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ARTICLE INFO ABSTRACT

Article history Four unsaturatedorcantharimide YNCI) dimers were synthesized and characterized by
Received elemental analysis, ESI-QTOF-MS, FT/IR, UV-Vil, and**C NMR as well as single crystal
Received in revised form X-ray diffraction. In addition, theoretical studibave been investigated to compare with the
Accepted experimental findings. Introduction of various lémgof single bond link chains provides high

Available online conformational flexibility and thus unusual molesuénd crystal structures for dimers. Two of
the four dimers twist into helicate, but crystadlimto centrosymmetric lattice; one adopts
approximately centrosymmetric conformer, but paitke non-centrosymmetric polar space

group (R4). Moreover, in vitro cytotoxic activities of foutJNCI dimers and their

Keywords . . : . .
Un)s,\;vturated norcantharimide dimers corresponding saturatediCl dimers were evaluated. All foldNCI dimers are inactive and
Synthesis oneNCI dimer shows modest cytotoxicity. These findinggeveompared with the relevant

results in literatures. It is found that the antitr properties ofJNCI/NCI dimers depend
mainly on the length of link chains (the longer ichahe higher therapeutic efficacy) and have
relationship with the double bond, which requiresenexperimental support.

Characterization
Single crystal structure
Cytotoxic activity

1. Introduction collagen, and platelet-activating factor-inducedjyragation [8].

So, derivatives of modifie€AI/NCI are potentially useful as

anticancer agents.
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cantharimide (CAT)

As archetypal small molecule protein phosphatasibiioins,
[1] cantharidin CAN) and norcantharidin (a demethylated form
of cantharidin, also called demethylcantharidinabbreviated as
DMC, Scheme ]} have been used worldwide as an anticancer
agent since 1264 for the treatment of hepatomakelaia,
pancreatic cancer, colon cancer, oral carcinonwjdar cancer, rin (€A
breast cancer, lung cancer and digestive tract tsirf). Their SN Q o 3 o
ability to act against multidrug-resistant cellskes it an ideal “M M MR
compound for individualized cancer treatment [3]migrly, START e ° °
CAN possesses cytotoxicity to a series of normal celtduding  seane ' dehydeocatharimide (UCAD 5,64
gastrointestinal tract, urethra and kidney [2d],ickhdelayed
their use in the pharmaceutical industry. Howeveg, dinganic
chemistry has provided new and more potent derigatiwith
high activity against protein phosphatase enzyme &ss
toxicity profiles.

norcantharimide (NCT)

Q 0
s
0

imide (UNCI)

norcantharidin (DMC)

haridin (UCAN) ~ 5,6-deh idin (UDMC) 5.

o o

5.,6-dehydronorcantharimide dimer (UNCI dimer)

Scheme 1Some important core structures of cantharidirecues
During the last five decades, thousands of analogunes
derivatives have been synthesized and thoroughlgsiigated

[2e], including DMC-platinum complexes [2b, 2c, 4],
(nor)cantharimide series (abbreviatedG#I/NCI, Scheme 1
[2m, 5], anhydride ring-opened series (especiélbsé with only
one free carboxylate) [1g, 6] and so on. Thesdognas have
demonstrated all kinds of antitumor activities amth has its
own specific activity. Due to the possibility to imporate any
kinds of substituent in the nitrogen, as well aseesaslly
equipotent inhibitory activity of the serine/thréma protein
phosphatases 1 and 2A (PP1 and PP2A) @AIN (more potent
than DMC) [7], CAI/NCI
activities, and have been shown to inhibit xanthemédase and
to have antiplatelet effects on thrombin, arachidoacid,

series show higher anticancer

As we know, the type of heteroatoms in the bridge iand
the anhydride cycle are very important, but, thespnce of
double bond (5,6-ene) has little effect on actiyiig, 7, 9]. 5,6-
dehydrocantharidin  (the unsaturated analogue @©AN,
abbreviated a8 CAN) andCAN have similar inhibition of PP2A
[2e]. 5,6-dehydronorcantharidin (the unsaturate@lague of
DMC, abbreviated asJDMC) and DMC still have similar
inhibition of PP1, PP2A and PP2B [1f]. This suggethat
UCAN and UDMC show similar anti-cancer and protein
phosphatase activity as that@AN andDMC (others think that
the saturation of C5-C6 bond appears to affectitdbitory
activity, but not so crucial [5d]). More importaytiUCAN and
UDMC are so easily synthesizable that they can oftemskd as

OCorresponding author. Tel.: +86 531 89631208; &6 531 89631207; E-mail addresses: tanxuejie@t68.c



2

the starting material in the synthesis@AN and DMC [10].
Then, what's the difference between 5,6-dehydrondneaimide
(the unsaturated analogue NI, abbreviated a$&JNCI) and
NCI? Surprisingly, the derivatives based ONCI have hardly
been explored in the literature, much less thandhblCAN and

UDMC analogues. Wang et al. found that the arylantimony

derivatives based oMNCI and UNCI have similar in vitro
antitumor activities [11]. For example, the comgsks, |,, and

Il;, lg in their paper have very high and similar antitumo

activities against some cancer celiclieme 2 Li et al. [12]
have investigated the antiproliferative activitafsen UNCI and
NCI derivatives $cheme 2 5a-5f 7a-7d), which displayed
moderate and similar inhibitory activities agaiA$49 and PC-3
cell lines with the IC50 values >250u@nol/I (the IC50 ofDMC

o o

o
o o ©

o

compound 1 in [2] compound 2in [a]

o

JOSEE

compound 6 in [¢]

compound 3-5 in [b]

Scheme 3The structures of some (nor)cantharimiE€(/CAIl)
dimers reported in literature [15, 16, 17].

Another blank area is the crystal structure of timaeds.

were 44.8 and 201.0mol/l in their experiments). In one word, There have been no reports about the crystal sreuaf any

since UNCI and its analogues not only have simple chemical

structures and less toxicity, but also retain thaitamor
activities, is it possible for them to provide emous possibilities
for the science and industry of antitumor medicinB?fese
uncertainties encourage us for further investigetioelated to
these issues. We hope that these chemical modbfisain the

NCI/CAI dimers. It is known that most small molecule drugs
(>90%) are delivered in crystalline form [18] arndeast half of
marketed solid chemical drug substances exhibigrpofphism
[19]. Meanwhile, medicinal chemistry requires robusliable
structures to accurately position key pharmacoghanits in the
correct chemical space. It is this positioning tlgaies rise

structure ofUNCI could be a real and rapid way in developing ultimately to the desired biological activity. Tdotain a better

new drug candidates.
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Scheme 2Two sets of similar compounds with similar antitum
activities reported in reference [11] and [12]. iFhename
abbreviations are maintained as in the originabrep

On the other hand, the dimer structure is ubiquitous
natural products and dimeric molecules would be etgukto
show enhanced receptor affinity relative to theirresponding
monomeric counterparts [13]. Dimeric compounds hbheen
synthesized and studied for the treatment of cantd¥,
Alzheimer,
McCluskey et al. [15] reported the synthesis andicancer
activities of twoNCI dimers Scheme 3 compoundsl and 2),
which displayed the highest levels of cytotoxicigamst a series

of cell lines among 35ICI derivatives that they synthesized. In BDA,

addition, Noda et 4l.6] isolated threeCAl dimers Gcheme 3
compounds3 to 5) from the Chinese blister beetl®ylabris

malaria and various parasitic diseasedl]. [1

understanding of the solid-state properties ofdrmsstances, it
is necessary to identify and characterize crydtaictires, and
even to perform a polymorphic screening and physotdcal

properties characterization, on potential drug aatds. This
will help in eventually selecting a suitable formr féurther

development and manufacturing. As part of our ongqroject

studying novel unsaturated analoguesDWIC/NCI, we have
recently obtained systematical studies on a noieérsand

singly protonatedUDMC complex [20].We now present our
studies on the synthesis and thorough spectral Xsdy

crystallographic characterization of foUNCI dimers (shown in
Scheme 4. UDMC-DETA andUDMC-TETA are new; the rest
two dimers have appeared before [2&lit neither detailed
structure information nor any properties have beported. It is

a substantial challenge to identify all these dshsingle-crystal

structures because they are usually isolated as ghivders,

which showed no tendency to crystallize. At last,dathersare

evaluated for their in vitro cytotoxic activity dgat two cancer
cell lines, A549 (human lung cancer) and,;4Mmouse breast
cancer). Some interesting structure-activity retaghips were
observed.

