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Abstract—The synthesis and properties of a perylenediamide diol linker and several DNA hairpins possessing this linker are described. The
diol linker absorbs and fluoresces strongly in the visible. Hairpins having poly(dA)—poly(dT) stems have fluorescence quantum yields and
decay times similar to those of the linker, indicating that hole injection does not occur from the singlet excited linker into the base pair domain.
Fluorescence quenching by dG or dZ bases is observed when these bases are located near the linker. The strong distance dependence of
fluorescence quenching is consistent with a superexchange mechanism for electron transfer. Failure to observe formation of the linker anion
radical by means of femtosecond time resolved absorption spectroscopy is attributed to fast charge recombination. The properties and
behavior of the perylene linker and its hairpins are compared to those of other arenedicarboxamide linkers.

© 2007 Elsevier Ltd. All rights reserved.

1. Introduction

Fluorescent nucleoside analogs have been widely used as
probes of nucleic acid structure and properties. Several
approaches to the introduction of a fluorescent chromophore
into duplex DNA have been developed. These include the
use of fluorescent nucleobase analogs such as aminopur-
ine!? or aromatic nucleosides,>* which replace one or both
members of base pair, covalent modification of a nucleobase
with an appended chromophore, which protrudes into the
major or minor groove,>™ and 5'- or 3'-terminal appendage
of a fluorophore, which serves as a hydrophobic capping
group. 1011

The use of arenedicarboxamide linkers for the preparation of
bis(oligonucleotide) conjugates was introduced by Letsinger
and co-workers.'>!3 They found that conjugates having ter-
ephthalamide or 4,4'-stilbenedicarboxamide (TPA and SA,
Chart 1) linkers with short poly(dA)—poly(dT) ‘arms’ form
folded hairpin structures, rather than extended duplex struc-
tures. We and others have reported the synthesis and proper-
ties of numerous hairpin structures having a variety of
arenedicarboxamide!#~!¢ and the naphthalene and perylene
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bis(arenedicarboximide) linkers NDI and PDI (Chart 1)."7
The remarkable stability of synthetic hairpins possessing
short base pair stems is a consequence of hydrophobic 7t-
stacking interactions with the adjacent base pair and the
entropic advantage provided by a linker of appropriate di-
mensions.!® Molecular modeling of hairpins having SA
linkers indicates that the propyl side chains are sufficiently
long to permit 7t-stacking while providing conformational
flexibility in the hairpin loop region.!” While other linkers
including oligo(ethylene glycols) and disulfides have been
employed in the preparation of hairpin-forming conju-
gates,”?! these hairpins do not display significant thermo-
dynamic stabilization when compared to natural hairpin
loops composed of several nucleotides.*

Synthetic hairpins having arenedicarboxamide and diimide
linkers (Chart 1) have been employed in studies of DNA
photoinduced electron transfer.!*?3726 The singlet excited
state of the linker serves as an electron acceptor in these re-
actions and the base pair domain as the electron donor (hole
acceptor). The fluorescence of the DPA, NI, and PDI-linkers
in hairpins with poly(dA)—poly(dT) base pair domains is
completely quenched, indicative of highly efficient hole
injection into the poly(dA) domain.!”27-31

All of the arenedicarboxamide linkers reported to date have
absorption bands in the UV spectral region. A number of ap-
plications, including single molecule spectroscopic studies
and fluorescent labeling of cellular DNA would benefit
from the availability of a linker, which absorbs strongly in the
visible and has a high fluorescence quantum yield. We have
recently reported the use of a new perylenedicarboxamide
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Chart 1. Structures of the arenedicarboxamide and bis(dicarboximide) diol linkers.

linker (PerA, Chart 1) as an acceptor in our studies of the ori-
entation dependence of fluorescence resonance energy trans-
fer (FRET).>? Unlike the more widely used PDI linker,
which is a powerful electron acceptor and thus not suited
for use as a fluorescent probe in DNA conjugates,!”3!
PerA is strongly fluorescent except when -stacked with
guanine. We report here the synthesis and properties of the
PerA linker and several of its hairpin conjugates. These
properties are compared to those of the SA,** DPA,%’
NA,** PhenA,?> and PyA3° linkers that we have studied pre-
viously (Chart 1).

