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ABSTRACT: Double stranded DNA hybrids containing up to
four consecutive, face-to-face stacked porphyrins are described.
Non-nucleosidic, 5,15-bisphenyl-substituted porphyrin building
blocks were incorporated into complementary oligonucleotide
strands. Upon hybridization multiple porphyrins are well
accommodated inside the DNA scaffold without disturbing
the overall B-DNA structure. The formation of double strands
containing up to four free base porphyrins is enabled without
compromising duplex stability. UV/vis, fluorescence, and CD
spectroscopy demonstrate the formation of porphyrins H-
aggregates inside the DNA double helix and provide evidence
for the existence of strong excitonic coupling between
interstrand stacked porphyrins. H-aggregation results in

considerable fluorescence quenching. Most intense CD effects are observed in stacks containing four porphyrins. The findings
demonstrate the value of DNA for the controlled formation of molecularly defined porphyrin aggregates.

B INTRODUCTION

The development of supramolecular architectures for the
controlled preparation of porphyrin arrays has received
considerable attention over the last decades.'”* The interest
originates largely from the desire to mimic naturally occurring
light-harvesting complexes, in which efficient energy transfer is
enabled by the interaction of highly ordered, protein-bound
porphyrins.’~ Modern materials science intends to elaborate
suitable approaches toward artificial systems with tunable
optoelectronic properties.'>"'* Chromophore organization can
be elegantly achieved by the site-specific functionalization of
DNA.”™" The use of modified phosphoramidites allows
placing functional molecules in a DNA network with high
precision.”>”** Modifications of DNA are routinely achieved by
chemical alteration of the nucleobases or the sugar, as well as
through linkages to the phosphate backbone.”>™** The
integration of porphyrin into DNA by the solid-phase method
for structural investigations was pioneered by Richert.*” Since
then, the number of applications of porphyrin—DNA
conjugates has continuously rown.** % Balaz and Berova
introduced porphyrin end-caps®”*® as effective optical reporters
for structure-sensitive studies of DNA.***' The construction
of porphyrin arrays along DNA of up to 11 molecules was
reported by Stulz.*’ Among the large number of papers on
porphyrin—DNA conjugates,”*>° few reports describe the use
of non-nucleosidic derivatives as base pair surrogates.””*%%”%
Recently, Zhang investigated the interactions of porphyrins in
GNA in detail®® and the authors clearly established face-to-face
stacking of two porphyrin molecules in the double helix. Yet,
questions about the structural and electronic interactions of
larger arrays of porphyrins stacked inside a double-stranded
DNA remained. Additional studies on multiporphyrin systems
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are essential for the general understanding of chromophore
interactions and may help in the design and construction of
discrete molecular wires.

This study describes the preparation and the properties of
porphyrin segments of up to four units within a DNA duplex.
We demonstrate that porphyrins preferably form H-aggregates
in a double helical framework. The close spatial proximity of
the chromophores leads to excitonic interactions which are
evident from UV/vis, fluorescence, and CD data. Furthermore,
the thermal denaturation experiments display that s-stacking
interactions of porphyrins contribute significantly to duplex

stability.

B RESULTS AND DISCUSSION

Synthesis of the Porphyrin Phosphoramidite and
Preparation of Oligonucleotides. The required phosphor-
amidite building block suitable for solid-phase DNA synthesis
was prepared as shown in Scheme 1. Condensation of aldehyde
1, prepared from 3-bromobenzaldehyde and 4-pentyn-1-ol,
with 2,2'-dipyrromethane (2)°” in the presence of trifluoro-
acetic acid gave the bis-hydroxy derived porphyrin 3.
Compound 3 shows the typical spectroscopic features of
porphyrins. The UV-spectrum of 3 in organic solvents, such as
THEF, exhibits an intense Soret band at 412 nm and four low-
intensity Q-bands (see Supporting Information (SI), Figure
S1). Subsequent protection of 3 with 4,4’-dimethoxytrityl
chloride provided derivative 4, which was converted into
phosphoramidite 5. The average stepwise coupling yields
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Scheme 1. Synthesis of Phosphoramidite 5
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Scheme 2. DNA Sequences Used in This Study and Schematic Illustration of Different Types of Hybrids Investigated”

