Accepted Manuscript

Tetrahedral DNA conjugates from pentaerythritol-based polyazides

Anna |. Ponomarenko, Vladimir A. Brylev, Ksenia A. Sapozhnikova, Alexey V.
Ustinov, Igor A. Prokhorenko, Timofei S. Zatsepin, Vladimir A. Korshun

PII: S0040-4020(16)30180-6
DOI: 10.1016/j.tet.2016.03.051
Reference: TET 27591

To appearin:  Tetrahedron

Received Date: 1 December 2015
Revised Date: 1 March 2016
Accepted Date: 14 March 2016

Please cite this article as: Ponomarenko Al, Brylev VA, Sapozhnikova KA, Ustinov AV, Prokhorenko
IA, Zatsepin TS, Korshun VA, Tetrahedral DNA conjugates from pentaerythritol-based polyazides,
Tetrahedron (2016), doi: 10.1016/j.tet.2016.03.051.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.tet.2016.03.051

Graphical Abstract

Tetrahedral DNA conjugates from
pentaerythritol-based polyazides

Anna |. Ponomarenko, Vladimir A. Brylev, Ksenia ®apozhnikova, Alexey V. Ustinov, Igor A. Prokhorenk
Timofei S. Zatsepin, and Vladimir A. Korshun*

OH e
O
~

ER S
ey

DNA hybridization building blocks




Tetrahedron

journal homepage: www.elsevier.com

Tetrahedral DNA conjugates from pentaerythritoldzhpolyazides

Anna |. Ponomarenkd, Vladimir A. Bryle\?, Ksenia A. Sapozhniko$8 Alexey V. Ustino$
Igor A. Prokhorenkd® Timofei S. Zatsepii® and Vladimir A. Korshuh®O

2Shemyakin-Ovchinnikov I ngtitute of Bioorganic Chemistry, Miklukho-Maklaya 16/10, 117997 Moscow, Russia
PMendeleev University of Chemical Technology, 125047 Moscow, Russia

‘Lumiprobe LLC, Hallandale Beach, FL 33009, USA

YGause Institute of New Antibiotics, 119021 Moscow, Russia

Central Research Institute of Epidemiology, 111123 Moscow, Russia

‘Department of Chemistry, Lomonosov Moscow State University, 119992 Moscow, Russia

9Skolkovo Ingtitute of Science and Technology, Skolkovo, 143026 Moscow Region, Russia

ARTICLE INFO ABSTRACT

Article history: Branching points in DNA nanostructures are usudiyor 4-way junctions maintainebdy
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1. Introduction known approaches to covalent branched DNA conjugates
_ _ _ . predominantly used non-nucleositienucleosid® or hybrid®
The concept of manipulating DNA by simply programmitsg  panching phosphoramidite reagents or branched ostsip
strands has been widely used during recent decadésthé Alternatively nucleoside  or non-nucleoside  bis-
possibility of designing nanostructures of desisbédpes driving hosphoramidites were used for joining growing oligdaotide
a treme_ndlous development of DNA nanotechnology and DNAhains. Nevertheless, direct automated synthesibrafiched
computing. The structural design of DNA-based logical pNa puilding blocks is complicated by restrictions dagfrom
gates/circuits or dendrimers coupled_ with varloux_)rfdnphores _the chemistry of phosphoramidite synthetic cycle. past-
becomes more and more complicated, opening up Widgynihetic approach is another way of assembling dbeh
opportunities for computation and programming ad @@kignal  gjigonucleotide structures:; e.g. Richert and cowarkepupled
amplification for biomedical detectiodnDiverse and complex protected dinucleoside-Bhosphonate with adamantane-based
three-dimensional DNA structures were assembled andl fse  rancherd® At the same time, the use of azide-alkyne click
capture and controlled release of therapeutic adent chemistry** proved to be much more reliable for the prepanatio

