].
Many natural products and their derivatives havenbsuccessfully developed for
clinical application to treat human diseases in agimall therapeutic areas [5].
SCM-198 (synonyms: leonurine, Figure 1) is a nataliealoid isolated fromHerba
leonuri, which has been widely used in Chinese traditionadlicine for hundreds of
years to treat dysmenorrhea, menoxenia and sonee gyimecological disorders [6].
During the last two decades, we have shown that 8G®&Ican regulate a variety of
pathological processes including oxidative strésosis, inflammation, apoptosis,
and multiple cardiovascular diseases [7]. In paldic we have identified the
cardiovascular and cerebrovascular protective &ffecSCM-198 and its derivatives
in rat model of MI and stroke [8-10]. Mechanismdias revealed that SCM-198

exhibited cardioprotective effects against ischemjgry in various ways mainly via
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anti-oxidative and anti-apoptotic activities in ¢kemodels and could preserve the
activity of Mn-containing superoxide dismutase (MO [11-12]. The promising
cardioprotective effects, low toxicity and apprapei pharmacokinetic characteristics
of SCM-198, make it a potential drug candidate reatt CVD [13]. Our recent
promising pharmacological results of SCM-198 gutwead the approval of its clinical
trials in China as a cardioprotective agent forgras with atherosclerosis [14].

Despite the promising properties of SCM-198 as adglead compound for the
development of novel cardioprotective agents, ARS are still poorly understood,
which largely hampered its further clinical apptioas and the discovery of more
favorable cardioprotective agents. Previously, soowjugates of SCM-198,
including SCM-198/cysteine 1( Figure 1) [15], SCM-198/aspirin 2 [16],
SCM-198/glucuronided) [17] and some dimers [18-19] were reported by group,
which exhibited more potent anti-myocardial ischeractivities. Inspired by these
encouraging results and the absence of a compiighestsuctural modification of
SCM-198, we speculated that the systematic stralctaodification of SCM-198 and
further SAR analysis may be a potential way to tveovel cardioprotective agents
with improved pharmacological efficacy and drugd¢jabi[20]

Herein, we wish to report the results of SAR trends SCM-198 for
cardioprotection against AMI. In the present stumlgeries of analogs of SCM-198
were designed and synthesized, some compounds drexgellent cardioprotective
activities. Particularly, compount#o exhibited much more potet vivo potency in
AMI models than SCM-198 as well as applicable plarokinetic profiles, which

deserved further development as a cardioproteatyest.
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Figure 1. Structures of SCM-198 and its conjugates syntleelsin our lab.

2. Results and discussion

2.1 Chemistry

The novel SCM-198 analogs were designed by replabia linker, aromatic ring, and
guanidine group of SCM-198. As shown in Scheme dalags 1la-h were
characterized by the replacement of the butanolahmizer of SCM-198 with various
amino alcohols. Methyl-isothioured)(was protected with Boc protection group first
to afford N,N’-Boc-metyl-isothiourea &), which was followed by reaction with
various amino alcohols, yielding compourish in almost quantitive yields without
column chromatography. Condensation of the alcobalb with acetylated syringate
(8) led to aryl ester®a-h in excellent yields. Hydrolysis of the acetyl gpoand
subsequent removal of Boc groups by zinc bromiddicghloromethane (DCM) gave
target compounddla-h in good yields. It should be noted that the tiaddl
deprotection method using trifluoroacetic acid (JF&k HCI caused a certain degree

of decompose of the target compounds.

Scheme 1Synthesis of SCM-198 analog$a-H'
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®Reagents and conditions: (a) (Bg®) NaHCQ, DCM, r.t., 7 d, 96%; (b)
corresponding amino alcohols, DMF, r.t., 12-24599%; (c) A¢O, TEA, DCM, r.t.,
5 h, 97%; (d) EDCI, DMAP, DCM, r.t.,, 0.5-12 h, 98%; (e) NaOH, MeOH, r.t.,
5-10 min, 82-90%; (f) ZnBy DCM, r.t., 1-12 h, 71-95%.

The second series of analogs were prepared bydblacement of 4-hydroxy
3,5-dimethoxybenzoic acid in SCM-198 with a panélddferent acids including
aliphatic acids 14a-b), heterocyclic acids1éc-9¢ and aromatic acidsl{f-t). As
shown in Scheme 2, those target compounds cantbmed from the condensation of
different acids in a similar method as describedvab Finally, in the third series of
compounds, structural modifications were focusethenalternatives to the guanidine
group of SCM-198 (Scheme 3). Compountida-d were prepared from simple
coupling reaction between acetylated syringae gnd various amino alcohols,
followed by hydrolysis of the acetyl group. Besidede-guanidine product
4-hydroxy-3,5-dimethoxy-benzoic acid 4-amino-buggiter (9) was synthesized by
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the deprotection df8, which was obtainedia the method described above.

Scheme 2Synthesis of SCM-198 analogda-f*
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®Reagents and conditions: (a) (Bg®) NaHCQ, DCM, rt., 7 d, 96%; (b)
4-Amino-1-butanol, DMF, r.t., 12 h, 99%; (c) EDADMAP, DCM, r.t., 2-18 h,
83-98%; (d) ZnBy, DCM, r.t., 1-24 h, 78-94%.

Scheme 3Synthesis of SCM-198 analogga-dand19”
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DCM, r.t., 2 h, 94%; (e) NaOH, MeOH, r.t., 5 mihet ZnBp, DCM, r.t., 12 h, 79%.

2.2 Analysis of Primary Cardiac Myocytes Viability

Oxidative stress is a main cause of cardiomyocyiep#sis during myocardial
infarction. Therapies that reduce reactive oxyggeces (ROS) production or
increase ROS elimination function have been prowed be beneficial for
cardiomyocytes during ischemia [21]. Compared teepioxidative species, such as
hydroxyl radicals {OH), hydrogen peroxide @,) is more stable and is believed to
play an important role in oxidative stress. Therefd+0O, is widely used as an
oxidant to study oxidative injury in cardiomyocytg2?]. In the current study, the
anti-oxidative activities of the newly synthesizedmpounds were evaluated in a
cellular hypoxic model in which oxidative injury wanduced by kD, in cultured
H9c2 cells.

H9c2 cells in 96-well plates were treated with 500 of H,O,, and the
cytotoxicity was assayed 1 hour after stimulattenMTT assay as the model group.
We next evaluated the anti-oxidative effects ofieavly synthesized analogs. H9c2
cells were pretreated with compounds (1, AM) for 4 hours, followed by

stimulation with HO, for another 1 hour and the cell viability was det@ed using
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MTT method. Results were showed in Table 1, mosthef compounds exhibited
more potent anti-oxidative activities at a concaindn of 10uM than 1uM. Varying
the type and the length of the linker suggested twdanolamine X1¢ namely
SCM-198) was a favorable linker after comparing dlaga of compound$la-h In
addition, compoundL1lf considerably protected cells fromy®}-induced hypoxic
injury and was even more potent at both 1 angMGhan SCM-198, implying that
introducing non-carbon atoms into the linker mighta preferred option. Compound
15 showed no protective activity, indicating the impace of syringate, and the
replacement of syringate with aliphatic acids aretetocyclic acids was also
inadvisable 14a-9. The bioassay data from aromatic ring substitigieeems to be
confusing, but surely the methoxy group at the jpasition was unfavorablel4n,
14g-t). The acetyl group on the syringate was adverstheaoprotective effect of
SCM-198 and its analogs, which was proved by comgsd2c and 12h. The
guanidine of SCM-198 was also important, the rerh@faguanidine resulted the
loose of protective effectlf). However, the paradox is some tertiary amiig¥{c
can replace the guanidine and exerted potent pingeeffects comparable to that of
SCM-198, which deserved further investigation.

The results of preliminary screening showed thabragnthese tested compounds,
four analogs 11f, 14f 140 17c were the most efficient compounds, which
demonstrated increased viability effect than SCMN-1& both 1 and 1Q:M
concentrations. Thus, the Epvalues of these four compounds were further
identified using H9c2 cells. H9c2 cells were prateel with various concentrations
of compounds, and Epwere calculated from the relationship between ridigaic
value of compound dose and percentage of vialligble 2). The results showed
that compound.4owas the most potent one with kDalue of 142 + 3 nM, which

was more potent than SCM-198 (192 + 4 nM).

Table 1. Protective Effects of Compounds on Hypoxitnduced H9c2 Cell§

Compounds % of viability




1 uM 10 uM®
SCM-198 (19 52.4 8.1 62.7 + 6.0*
11a 53.6 + 8.3 61.9 + 6.3
11b 50.1+9.2 55.2 + 11.2
11d 58.9 + 2.4 50.1 + 5.4
11e 53.4+9.2 58.9 + 6.2*
11f 63.4 + 5.3* 69.8 + 4.2*
119 52.2 +10.3 54.2+7.9
11h 56.2 + 7.3 61.0 + 8.2*
14a 52.4+1.2 58.8 +7.2
14b 58.2 + 3.7 56.8 + 5.9
14c 51.1+4.4 53.2 + 6.2
14d 54.0 + 9.4 53.2 +1.8
14e 51.8 + 4.8 58.9 + 4.2*
14f 64.4 + 8.2* 65.8 + 9.2*
14g 69.6 + 9.3* 60.7 + 5.2*
14h 67.7 + 8.2* 59.6 + 7.3*
14i 54.2 +3.8 51.7 + 8.3
14] 57.8+9.0 52.7 + 7.4
14k 57.8 +9.4 58.3+ 3.0
14] 59.7 + 6.2* 62.8 £ 5.1*
14m 63.4 3.9 56.4 + 8.3
14n 61.2 + 2.8* 58.6 + 5.2*
140 69.3 + 10.2* 65.3 + 8.0
14p 53.3+ 8.4 57.7 +5.3
14q 49.2+7.4 57.8+5.3
14r 55.2 +5.3 53.4 9.2
14s 54.1+12.0 53.3+5.7
14t 55.4 + 5.9 61.4 7.2




17a 47.8+1.9 48.5 + 3.7
17b 55.2+4.4 61.7 £7.2*
17c 61.1+1.7* 66.8 + 9.0*
17d 52.3+2.4 50.5+8.4
19 56.3+1.8 56.2 +3.9
12c 52.3+3.7 55.2+6.8
12h 42.7+1.9 47.0+3.1
15 46.8 £ 0.7 51.4+4.3
Model 46.3+1.2

#Values are expressed as means + SEM from six imdieipe experiments.

Px p<<0.05 as compared with model group.

Table 2.Protective Effect of Compounds on Hypoxia-Induced KFc2 Cell$

Compounds SCM-198 11if 14f 140 17c

EDso (NM) 192 +4 151+6 156 + 7 142 + 3 207 £ 6
Viability (%)b 551+24 588+39 574+38 628+23 51.7+3.2

®Values are expressed as means + SEM from thre@éndent experiments. The concentrations
used for determining Bgwere 0, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0 and 2640

® Viability levels at the E€ concentrations.

2.3 Levels of LDH and Activity of MNSOD

To exam whether increased viability effect of tlenpound is due to protection of
cells against cell damage or increase in cell fa@tion, we measured lactate
dehydrogenase (LDH) release as a marker of impae#dlar membrane and injury.
Normally, LDH exclusively resides in cytoplasma. dase of cell injury or death,
LDH will leak into culture medium from the damagegoplasmic membrane. The
activity of LDH in culture medium is therefore amdicator of the cell damage [23].
H9c2 cells were pretreated with AWM of SCM-198,11f, 14f, 140 and 1uM of 140,

respectively, for 4 hours and then stimulated W, for another 1 hour. After that,
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culture medium was collected and the LDH activitpswdetermined using LDH
activity assay kit. As shown in Figure 2A, cellsdted with14f showed comparable
LDH leakage with that of SCM-198. Surprisingly, théH activity in culture
medium of cells treated with AM of 14owas even lower than that treated with 10
uM SCM-198.