ON1 5'- AGC TCG GTC AXC GAG AGT GCA
ON2 3'- TCG AGC CAG TXG CTC TCA CGT
ON3 ©5'- AGC TCG GTC XXC GAG AGT GCA
ON4 3’'- TCG AGC CAG XXG CTC TCA CGT
ON5 5'- AGC TCG GTC ATC GAG AGT GCA
ON6 3’'- TCG AGC CAG TAG CTC TCA CGT
ot

ON1*ON6  ON3*ON6
ON2*ON5 ON4*ON5 ON1"ON2  ON3"ON4
Set 1 Set 2

“Set 1 includes hybrids containing porphyrins opposite a natural nucleobase; hybrids in Set 2 have one or two porphyrin modifications in each strand

positioned as shown.

obtained for incorporation of § during automated oligonucleo-
tide synthesis were approximately 80% using a coupling time of
600 s. Four oligonucleotides (ON1—ON4, Scheme 2)
containing one or two porphyrin units were synthesized and
purified by RP HPLC and their molecular weights were
confirmed by MS (see Experimental Section and SI). ONS and
ONG6 serve as reference oligonucleotides.

Hybrid Stability. Thermal denaturation experiments were
carried out to establish the influence of the porphyrin
modification on duplex stability. Melting curves were measured
in the nucleobase region (260 nm) and at the Soret band (SI
Figures S$3—S5). The melting temperatures (T,) are
summarized in Table 1. Hybrid ONS*ONS6, which is used as
the unmodified reference duplex, has a T, of 72 °C. All hybrids
carrying porphyrin molecules opposite a natural base (Set 1, see
Scheme 2) show a relatively large decrease in the T, (AT,
~10—16 °C). This observation is in agreement with previous

1786

. . . 29,50, 2 .
findings that incorporation of one*”**%” or several** porphyrins

in the absence of interstrand porphyrin—porphyrin interactions
leads to a considerable reduction of duplex stability. Obviously,
stacking and hydrophobic interactions between porphyrin and
the DNA cannot counterbalance the energetic cost associated
with the loss of an AT base pair. On the other hand, hybrids of
Set 2 containing one or two modifications in opposite positions
possess approximately the same thermal stabilities as the
unmodified duplex. Thus, porphyrin—porphyrin interstrand
interactions compensate for the loss of binding energy of a
canonical base pair.

UV/vis Spectroscopy. Porphyrin interactions are conven-
iently monitored by UV/vis spectroscopy. The most prominent
changes occur in the Soret region. Absorption spectra of single
strands ON1—ON4 are shown in Figure 1. All oligomers
exhibit the signals expected for porphyrin—DNA conjugates:
the Soret band around 400 nm and four Q-bands (~500—640
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Table 1. Spectroscopic and T,, Data of Porphyrin-Modified Single and Double Strands”

