Photochemical &
Photobiological
Sciences

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Photobiological
Scie

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

» . t L r—

[{ RO~YAL SOCIETY
OF CHEMISTRY WWW.ISC.Org/pps


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 ofjournal Nam Photochemical & Photobiological Sciences Dynamic Article Links »

Cite this: DOI: 10.1039/c0xx00000x

WWW.I’SC.Org/XXXXXX ART'CLE TYPE
Synthesis of Thyminyl Stilbazoles and Their Photo-gactivity

Priscilla Johnston, Yuki Nishikami, and Kei Saito*

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
s DOI: 10.1039/b000000x

Photo-reactions of molecules with twartfi2x]-cycloaddition sites in the solid state are repdrt-our

thyminyl stilbazoles having both a stilbazole atedind a thyminyl olefin were synthesized using the

Heck reaction of halo-pyridine substrates with W@nzyl thymine or methylated vinylbenzylthymine.

Only one of them, methylated vinylbenzylthyminetwit-pyridine was photoreactive and formed a head-
10 to-tail stilbazole dimer. The crystal structurestofminyl stilbazoles and the stilbazole dimer wesed

to investigate the structure-reactivity relatiomshi

Introduction 50
In this paper, we have synthesized thyminyl stittheg which
possess both a stilbazole olefin and a thyminyfirolen their
structure. These molecules have a potential to forendifferent
types of products via f&2x]-cycloaddition Figure 1). They

sscan form a stilbazole dimer from the cycloadditioh the
stilbazole olefins, they could form a thyminyl aybltane dimer
from the cycloaddition of the thyminyl olefins, an asymmetric
dimer from cycloaddition between the thyminyl artdbazole
olefin. A symmetric or asymmetric polymer couldaatse formed

so When both the stilbazole and thyminyl olefins diiner

15 Topochemical reactions are increasingly being itigated as
solvent free green reactions for the synthesis ofmpiex
molecules with controlled regio- and stereospeitjfit?> One of
the topochemical reactions, solid statet2r]-cycloaddition,
involves a photo-chemical reaction between two ioief

20 molecules to yield a cyclobutane derivatie.Green synthetic
routes to cyclobutane compounds are important sipclbutane
moieties occur in a number of natural products atkeloids®
However, reports of molecules synthesised by thet+Zz]-
cycloaddition are limited. It is challenging to dgs new

2s molecules for [2+2n]-cycloaddition as the reactive molecules
must be suitably positioned/oriented within thestay lattice.
Schmidt’'s topochemical postulate states that foso#d-state
[2n+2n]-cycloaddition reaction to occur, the pair of reae
olefins should be parallel to one another, and dgasted by a

w distance of 3.5-4.2 A. Schmidt also explained that the photo‘fs \ o
dimerisation reactions occurred with a minimum amowof | " Oj/q
molecular movement, which means that the topochgmié the %/ % O n
reactant molecules is directly related to the stnemistry of the P Stilbazole dimer O
resulting photo-product molecules.  With few exdams’ %;N n O o Asymmeticpolymer

35 Schmidt's topochemical arguments concerning thetirety of \%O =
crystalline solids hold true to this day.

N™ =0
Stilbazole derivatives are known to form dimers[By+2xn]- N Oﬁ)ﬁ, O O

Polymer

cycloaddition and a number of literature examples r@ported |
which focus on their dimerization in the solid statvith and j; Asymmetric dimer O

zZT

<>

40 without template moleculdst? Thymine, one of the nucleobases N
in DNA, is also known to undergo 422n]-cycloaddition®*31®
Photo-dimerization of thymines is known to disrdipé helical
structure of DNA, leading to formation of DNA lesi&'® The
lesions create isolated loops in the DNA strandcivitiauses 10Ss s Figure 1. Possible photo-products from the irradiationhyitiny!

45 of genetic information during subsequent cellukgptication stilbazoles.
cycles. For this reason, thymine dimerization iplicated as the
cause of certain skin cancéfslt is therefore importartb study

thymine dimerizations to understand this phenomenon

Thyminyl cyclobutane dimer

The photo-activity of these synthesized thyminijtbatzoles was
studied to investigate the photo-product. In addjtthe crystal
packing of molecules was studied to understandsthgctural
so factors necessary to achieve adequate topocheméstdy to