As the first-line anti-oxidative enzyme residingrnmtochondrion, MnSOD plays
an important role in reducing mitochondrial ROS darction. Enhanced MnSOD
activity is an adaptive strategy for cells to resisidative stress [24]. To determine
the severity of oxidative stress, the activity oh®0OD in H9c2 cells subjected with
H.O, stimulation was further investigated (Figure 2BJje found that the activity of
MnSOD increased rigorously in H9c2 cells aftepOhl stimulation. However,
SCM-198 or 140 pretreatmentpreserved the activity of MnSOD, indicating a

reduced mitochondrial oxidative stress.
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Figure 2. Compoundl4o showed superior anti-oxidative effects than SCN3-ir®
vitro. (A) The release of LDH, a marker of cardiomyosyitgury, was determined in
culture medium.140 showed comparable cardioprotective effect ayM with
SCM-198 at 10uM. N = 5 for each group. (B) The activity of MnSOWas
determined in H9c2 cells treated with differentlaga. 140 (10 M) and 14f (10 uM)
showed comparable anti-oxidative effects with SC38-ht 10uM. N = 3 for each
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group, and data were represented as MeaD. * p<0.05 as indicated.

2.4 Analysis of Apoptosis-Related Proteins

We further determined the expression of apoptosiated proteins in H9c2 cells
treated with these compounds. The onco-protein2Belsides at the outer membrane
of mitochondrion and plays important roles in mitondrial redox regulation. In
hypoxic condition, Bcl-2 implicated in reducing mthondrial apoptosis by inhibiting
the opening of mitochondrial permeability transitipore (MPTP) and reducing the
release of cytochrome c. There is also evidendeBitla? participates in regulation of
mitochondrial ROS production [25]. Therefore, indaign to be a marker of cell
apoptosis, Bcl-2 level is also related to the fiomctand ROS production of
mitochondrion. Thus, the Bcl-2 expression level wested in H9c2 cells pretreated
with 10 uM SCM-198, 11f, 14f and 1uM 140, respectively. Bcl-2 levels were
significantly reduced after 4, stimulation, and SCM-198 pretreatment restored it
about 50% of the control group (Figure 3A). Analigtp comparably increased Bcl-2
level at the concentration of M, while 11f at the concentration of M, showed
little benefit on the level of Bcl-2.

Caspases are a series of apoptosis operating eszgsgonsible for degrading
multiple functional proteins during cell apoptosisis believed to be downstream
effectors of Bcl-2 family [26]. We then tested thetivation of caspase 3 in different
treatment groups, and found that,Q4 could significantly increase level of
cleaved-caspase 3, both SCM-198 M) and 140 (1 M) were able to impede the
activation of caspase 3 in cells subjected wit4stimulation (Figure 3B).

In summary, the above results revealed that analbom might be a potential

cardio-protective agent with higher efficiency tia@M-198.
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Figure 3. Compoundl4o showed superior anti-apoptotic effects than SCI4-10
vitro. H9c2 cells were pretreated with SCM-198 (i), 11f (10 uM), 14f (10 uM)
and 140 (1 uM) for 4 hours, followed by stimulation with 8, for another 1 hour,
and the level of (A) Bcl-2 and (B) cleaved caspag€-caspase 3) were determined
by western blotting. The lower panels were statitresults of Bcl-2 and C-caspase
3/Caspase 3. N = 3 for each group, and data wpresented as MeanSD. *p<0.05

as indicated.

2.5 Compound4o Attenuated KHO,-Induced Reduction of Mitochondrial Membrane
Potential

In order to further understand the cardio-protectimechanism of these SCM-198
analogs, the most effective compoulb was selected to explore its mechanism of
action. According to the above results, compoliid obviously restored the level of
Bcl-2 in hypoxia, indicating that it might reduceOB production or mitochondrial
injury. H,O, caused a variety of cellular dysfunctions mairigotigh dissipation of

electrical potential gradient across the inner mamé of mitochondria. Changes in
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the mitochondrial membrane potentialym) have been postulated to be early events
in H,O»-induced apoptosis signaling pathway [27]. Fluoeesgrobe JC-1 was used
to measure the changes ®fm. JC-1 can selectively enter into mitochondria and
form complexes with intense red fluorescence irithgaells, however, in unhealthy
cells with lowAym, JC-1 remains in the monomeric form, which digplanly green
fluorescence. As shown in Figure 4A, in healthylscelJC-1 aggregated in
mitochondria and showed as red dots under fluon¢soeroscope. kD, incubation
caused apoptosis of cells and after JC-1 was |ganidygl few cells showed orange
fluorescent while most of the cells showed greenritscence, indicating disperse of
Aym. SCM-198 pretreatment impeded thigm loss indicated by the increased red
fluorescence and th&4o pretreatment protected mitochondria from injury reno
effectively. These findings further confirmed thbto reduced cell apoptosis and

preserved mitochondrial membrane potential.
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Figure 4. Compoundl4o showed better protective effects agm than SCM-198.
H9c2 cells were pretreated with SCM-198 (@) and 140 (1 xM) for 4 hours,
followed by stimulation with KO, for another 1 hour, H9c2 cells were then incubated
with JC-1 for 30 min to determine theym. (A) Representative images of JC-1
staining in different treatment groups. Red fluomxe indicated healthy

mitochondria with high membrane potential, whileegm fluorescence indicated
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injured mitochondria with reduced membrane poténtgcale bar: 10um. (B)
Quantification ofAym was expressed as a ratio between monomer andgaggr
fluorescence (Red/Green) of three independentdfifetliim each group, and data were

represented as MearSD. *p<0.05, **p<0.01, ***p<0.001 as indicated.

2.6 In vivo Cardioprotective Effects bfo

After confirming thein vitro activity of 140, we further detected itén vivo
cardio-protective effects in a mouse model of AMIhWSCM-198 as the positive
control. Mice were intraperitoneally injected withCM-198 at a dose of 10
mg/kg/day, as determined in our previous work [28]injected withl4oat a dose of

5 mg/kg/day, for 7 consecutive days, before subgetd AMI. During this period, no
obvious changes including diarrhea and loss of bwdight could be observed,
suggesting the low toxicity df4o. Then, AMI was induced by permanent ligation of
left anterior descending (LAD) coronary artery ifABL/6J mice and the infarct size
was determined by 2,3,5-triphenyltetrazolium clier(TTC) staining. As indicated
in Figure 5A, LAD induced severe infarction in lefentricle (pale area), and
administration of SCM-198 remarkably reduced tHaret size. Notably, compared
with SCM-198, mice inl4o treatment group had much lower cardiac infarct size
(Figure 5B). H&E staining was further used to ewdduthe histological features of
the infarcted hearts. The results in Figure 5C dtbwhat in AMI group,
myofilaments condensed in peri-infarct heart, lagv@ damaged gap junction with
infiltrated nuclei from necrotic or apoptotic cavdiyocytes. Compoundl4o
significantly reduced the damage within the epinsydwm and alleviated the
morphological damage of cardiomyocytes. Thesegivo results indicated that4o

was a preferable candidate for the treatment of AMI
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with AMI. (A) Heart of mice in SCM-198]40and saline-treated (Sham) groups were
sectioned and stained with TTC for 30 min, viablgopardium was stained with red
and infarct myocardium was pale. (B) Quantificatiasf infarct size determined as
percentage of left ventricular (LV) area, N = 6 finam, AMI, and AMI440group,

N = 7 for AMI+SCM-198 group. p<0.05 as indicated. (C) H&E staining was

performed using heart sections to determine theophwogical changes.
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2.7 Analogl4o Reduced Apoptosis of Cardiomyocytes in Mice Stdgjegith AMI
Cardiomyocytes apoptosis accounts for 70-80% of dehth after myocardial
infarction. After ischemic injury, cells in the arat risk (AAR) are in deficiency of
both blood and oxygen and are most likely to beireg. Therefore, reducing
apoptosis of cardiomyocytes in AAR is of great figance for reducing infarct size
[29]. Thein vitro studies confirmed the anti-apoptotic activity ohgoundl4g, in
order to determine wheth&#do could reduce apoptosis of cardiomyocytes in AAR
vivo, TUNEL staining was applied to detect the apogtoBINA fragmentation that
results from apoptosis can be labeled with a flsoeat marker. As shown in Figure
6A, TUNEL positive staining cells were hardly fouimd cardiac section of sham
operated mice, while massive red fluorescent dotgdri-infarct area indicating
fragments of DNA were observed in model group. Ageeted, SCM-198 antl4o
obviously reduced the number of TUNEL-positive selh peri-infarct area.
Statistical results indicated that the number adpaptic cells in SCM-198 anil4o
treated mice was significantlp<0.05) lower than that in AMIC mice (Figure 6B).
Moreover, the efficiency af4owas much higher than that of SCM-198. Accordingly,
the abovein vivo results indicated that compount4o reduced myocardial

infarction-induced apoptosis of cardiomyocytes.

A B
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Figure 6. Compoundl4o at 5 mg/kg/day reduced apoptosis of cardiomyociytes

mice subjected to AMI(A) Immunostaining for apoptotic cardiomyocytes in leyrd
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areas of SCM-19814o0 or saline-treated micéligh magnifications of the apoptotic
cells have been shown at the corner of each idltistr. Apoptotic cells were indicated
with white arrowhead. (B) Quantifications of TUNHlositive staining (red dots)
determined as percentage of DAPI-positive nuclelisee(dots). Scale bars = 2hfn,

N = 4 for each group,p<0.05 as indicated.

2.8 Pharmacokinetic Profiles d#o

Previous pharmacokinetic studies of SCM-198 shothiatit has a quick metabolism
with a half-life of about 2 h and poor oral bioavailalyilit(1.78%) [30]. A
pharmacokinetic evaluation of compouhdo was conducted after intravenous (i.v.)
and oral (i.g.) dosing in male Sprague-Dawley r@s= 3 per dose route). As
illustrated in Table 3, following i.v. dosing withmg/kg in fasted animals, compound
140 has a terminal elimination half-lifé,f) of 1.67 h with a volume of distribution
and total body clearance of 3766 mL/kg and 1592mmh/kg, respectively. The oral
bioavailability of compound4o (10 mg/kg, i.g.) was 18.5%, which was much higher
than SCM-198. In addition, the residence timd4dis longer than SCM-198, with a
tyo of 4.87 h. The structure comparison Do and SCM-198 implied that the
improvement of pharmacokinetic profilesIofomight be attributed to the removal of

phenol group, which is a labile site susceptiblen&abolic glucuronidation [31].

Table 3. The Main Pharmacokinetic Parameters of Comound 140 (Mean + SD,

N = 3)

Route AUC a5t AUC, Cinax t1 Cl_F_obs Vz_F_obs F

Dose (ng-h/mL)  (ng-h/mL)  (ng/mL) (h) (mL/min/kg) (mL/kg) (%)
(mg/kg)

iv. (1) 882+143 895+121 764+184 1.63+0.41592+432 3766+257 -

i.g. (10) 1634 +261 1680+210 621+159 4.87830. 5573 +737 43706 +2650 18.5%

3. Conclusion
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A series 0fSCM-198 analogs were synthesized by replacingthmatic ring, linker,
and guanidine moieties of SCM-198 separately foe first time, and the
cardioprotective effects of these analogs were algmuated. The SARs studies
implied that butanolamine and guanidine were Vdakhe cardioprotective effects of
SCM-198 and the aromatic ring tolerated varioussstuents. Three analog4if,
14f, and140) with higher anti-apoptotic potency than SCM-198revidentified as
determined by MTT cell viability assay and confignby LDH leakage on H9c2
cells challenged with ¥D,. Further mechanism studies indicated that these
compounds could preserve the activity of MNSOD #ra& most potent compound
140 impeded the dissipation afym as well as partly restored the expression of
Bcl-2 and reduced the activation of casepase-3. ko experiment on Ml mouse
model indicated thaf4o could significantly reduce infarct size and apspsoof
cardiomyocytes in AAR, as determined by TTC and Bltaining. Moreover, the
metabolism and bioavailability d4ois promising and much better than SCM-198.
Overall, the most potent analdglo, which prominently reduced cardiomyocytes
apoptosis and alleviated myocardial infarction et by coronary ligation, might
serve as a potential cardioprotective agent for ttekatment of acute myocardial

infarction.