Amax/ M log & Amay/ DM AA/ Q-bands 4,,,,/nm Aem/DM Aem/nM ) )
Sequence 20 °C 20 °C 90 °C nm® 20 °C T, (AT,)¢ 20 °C 90 °C ®/20°C H,%
ON1 411 5.55 408 3 508,542, 576,632 n/d 634; 696°  635; 697%  0.96° 6
ON2 414 5.52 408 6 508, 544, 579,633 n/d 636; 7005 635; 6978 1.008 9
ON3 392 5.07 391 1 510, 547, 580,636 n/d 641; 706" 642; 705" 020" 60
ON4 395 527 391 4 510, 547, 580, 636 n/d 641; 706"  642; 705" 0.16" 14
Set 1
ON1*ON6 410 5.54 408 2 507, 541, 575, 632 61(.4 °c§) 633; 695  636; 6985 0.96° 8
—10.
ON2*ONS5 408 5.54 408 0 507, 541, 573, 626 60(.2 °C") 631; 6945 636; 6985 0.90% -3
-118
ON3*ON6 392 5.26 391 1 511,547,580, 635 628 °C? (—=9.2)  642; 705"  642; 706" 023" 3
ON4*ONS 394 5.35 391 3 511, 546, 579, 634 56.0 °C 642; 705" 642; 706" 0.19" 11
(—16.0)
Set 2
ONI1*ON2 391 5.32 408 —17 510, 547, 577, 633 72(.2 C)d 638; 699 635, 6978 0.73% 033" 76
+0.2
ON3*ON4 390 497 391 —1 510, 545, 580, 635 70(.0 °C)d*f 643; 708" 642; 705"  0.14% 018" 102
-2.0

“Conditions: 1 4M of each strand, 10 mM sodium phosphate buffer pH = 7.2, 100 mM NaCl, 1 mM Na,EDTA. b )20 °C) = 1,..(90 °C) of the

Soret bands. “Relative to the unmodified duplex ON5S*ON6 (T, = 72.0

°C), estimated error +1 °C. “Value determined at 260 nm. “Value

determined at 408 nm. fVal_ue determined at 391 nm. ¥4,: 408 nm. h/lex: 391 nm. ‘Quantum yield relative to the oligomer ON2, which was defined
as 1.0 (for details see SI). "Hyperchromicity, the value was calculated from the Soret band maxima at 20 and 90 °C.
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Figure 1. Absorption and normalized emission (inset) spectra of single
strands containing one (top) or two (bottom) porphyrin units.
Conditions: see Table 1; A., 408 nm (ON1, ON2) and 391 nm (ON3,
ON4).

nm); the region below 300 nm is dominated by the absorption
of the nucleobases. All numerical data are summarized in Table
1. The hydrophobic aromatic part of DNA also supports
stacking interactions in single strands. In the present case,
interactions between nucleobases and porphyrins as well as
between two adjacent porphyrins (possible in ON3 and ON4)
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are confirmed by changes in the position of the Soret band.*® A
blue-shift of 19 nm is observed between the oligomers
containing a single (ON1, ON2) and those containing two
adjacent porphyrin modification (ON3, ON4, Table 1, A,..@
20 °C). A blue-shift of this magnitude suggests the presence of
face-to-face interactions of the neighboring porphyrins. In
single strands with one modification, the interaction between
porphyrin and nucleobases can be followed in temperature-
dependent experiments. Thus, a red-shift is observed in ON1
(3 nm) and ON2 (6 nm) when the temperature is decreased
from 90 to 20 °C (Table 1, column AZ). Hypochromicities
measured at the Soret band are small (<10%) in oligomers
containing a single porphyrin unit (ON1 and ON2) and larger
in those with two consecutive moieties (ON3 and ON4; 60%
and 14%).

Absorption spectra of the different double stranded hybrids
are given in Figure 2. Set 1 comprises the strand combinations
in which only intrastrand porphyrin interactions are possible.
The UV/vis spectra of these oligomers in dissociated (90 °C)
and hybridized form (20 °C) are depicted in Figure 2. Duplex
formation is accompanied by minor changes in the porphyrin
absorbance region. For example, the Soret band is not
(ON2*ONS) or only slightly red-shifted upon cooling, i.e.,
hybrid formation (see Table 1, A1). Also, the hyperchromicity
for the maximum of the porphyrin absorbance is rather small
for these samples (<11%).