2. Results and discussion

2.1. Synthesis and properties of the perylenediamide
linker

The diamide diol linkers SA, DPA, NA, PhenA, and PyA
have all been prepared via the two step procedure of Let-
singer for conversion of the corresponding diacid to the di-
acid chloride followed by reaction of the diacid chloride
with 3-hydroxypropylamine.>”:!* The starting material for
the preparation of PerA was the perylenedicarboxylic acid
diisobutyl ester, which was purchased as the 3,9-isomer. It
was converted directly to the PerA linker via the cyanide-
catalyzed reaction with 3-hydroxypropylamine following
the procedure of Hogberg (see Section 4).>® Whereas both
the diester and the diamide have spectral properties consis-
tent with the presence of a single isomer, the DNA conju-
gates prepared from the diamide (vide infra) were obtained
as ca. 1:1 mixtures of isomers attributed to the presence of
both 3,9- and 3,10-isomers in the commercial material,
a conclusion later confirmed by the supplier. Thus the prop-
erties of the PerA linker are those of the isomer mixture.

The absorption and fluorescence spectra of PerA in methanol
are shown in Figure 1. Spectral data are reported in Table 1
along with data for other dicarboxamide linkers. Both the ab-
sorption and fluorescence spectra of PerA are broadened and

red-shifted compared to those of unsubstituted perylene.*’
The long wavelength absorption band of perylene is attrib-
uted to an essentially pure, allowed HOMO-LUMO tran-
sition, which is long-axis polarized.*>*! The fluorescence
quantum yield and decay time of PerA are similar to those
for perylene (®3=0.94 and 73=6.4 ns in cyclohexane).*
The fluorescence quantum yield is the largest of any arene-
dicarboxamide studied to date (Table 1).

The femtosecond transient absorption spectrum of PerA is
shown in Figure 2. It consists of a broad band centered at
690 nm and a negative band extending from 550 nm to
shorter wavelengths. The former, attributed to S; —S,, ab-
sorption of PerA, is blue-shifted and broader than the
corresponding transient absorption band for perylene
(Amax=710 nm).*> The latter is attributed to overlapping
stimulated emission (ca. 500 nm) and ground state bleach
(ca. 450 nm). Both the positive and negative bands have

PerA UV
—-—PerAFL

normalized absorption/fluorescence intensity
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Figure 1. Absorption and fluorescence spectra of PerA in methanol (ca.
20 pM).
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Table 1. UV absorption (maxima and absorbance), fluorescence (maxima, quantum yields, and lifetimes), and reduction potentials (ground and excited states) of

the arenedicarboxamide linkers (Chart 1)

Linker Aabs, N (log A) Ag, NM Dy T, NS Es, eV —E g, V& Exq
SA* 328 (4.45) 385 0.17 0.39 335 1.91 1.44
DPA® 305 (4.81) 351 0.33 0.22 3.76 1.98 1.78
NA® 340 (3.41), 296 (4.36) 373 0.56 12.0 3.55 2.05 1.50
PhenA? 370 (2.30), 303 (2.40) 374 0.48 18 3.35 2.03 1.32
PyA® 380 (3.52), 350 (4.52) 364 0.38 19 3.26 1.75 1.51
PerAf 453 (4.18) 489 0.93 5.9 2.70 1.37 1.33
4 Data from Ref. 33.
® Data from Ref. 27.
¢ Data from Ref. 34.
4 Data from Ref. 35.
¢ Data from Ref. 36.
T Current work.
€ Reduction potentials measured in DMF and reported versus SCE.
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Figure 2. Transient absorption spectra of PerA in methanol (ca. 10 uM) fol-
lowing excitation with 414 nm, 120 fs laser pulses. Inset: transient absorp-
tion kinetics at 691 nm of PerA following 414 nm, 120 fs laser pulses.
Nonlinear least-squares fit to the 1 ps—5.8 ns data is also shown.

decay times similar to the PerA fluorescence decay time
(Table 1).

The cyclic voltammogram for PerA in dimethyl formamide
(DMF) displayed two reversible reduction waves. The one-
electron reduction potentials for PerA and the other diamides
reported in Table 1 are referenced to SCE using ferrocene as
an internal redox standard. The absorption spectrum of the
anion radical PerA™ obtained by means of spectroelectro-
chemistry in DMSO consists of a strong band at 595 nm
(Fig. 3), similar in appearance to that reported for the
perylene anion radical by Knibbe et al.*?