In this aspect, the necessity of branched builditgcks —©f complex and branched —oligonucleotide-oligonutitie
emerges. The approaches to multistrand DNA ligatiom lpa ~ conjugates” However, employed organic polyazides were not
divided into two large subgroups: 1) non-covalemiplying ~@ways ‘user friendly’. A planar porphyrin-basedraeazidé™
Watson-Crick, Hoogsteen and other weak interactians, 2) ~gave low yield of click products and HPLC-inseparable
covalent junctions at specific branching point. fingt approach, regioisomers —of  bis-adducts.  Theetrakis(4-azidophenyl)
used for the vast majority of DNA nanostructures, eeli Methan&°”used as ‘branching point has very short phenylene
predominantly on ‘immobile’ 3- or 4-way Holliday jutiocns® linkers, is hydrophobic and therefore gave no @esietra-adduct
also referred to as ‘Y-shaped’ and ‘X-shaped’ DNA. kiuess Uupon ‘click’ in solution. Moreover, arylazides apotentially
attention is paid to designing covalent junctiorsseanbling photoreactive upon visible light irradiation. Toethbest of our
multiple DNA strands at a branching point. Covaleritund ~ knowledge, no controllable and facile preparativehteque for
oligonucleotides remain together in denaturing déoes. The
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robust connection of different DNA strands to s single

branching point has been developed to date.
2. Results and discussion

Herein we report synthesis of pentaerythritdl)-ijased
branching reagent§ and 7 which carry three and four azido-
groups, respectively (Scheme 1). The key tetfanihs obtained
through the modified three-step synthetic procedursee
Experimental section}.
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Scheme 1. Synthesis of azide-containing branching reagents.
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ODN:tetraazide
ratio

T10 7:1 6:1 5:1 4:1 3:1 2:1 1:1 0.5:1

Fig. 2. Conjugation of T, ODN alkyne on tetraazide in different
ratios; 19% PAGE.

Azides 6 and 7 easily undergo CuAAC click reaction with
alkyne-modified oligonucleotides in aqueous sohutioThe
stoichiometry of the resulting building blocks cha tuned by
varying the excess of ODNs in click-reaction with bujusnt
HPLC or electrophoretic separation. In this papedemonstrate
the unlimited potential of ‘asymmetric’ building dak

The alcohol was mesylated in DCM using 3.0 eq. of mesylfabrication using two different oligonucleotides afubrescent

chloride and then treated with an excess of sodiaideain
DMSO to give mixture of azidgs, 6 and7 (Scheme 1). Column
chromatography separation on silica gel providedrepu
compounds (29%) and7 (26%) together with diazide (8%). In
contrast, the excessive mesylation of tetrdoffollowed by
nucleophilic substitutio® gave tetraazid@ in 90% yield®

‘

ODN:triazide
ratio 51 41 31 211 1:1 0.51

TI0
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Fig. 1. Conjugation of T, ODN alkyne on triazideés in different
ratios; 19% PAGE.

dyes.

First, click conditions were studied usingy,Tas a model
oligonucleotide (ODN). Conjugation of alkyne-modified
oligonucleotide to azide branching points resuited pool of
products. The CuAAC reactions with various excesse®bN
were carried out for both branching points and aredyin 19%
PAGE (Figures 1, 2).

The products migrate according to the number
oligonucleotides attached to the branched backbtre:more
oligo units the block contains, the more slowlymbves in the
gel. As seen from gel images, the tris or tetrakisdpct is
formed at any ODN:’branching point’ ratio. Tri-produftbm
triazide 6 dominates in the reaction mixture starting from 2:
ratio and becomes the only product at ratio 3:1tagter. Tetra-
product from tetraazidé becomes the major product at 4:1 ratio.
However, trace amounts of tri-product are always ptesven at
higher excesses of ODN.

of

The isolated yields of products from triazi6l¢2:1 ratio) after
elution from the gel were following: 12% tri-produdt]% di-
product, 5% mono-product, and for tetraazitl€3:1 ratio): 8%
tetra product, 11% tri-product, 9% di-product, 3%no-product.
Since the yields of elution from the gel vary defiag on
fragment length from <30% up to >90%sthe majority of every
product is lost on this step. We suggest that, lantreelution
technique providing high oligonucleotide recovery8%%)*
should be used for preparative purposes.