Spectroscopic effects are much more significant in Set 2. This
set contains the strands which, upon duplex formation, bring
together porphyrins from the two single strands, thus
assembling porphyrin stacks inside the DNA double helix.
Formation of interstrand stacks results in strong excitonic
interactions between porphyrins. Hybridization of ON1 and
ON2, which bring together two porphyrins (Figure 3, top),
results in a considerable blue shift of the Soret band (391 nm in
the hybrid vs 411 and 414 nm in the single strands). A second,
weaker signal (shoulder) appears at 408 nm. Thermal
denaturation at 90 °C leads to the complete disappearance of
the 391 nm band and concurrent growth of the 408 nm band
(see Figure 4). At the same time, a strong hyperchromicity
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Figure 2. Temperature effect (90 vs 20 °C) in UV/vis spectra observed for oligomer combinations of Set 1. Conditions: see Table 1.
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Figure 3. Absorption and normalized emission (inset) spectra of
hybrids and single strands of Set 2 at 20 °C. Conditions: see Table 1;
Aex = 408 nm (ON1, ON2) and 391 nm (ON3, ON4).

(76%, Table 1) is observed. These changes 1provide strong
support for the presence of H-type interaction.’ ~** Along with
the blue shift of the Soret band, formation of porphyrin H-
aggregates has been reported to result in a red shift of the Q-
bands.** Such a red shift, albeit to a slight extent, is also
observed in the present system (see, e.g, Table 1). The
formation of the hybrid ON3*ON4, which results in a stack of
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Figure 4. Temperature effect (90 vs 20 °C) in UV/vis spectra
observed for oligomer combinations of Set 2. Conditions: see Table 1.

four porphyrins, is accompanied by a more complex behavior. A
substantial broadening of the Soret band (maximum at 390
nm) occurs, suggesting the presence of multiple electronic
interactions between the individual porphyrin molecules
(Figure 3, bottom). Additionally, a strong hyperchromicity of
~100% results from thermal dissociation. In summary, UV/vis
data support a model in which the hydrophobic porphyrins are
assembled in between the DNA base stack, thus maximizing 7-
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stacking interactions and minimizing exposure to the aqueous
environment.

Fluorescence Spectroscopy. The emission spectra of
porphyrin-modified single strands exhibit the characteristic
pattern of free-base porphyrin fluorescence. Upon excitation at
the Soret band, two separate emission bands are observed for
all samples in the area of 600—750 nm (Figure 1, insets). The
normalized emission spectra of ON1 and ON2 or ON3 and
ON#4 are essentially superimposable. Emission maxima of ON3
and ON4 are red-shifted (5—10 nm) compared to ON1 and
ON2 (Table 1, column A,,). When two porphyrins are
adjacent, their stacking leads to a quenching of the fluorescence.
Thus, single strands ON1 and ON2 have higher quantum
yields ((I)f, Table 1) relative to ON3 and ON4, which is in
agreement with the general observation that fluorescence of
porphyrin H-aggregates is quenched. Emission spectra of the
double strands of Set 1 are similar to those of the single strands.
This includes a small red shift of the emission bands of hybrids
ON3*ON6 and ON4*ONS compared to the duplexes
containing a single porphyrin incorporation. Furthermore, the
relative quantum yields are hardly changed upon duplex
assembly.

In Set 2, duplex formation does not result in substantial
changes in the shape of the fluorescence spectra with respect to
the single strands (Figure 3, insets). However, the relative
quantum yield (®; Table 1) strongly depends on the excitation
wavelength in hybrid ON1¥*ON2. It equals 0.73 when excited
at 408 nm compared to 0.33 after excitation at 391 nm. This
difference can again be rationalized by fluorescence quenching
due to H-aggregation (391 nm). In hybrid ON3*ON4,
however, the excitation wavelength exhibits a modest influence
on @, which is 0.18 (408 nm) and 0.14 (391 nm).
Interestingly, combining four porphyrin units by annealing
ON3 and ON4 within a DNA scaffold doubles the size of the
stack without a substantial loss in the quantum yield.