2.2. Synthesis and structure of DNA conjugates

PerA was converted to its mono-protected, monoactivated
derivative by sequential reaction with dimethoxytrityl chlo-
ride to provide the mono-DMT derivatives followed by reac-
tion with 2-cyanoethyl diisopropylchlorophosphoramidite.
The modified linker was incorporated into bis(oligonucleo-
tide) conjugates (Chart 2) by means of conventional phos-
phoramidite chemistry using an Expedite synthesizer,
following the procedure of Letsinger and Wu.>” Conjugates
1-7 containing the PerA linker appeared as two closely-

T T T T T T T
300 400 500 600 700 800 900
Wavelength (nm)

Figure 3. Spectroelectrochemistry of PerA in DMSO (ca. 70 uM). Applied
voltage —1.8 V.

spaced peaks on HPLC, designated as a and b on the basis
of retention time. The two peaks for conjugates 1-4 were
separated by HPLC and found to have identical mass spectra
and similar UV and CD spectra and 260 nm melting temper-
atures. The long wavelength bands of the UV spectra have
the same vibronic structure as PerA (Fig. 1) indicating that
the hairpins do not form co-facial dimers, as has been ob-
served for perylene diimide linked hairpins.®! The melting
temperature of conjugates 1la and 1b is 62 °C, similar to
that for SA and PhenA linked hairpins having the same base
pair stem. Ty values for conjugates 2—4 (separate peaks) and
5-7 (mixture of peaks) are 66+1 °C; their higher values
when compared to 1 reflect the greater stability of a dG—
dC or dZ-dC base pair versus a dA—dT base pair.**

The CD spectra of conjugates 1a and 1b are shown in Fig-
ure 4. Both display peaks in the 200-300 nm spectral region
similar to that of poly(dA)—poly(dT), characteristic of A-
tract duplexes.*> No induced CD band is observed for the
PerA linker in the 400-500 nm spectral region, suggesting
that its electronic transition dipole is aligned with the
long-axis of the adjacent base pair.*® The fluorescence exci-
tation and emission spectra of 1a and 1b are shown in Fig-
ure 5. Both excitation spectra are similar to the absorption
spectrum of PerA; however, the emission spectrum of 1a is
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Chart 2. Base sequences for PerA-linked hairpins 1-8 and structures for the
purine bases.

less structured than that of 1b and the former has a slightly
longer singlet decay time (7s=6.8 ns vs 6.1 ns). The fluores-
cence emission spectrum of a mixture of 1a and 1b resem-
bles the sum of the component spectra, having a flattened
top rather than the symmetric band shape of PerA (Fig. 1).

The conjugates 1a and 1b are assigned to hairpins possessing
3,9- and 3,10-perylenedicarboxamide linkers on the basis of
their spectral properties and the propensity of pyrene to form
mixtures of isomeric diesters.*” We have not attempted to as-
sign a specific linker isomer to conjugates 1a and 1b. Since
the structures and properties of the diamides are similar,

1a

T T T T T
250 300 350 400 450
Wavelength (nm)

Figure 4. CD spectra of hairpins 1a and 1b (ca. 10 uM in 10 mM sodium
phosphate, pH 7.2, with 0.1 M NaCl). Spectra are average of 10 scans
with base-line correction using the buffer solution.

normalized intensity
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Figure 5. Fluorescence excitation and emission spectra of hairpins 1a (solid
lines) and 1b (dashed lines) in aqueous solution (ca. 5 pM in 10 mM sodium
phosphate, pH 7.2, with 0.1 M NaCl). Sharp features in the excitation spec-
trum are attributed to noise for the highly dilute samples.

their separation is not considered essential in all applications
and was not undertaken for conjugates 5-8.