4. Experimental section

4.1 Chemistry

4.1.1 General information

All commercially available reagents were used withdurther purification.
Anhydrous solvents were dried through routine ok Flash column
chromatography was carried out on 200-300 meskasijel (Qingdao Haiyang
Chemical, China). Reactions were monitored by tayer chromatography (TLC) on
0.25 mm silicagel plates (GF254) and visualizedenridV light. *H NMR and**C
NMR spectra were recorded with a Bruker AV-300 sqmeceter (Bruker Company,
Germany) in the indicated solvents (CRGF DMSO4ds;, TMS as internal standard):

the values of the chemical shifts are expressedl values (ppm) and the coupling
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constants J) in Hz. Low-and high-resolution mass spectrums NISRand HRMS)
were measured on Finnigan MAT 95 spectrometer (§am Germany). Melting
points were recorded with Buchi melting point agpas and are uncorrected. Flash
column chromatography was carried out on 200-308hnsdica gel purchased from
Qingdao Haiyang Chemical Co., Ltd.

4.1.2 Procedure for the Synthesis of Intermediatés9.

The intermediates, 6, and9 were prepared according to our previous procedncde
used for the next step without purification excépt compound®c and9h, which
were purified by silica gel column chromatograpBy(GAc/petroleum ether, 2:1) to
get the compounds as white solids (Yield 95845,

41.2.1
4-(2,3-Bis(tert-butoxycarbonyl)guanidino)butyl-4edoxy-3,5-dimethoxybenzoate
(90).

Yield 95%, white solid, m.p. 97~88.'H NMR (CDCk, 300 MHz):6 (ppm) 11.51 (s,
1H), 8.38 (s, 1H), 7.32 (s, 2H), 4.36 (m, 2H), 3(886H), 3.53 (M, 2H), 2.35 (s, 3H),
1.82 (m, 4H), 1.50 (s, 9H), 1.49 (s, 9HC NMR (CDCE, 75 MHz):d (ppm) 168.2,
165.9, 163.6, 156.2, 153.3, 152.1, 128.2, 106.2,83.3, 64.8, 56.3, 40.4, 28.3, 28.0,
26.2, 25.8, 20.4; MS (ESH/z 354.4 [M-2Boc+H].

4.1.2.2

(2-(N,N'-bis(tert-butoxycarbonyl)carbamimidoyl) prén-4-yl)methyl-4-acetoxy-3,5-
dimethoxybenzoat®l).

Yield 95%, white solid, m.p. 128~130. *H NMR (CDCk, 300 MHz):5 (ppm) 10.19
(br, 1H), 7.29 (s, 2H), 4.22 (m, 4H), 3.88 (s, 6RIY7 (t, 2H), 2.35 (s, 3H), 2.05 (M, 1H),
1.82 (m, 2H), 1.51 (m, 2H), 1.50 (s, 9H), 1.499H); :*C NMR (CDCk, 75 MHz):5
(ppm) 168.2, 165.7, 155.1, 152.1, 128.1, 106.38,8%.3, 35.6, 28.6, 28.1, 20.4; MS
(ESI)m/z 480.3 [M-Boc+H].

4.1.3 Procedure for the Synthesis of Intermedia@as10h.

To the solution 09a-9hin anhydrous methanol, NaOH (1 equiv ) was adadeldsérred

at room temperature for 5-10 min. Concentrationrygness afforded crude products

which were purified by silica gel column chromataginy (EtOAc/petroleum ether,
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4:1) to providelOa-10has white solids (Yield 82-90%).

4131
2-(2,3-Bis(tert-butoxycarbonyl)guanidino)ethyl-4engxy-3,5-dimethoxybenzoate
(10a).

Yield 84%, white solid, m.p. 81~85.*H NMR (CDCk, 300 MHz):6 (ppm) 11.54 (br,
1H), 8.77 (s, 1H), 7.36 (s, 2H), 6.01 (br, 1H),3(%J = 5.1 Hz, 2H), 3.96 (s, 6H), 3.86
(m, 2H), 1.51 (s, 9H), 1.48 (s, 9HJC NMR (CDC}, 75 MHz):6 (ppm) 165.9, 163.4,
156.3, 153.2, 146.7, 139.4, 120.7, 106.7, 83.15,/88B.1, 56.4, 39.7, 28.2, 28.0; MS
(ESI)m/z 284.2 [M-2Boc+H].

4.1.3.2
3-(2,3-Bis(tert-butoxycarbonyl)guanidino)propyl-geroxy-3,5-dimethoxybenzoate
(10b).

Yield 82%, white solid, m.p. 88~80.*H NMR (CDCk, 300 MHz):6 (ppm) 11.40 (br,
1H), 8.43 (s, 1H), 7.24 (s, 2H), 5.99 (br, 1H),3(8J = 6.0 Hz, 2H), 3.86 (s, 6H), 3.53
(m, 2H), 2.00 (m, 2H), 1.42 (s, 9H), 1.41 (s, 9HE NMR (CDCk, 75 MHz):5 (ppm)
165.8, 163.1, 155.7, 152.7, 146.1, 138.9, 120.8,2.82.7, 78.9, 62.0, 55.9, 37.6, 27.7,
27.6, 27.5; MS (EShn/z 298.3 [M-2Boc+H].

4.1.3.3
4-(2,3-Bis(tert-butoxycarbonyl)guanidino)butyl-4engxy-3,5-dimethoxybenzoate
(20c).

Yield 83%, white solid, m.p. 85~88.*H NMR (DMSO-ds, 300 MHz):d (ppm) 11.51
(s, 1H), 8.36 (s, 1H), 7.26 (s, 2H), 6.05 (br, 131 (m, 2H), 3.86 (s, 6H), 3.45 (s, 1H),
1.76 (m, 4H), 1.46 (s, 9H), 1.44 (s, 9LPC NMR (DMSOds, 75 MHz):6 (ppm) 174.3,
165.8, 163.0, 155.2, 152.0, 147.8, 106.8, 82.8), @8.7, 55.8, 27.9, 27.5, 25.7, 25.3,
23.6; MS (ESIm/z 311.3 [M-2Boc+H].

41.3.4
5-(2,3-Bis(tert-butoxycarbonyl)guanidino)pentyl-gdnoxy-3,5-dimethoxybenzoate
(10d).

Yield 90%, white solid, m.p. 84~86.'H NMR (CDCk, 300 MHz):5 (ppm) 11.52 (br,

1H), 8.34 (s, 1H), 7.29 (s, 2H), 6.00 (br, 1H),92J = 6.0 Hz, 2H), 3.92 (s, 6H), 3.44
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(m, 2H), 1.79 (m, 2H), 1.63 (m, 2H), 1.50 (m, 2H}¥8 (s, 9H), 1.47 (s, 9H)*C NMR
(CDCls, 75 MHz):6 (ppm) 165.9, 155.6, 152.8, 146.1, 138.7, 120.8,1,82.7, 78.9,
64.2, 55.9, 40.3, 28.2, 27.9, 27.8, 27.5, 22.9;(ES|) m/z 326.3 [M-2Boc+H].
4.1.3.5
6-(2,3-Bis(tert-butoxycarbonyl)guanidino)hexyl-4dnyxy-3,5-dimethoxybenzoate
(10e).

Yield 88%, white solid, m.p. 82~88.H NMR (CDCk, 300 MHz):5 (ppm) 11.43 (br,
1H), 8.27 (s, 1H), 7.24 (s, 2H), 5.99 (br, 1H),2(2J = 6.0 Hz, 2H), 3.87 (s, 6H), 3.36
(m, 2H), 1.70 (m, 2H), 1.53 (m, 2H), 1.51 (m, 4HY¥2 (s, 9H), 1.41 (s, 9H)*C NMR
(CDCls, 75 MHz):6 (ppm) 165.9, 163.2, 155.5, 152.8, 146.1, 138.9,94,2106.1, 82.7,
78.9, 64.4, 55.9, 40.4, 28.4, 28.2, 27.8, 27.50,2@5.2; MS (ESI)m/z 340.4
[M-2Boc+H]".

4.1.3.6
6-((tert-Butoxycarbonyl)amino)-2,2-dimethyl-4-oxd-3-dioxa-5,7-diazadodec-5-en-
12-yl 4-hydroxy-3,5-dimethoxybenzoat6f].

Yield 90%, white solid, m.p. 81~83.*H NMR (CDCk, 300 MHz):6 (ppm) 11.44 (br,
1H), 8.62 (s, 1H), 7.32 (s, 2H), 5.89 (br, 1H),64% J = 5.7 Hz, 2H), 3.93 (s, 6H), 3.83
(t, J=5.7 Hz, 2H), 3.62 (m, 4H), 1.48 (s, 9H), 1.4,79(d); *C NMR (CDCk, 75 MHz):
5 (ppm) 166.3, 163.5, 156.3, 153.0, 146.6, 106.8),8.3, 72.4, 69.4, 69.0, 64.0, 61.8,
56.4, 40.6, 28.2, 28.0, 27.9; MS (E81)jz 328.6 [M-2Boc+H].

4.1.3.7
1-(2,3-Bis(tert-butoxycarbonyl)guanidino)propan-24yhydroxy-3,5-dimethoxybenzo
ate (10g).

Yield 88%, white solid, m.p. 70~72.*H NMR (CDCk, 300 MHz):6 (ppm) 11.52 (br,
1H), 8.73 (s, 1H), 7.33 (s, 2H), 5.27 (s, 1H), 3(856H), 3.72 (m, 3H), 1.50 (s, 9H),
1.45 (s, 9H), 1.40 (m, 3H}*C NMR (CDC}, 75 MHz):6 (ppm) 165.6, 163.5, 156.6,
153.2, 146.6, 139.3, 106.7, 83.1, 79.4, 69.8, 3814, 28.2, 27.9, 17.6; MS (ESWz
298.2 [M-2Boc+H].

4.1.3.8

(2-(N,N'-bis(tert-butoxycarbonyl)carbamimidoyl) prmkn-4-yl)methyl-4-hydroxy-3,5
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-dimethoxybenzoatd@h).

Yield 82%, white solid, m.p. 102~183. '*H NMR (DMSO-ds, 300 MHz):6 (ppm)
9.52 (br, 1H), 7.20 (s, 2H), 4.11 (= 6.0 Hz, 2H), 4.01 (m, 2H), 3.80 (s, 6H), 3.2, (M
1H), 2.84 (t,J = 6.0 Hz, 2H), 1.74 (m, 2H), 1.37 (s, 18H), 1.19, @H); 3C NMR
(CDCls, 75 MHz):6 (ppm) 165.5, 150.9, 147.5, 140.9, 119.1, 106.8,666.0, 45.3,
34.9, 28.0, 27.9; MS (ESH/z 338.3 [M-2Boc+H].

