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THEHYDROLY SIS OF NAPHTHALENE DIIMIDES

by
MICHELLE B. KIM
Under the Direction of Dabney W. Dixon

ABSTRACT

The hydrolyses of naphthalene diimides (NDIs) bearing aliphatic side chains with N-
methylpyrrolidinium groups placed two (1) and three (5) atoms from the central core
were studied. The K, values for the first and second hydrolyses for 1 were 2.5 + 0.2 x 10°
M tand 2.0 + 0.1 x 10°> M™%, respectively; for 5they were 1.4 + 0.1x 10° Mt and 44 + 2
M, respectively. NDI 1 hydrolyzed 6.8 times faster than did 5. The rates for the first
and second hydrolyses of 1 at 100 mM hydroxide measured by stopped-flow were 17.0 +
0.2s'and53.0+ 0.1 x 102 s’ %, respectively. NMR showed both the syn and anti
isomers of the diamide species. Syntheses of other derivatives are reported. Overall, this
study shows that the rate of hydrolysis of NDlIsisincreased when the cationic chargeis

moved closer to the NDI core.

INDEX WORDS: Hydrolysis, naphthalene diimide, diimide, monoimide, diamide,
borate buffer.
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Chapter 1
1.1.1 INTRODUCTION
Water-soluble naphthalene diimides (NDIs) have found uses in awide variety of
applications. They are excellent electron acceptorsin aqueous solutions; '™ the
photophysics of these species has been well-studied in water.*® Photolysis of NDIs has
been used to reduce heme proteins;*® photoactivation of hydroperoxy derivatives has
been used to oxidize both proteins*'''? and DNA.**® Selected NDI derivatives are
examples of molecules that undergo spontaneous organization in agueous solution.'®18
The mgjority of studies of NDI in aqueous solution have involved binding to
nucleic acids. NDI derivatives have been known for many yearsto intercalate in duplex
DNA.2*?! Study of NDI binding to DNA is now extensive; leading references to studies
in the last ten years include those of binding to bulged duplexes,?? triplexes, 224
quadruplexes,®®?" hairpins,?® and DNA-RNA heteroduplexes.?® Molecules with the NDI
moiety have been shown to thread into DNA, with the diimide groupsintercalating and
the side chains or conjugating moieties lying in the grooves.?>* The NDIs can carry

4,35

reactive groups to the DNA including metal centers®** and alkylating agents.3®

Naphthalene diimides have been used to conjugate other nucleic acid binding species,

3738 and have been employed to stabilize DNA hairpins.®

thusincreasing their binding
Diimides intercalated into or covalently bound to DNA have been used extensively in
studies of photoinduced charge separation and charge recombination processes; leading

references are given.*®*® The facile reduction of NDI bound to DNA has allowed these

species to be used in the electrochemical detection of DNA.*6-%



In general, studies of NDI with nucleic acids involve cationic substituents on the
NDI side chains to favor electrostatic interactions between these side chains and the
phosphate groups of the nucleic acid. Side chains with a methylene group adjacent to the
imide nitrogen are necessary to prevent a steric clash between the side chain of the NDI
and the DNA. A cationic center no further than three atoms away from the central core
prevents self-stacking in aqueous solution, which can complicate DNA binding
measurements.*?

Recently, we have synthesized four new NDI derivatives (1 —4) with the cationic
center two atoms away from the central core (Figure 1.1). Although such types of

structures appear to be stable in neutral agueous sol ution, 31922051

we find that they are
quite sensitive to base. It has been known for some time that the diimide ring system can
react with alkali.>>* Attack of hydroxide opens first one of the imide rings, and then the
other, to give adiacid, diamide structure. Under forcing conditions, reaction of the
diimide with base can lead to loss of CO, and contraction of one of the rings.>>>°

Herein, we present a study of the base-catalyzed hydrolysis of NDI derivatives
with the cationic center both two and three atoms away from the central core. The former
isfar more labile to base both kinetically and thermodynamically. Stopped-flow and UV-
visible absorbance studies aswell as NMR data establish that the two imide ringsin

aliphatic naphthalene diimides are hydrolyzed sequentially.



1.2 Experimental
1.2.1 Materials

Nuclear magnetic resonance (NMR) spectra were recorded on Varian Unity+ 300
MHz and 600 MHz spectrometers. NMR samples for the parent NDIs were prepared in
0.5 ml of CDCl3 (Aldrich) in 5 mm NMR tubes. NMR samples for alkylated derivatives
were prepared in 0.5 ml of D,O (Aldrich) in 5 mm NMR tubes. Capillary electrophoresis
(CE) was carried out on a Beckman PACE 5500 instrument on a fused-silica capillary (60
cm x 75 pmi.d.) with a P/ACE diode array detector. The voltage used for
electrophoresiswas 11 kV and the sample was injected into the capillary using high
pressure injection for 6 s. Reverse polarity was used where the sample was injected from
the cathode and eluted to the anode. A mixture of NDI 4 and its monoalkylated precursor
was injected in deionized water; the running buffer was 50 mM sodium phosphate at pH
3.0. A mixtureof NDI 1 and its monoimidewas injected in 50 mM sodium tetraborate
buffer at pH 9.0; the running buffer was 50 mM sodium phosphate at pH 3.0. UV-visible
spectrawere recorded on a Varian Cary 50 UV -visible absorbance spectrophotometer.
The mass spectra were taken on a Micromass Q- TOF spectrometer.

To determine the equilibrium constants, samples of 1 and 5 were equilibrated in
buffer containing 100 mM sodium phosphate and 100 mM sodium tetraborate at
approximately 10 pH values. Fractions of each of the diimide, monoimide and diamide
were determined by taking linear combinations of the spectra of these three species. The
fraction of the monoimide as a function of the concentration of hydroxide wasfit to the
equationsin Chapter 2 using a nonlinear least squares fitting algorithm (Kaleidagraph,

version 4.01, Synergy Software, Reading, PA) to determine Kz and Kap.



A HiTech Scientific SF-61 DX2 Double Mixing Stopped-Flow system equipped
with temperature control was used to measure the absorption as a function of time after
mixing at various pH values and to fit the stopped-flow kinetic data. The temperature
was equilibrated to 25 °C. A xenon lamp was utilized to monitor absorbance at 372 nm.
A solution of 0.2 M NaOH was filtered twice using a 0.45 micron Nalgene filter
(Rochester, NY) prior to use. Compound 1 was dissolved in 18 MQ water. After
mixing, each sample was collected; the pH values of the samples were measured using an
InLab 412 pH electrode with an HA glass membrane that can withstand high pH (Mettler
Toledo, Columbus, OH).

The parent naphthalene diimide (NDI) derivatives were synthesized using
naphthalene-1,4,5,8-tetracarboxylic dianhydride (Alfa Aesar, Ward Hill, MA) with the
appropriate amine N,N-di-n-propyl-ethylenediamine (Karl Industries, Aurora, OH), 2-
(N-piperidino)ethylamine (Karl Industries), 4-(2-aminoethyl)morpholine (Alfa Aesar), N-
(2-aminoethyl)pyrrolidine (Alfa Aesar), 1-(3-aminopropyl)pyrrolidine (Alfa Aesar), and
N-(3-aminopropyl)morpholine (Fisher). Toluene (99.9%, Fischer Scientific, Fair Lawn,
NJ) was used as the solvent.