Partial conjugation of ODNs on branching points is enor
attractive than full attachment of ODNs on all azidoups
available. The possibility of further modificatioof residual
azido-groups then leads to fabrication of ‘asymineldocks.



By lowering the ODN:polyazide ratio from 5 to 2 férand
from 7 to 3 for7, the formation of products with one or more
intact azido-groups is achieved. The separationrezction

mixture can be achieved using HPLC (Figures 3 andavit)

significantly higher isolated yields than in PAGE gedure: 32%

tri-product, 52% di-product, 16% mono-product fronazide 6

(2:1 ratio) and 25% tetra-product, 42% tri-produ28% di-
product, 5% mono-product from tetraazide(3:1 ratio). Each
isolated and their

HPLC peak and PAGE band were
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compositions were confirmed by LC-MS (see Supportingscheme 2. Further modification of partially functionalizedsitding

Information). The procedure is well suitable forgolhucleotides
of any sequence (e.g., see Supporting Informatiwritfe mass
spectrum of conjugate containing three 21-mers Ddd ane

azido group).
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Fig. 3. HPLC profile of partial functionalization of triade
branching poin6 with T;; ODN in ratio 1:2.
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Fig. 4. HPLC profile of partial functionalization of tetrade
branching poin¥ with T, ODN in ratio 1:3.

blocks based on triazid@ (a) and tetraazid@ (b): preparation of
[2+1] and [3+1] conjugates.

Similar experiments were performed for attachmeraliofne-
modified ODN with different sequences to intact azidougs of
branched T, blocks. The blocks carrying a single intact azido
group reacted with 3-fold excess of'-adkyne-modified
oligonucleotide GGTCGCTTATCTGCACTCGGA (D11) in the
same conditions as in synthesis of initial blocRsheme 2). The
study of reaction products was carried out in 15% PAKgure
5). The formation of the ‘asymmetric’ block is peal by the
appearance of a new band migrating more slowly #flasthers.

Fig. 5. Fabrication of asymmetric blocks by conjugation @f1
ODN on intact azide groups ofglblocks studied in 15% PAGE:
click of 21-mer ODN D11 on azide group of di-protifrom triazide
6 (1), initial di-product (2), initial D11 (3), clicof D11 on azide
group of tri-product from tetraazide(4), initial tri-product (5).

All blocks including the resulting asymmetric andtial ones
can be well separated in gel and purified for furthee. The
estimated yields of asymmetric blocks are 29% fieprdduct
from triazide 6 and 9% for tri-product from tetraazide after
elution from the gel.

The conjugates have a tetrahedral branching poidtrather

The presence of loose azido-group(s) opens up Wwidpng and flexible linkers making oligonucleotideslvaecessible

opportunities for the synthesis of ‘asymmetric’ Itirg blocks
based on the branched azide structure (Schemehg).niodel
experiments showing that azido-groups are capabléurtifier
conjugation after first CUAAC reaction and HPLC ismatwere
performed with fluorescent Cy5 and Cy3 alkyne deies. The
reaction gave high yields of dye conjugates.

for hybridization. Our preliminary data evidencestthuilding
blocks comprised of four, three, or two ODNs covalejdiped
to one branching point are capable of self-assenmibty simple
discrete structures and can act as PCR primerthéosynthesis
of long branched DNA (the results will be reported wisere).
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The ability to control stoichiometry of buildingdak opens up
great perspectives for ‘asymmetric’ building blosksmthesis and
assembly into diverse functional nanoconstructionghe
intermediate azide-containing derivatives, as weltyanine dye-
labelled products, can be easily isolated and iedriby HPLC.
In contrast, PAGE is the method of choice for isohatof
oligonucleotide—oligonucleotide conjugates, e.g12and [3+1].