2.3. Excited state behavior

Fluorescence quantum yield and lifetime data for the PerA-
linked hairpins are reported in Table 2. The high value of @4
and absence of short lived decay components in either the
fluorescence or transient absorption spectra of 1 indicate
that 'PerA does not oxidize the adjacent dA-dT base
pair.*® In contrast, extensive quenching is observed for hair-
pins 2, 5, and 6, which have dG or dZ base located near the
linker (Chart 2). The fluorescence decay times of 2 and 6 are
similar. The absence of a fast fluorescence decay component
for § is indicative of quenching that occurs faster than the in-
strument response (k,>10"" s7!). These results are analo-
gous to those previously observed for the PhenA linker?>
and are consistent with an electron transfer mechanism in
which !PerA is reduced and a neighboring dG or dZ base
is oxidized. Relatively weak long-lived fluorescence decay
components with decay times similar to that of 1 are ob-
served for 2, 5, and 6. These are attributed to the presence
of hairpins lacking dG or dZ bases as trace impurities.

The energetics of photoinduced charge separation and
charge recombination processes can be estimated using
Weller’s equations (Eqgs. 1 and 2)

A(;cs:E()X_Ered_ES"'C (1)

AC"cr = Ered - on (2)

where Eg and E .4 are the PerA singlet energy and reduction
potentials (Table 1), E, is the nucleobase oxidation poten-
tial, and C'is the solvent-dependent Coulombic attraction en-
ergy.*? Values of E,, for the 7t-stacked bases in the core of
DNA have not been measured but are assumed to be similar
to the values for the individual nucleotides in a polar aprotic
solvent (Chart 2).5° The value of C in a moderately polar
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Table 2. Fluorescence quantum yields and decay times, transient absorption decay times, and quenching rate constants for PerA-linked hairpins

Hairpin [ 4, NS° T PS° 107° kg, s
a b aand b

1 0.89 6.8 6.1 6.3

2 (1GC) 0.06 0.30¢ 0.28¢ 270 33

3 (2GC) 0.74 5.7 4.5 0.05

4 (3GC) 0.87 6.7 5.7 <0.01

5 (1ZC) <0.01 6.5¢ 0.8 (87), 21 (13) 1000

6 (2ZC) 0.20 0.20¢ 160 5.4

7 (3ZC) 0.82 5.6 0.02

8 (4ZC) 0.89

? Fluorescence quantum yield for separated isomers or a mixture of a and b.

" Fluorescence decay times (single exponential decay or major components) for separated or combined isomers a and b.
¢ Decay times obtained from fitting of 700 nm transient absorption decays. A single short lived transient is observed for 2 and 6. The short lived component of
the transient decay of 5 is best fit as a dual exponential (% of decay amplitude). Transient decay components with decay times comparable to or longer than the

3.5 ns time window for these measurements are observed for 1 and 3-7.

4 Longer lived fluorescence components attributed to small amounts of hairpins lacking G or Z bases are also observed for 2a and 2b (5.3 ns, ca. 10%) and for 5

(6.5 ns, 100%) and 6 (6.1 ns, ca. 20%).

environment is sufficiently small that it can be neglected.
The calculated values of AG., for oxidation of dA, dG,
and dZ for charge recombination, as are shown in Figure 6,
are +0.36, —0.09, and —0.38 eV, respectively.

The time resolved transient absorption spectra for 2 are
shown in Figure 7. The spectral band shape is similar to
that of the PerA linker (Fig. 2), however, the decay times
for both the positive and negative bands are much faster
for 2. The agreement of the transient decay times for 2 and
6 with the fluorescence decay times for these hairpins sup-
ports the assignment of the transient decay to 'PerA. In the
case of 5§ two fast decay components are observed, the
shorter lived one having the larger amplitude. Its 0.8 ps de-
cay time is consistent with our inability to detect a fast fluo-
rescence decay component. Conspicuous by its absence in
the transient spectra is the relatively narrow 595 nm band
of PerA™ observed by spectroelectrochemistry (Fig. 3). Ev-
idently, charge recombination of the charge-separated state
is sufficiently rapid to prevent detectable accumulation of
the transient PerA ™~ species, as is the case for other dyad sys-
tems having relatively low energy singlet charge-separated
states.!->2

Per -A*:
3.06
270 B _ Per-G*
AG Y\ 2.61
cs
B SR 2.32
Per--Z*
>
(0]
>
=)
% AGCT kcr
0.0
Per-B

Figure 6. Energy diagram for the PerA singlet state and the PerA™/B*" ion
pair states with the neighboring bases adenine, guanine, and deazaguanine.
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Figure 7. Transient absorption spectra of hairpin 2 in aqueous solution (ca.
10 pM in 10 mM sodium phosphate, pH 7.2, with 0.1 M NaCl) following
excitation with 414 nm, 120 fs laser pulses. Inset: transient absorption kinet-
ics at 691 nm of 2 following 414 nm, 120 fs laser pulses. Nonlinear least-
squares fit to the data is also shown.