Excitation Spectra. For the single strands ON1 and ON2
containing a single porphyrin unit, absorption and excitation
spectra in the region of the Soret band coincide entirely (SI,
Figure S7). For doubly modified single strands (ON3 and
ON4) a modest broadening is observed due to electronic
interaction of the neighboring porphyrin rings. Hybrids of Set 1
show very similar behavior as the single strands (SI, Figure S8).
The picture changes with hybrids of Set 2, in particular, for
ON1*ON?2 (Figure S, top). Absorption and excitation spectra
for this hybrid differ significantly in the 370—420 nm region. As
described above (Figures 3 and 4), interstrand stacking of the
porphyrins leads to the splitting of the Soret band in the
absorption spectrum into a high-intensity blue-shifted and a
low-intensity red-shifted component. In the excitation spec-
trum, however, the signal intensity is reversed with the 408 nm
band being dominant. This is in alignment with the general
observation that the formation of H-aggregates (blue-shifted
band) results in a reduction of emission intensity.”> These
features are less well recognized in hybrid ON3*ON4 (Figure
S, bottom) since signals are considerably broadened due to
aggregation of four porphyrins.

CD Spectroscopy. Porphyrins are well-documented
reporters for structural studies on the basis of excitonic
coupling.**®” Single strands ON1 and ON2 exhibit weak or no
CD effects in the region of the Soret band (see SI Figure S9). A
weak induced CD signal at 408 nm is observed (Ae = 20
M ecm™) for ONI. Similar findings were reported for a
different type of single-stranded porphyrin—DNA conjugates.*®
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Figure S. Normalized UV/vis absorption and excitation spectra at 20
°C. Conditions: see Table 1; 4., 696 nm (ON1*ON2) and 706 nm
(ON3*ON4).

No significant signals are present for ON2 in the 400 nm
region. For ON3, which has two adjacent porphyrins, a strong,
complex signal (430 nm, Ae = +1S M~ ecm™" and 387 nm, Ae
—54 M~ cm™) is observed. ON4 exhibits only a very weak
positive signal 391 nm. All aforementioned features disappear
after unfolding of the strands at 90 °C (SI Figure S9).

CD spectra of duplexes are displayed in Figure 6. All hybrids
exhibit the typical DNA B-form signal in the nucleobase
absorbance region. Thus, porphyrins are well accommodated in
the double helix without perturbing the B-DNA structure to a
significant extent. For example, both ON1¥*ON6 and
ON2*0ONS have a weak induced CD (Ae = —13 M~' em™!
and —10 M™' cm™, respectively) with a maximum almost
coinciding with the Soret band (see also SI Figure S10). This
type of CD signal is strongly reminiscent of DNA-intercalated
cationic porphyrins.®”~”" CD spectra of ON3*ON6 show a
bisignate profile (424 nm, Ae = +8 M~ cm™ and 394 nm, Ae
—15 M™' cm™"), whereas hybrid ON4*ONS is basically CD
silent in this region. The most significant effects are observed in
Set 2. Interstrand porphyrin interactions in duplex ON1*ON2
lead to a bisignate Cotton effect due to exciton coupling (438
nm, Ae = =23 M ecm™ and 418 nm, Ae = +17 M~  em™).
Interestingly, the center of the couplet lies in the region of the
red-shifted absorption shoulder (see SI Figure S11). Negligible
CD activity is present, however, at the dominant absorption
signal (391 nm, Figure 3) ascribed to H-type (face-to-face)
aggregation. Finally, aggregation of four porphyrins in duplex
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Figure 6. CD spectra of double strands (left: Set 1; right: Set 2 at different temperature). Conditions: see Table 1.