The abbreviations and corresponding systematic sdiore
four UNCI dimers formed betweedDMC and butanediamine
(BDA), 1.6-hexamethylendiamineHDA), diethylenetriamine
(DETA), triethylenetetramineTETA) are as followsUDMC-
2,2'-(1,4-butanediyl)bis(3a,4,7,7a-tetrahydro-dpoxy-
1,3-bishydroisoindole-1,3-dione); UDMC-HDA, 2,2'-(1,6-
hexanediyl)bis(3a,4,7,7a-hexahydro-4,7-epoxy-1,3-

phaleratePALLAS (Meloidae). Their structures were determined bishydroisoindole-1,3-dione);UDMC-DETA,  2,2'-(3-aza-1,5-
based on spectroscopic and chemical evidence. Beir t Pentanediyl)bis(3a,4,7,7a-te-trahydro-4,7-epoxy-1,3

cytotoxic activities were not demonstrated and hawé been
reported up to the present. The fourth exampl€AF dimer is
(3aR,3'aR,4S,4'S,7R,7'R,7aS,7'aS)-rel- 2,2'-[diiksid,3,4-
thiadiazole-5,2-diyl)]bis[hexahydro-3a,7a-dimethyl4,7-epoxy-
1H-isoindole-1,3(2H)-dioneScheme 3 compound6) reported

bishydroisoindole-1,3-dione); UDMC-TETA, 2,2'-(3,6-diaza-
1,4-butanediyl)bis(3a,4,7,7a-te-trahydro-4,7-ep&3~
bishydroisoindole-1,3-dione).

2 Experimental Section

by Kok et al [17].The compound showed cytotoxic potential on 2.1 Materials, synthesis and measurements

the entire four cancer cell lines examined. Thetogic pattern
of the dimer on carcinoma cell lines was similathat of similar
single state. The major difference between them waserged in
KGla, where the dimer was still effective at 132dg/ml but a
higher concentration was required for that of simgiagle state.

Chemicals, cell culture reagents and media werehased
from Aladdin-reagent Chemicals and were used withacthér
purification.

Synthesis ofUDMC follows methods in the literature [22].

Compared with thes&lCl and CAI dimers, we are unaware, Condensation of diamines withDMC in anhydrous toluene or

however, of any studies about the detailed structang
potential biological activities based &iNCI dimmers.

acetone gave the crude prodWdiNCI dimersin around 20%



yield (Scheme 4. Though the dehydrative condensatiorbMC 1769(s,v C=0), 1705(vsy C=0), 1406(sy C-N), 1169(sy C-
with primary amines is the main methodology for $gathesis of O-C);  UVNis (CHCN) imax/nm  ¢/L-mol*-cmi):
NCI derivatives, no reports were found to synthebiZ?/UNCI 214.0(3.5%10).

dimers with this method. It should be noted thattdraperature
is a key factor in determining the end product. Hiedd will
drastically decrease with increasing temperature taedmajor
products will be various decomposition products ammhomeric
derivatives. The kinetic features associated witlious products
depend on the specific structure of the diaminks, reactant
concentration, the medium and the temperature.eTtesearches
are ongoing and will be reported elsewhere.

UDMC-HDA Elemental analysis: found (calc. for
CooHoN2Og): C, 64.15 (64.07%); H, 5.91 (5.87%); N, 6.83
(6.79%); HRMS (ESIm/z calcd for G,H,,N,Og+H™: 413.1713
[M+H]; found: 413.1711; M.p.158.8-159%."H NMR
(DMSO):5 (ppm) 6.533(s, 4H, olefinic protons), 5.106(s, 4H,
methine protons linked to bridge O, O-CH-), 3.2%Es,
methylene protons linked to imide N, N-GH 2.894(s,4H,
methine protons, -CH-), 1.384(t, J=6.4Hz,4H, methglprotons,

The crude product was filtered, washed and thenCH,), 1.225(s,4H, methylene protons, -EH “C NMR
recrystallized with various solvents (séeable S1 in the (DMSO): 8 (ppm) 176.413(carbonyl carbons), 136.397(olefinic
Supporting Information). All crystals are colorleswith carbons), 80.283(methine carbons linked to bridgeO&;H-),
approximately long and thin bar shapes as showfignS1 (in 47.034(methine carbons, -CH-), 37.700(methylenebarss
Supporting Information. All S’ numbered tables and figures are linked to imide N, N-CH), 26.798(methylene carbons, -EH
in Supporting Information). They are soluble inamig solvents  25.368(methylene carbons, -gH FT-TR(cm',KBr): 3069(w,v
such as methanol, ethanol, chloroform, acetonitdanethyl C=C-H), 2995(m,v C-H), 2930(m,v C-H), 2859(w,v C-H),
formamide and dimethyl sulfoxide, but not solubtetoluene, 1771(s,v C=0), 1697(vsy C=0), 1412(sy C-N), 1167(sy C-
acetone, ether, hexane and petroleum ether. Thergjemactions O-C); UV/Vis  (CHCN)  imax/nm  ¢/L-mol*cmi®):

are shown as follows: 207.0(2.2x10).
; 3 UDMC-DETA Elemental analysis: found (calc. for
B> W““ CyH21N30g): C, 60.22 (60.14%); H, 5.41 (5.30%); N, 10.63

/ . o (10.52%); HRMS (ESI)m/z calcd for GoH,iN3;Og+H™: 400.1509
)M Mm [M+H"]; found: 400.1513; M.p.126.0-1272 'H NMR
Sk ° ° (CDClL): 8 (ppm) 6.510(s, 4H, olefinic protons), 5.270(s, 4H,
wamnn methine protons linked to bridge O, O-CH-), 3.556&6.0Hz,
- 4 4H, methylene protons linked to imide N, N-&H 2.859(s, 4H,
N\AN“ methine protons, -CH-), 2.794(t, J=6.0Hz, 4H, methglprotons
) ' linked to secondary amino group, NH-gH2.097(s,1H, -NH-).
Scheme 4The reaction sequence of fduNCI dimmers. ¥C NMR (CDCE): & (ppm) 175.842(carbonyl carbons),
. . 135.995(olefinic carbons), 80.323(methine carboimked to
Elemental (C, H_, N) analyses were carried out with %ridge O, O-CH-), 46.943(methine carbons, -CH-),
Perkin—Elmer 2400 microanalyzer. Accurate-mass nreagnts 45.673(methylene carbons linked to imide N, N.gH

were acquired on an Agilent-6520 quadrupole-time I@hf  3g 175(methylene carbons linked to secondary amiaap, NH-
tandem mass spectrometjéﬂ..and C NMR spectra Were run on  cp,.y. FT-TR(cml,KBr): 3333(s,v N-H), 3084(w,v C=C-H),
a Bruker Avance 400 MHz |nstruments._ The chemlcdt$hre 3014(w,v C=C-H), 2953(my C-H), 2812(my C-H), 1767(sy
re_ported in parts per million (ppm) relative _tormngthylsnane, C=0), 1711(vsy C=0), 1402(vsy C-N), 1204(s,yv C-O-C):
SiMe; (6 = 0 ppm), referenc_ed to the che_rmcal shifts ofdued UV/Vis (CH;OH) Amax/nm ¢/L-morl™ cnit): 211.0(2.2x18).
solvent peak [deuterated dimethyl sulfoxide (DMSQld&V—
Vis absorption spectra were recorded using a UV-1700 UDMC-TETA Elemental analysis: found (calc. for
spectrophotometer  (Shimadzu, Japan), in Tridl.L'  CaH2NiOg): C, 59.84 (59.72%); H, 5.98 (5.92%); N, 12.73
acetonitrile or methanol solution. Infrared (IR)espa were (12.66%); HRMS (ESI)m/z calcd for GH,N,Os+H': 443.1931
obtained as KBr pellets with a Bruker tensor 27 RI—I [M+HT, found: 443.1939; M.p.146.9-147CL 'H NMR
spectrometer (Bruker, Germany). Melting points were(DMSO): 5 (ppm) 6.535(s, 4H, olefinic protons), 5.107(s, 4H,
determined on a WRS-2A electrothermal digital meltimint ~ methine protons linked to bridge O, O-CH-), 3.3796.8Hz,
apparatus (Shanghai precision & scientific instrotm@o., Ltd,  4H, methylene protons linked to imide N, N-&€H 2.905(s, 4H,
China). methine protons, -CH-), 2.559(t, J=6.8Hz,4H, methglprotons
. . . . linked to secondary amino group, NH-@H 2.480(s,4H,

The physico-chemical characterization results asted methylene protons linked to secondary amino grovig;CH,),
below: 1.625(s, 2H, -NH-). ®C NMR(DMSO): & (ppm)