3. Conclusions

Tetrahedron

recorded using Bruker Maxis

prescribed.
4.2. Synthetic procedures™>**

Impact g-TOF system as

4.2.1. 5,5-Bis(4-cyano-2-oxabutyl)-1,9-dicyano-3,7-
dioxanonane (2)

Pentaerythritoll (20.0 g, 147 mmol) was suspended in water
(150 mL) under vigorous stirring; after 15 min, yonitrile
(58.5 mL, 46.7 g, 882 mmol) and 40% tetrabutylamimaon

To conclude, we report the synthesis of two polyazideydroxide (4.4 mL) were added and the stirring wastioued

‘branching points® and7 from pentaerythritol and the approach
to fabrication of branched building blocks compdigeom one to
four oligonucleotides by means of CuAAC reaction.
‘Asymmetric’ [2+1] and [3+1] conjugates were prepareid
further modification of products isolated from pairt
functionalization by conjugating a different oligasteotide or
Cy3 and Cy5 dye alkynes on residual azido-groups. groducts
are easily isolated using HPLC or gel electrophsredihe
combined blocks reported herein could appear usefulapidly
developing DNA nanotechnology as building blocks for
nanoscale objects self-assembly, staples for DNA iigéc.

4, Experimental section
4.1. General methods

DMSO was used freshly distilled from Caldnder reduced
pressure. Dichloromethane, chloroform and acettmitwere
used freshly distilled from CaH All other solvents (hexane,
ethyl acetate, ethanol, acetone) were purified Lstilidtion.
Tetrahydrofuran was absolutized by distillation wibdium-
benzophenone ketyl. Pentaerythritol (98%) was puwethdrom
Sigma-Aldrich; methanesulfonyl chloride and
tetrabutylammonium hydroxide (40% aq.) were fromk&lu500
MHz *H and 125.7 MHZ*C NMR spectra were recorded on a
Bruker DRX-500 or Bruker Avance 500 spectrometers an
referenced to DMS@k (2.50 ppm for'H and 39.5 ppm fot°C)
or CDC} (7.26 ppm for'H and 77.16 ppm fot*C). 'H NMR
coupling constants are reported in hertz (Hz) anfrréo
apparent multiplicities. IR spectra were recordedaoBruker
ALPHA FT-IR spectrometer. Samples were measured redhe
KBr pellets or as thin films between KBr plates. ditespray
ionization high resolution mass spectra (ESI HRM$)law
molecular weight compounds were recorded using Therm
Scientific Orbitrap Exactive mass spectrometer isifpe@ ion
mode. Analytical thin layer chromatography was penkd on
Kieselgel 60 b4 precoated aluminum plates (Merck); spots wer
visualized with “chromic acid”. Silica gel column
chromatography was performed using Merck Kieselge).6@0—
0.063 mm. HPLC was carried out on Agilent 1100 insgom
using Sunfire C18 column 4.6x250 mm, linear gratissm O to
40% MeCN in gradient of NOAc from 0.05M to 0.03M for
24min, linear gradient from 40 to 80% MeCN in gradief
NH,OAc from 0.03 M to 0.01 M for 3 min, linear gradigndm
0.01 M to 0 of NHOACc in 80% MeCN, linear gradient from 80

to 100% MeCN. Oligonucleotides were assembled in an AB  An oven dried 1L three-necked

3400 DNA synthesizer by the phosphoramidite methodrdany
to the manufacturer's recommendations. Protected
deoxyribonucleoside  '$hosphoramidites,  Unylinker-CPG
(500A) and S-ethylthio-H-tetrazole were purchased from
ChemGenes; "salkyne phosphoramidite, Cy3 and Cy5 alkynes
were from Lumiprobe LLC. Oligonucleotides were cleafmuin
the support and deprotected using AMA — 1:1 (v/v)ccoaq.
ammonia and 40% aq. methylamine for 2 h at roonp&ature.
ESI-MS spectra for oligonucleotide building blocksere