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00-00 | 1
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explain in detail why certain molecular featuresddo a certain  CH), 128.0 (Ar CH), 132.5 (alkene CH), 135.6 (Ar C)7 B3(Ar

photo-product. C), 141.3 (C6), 144.2 (Pyr C), 150.1 (Pyr CH), 151(Q2),
164.25 (C4). Selected IR bands (ATR, 9m2955 m, 1734 m,
Experimental 1696 s, 1667 s, 1600 m, 1443 m, 1408 m, 1376 nt 1341246
. 60 M, 1201 m, 1080 w, 1003 m, 967 m, 953 m, 890 m, 184320
Materials and methods
m, 764 m.
s All chemicals were purchased from Sigma-Aldrich, tEaslill, (E)-5-Methyl-1-(4-(2-(pyridin-3-yl)vinyl)benzyl)pyrimidine
NSW, Australia. Solvents were purchased from MekGksyth, -2,4(1H,3H)-dione (VBT-3Pyr, 2) VBT-3Pyr (2) was prepared

Victoria, Australia. Microwave syntheses were igghrout using  using a similar procedure to that used for the gr&ton of VBT-
a CEM-Discover instrument in either 10 mL or 35 mihls. A e 4Pyr (1) except the following reagents and quantities wesed:
dynamic method was used in which the maximum presand Vinylbenzylthymine (1.30 g, 5.37 mmol), NaOAc (0.§8 10.7
10 power settings were 300 psi and 300 W, respectivdiiting mmol), Pe-tol); (0.44 g, 1.45 mmol), Pd(OAcYX80 mg, 0.36
points were determined using a Buchi B-545 meltimgnpp  mmol), and 3-bromopyridine (0.57 g, 3.58 mmol).
apparatus with a digital thermometer. IR spectemewecorded  Yield: 0.62 g, 55%. M.p.: 245-247.3°C. HRMS(ESIn/z
by using a Bruker Equinox 55 in ATR mode with diamasdthe 7 320.1396 (M+Hj (requires m/z 320.1399).'H NMR : (400
background reference!H NMR spectra were recorded at 400 MHz, Dg-DMSO) § 1.76 (d,J = 1.2 Hz, 3H, C5-CH), 4.85 (s,
15 MHz on a Bruker DPX-400 spectrometéfC NMR spectra were  2H, N1-CH,), 7.24-7.41 (m, 5H, 2 Ar CH, 1 Pyr CH, 2 alkene
recorded at 100 MHz on a Bruker DPX-400 spectrometer CH), 7.61 (d,J = 8.0 Hz, 2H, Ar CH), 7.63 (d] = 1.2 Hz, 1H,
Electrospray ionisation mass spectra (ESI) wererdsdd on a  C6H), 8.04 (tdJ = 8.0 Hz 1H, Pyr CH), 8.45 (dd) = 4.8, 1.4
Micromass platform I APl QMS Electrospray masss Hz, 1H, Pyr CH), 8.76 (d] = 2.0 Hz, 1H, Pyr CH), 11.32 (br. s,
spectrometer. 1H, N3H). °C NMR (100 MHz, R-DMSO): 3¢ 11.84 (C5-Els),
» Single crystals (SC-XRD) 49.77 (N1-CH), 108.98 (C5), 120.76 (Pyr CH), 126.03 (alkene
CH), 127.22 (Ar CH), 127.84 (Ar CH), 132.39 (alkene CH)
All structural analyses were performed on the MXlcrox 135.50 (Pyr C), 137.35 (Ar C), 137.61 (Pyr CH), 141(C6H),
crystallography beam-line at the Australian Syntiorg Clayton, s 144.07 (Ar C), 149.92 (Pyr CH), 150.92 (C2), 164.1T34)
Victoria. The end station comprised ¢a goniostat with a  Selected IR bands (ATR, ¢t 3404 m, 2955 m, 1733 m, 1696 s,
Quantum 210r area detector. Data were collected)uke Blue 1663 s, 1637 s, 1509 m, 1459 m, 1427 m, 1382 n? 1351197
s lce GUI and processed using the XDS software. CCDCs, 1046 m, 999 w, 947 w, 819 w, 766 m.
depositions 984307, 984308, 984309, 984310, and31934 (E)-3,5-Dimethyl-1-(4-(2-(pyridin-4-yl)vinyl)benzyl)-
contain the supplementary crystallographic datatfioes paper. e pyrimidine-2,4(1H,3H)-dione (VMT-4Pyr, 3): VMT-4Pyr (3)