The efficiency of fluorescence quenching and rate constant
for charge separation are strongly dependent upon the num-
ber of dA—dT base pairs separating PerA and the dG or dZ
hole acceptor, little quenching being observed for two or
more intervening base pairs. This distance dependence is
similar to that observed by Hess et al.>* for the photoinduced
charge transfer using an acridinium hole donor and dG or dZ
as hole acceptor. The inability of singlet acridinium or PerA
to oxidize dA limits the occurrence of charge separation to
a single step superexchange mechanism, which is strongly
distance dependent, rather than a hole hopping mechanism,
which is weakly distance dependent.>*

3. Conclusions

The properties of several hairpins having arenedicarbox-
amide linkers and poly(dA)—poly(dT) stems are summarized
in Table 3. For hairpins with the same stem length there
is little variation in thermal stability, as indicated by their
similar Ty; values. Evidently the differences in diamide
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Table 3. Melting temperatures, fluorescence quantum yields and decay
times, and hole injection mode for poly(dT)—poly(dA) hairpin conjugates

Linker Stem Ty, °C &y Tg, ns® Hole
length injectionh
SA* 6 59 038 0.045 (71), 22 (21) Rev
DPA® 5 55 <0.01 Irrev
NA® 5 53 0.01 031 (90),3.2(10) Rev
PhenA? 6 62 041 25 None
PyA° 6 56 037 0.01 (70), 4.5 (16), Rev
8.7 (14)
PerA’ 6 62 0.89 6.8 None

*T See Table 1 for literature references.

€ Values obtained from fluorescence decays. Pre-exponentials in parenthe-
ses.

h Rev=reversible, irrev=irreversible, none=no hole injection.

dimensions do not have a significant effect on hairpin stabil-
ity. Hairpins with PerA or PhenA linkers and poly(dA)—
poly(dT) stems have fluorescence quantum yields and life-
times similar to those of the linkers (Table 1), indicative of
their inability to inject a hole into the poly(dA) domain.
Hairpins having SA, NA, and PyA linkers display multiple
exponential fluorescence decay, with short lived compo-
nents, which are significantly shorter (Table 3) than those
for the linkers (Table 1). This behavior has recently been
attributed to reversible hole injection into the hairpin base
pair domain with charge recombination accounting for the
longer lived fluorescence decay components.*® Hairpins
having a DPA dicarboxamide linker or NI or PDI diimide
linkers'” are non-fluorescent as a consequence of rapid,
irreversible hole injection into the base pair domain.

Whereas the PerA-oligonucleotide conjugates cannot be
used for studies of photochemical hole injection, they are
well suited for other applications. Their low UV absorbance
in the 300-380 nm spectral region was exploited in our stud-
ies of FRET in doubly-labeled capped hairpins having an SA
fluorescence donor and PerA fluorescence acceptor.’> We
also envision their use as electron acceptors in doubly-
labeled capped hairpins having singlet state electron donors
at the opposite end of the base pair domain. The high fluores-
cence yield, long wavelength absorption, and resistance to
quenching by nucleobases (other than a nearest neighbor
dG (93% quenching) or second nearest neighbor dG (17%
quenching)) make the PerA chromophore potentially useful
in studies of cellular DNA.

4. Experimental section
4.1. General methods

UV absorption, fluorescence, and circular dichroism spectra
were obtained as previously described on samples contained
in 1 cm path length cells.*® Quantum yields for fluorescence
were determined using fluorescein in ethanol as a reference
standard (®3=0.79).>> CD spectra are the average of 10
scans with a data interval of 0.5 nm and a time interval of
2 s per point. The base lines are corrected by subtraction
of the spectrum of the buffer (10 mM phosphate, 0.1 M
NaCl) and the spectra are reported without smoothing.