€

for 24 h. A two-phase liquid reaction mixture was aied. The
crude oily product (lower phase) was separated, hadupper
phase was extracted with ethyl acetate (3x150 mhylEicetate
extracts and oily product were combined, washed witkemwa
(3%x300 mL), brine (100 mL), dried over p&0, and evaporated.
The resulting oil was coevaporated with DCM (100 ndilyted
with an equal volume of 96% ethanol and cooled @tG2 The
crystalline precipitate was collected. Evaporatioh noother
liquor and recrystallization of residual oil frorold 96% ethanol
gave a second crop of crystals. Desiccation affofgteduct as
colorless crystals (33.41 g; 96 mmol; 65% yield)y #—45C
(EtOH), lit.*** mp 44-46°C'H NMR (500 MHz; DMSOd): &
3.58 (t; 8H:J 5.9 Hz), 3.39 (s, 8H), 2.74 (t, 84,5.9 Hz);**C
NMR (500 MHz; DMSO-¢) & 119.26, 68.42, 65.63, 45.21,
17.97. IR (KBr)vmax 3501, 2975, 2914, 2876, 2251, 1495, 1370,
1267, 1173, 1108, 853 ¢n

4.2.2. 6,6-Bis(4-carboxy-2-oxabutyl)-4,8-
dioxaundecane-1,11-dicarboxylic acid (3)

The mixture of 5,5-bis(4-cyano-2-oxabutyl)-1,9-diap-3,7-
dioxanonane (50 g, 143.5 mmol) and 36% hydrochloric acid
(130 mL) was stirred and heated to 80°C in an oihbaAfter
30 min white solid starts to precipitate, and aidr of heating
the reaction mixture was cooled initially in cold egtand then

(r a refrigerator (-20°C). The precipitate of MH was filtered

nd washed with acetone (2x50 mL). The filtrate wagperated
in vacuum to give a mixture of solid and oily cornpds. A
portion of acetone (200 mL) was added to dissolveder
tetracarboxylic acid, and white precipitate (the residual )
was removed by filtration. The filtrate was evapadatevacuum
to give crudeb which was recrystallized from dry acetonitrile (70
mL). After removing of the obtained crystals theréite was
evaporated and the residue was repeatedly redizsthlfrom
Qcetonitrile. (The product crystallizes from acétie very
slowly therefore the solution was left at -20°C ovghn) Two
portions of solid products were combined to one @esiccation
of it in vacuum of oil pump afforded product as tehcrystals
(58.0 g; 137 mmol; 95% vyield), mp 99-101°C (MeCK)**f mp
104-106°C, lit** mp 107-109°C*H NMR (500 MHz; DMSO-
dg) 6 12.08 (br. s, 4H), 3.53 (t, 8H;6.3 Hz), 3.24 (s, 8H), 2.4 (t,
8H, J 6.3 Hz);"*C NMR (500 MHz; DMSOd,) & 172.63, 69.03,
66.75, 45.10, 34.68.

4.2.3. 6,6-Bis(5-hydroxy-2-oxapentyl)-4,8-
dioxaundecane-1,11-diol (4)

round-bottomed flask,
equipped with overhead stirrer, condenser (with gatie) and

2septum was purged with argon and charged with abs@ldfe

(200 mL) and BMS (borane dimethylsulfide) (61.5 n848.6
mmol; d 0.801 g/mL). The obtained solution was he:ate50°C
in an oil bath and stirred. The septum was exchangtd the
500 mL pressure-equalizing dropping funnel, which elaarged
with a solution of 6,6-bis(4-carboxy-2-oxabutyl)-4,8
dioxaundecane-1,11-dicarboxylic acgdd(55 g; 129.7 mmol) in
absolute THF (400 mL). The solution of acid was adde
dropwise to the stirred solution of BMS. After thedaidn was



complete, the reaction mixture was stirred and lefate1 h and
then cooled. Aqueous NaOH solution (25%; 150 mL) wasddd
dropwise to the vigorously stirred reaction mixtu@eganic layer
was removed and the residual crude product was édrdiom
alkaline solution with THF (2x100 mL). Organic lagewere
combined, dried with N&O, and the solvent was evaporated in
vacuum BTENCH!). The obtained crude product was
chromatographed on silica gel in CHEEtOH (gradient
10%—20% EtOH). The composition of fractions was controlled
by TLC (20% EtOH in CHG). The fractions containing product
were combined and evaporated to give pure te#ta@2.02 g;
86.9 mmol; 67% vyield) as a colorless oil,*fft. colorless viscous
liquid. *H NMR (500 MHz; DMSOd) & 4.37 (t, 4H,J 5.1 Hz),
3.40-3.46 (m, 8H), 3.35-3.40 (m; 8H), 3.25 (s, 8Hj11(q, 8H,