These data can be obtained free of charge fromClrabridge  was prepared using a similar procedure to that usedhe
Crystallographic Data Centre. preparation of VBT-4Pyr 1) except a modified workup
s Synthesis of thyminyl stilbazoles proce_d_ure was employed, and thg following rgagem;i
quantities were used: methylated vinylbenzylthymidel7 g,
(E)-5-Methyl-1-(4-(2-(pyridin-4-yl)vinyl)benzyl)pyrimidine o 4.54 mmol), 2tert-butyl-4-methylphenol (5 mg, 0.03 mmol),
-2,4(1H,3H)-dione (VBT-4Pyr, 1) Vinylbenzylthymine (1.30 9, NaOAc (0.74 g, 9.10 mmol), 8¢ol); (0.23 g, 0.78 mmol),
6.33 mmol), NaOAc (0.78 g, 9.51 mmol), ¢riplyl)phosphine  pd(OAc) (70 mg, 0.30 mmol), and 4-bromopyridine
(P(o-tol)s) (0.44 g, 1.43 mmol), Pd(OAL)Y80 mg, 0.36 mmol),  hydrochloride (0.59 g, 3.03 mmol). After filtratioof the
ssand 4-bromopyridine hydrochloride (0.62 g, 3.19 Mmeere  reaction mixture through Celite as described prestigithe DMF
suspended in 20 mL DMF in a 35 mL microwave vidhe vial 4 was evaporated to give a yellow-orange oil whicls eken up in
was capped and flushed with dry, Nor 5 minutes, prior to 109 sodium hydroxide (25 mL) and extracted thric#\@H,Cl,
microwave irradiation. The reaction temperature vaased from (50 mL portions). The organic phase was dried &4g80, and
70°C to 140°C, in increments of 10°C.Miand the temperature the solvent was evaporated from the filtrate undeduced
o was then maintained at 140°C for 1 h. The coolemttien pressure. The residue was taken up |r‘b@h(5 m|_) and the
mixture was filtered through a Celite plug, and {ilag was .4 product was precipitated upon addition of hexa@® (hL). The
thrice washed with 15 mL portions of DMF. Therfite was whole sample was recrystallised by adding a boil@tgCl, (3
evaporated to yield a yellow-orange gum. ,CH (6 - 10 mL)  mL) solution to boiling hexane (25 mL). The rest milky
was used to precipitate the compoutfid, The precipitate was suspension was heated for a further 5 min. Upasiirgp and
4s collected by filtration, washed with further pori® of CHCI,, slow evaporation, single crystals of VBMT-4PyB) were
and finally recrystallized from MeCN. 105 obtained and isolated by filtration.
Yield: 0.75 g, 75%. M.p.: 261-263.1°C. HRMS (ESI)W/z  vield: 0.32 g, 32%. M.p.: 179.0-184.3°C. HRMS (ESin/z
320.1396 (M+H]J (requires m/z 320.1399fH NMR: (400 MHz, 3341553 (M+H] (requires m/z 334.1556fH NMR: (400 MHz,
De-DMS0) 6 1.76 (d,J = 0.8 Hz, 3H, C5-Ch), 4.85 (s, 2HN1-  cDCl,) 6 1.94 (d,J = 1.2 Hz, 3H, C5-CH), 3.41 (s, 3HN3-
so CHp), 7.23 (dJ = 16.4 Hz, 1H, alkene CH), 7.33 (@ 8.00 Hz, = CH,), 4.95 (s, 2HN1-CH,), 7.02 (d,J = 0.8 Hz, 1H, C6H), 7.03
2H, Ar CH), 7.53 (dJ = 16.4 Hz, 1H, alkene CH), 7.55 (dil= 4, (d, J = 16.4Hz, 1H, alkene CH), 7.35 (m, 5H, 2 Ar CH, 2 Pyr
4.4, 1.6 Hz, 2H, Pyr CH), 7.61-7.67 (m, 3H Ar CH, §6B.54  CH, 1 alkene CH), 7.55 (d,= 8.4Hz, 2H, Ar CH), 8.60 (dJ =
(dd,J = 4.8, 1.6 Hz, 2H, Pyr CH), 11.3 (br. s, 1H, NH)’C  56Hz, 2H, 2 Pyr CH).*C NMR (100 MHz, CDGJ): 5¢ 13.10

NMR (100 MHz, Q-DMSO): 6c 11.78 (C5-Gi3), 49.9 N1-  (C5-CHj), 28.13 N3-CHy), 51.8 N1-CH,), 110.4 (C5), 120.9
ss CH,), 109.1 (C5), 120.9 (Pyr CH), 126.1 (alkene CH),.532Ar