The parent NDIs were |eft unrecrystallized and each derivative was directly
alkylated using iodomethane (Aldrich) in the indicated solvent. The purity of the
derivatives was determined using *H NMR.
N,N’-Big[1-(3-pyrrolidinyl)propyl]-1,4,5,8-naphthalenetetr acar boxylic-1,8:4,5-
diimide. Naphthalene-1,4,5,8-tetracarboxcylic dianhydride (0.6 g, 2.5 mmol) and N-(3-
aminopropyl)pyrrolidine (1.2 g, 9.6 mmol) were mixed in toluene (75 ml) and allowed to

reflux with a Dean-Stark trap for 3 h. The orange brown mixture was filtered and the



filtrate was removed under vacuum. The orange solid was recrystallized from ethanol and
dried. *H NMR (CHCl5): & 1.65 [t, 8H, N(CH2CH,CH,CH,)], 1.98 [m, 4H,
NCH,CH,CH,N(CH>)a], 2.48 [t, 8H, N(CH,CH>CH,CH,)], 2.61 [t, 4H,
NCH2CH,CH2N(CH2)4], 4.30 [t, 4H, NCH2CHoCH2oN(CH,)4), 8.75 (s, 4H, Ar).
N,N’-Big[1-(3-N-pyrrolidinyl-N-methyl)propyl]-1,4,5,8-napthalenetetr acar boxylic
1,8:4,5-diimide. N,N'-Big 1-(3-pyrrolidinyl)propyl]-1,4,5,8-naphthal enetetracarboxylic-
1,8:4,5-diimide (66 mg, 0.13 mmol) was dissolved in chloroform (40 ml). lodomethane
(3.4 g, 27 mmol) was added to the dark brown solution which was alowed to stir
overnight at room temperature. A precipitate formed and it was filtered under vacuum
and washed with chloroform to give an orange-red solid. *H NMR (D20): 5 2.19 [m, 8H,
N*(CH2CH2CH,CH,)], 2.19 [t, 8H, NCH,CH,CH2N*], 2.96 [s, 6H, N*CH3], 3.45[t, 4H,
NCH,CH,CH;N"], 3.45[t, 8H, N*(CH2CH2CH.CH,)], 4.14 [t, 4H, NCH,CH,CHoN'],
8.51[s, 4H, Ar].
N,N’-Big[(2-N-pyrrolidinyl-N-methyl)ethyl]-1,4,5,8-napthalenetetr acar boxylic
1,8:4,5-diimide. Toamixtureof N,N’-big2-(N-pyrrolidinyl)ethyl]-1,4,5,8-

naphthal enetetracarboxylic-1,8:4,5-diimide (0.10 g, 0.22 mmol) and acetonitrile (10 ml),
iodomethane (4.6 g, 32 mmol) was added. After afew minutes, the orange-yellow
mixture turned into a red-orange solution which was allowed to stir overnight at room
temperature. A precipitate formed and was filtered under vacuum and washed with
acetonitrile to give an orange solid. *H NMR (D;0): 5 2.46 [t, 8H,
N*(CH,CH,CH,CH,)], 3.47 [s, 6H, N*CH3], 3.86 [t, 8H, N*(CH2CH>CH>CH,)], 3.86 [t,

4H, NCH,CH,N'], 4.86 [t, 4H, NCH,CH,N™), 8.97 (s, 4H, Ar).



N,N’-Bis[(2-N,N-dipr opyl-N-methylamino)ethyl]-1,4,5,8-napthalenetetr acar boxylic
1,8:4,5-diimide. N,N’-Big[(2-N,N-dipropylamino)ethyl]-1,4,5,8-

napthal enetetracarboxylic-1,8:4,5-diimide (0.12 g, 0.22 mmol) was dissolved in
chloroform (10 ml) and iodomethane (4.6 g, 32 mmol) was added. The dark brown
solution was allowed to stir overnight at room temperature. A precipitate formed and
was filtered under vacuum and was washed with chloroform and the resulting solid was
dark redin color. *H NMR (D;0): 5 1.21 [m, 12H, N*(CH2CH2CHa)2], 2.06 [m, 8H,
N*(CH,CH2CHs),], 3.39 [s, 6H, N"CHj3], 3.59 [t, 8H, N*(CH,CH>CHs),], 3.79[t, 4H,
NCH,CH,N*], 4.77 (t, 4H, NCH,CH,N*), 8.94 (s, 4H, Ar).
N,N’-Big[(2-N-piperidinyl-N-methyl)ethyl] naphthalene-1,4,5,8-bis(dicar boximide).
N,N’-Big (2-N-piperidinyl)ethyl]-1,4,5,8- napthal enetetracarboxylic-1,8:4,5-diimide (0.11
g, 0.23 mmol) was dissolved in chloroform (20 ml). lodomethane (4.6 g, 32 mmol) was
added to the light brown solution which was alowed to stir overnight at room
temperature. A precipitate formed and was filtered under vacuum and was washed with
chloroform to give apurple solid. *H NMR (D0): & 1.90 [m, 4H, N*(CH,
CH>CH>CH,CH>)], 2.16 [m, 8H, N*(CH,CH,CH,CH,CH,)], 3.47 [s, 6H, N*CH3], 3.66
[t, 8H, N"(CH>CH,CH,CH,CHy)], 3.89[t, 4H, NCH,CH,N"], under D,O peak [t, 4H,
NCH,CH,N*), 8.99 (s, 4H, Ar).

N,N’-Big 2-(4-mor phyl-N-methyl)propyl]-1,4,5,8-napthalenetetr acar boxylic-1,8:4,5-
diimide. N,N’-Big[2-(4- morpholinyl) propyl]-1,4,5,8-naptha enetetracarboxylic-1,8:4,5-
diimide (0.12 g, 0.25 mmol) and was suspended in acetonitrile (10 ml). lodomethane
(2.3 g, 16 mmol) was added to the orange mixture and was allowed to stir overnight at 60

°C. The mixture was filtered under vacuum and was washed with acetonitrile to give a



red-orange solid. *H NMR (D,0):  3.72 [s, 6H, N*CH3], 3.96 [t, 8H,
N*(CH,CH,OCH,CH,)], 4.10 [t, 4H, NCH,CH,N™, 3 4.41[t, 8H,
N*(CH2CH>OCH,CH5)], 4.95 [t, 4H, NCH>CH,N"), 9.09 (s, 4H, Ar).

N,N’-Big[(3-mor pholinyl-N-methyl)propyl]-1,4,5,8-napthalenetetr acar boxylic
1,8:4,5-diimide. N,N'-Big[(3- morpholinyl)propyl]-1,4,5,8- napthal enetetracarboxylic
1,8:4,5-diimide (0.47 g, 0.91 mmol) and was dissolved in chloroform (60 ml).
|lodomethane (4.6 g, 32 mmol) was added to the red-orange mixture and was alowed to
stir at 60 °C for 2 days. The mixture was evaporated and washed with hot water (10 ml).
A yellow solid, similar to unalkylated NDI, was filtered and the filtrate was collected and
alowed to crystallize. The crystals were filtered to give ayellow solid. *H NMR (D20):
§ 2.64 [m, 4H, NCH>CH,CH,N"], 3.57 [s, 6H, N*CH3], 3.79 [t, 8H,
N*(CH,CH,OCH,CH)], 3.90 [t, 4H, NCH,CH,CH,N"], 3.90 [t, 8H,

N*(CH»CH,OCH,CH>)], 4.60 [t, 4H, NCH,CH,CH,N"), 9.0 (s, 4H, Ar).

1.3 RESULTS

1.3.1 Synthesis

The NDI derivatives (Figure 1.1) were synthesized via condensation of one equivalent of
naphthalene-1,4,5,8-tetracarboxylic dianhydride and two equivalents of the starting
amine. The mixture was refluxed in toluene using a Dean Stark trap for 3 h.

The NDI derivatives were akylated with iodomethane. Solvents including acetonitrile,
chloroform, DMF and ethanol were used. Generally, the best results were achieved with
alarge excess of iodomethane in chloroform with stirring overnight at room temperature.

The morpholine derivatives, however, alkylated more slowly in chloroform. After



stirring overnight at room temperature, the CH,CH,-morpholine derivative gave a
mixture of the dialkylated (4, singlet at 8.96 ppm) and the monoalkylated (AB quartet at
8.83 ppm) products, as seen from appropriate peaksin the *H NMR spectrum. Consistent
with the NMR spectra, capillary electrophoresis (CE) showed two peaks at 15.8 min and
16.4 min with baseline separation. Complete alkylation for the CH,CH»-morpholine
derivative was achieved in acetonitrile with alarge excess of iodomethane at 60 °C for 12
h.3* For the CH,CH,>CH.-morpholine derivative, complete dialkylation did not occur
after two days in alarge excess of CHCI3; and iodomethane at 60 °C. The dialkylated
product was dissolved in hot deionized water and the residue (unalkylated and partially
alkylated material) removed by filtration.