UDMC-BDA Elemental analysis: found (calc. for 176.419(carbpnyl carbops), 136..391(0Iefinic carbons
CodHaoN,Op): C, 62.57 (62.49%); H, 5.31 (5.24%); N, 7.33 80.291(methine carbons linked to bridge O, O-CH3,282
(7.29%); HRMS (ESIm/z calcd for GoHoN,Oc+H™: 385.1400  (methylene carbons linked to imide N, N-GH 4_17.062(meth|ne
[M+H; found: 385.1404; M.p.165.0-1660 *H NMR  carbons, -CH-), 46.062(methylene carbons linkecséoondary
(CDCL): & (ppm) 6.505(s, 4H, olefinic protons), 5.259(s, 4H,a@mino group, NH-Cht), 37.942(methylene carbons linked to
methine protons linked to bridge O, O-CH-), 3.48s, Secondary amino group, NH-GH FT-TR(cm',KBr): 3337(s,v
methylene protons linked to imide N, N-G)M 2.834(s,4H, N-H), 3063(m,v C=C-H), 3005(my C=C-H), 2940(my C-H),
methine protons, -CH-), 1.549(s, 4H, methylene misteCH-).  2903(m,v C-H), 2845(m,v C-H), 1767(s,v C=0), 1705(vsy
“C NMR (CDCE: & (ppm) 175.687(carbonyl carbons), €=0O), 1404(sy C-N), 1177(s,v C-O-C); UV/Vis (CHOH)
136.020(olefinic carbons), 80.385(methine carboimket to ~ Amax/nm ¢/L-mol™ cm'): 212.0(2.6x19).
bridge O, O-CH-), 46.8_98(methine_ _carbons, -CH-),0.» X-Ray Crystallographic Analysis
37.665(methylene carbons linked to imide N, NxgH

24.078(methylene carbons, -gH FT-TR(cm',KBr): 3076(m,v The X-ray diffraction measurements were made on a
C=C-H), 3011(my C=C-H), 2963(my C-H), 2930(m,v C-H), Bruker APEX Il CCD area detector diffractometer288K

@O Qo ‘n'"%»'m" M(’

ubmC
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for all UNCI dimers (Mo Ka radiation, graphite

UDMC are listed inFigs. S2and S3 The *H and **C NMR

monochromator). = 0.71073 A). The structures were solvedspectra of foutJNCI dimers are listed ifigs. S4 - S11

by SHELXL-97. The absorption correction was donmgis

the SADABS program [23]. Software packages APEX Il
and data

(data collection), SAINT (cell refinement
reduction), SHELXTL (data reduction, molecular dreys
and publication material), DIAMOND (simplifying csyal
packing diagram) were also used [24-26]. All nomHogen

atoms were refined with anisotropic displacemem‘?,

parameters, and hydrogen atoms were placed iniigeal
positions and refined as rigid atoms with the reéat
isotropic displacement parameters.

2.3 Computational Study

In this work, theoretical calculations were mainlyedsto
investigate spectral properties of d@NCI dimers.

In preliminary optimizations, the geometry of alimers
were firstextracted from their single-crystal X-ray structisnd
then optimized by employing density functional thedDFT)

In the™ NMR spectra ofJDMC, the olefinic and methine
protons all appear as singletdat 6.567, 5.338 and 3.364 ppm,
respectively Fig. S9. When changing int NCI dimers, they
still appear as singlet, but all shift upfieldaple S2. For
example, the olefinic protons &fDMC-BDA to UDMC-TETA
re observed at 6.505, 6.533, 6.510 and 6.535 pgBpectively.
his can be attributed to the increasing shieldifigct caused by
the decreasing electronegativity from O to N, whichkesa
electron density shift from imide N towards olefifdond. In
addition, protons that are nearer to the substitiNeatom are
shielded more. Similar shielding effect is obseniedthe **C
NMR spectra, mainly supported by the significanftshiowards
lower values of ppmTable S2. For example, the two kinds of
methine carbons are shielded by about 1.2 (the mehr of -
1.304, -1.168, -1.259 and -1.14) and 1.4 (the medoe of -
1.322, -1.424, -1.384 and -1.416) ppm respectivadigtive to
that inUDMC. The olefinic carbons are slightly shielded byyonl

method with the B3LYP exchange correlation functional0.3 ppm (the mean value of -0.455, -0.078, -0.48 #h084),

calculations [27, 28]. Frequency analyses have nesde at the
same level to ascertain the nature of the optimitedctures to
be the real minimum. Vertical electronic excitationassed on

because they are distant (at least 4.5 A) from thatdth. As
expected, the carbonyl carbon atoms should belgrsiaielded
due to their proximity to the N substitution- (.38 A).

B3LYP/6-31+G(d) optimized geometries were computeahgisi Surprisingly, relative to 169.3 ppm fa&/DMC, “°C resonance
the time-dependent density functional theory (TDFDF frequencies shift towards higher values of 175.%.4,7175.8
formalism [29] at the B3LYP/6-31+G(d) level. UV-Vis spectra and 176.4 ppm in the dimer derivatives (fre#DMC-BDA to
as well as the assignment of vibrational modes \{ie done on UDMC-TETA) (Table S2. This 6.8 ppm (the mean value of
the basis of the GaussView 5.0 package [30]. The majd$.359, 7.085, 6.514 and 7.091) downfield shift flesignificant

contributions of the transitions were designated whi aid of
SWizard program [31] using the Gaussian distributiondel
with the half-bandwidth of 500 cfhon the basis of TD-DFT
results. DFT and TD-DFT calculations were carriedusing the
Gaussian03 program package [3@h a Sunway BlueLight

deshielding of the N substitution. Does N atom behas
shielding or deshielding towards the C atoms? Téeems
counterintuitive. It has been reported that intdeoolar n-n
interactions are responsible for this kind of dekting as well as
shielding of protons [34]. However, it seems thas gupposition

MPP supercomputer housed at the National Supercamputcould not be used to explain the deshielding arididihg of

Center in Jinan, China.
2.4 Cytotoxicity Assays

Cell Culture. Human A549 (lung carcinoma) cells and
mouse breast cancer 4T1 cells were purchased frangBhi
Cell Bank, Type Culture Collection Committee, Clsae
Academy of Sciences. The cells were cultured in Firidium
supplemented with 10% heat inactivated fetal bovéeeum
(FBS), 2 mM glutamine, 100 U/mL penicillin, and 1Q@/mL
streptomycin and maintained at 37 °C in humidifegthosphere
of 5% CQ.

MTT assay for cell proliferation. MTT assay was
conducted and modified as described in the liteeaf83]. The
cells (3000 cells) were seeded on 96-well microtjitates in
F12K medium with 10% FBS and incubated overnighe Thll
culture medium was replaced by the different dossoafipounds
solution, and then the cells were cultured for aaoff2 h. The
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetzalium
bromide] reagent was added to the cell supernatana ffinal
concentration of 0.5 mg/mL of MTT. After 3h the celllture
medium was removed. Formazan crystals in adherdistwere

carbon inUNCI dimeric (Table S3 and monomeric [22c, 35]
derivatives. In addition, an attempt was made tockhe
shielding/deshielding effect by calculating natugdpulation
analysis (NPA) and Mulliken [36] charges, which ahewn in
Table S4 However, calculated results show that N atom
produces strong shielding instead of deshieldinfgcefon
carbonyl C. Of course, we are aware that atomic cBaage not
an observable quantum mechanical and these caduletues
should be treated with a great deal of caution. Adterthey are
somewhat associated with the trend for electric fégld electron
population distributions. At last, we examined theystal
structure of UDMC and UNCI derivatives carefully and the
coplanarity of O=C-N(O)-C=O group was analyzed
systematically Table S5. It can be seen that the two carbonyl
groups are essentially coplanar with N/O atom and this
coplanarity favors the existence @fz conjugation. But the
degree of coplanarity is decreased when O is chainged. For
example, the mean deviation is only 0.0034 A@®MC, but
the values come to 0.0122-0.0387 A after it is cedninto
UNCI derivatives. The deviation from coplanarity refmgtfrom
the N substitution means a reduction in the extehtpa
conjugation, which could be expected to level oetsttelectron

dissolved in 20Q.L DMSO and the absorbance of the formaza”density, the signal for the carbonyl C atoms witelectron-

solution was measured. Each compound was testedplicate
and the experiments were repeated three times.