2 | Journal Name, [year], [vol], oo—oo This journalis © The Royal Society of Chemistry [year]
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(Pyr CH), 126.7 (Ar CH), 127.6 (alkene CH), 128.4 @H),
132.3 (alkene CH), 136.2 (Ar C), 136.3 (Ar C), 137CbH),

144.4 (Pyr C), 150.1 (Pyr CH), 151.9 (C2), 163.8 (C8¢lected

To synthesize thyminyl stilbazoles, we have used Heck
reaction of halo-pyridine substrates with vinylbgnthymine or
methylated vinylbenzylthymine.  Vinylbenzyl thyminand

IR bands (ATR, cm): 3451 w, 3084 w, 2955 m, 1733 m, 16960 methylated vinylbenzylthymine have previously bemed as a

sm, 1662 s, 1637 s, 1509 m, 1459 s, 1380 s, 1250168 s, 1047

m, 999 w, 946 w, 843w, 765 m.
(E)-3,5-Dimethyl-1-(4-(2-(pyridin-3-yl)vinyl)benzyl)-

pyrimidine-2,4(1H,3H)-dione (VMT-3Pyr, 4): VMT-3Pyr @)

was prepared using a similar procedure to that uUsedthe

10 preparation of VBT-4Pyr1) except the following reagents and chloride?!

quantities were used: methylated vinylbenzylthymiiel7 g,

4.54 mmol), 2ert-butyl-4-methylphenol (5 mg, 0.03 mmol),
NaOAc (0.74 g, 9.1 mmol), Bfol); (0.37 g, 1.21 mmol),

monomer in radical polymerisations, and variouspgration
procedures have already been descrifiéd. Using a literature
procedure, vinylbenzyl thymine and methylated
vinylbenzylthymine were synthesized in alkaline eous media
es by substitution of the N1 thyminyl hydrogen withnylbenzyl
Four molecules, vinylbenzyl-thymine with 4-pyniéi
(VBT-4Pyr, 1) and with 3-pyridine (VBT-3Pyr, 2) and
methylated vinylbenzylthymine with 4-pyridine (VM4Pyr, 3)
and with 3-pyridine (VMT-3Pyr, 4) were synthesized using

Pd(OAc) (70 mg, 0.30 mmol), and 3-bromopyridine (0.48 gp Pd(OAc) as a catalyst with added phosphine ligand-tBl)s).

15 3.03 mmol).
Yield: 0.07 g, 7%. M.p.: 182.8-185.2°C (dec.). HRNESI):
m/z 334.1553 (M+H) (requires m/z 334.1556)'H NMR : (400

MHz, CDCk) ¢ 1.94 (d,J = 0.8 Hz, 3H, C5-Ch), 3.41 (s, 3H,
N3-CHy), 4.95 (s, 2HN1-CH,), 7.02 (d,J = 0.8 Hz, 1H, C6H),
207.13 (dd,J = 16.4 Hz, 2H, alkene CH), 7.31-7.35 (m, 3H, 2 Ar

CH, 1 Pyr CH), 7.55 (dJ = 8.2 Hz, 2H, Ar CH), 7.87 (td] =
8.0, 1.8 Hz, 1H, Pyr CH), 8.52 (dd, J = 4.4, 0.8 H, Pyr CH),
8.75 (d,J = 1.6 Hz, 1H, Pyr CH).**C NMR (100 MHz, CDGJ):
8c 13.1 (C5-CH), 28.2 (N3-CH;), 51.8 N1-CH,), 110.3 (C5),
25123.7 (Pyr CH), 125.6 (alkene CH), 127.3 (Ar CH), #2@Ar
CH), 130.1 (alkene CH), 133.0 (Pyr C), 133.0 (Pyr. C185.6
(Ar C), 136.8 (Ar C), 137.6 (C6H), 148.3 (Pyr CH), 41gPyr
CH), 151.9 (C2), 163.8 (C4). Selected IR bands (ATR.):
3029 w, 2985 w, 2954 w, 2926 w, 1665 s, 1640 sP1M811471
som, 1360 m, 1334 m, 1258 w, 1201 m, 1111 w, 102368 m,
952 m, 928 w, 829 m, 802 m, 761 s, 703 s.
1,1'-(((2,4-Di(pyridin-4-yl)cyclobutane-1,3-diyl)kis(4,1-
phenylene))bis(methylene))bis(3,5-dimethylpyrimidie-

2,4(1H,3H)-dione) (VMT-4Pyr photo-dimer, 5) The crystals of

The products were obtained as solids that weretrgseopically
consistent with the target compounds.