1.3.2 UV-visible absorbance spectr oscopy

The hydrolysis of therings of 1 was followed by UV-visible absorbance spectroscopy.
The starting diimide had two bands at 360 and 380 nm. In aborate buffer solution at pH
9.0, these bands decreased in intensity over time with three isosbestic point at 271, 306,
and 352 nm (Figure 1.2).

In a second experiment, increments of NaOH were added to a samplein 50 mM
phosphate buffer to give pH values of 8.0 - 13.1. Asthe base was added, the spectra were
first seen to change from the diimide to a species with a broad peak from 350 to 370 nm,
assigned as the monoimide (Figure 1.3). Further addition of base gave conversion of the
monoimide to the diamide, with a peak centered at 308 nm. An isosbestic point at 326
nm was observed for this second transition. The maximum concentration of the
monoimide occurred at pH 10.2. Figure 1.4 shows the spectra of the diimide,

monoimide, and diamide.



A series of solutions of 1 were prepared at pH values ranging from 7.5 - 12.3. In
each case, the system was allowed to reach equilibrium. Figure 1.5 shows the
percentages of the three species as a function of the pH of the solution. The K, values for
conversion of the diimide to the monoimide (Ka1) and monoimide to the diamide (Kz2)
were 2.5+ 0.2x 10° M Yand 2.0 + 0.1 x 10° M2, respectively. A similar experiment was
performed for 5, in which the cationic charge is separated by an additional methylene
group from the imide center. The K, valueswere1.4+0.1x10° M tand44+2 M,
respectively.

1.3.3 NMR and capillary electrophoresis studies

NMR spectra as a function of pH were consistent with the proposed structures of the
three species. For example, the aromatic protons of the diimide 1 appeared as a singlet at
8.97 ppmin D20O. At apH of approximately 12, the monoimide was seen as two Sets of
doublet of doublets from 7.62 ppm and 8.28 ppm (Figure 1.6). The diamide was seen as
aseriesof six peaks at approximately 7.4 ppm. Two singlets at 7.39 and 7.43 ppm were
ascribed to the syn isomer. An AB-quartet centered at 7.4 ppm with a coupling constant
of 7.2 Hz was ascribed to the anti isomer. At 30 °C the compound was a 44/56 mixture
of the syn and anti isomers. In addition to the peaks above, small amounts of unidentified
hydrolysis products were observed. When the NMR tube was allowed to stand at room
temperature for five days, it was found that the pH had decreased and that the monoimide
concentration had increased. This observation was consistent with previous studies that
ring opening is reversible.®%%3

A sampleof 1 at pH 9.0 was also evaluated by capillary electrophoresis with

diode array detection. Only two peaks were seen in the electropherogram (Figure 1.7).
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The peak with the shorter migration time was the diimide and that with the longer
migration time was the monoimide as determined from their absorbance spectra.
1.3.4 Kineticsof ring hydrolysis: diimide to monoimide
The hydrolysis of 1 from the diimide to the monoimide was followed by UV-visible
spectroscopy as a function of pH in borate buffer. At apH of 9.6, the approximate half-
lifewas5 min. The observed rate constant kqps, calculated from the change in absorbance
at 380 nm, increased linearly with the concentration of hydroxide (Figure 1.8). Because
the reaction is reversible, the kinetics are expressed in terms of the sum of the forward
(k1) and reverse (k) rate constants.

Kobs = ki[OH'] + k2
A plot of kgs vs. [OH"] gave asecond order rate constant of 130+ 3M s, The
intercept, corresponding to k, waslessthan 10 *s . Thereverserate was also calculated
from the forward rate and the percentages of diimide and monoimide given the
experimental K4 for the interconversion. The average k» for the five points shown in
Figure 1.8 was 5.2+ 0.3x 10% s'*. The similarity of these two methods of calculating k
indicatesthat the contribution of water itself to the hydrolysis of the NDI is small.

A similar measurement for homolog 5 (Figure 1.9) gave a second order rate
constant of 20.0 + 0.4 M s !, Theintercept waslessthan 2x 10 °s1. Thereverserate
calculated from k; and the equilibrium datawas 7.5+ 1.2x 10° s %,

1.3.5 Kinetics of ring hydrolysis: monoimideto diamide
At the concentrations of hydroxide necessary to observe significant amounts of the
diamide ( > 0.005 M), the hydrolysis reactions are too fast to measure by conventional

UV-visible absorption spectroscopy. Therefore, the reaction was studied using a
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stopped-flow spectrophotometer. Figure 1.10 shows a plot of the absorbance at 372 nm
asafunction of time at 0.1 M NaOH in the absence of buffer. Thiswavelength was
chosen for easy visualization because the absorbance changes from the diimide to the
monoimide and monoimide to diamide are the same. Data are the average of nine
individual kinetic runs, fit to two consecutive first-order reactions. The observed rates
for the first (Kobsz) and second (Kepso) hydrolysis processes were 17.0+ 0.2 s * and 53.0 +

0.1x102s?, respectively.

1.4 DISCUSSION
1.4.1 Thekineticsand equilibria of ring opening
In thiswork, we have compared the ring opening reactions of 1 and 5. The conversion of
the diimide to the monoimide is approximately 7-fold faster for the compound with the
charge closer to the NDI central core; the half-livesat pH 9.6 are about 5 min (Figure
1.11) and 30 min (Figure 1.12), respectively. The faster reaction of the compound with
the cationic charge closer to the imide is presumably due to electrostatic stabilization of
the negatively charged transition state.

Equilibrium studies show that 1 converts from the diimide to the monoimide with
aKgy of 2.5+ 0.2 x 10° M~ ! and from the monoimide to the diamide with a K of 2.0 +
0.1x 10° M. Expressed as apparent pK, values, these are 8.61 and 11.8, respectively.
The conversion from the diimide to the monoimide for NDI 5 was Ky of 1.4 + 0.1 x 10°
M and from the monoimide to the diamide with a K of 44+ 2 M™*, respectively.

Expressed as apparent pK, values, these values are 8.8 and 12.4, respectively.
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Comparison of the equilibriafor 1 and 5 shows that the ring-opened form of 1 isfavored
by afactor of 1.8 for the first hydrolysis and 4.5 for the second hydrolysis.

Our work may be compared with that of K heifets and Martyushina.®> They
reported an apparent pK, of 9.3 for the NDI with CH,CH>CH>CH,>CH,CO," side chains.
They also reported that neither the NDI with positively charged (CH,CH,CHN"Mes) or
with negatively charged (CH,CH,CH,SO3") aliphatic side chains showed ring-opened
formsat pH 7.5. Inour study, 1 isabout 3% in the ring-opened form at pH 7.5. Thus,
although the extent of ring opening is small, the NDI is interconverting between the ring-
closed and ring-opened forms at physiological pH.

Aliphatic NDI derivatives are significantly more stable toward base than their
aromatic counterparts. For example, the dicationic NDI with N-ethylpiperdinylphenyl
[-CeHa-N*(Et)CsHa0] side chains was about half converted to the monoimide at pH 6.7.%2
The monoimide in turn was about half converted to the diamide at about pH 9.9. The
corresponding apparent pK, values for the hydrolyses of the dianionic NDI (-CgHs-SO3°
side chains) were 7.0 and 10.4. Thus, the presence of a cationic center in the side chain
facilitates ring opening slightly in these systems; both are significantly more prone to ring
opening in basic solution than are the aliphatic derivatives.