3 Results and Discussion
3.1 NMR characterization

In order to make the comparisons of NMR spectra betwe
UDMC and UNCI dimers, the'H and *C NMR spectra of

density deficit shifting downfield. This suppositionvas
confirmed by similar reports in literatures [228],3which are in
line with their downfield shifting. In fact, manyhadr instances of
C=0 group deshielding with breakdown of coplanarihd aa
reduction of conjugation effects are met in othempounds,
such as the acyclic and alicyclic B-unsaturated ketones and
aldehydes [37], unsaturated conjugaieémino-1,3-diketones
and diesters [38Buch an effect has never been explained before.



Briefly summarizing above, such a “remote-shieldiig
near-deshielding” contradiction upon N substitutisrbelieved
to be the result of the decrease of coplanarith@p-z electron
conjugated system.

The secondary amino proton UDMC-DETA resonated at
2.097 ppm and appeared as a broad sindi@. (S6. The
integration of which indicates three protons indteaf one,
probably due to the water molecule in the crystal.

3.2 IR characterization

Based on the understanding of the relationship hetwe
experimentally observed frequencies and those DBIYR
calculated results for the four strongest peakpgba to be the
most characteristic bands) in the IR spectrumUefMC, we
made assignments and analysis for the bands irsghetra of
imide dimers.

Symmetric and antisymmetric stretches of C=0 bormioc
at 1859 and 1786 chin UDMC [39] (Fig. S12, but when
UDMC is converted into imide dimers, no peak can bedoin
the region of 1860-1780 ¢ which are typical for saturated
anhydrides in a 5-membered ring [40]. their corresponding
imide dimers, one band is located between 1771 6d tnt
(symmetric) and a more intense band occurs betw&gh and
1697 cn (antisymmetric) Kigs. S13 — S16 The apparent shift
of C=0 vibration indicates the conversions of ar@ianhydride
into imide. Similar vibrational frequency range® aeported in
other references [41]. All the calculations for #n@wide dimers
predict this shift Table S§. For example, according to the
values calculated with the DFT/B3LYP method, symmedrid
antisymmetric stretches of C=0 bond occur at 19181849 cm

absorption bands undergo significant changes whah lie a
direct identification of this chemical reaction. erhstarting
material UDMC) shows two strong peaks at 1217 and 1088 cm
(Fig. S12, which arises from the C-O-C vibration in cyclic
anhydride, the former is due to symmetric vibratéonl the latter
is due to antisymmetric vibration [39]. But the mmponding
frequencies in products (fowNCI dimers) shift to higher
wavenumbers,i.e. 1412 - 1398 crh for C-N-C symmetric
vibrations and 1203 - 1165 &mfor C-N-C anti-symmetric
vibrations. Both of them still have strong interesit Krikorianet

al and other groups [45 and the references thefteng found
two similar spectral regions in simple cyclic imidese at 1300-
1400 cm' and another at 1030-1250 ¢nThey believe that these
two bands arise from mixed vibrationally coupled e®diz. in-
plane§(N-H) and v(C-N-C), with the symmetric C-N-C stretch
contributing to the higher frequency and the amtis\etric C-N-

C stretch to the lower. There are no N-H groups & dase of
UDMC-BDA andUDMC-HDA , and the N-H bonds ibDMC-
DETA and UDMC-TETA are far from the cyclic imide N
atoms. So the two bands contain no contribution ftben N-H
vibrational component. Similarly, Grzetic and Oomgts] have
observed two strong bands at 1331 and 1235 femglutarimide
ring, which were assigned to the C-N-C symmetric and
asymmetric stretching, excluding the N-H vibratiocanponent.
The computed spectra for the four imide dimers iaregood
accordance with the corresponding experimental spéetween
1000 and 1400 crh But the scale factor should be changed into
0.9946. In one word, the C-N-C stretching modes asemially
located in the range of 1412 - 1398 tfor symmetric vibrations
and 1203 - 1165 cihfor anti-symmetric vibrations. Both are
very characteristic and most diagnostic for thegassent of N-
substituted UNCI derivatives, since all foulUNCI dimers

'in UDMC, but the corresponding frequencies in imide dimersyresent the same bands.

are lowered to 1871 — 1831 ¢nfior symmetric vibrations and
1834 - 1767 cr for antisymmetric vibrations. If proper value of
the scale factor can be set (0.9631 in this worR}, [doth the
trend and the values of the shift are in good agess with
experimental results. The account of the shiftgeably lies in
the 5-membered ring strain [39]. For a cyclic amdel the
resonance within the -CO-O-CO- system causes it top&nar
with the two carbonyls on the opposite side of theic system.
Similarly, the -CO-N-CO- system maintains the coplan
resonance in the cyclic imide. But the coplanastyot as good
as that in cyclic anhydride, which can be provedhsjir crystal

In the FTIR spectrum ofJ/DMC-TETA (Fig. S16, an
intense band of N-H stretching vibration at 3337"dsobserved.
The computed value is 3499.03 Enpoorly reproduced by the
calculations. The sharp, smooth shape of this haedes no
interactions with any proton acceptors. But in tAéR-spectrum
of UDMC-DETA (Fig. S19, the formation of an intramolecular
hydrogen bond N3-H3B---O4Tdble S11 imine hydrogen
bonded to the bended oxygen bridge) increase tktardie
between N and H, weakening the N-H bond and thus déogeas
the vibrational frequency (red shift to 3333 YmSimilarly, the

structure Table S9. Poor coplanarity and nitrogen substitution Computed value 3515.02 cmdoes not agree with the

will decrease ring strain, thus shifting the two tmrtd lower
frequencies. As for the intensity differences betwéem two
bands (the symmetric stretching band is very wekkive to the
antisymmetric stretching band), Yang and co-work&& @3]
explained that the change in dipole moment of aeBabered
cyclic anhydride system for a symmetric stretchimgge is small
whereas that for an antisymmetric stretching modarige. We
think it can also be applied to the 5-membered icychide
system. Meanwhile, according to the DFT calculatexdllts, the
symmetric stretching band is indeed very weak ixgato the
antisymmetric stretching band, in line with the expental
results.

Again, the band shape of carbonyl antisymmetricatibn

(1721 - 1697 cm) is very diagnostic. The peak is broadened and

asymmetric with implied or distinct shoulder at lovierquency

side Figs. S12 — S16 which arises from the overlap between

C=C stretching mode and C=0 antisymmetric vibratnode
[44].

When C-O-C is converted into C-N-C in the formatidrbo
membered cyclic imide, another two kinds of charstie

experimental result. Despite the mismatch betweeerarpntal
and DFT calculated spectra above 30007 cnthe trend is
accordant. Therefore, we can conclude that the lggiirdond is
the major contributor to the N-H band differencesween
UDMC-TETA and UDMC-DETA. Weak hydrogen bonding
between the N3-H3B of the dimer bridge and the oxygaige
redshifts the N—H stretch slightly and broadensitewhat.

In summary, theddNCI dimers can be easily distinguished
based on their IR spectrae( the four strongest peaks plus N-H
stretching modes iDMC-TETA andUDMC-DETA).

3.3 Comparison of UV-Vis absorption spectra of UNCI
dimers experimentally and theoretically

The observed electronic absorption spectra of foNICI
dimers (106 mol L™ solution in CHCN or CHOH) are shown in
Fig. S17with the maximum peak centered at 214, 207, 211 and
212 nm, respectively. The assignment of these releict
transitions can be performed with the help of theécae
calculations, which provide an in-depth understagdibout their
electronic structures and physical properties. Hag presents
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DFT/TD-DFT calculations of UNCI dimers’  structure,
electronic states and the main features for eletrabsorption
spectrum in gas phase as well as in proper sol\g@messame
solvents as those in experiments). Calculationltesue in line
with experimental data for all four dimmersigs. S17 — S19
but the degree of match-up is not very good in esatly with
respect to those in gas phase. So the followingysesl are
mainly based on the gas phase, in which the lowesirglet -
singlet spin-allowed excitation states (all up toeaergy of ~6.0
eV or ~190 nm) were taken into account for all caltiahs.

The geometry of four dimers used for calculations
corresponds to their single-crystal X-ray structureThe
optimized geometrical images and their single-ayst-ray
structures are compared and listedFig. S20 We notice that
they have the same conformations and the same grainps.

To compare with experimental results, gas-phase UV-Vi
absorption spectra are calculated. Excitation eéegrgscillator
strengths and corresponding electronic transitiompmositions
for the simulated absorption bands are listedable S7. Within
the near UV-Vis range, the strongest absorption latmil
strengths are found at 206.8, 205.8, 206.2 and22in
respectively, with small deviations between 0.2—-h2 @n the
basis of these calculated match-up results, thesitian
mechanisms can be interpreted.