ON3*ON4 gives rise to very intense signals. At the same time,
these signals are also rather complex (435 nm, Ae = +12
M ‘tem™, 408 nm, Ae = —68 M cm™ and 364 nm, Ae =
+25 M™'em™), which can be ascribed to the presence of
multiple porphyrin interactions.”” Again, all features disappear
upon heating to 90 °C, showing that the structural organization
of the porphyrins is governed by the DNA supramolecular
framework. The present approach demonstrates that multiple
porphyrins can be arranged in an intrahelical manner. A face-to-
face stacking arrangement is manifested by pronounced exciton
coupling and H-aggregation. This design enables the assembly
of well-defined porphyrin stacks and, at the same time, the
intrahelical organization reduces the potential for interhelical
aggregation.s'1

B SUMMARY AND CONCLUSIONS

In summary, we have presented the synthesis and spectroscopic
characterization of porphyrin—DNA conjugates. The required
phosphoramidite building block is accessible by a short, four-
step synthesis from commercially available reagents. Modified
oligonucleotides are prepared by incorporation of one or two
non-nucleosidic, §,15-bisphenyl-substituted porphyrins via
phosphoramidite chemistry. Hybridization of complementary
strands enables the formation of duplexes containing up to four
consecutive free base porphyrins. Pairwise placement of
porphyrins in opposite positions maintains duplex stability,
whereas a considerable reduction in the T,, is observed when
porphyrins are positioned opposite to natural nucleobases
(AT,, up to —12 °C per modification). UV/vis spectroscopy
supports a model of H-aggregated porphyrins assembled inside
the DNA double helix. H-aggregation results in considerable
fluorescence quenching. Furthermore, CD spectroscopy
provides additional evidence for substantial excitonic coupling
of interstrand stacked porphyrins; in particular, strong CD
effects are observed in the duplex with four stacked porphyrins.
Notably, stacks of multiple porphyrins are well accommodated
inside the DNA scaffold without disturbing the overall B-DNA
structure and duplex stability. The present findings demonstrate
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the value of DNA for the controlled formation of molecularly
defined porphyrin aggregates.