4.1.4 Procedure for the Synthesis of Compouddslih.

Compound4.0a10h (1 equiv, 0.41 mmol) and zinc bromide (5 equit, 2mol) were
stirred in DCM at r.t. for 1-12 h. Then, the crupdeducts were purified by flash
chromatography using DCM/MeOH 10:1 (v/v) as eludatnish 11a-11has white
solids (71-95%)).

4.1.4.1 2-Guanidinoethyl-4-hydroxy-3,5-dimethoxyoate (1a).

Yield 92%, white solid, m.p. 124~1%8. *H NMR (DMSO-ds, 300 MHz):5 (ppm)
9.37 (s, 1H), 7.55 (4 = 3.6 Hz, 1H), 7.22, (s, 2H), 6.25-7.50 (br, 3#R7 (t,J = 3.6
Hz, 2H), 3.80 (s, 6H), 3.26 (m, 2HFC NMR (DMSOds, 75 MHz):6 (ppm) 165.9,
157.4, 148.0, 141.3, 119.4, 107.5, 63.4, 56.6,;489 (ESI)m/z 284.3 [M+HT.
4.1.4.2 3-Guanidinopropyl-4-hydroxy-3,5-dimethoxytmate {1b).

Yield 91%, white solid, m.p. 116~148. *H NMR (DMSO-ds, 300 MHz):6 (ppm)
9.39 (s, 1H), 7.51 (m, 1H), 7.21 (s, 2H), 6.75-7(85 3H), 4.26 (tJ = 6.0 Hz, 2H),
3.81 (s, 6H), 3.17 (m, 2H), 1.92 (m, 2HJC NMR (DMSO4s, 75 MHz): 6 (ppm)
165.2, 156.6, 147.5, 141.0, 118.6, 106.8, 61.71,580.1, 37.8; MS (ESin/z 298.2
[M+H] ™.

4.1.4.3 4-Guanidinobutyl-4-hydroxy-3,5-dimethoxytuete {1c).

Yield 93%, white solid, m.p. 106~1%0."H NMR (DMSO-ds, 300 MHz): (ppm) 9.35
(s, 1H), 7.44 (m, 1H), 7.20 (s, 2H), 6.75-7.00 @), 4.26 (tJ = 6.0 Hz, 2H), 3.81 (s,
6H), 3.17 (m, 2H), 1.72 (m, 2H), 1.58 (m, 23C NMR (DMSOds, 75 MHz):6 (ppm)
166.1, 157.1, 148.0, 141.2, 119.8, 107.2, 70.4,686.6, 49.1, 26.0, 25.7; MS (ESI)
m/z 312.1 [M+HT.

4.1.4.4 5-Guanidinopentyl-4-hydroxy-3,5-dimethoxyoate {1d).

Yield 95%, white solid, m.p. 104-188. *H NMR (DMSO-ds, 300 MHz):6 (ppm) 9.34
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(s, 1H), 7.44 (m, 1H), 7.21 (s, 2H), 6.75-7.25 @), 4.26 (tJ = 6.0 Hz, 2H), 3.89 (s,
6H), 3.23 (m, 2H), 1.72 (m, 2H), 1.63 (m, 2H), 1(&8 2H);*C NMR (DMSOg, 75
MHz): 6 (ppm) 165.3, 157.4, 148.1, 141.7, 119.9, 107.18,686.1, 40.1, 26.0, 25.8;
MS (ESI)m/z 326.2 [M+HT.

4.1.4.5 6-Guanidinohexyl-4-hydroxy-3,5-dimethoxyloate {1e).

Yield 92%, white solid, m.p. 16&.'H NMR (DMSO-ds, 300 MHz):6 (ppm) 9.37 (s,
1H), 7.46 (m, 1H), 7.21 (s, 2H), 6.75-7.05 (br, 3#28 (tJ = 6.0 Hz, 2H), 3.82 (s, 6H),
3.18 (m, 2H), 1.78 (m, 2H), 1.62 (m, 2H), 1.58 &H); *°C NMR (DMSO4ds, 75 MHz):

5 (ppm) 165.9, 156.8, 147.2, 141.0, 119.5, 107.12,66.1, 48.9, 27.6, 26.0, 25.2; MS
(ESI)m/z 340.2 [M+H].

4.1.4.6 2-(2-Guanidinoethoxy)-ethyl-4-hydroxy-3isethoxybenzoatd 1f).

Yield 79%, white solid, m.p. 104~186. '*H NMR (DMSO-ds, 300 MHz):6 (ppm)
9.37 (s, 1H), 7.51 (m, 1H), 7.21 (s, 2H), 6.75-7(85 3H), 4.36 (tJ = 6.0 Hz, 2H),
3.81 (s, 6H), 3.76 (M, 2H), 3.56 (M, 2H), 3.32 BH); :°C NMR (DMSO+s, 75 MHz):

5 (ppm) 165.6, 156.9, 147.5, 140.8, 119.1, 106.8%,688.4, 63.7, 56.1, 40.8; MS (ESI)
m/z 328.2 [M+HT.

4.1.4.7 1-Guanidinopropan-2-yl-4-hydroxy-3,5-dintetybenzoatelldg).

Yield 82%, white solid, m.p. 140~1%2. *H NMR (DMSO-ds, 300 MHz):6 (ppm)
9.41 (s, 1H), 7.66 (m, 1H), 7.26 (s, 2H), 6.75-7(85 3H), 5.10 (s, 1H), 3.84 (s, 6H),
3.42 (m, 2H), 1.31 (m, 3H}°C NMR (DMSO4ds, 75 MHz): 6 (ppm) 165.9, 158.2,
146.8, 140.1, 106.8, 83.1, 56.5, 44.8, 17.4; MS)Efz 298.1 [M+H].

4.1.4.8 (1-Carbamimidoylpiperidin-4-yl)-methyl-4emgxy-3,5-dimethoxybenzoate
(11h).

Yield 71%, white solid, m.p. >26C.*H NMR (DMSO-ds, 300 MHz):6 (ppm) 9.39 (s,
1H), 7.24 (s, 2H), 6.75-7.25 (br, 3H), 4.14 (m, 284 (m, 2H), 3.84 (s, 6H), 2.88 t,
= 6.0 Hz, 2H), 2.03 (m, 1H), 1.76 (m, 2H), 1.19 @h); *C NMR (DMSO4s, 75
MHz): § (ppm) 165.2, 158.2, 147.9, 141.1, 119.8, 106.62,666.1, 45.4, 34.1, 26.8;
MS (ESI)m/z 338.1 [M+HT.

4.1.5 Procedure for the Synthesis of Compou2dsaand 12h.

Compound®cand9h (1 equiv, 0.41 mmol) and zinc bromide (5 equig, rAmol) were
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stirred in DCM at r.t. for 4 h. Then, the crude qwots were purified by flash
chromatography using DCM/MeOH 20:1 (v/v) as elu@inpish12cand12h as white
solids (83-88%)).

4.1.5.1 4-Guanidinobutyl-4-acetoxy-3,5-dimethoxygoate {2c).

Yield 88%, white solid, m.p. 138~120.*H NMR (CDCk, 300 MHz):6 (ppm) 7.45 (m,
1H), 6.29 (s, 2H), 6.75-7.25 (br, 3H), 4.32)(t 6.1 Hz, 2H), 3.81 (s, 6H), 3.30 (m, 2H),
2.28 (s, 3H), 2.20 (s, 6H), 1.72 (m, 2H), 1.62 AH); **C NMR (CDC}, 75 MHz):5
(ppm) 168.2, 165.6, 156.5, 152.3, 132.4, 128.4,3,@5.0, 56.7, 40.2, 25.8, 25.2, 20.6;
MS (ESI)m/z 354.2 [M+HT".

4.15.2 (1-Carbamimidoylpiperidin-4-yl)methyl-4-amey-3,5-dimethoxybenzoate
(12h).

Yield 83%, white solid, m.p. 158~182. 'H NMR (DMSO-ds, 300 MHz):6 (ppm)
7.30 (s, 2H), 7.05-7.45 (br, 3H), 4.23 (m, 2H) 53(M, 2H), 3.85 (s, 6H), 3.07 &= 6.0,
2H), 2.30 (s, 3H), 2.12 (m, 1H), 1.87 (m, 2H), 1(8Q 2H);**C NMR (DMSO4ds, 75
MHz): § (ppm) 168.3, 165.2, 158.0, 152.5, 128.4, 106.54,686.2, 35.8, 20.3; MS
(ESI)m/z 380.2 [M+H.

4.1.6 Procedure for the Synthesis of Compous3dsl3t.

The mixture ofc (1 equiv, 0.83 mmo])various acids (1 equiv, 0.83 mmol), EDCI (1.2
equiv, 1.0 mmol), and DMAP (catalytic amount) wstiered in DCM (20 mL) at room
temperature for 2-18 h. 20 mL DCM was added aftercompletion of the reaction, the
organic layer was washed with water (20 mL) andé(R0 mL), dried over N&Q,,
and concentrated to afford crude products which eweuurified by flash
chromatography (DCM/MeOH40:1) to providel3a-13tas white solids (83-98%).
4.1.6.1 4-(2,3-Bis(tert-butoxycarbonyl)guanidinajdicyclohexanecarboxylaté 3a).
Yield 89%, white solid, m.p. 74~%6.'H NMR (CDCk, 300 MHz):5 (ppm) 11.44 (s,
1H), 8.27 (s, 1H), 4.01 (8, = 6.0 Hz, 2H), 3.39 (J = 6.0 Hz, 2H), 2.23 (m, 1H), 1.82
(m, 2H), 1.67 (m, 7H), 1.46 (s, 9H), 1.45 (s, 9HN2 (m, 2H), 1.34 (m, 3H}*C NMR
(CDCls, 75 MHz):6 (ppm) 163.0, 155.6, 152.8, 140.1 82.5, 78.7, 6807, 39.9, 28.5,
27.8 27.5, 25.6, 25.2, 24.9; MS (ESi)z 242.3 [M-2Boc+H].

4.1.6.2 2,3-Bis(tert-butoxycarbonyl)guanidino)btaglamantane-1-carboxylaté3b).
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Yield 85%, white solid, m.p. 110~192.*H NMR (CDCk, 300 MHz):d (ppm) 11.45 (s,
1H), 8.27 (s, 1H), 4.00 (8,= 5.2 Hz, 2H), 3.38 (d] = 5.3 Hz, 2H), 1.94 (s, 3H), 1.81(s,
6H), 1.64(m, 10H), 1.44 (s, 9H), 1.43(s, 9C NMR (CDCE, 75 MHz):J (ppm)
177.0,163.1, 155.6, 152.8, 82.5, 78.7, 63.0, 8491, 38.3, 36.0, 27.8, 27.5, 27.4, 25.6,
25.5; MS (ESIMm/z 294.4 [M-2Boc+H].

4.1.6.3 4-(2,3-Bis(tert-butoxycarbonyl)guanidina)du furan-2-carboxylate 13c).
Yield 97%, white solid, m.p. 58~80.*H NMR (CDCk, 300 MHz):5 (ppm) 11.44 (s,
1H), 8.29 (s, 1H), 7.51 (s, 1H), 7.10 {ck 3.6 Hz, 1H), 6.43 (] = 1.8 Hz, 1H), 4.25 (t,
J=6.0 Hz, 2H), 3.41 (m, 2H), 1.71 (m, 2H), 1.67, @h), 1.42 (s, 9H), 1.41 (s, 9H);
%C NMR (CDCE, 75 MHz):6 (ppm) 163.0, 158.1, 155.6, 152.7, 145.7, 144.7,31
111.2, 82.5, 78.6, 63.8, 39.8, 27.7, 27.5, 25.8;28S (ESI)m/z 326.2 [M-Boc+H].
4.1.6.4 4-(2,3-Bis(tert-butoxycarbonyl)guanidinajdusonicotinate 13d). Yield 88%,
white solid, m.p. 74~7€.'H NMR (CDCk, 300 MHz):5 (ppm) 11.44 (s, 1H), 8.71 (d,
J=4.2 Hz, 2H), 8.30 (s, 1H), 7.77 (= 4.2 Hz, 2H), 4.32 (] = 5.7 Hz, 2H), 3.43 (m,
2H), 1.78 (m, 2H), 1.68 (m, 2H), 1.43 (s, 9H), 1(429H):*C NMR (CDCE, 75 MHz):

o (ppm) 165.0, 163.5, 156.2, 153.3, 150.6, 137.2,.8283.1, 79.3, 65.2, 40.4, 28.3,
28.0, 26.0, 25.8; MS (ESt)/z 337.3 [M-Boc+H].