Our study isthefirst to measure the rate of ring opening of the monoimide to the
diamide. At 100 mM, the rates of the first and second hydrolysiswere 17.0 + 0.2 s * and
53.0+ 0.1x 10°%s!, respectively. Thus, thefirst reaction is about 30 times faster than
the second. A recent study of the hydrolysis of naphthalene-1,4,5,8-tetracarboxylic
dianhydride also showed that the first hydrolysis was faster than the second; in this case

the difference was approximately afactor of 190.%”
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Therates for ring closure were 7.5 + 1.2 x 10°° s ! for conversion of the diamide
to the monoimide and 5.2 + 0.3 x 10" * s'* for conversion of the monoimide to the
diimide. Thus, the second closure is about seven times faster than the first. Thering
closure rate constants calculated from the intercept of the plot and from the on rate and
the equilibrium constant are similar, indicating that contribution of water itself to the
hydrolysis of the NDI issmall. A similar conclusion regarding the participation of water
in the hydrolysis was reached earlier.>® A minimal contribution of water has also been
shown in the hydrolysis of the naphthalene-1,4,5,8-tetracarboxylic dianhydride.>’

Borate can sometimes act as acatalyst in hydrolysis reactions.®® To determine
whether borate played arolein hydrolysis of the diimide, expected rates of ring opening
at low pH (UV-visible range of experiments) were calculated from that measured at pH
13 with hydroxide alone (stopped- flow experiment). These calculated rate constants
were in each case within 30% of the measured rate constants, arguing that borate does not
catalyze the ring opening in this diimide system.>®
1.4.2 Syn and anti isomers of the diamide
NMR spectroscopy allowed visualization of all three speciesin solution. In previous
work, Kheifets and Martyushinarecorded NMR spectra of an aromatic NDI as a function
of pH.>? Datawere difficult to interpret, however, due to the overlap of the naphthalene
protons and the side chain protons at the field then available (100 MHz). In the current
study, the NMR of 1 at 600 MHz allowed clear visualization of each of the aromatic
peaks. The diimide and monoimide were the expected singlet and AB quartet,
respectively. The diamide showed a series of six overlapping peaks, all of which were

resolved at 600 MHz. The spectra were consistent with a mixture of the syn and anti
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isomers of this compound. To our knowledge, thisisthe first report of both isomers.
The amounts of the syn and anti isomers are similar, indicating that there is very little
energy difference between these two species.

NMR taken over time showed that this reaction was freely reversible, as has been

found previously.>® Reversihility of amonoimide ring opening has also been observed.>®
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Chapter 2

2.0 Naphthalene diimidesin chemistry. Asdetailed in Chapter 1, naphthalene
diimides have many different rolesin chemistry, in particular as redox reagents and in
binding to nucleic acids. In conjunction with a study of the binding of these molecules to
DNA, we synthesized four new NDI derivatives with cationic centers two atoms away
from the central core. Moleculesin this class have been synthesized before,31922°9°1 pyt
there has been no detailed study reported of the DNA binding of such derivatives.

In conjunction with these studies, it became apparent that our molecules could
undergo ring opening very easily in base. Work done many years ago on NDI derivatives
with charges further along the side chain from the central core had indicated that they
wererelatively stable in aqueous solution.®>>® No study of the compounds with the
cationic center two atoms away had reported difficulties with spontaneous hydrolysis.
However, our finding that these molecules are quite base sensitive led us to study the ring
opening of these speciesin alkaline agueous solution. To understand the effect of the
position of the charge on hydrolysis, we aso synthesized a derivative with the cationic
charge three atoms away from the ring (5).

Chapter 2 begins by discussing additional details of the synthesis and
spectroscopy of these species that were not elaborated in Chapter 1. Wethenturnto a
discussion of the literature relevant to the hydrolysis of the NDI moiety and the related
dianhydride. Thisincludes adiscussion of the possibility of buffer-catalyzed ring
opening. Finaly, we discuss additional aspects of the kinetic and equilibrium studies not

presented in Chapter 1, particularly with regard to stopped- flow measurements.
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2.1 Synthesis

2.1.1 Preparation of naphthalene diimides. The naphthalene derivatives were
synthesized via a condensation reaction (Figure 2.1) using naphthalene-1,4,5,8-
tetracarboxylic dianhydride (Alfa Aesar, Ward Hill, MA) with the appropriate
propylamine: N,N-di-n-propyl-ethylenediamine (Karl Industries, Aurora, OH), 2-(N-
piperidino)ethylamine (Karl Industries), 4-(2-aminoethyl)morpholine (Alfa Aesar), N-(2-
aminoethyl)pyrrolidine (Alfa Aesar), 1-(3-aminopropyl)pyrrolidine (AlfaAesar), and N-
(3-aminopropyl)morpholine (Fisher). Toluene (99.9%, Fischer Scientific, Fair Lawn, NJ)
was used as the solvent. The condensation reaction was achieved using a Dean-Stark trap
that removed the water from the toluene-water which azeotropes. The purity of the
derivatives was determined using *H NMR. The derivatives were directly akylated using
iodomethane (Aldrich) in the appropriate solvent and were not recrystallized.

2.1.2 Diethyl Derivative. The condensation reaction of the naphthalene with a primary
amineisusualy acolored reaction. Normally when heat is applied, the reaction will
proceed from adull color corresponding to the naphthalene dianhydride to a bright color.
A color change did not occur for the diethyl derivative. UV-visible and infrared (IR)
spectra were inconsistent with a naphthalene diimide. The UV-visible spectrum had
peaks at 343 nm and 364 nm while the IR spectrum lacked key features indicative of the
imide system such as an extra carbonyl band and almost all C-H bands. The only peaks
visible were aweak band at 3079 cm * and 1763 cm* (data not shown). These spectra
indicated that the reaction did not proceed to the desired product and this derivative was

not pursued further.
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2.1.3 Alkylation. The naphthalene diimide derivatives were alkylated using
iodomethanefollowing a number of different literature procedures. Methods from
Steullet and Dixon were used where the NDI derivative was akylated with a significant
excess of iodomethane in asolvent at 60 °C for 12 h.*° For example, the
aminoethyldipropyl NDI 2 was alkylated on a 0.2 mmol scalein 10 ml of acetonitrile
with 143 equivalents of iodomethane. The *H NMR spectrum showed that the product
wasthe pure dialkylated NDI.

Alkylation was also attempted without heating.*® The aminoethylpyrrolidine NDI
(precursor to 1) was akylated using acetonitrile on a 0.2 mmol scale with 148 equivalents
of iodomethane as the solvent; the mixture was allowed to stir for 12 h. A visible change
in color from yellow-orange to dark red-orange was observed. The *H NMR indicated
pure product. The aminopropylpyrrolidine derivative (precursor to 5) was synthesized
successfully in acetonitrile as well.

Overall, akylation with iodomethane was most successful in chloroform at room
temperature using a significant excess (63 to 560 equivalents) of iodomethane, with the
exception of the two morpholine derivatives (discussed below). During alkylation, a
notable color change occurred in many of the reactions. In general, those reactions which
showed a color change also gave alkylated products. All NDIsin this study were soluble
inwater.