J 6.4 Hz);"*C NMR (500 MHz; DMSOd,) 6 69.19, 67.93, 57.95,
45.00, 32.63. IR (neat).x 3356, 2944, 2871, 1672, 1485, 1422,
1372, 1300, 1110, 644 ¢MESI HRMS m/z 369.2477 [M+H]
391.2295 [M+Nal] (calcd for GH3/05", 369.2483; GH30O:Na',
391.2302).

4.2.4. 6,6-Bis(5-azido-2-oxapentyl)-4,8-dioxa-
undecane-1,11-diol (5) and 6,6-bis(5-azido-2-
oxapentyl)-4,8-dioxa-11-azidoundecane-1-ol (6)

Mesyl chloride (3.73 g, 32.7 mmol) was added dropwisa
mixture of 6,6-bis(5-hydroxy-2-oxapentyl)-4,8-diaxadecane-
1,11-diol6 (4.00 g, 10.9 mmol) and triethylamine (5.31 mL,238
mmol, d 0.726 g/mL) in dry DCM (50 mL). The reactiaras
controlled by TLC (10% EtOH in CHgl starting alcoholR
0.33). After the con-sumption of all starting mékmreaction
mixture was washed with distilled water (2x50 mL) ancedl
over NaSQ, Evaporation of the solvent in vacuum gave
yellowish oily liquid. It was dissolved in dry DMSOQ3nL) and
sodium azide (7.00 g; 108 mmol) was added under aiign
stirring. Two days later TLC (50% EtOAc in hexaneazideR
0.5) showed that reaction was complete. Water (30 w3
added and the mixture of products was extracted fxamer with
EtOAc (3x100 mL); organic fractions were combined, veash
with distilled water (5100 mL) and dried over jS&,. After the
evaporation of the solvent in vacuum, the residues wa
chromatographed on silica gel (EtOAc in hexane, gradpf
EtOAc from 20 to 45%). The desired compouhdias obtained
as a colorless liquid, yield 1.38 g (3.1 mmol, 28)6'H NMR
(500 MHz; CDC}) & 3.73-3.81 (m, 2H), 3.59 (t, 2H,5.5 Hz),

5
mmol) in dry DCM (50 mL). The reaction was controllbg
TLC (10% EtOH in CHG, the intermediate tetramesylate tRas
0.79). After the consumption of all starting maaéthe reaction
mixture was washed with distilled water (2x50 mL) ancedl
over NaSQ,. Evaporation of the solvent in vacuum gave off-
white crude solid mesylate. It was dissolved in dry $1(30
mL), and sodium azide (7.0 g, 108 mmol) was addedeun
magnetic stirring. After 48 h the reaction mixtureswdiluted
with water (30 mL). Product was extracted from aqueayer
with EtOAc (3x100 mL), organic fractions were combined,
washed with distilled water (5x100 mL) and dried oMesSO;.
After the evaporation of the solvent in vacuum, desi was
chromatographed on silica gel (0 to 2% gradientEtdH in
CHCly). Slightly yellowish liquid produc? was obtained as an
oil; yield 3.40 g (7.2 mmol, 90%jH NMR (500 MHz; CDC}) &
3.47 (t, 8H;J 5.9 Hz), 3.39-3.35 (m, 16H), 1.83 (g, 8HH.3
Hz); °C NMR (500 MHz; CDCJ) & 69.81, 68.0, 48.63, 45.52,
29.18. IR (neatyna, 3334, 2928, 2871, 2802, 2097, 1486, 1460,
1372, 1301, 1263, 1112, 923 ¢mESI HRMS m/z 469.2734
[M+H]", 491.2551 [M+Na] (calcd for GHasNgOs', 469.2742;
CyH3NgOeNa'", 491.2562).