4.1.6.5 4-(2,3-Bis(tert-butoxycarbonyl)guanidindjdtl H-indole-5-carboxylatel(e).
Yield 83%, white solid, m.p. 131~1%2. *H NMR (CDCk, 300 MHz):6 (ppm) 11.43
(s, 1H), 8.79 (s, 1H), 8.32 (s, 2H), 7.80 J& 8.1 Hz, 1H), 7.33 (d] = 8.1 Hz, 1H),
7.20 (s, 1H), 6.57 (s, 1H), 4.24Jt 6.0 Hz, 2H), 3.40 (] = 6.0 Hz, 2H), 1.68 (M, 4H),
1.42 (s, 9H), 1.41 (s, 9H}’C NMR (CDCE, 75 MHz):6 (ppm) 155.7, 152.8, 138.0,
127.0,125.1, 123.2, 122.8, 121.4, 110.3, 103.4/,88.9, 63.5, 40.1, 27.8, 27.6, 25.8,
25.4; MS (ESIm/z 375.2 [M-Boc+H].

4.1.6.6 4-(2,3-Bis(tert-butoxycarbonyl)guanidinddtB-methylbenzoatel8f). Yield
87%, white solid, m.p. 54~86. *H NMR (CDCk, 300 MHz):5 (ppm) 11.51 (s, 1H),
8.37 (s, 1H), 7.85 (m, 2H), 7.32 (m, 2H), 4.33, 6.1 Hz, 2H), 3.49 (m, 2H), 2.40 (s,
3H), 1.78 (m, 4H), 1.50 (s, 9H), 1.49 (s, 9FC NMR (CDCE, 75 MHz):d (ppm)
166.3, 156.2, 138.1, 133.7, 130.1, 128.2, 126.4,83.3, 64.3, 40.5, 28.2, 28.0, 26.2,

25.8, 21.3; MS (ESln/z 250.3 [M-2Boc+H].
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4.1.6.7 4-(2,3-Bis(tert-butoxycarbonyl)guanidinajd,4,6-trifluorobenzoate 13g).
Yield 95%, white solid, m.p. 72~7@.*H NMR (CDCk, 300 MHz):6 (ppm) 11.51 (s,
1H), 8.36 (s, 1H), 7.35 (s, 2H), 4.42Jt 6.1 Hz, 2H), 3.49 (m, 2H), 1.75 (m, 4H), 1.50
(s, 9H), 1.49 (s, 9H)-*C NMR (CDC}, 75 MHz):6 (ppm) 163.9, 163.5, 156.2, 153.3,
136.1, 132.5, 132.2, 127.9, 83.1, 79.2, 65.9, 4B2, 28.0, 25.9, 25.6; MS (ESWz
390.4 [M-Boc+HT.

4.1.6.8 4-(2,3-Bis(tert-butoxycarbonyl)guanidinajdu4-nitrobenzoate 13h). Yield
95%, white solid, m.p. 88~80. *H NMR (CDCk, 300 MHz):5 (ppm) 11.43 (s, 1H),
8.33 (s, 1H), 8.22, 8.13 (ddh = Jg = 8.9 Hz, each 2H), 4.33 (= 6.2 Hz, 2H), 3.45 (m,
2H), 1.78 (m, 2H), 1.69 (m, 2H), 1.42 (s, 9H), 1(419H);**C NMR (CDCk, 75 MHz):

J (ppm) 164.1, 155.6, 152.8, 135.1, 130.2, 123.8,80.0, 64.9, 40.0, 27.8, 27.5, 25.5,
25.3; MS (ESIm/z 281.2 [M-2Boc+H].

41.6.9 4-(2,3-Bis(tert-butoxycarbonyl)guanidinaydsd-(trifluoromethyl)benzoate
(13i). Yield 96%, white solid, m.p. 132~1%3. 'H NMR (CDCk, 300 MHz):5 (ppm)
11.45 (s, 1H), 8.40 (s, 1H), 8.08, 7.63 (dd+= Js = 8.1 Hz, each 2H), 4.32 @~ 6.1 Hz,
2H), 3.49 (m, 2H), 1.74 (m, 4H), 1.42 (s, 9H), 1(¢19H);**C NMR (CDCk, 75 MHz):

J (ppm) 166.3, 163.0, 155.6, 152.9, 152.8, 144.9,4,2116.7, 104.6, 82.6, 78.7, 63.4,
60.4, 55.6, 39.9, 27.7, 27.5, 25.6, 25.3; MS (S} 404.2 [M-Boc+H]J.

4.1.6.10 4-(2,3-Bis(tert-butoxycarbonyl)guanidina)d-4-acetoxybenzoate 13)).
Yield 84%, white solid, m.p. 76~80.H NMR (CDCk, 300 MHz):6 (ppm) 11.54 (s,
1H), 8.39 (s, 1H), 8.08 (d,= 3.0 Hz, 2H), 7.16 (d] = 3.0 Hz, 2H), 4.32 (] = 6.0 Hz,
2H), 3.49 (m, 2H), 2.35 (s, 3H), 1.74 (m, 4H), 1(429H), 1.41 (s, 9H)**C NMR
(CDCls, 75 MHz): 6 (ppm) 168.7, 165.6, 163.5, 156.1, 154.2, 153.2,1,3127.7,
121.5, 83.0, 79.1, 64.5, 40.3, 28.2, 27.9, 26.17,281.1; MS (ESI)m/z 394.2
[M-Boc+H]".

4.1.6.11 4-(2,3-Bis(tert-butoxycarbonyl)guanidingiyd 2-acetoxybenzoate 13k).
Yield 89%, white solid, m.p. 57~80.*H NMR (CDCk, 300 MHz):5 (ppm) 11.51 (s,
1H), 8.37 (s, 1H), 8.01 (d,= 3.0 Hz, 1H), 7.55 (1) = 5.1 Hz, 1H), 7.31 ( = 5.1 Hz,
1H), 7.11 (d,) = 3.0 Hz, 1H), 4.29 (] = 6.1 Hz, 2H), 3.49 (m, 2H), 2.35 (s, 3H), 1.78

(m, 4H), 1.50 (s, 9H), 1.49 (s, 9HJC NMR (CDCk, 75 MHz):d (ppm) 164.4, 163.4,
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156.2, 153.5, 150.5, 133.9, 131.6, 126.4, 123.8,8A8.5, 64.6, 40.5, 28.5, 28.1, 26.3,
25.7, 20.9; MS (ESIn/z 394.2 [M-Boc+H].
4.1.6.12 4-(2,3-Bis(tert-butoxycarbonyl)guanidina)d 3-acetoxybenzoate 13).
Yield 92%, white solid, m.p. 80~82.'H NMR (CDCk, 300 MHz):6 (ppm) 11.52 (s,
1H), 8.38 (s, 1H), 7.92 (d,= 3.0 Hz, 1H), 7.74 (s, 1H), 7.46 Jt= 3.0 Hz, 1H), 7.29 (d,
J=3.0 Hz, 1H), 4.34 (1] = 6.0 Hz, 2H), 3.49 (m, 2H), 2.33 (s, 3H), 1.78 aH), 1.50
(s, 9H), 1.49 (s, 9H)*C NMR (CDCE, 75 MHz):5 (ppm) 169.2, 165.6, 163.6, 156.2,
153.3, 150.6, 131.8, 129.4, 127.0, 126.3, 122.8,,83.3, 64.7, 40.4, 28.3, 28.0, 26.1,
26.8, 21.1; MS (ESIin/z 394.2 [M-Boc+H].
4.1.6.13
4-(2,3-Bis(tert-butoxycarbonyl)guanidino)butyl-4edoxy-3-methoxybenzoatS(n).
Yield 92%, white solid, m.p. 102~185. 'H NMR (CDCk, 300 MHz):5 (ppm) 11.55
(s, 1H), 8.39 (s, 1H), 7.68 (d= 4.5 Hz, 1H), 7.65 (s, 1H), 7.1 @= 4.5 Hz, 1H), 4.35
(t, J = 6.0 Hz, 2H), 3.88 (s, 3H) 3.49 (m, 2H), 2.3BH), 1.74 (m, 4H), 1.42 (s, 9H),
1.41 (s, 9H)*C NMR (CDCE, 75 MHz):5 (ppm) 168.2, 165.5, 163.4, 156.1, 153.1,
150.1, 143.5, 128.8, 122.7, 122.4, 113.2, 82.9), 1.5, 55.9, 40.3, 28.1, 27.9, 26.0,
25.7, 20.4; MS (ESIn/z 524.3 [M+HT.
4.1.6.14 4-(2,3-Bis(tert-butoxycarbonyl)guanidina)d 4-methoxybenzoatel3n).
Yield 94%, white solid, m.p. 95~86.'H NMR (CDCk, 300 MHz):5 (ppm) 11.44 (s,
1H), 8.29 (s, 1H), 7.92 (d,= 4.2 Hz, 2H), 6.85 (d] = 4.2 Hz, 2H), 4.24 (] = 6.0 Hz,
2H), 3.77 (s, 3H), 3.42 (m, 2H), 1.72 (m, 4H), 1(439H), 1.42 (s, 9H)**C NMR
(CDCl3, 75 MHz):6 (ppm) 166.2, 163.6, 163.3, 156.2, 153.3, 131.2,7,213.6, 83.1,
79.2,64.1, 55.4, 40.5, 28.3, 28.1, 26.2, 25.9;(HS|) m/z 266.3 [M-2Boc+H].
4.1.6.15 4-(2,3-Bis(tert-butoxycarbonyl)guanidinatyd 2,3-dimethoxybenzoat&3p).
Yield 93%, white solid, m.p. 66~70.*H NMR (CDCk, 300 MHz):5 (ppm) 11.51 (s,
1H), 8.39 (s, 1H), 7.31 (s, 1H), 7.07 (s, 2H), 482H), 3.89 (s, 6H), 3.49 (s, 2H), 1.79
(s, 4H), 1.49 (s, 9H), 1.48 (s, 9HYC NMR (CDCE, 75 MHz):6 (ppm) 166.2, 163.5,
156.1, 153.4, 153.2, 126.2, 123.8, 122.1, 115.0,8®.2, 64.5, 61.4, 55.9, 40.4, 28.2,
27.9, 26.1, 25.7; MS (ESH)/z 296.3 [M-2Boc+H].
4.1.6.16 4-(2,3-Bis(tert-butoxycarbonyl)guanidingtyd 2,5-dimethoxybenzoat&3p).
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Yield 91%, white solid, m.p. 76~7C.*H NMR (CDCk, 300 MHz):5 (ppm) 11.51 (s,
1H), 8.37 (s, 1H), 7.31 (s, 1H), 7.03 (o= 4.2 Hz, 1H), 6.92 (d] = 4.2 Hz, 1H), 4.33
(m, 2H), 3.85 (s, 3H), 3.79 (s, 3H), 3.49 (m, 2H),9 (m, 4H), 1.49 (s, 9H), 1.48 (s,
9H); °C NMR (CDC}, 75 MHz): 6 (ppm) 166.2, 163.6, 156.2, 153.4, 153.3, 119.3,
116.0, 113.8, 83.1, 79.2, 64.4, 56.6, 55.8, 408%2,28.0, 26.1, 25.8; MS (ESt)/z
296.3 [M-2Boc+H].