Time resolved fluorescence was collected with a streak cam-
era detection system (Hammamatsu C4334) coupled to

a frequency-doubled cavity-dumped titanium—sapphire os-
cillator that provided excitation pulses at 391 nm. Spectra
were collected from 450 to 600 nm, encompassing the entire
fluorescence band of PerA, peaked at ~500 nm. Fluores-
cence lifetimes were determined using the integrated inten-
sity from 475-525 nm and by nonlinear least-squares fitting
to a convolution of the instrument response of the streak
camera with an exponential decay function. The temporal in-
strument response was 0.03 ns for fast kinetics (<1 ns) and
0.75 ns for slower kinetics.

Femtosecond transient absorption measurements were ob-
tained using an instrument outfitted with a CCD array
detector for the collection of spectral data at multiple delay
times following photoexcitation of the sample.>® The total
instrument response for the pump—probe experiments was
150 fs. Typically 5 s of averaging was used to obtain the
transient spectrum at a given delay time. Cuvettes with
a 2 mm path length were used and the samples were irradi-
ated with 0.5 pJ/pulse focused to a 200-pm spot. The optical
density at A, was kept between 0.2 and 0.4. Analysis of the
kinetic data was performed at multiple wavelengths using
a Levenberg—Marquardt nonlinear least-squares fit to a gen-
eral sum-of-exponentials function with an added Gaussian
instrument response function.

Electrochemical measurements were performed using a CH
Instruments Model 660A electrochemical workstation. The
solvent was dimethylsulfoxide containing 0.1 M tetra-n-
butylammonium perchlorate electrolyte. A 1.0 mm diameter
platinum disk electrode, platinum wire counter electrode,
and Ag/Ag,O reference electrode were employed. The ferro-
cene/ferrocinium (Fc/Fc*, 0.52 vs SCE) was used as an inter-
nal reference for all measurements. Spectroelectrochemical
measurements were performed in the homemade quartz cell
consisting of a 1 mm path length rectangular screw top spec-
trophotometric cuvette that is screwed into the bottom of
a Teflon beaker. Platinum gauze, 100 mesh, woven from
0.07 mm diameter wire was used as a transparent working
electrode. The electrode was placed in the 1 mm spectropho-
tometric cell and connected to the potentiostat output by
a platinum wire. The platinum wire counter and silver wire
reference electrodes were placed in the Teflon reservoir,
which held a solution of 0.1 M tetra-n-butylammonium per-
chlorate. The electrochemical workstation controlled the
potential of the working electrode, and a Shimadzu 1610A
UV-VIS spectrometer obtained the absorption spectra of
the redox species. All electrochemical measurements were
carried out under a blanket of argon. A series of absorption
spectra of the samples were taken until the potential induced
spectral evolution was complete, which usually took 7 or
8 min.

4.1.1. N3,N°-Bis(3-hydroxypropyl)perylene-3,9-dicarb-
oxamide (PerA). To a refluxing suspension of perylene-
3,9-dicarboxylic acid diisobutyl ester (TCI American,
0.35 g, 0.78 mmol) in 10 mL tetrahydrofuran was added 3-
hydroxypropylamine (7 mL, 0.09 mol) and catalytic sodium
azide.*® The solution became clear after several hours.
Refluxing was continued for 60 h, at which time no starting
material was detected by TLC. After cooling, a yellow pow-
der precipitated and was filtered and dried (0.26 g, 74%). 'H
NMR (DMSO-dg, 500 MHz) 6 1.76 (4H, m), 3.41 (4H, t),
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3.57 (4H,t),4.57 (2H, s), 7.61-8.61 (10H, m). MS: m/z454.5
(M*calcd). The diol was converted without further purifica-
tion to its mono-DMT derivative in 35% yield following the
method of Letsinger and Wu.?” MS: m/z 757.2 (M*calcd
756.9). The mono-DMT derivative was converted to its cya-
noethyl-N, N-diisopropyl phosphoramidite derivative imme-
diately prior to use in the preparation of conjugates 1-7
(Chart 2). Linker diols were incorporated into the conjugates
using conventional solid-supported phosphoramidite synthe-
sis. The conjugates were first isolated as trityl-on derivatives
by RP HPLC and then detritylated in 80% acetic acid for
30 min and repurified by HPLC. Structures were confirmed
by ES-MS and the purities were assured by analytical HPLC.
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