4.3. Synthesis of branched oligonucleotide conjugates

4.3.1. Conjugation of oligonucleotides on
branching points

Three- and four-fold building blocks were synthedistarting
from triazide 6 and tetraazide7 branching points and
oligonucleotides with alkyne modifications using pep
catalyzed click chemistry. The structure of alkynedification is
given in the Supporting Information. The full fuimetalization of
branching points with three and four oligonucleotiti@nds was
achieved by mixing 5-fold molar oligonucleotide egs with
triazide6 and 7-fold excess for tetraazideThe aqueous solution
of oligonucleotide and DMSO solution of the corregtiag
azide in ratio chosen were mixed with the additioh o
triethylammonium acetate buffer (pH 7) till the fina
concentration 0.2 M, 0.5 mM ascorbic acid and ON rGu-
TBTA solution in 55% DMSO. The total volume of readtio
mixture in 50% DMSO was adjusted to 0.3 mL. The sotutvas
saturated with argon before and after addition @ipeo complex
and left overnight. The products were precipitateth wi-fold
excess of acetone with addition of LiGl6€blution till 0.2 M final

3.46 (1, 6H:J 5.9 Hz), 3.32-3.43 (m, 14H), 2.58 (br. s, 1H), 1.77-concentration. Analysis and separation of productsrewe

1.89 (m, 8H);*C NMR (500 MHz; CDC)) & 71.46, 71.00,
70.18, 68.09, 62.55, 48.61, 45.27, 31.93, 29.11(n&at) viax
3449, 2929, 2871, 2097, 1718, 1459, 1300, 12631,1944 cri.

ESI HRMS m/z 444.2673 [M+H)] 466.2423 [M+Na] (calcd for
CiH3NgOs', 444.2677; GH3NgOsNa', 466.2497). Byproducts
tetraazider (1.318 g; 2.8 mmol; 25.8% vyield) and diazkl¢0.36

g; 0.9 mmol; 8% yield) were also isolated as cokwléquids.
(CAUTION! Azides are potentially explosive upon heating and
impact!” especially compounds having (C+O)/N ratio <3; thus
compoundss and7 should be treated carefully). NMR data for
diazide5: '"H NMR (500 MHz; CDCY) 5 3.74 (t, 4H,J 5.3 Hz),
3.58 (t, 4H,J 5.5 Hz), 3.46 (t, 4H) 5.9 Hz), 3.31-3.42 (m, 12H),
3.05 (s, 2H), 1.74-1.89 (m, 8HJC NMR (500 MHz; CDCJ) &
71.10, 70.87, 70.35, 68.17, 61.94, 48.64, 45.1188129.11. IR
(neat)vimax 3419, 2929, 2871, 2097, 1372, 1301, 1263, 1112, 94
cm’. ESI HRMS m/z 419.2604 [M+F] 441.2423 [M+Na]
(caled for GHzsNgOs', 419.2613; GH3NONa', 441.2432).

4.2.5. 6,6-Bis(5-azido-2-oxapentyl)-4,8-dioxa-1,11-
diazidoundecane (7)

Mesyl chloride (4.23 g, 37 mmol) was added dropwisthe
mixture of 6,6-bis(5-hydroxy-2-oxapentyl)-4,8-diaxadecane-
1,11-diol 4 (3.00 g, 8 mmol) and triethylamine (5.29 mL, 38

performed using HPLC and polyacrylamide gel eledtoopsis
(19% for Tybased products and 15% for D11 containing
products). The composition and stoichiometry ofiding blocks
was confirmed by electrospray mass-spectrometry.

4.3.2. Conjugation of Cy3, Cy5 and D11 on residual
azide group of building blocks

A building block with residual azide group(s) (1 ninelas
mixed with 1.5-fold excess of dye alkyne (or 3-fadcess of
D11 oligonucleotide) derivative in the same condisioas
described above for building blocks synthesis. fgeection was
left overnight and precipitated with addition of 2MCIO,
solution (20QuL) and 4-fold excess of acetone. The product was
dissolved in 4Q.L of MilliQ water and analyzed/isolated with
reverse phase HPLC (for Cy derivatives) or PAGE (forlD1
ODN derivatives). For structures of Cy3 and Cy5 dyes s
Supporting Information.
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