For UDMC-BDA (C; point group), the main electron
transitions of 214.0 nm (calculated result is 208 come from
transitions involving the HOMO/HOMO-1, and
LUMO+3/LUMO+2, LUMO+1/LUMO orbitals Table S7.

Fig. S24 where HOMO is localized over the bridging —NH— and
—CH,— groups, away from the terminal bicyclo [2.2.1] Iskens.
The largest orbital contributions of HOMO arise frahe 2p
orbital of bridging N atom (around 69.78%) mixed wftwer
characters of th&p orbital of four bridging C atoms (around
12.38%). The LUMOs are localized on the terminalyblic
[2.2.1] skeletons and show a predominant charaétar @, and
T* c-c Orbitals. So this band is largely originated from— 1
transitions. In brief, the band observed at 211.th, n
corresponding to the calculated band at 206.2 nam be
assigned as the— Tt* transitions.

UDMC-TETA adopts approximat&; symmetry. According
to Table S7andFig. S18 in the range of 240-200 nm, there are
four strong excitation states (t&& at 225.9 nm withi = 0.1064,
the & at 215.5 nm with = 0.0451, theS3 at 212.2 nm with =
0.0796, and S4 at 205.1 nm witk 0.0698). It can be seen from

the plots Figs. S25-S28that the HOMO levels of S1, S2 and S3

are spread over the bridging -(g§HNH-(CH,),-NH-(CH,),-
group, mainly over the N atoms (are dp orbital
characterization), while the HOMO levels of S4 are liaed
over C=C bonds and bridging O atoms. The LUMOs (from
LUMO+2 to LUMO+11) overall of these excited states are
almost distributed over the whole molecule exceptesof the H
atoms. It's worthy to be noted that the largest tatbi
contributions of two main LUMOs (LUMO+6 and LUMO+9)
arise from NH (13.13% and 37.07%, respectively) artd, C
(40.81% and 28.55%, respectively) fragments in-(6&l,),-NH-
(CH,),-NH-(CH,),- bridge, which can be regarded ass* and
oc.H* orbitals. So the observed band at 212 nm, comeding to

HOMO and HOMO-1 are doubly degenerate with energythe calculated absorption band at 205-230 nm, wigstlts from

separated by only 0.0016 ev, both located in th® Gends Fig.
S21). LUMO+3 and LUMO+2, LUMO+1 and LUMO are
another two sets of doubly degenerated orbitals wsithilar
energies (separated by 0.0027 and 0.0079 ev, itasgey all
localized over C=C bonds mixed with C=0 bonésg( S21).
Therefore, this band can be assigned asihe— 1" c-c mixed
with Te—g — Tt - transitions.

Like UDMC-BDA, UDMC-HDA adoptsC; point group
symmetry with the HUMO, HUMO-1 and HUMO-2 (the initial
states of these transitions) being triply degeresaid localized
over C=C and C=0 bond§&if. S29. The LUMO follows a pair
of degenerate LUMO+2 and LUMO+3 MOs, forming the final
states of these transitions, which have a sigmificantribution
from C=C and C=0 bonds and negligible electron dgnsin
other atoms. Apparently, 207.0 nm (calculated 2@®8 is from
Tl — TT* transitions.

Due to a lack of symmetry itDMC-DETA (C; point
group), the ground-state electronic structure dostalittle
degeneracy and half parts of the molecule contiferent MOs
(Figs. S23and S24). According to the calculated results, there
are two strong peaks above 200 nm, one at 206.2ndnarzother
at 238.1 nm. The intensity of the former is abdue¢ times
stronger than the latter and they show differenthraaisms. As
the initial states of the transition at 206.2 nime thigh-lying
occupied orbitals (HOMO-1 and HOMO-2) are quasi-
degenerated orbitals with similar energy (-0.26868 #.26962
a.u. respectively), and mostly contributed by C=@ &££=0
bonds. LUMO+1, LUMO+2 and LUMO+3 orbitals (the final
states of the transition at 206.2 nm) are stillnfyacomposed of

the superposition of four excitation states, canabsigned as
many complicated transitions, mainly including — on.*, Ny
— oc.yt, Ny — T mixed with T — T transitions.

Thus far, only the calculated results in gaase have been
demonstrated and those in solvents have been dmiitcause
all match the experimental results well and the ioted
transitions are similar. However, the spectral disaneies
between gas phase and solution are apparetdDdMC-TETA .

In fact, the intrinsic transition mechanisms aréedént too. For
example, there is only one strong peak above 200 Time
calculated excitation energy, oscillator strengtimd athe
assignments of the transitions as well as the quoreting MO
contour plots are shown Fig. S29 Similar as that in gas phase,
the initial states of the transition are spreadrdfie bridging -
(CH,),-NH-(CH,),-NH-(CH,)»- group, mainly over the N atoms
(are of2p orbital characterization). But the final states arainly
localized on the cyclic imides,e. the n-p-z= groups So the
excitation state at 217.8 nm witlr 0.2237, which mainly comes
from theny — #* transition, is responsible for the observed band
centered at 212.0 nm.

In summary, both the dimer structures and the alisor
spectra reproduced from theoretical calculations ftie
experimental results well, so attempts to understhadature of
electronic transitions were carried out through carigpn. Some
important notes: 1) The transition mechanisms afeerent
though showing some similarities; 2) The main bamiC
symmetry compoundsUDMC-BDA and UDMC-HDA are
dominated byt — 1t* transitions, wheret..o — 1 plays the
predominant role inUDMC-BDA; 3) UDMC-DETA has the

C=C and C=0 bonds in antibonding arrangement. ToesomlowestC, symmetry, and the main band can be assigned as the

extent, this band represents— T* transitions. But the band
around 238.1 nm is dominated by the single electaitations
from HOMO to LUMOs (LUMO+5, LUMO+4, LUMO+3). The
distributions of the electronic states in these M@s be seen in

— T transitions; 4) UDMC-TETA adopts approximateC;
symmetry and has the most complicated transitiochaugism,
which is most likely due to the introduction of amet -(CH).-



NH- group, increasing the flexibility of the moleeuland
reducing the predictability of the resulting UV-Visoperties
Molecular

3.4 Crystal Structures of UNCI dimmers -

Structure

The crystal structure oUDMC has been reported three
times in 1972 [22a], 1998 [22b] and 2008 [22c]. Hau$ of its
N-substituted derivativedJNCI) have been synthesized but only
about 22 of their structures (CCDC [47], Version 5.86dated
to May. 2015) have been confirmed through the Xeiffyaction

analysis. No crystal structure NCI/UNCI dimers can be found
because they are not easy to form single crydteee, we report
the single crystal data for foWWNCI dimers.

A summary of the crystal data, experimental detailsl
refinement results are given ifiable 1 Molecular structures
with atomic numbers of foldNCI dimers are depicted fFig. 1
As can be seen from the figures, each polycyclidé@rskeleton
has theexoconformation, which is more stable than #mdo
structure and inevitably becomes the overwhelmingigjor
products under thermodynamic control [22c, 48].

Table 1 Crystallographic data and structure refinementsrary for fourUNCI dimers

Dimers UDMC-BDA UDMC-HDA UDMC-DETA UDMC-TETA
Chemical formula @)HzoNzOs 022H24N205 C20H21N306' Hzo 022H25N4OG
Mr 384.38 412.43 417.41 442 .47
Crystal habit block/colorless bar/colorless baddeks bar/colorless
Crystal system monoclinic monoclinic triclinic maioic
Space group P 2/c P 2/n P-1 P2

alA 11.362(3) 5.246(3) 8.765(3) 5.234(4)
b/A 5.8986(17) 28.643(17) 9.709(3) 6.563(5)
c/A 13.186(4) 6.546(4) 11.940(4) 30.52(2)
al® 90.00 90.00 76.723(4) 90.00

BI° 98.318(4) 94.401(10) 78.423(4) 92.618(12)
y° 90.00 90.00 74.682(4) 90.00
VA3 874.4(4) 980.8(10) 943.1(5) 1047.2(13)
Z 2 2 2 2

Dcalc. /geni® 1.460 1.397 1.470 1.403
wimn? 0.109 0.102 0.113 0.104

TIK 298 298 298 298

F(000) 404 436 440 468

Rint 0.0405 0.0692 0.0615 0.0372

R: [1> 20(1)] 0.0631 0.0545 0.0432 0.0758
WRy/reflections 0.1335/1713 0.1057/1733 0.1118/3269 0.1878/3012
S 1.050 0.870 1.062 0.878

Figure 1. ORTEP view of fourUNCI dimers with the atom
numbering scheme. Displacement ellipsoids for noatbims are
drawn at the 30% probability level. @DPMC-BDA, “A” represents
the symmetry code of % 1+, 2-Z' (For simplification, only one
form of the disordered C10-C10A is shown); ()MC-HDA , “A”
represents the symmetry code of 3=y, 1-Z’; (c) UDMC-DETA;
(d) UDMC-TETA .