R o B 4
el aadlaed ONQ”

75 Figure 2. Synthesmed thymlnyl stilbazoles.

Photo-activity and crystal structure of thyminyl stilbazoles

Single crystals of VBT-4Pyrlj were grown by slowly cooling

a boiled MeCN solution. A portion of the resultiogstals (pale
s0 yellow needles) were collected by filtration andadliated with
302 nm UV to test the solid-state photo-activity tbk new

compound. At the end of UV irradiation (17 h), trgstals had
changed from a pale yellow to darker yellow colodtowever,

s VMT-4Pyr (3) were spread in a thin layer in a petri-dish, and cOmparison of the'H-NMR spectra of irradiated and non-

irradiated at 302 nm for a period of 17 h using a@0S UV-

crosslinker lamp (UVP). The compoubdvas obtained in near
guantitative yield as a yellow solid. Purificatiohthe compound

was performed by recrystallisation from MeOH/Aceaton

w0 Yield: 96-98%. M.p.:. 245-246°C. MS (ESI) Calcd for
C,,HoaN4Og: m/z 666.3; Found: m/z 667.3 (M+H) 334.2
(M+2H)?*. 'H NMR (400 MHz, DMSO-g): &y 1.79 (d,J = 1.2
Hz, 6H, C5-CH), 3.17 (s, 6HN3-CHg), 4.55 (dd,J = 16.6 Hz,

6.8 Hz, 4H, cyclobut. CH), 4.79 (s, 4N1-CH,), 7.17-7.27 (m,

ss 12H, Pyr CH, Ar CH), 7.58 (dl = 1.2 Hz, 2H, C6H), 8.45 (dd,
= 4.8 Hz, 1.6 HzAH, Pyr H).»*C NMR (Ds-DMSO): 6¢ 12.8
(C5-CH), 29.6 (N3-CHs), 48.0 (cyclobut. CH), 53.1N0-CH,),
110.3 (C5), 123.8 (Pyr C), 127.7 (Ar C), 129.1 (Ar £34.1 (Ar
C), 135.2 (Ar C), 138.4 (C6H), 152.2 (Pyr C), 155.4r(E),

s0 155.6 (C2), 162.8 (C4). Selected IR bands (ATRcr8405 m,
3085 w, 2956 m, 1733 m, 1696 m, 1662 s, 1638 s9 1501458
m, 1428 m, 1380 m, 1354 m, 1260 m, 1197 s, 104898, w,
946 w, 842 w, 766 m.

ss Results and discussion

Synthesis of thyminyl stilbazoles

ss irradiated 1 samples did not reveal any changes,
indicating that photo-product formation had notwred.

d=4.96A

Figure 3. Crystal structure of VBT-4Pyd] (a) Packing diagram shows

100 the herringbone-like pattern formed by stackinghef hydrogen bonded

tape strands, (b) shows the N3H...N(pyr.) hydrdgemd and the
relationship between proximity related pairslof

To ascertain the topochemical reasons for phatoigt of the
sample, a crystal of was subjected to analysis by SC-XRD on

10s the MX1 beamline at the Australian Synchrotron. e Tdrystal

structure obtained is shown Figure 3. Referring to the crystal
structure, the main driving force for crystal packiwas NHN

This journalis © The Royal Society of Chemistry [year]
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hydrogen bonding between the thyminyl N3H of ondetwle
and the pyridyl nitrogen of another molecule. TEh@&$3H'N

hydrogen bonds were 1.93 A in length, and contirthesughout
the lattice to produce al-dimensional hydrogen bdrtdpe. The

s hydrogen bonded tape structures then stacked onotopne

another to give the overall herringbone-like stunetshown in

Figure 3a The tightly stacked tape strands meant thatlphda

molecules were separated by short distances (tlogetact, 3.29

A). As shown inFigure 3b, the tight packing of parallel

10 molecules was potentially stabilised fyt interactions between

the olefin and benzyl ring (3.54 A), and the olefind pyridyl
ring (3.54 A). Despite such close molecular pagkitowever,

of 4 stacked on top of one another to produce neanwllph
e0o molecular pairs that were closely associated byadi®s of
around 3.0 A. Again, molecules 4fslip-stacked on top of one
another to produce displaced pairs, as showrignre 5. This
arrangement appeared to be stabilised-bystacking interactions
between the olefiraryl (3.01 A) and the olefirpyridine (2.97 A)
es moieties.  The slipped molecular stacking meantt ttiee
stilbazole olefins were separated by too greastadce for them
to be photoreactive toward f22x]-cycloaddition (d = 4.40 A).
This finding was confirmed by irradiation of thengpound and
subsequent spectroscopic analysis of the samphg UdiNMR
70 spectroscopy which indicated unchanded

the separation distance between the photo-diméeisitbazole
olefins was 4.96 A due to a molecular slip the thngf the