4.1.6.17 4-(2,3-Bis(tert-butoxycarbonyl)guanidingtyd-2,3,4-trimethoxybenzoate
(13q). Yield 89%, white solid, m.p. 51~86. *H NMR (CDCk, 300 MHz):6 (ppm)
11.52 (s, 1H), 8.39 (s, 1H), 7.60 (tk 4.2 Hz, 1H), 6.71 (d] = 4.2 Hz, 1H), 4.32 (1)

= 6.0 Hz, 2H), 3.92 (s, 3H), 3.88 (s, 3H), 3.873(d), 3.49 (M, 2H), 1.74 (m, 4H), 1.42
(s, 9H), 1.41 (s, 9H)*C NMR (CDCE, 75 MHz):5 (ppm) 165.5, 163.5, 161.3, 157.1,
156.1, 154.6, 153.2, 142.9, 126.9, 117.9, 106.9,,8®.2, 64.2, 61.7, 60.9, 56.0, 40.5,
28.3, 28.0, 26.1, 25.8; MS (ESt)/z 326.3 [M-2Boc+H].

4.1.6.18 4-(2,3-Bis(tert-butoxycarbonyl)guanidinatyd-2,4,6-trimethoxybenzoate
(23r).

Yield 86%, white solid, m.p. 62~86."H NMR (CDCk, 300 MHz):6 (ppm) 11.50 (s,
1H), 8.35 (s, 1H), 6.84 (s, 2H), 4.33J& 6.1 Hz, 2H), 3.53 (m, 2H), 2.27 (s, 9H), 1.79
(m, 4H), 1.50 (s, 9H), 1.49 (s, 9HFC NMR (CDC}, 75 MHz):5 (ppm) 156.2, 153.5,
135.0, 128.4, 83.1, 79.3, 64.3, 40.4, 28.3, 286®,25.8, 21.1, 19.8; MS (ESt)/z
326.4 [M-2Boc+H].

4.1.6.19 4-(2,3-Bis(tert-butoxycarbonyl)guanidina)d 3,4,5-trimethoxybenzoate
(139).

Yield 89%, white solid, m.p. 85~86.'H NMR (CDCk, 300 MHz):5 (ppm) 11.52 (s,
1H), 8.39 (s, 1H), 7.32 (d, = 4.2 Hz, 2H), 4.36 (m, 2H), 3.92 (s, 9H), 3.53 @hl),
1.82 (m, 4H), 1.53 (s, 9H), 1.52 (s, 9H}C NMR (CDCE, 75 MHz):d (ppm) 166.0,
163.5, 156.1, 153.2, 152.8, 125.2, 106.7, 83.4,, B4.5, 60.7, 56.1, 40.3, 28.2, 27.9,
26.1, 25.8; MS (ESln/z 326.3 [M-2Boc+H].

4.1.6.20
4-((E)-2,3-bis(tert-butoxycarbonyl)guanidino)buBAe3,4,5-trimethoxyphenyl)

acrylate (3t).
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Yield 92%, white solid, m.p. 93~8@. '"H NMR (CDCk, 300 MHz):5 (ppm) 11.45 (s,
1H), 8.32 (s, 1H), 7.52, 6.27 (d#h = Jz=15.9 Hz, each 1H), 6.69 (s, 2H), 4.16J(t
5.5 Hz, 2H), 3.81 (t) = 2.1 Hz, 9H), 3.43 (dl = 5.1 Hz, 2H), 1.68 (s, 4H), 1.43 (s, 9H),
1.42 (s, 9H)C NMR (CDC}, 75 MHz): 6 (ppm) 166.4, 155.6, 152.9, 152.8, 144.3,
129.4, 116.8, 104.7, 82.7, 63.5, 60.4, 55.6, 4018, 27.5, 25.7, 25.3; MS (ES)/z
352.3 [M-2Boc+H].

4.1.7 Procedure for the Synthesis of Compouddsl4t.

Compoundd 3a13t (1 equiv, 0.41 mmol) and zinc bromide (5 equit, &xmol) were
stirred in DCM at r.t. for 1-24h. Then, the crudegucts were purified by flash
chromatography using DCM/MeOH 10:1 (v/v) as eludatnish 14a-14t as white
solids (83-98%)).

4.1.7.1 4-Guanidinobutyl-cyclohexanecarboxyldiaj.

Yield 83%, white solid, m.p. 120~1%%. *H NMR (DMSO-ds, 300 MHz):d (ppm)
7.42 (m, 1H), 6.25-7.25 (br, 3H), 4.11Jt= 6.0 Hz, 2H), 3.18 (J = 6.0 Hz, 2H), 2.21
(m, 1H), 1.89 (m, 2H), 1.65 (m, 7H), 1.41 (m, 2H)B7 (m, 3H);"*C NMR (DMSO4ds,
75 MHz):6 (ppm) 172.1, 156.1, 64.2, 41.7, 39.5, 27.2, 25625, 25.1; MS (ESIn/z
242.1 [M+HT.

4.1.7.2 4-Guanidinobutyl-adamantane-1-carboxyla#by.

Yield 78%, white solid, m.p. 137~1%0. 'H NMR (DMSO-ds, 300 MHz):5 (ppm)
7.47(m, 1H), 6.75-7.25 (br, 3H), 4.00 Jt= 5.2 Hz, 2H), 3.15 (m, 2H), 1.95 (s, 3H),
1.80 (s, 6H), 1.65 (m, 10H)*C NMR (DMSO+s, 75 MHz):d (ppm) 176.9, 153.6, 63.5,
41.1, 38.9, 36.4, 25.7, 25.0; MS (E8ijz 294.1 [M+HT.

4.1.7.3 4-Guanidinobutyl-furan-2-carboxylatei€).

Yield 94%, white solid, m.p. 107~188. *H NMR (DMSO-ds, 300 MHz):6 (ppm)
7.98 (d,J = 3.6 Hz, 1H), 7.50 (m, 1H), 7.31 §t= 3.6 Hz, 1H), 6.71 (] = 1.8 Hz, 1H),
6.75-7.45 (br, 3H), 4.26 (m, 2H), 3.14 (m, 2H),A (M, 2H), 1.58 (M, 2H)**C NMR
(DMSO-ds, 75 MHz):6 (ppm) 157.8, 156.7, 147.5, 143.7, 118.3, 112.8,68).2, 25.2,
25.1; MS (ESIm/z 226.1 [M+HTJ.

4.1.7.4 4-Guanidinobutyl isonicotinat&4gd).

Yield 92%, white solid, m.p. 116~14®.*H NMR (DMSO-ds, 300 MHz):d (ppm) 8.73
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(d,J = 4.2 Hz, 2H), 7.97 (dl = 4.2 Hz, 2H), 7.46 (m, 1H), 6.70-7.20 (br, 3HR&(m,
2H), 3.23 (m, 2H), 1.72 (m, 2H), 1.65 (m, 2£C NMR (DMSO+s, 75 MHz):d (ppm)
165.0, 157.2, 150.0, 137.3, 122.4, 63.7, 39.5,,Z52; MS (ESI)m/z 237.2 [M+H].
4.1.7.5 4-Guanidinobutyl-1H-indole-5-carboxylaid€).

Yield 81%, white solid, m.p. 176~1%%. *H NMR (DMSO-ds, 300 MHz):5 (ppm)
8.27 (s, 1H), 7.80 (d] = 8.1 Hz, 1H), 7.43 (m, 1H), 7.32 (@= 8.1 Hz, 1H), 7.28 (s,
1H), 6.75-7.25 (br, 3H), 6.63 (s, 1H), 4.21)& 6.0 Hz, 2H), 3.18 (m, 2H), 1.71 (m,
2H), 1.62 (m, 2H)**C NMR (DMSO4ds, 75 MHz):6 (ppm) 165.9, 158.1, 138.2, 128.1,
125.2,123.0,121.9, 110.1, 103.64, 64.1, 40.8,2%.3; MS (ESIn/z 275.2 [M+H]".
4.1.7.6 4-Guanidinobutyl-3-methylbenzodltéf}.

Yield 93%, white solid, m.p. 108~141. *H NMR (DMSO-ds, 300 MHz):d (ppm) 7.75
(m, 2H), 7.46 (m, 2H), 7.42 (m, 1H), 6.75-7.25 @), 4.26 (tJ = 6.1 Hz, 2H), 3.16
(m, 2H), 2.36 (s, 3H), 1.72 (m, 2H), 1.61 (m, 2 NMR (DMSOds, 75 MHz): 6
(ppm) 166.3, 157.1, 138.6, 134.4, 130.2, 129.9,2,2826.7, 64.6, 40.8, 25.9, 25.6,
21.3; MS (ESIm/z 250.1 [M+H].

4.1.7.7 4-Guanidinobutyl-2,4,6-trifluorobenzoaldd).

Yield 90%, white solid, m.p. 116~132.*H NMR (DMSO-ds, 300 MHz):6 (ppm) 7.44
(m, 1H), 7.31 (s, 2H), 6.75-7.25 (br, 3H), 4.38),6.1 Hz, 2H), 3.19 (m, 2H), 1.72 (m,
2H), 1.61 (m, 2H)*C NMR (DMSO+g, 75 MHz):6 (ppm) 165.1, 163.5, 155.3, 152.7,
135.2, 126.9, 65.2, 40.4, 25.2, 25.1; MS (E8& 290.1 [M+HT.

4.1.7.8 4-Guanidinobutyl-4-nitrobenzoafill).

Yield 87%, white solid, m.p. 118~1%4®.*H NMR (DMSO-ds, 300 MHz):d (ppm) 8.13,
7.70 (ddJa = Js = 8.9 Hz, each 2H), 7.42 (m, 1H), 6.75-7.25 (br, 3H39 (t,J = 6.2
Hz, 2H), 4.07 (m, 2H), 1.72 (m, 2H), 1.59 (m, 2 NMR (DMSO4ds, 75 MHz):6
(ppm) 164.7, 157.0, 150.6, 135.6, 131.0, 124.3%,680.1, 25.7, 25.5; MS (ESt)/z
481.2 [M+HTJ".

4.1.7.9 4-Guanidinobutyl-4-(trifluoromethyl)benzedt4i).

Yield 83%, white solid, m.p. >26G.*H NMR (DMSO-ds, 300 MHz):6 (ppm) 7.45 (m,
1H), 7.63, 6.69 (ddJa = Js = 8.1 Hz, each 2H), 6.75-7.25 (br, 3H), 4.18)( 6.1 Hz,

2H), 3.24 (m, 2H), 1.67 (m, 4HYC NMR (DMSOds, 75 MHz):5 (ppm) 166.8, 153.6,
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139.9, 117.7, 63.9, 41.2, 25.8, 25.1; MS (B8t 304.1 [M+HT.

4.1.7.10 4-Guanidinobutyl-4-acetoxybenzodw)(

Yield 93%, white solid, m.p. 112~193.*H NMR (DMSO-dg, 300 MHz):6 (ppm) 8.01
(d,J=8.7 Hz, 1H), 7.31 (d] = 8.7 Hz, 1H), 7.46 (m, 1H), 6.75-7.25 (br, 3HRAL(t,J

= 6.0 Hz, 2H), 3.17 (m, 2H), 2.30 (s, 3H), 1.73 @h), 1.62 (m, 2H);*C NMR
(DMSO-ds, 75 MHz):6 (ppm) 169.3, 165.5, 157.0, 154.7, 131.2, 127.2,8,2122.8,
64.7, 40.3, 25.9, 25.6, 21.4; MS (ESi)z 294.2 [M+H] .