Alkylation of the aminoethylmorpholine NDI (precursor to 4) was more difficult.
Aninitial attempt involved DMF as the solvent at 60 °C for 12 h.*° In this the reaction,
0.10 mmol of the precursor was dissolved in 10 ml of DMF and 560 equivalents of

iodomethane were added. During heating, a color change from orange to red was
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observed. NMR of the product showed chemical shiftsin the aliphatic region consistent
with alkylation, but impurity peaks in the aromatic region were present. Recrystallization
from water did not give pure product. A second attempt involved 0.10 mmol of the
precursor in 25 ml of diethyl ether with 6.3 mmol of iodomethane in the dark for 1 day at
room temperature.® The material did not appear to go into solution and there was no
observable color change. The NMR showed only starting material and no product. A
third attempt involved 0.22 mmol of the precursor in 10 ml of a 1:1 solution of benzene
and DM SO with 40 mmol iodomethane stirred overnight with no heat.* The NMR
showed only starting material. In afourth attempt, 0.23 mmol of the precursor was
alkylated in chloroform using 32.1 mmol of iodomethane for 12 h with no heat. A red
precipitate was formed. The NMR showed that the precipitate was a mixture of the
mono- and the dialkylated products (discussed in 2.1.4). The precursor was finally
dialkylated with 10 ml of acetonitrile on a 0.3 mmol scale with a 63 equivalents of
iodomethane. The mixture was covered and heated at 60 °C for 12 h. The NMR showed
that dialkylation yielded 4, but the compound contained small amounts of impurities.
2.1.4 Monoalkylated diimides. Inanumber of instances, attempted alkylation gave
monoalkylated products. For example, Figure 2.2 shows the NMR spectrum of a mixture
of the dialkylated (singlet at 8.96 ppm) and monoalkylated (AB quartet at 8.87 ppm)
aminoethylmorpholine derivatives. The protons on the aromatic ring system, H, and Hy,
have dlightly different chemical environments caused by the cationic charge. Ha will split
Hp into a doublet while Hy, will split Hy into adoublet. The result isan AB quartet with J
= 7.8 Hz. Theincreased intensity of the inner peaks arises because chemical shift

difference and the coupling constant are of similar magnitude.
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Integration of the peaks showed that nearly an equal mixture of both dialkylated
and monoal kylated species were present. Capillary electrophoresis (CE) was used to
separate the two products. There were two peaks present in the electropherogram at 15.8

min and 16.4 min with baseline separation (Figure 2.3).

2.2 Literaturestudies
2.2.1 Hydrolysisof NDI. Kheifets and Martyushina studied the hydrolysis of
naphthal ene diimide derivatives with various substituents (Figure 2.4).>? Both imide
rings of the diaryl NDI with p-CgH4(C2Hs5)N*CsHyo substituents opened when the diimide
was treated with base. Titration of the diimide with two equivalents of base showed a
two step titration curve caused by the first and second imide ring opening processes. An
initial UV-visible spectrum of the unhydrolyzed diaryl diimide had peaks at 362.5 and
382.5 nm. The monoimide species was observed when solutions of diimide in phosphate
buffer between pH 6.0 and 8.2 at 37 °C were alowed to equilibrate for 24 h. The two
peaks at 362.5 and 382.5 nm were seen to decrease into a broad peak around 350 nm with
an isobsetic point at 358 nm. Asthe pH was raised from 8.5 to 10.9, the peak at 350 nm
decreased and the peak at 320 nm increased. There was an isobsetic point at 335 nm.
The transformation of the diimide to the monoimide occurred in the pH range of 6.0 to
8.3 while that of the monoimide to diamide occurred in the pH range of 8.5to 10.5.

An NMR spectrum of the diimide was taken at 100 MHz in D,O. AtpH 4.0, a
singlet from the protons on the naphthalene ring was seen at approximately 8.6 ppm.
Two sets of doublets from the aromatic side chain at 7.5 to 8.3 ppm were seen as well.

The pH was increased to 8.2 with the addition of an equivalent of base. The spectrum
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showed a quartet at approximately 8.6 ppm and an increase in the number of peaks
between 7.5 and 8.3 ppm. When the pH was increased to 10.2, the quartet merged with
the aromatic protons upfield at 7.5 - 8.0 ppm. At pH 11.5, the spectrum showed a singlet
at approximately 7.8 ppm.

The equilibria from the diimide to the monoimide to the diamide were shifted
only dlightly by the charge of the substituent. For example, the pK, values of the
conversion for the NDI bearing the negatively charged side chain p-CsH4SO3™ were 6.98
and 10.37, respectively. The positively charged side chain p-CgH4(CoHs)N*CsH1o had
pKa values of 6.69 and 9.98, respectively. When the charge is insulated from the imide
group undergoing hydrolysis by the phenyl ring, the effect of charge is comparatively
small.

NDIs bearing dialkyl side chains are far less prone to ring open in base. The pKj
value of the first ring opening for the NDI with dialkyl (CH,)sN*(CH3)3 side chains was
9.31. Kheifets and Martyushina stated that naphthalene diimides substituted with dialkyl
functional groups did not hydrolyze at neutral pH values of 6 to 8.5
2.2.2 Kineticsof the hydrolysisof NDI. Kheifets and Martyushina measured the
kinetics (Koos) Of the first ring opening the NDI bearing the diaryl substituent p-
CsHa(CoHs)N*CsH1o in phosphate buffer.>® The reaction was treated as areversible

equilibrium with termsfor hydrolysis by water and hydroxide:

Ko = Knzo + Kon-[OH™] + key
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To account for any effect of catalysis by phosphate, the kq,s Were measured at different
concentrations of phosphate buffer at a given pH. When these kops Were plotted with
respect to phosphate concentration and the data extrapolated to the y-axis, the ko value
was obtained for that pH. A series of ko values were plotted with respect to their
corresponding hydroxide concentrations and the line was extrapolated to the y-axisto
obtain the ko at zero phosphate buffer concentration (ko"). Using the value found for ko,
the knzo + krey Value was found to be 5x 10> s,

The krev Value was calculated by using the equation Krey = ki/Kgpp, Where Kgpp =
[monoimide]/[diimide]. The ke, valuewas 7 x 10 ° s . Comparison of this with the k20
+ krev Value indicated that koo was negligibly small.

The rate of hydrolysis increased with increasing concentration of phosphate
buffer. At aphosphate concentration of 0.150 M, the Kqps increased approximately from
1x10*s1t0 13 x 10* s from pH 6.4 to 7.9, respectively. At pH 7.9, increasing the
concentration of phosphate from 0.0375 M to 0.150 M increased the Kops from 9 x 10% s'*
to13x 10*s ™.

The rate of the first ring opening was measured for both positively and negatively
charged NDI derivatives. At pH 7.5, the NDI with diaryl p-CgH4(C2Hs)N*CsH1o
substituents had ak; of 0.49 x 10° M™ts ! with ake of 0.1x 10° s'1. At the same pH, the
NDI with p-CgH4SO3™ substituents had a ks that was two-fold slower than its positive
counterpart. The reverse rates were nearly the same for the two derivatives. Asthe pH
increased from 9.7 to 10.2, the k; for the positively charged NDI increased from 1.70 to
5.90 x 10 M"1s'1. Thek; for the negatively charged NDI had a slightly smaller increase

from 0.60 to 1.70 x 10 M~ s ! over the same pH range.
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The half-lives for dialkyl substituted NDIs with three carbon linkers between the
NDI core and the charged group on the side chain were measured in 200 mM borate
buffer solution at pH 10.1 at 37 °C. The NDI with dialkyl substituents (CH,)sN*(CHs)s,
(CH2)3S03™, and (CH2)3CO,, had half-lives of 1, 6, and 14 min, respectively. The data
show that positively charged NDI substituents, whether diaryl or dialkyl, increase the
rates of hydrolysis.

2.2.3 Diimide-lactam rearrangement. Hydrolysis is not the only pathway that the
diimide can take when it reacts with an alkali metal hydroxide. In acohol, a
rearrangement of the diimide can occur. Langhals and von Unold studied the lactam
rearrangement in naphthal ene diimides and perylene diimides.>>*® Rearrangement of six-
membered diimide rings was observed when the diimide was treated with KOH/tert-butyl
alcohol. Two hydrolysis products (anhydride and diacid) were the result, but small
amounts of the lactamimide were seen. Carbon dioxide was lost during the
rearrangement, which contracted the ring, forming a lactamimide.

When tert-butyl alcohol was replaced with methanol or ethanol, the lactamimide
was the mgjor product. The addition of DM SO to the mixture increased the yield of the
lactam products and decreased the length of reaction. Although the lactam was the mgjor
product, trace amounts of hydrolysis products were still observed. A color change in the
salt to orange-red or blue was a physical characteristic of the hydrolyzed product.