Both UDMC-BDA andUDMC-HDA adoptC; point group
symmetry and both have an inversion center betweercénter
two C atoms. Both contain one half-molecule in tegnametric
units and both have two formula units in the unit ¢&=2). The
former belongs to the space grdepl/c while the latter belongs
to P21/n Though the difference in the space group is duihé
cell choice, the bridge -(CGh- (n=4 and 6) structure and the
packing mode (will be discussed later) of the WNCI dimers

entirely differ. For UDMC-BDA, the propeller-like twisting
between theUNCI units imparts chirality to the dimer, while
UDMC-HDA exhibits an antigauche-gauche conformation
without induction of any chiralityHig. 2).

UDMC-DETA is a “weird” molecule in the following two
parts. 1) The distance between tWWNCI moieties is much
shorter than that in other dimei&Ed. 2). It's only 5.3541(13) A.
We doubted the stability of this uncommon “U” typentormer
and attributed its existence to the water molec@darlmy. But
when the experimental structure withoutCHwas optimized
using DFT/B3LYP method, the same kind of “U” type camfier
was maintained in the final result. We began toizeahat this
conformer is stable with and without,®l nearby. In fact, in
order to confirm this supposition, we have checkehynkinds
of conformers. Conformation energy profiles for leagingle
bond rotation are illustrated inFig. S3Q focusing on
the energy variation of the gas phd$eMC-DETA as groups
revolve around every single bond connection inkthiége chain.
It was found that the energy barriers are very thffie for these
single bond rotations (from 0.33 eV to 321.66 eV),clihare not
really “free”, so the “U” type conformer is somewlssable when
it is established. On the other hand, most dihedngles have
wide adaptive range, which leads to a large numbeelafively
stable conformationskig. S31 shows the comparison of two
most stable conformers, along with the optimized “type
conformer derived from the crystal structure, ad althe fourth
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conformer with imposing, point group symmetry. As can be
seen, the “U” type conformer is one of the most Istab
conformers (the energy separator0.00234 eV with the most
stable one). 2)C; point group symmetry constrains can't be

placed on the dimer and onG; symmetry can be imposed to it, .

but the energy is about 0.125 eV higher than thathefmost
stable conformerKig. S3J). Since chirality is the absence of
inversion symmetry, it can be deduced that this enofi“twist
disfavour” may impart chirality into the conformatially
restricted dimer, which can be the origin of chiyalin
biarylamine units [4%nd in some metal complexes [50].

O\ /~0

— 8924 —| [ 13534 —)|

(@)

(b)

o=/ —0

53549 |— 157124 —)|
(©) )

Figure 2. Simplified molecular structure of folNCI dimers,
illustrating different conformers of the bridge aa Polycyclic
imide skeleton except N is simplified by its cengeavity (red balls
at each end of the chains) and all H atoms have bedtted for
clarity. (a) UDMC-BDA; (b) UDMC-HDA; (c) UDMC-DETA
(water molecule has been omitted for clarity); (YMC-TETA .

UDMC-TETA has the longest distance of 15.7178(67) A

between twdJNCI moieties Fig. 2), which is mainly because of
the largest number of bridging atoms (8 atoms). ¥eeted, the
bridging chain has the maximum conformational ki,
which can lead to subtle or dramatic changes intargéructure,
tending to reduce the predictability of the resigtassemblies. In
the case of our studied crystal structure, the asstmic unit
contains one complet&)/DMC-TETA dimer and the dimer
presents all antigauche conformation for three €ir@le bonds.
Moreover, the dimer has an inversion centre thrabgtcentre of
the molecule. Surprisingly, such a centrosymmetdicner
crystallizes in the noncentrosymmetric polar, mdinéc space
groupP2(1) (No. 4), which is the only one of the four dimers
crystallizing in a noncentrosymmetric space grotips known
that the presence of a centrosymmetric supramaeaynthon
strongly tends toward centrosymmetric crystals [$idwever, a
few examples [51, 52] indicate that the bulk crystatality can
come from spatial disposition rather than the preseof chiral
molecules themselves. In the case WDMC-TETA, is the
crystal chiral or achiral? This will be discussedit® packing
structure.

In order to explore the skeleton changes wiBXMC forms
UNCI dimers, four dihedral angles (which can be regaraed
one feature of similar skeletons) have been condpar& able
S8 on the basis of their crystal structures. It cansben that the
skeleton remains unchanged before and aftetJtd€l dimers’
formation and the influence of environment (for rayde,
hydrogen bonds) may cause a range-wide variatiorsoofie
dihedral angles. For example, the angles betweereglaandD
can vary from 123.7° to 134.1° because of the mEseor
absence of hydrogen bonds. In most cases, [astédl does not
bisect the angle between plarBandC. A tentative explanation
for this might be the repulsive effect between thelectrons of

the C5-C6 double bond and non-bondipgelectrons of the
bridging oxygen atom [22a].

The last interesting thing to be noted is that, highly
twisted structures,JDMC-BDA and UDMC-DETA dimers are
in fact helicate since they disfavor the twist [58F expected,
UDMC-HDA andUDMC-TETA should have the same kinds of
tendency in helicate formation with high inductiof telicity.
The thermodynamic conditions required for the fdiomaof a
single helicate remains elusive.

In brief summary, when the flexible single bond disai
connect the rigidJNCI moieties into dimers, various conformers
will be formed, including zigzag chains, “S” typedafiJ” type
helicate chains, and often accompanied with the dtidii of
helical chirality, which enable the possibilities efructure
diversity and property multiplicity.

3.5 Crystal Structures of UNCI dimmers - Packing Struture

In the packing structure of the four dimers, nouedlen-n
stacking interactions can be found and the domifarde is
hydrogen bonding. The presence of various hydrdgamding
leads to quite interesting supramolecular archirest

Figure 3. (a) 2D structure ofJDMC-BDA formed by C-H...O
interactions (shown red, green and blue dotted Ifoethree H-
bonds respectively), view along theaxis. The middle one third
is illustrated by the simplified dimers as used~ig. 2, aiming
to show different orientations (with blue and greetors, same
in the blow). The left one third is further simpdifl by the
center of gravity of all dimers, showing the twandinsional
(3,6) topological diagram(b) 3D structure formed by the
packing of different 2D layers, view along thexis.

UDMC-BDA is a 2D infinite layer framework formed by
three kinds of C-H...O interaction¥dble S9. Every hydrogen
bond can link the dimer units into the same 2D lasteucture,
which extend parallel to the crystallograpbizplane. As can be
seen inFig. 3a the repeated 2D rhomboid structures are
composed of an interleaving arrangement of the Mt the P-
forms of enantiomers. Although the dimer has a csgtmmetric
space groupR 21/9 showing no chirality, the packing structure
furnishes both the possible enantiomers, in whiabhedimer
interacts with two adjacent dimers of opposite chirdly means
of a moderate C-H...O hydrogen bonding interactionedth
UDMC-BDA dimer is simplified as a node, then their
surrounding H-bonds can make them be simplifiedaa$-
connecting node, and the supramolecular layer hatva
dimensional (3,6) net Fg. 33. But no hydrogen bond



interactions can be found between adjacent lay&gs @b). So
the layer structure is mainly maintained by van\taals forces.

(c)
Figure 4. (a) Infinite 1D chain oflUDMC-HDA formed through C—
H...O H-bonds (shown red dotted lines), view perpeuldr to the
extending direction,i.e. ¢ axis. (b) 2D structure formed by
intermolecular C—H...O H-bonds, view perpendicularttie lying
plane,i.e. (1 0 -1) crystal face.(c) 3D structure formed by the
aforementioned (ifa) and(b)) two kinds of C-H...O H-bonds, view
along theb axis. Only three discontinuous 2D layers (horiatyrand
one chain (sloping) are shown for clarifg) Schematic illustration
of the 3D structure view along tleaxis.

the aforementioned 1D cage-like chain, view perpriar to the
extending direction,e. b axis.(i) End-on view of the crosssection of
another channel inside the cage-like chain, viem@lthe extending
direction, i.e. ¢ axis. (j) Packing diagram illustrating the
aforementioned 1D cage-like chain, view perpendicuio the
extending directioni.e. ¢ axis. (k) Schematic illustration of the 3D
structure view along theaxis.