15 NHN hydrogen bond. This distance was well outsidepiheto-
activity constraints described by Schnfiéind was probably the
reason for photo-stability of the crystals. 75

Crystals of VBT-3Pyr(2) were grown from a hot ethanolic
solution to yield a yellow crystalline solid. Thoeystals were

20 screened for photo-activity by irradiating a sampith 302 nm
UV light. Again, the crystals were photo-stabls,re changes
were identified in théH-NMR spectrum of the irradiated sample.so

To explain the photo-stability d?, its crystal structure was
determined, and is represented Figure 4. As expected,

25 changing the position of the pyridyl nitrogen frahe 4- to 3-
position did destabilise the imidgyridine hydrogen bond.
However, two new Watson and Crick style hydrogen dson )
formed instead between the N3 hydrogens and thea€iboyls structures that packed in head-to-head arrangemémM3-4Pyr
of adjacent thyminyl moieties (i.e N3®=C4; C4=OHN3), as (3) molecules. packed.in a head-to-tgil fashion \/\Aﬁ?p.ECt to the

s shown inFigure 4. The length of the hydrogen bonds was 1.92 Stilbazole moieity. This type of packing resultagpairing of the
A. Compared witH, the Watson and Crick style hydrogen bonds Stilbazole groups, and protrusion of the thymirigigs at either
in the 2 crystal altered the overall crystal structure samially. ~ €nd of the pair. The thyminyl rings of one stilbkez pair then
Whereas infinite strands of hydrogen bonded motcubere © associated with the protruding thyminyl rings o€ thext pair
observed in thel structure, the2 structure formed discrete through trans-anti type-n interactions to give the impression of

s molecular pairs that were stabilised by the tworbgen bonds ~ Molecular columns. These ‘columns’ packed to ghes overall
between the thyminyl rings. Pairs 2Mmolecules slip-stacked on Structure as shown frigure 6.
top of one another to generate layers, but agarséparation of
the stilbazole olefins was too far for photo-dimaation to occur
(4.87 A).

Figure 5. Crystal structure of VMT-3Py#j.

As shown inFigure 6, and in contrast with the previous

100

105 Figure 6. Crystal structure of VMT-4PyBJ. Schematic representation
of the molecules packing into “columns” that paglgive the overall
structure.

Figure 4. Crystal structure of VBT-3PygJ.

Crystals of each of VMT-4Pyr3] and VMT-3Pyr (4) were
so grown by preparing boiling solutions of each commabin a few
millilitres of CH,Cl,. Boiling hexane (25 mL) was then added to
the solution to form a milky suspension, which vieesated and
stirred for further 5 minutes before slowly coolin@n cooling,
crystals suitable for analysis by SC-XRD were ismdatby
ss filtration.  The crystal structures corresponding4t and 3 are
shown inFigure 5 andFigure 6, respectively.
In the VMT-3Pyr 4) crystal structure irFigure 5, the main
driving force for crystal packing wasr interactions. Molecules

Head-to-tail molecular pairing was apparently isdd by the

10 two aryt-pyridine (3.69 A)r-n interactions and the olefinlefin
n-n interaction occurring at the stilbazole moieti€ollectively,
these three weak interactions imposed parallelingpiof the
stilbazole olefins, such that the stilbazole olefibonds were
separated by a distance of 3.75 A, which was deitfaly photo-

us dimerization of the stilbazoles using thet{2x]-cycloaddition.

4 | Journal Name, [year], [vol], oo—oo This journalis © The Royal Society of Chemistry [year]
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As stated above, the protruding thyminyl rings loé stilbazole
pairs associated with those of the next pairs, whesulted in

[2n+2n]-cycloaddition reaction. It was therefore intdieg to
discover that only the stilbazole moiety underwdimerisation

trans-anti type pairing and thus the reactive deddands of the s to give stilbazole dimeb, and that none of the other possible

thyminyl rings were separated by a distance of 4803also
s suitable for photo-dimerization by the nf22r]-cycloaddition
reaction.