The rearrangement of the second imide ring does not occur even under harsh
conditions. Langhals and von Unold found that the lactam rearrangement could only
occur when a second imide ring was present. Thiswasin agreement with the observation

that the monoimide did not contract into alactam.
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2.2.4 Hydrolysisof naphthalene tetracarboxylic dianhydride. A recent study of
hydrolysis of naphthalene-1,4,5,8-tetracarboxylic dianhydride > allows comparison of
the kinetics of the diimide system with that of the dianhydride system. Aninitial
spectrum of the unhydrolyzed dianhydride in water showed a Amax a 368 nm and a
second peak at 348 nm. When the dianhydride was dissolved in buffer solution at pH
7.0, the peak at 368 nm rapidly decreased with ahalf life of 24 s. A second, slower
process also occurred with a half-life of 2 h, decreasing the peak at 368 nm further. The
decrease at 368 nm was accompanied by an increase at 308 nm. An isobestic point was
observed at 338 nm. Thefast decrease at 368 nm was attributed to the hydrolysis of the
dianhydride to the monoanhydride species. The slower process was attributed to the
hydrolysis of the monoanhydride to the tetracarboxylic acid.

2.2.5 Possible buffer contribution to hydrolysis. In view of the sensitivity of the
reaction to the pH, it was necessary to choose arobust buffer for these experiments. It
was desirable that the buffer (a) have a wide range of buffering capacity, (b) beinvisible
in NMR studies and (c) not contribute to the hydrolysis either via a covalent intermediate
or by acting as ageneral base.

Initially we began with a sodium phosphate buffer, because we did not want
protons from the buffer to appear in the NMR spectra. NMR experiments herein are all
reported in sodium phosphate buffer. It became clear, however, that it was difficult to
hold the pH over the entire range needed with phosphate alone.

We then moved to phosphate-borate buffer, because this has been used previously
with good successin NMR experiments over afairly wide range of pH values. The

phosphate buffered well around pH 7 - 8 and 11 - 12 while borate buffered well around
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9 - 10 giving the mixture the capacity to buffer over awide range. Optical equilibrium
data are reported in this buffer.

We also tried glycine buffer, but the pH did not hold well. We tried 3-
(cyclohexylamino)- 1- propanesulfonic acid (CAPS) for the capillary electrophoresis
separations, but perhaps as might be expected, the buffer seemed to be reacting with the
compound as seen by multiple peaks and noise in the electropherogram. CE experiments
were therefore performed in phosphate buffer.

It was also necessary to optimize conditions for the kinetics experiments. It has
been shown that phosphate helps catalyze hydrolysis of diimides,> and therefore this
buffer was not a good option. For the stopped-flow experiments, no buffer was used to
eliminate any possible contribution of buffer to hydrolysis. However, as discussed
below, in the absence of buffer, it was very difficult to be certain of the pH of the solution
at the time of the hydrolysis.

We then considered borate buffer alone. The role of borate in catalyzing
hydrolysis varies considerably from system to system. Borate can serve asan
intramolecular catalyst by binding to a nearby oxygen in the structure (Figure 2.4).5%%°
There are a so examples in which borate catalyzes a reaction without this covalent
intermediate, presumably by attaching itself to the hydrolytic center in some manner as
shown in Figure 2.5.°5% A study by Ernst and Schmir on the hydrolysis of isoimides
indicated that borate played a significant role in the hydrolysis of this system (Figure
2.4).%® One could imagine that borate could serve as ageneral base in a mechanism where
the hydrolysis begins with amolecule of water attacking theimidering (Figure 2.6). The

borate molecule would then remove the proton from the intermediate. A molecule of
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water would be lost, converting borate to B(OH)s. Perrin has proposed, however, that
borate should not be considered as a general acid/base catalyst.®® There are still other
instances in which borate does not seem to have a significant effect on rates of
hydrolysis.®® "

Although it had been reported that increasing borate concentration from 0.01 -
0.05 M had no significant effect on the rate of hydrolysis of diimides, >3 it seemed
prudent to verify thisin view of the many different experimental findings regarding

borate' srole in hydrolysis by various research groups. In linewith Kheifets and

Martyushina, we found that borate does not catalyze hydrolysis described in Chapter 1.

2.3 Experimental studies

2.3.1 Recording the spectrum of the monoimide. The UV-visible spectrum of the
monoimide was first approximated in an experiment where increments of dilute NaOH
were added to asample of 1 in 50 mM phosphate buffer. The initial pH was 8.0.
Increments of 0.5 yL of NaOH were added to the cuvette and a spectrum was taken after
each addition. As the base was added, bands at 360 and 380 nm decreased and a broad
peak from 350 to 370 nm increased with an isosbestic point at 352 nm. The monoimide
was taken as the last spectrum before the spectra were no longer isosbestic at 352 nm.

In the experiment above, the pH of the solution with the maximum amount of
monoimide was measured as 10.7 (Figure 2.7). It was realized subsequently, however,
that the solution had not been allowed to stand long enough to reach equilibrium after
each addition. To find the pH at which the solution had the highest concentration of

monoimide after equilibration, solutions of 1 in phosphate buffer were equilibrated
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overnight at pH 9.5, 10.2, and 10.7. The spectrum at 10.2 was very close in appearance
to the last spectrum that was still isosbestic as in the previous experiment. The spectrum
at pH 10.2 was therefore used as the monoimide spectrum in the calculation of the
percentages of each species derived from linear combinations of the three spectra.
Returning to the first experiment, further addition of base gave conversion of the
monoimide to the diamide, with a peak centered at 308 nm. An approximate isosbestic
point at 326 nm was observed for this second transition. Asshown in Figure 2.8, aslight
drift in wavelength was noted, which presumably indicates that a small percentage of
diimide was still present in the solution. Concentrated NaOH was added at the end of the
titration to ensure that conversion to diamide was complete (final two spectra).
2.3.2 Determination of K,. Asreported in Chapter 1, a series of solutions of 1 were
prepared at pH valuesfrom 7.5 to 12.3. In each case the system was allowed to reach
equilibrium. The fractions of species from the optical data of each solution were
calculated from linear combinations of the spectra of the individual species. A nonlinear
least squares fitting using the formula below’* was performed on the fraction of the

monoimide as a function of pH to find the values of Ky and K.

Ka1[OH]

[monoimide] =
1+ Kyy[OH] + Ky Ko[OH]?

The K, vaues for conversion of the diimide to the monoimide and monoimide to the
diamidewere 2.5+ 0.2 x 10° M"tand 2.0 + 0.1 x 10° M2, respectively. Sincethe K,
values were considerably different, the percentages of the three species as a function of

the pH of the solution could be calculated using the formulas below (Figure 1.5).
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Ka1 = [monoimide]
[diimide][OH]

Kp=  [diamide]
[monoimide][OH7]

Figure 1.4 shows the spectra of the diimide, monoimide, and diamide. The titration
curves used to calculate the K1 and Ky for 5 are shown in Figure 2.10.

2.3.3 Attempted reclosing of the diimide. A sample of 1in 50 mM phosphate buffer at
pH 5.0 was treated with concentrated NaOH to give a solution with a peak at 308 nm,
indicating that all of the diimide had converted to the diamide species. Aliquots of
concentrated HCl were added to the solution (Figure 2.9). The peak at 308 nm shifted to
350 nm, indicating that a majority of the diamide had converted to the monoimide. With
the addition of more acid, two peaks emerged at 339 and 354 nm. Increasing the amount
of HCl in solution did not give the peaks at 360 and 380 nm associated with the diimide.
Instead, the spectrum appeared to be more similar to that of the dianhydride. However, it
is not only this species, which has peaks at 348 and 368 nm.>’ The reaction was not
further investigated.