B EXPERIMENTAL PROCEDURES

The synthetic route leading to the phosphoramidite building
block and the porphyrin-modified oligodeoxynucleotides is
shown in Schemes 1 and 2, respectively.
3-(5-Hydroxypent-1-ynyl)benzaldehyde (1). 4-Bromo-
benzaldehyde (3 mL, 26 mmol), Pd(PPh,),Cl, (105 mg, 0.15
mmol), and Cul (55 mg, 1.5 mmol) were placed in a reaction
flask. After heating to 80 °C, triethylamine (50 mL) and 4-
pentyn-1-ol (3 mL, 31 mmol) were added. The reaction
mixture was stirred at 80 °C overnight. After cooling to room
temperature, 20 mL of EtOAc were added and a gray
precipitate was removed by filtration, and the filtrate was
concentrated. The product was purified by column chromatog-
raphy (SiO,, EtOAc/hexane, 1:2), which furnished 1.9 g (yield
40%) of 1. Analytical data for 1: Ry = 0.36 (SiO,, EtOAc/
hexane, 1:2). '"H NMR (300 MHz, DMSO), &: 9.99 (s, 1H,
—CHO), 7.92—7.81 (m, 2H, —CH,,), 7.70 (d, ] = 7.7 Hz, 1H,
—CH,), 7.58 (t, ] = 7.6 Hz, 1H, —CH,,), 4.56 (t, J = 5.1 Hz,
1H, —OH), 3.54 (dd, J = 11.5, 6.0 Hz, 2H, —CH,0H), 2.50 (t,
J = 7.1 Hz, 2H, —CH,CH,CH,), 1.71 (t, J = 6.6 Hz, 2H,
—CH,CH,OH). *C NMR (75 MHz, DMSO), &: 192.6, 136.7,
136.4, 132.4, 129.5, 128.2, 124.2, 92.2, 79.2, 59.4, 31.4, 15.3.
HRMS for C,H;,0,: found 188.0834 (calculated 188.0821).
5,15-Bis-3-(5-hydroxypent-1-ynyl)phenylporphyrin
(3). Compounds 1 (500 mg, 3.42 mmol) and 2°° (640 mg, 3.42
mmol) were dissolved in dry CH,Cl, (300 mL). TFA (0.4S
mL) was added dropwise. The reaction mixture was stirred at
room temperature for 2 h, and DDQ (770 mg, 3.42 mmol) was
added. The dark brown solution was stirred overnight.
Afterward, the reaction mixture was filtered through AlOx
using CH,Cl,/MeOH 96/4 system as eluent. The filtrate was
concentrated and purified by flash chromatography on AlOx.
The solvents were evaporated and the precipitate was collected.
This furnished 228 mg (yield 20%) of the title compound 3.
Analytical data for 3: R; = 0.3 (AlOx, CH,Cl,/MeOH 96/4).
'H NMR (300 MHz, DMSO), &: 10.66 (s, 2H, meso—CH),
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9.68 (d, J = 4.7 Hz, 4H, —CH from a porphyrin core), 9.02 (d, |
= 4.6 Hz, 4H, —CH from a porphyrin core), 8.24 (d, J = 2.2 Hz,
4H, —CH,,), 8.03—7.72 (m, 4H, —CH,,), 3.54 (t, ] = 6.2 Hz,
4H, —CH,OH), 2.58—2.50 (t, 4H, —CH,CH,CH,), 1.73 (t, ] =
6.6 Hz, 4H, —CH,CH,0H), —3.33 (s, 2H, —NH). The *C
NMR was difficult to measure due to a low solubility of 3.
HRMS (M+H") for C,,H3sN,O,": found 627.2740 (calculated
627.2755).
15-3-[(5-Hydroxypent-1-ynyl)phenyl]-5-3-{[bis(4-
methoxyphenyl)phenylmethoxyl-(pent-1-ynyl)phenyl}-
porphyrin (4). A solid 4,4'-dimethoxytrityl chloride (115 mg,
0.34 mmol) was added dropwise to solution of 3 (228 mg, 0.34
mmol) in dry pyridine (10 mL). The mixture was stirred
overnight, and the solvent was evaporated. The residue was
dissolved in a small volume of CH,Cl, and subjected to column
chromatography (AlOx, CH,Cl,/MeOH/NEt; 97.5/2/0.5).
This furnished 125 mg (yield 38%) of purple crystals. Analytical
data for 4: Ry = 0.45 (AlOx, CH,Cl,/MeOH/NEt; 97.5/2/0.5);
'H NMR (300 MHz, DMSO), &: 10.66 (s, 2H, meso—CH),
9.67 (s, 4H, —CH from a porphyrin core), 9.01 (dd, ] = 8.8, 4.6
Hz, 4H, —CH from a porphyrin core), 8.25 (s, 3H, —CH,,),