Photo-activity and crystal structure of thyminyl stilbazoles

An irradiated sample of the VMT-4Py8)(crystals (302 nm, 17

products shown inFigure 1 had formed. The thyminyl
cyclobutane dimer ifrigure 1 would be the product of exclusive
photo-reaction of the thyminyl olefins, while thelymer in
Figure 1 would result from photo-reaction at both the siible
es Olefins and the thyminyl olefins.
The UV-Vis spectrum of VMT-4Pyr 3] showed strong

h) was subjected to UV-Vis artth NMR spectroscopic analyses, absorbance at 302 nm from the stilbazole moietyiqwivas also

10 which revealed that photo-dimerization occurredlsigely at
the stilbazole moiety. The UV absorption spectié88 @and the
corresponding photo-produstare shown ifFigure 7.

-
1.0+
15
S o84
< 0.8
Q
o
g
2 0.6 N
20 5 ° Tuv 302 nm
Qo
© o
S 0.4 \(kN/
2 N’go
]
g 3
5 02+ ‘
z N
25 N A
0.0 T T — T i

250 300 350 400 450

Wavelength (nm)

Figure 7. UV-Vis spectra obtained for CHC3olutions of VMT-4Pyr 3)
30 and the photo-produch)

The UV absorption spectrum 8fshows strong absorption at

302 nm which arises from the stilbazole portion thfe

molecule!® while the UV-Vis absorption spectrum of the photo-
product 5 shows absorption at 266 nm (attributable to the
35 thyminyl portion of the molecule). In tispectrum, absorbance

by the thyminyl moiety at 266 nm is saturated bg 802 nm
stilbazole absorption. The disappearance of th@ 3@n
absorption band in the photo-product UV-Vis speattitherefore

indicates that the stilbazole olefin underwent phaaction upon

a0 irradiation, not the thyminyl olefin. Moreover, ehH-NMR
spectrum of the photo-product 8frevealed a multiplet &t 4.45

ppm (in D-DMSO) arising from cyclobutane CH protons, whil
the doublet signal & 7.03 ppm (in CDG) (from the stilbazole
olefin in 3) was absent in the spectrum of the photo-pro8uct

4s There was no evidence of cyclobutane formatiornatthyminyl
moiety, since the signals for non-reacted thymi@$-CH3 and

the wavelength used to synthes®e Thus it was proposed that
the 302 nm irradiation wavelength more specificatygeted
70 photo-reaction at the stilbazole moiety rather tittaa thyminyl
moiety. In order to determine whether changing itrediation
protocol could lead to a change in the photo-prtslabtained (in
particular, generation of the photo-polymer or tthgyminyl
dimer, two further experiments were conductedstRira sample
75 of 3 was irradiated with 302 nm UV light (17 h) to abtadhe
corresponding head-to-tail stilbazole cyclobutaretp-dimer
(5), and then this sample was irradiated with 254 Uhin an
attempt to achieve photo-conversion at the thyminpgs.
Unfortunately, no further photo-reactions were obseé upon
s comparison of théH-NMR spectra before and after irradiation
with 254 nm UV light. In a separate experimentresh sample
of crystalline3 was directly irradiated with 254 nm UV. Again,
only photo-dimerisation of the stilbazole olefin@svobserved
(although it was incomplete after 17 h). From éhego results, it
ss did not appear that the photo-stability of the tiyyh olefin
could be attributed to the irradiation wavelengthised for the
[2n+2n]-cycloaddition reaction. Instead, a number ofictural
factors were considered in order to explain thetgistability of
the thyminyl olefins in samples 8fand>5.
90 Firstly, it was possible that photo-reaction oé thtilbazole
olefins caused disruption of the “ideal” thyminyhg packing
observed in the3 crystal structure, such that the thyminy:
moieties no longer adopted suitable conformations the
[2n+2n]-cycloaddition reaction to occur at the thyminyéfins.