2.3.4 'H NMR spectroscopy. A singlet for the four aromatic protons between 8.0 and
9.0 ppm is characteristic of the NDI ring system. Each hydrolysis product also has a set
of characteristic peaks because their protons have different splitting patternsin the NMR
spectra. In Figure 2.11, the structure of the hydrolytic products is given with their

protons|abeled.
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The 300 MHz NMR spectrum of the NDI 1 in DO had asinglet at 8.74 ppm.
When NaOD was added, the monoimide was seen as two sets of doublet of doublets from
7.97 ppm and 8.62 ppm and the diamide as a series of six peaks at approximately 7.7 ppm
(Figure2.11). The six peaks for the diamide were not well-resolved. Therefore, a
spectrum on the 600 MHz spectrometer was taken, alowing assignment of the peaks as
an AB-quartet due to the anti isomer and two singlet peaks assigned to the syn isomer
(Figure 1.6). Thetwo products were formed in ailmost equal amounts, indicating that
they are very similar energetically. To our knowledge, thisisthe first report of the syn
geometry in thistype of ring system. The spectrum was measured as a function of
temperature to see if additional separation of the peaks could be achieved. At 30, 50, and
70 °C, the chemical shifts did not change significantly (Table 2.1).

When the sample was first investigated, it was 14/86 mixture of monoimide and
diamide. After approximately five days, the pH had decreased to approximately 10 and
the mixture had converted to a 93/7 ratio. This change of the monoimide/diamide ratio
over time indicates that hydrolysisisreversible. This has been noted previously in this
and related systems.>>°372

Compound 1 was dissolved in DM SO and a few drops of NaOD were added to
the sample. The addition of the base changed the sample color from clear to red. At 400
MHz, the aromatic region showed a series of peaks (data not shown). The peaks were not
readily interpretable in terms of the three species under discussion, and this study was not

pursued.
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2.3.5 Stopped-flow kinetics. Chapter 1 discusses the rate of the second hydrolytic
process which was measured using a stopped- flow spectrometer. The Kops1 and Kops, for
the first and second hydrolysis processes were 161 + 8 s * and 5.0 + 0.1 s, respectively
(Table 2.2). Asmentioned in Chapter 1, the stopped- flow measurements were monitored
at one wavelength. For ready visualization, it was desired to choose a wavelength where
the change in absorbance for both hydrolytic processes was the same. To achieve this,
two difference spectrawere calculated. First, a difference spectrum was plotted by
subtracting the diimide spectrum from the monoimide spectrum. Second, a difference
spectrum was plotted by subtracting the monoimide spectrum from the diamide spectrum.
These two difference spectraintersect at 372 nm (Figure 2.12), indicating equal optical
changes for both hydrolytic processes at this wavel ength.

Ininitial experiments, the probe used to measure the pH did not give accurate
values. In extreme pH environments such as pH 13, pH probes can leach protons from
the glass membrane. Thisleaching causes issues such as calibration difficulties, unstable
pH readings, or large pH drifts. With continuous use at high pH, the leaching can render
the probe useless. Soaking the probe in acidic solutions such as 0.1 M HCI or a buffer
solution at pH 3 for 30 min to 1 h may stabilize the probe, but other times replacement of
the probe may be necessary. A probe with a special membrane was used to measure the
pH for the stopped-flow experiment. The HA (high alkali) membrane does not
completely prevent leaching, but is robust enough to be used repeatedly at high pH.

The stopped-flow experiments were run without buffer in view of the concern that
buffer would catalyze the reaction.>® Absorbance as a function of time was recorded after

mixing 1 in water and an unbuffered solution of NaOH. Hydroxide solutions were made
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viaseria dilutions starting at 100 MM NaOH (pH 13) (Figure 2.13, Table 2.3). The
kinetic experiments were run from high to low pH, to attempt to condition the system
starting with the highest concentration of hydroxide. To attempt to condition the lines,
the syringes and lines were washed with new base solution approximately six times
before each run.

The pH of each solution was measured after each run. Table 2.4 showsthe
expected concentrations of hydroxide calculated from the two-fold serial dilutions and
the experimental pH values measured from the effluent of the stopped- flow experiments.
After the first solution, the measured concentrations of hydroxide were lower than the
theoretical concentrations. Thisis expected, because removal of protons from the system
will lower the pH of the solution asit runs through the system. The calculated
differences between the experimental and theoretical [OH"] decreased from 15 - 20 mM
at the beginningto 5 - 6 mM at the end of the experiment. This smaller difference as the
experiments proceeded was expected because the series of experiments began at the
highest pH; the lines were conditioned more fully with each run. Although the difference
in hydroxide concentrations is smallest at the end of the experiment, the discrepancy
between theoretical and experimental pH values appears largest at the end of the
experiment because pH is expressed on alog scale.

Figure 2.14 shows the experimental rates plotted against the theoretical hydroxide
concentration as calculated from the serial dilution experiments. The straight line
through the points gives aks of 161+ 8 M™ ! s'1. The data points show some curvature,
however, indicating that the pH valuesin the stopped-flow cell used during the

experiment probably were not accurately known. Thisisalso indicated by the y-intercept



43

of 1.29 + 0.4. Thisvaluefor k; issubstantialy greater than those calculated either from
the y-intercept of the UV -visible experiments or those calculated from the forward rates
of the UV-visible experiments and the equilibrium constants.

The bottom panel of Figure 2.14 shows the rates plotted as a function of the
experimental hydroxide concentration as determined by the pH measurement of the
solution after it had reacted and flowed through the lines to the output. 1t can be seen that
the data points are not linear as afunction of hydroxide concentration, indicating that this
approach aso did not give an accurate measurement of the hydroxide concentration in the
stopped-flow cell during the experiment.

Figure 2.15 shows the same presentation for the second kinetic process. Fitting to
astraight linegave aks of 5.0+ 0.1 M"* s'* and ak, of 0.039 + 0.007 s'*. The second
kinetic process appears to give a slightly straighter line than the first, and to give a
reasonabl e extrapolated value for k.. However, this may be fortuitous. The hydroxide
concentrations in the first and second kinetic processes are identical, as both reactions
occurred in less than 10 sin the stopped-flow cell. Asfor thefirst reaction, plotting the
data against the experimental concentrations of hydroxide produces a plot with
significant curvature.

2.3.6 Calculating k;. The reaction of the diimide to monoimide and monoimide to
diamide are both reversible, as described above. Expressing thisreversibility in general

terms of A and B gives k; as shown below:

A=————=8B



_ ke
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The fractions of species A and B at each pH were taken from the equilibria data (Figure
1.5). Table 2.5 shows k; values calculated for the first processfor 1. The lower pH
values (8.40 - 9.75) had an average k, of 5.3+ 0.2 x 10 * s . The stopped-flow pH
values (11.8 - 13.0) had an average k, of 9.0+ 1.7 x 10 * s . Thus, these two values for
k;, calculated over approximately five orders of magnitude in [OH" ], are within afactor
of two of one another.

The k; for the second process was 0.035 + 0.007 s * using the formula above from
the stopped- flow data. Thiswas in agreement with experimental k, of 0.039 + 0.007 s *
calculated by extrapolation of the stopped- flow datato the y axisin the plot of the rate as
afunction of [OH"].
2.3.7 Buffer contribution. To determine whether sodium tetraborate was catalyzing the
reaction, the rate constant from the stopped- flow dataat 0.1 M NaOH (161 s 1) was used
to calculate rate constants (Kcac) at much lower concentrations of hydroxide where the
borate-buffered experiment had been run (Kqps). Table 2.6 shows that the Keac and the Kops
rate constants are within 30% of each other. Therefore, borate does not act as a catalyst

during hydrolysis.



45

2.3.8 The position of the chargein the side chain affectstherate of hydrolysis. This
study shows that the distance of the cationic center from the central core affects the rates
of hydrolysis: 1 hydrolyzes 6.8-fold faster than 5 (Figures 1.8 and 1.9). A similar effect
of the position of the cationic group on the rate of the hydrolysis has also been seenin a
study of the base-catalyzed hydrolysis of anilides.”® Hydrolysis of an amide separated
from aquaternary amine by a one-carbon linker [ArNHCOCH>N"(CHa) 3] or athree-
carbon linker [ArNHCO(CH2)sN*(CHs) 3] had rate constants of 4500 and 90 M™h?,
respectively.