As the least symmetric one among the faNCI dimers,
UDMC-DETA has the maximum probability to crystallize in a
noncentrosymmetric lattice instead of its final ap@roupP-1.

So the current result may be contingent. But trekipg structure
analysis indicates that one water molecule makes
centrosymmetric space group inevitablable S11shows that
five kinds of intermolecular hydrogen bonds ocauthe crystal
structure (O7—HT7A---N3 is also an intermolecular H-bond
between water antUDMC-DETA, but it occurs in the same
asymmetric unit. Though it is excluded from “five@ermolecular
H-bonds”, this water-involved H-bond plays the maspoértant
role because the construction of most supramoledilaers
relys on it). Surprisingly, four kinds of them help link
noncentrosymmetric/DMC-DETA dimers into four kinds of
centrosymmetric supramolecular dimeFg6. 5a-5¢, which in
fact constitute the supramolecular synthons usedbuitd up
crystal architecture. This strongly indicates aslag chirality
during the presence of a centrosymmetric suprambdec
synthon. These synthons are stacked together, gineducing

There are two kinds of intermolecular C-H...O hydrogencage-like chains stretching along two directiohsafdc axis),

bonds inUDMC-HDA (Table S10Q, both involves the same
carbonyl O. But one H-bond (C3—H3.-©2 *Y) link the
dimers into 1D chainsFg. 48 and the other one (C6—
H6- .- Q&2 ¥12.212) |ink the dimers into 2D layersig. 4b).
Then layers are further pillared by chains to gateer3D
networks Figs. 4cand4d). The dimers pack with a herringbone
arrangement, so the layers show a zigzag alignmetht egch
other parallel tq1 0 -1)crystal face. It seems that this packing is
somewhat loose and contains large cavities, yieltlreglowest
crystal density of 1.397-gm® among the foutNCI dimers.

(
Figure 5. (a) Centrosymmetric supramolecular dimer containing two
noncentrosymmetrit/ DMC-DETA dimers (a pair of enantiomers,
shown in different colors) formed via H-bond O7—H7EE>*: ¥
2, (b) Centrosymmetric supramolecular dimer formed viadd
C5—H5---07 ¥*1: 2 (¢) Centrosymmetric supramolecular dimer
formed via H-bond C6—H6- -- &% ¥*1 2D (d) Centrosymmetric
supramolecular dimer formed via H-bond C15—H15--Gé7 ¥*1.-
2_(e) Four kinds of centrosymmetric supramolecular dsnmesent
the basic supramolecular synthons, constitutingfittsé step from
molecules to crystalsf) 2D structure formed by aforementioned
supramolecular synthons, view perpendicular tospreading plane,
i.e. the crystallographibc plane. Two arrows are used to show the
formation of two kinds of channelgg) End-on view of the
crosssection of one channel inside the cage-likenchview along
the extending directiori,e. b axis. (h) Packing diagram illustrating

and then leading to a 2D layer network lying the afysgraphic
bc plane Fig. 5f). At last, the fifth kind of intermolecular
hydrogen bonds (C12—H12---&%" ¥ ) bridge two adjacent
layers to afford a 3D framework. Interestingly, twaachels are
formed within the 2D layer. One runs along theaxis and
another along the axis figs. 5f -7)), both inside the cage-like
chains and running through the center of the askeniihe
former is like an infinite rectangular tube with affective
crosssection 7.337x3.611 A based on the shortesm at
separation on opposite walBigs. 5g, 5i). The latter is also like
an infinite rectangular tube but with two misaligneddge O
nearly separated it, in this end-on view the cragise of the
channel is approximately 7.795x3.723 A with the naest neck
about 1.912 A (based on the shortest O...O separafitgg. (5i,
5j). Water molecules lie outside the channels ang belused to
stabilize them through hydrogen bonds.

As is well known, the rational design and prediction
structures in solid state with the help of propentkgns
formation are the main objectives of crystal engiireg. In this
sense, given that there is no water molecule in dhystal,
UDMC-DETA could potentially result in structures with
noncentrosymmetric lattice. But our attempts toppre such
crystal without water met with failure.
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5 W\‘&W‘MWMMW

©

h ®
Figure 6. (a) Infinite 1D chain ofUDMC-TETA formed through
C6-H6...02* ¥¥2. 2 H.ponds (shown red dotted lines), view
perpendicular to the extending directide, b axis.(b) 2D structure
formed by four kinds intermolecular C-H...O H-bondgew
perpendicular to the lying planee. (1 0 -3) crystal face. The four
kinds of H-bonds are shown in different colors:eblD3—H3- - - O
¥1.2: red C6—H6---0% ¥Y2 ?; green C12—H12..-&6¥*" ?;
purple C15—H15. .- 383 ¥*2 21 (c) 3D structure formed by all
five C-H...O H-bonds, view along thdé axis. Only three
discontinuous 2D layers (horizontal) and one chaioping) are
shown for clarity(d) Schematic illustration of the 3D structure view
along theb axis.

(@)

There are five kinds of intermolecular hydrogen drin
UDMC-TETA crystal Table S13. Four involve carbonyl
oxygens and they are approximately centrosymmetiile the
other one contains only one bridge oxygen (C13—HTB*™¥
?) in half part of the dimer. That's the reason whg tlihedral
angles of the skeleton are not symmetrically edoalUDMC-
TETA (see 3.4 Crystal Structures of UNCI dimmers -
Molecular Structure™). Each type of H-bonds results in the
formation of 1D chainsHig. 68). The centrosymmetric four H-
bonds work together to linkUDMC-TETA dimers into 2D
supramolecular layerd=ig. 6b). Within every layer, the dimers
pack with a herringbone arrangement (similar asithe{DMC-
HDA), so the layers show a zigzag alignment with eatiero
parallel to(1 0 -3)crystal face Figs. 6b, 6¢. Subsequently, the
H-bonds involving bridge oxygens further connectaadpt
layers into 3D networkHigs. 6c¢, 69. Still as that inUDMC-
HDA, the crystal has the second lowest density (1.46610),
indicating this packing mode may be loose.

In the present structural analysis, another ketufeas that
such an approximately centrosymmetric dimer criizt@alin a
noncentrosymmetric polar space grolg®§, which should be
attributed to the “approximate” symmetry instead'sifict” one.
But as we know, if the symmetry-related parts coekisthe
asymmetric unit, they cannot be symmetrically id=it Then,
does the slight asymmetry affect crystal structu@?is the
minor asymmetry influenced by crystal architecturdhe
question remains elusive for us now. Anyway, in tlekng
structure, we have not found chiral cavities, whiah be formed
through the packing of the molecules. And the ditecbf
optical activity proves that/DMC-TETA is achiral. A few
words about this topic: The space grd®@ is often considered
chiral space group (one of the 65 noncentrosymm&aohncke
space group) [52h, 54], but the space group itsedthiral since
it does not form one member of an enantiomorphais pven
though a crystal structure B2, can be chiral [52a].

Taken together, all foudNCI dimers pack as layers in the
crystal, and the layers are connected only by van Waals
forces inUDMC-BDA, or by H-bonds as well (iWDMC-HDA ,
UDMC-DETA and UDMC-TETA). It appears that the
interstitial space between the layers cannot beieffily filled
and the distances between adjacent layers are isagrtlfy
different (ig. S32. This leads to a very different crystal density
(from 1.397 to 1.470 -gm™) and all lower than that dSDMC
(1.550 gcm). It's worthy to be noted that twoNCI dimers
(UDMC-BDA, UDMC-DETA) have chirality but the presence
of dimer units with opposite chirality makes thesta} achiral.
Another interesting phenomenon is that approximately
centrosymmetric UDMC-TETA crystallizes in a
noncentrosymmetric space groBg,. It can be deduced from our
analysis that the molecular conformation and ctysteucture
have lots of possibilities, those reported here jag¢ random
ones.

3.6 Antitumor evaluation —Inhibition of lung/breast cancer
cell growth

To study the growth inhibitory effects of foUNCI dimers

on lung cancer and breast cancer cells, we treatathin A549
and mouse 4Tcells with compounds and examined the growth
of cells with MTT assay. To gain further evidence fbeir
antitumor activities, the anti-proliferative acties of the
saturated analogudBMC-BDA and DMC-HDA, which were
prepared fromUDMC-BDA and UDMC-HDA by catalytic
hydrogenation, were also determined. Meanwhile,
experiments were carried out withbMC, DMC and cisplatin
for comparison.