4.1.7.11 4-Guanidinobutyl-2-acetoxybenzod#k].

Yield 90%, white solid, m.p. 107~188. *H NMR (DMSO-ds, 300 MHz):J (ppm)
8.04 (d,J = 3.0 Hz, 1H), 7.56 (] = 5.1 Hz, 1H), 7.44 (m, 1H), 7.35 {t= 5.1 Hz, 1H),
7.10 (d,J = 3.0 Hz, 1H), 6.75-7.25 (br, 3H), 4.32J% 6.0 Hz, 2H), 3.15 (m, 2H), 2.31
(s, 3H), 1.72 (m, 2H), 1.62 (m, 2H}C NMR (DMSO4ds, 75 MHz): 6 (ppm) 170.3,
161.3, 153.3, 151.8, 133.1, 130.3, 117.6, 116.3,68.2, 25.2, 24.5, 20.7; MS (ESI)
m/z 294.2 [M+HT.

4.1.7.12 4-Guanidinobutyl-3-acetoxybenzod®)(

Yield 86%, white solid, m.p. 124~1%5. '*H NMR (DMSO-ds, 300 MHz):6 (ppm)
7.91 (d,J = 3.0 Hz, 1H), 7.71 (m, 1H), 7.42 {t= 3.0 Hz, 1H), 7.44 (m, 1H), 7.28 @,
= 3.0 Hz, 1H), 6.75-7.25 (br, 3H), 4.31Jt= 6.0 Hz, 2H), 3.13 (m, 2H), 2.30 (s, 3H),
1.74 (m, 4H):"*C NMR (DMSO4ds, 75 MHz): 6 (ppm) 167.8, 164.0, 156.5, 149.3,
129.8, 127.7, 124.8, 120.8, 62.7, 39.3, 23.9, 2B®; MS (ESIm/z 294.2 [M+HT .
4.1.7.13 4-Guanidinobutyl-4-acetoxy-3-methoxybetez idm).

Yield 87%, white solid, m.p. 128~129. '*H NMR (DMSO-ds, 300 MHz):6 (ppm)
7.59 (dJ=4.5Hz, 1H), 7.55 (s, 1H), 7.42 (m, 1H), 7.15J¢ 4.5 Hz, 1H), 6.75-7.25
(br, 1H), 4.31 (tJ = 6.0 Hz, 2H), 3.79 (s, 3H), 3.19 (m, 2H), 2.183(), 1.69 (m, 2H),
1.62 (m, 2H);**C NMR (DMSO4ds, 75 MHz): 6 (ppm) 169.2, 165.8, 158.1, 143.6,
128.9, 123.7, 122.6, 113.3, 64.9, 56.4, 41.2, 23463, 20.7; MS (ESl)n/z 324.1
[M+H] "

4.1.7.14 4-Guanidinobutyl-4-methoxybenzoa#nj.

Yield 92%, white solid, m.p. 131~1%2. 'H NMR (DMSO-ds, 300 MHz):5 (ppm)

7.92,7.08 (d = 8.7 Hz, each 1H), 7.47 (m, 1H), 6.75-7.25 (br, 32 (tJ = 5.5 Hz,
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2H), 3.81 (s, 3H), 3.16 (m, 2H), 1.72 (m, 2H), 1(68 2H);*C NMR (DMSO4ds, 75
MHz): ¢ (ppm) 167.5, 163.3, 158.0, 131.8, 123.4, 114.28,6665.9, 40.0, 25.3, 25.2;
MS (ESI)m/z 266.2 [M+H]".

4.1.7.14 4-Guanidinobutyl-2,3-dimethoxybenzoate)

Yield 81%, white solid, m.p. 109~140. '"H NMR (DMSO-ds, 300 MHz): 6 (ppm)
7.46 (m, 1H), 7.15 (m, 1H), 7.10 (m, 2H), 6.75-7(8F 3H), 4.26 (tJ = 6.0 Hz, 2H),
3.72 (s, 3H), 3.66 (s, 3H), 3.22 (m, 2H), 1.63 4i); 1°C NMR (DMSOds, 75 MHz):

o (ppm) 166.5, 158.1, 156.2, 147.3, 125.3, 124.4,11.2116.2, 64.5, 60.9, 55.7, 40.6,
24.9, 24.0; MS (ESIin/z 296.2 [M+HT; HR-MS (ESI)m/z calcd for G4H2oN30;4
[M + H]", 296.1605; found 296.1631.

4.1.7.16 4-Guanidinobutyl-2,5-dimethoxybenzoadg)

Yield 83%, white solid, m.p. 124~1%8. '*H NMR (DMSO-ds, 300 MHz):6 (ppm)
7.45 (m, 1H), 7.15 (dl = 4.2 Hz, 1H), 7.11 (dl = 4.2 Hz, 1H), 6.75-7.25 (br, 3H), 4.23
(m, 2H), 3.76 (s, 3H), 3.72 (s, 3H), 3.13 (m, 2HH9 (M, 2H), 1.64 (m, 2H}C NMR
(DMSO-ds, 75 MHz): 5 (ppm) 166.0, 153.0, 152.7, 121.5, 119.0, 115.8,7,164.5,
56.9, 56.1, 40.3, 25.7, 25.1; MS (E8i)jz 296.2 [M+H].

4.1.7.17 4-Guanidinobutyl-2,3,4-trimethoxybenzdate)).

Yield 85%, white solid, m.p. 119~1%1.*H NMR (DMSO-ds, 300 MHz): (ppm) 7.48
(d,J=4.2 Hz, 1H), 7.46 (m, 1H), 6.92 @= 4.2 Hz, 1H), 6.75-7.45 (br, 3H), 4.26t,
= 6.0 Hz, 2H), 3.86 (s, 3H), 3.79 (s, 3H), 3.753(d), 3.18 (m, 2H), 1.72 (m, 4H}°C
NMR (DMSO-ds, 75 MHz):6 (ppm) 165.8, 160.3, 158.1, 156.2, 143.1, 127.7,8,1
106.9, 64.5, 61.6, 60.4, 56.1, 41.5, 26.1, 25.9;(ESI)m/z 326.2 [M+HT.

4.1.7.18 4-Guanidinobutyl-2,4,6-trimethoxybenzdate).

Yield 86%, white solid, m.p. 118~120."H NMR (DMSO-ds, 300 MHz):6 (ppm) 7.46
(m, 2H), 6.90 (M, 2H), 6.75-7.25 (br, 3H), 4.21( 6.1 Hz, 2H), 3.30 (m, 2H), 2.24 (s,
3H), 2.20 (s, 6H), 1.72 (m, 2H), 1.59 (m, 2EC NMR (DMSO4ds, 75 MHz):6 (ppm)
169.6, 156.2, 139.2, 134.7, 131.5, 128.6, 64.&,58).8, 25.7, 25.2; MS (ESH)/z
326.2 [M+HT.

4.1.7.19 4-Guanidinobutyl-3,4,5-trimethoxybenzqats).

Yield 79%, white solid, m.p. 122~1%2. *H NMR (DMSO-ds, 300 MHz):6 (ppm)
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7.42 (m, 1H), 7.19 (s, 2H), 6.75-7.20 (br, 3H),54(th, 2H), 3.80 (s, 6H), 3.62 (s, 3H),
3.14 (m, 2H), 1.73 (m, 2H), 1.55 (m, 2HYC NMR (DMSO4s, 75 MHz):d (ppm)
165.8, 157.0, 153.2, 142.5, 125.3, 106.8, 64.8,685.5, 40.8, 25.8, 25.6; MS (ESI)
m/z 326.2 [M+HT.
4.1.7.20 4-Guanidinobutyl-3-(3,4,5-trimethoxyphégagtylate (4t).
Yield 83%, white solid, m.p. 128~1%3D. '*H NMR (DMSO-ds, 300 MHz):6 (ppm)
7.52, 6.27 (ddJa= Js=15.9 Hz, each 1H), 7.48 (m, 1H), 6.75-7.25 (br, ,364J3 (s,
2H), 4.43 (tJ = 5.5 Hz, 2H), 3.48 (s, 9H), 3.46 {t= 5.1 Hz, 2H), 1.78 (s, 4H}’C
NMR (DMSO-ds, 75 MHz):6 (ppm) 166.5, 157.0, 153.0, 145.2, 129.1, 116.8,2,0
63.8, 60.1, 56.1, 40.0, 25.6, 25.1; MS (B8l 351.2 [M+H]".
4.1.8 Procedure for the Synthesis of Compourdsl7c.
The mixture o8B (1 equiv, 0.83 mmolamino alcohols (1 equiv, 0.83 mmol), EDCI (1.2
equiv, 1.0 mmol), and DMAP (catalytic amount) wstiered in DCM (20 mL) at room
temperature for 12 h. 20 mL DCM was added afterctimapletion of the reaction, the
organic layer was washed with water (20 mL) andé(R0 mL), dried over N&Q,,
and concentrated to affortba-d without purification. To the solution di6a-d in
anhydrous methanol, NaOH (1 equiv) was added arrédstat room temperature for
5-8 min. Concentration to dryness afforded cruaelpcts which were purified by flash
chromatography (DCM/MeOH, 40:1) to provitiéa-das white solids (73-91%).
4.1.8.1 2-(Dimethylamino)-ethyl-4-hydroxy-3,5-dintetybenzoatelfa).
Yield 73%, white solid, m.p. 118~120.*H NMR (CDCk, 300 MHz):d (ppm) 7.09 (s,
2H), 4.44 (tJ = 6.0 Hz, 2H), 3.84 (s, 6H), 2.76 {t= 6.0 Hz, 2H), 2.38 (s, 6H}’C
NMR (CDClk, 75 MHz):6 (ppm) 166.5, 146.9, 140.3, 119.6, 106.3, 61.68,556.0,
45.4; MS (ESIm/z 270.1 [M+H] .
4.1.8.2 3-(Dimethylamino)-propyl-4-hydroxy-3,5-dthexybenzoatelyb).
Yield 91%, white solid, m.p. 122~1%2.*H NMR (CDCk, 300 MHz):é (ppm) 7.30 (s,
2H), 4.35 (tJ= 6.0 Hz, 2H), 3.91 (s, 6H), 2.46 Jt= 6.0 Hz, 2H), 2.23 (s, 6H), 1.97 (m,
2H); Y*C NMR (CDCE, 75 MHz):5 (ppm) 146.8, 139.7, 106.6, 63.2, 56.4, 56.2, 45.3,
26.9; MS (ESIMm/z 284.1 [M+HT.
4.1.8.3 2-(Diethylamino)-ethyl-4-hydroxy-3,5-dinetibenzoatel{c).
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Yield 77%, white solid, m.p. 59~8€. 'H NMR (CDCk, 300 MHz):6 (ppm) 7.25 (s,
2H), 6.25 (br, 1H), 4.31 (§,= 6.0 Hz, 2H), 3.82 (s, 6H), 2.81Jt= 6.0 Hz, 2H), 2.61 (q,
J = 6.9 Hz, 4H), 1.02 (1] = 6.9 Hz, 6H);*C NMR (CDC}, 75 MHz):d (ppm) 166.4,
146.8, 139.6, 120.7, 106.6, 63.0, 56.2, 50.9, 47.6; MS (ESIm/z 298.1 [M+HT.
4.1.8.4 2-Morpholinoethyl-4-hydroxy-3,5-dimethoxybmate {7d).