8.10 (s, 1H, —CH,,), 7.9—7.71 (m, 4H, —CH,,), 7.45—7.04 (m,
8H, —CH,,), 6.88—6.78 (t, ] = 25.4 Hz, SH, —CH,,), 4.53 (s,
1H, —OH), 3.54 (d, ] = 5.5 Hz, 2H, —CH,0H), 3.43 (s, 6H,
—OCH,), 3.14 (s, 2H, —CH,0ODMT), 2.59 (d, J = 26.9 Hz,
4H, —-CH,CH,CH,), 1.76 (dd, J = 23.7, 17.0 Hz, 4H,
—CH,CH,0H), —3.31 (s, 2H, —NH). *C NMR (75 MHz,
DMSO), 6: 157.8, 146.2, 144.9, 140.7, 136.8, 135.9, 133.9,
1327, 1307, 129.5, 127.6, 126.8, 126.3, 122.2, 117.6, 112.9,
105.8, 90.9, 85.2, 80.6, 61.3, 59.4, 54.6, 31.5, 28.4, 15.6. HRMS
for Ce3Hg,N,O,: found 928.3981 (calculated 928.2983).
15-3-[(5-Hydroxypent-1-ynyl)phenyl]-5-3-{[bis(4-
methoxyphenyl)phenylmethoxyl-(pent-1-ynyl)phenyl}-
porphyrin cyanoethyl (diisopropylamino)-
phosphoramidite (5). Compound 4 (125 mg, 0.128 mmol)
was dissolved in CH,Cl, (10 mL). After addition of DIPEA
(150 uL), a solution of 2-cyanoethyl-N,N-diisopropylchlor-
ophosphoramidite (40 mg, 0.166 mmol, 1.3 equiv) was added.
The mixture was stirred for 3 h. The solvent was evaporated,
and the residue was dissolved in EtOAc/NEt; 99.5/0.5 and
purified by column chromatography (EtOAc/NEt; 99.5/0.5),
furnished 110 mg (yield 73%) of S as a dark brown foam.
Analytical data for §: Ry = 0.9 (AlOx, EtOAc/NEt; 99.5/0.5);
'"H NMR (300 MHz, DMSO), §: 10.65 (s, 2H, meso—CH),
9.65 (dd, ] = 4.6, 1.9 Hz, 4H, —CH from a porphyrin core),
9.00 (dd, J = 7.0, 4.7 Hz, 4H, —CH from a porphyrin core),
824 (s, 3H, —CH,,), 8.10 (d, J = 4.1 Hz, 1H, —CH,,), 7.94—
7.70 (m, 4H, —CH,,), 7.48—7.00 (m, 8H, —CH,,), 6.90—6.71
(dd, J = 51.7, 7.1 Hz, SH, —CH,,), 3.81—3.63 (m, 4H, —CH,
aliphatic), 3.57—3.47 (m, 2H, —CH, aliphatic), 3.42 (s, 6H,
—OCHj;), 3.14 (t, J = 6.0 Hz, 2H, —CH,0ODMT), 2.77—2.55
(m, 6H, 4 X —CH,CH,CH, and 2 X —CHCH,), 1.85 (s, 4H,
—CH,CH,0H), 1.10—-0.98 (m, 12H, —CHCHj), —3.31 (s, 2H,
—NH). *C NMR (75 MHz, DMSO), &: 157.8, 146.2, 144.9,
140.7, 140.7, 136.8, 136.8, 135.9, 134.0, 132.7, 130.7, 130.6,
129.5, 127.6, 126.3, 122.2, 118.8, 117.6, 112.9, 105.9, 90.6, 85.2,
80.8, 61.5, 58.1, 54.6, 42.34, 29.1, 24.3, 19.8, 15.6. *'P NMR
(122 MHz, DMSO), &: 146.64. HRMS (M+H') for
C,,H;(NcOsP*: found 1129.5136 (calculated 1129.5140).
Oligonucleotide Synthesis and Purification. Oligonu-
cleotides were prepared via automated DNA synthesis by a
standard synthetic procedure (“trityl-of’ mode) on a 394-
DNA/RNA synthesizer (Applied Biosystems Instruments).
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The coupling time for phosphoramidite 5 (0.1 M solution in
THF) was elongated to 600 s. Cleavage from the solid support
and final deprotection were performed without delay after
completion of the oligonucleotide synthesis by treatment with
27% aqueous ammonia solution (Aldrich, Trace Select; note:
the use of high quality ammonia considerably reduces metal
contamination) at 5§ °C for 16 h. All oligonucleotides were
purified by reverse-phase HPLC (LiChrospher 100 RP-8, S ym,
Merck, Bio-Tek Instruments); eluent A = (Et;NH)OAc (0.01
M, pH 7.0)/CH,CN in 80/20 v/v; eluent B = CH,CN;
gradient 0—40% B over 22 min, then 40—100% B over S min.
Mass spectrometry of oligonucleotides was carried out with a
Sciex QSTAR pulsar (hybrid quadrupole time-of-flight mass
spectrometer, Applied Biosystems).
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