2.4.0 Conclusions. Naphthalene diimides (NDIs) have a number of excellent
characteristics that have led to their use in avariety of areas. First, they are excellent
electron acceptors and have been used in this context in both photophysical and
biophysical studies. Second, they are planar, but with side chains that can readily be
created with charge. With cationic side chains, these planar species are excellent
intercalatorsin nucleic acids, and they have been studied with alarge number of different
nucleic acid systems. The NDI coreitself has double two-fold symmetry, whichis
retained if the side chains are identical. Changesin the side chains of these symmetrical
NDI derivatives allow dissection of the factors which control intercalation in nucleic acid
structures without the complications of more than one final intercalated structure.
Derivatives with some water solubility are also increasingly used to make interesting
three dimensional structures; the central cores can pack in various ways depending on the
side chain substituents and other moleculesin solution. Finally, the side chains can be
elaborated to create additional functionality, e.g., metal centers. These are being used

particularly in studies of the cleavage and analysis of nucleic acids.
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A few years ago, the Dixon group showed that NDI derivatives with a cationic
chain more than three atoms away from the central core would often at least partially
self-stack in solution. This propensity to self-stack is valuable for some uses, but
confuses quantitative nucleic acid binding studies. To create a new series of NDIs that
would not self-stack, we synthesized derivatives with cationic charges two atoms away
from the central core. We discovered that these molecules are quite sensitive to base.
We investigated the base-catalyzed hydrolysisin some detail because, in view of the
substantial current uses of water soluble NDIs, the basic chemistry of this system is of
interest in many different contexts.

In this study, we have compared the hydrolysis and equilibria of NDI derivatives
1 and 5, which have two or three methylene groups between the NDI core and the charge,
respectively. The equilibrium constants, Kx and Ky, for the first and second hydrolyses
of 1 were 2.5+ 0.2 x 10°M *and 2.0 + 0.1 x 10° M™%, respectively. The corresponding
equilibrium constants for 5 were 1.4 + 0.1 x 10° M"* and 44 + 2 M™%, respectively. The
rate of the first hydrolysis of NDI 1 was 7-fold faster than that of NDI 5. At
physiologica pH (7.4), the haf-life for 1 was 37 h while the half- life for 5 was 241 h.
Our datawould indicate that NDIs with side chains that have a cationic charge separated
from the central core by three carbon atoms are considerably more stable toward
hydrolysis by base than derivatives with the cationic charge two atoms away from the

central core.



47

Table 2.1. Chemical shifts of the geometric isomers of the diamide form of 1in DO at
selected temperatures. Only the two inner peaks of the AB-quartet are reported for the
anti isomer

Temperature syn syn anti anti
(°C) (5, ppm) (0, ppm) (3, ppm) (3, ppm)
30 7.39 7.43 7.41 7.40
50 7.77 7.82 7.78 7.80
70 7.73 7.78 7.73 7.76

Table2.2. Thekf and kr of NDIs1and 5. UV-visible experiments were performed in
100 mM borate buffer; the stopped-flow experiment was run without buffer. The kf and
the kr are derived from the slopes and the intercepts, respectively, of theratesas a
function of [OH"]

Experiment ki, Mgt ki, st

UV-visible 1 130+ 3 0.11+7.6x10°

UV-visible 5 20+0.3 0.039+1.2x10°
Stopped flow 1, Kobst 161+8 1.29+0.41

Stopped flow 1, Kobs2 50+0.1 0.039 + 0.007



Table 2.3. Average Kkqps for both processes at each concentration of NaOH (cal cul ated
using serial dilutions) from the stopped- flow data

[NaOH], mM
100
50

25
125

6.25

kObSl! S- !
17.0+0.2
9.94+0.10

5.82+0.02
3.20+0.03

1.69+0.01

Kobs2, S ,
53.0+ 0.1x 10
30.0+02x10°
17.0+0.1x10 -
10.0+0.01x10
60.0+0.3x 10"
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Table 2.4. Thetheoretical and experimental concentrations of NaOH and the difference

between them

[NaOH], Theoretical

mM pH
100 13.0
50 12.7
25 124

125 121

6.25 11.8

Experimental
[NaOH], mM

115
30.2
11.8
2.88
0.62

Experimental

pH
13.06
12.48
12.07
11.46
10.79

A mM

15.0
19.8
13.2
9.62
5.63



Table2.5. Calculated k; using fractions of HA and A" from equilibrium data

Sodium

Tetraborate Fraction of  Fraction of
Buffer pH calc HA A Kobs, S * k, cac, st
840  6.09x10! 0.391 355x10% 552x10*
871  4.38x10! 0.561 6.47x10* 5.04x10*
9.31 1.63x 10! 0.833 273x10° 535x10*
9.51 1.12x 101 0.883 404x10°% 511x10*
975  657x107 0.924 7.34x10° 522x10*

Stopped- Fraction of  Fraction of
Flow pH calc HA A Kops, S * ke cdc, st
11.80 2.80x10*% 4.42x10? 1.69 1.07x 103
1210 9.39x10° 289x10? 3.20 1.04x 103
1240 264x10° 166x10? 5.82 9.26x 104
1270 7.24x10° 9.07x 10?2 9.94 7.93x 10°*
13.00 1.90x10° 4.76x 102 17.0 6.81x 10°*
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Table2.6. Using k = 161 M™'s ! (from stopped- flow data) to find kcac (See text)

pH  OH (M™Y) ks M'S ke, M'ST KeadKobs
840 251x10° 355x10% 4.05x10* 1.14
871 513x10° 6.47x10% 827x10* 1.28
931 204x10° 273x10° 3.29x10°3 1.20
951 324x10° 404x10° 522x10°3 1.29
975 562x10° 7.34x10° 9.07x10° 1.23



Figure 2.1. Proposed mechanism for the synthesis of the imide ring.
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Figure 2.2. NMR spectrum of monoalkylated 4 in D,O. The inset shows the structure
with the aromatic protons labeled.
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Figure 2.7. Absorbance of a solution of 1 asafunction of pH. The reaction wasrunin
50 mM sodium phosphate buffer by adding aliquots of 0.1 M NaOH.
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Figure 2.8. Absorbance a solution of 1 as afunction of pH. The reaction was run in 50
mM sodium phosphate buffer by adding aliquots of 0.1 M NaOH.
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Figure 2.9. UV-visible spectrafollowing the attempted ring closure of 1 in 50 mM
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products. (Middle) *H 300 MHz NMR spectrum of 1 in D,O with the addition of NaOD.
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Figure 2.12. Difference specta of the UV-visible absorbances for the three species of 1.
Difference spectra of the UV-visible absorbances for the diimide- monoimide (maximum
at 380 nm) and monoimide-diamide (broad peak from 340 nm to 370 nm). Thelines
intersect at 372 nm, where the changes in absorbance between the species are the same.
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Figure 2.13. Absorbance as a function of time for 1 in the presence of different

concentrations of NaOH.
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Figure 2.14. (Top) Rate of thefirst hydrolysisof 1 asafunction of [OH"] calculated via
serial dilution. (Bottom) Rate of thefirst hydrolysisof 1 as afunction of [OH ] measured
experimentally after completion of the reaction at the output of the system.
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Figure 2.16. *H NMR spectrum of 1 at 300 MHz in D,O.
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Figure 2.17. *H NMR spectrum of 2 at 300 MHz in D,O.
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Figure 2.18. *H NMR spectrum of 3 at 300 MHz in D,O.
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Figure 2.19. *H NMR spectrum of 4 at 300 MHz in D,O.
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Figure 2.20. *H NMR spectrum of 5 at 300 MHz in D.0.
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Figure 2.21. Electrospray (ESI) high resonance mass spectrum from positive ion mode of
NDI 1. The exact massis 461.2171 m/z.
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