95 Only direct re-analysis of the irradiat&crystals by SC-XRD

would provide definitive structural evidence forgpbrinduced
changes to the thyminyl ring packing arrangemert tis was
not possible as th&crystals fractured during the photo-reactions.
It should also be noted that for exclusive formatiof the 5

o stilbazole photo-dimers to occur during irradiati@ns necessary

that the stilbazole olefins react preferentialliReferring to the
crystal structure irFigure 5, the stilbazole olefins are separated
by a shorter distance than the thyminyl olefins@3A versus
4.04 A, respectively), which may help account foe bbserved

105 photo-stability of the thyminyl olefins. Anothepgsible reason
for the photo-stability could be associated witte torowded
packing around the thyminyl rings. As observedha crystal
structure of3 in Figure 5, the pyridyl nitrogen atoms are in close
proximity with the thyminyl ring centroids (2.99 And the two
1o rings produce an edge-to-face arrangement. Medawttie
thyminyl rings also formr-n stabilised trans-anti-type pairs. For
the thyminyl olefins to undergo af22x]-cycloaddition reaction,
the thyminyl rings would need to rotate slightly arder to
achieve an overlap between therbitals of the olefins. This
& type of motion, however, could potentially be bledkby the

C6H could still be identified in théH-NMR spectrum of the
photo-product, while the typical upfield shifts observed for the
C5-CH3 protons of thyminyl cyclobutane derivatives reve

so absent. GPC and MS analyses on the photo-produsplsa
confirmed that a dimeric species was the exclugimto-
product. Considering the crystal structure of ttaetsig material
3, the photo-product was expected to be the heaaliltstilbazole
dimer5.

ss  As previously mentioned, the crystal structur® @i Figure 6
revealed that both the stilbazole olefins and tmyinblefins were
suitably aligned for photo-dimerisation by th

This journalis © The Royal Society of Chemistry [year] Journal Name, [year], [vol], oo—o0 | 5
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pyridyl rings that are positioned in close proxiyniiehind each
thyminyl ring.
While it was not possible to directly analyse ths-irradiated”
5 dimer sample by SC-XRD due to poor crystal intggéfter
s irradiation, the crystal structure 8fwas eventually obtained by
SC-XRD analysis of a recrystallized sample of thengound.

stilbazole portions of the molecules leading togéarolefinic
separation distances (4.99 and 4.87 A, respecjivelyhen the
imide was methylated (compounds and 4) this hydrogen
bonding site was eliminated, which facilitated elopacking of
e the stilbazole olefins (3.76 and 4.40 A, respetyjve
Only crystals of the VMT-4Pyr 3] underwent [2+2]-

As shown inFigure 8, the crystal structure obtained for stilbazole cycloaddition to give a cyclobutane diméy.(*H-NMR and UV-

dimer 5 supports the previous spectroscopic identificatibthe
photo-product as the head-to-tail stilbazole cyatabe. For

w clarity, a schematic showing the configuration abstitutents
around the cyclobutane is includedrigure 8.

d=3.57A

*

Thymine-thymine
- stacking (TA).

(a)

15

Pyridine-thymine

/ - stacking

20
(d)

Figure 8. Crystal structure of diméx. (a) Thyminyl alignment in a row
of 5 molecules. (b) Packing diagram showing a stagkws of5
molecules. (c) View down the c-axis and down thes of5 molecules.
Thymine-thyminer-n stacking stabilises the rows ®Mmolecules, while
stacking of the rows is stabilised by thymine-piyrédt-n interactions.
(d) A closer view of the thymine-thymine and thyeipyridine pairs.

30

In the crystal structure, molecules ®pack into rows which
are potentially stabilised by trans-anti type thyeathyminen-n
stacking interactionsFH{gure 8a). The rows then stack to give

sthe extended structure shown ifrigure 8h. Close
pyridine-thymine n-n stacking interactions appear to furthe
stabilise the stacked structure (3.72 A, degure 8c, d.
Interestingly, the crystal structure of theyclobutane compound
shows that the distance between the olefins ofiprioxrelated

a0 thyminyl units is only 3.57 A, yet irradiation dié recrystallised
5 sample (302 nm) did not afford any new photo-poisiu
Photo-stability of the thyminyl olefins was agaitiributed to

crowded packing around the thyminyl ringSgure 8d). For the

thyminyl olefins to undergo a f&2x]-cycloaddition reaction, the

4s thyminyl rings would need to rotate slightly in erdfor thex-
orbitals of the olefins to interact. In tlestructure, this type of
motion would probably be inhibited by the thymingidine
sandwiches.

110

s Conclusions

Four thyminyl stilbazoles were synthesized usihg Heck
reaction and were each examined crystallographicallThe

crystal structures of the compouridand2, each possessed a free’ 14.

imide N3H which underwent intermolecular hydrogemnding
ss interactions and contributed to the slipped stagkiof the

105 11.

Vis spectroscopic analyses were used to classiéy pghoto-
product as the head-to-tail stilbazole cyclobutatimer. A

es number of structural factors were considered ireotd explain
the photo-stability of the thyminyl olefins in ctgs structures of
3 and>.
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