Yield 85%, white solid, m.p. >26G.*H NMR (DMSO-ds, 300 MHz):6 (ppm) 9.41 (br,
1H), 7.31 (s, 2H), 4.61 (s, 2H), 3.93 (s, 4H), I8FBH), 3.53 (s, 4H), 3.21 (s, 2HjC
NMR (DMSO-ds, 75 MHz):6 (ppm) 174.5, 147.5, 140.9, 118.6, 107.2, 63.05,585.2,
54.4, 51.2; MS (ESln/z 312.1 [M+H]".

4.2 Cell Culture and Treatment.

H9c2 cells were purchased from ATCC. The cells wanktured in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) supplertezhwith 10% fetal bovine
serum at 37 °C in an incubator with 5% £@Qells at 80-90% confluence were used
for experiments. Before treatment, H9c2 were exgpdseserum starvation for 12
hours followed by treatment with compounds for 4iiso Then the culture medium
was substituted with DMEM containing 500 nM®3} and cells were incubated for

another 1 hour before collected for biochemicahgss

4.3 Cell Viability Assay.

Briefly, H9c2 cells were released from plate bypsiyn, centrifuged and re-suspended
in DMEM medium at 1 x 1Dcell/mL. 100uL of the dilutions were plated out into
wells of a 96-well microtiter plate in triplicatdhree control wells with medium
alone was used to provide the blank absorbancds @efe incubated for 18 hours
before treated with tested compounds. SCM-198 gsalere diluted with DMSO to

1 and 10uM. Cells were pre-treated with different concentnag of compounds for
another 4 hours followed by stimulation with 400 hiydrogen peroxide (#D,) for 1
hour. Cells treated with SCM-198 were used as pestontrol and cells treated with
DMSO alone were used as negative control. Aftenwdition, culture medium was

carefully removed and 100L of MTT reagent was added to each well, and plates
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were returned to cell culture incubator for 2 tbaurs.When the purple precipitate is
clearly visible under the microscope, the MTT redgeas removed and 104 of
DMSO was added to all wells to solve formazan. @&hsorbance in each well was

measured at 570 nm in a microtiter plate reader.

4.4 LDH Release Detection.

Cells were seeded in a 96-well flat bottom micestiplate at a density of 5 x 10
cells/well in 100uL of culture medium in triplicates and were incudzhfor 18 hours
before treated with tested compoun@ells were treated with 1M of SCM-198,
11f, 14f, 140 and LM of 14q, respectively for 4 hours before stimulation WHEO;
for another 1 hour. Control cells were treated vgéime volume of DMSO and model
cells were treated with 4@, without pre-incubation of compounds. After treairse
collect the medium, the left was washed with PBS3ftimes. Cells were lysed with
cell lysis buffer and the protein concentration wasermined with BCA colorimetric
method. For each sample, add/&00f culture supernatant into 50 reconstituted
2X LDH assay buffer. Protected the assay plate fiight and incubated the plate at
room temperature (22-25 °C) for 10-30 min. Absodeabetween 490-520 nm was
measured. The reading from the control and tedsviglsubtracted with the reading
from the medium alone control wells. The relativBH. activity was calculated

according to the following formula:

Activity%= (Test well OD- Medium alone well OD)/(Model well OD-Medium alone well OD)
Test well protein content Model well protein content

4.5 Determination of MNSOD Activity.

Cells were treated with 1@M of SCM-198, 11f, 14f, 140 and 1uM of 140
respectively for 4 hours before stimulation withQd for another 1 hour. After
treatment, cells were lysed and centrifugated @@y for 15 min, the supernatant
was removed and total protein concentration wassared using a BCA protein assay
kit. The MnSOD activity was measured by inhibitiegtracellular and cytosolic

Cu/Zn SOD activity with KCN (1 mmol/L) using a CuBmnSOD assay kit (WST-8)
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(Beyotime, Shanghai, China). Briefly, WST-8, a hygater-soluble tetrazolium salt,
can be oxidized to formazan dye by cellular supel@xanion, and the reaction could
be inhibited by SOD. The activity of SOD was thustedmined by colorimetric
analysis of the formazan dye. One unit of SOD &gtiwas defined as the amount
causing 50% inhibition of the initial rate of redion of WST-8. MNnSOD activity was

calculated in terms of protein content (U/mg).

4.6 Detection of Mitochondrial Membrane Potential/(m) by JC-1 Staining.

Aym was determined with the dual-emission mitochaidtye JC-1. H9c2 cells were
pre-treated with kM 140 or 10uM SCM-198for 4 h prior to HO, treatment (400
nM). After incubation, medium was removed and celé&se washing with cold PBS
(pH 7.4) for three times, before incubation witlh @g/mL JC-1 dye for 40 min at
37 °C. The dye was then removed and cells were edaslith PBS buffer for three
times. Samples were immediately observed underrdhgence microscope. The
fluorescent signal of monomers is measured witkamtation wavelength of 490 nm
and an emission wavelength of 535 nm. The fluorg@ssggnal of aggregates is
detected with an excitation wavelength of 525 nimh am emission wavelength of 600

nm.

4.7 Animal Experiments.

C57BL/6J mice at an age of 8 weeks were purchasad $LAC Laboratory Animal
Corporation (Songjiang, Shanghai, China). Mice wkoeised under conventional
conditions, fed standard mouse pellets and walkammals received human care in
accordance with the Guide for the Care and Useabbtatory Animals, published by
the National Institutes of Health (NIH publicatioro. 85-23, revised 1996). The
investigation was approved by Institutional Aninfaare and Use Committee of
Fudan UniversityMice were anesthetized with 2% isoflurane and kapgsthesia
with 1% isoflurane. Adequacy of anesthesia was togd by pedal response. The
mice were then cannulated the trachea with a pojj@te tube connected to a

respirator with a tidal volume of 0.2 mL (110 btesditnin) and mechanically
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ventilated with oxygen-enriched room air mixed wgbflurane by a rodent respirator
ventilated (Ugo, Comerio, ltaly). A thoracotomy waerformed at the fourth
intercostal space, hearts were “popped out” frathest and the left anterior
descending artery (LAD) was permanently ligatechveih 8-0 polypropylene suture
under sterile conditions. Sham operated mice unel@nthe same procedure except
that the LAD was left untied. During the surgergdlp temperature was maintained
constant at 37 °C by a heating pad. Mice were nagl@ssigned into four groups:
Sham operatedl4o (5 mg-kg"- day") with AMI, SCM-198 (10 mg-Kkg-day") with
AMI and AMI groups, with 8-10 mice in each groupeWtraperitoneally injected
mice with 140 SCM-198 or vehicle (saline) for 7 d consecutivaysl before
conduction of acute myocardial infarction injuryftéx the operation, mice were

administrated with SCM-198 d4ofor another three days until they were sacrificed.

4.8 TCC Staining.

TTC (2,3,5-Triphenyltetrazolium chloride) stainimgs used to evaluate infarct size.
Animals were anaesthetized with isoflurane, exseraged by perfusion with normal
saline supplemented with 40 mM KCI, and hearts weagdly removed. Freshly
isolated heart were transversely cut into 4-5 slidéde slices were incubated with 1%
TTC solution, pH 7.4 at 37 °C for 20 min. Then T3$@ining buffer was removed and
tissues are fixed in 10% PBS-buffered formalin oigit at 2-8 °C and was
photographed. Infarct area was determined by coengetd planimetry using
ImagePro Plus software (version 6.0, Media CybaseBethesda, MD, USA). The

infarct area was expressed as a percentage aftheshtricular area.

4.9 H&E staining.

The cardiac paraffin sections were dried in oveB52C for 1-2 hours, deparaffinized
with xylene and hydrated by gradient ethanol. Aftaished with tap water for 5 min,
the sections were stained with hematoxylin for ifi end washed with tap water. To
remove the unspecific staining in cytoplasm, thetises were dipped in 0.1% HCI

for 5 second and washed with tap water for 3-4 sirtee remove HCI. After that,
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sections were stained with Eosin for 3-5 min andiveal with ddBHO to remove

Eosin solution. Then the sections were dehydratedradient ethanol and xylene.
Finally, the sections were mounted with resinend eovered with a cover glass.
Optical microscope was used to observe the striaticardiac fibrils. The normal
myoplasm was stained into deep red and collagenpivds Cellular nucleus was
counter stained into deep blue or purple. Cardiawgs subjected with ischemic

injury were stained into pale pink and infiltrat@dh massive fragmented nucleus.

4.10 TUNEL Staining.

TUNEL staining relies on the ability of the enzynmberminal deoxynucleotidyl
transferase to incorporate labeled dUTP into frdey8roxyl termini generated by the
fragmentation of genomic DNA, which occurs durirgdl€ programmed death. In this
work, apoptosis was determined with a TUNEL stajriat (Roche Applied Science,
Indianapolis, IN) according to the instruction. Bles deparaffinized and hydration,
permeabilization of the sections with protease kK wacessary for a better staining
result. Following proteinase K treatment, slideseverashed 3 times with dd8.
Endogenous peroxidases was then inactivated byiogveections with 2% hydrogen
peroxide for 5 min at room temperature. Slides wesished 3 times with dd&® and
covered with TdT equilibration buffer for 10 min etom temperature, followed by
incubation with TdT reaction buffer for 30 min af 3. The reaction was stopped,
sections were washed 3 times with PBS and nucleae wounter stained with DAPI
for 5 min at room temperature. Sections were oleskrunder fluorescence
microscope with excitation wavelength at 585-60Q MNEL positive nuclear were

in red fluorescence.

4.11 Western Blotting Analysis.

Cells were lysed with lysis buffer containing pite and phosphatase inhibitors
cocktail (R&D Systems, Inc., MN, USA) on ice for &iin, lysates were centrifuged
at 13,000 g at 4 °C for 15 min. The protein congidn in the supernatant was

determined using the BCA protein assay reagentaEgmounts of protein (2Qg)
39



were resolved using sodium dodecyl sulfate-polylaonde gel electrophoresis
(SDS-PAGE) (8-12% acrylamide gel) and transferee@W¥DF Hybond-P membrane.
Membranes were blocked with defatted milk for 1t homm temperature. Membranes
were then incubated with primary antibodies agataspase-3, pro-caspase-3, Bcl-2,
and GAPDH (CST Inc., MA, USA), with gentle rotati@mvernight at 4 °C. The
primary antibody was removed and the membrane veashied with TBST for 3 times,
followed by incubated with secondary antibody fondurs at room temperature and

chemiluminescent detection.

4.12 Pharmacokinetic Study.

Sprague-Dawley rats were used for the pharmacaokisttdy. All animals were kept
in an environmentally controlled room at 22 + 2 t€lative humidity of 50 £+ 10%
and approximately 12/12 h light/dark cycle. All miwere randomly assigned to two
groups (3 mice per group) for oral administration1® mg/kg and intravenous
injection of 1 mg/kgl4o, respectively. Blood samples (0.3 mL) were coédatia
retro-orbital bleeding using heparin as an antiatag at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8,
12, 18, and 24 h after administration Bfo. Each blood sample was separated by
centrifugation at 3,500 rpm for 10 min to harvdst plasma. The obtained plasma

samples were transferred to tubes for LC-MS/MS yaisl

4.13 Statistics.

Statistical analyses were performed using Grapiipan 8.0 (San Diego, CA, USA).
The results were expressed as means + standaratidasi (SD). Unpairetitest was
employed to determine the statistical differenceswben two groups with equal
variance, otherwise Mann-Whitney U test was usete-@ay ANOVA followed by
Tukey'’s test for post hoc comparison was used ngarison among groups, and

results were considered statistically significartha level of p < 0.05.
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35 Analogs of SCM-198 were designed, synthesized and biologically evaluated.
Analog 140 significantly reduced cardiomyocytes apoptosis.
The mice pretreated with 140 had much lower infarct size than that of SCM-198.

140 might be a potential cardioprotective agent to treat acute myocardial

infarction.
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