Table 2 Inhibition of A549 and 4Tcells growth by four
UNCI dimers, compared with similar compounds

the

compounds A549 cells growth 4T, cells growth
inhibition, 1Cso(uM)  inhibition, 1Cso (M)

UDMC-BDA > 100 > 100
UDMC-HDA > 100 > 100
UDMC-DETA > 100 >100
UDMC-TETA > 100 > 100
DMC-BDA >100 > 100
DMC-HDA 94.0+2.0 89.0+1.0
ubmMmC > 100 > 100

DMC 49.0+£0.9 46.0 £ 0.7
cisplatin 6.6 £0.6 0.5+0.08

The cytotoxic activities as 50% inhibitory conceutin
(IC50) values are shown ifable 2. It can be seen that in A549
and 4T1 cells, all fouNCI dimers and ondICI dimers as well
asUDMC are inactive (show no noteworthy cytotoxicity at 100
uM drug dose). OniyDMC-HDA shows modest cytotoxicity.
McCluskey et al. [15] have reported tweCl dimers, one is
propyl-linked bisnorcantharimide, another is dodédioked
bisnorcantharimideScheme 3 compoundsl and 2), and their
cytotoxic effects against a panel of nine humarceagell lines
were investigated by MTT assay. Even though the carecer
cell lines are different from the two in our expegim, the results
are somewhat similar. Propyl-linkeMCI dimer shows very
weak cytotoxicities (Inhibition ratio (%) at 10QM drug
concentration ranges from 10 + 7 to 52 + 41), mieds potent
than the dodecyl-linked analogue (GI50 ranges frotn#80.7
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uM to 60 6 pM). Some interesting structure-activity
relationships are disclosed: of all the dimers, wweCH, groups
linked dimer shows the best cytotoxic activity, €ikl, groups
linked dimer shows only moderate cytotoxicity, whiteee and
four CH, groups linked dimers are likewise inactive. In this
sense, we could observe that the longer chain, fgheh
therapeutic efficacy foNCI dimers. Long chain linked dimers
appear to be endowed with cytotoxic activity, thotigé reason
is still unclear.

S. H. Li et al. [12]have reported the antiproliferative
activities of a series of tetdNCIl andNCI derivatives $cheme
2, compound$a-f, 7a-d), which displayed moderate and similar
inhibitory activities against A549 and PC-3 celids. But the
IC50 values ofUNCI series are a little higher than that of their
NCI analogues. Another important reference is J. S.phper
[11], in which they studied in vitro antitumor adties of fifteen
arylantimony derivatives based &iNCI/NCI . The structures of
four most cytotoxic derivatived¢ I, Il ; andllg) are listed in
Scheme 2 The inhibition ratio against six cancer cell bnat 10
pg/ml drug concentration fdr; range from 6.9 to 74.5%, while
from 38.6 to 87.6% foH -, indicatingNCI derivatives || ;) have
stronger inhibitory activity tharUNCI analogues If). At the
same time, the inhibition ratio range from 84.83% forl-,
and from 33.6 to 92.2% fdt g, indicatingUNCI derivatives k)
have higher inhibitory activity thaNCI analoguesli(g). When
considering the results of our present reseaf@WC-HDA
shows modest cytotoxicity, whilelDMC-HDA is inactive. It
may be deduced that the double bond between C5o€igmns
may slightly inhibit cytotoxic activity in most ces.

Presumably in vitro antitumor properties ©MNCI/NCI
dimers depend mainly on the length of link chaimsl dave
something to do with the double bond (5,6-ene), this
hypothesis requires motgNCIl andNCI dimer analogues with
exact structure information as well as additionadldgically
evaluations. These works as well as detailed inweSbigs
focusing on cytotoxicity in several different typescancer cells
(some CAN analogues show more specific inhibitory and
cytotoxic activities on both the Hep3B HCC and the K@IML
cell lines, but their cytotoxic effects were weaker lmth A549
lung cancer and MDA-MB231 breast cancer [17]) and th
mechanisms of action are ongoing.

It is still earlier to summarize the situation letcontext of
UDMC/DMC dimers modification. Because, we still have only
learned what not to do if one wishes to improve its-amor
activities (for example, one should avoid to chatige bridging
O atom) rather than what one must aim for in ordeensure
improved bioactivities, for example, the bondingogerties
(saturated or unsaturated), the length of link mhaithe
solubility, charge, chirality, crystal structurenformation éxo,

ende, etc.) and the degree of polymerization (dimer or

monomer). But our preliminary data provide entaystudy these
structural factors associated with biological atitag.

4 Conclusions

In this paper we report the synthesis and charaetén of
four UNCI dimers, in which twdJNCI units are linked with four
and six CH groups or -(CH)»NH-(CH,),- and -(CH),-NH-
(CH,),-NH-(CH,),- chains. To compare with the experimental
results, UV-Vis, IR spectra and the relationshipsween
conformation and energy were investigated by themle
calculations.

The structural elucidation and the complete NMR
assignment of the four dimers were performed. WHBMC is

changed intdJNCI dimers, the signals of olefinic and methine
protons in‘H NMR spectra all shift upfield, due to the shielding
effect of substituted N atom. Similar shielding effes observed
in the™®C NMR spectra for olefinic and methine carbons. Bet
carbonyl carbon is always deshielded with respectthisir
starting materiaUDMC, which does not agree with traditional
theory and DFT calculated results. In this paperewmained the
shielding/deshielding contradiction, which is atmtbbd to the
decrease of coplanarity in the O=C-N(O)-C$&x conjugated
system.

Inspection of the four experimental IR spectra and
comparison with the starting material and with their
corresponding theoretical spectra leads to thelasion that the
four most intense peaks are diagnostic and theychamcterize
the formation of the cyclic imide rings: 1771 - Z7ém" (C=0O
of cyclic imide anti-symmetric stretching), 17211697 cn'
(C=0 of cyclic imide symmetric stretching), 1412 398 cn"
(C-N-C symmetric vibrations) and 1203 - 1165 t(&-N-C anti-
symmetric vibrations).

UV-Vis absorption spectra of the foWWNCI dimers were
reproduced from TD-DFT calculations, which match the
experimentally obtained spectra. Attempts to understthe
nature of electronic transitions were carried outoulgh
comparison. All together our data, the main bandhéndimers
are dominated by — 1 mixed with n — 1t* transitions and the
detailed transition mechanisms are different.

The single crystals of a seriesWWNCI dimers enable us to
compare their molecular and crystal structuresesyatically.
Comparison of the molecular assemblies in the alystlearly
demonstrated that only small structural differerices molecule,
that is, the number of GHor NH groups in link chains, cause a
significant change in the assembly in the crystallistate.
UDMC-HDA and UDMC-TETA exhibit common antigauche-
gauche conformation without induction of any chisalibut
UDMC-BDA andUDMC-DETA present “S” type or “U” type
helicate configurations with chirality. When packinigito
crystals, both helicates crystallize into centrosygtric lattice
with the loss of chirality, but approximately cergymmetric
UDMC-TETA packs into noncentrosymmetric polar space group
(P2) though still without chirality. In their crystalapking
structures, supramolecular synthoria conventional hydrogen
bonds have been analyzed and the common featuteti2D
layer structures are formed. There have been rartsem which
such subtle link group effects in crystals of dilmenolecules
were systematically analyzed and, therefore, thegmtesystem
can contribute to the design of desired functioomistalline
materials.

Cell viability assay demonstrated that these foiMCI
dimers were ineffective death inducers in human A%4@l
mouse 4T cells and control experiments with their saturated
analogues indicated that onl{pMC-HDA shows modest
cytotoxicity. By comparing with the relevant resulbbtained
from the literature, a preliminary conclusion sustgethat the
antitumor properties dNCI/NCI dimers depend mainly on the
length of link chains (the longer chain, the highleerapeutic
efficacy) and have something to do with the doukdedb(in
most cases,NCl derivatives suppress tumor growth more
effectively thanUNCI analogues). To clarify the biological role
of link chains, we next plan to synthesize varions donger
chains linked UNCI/NCI dimers based on this model.
Meanwhile, a two-step assembly process is invoked way of
rationalizing the observed structures and we willsper the
crystal structures of corresponding saturated dinrerorder to
shed more light on the precise similarities/diffaxes in their
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supramolecular structures. We expect that the uitarobs
structure will help to illustrate the whole structadivity
relationship deeply.
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Highlights

1) Four unsaturated norcantharimide dimers were synthesized and well characterized.

2) Single crystal structure studies have been carried out, which is the first report about the crystal
structures of cantharidin derivative dimers.

3) Introduction of various lengths of single bond chains provides high conformational flexibility,
which can afford unusual structures and interesting biological activities.

4) In vitro antitumor evaluations indicate that the antitumor properties of dimers depend on the

length of link chains.





