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Modifications to the Tetracaine Scaffold Produce Cyclic Nucleotide-Gated
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Five new tetracaine analogues were synthesized and evaluated for potency of blockade of cyclic
nucleotide-gated channels relative to a multiply charged tetracaine analogue described
previously (4). Increased positive charge at the tertiary amine end of tetracaine results in higher
potency and voltage dependence of block. Modifications that reduce the hydrophobic character
at the butyl tail are deleterious to block. The tetracaine analogues described here have apparent
affinities for CNGA1 channels that vary over nearly 8 orders of magnitude.

Introduction

In photoreceptor cells of the retina and sensory
neurons of the olfactory epithelium, cyclic nucleotide-
gated (CNG) channels play a key role in the signal
transduction cascade, translating a change in cyclic
nucleotide concentration into an electrical response.l2
While CNG channels are only weakly voltage-depend-
ent, they bear significant similarity to voltage-depend-
ent potassium channels in their architecture.3#* They
share a common topology of six transmembrane helices
(S1—S6) per subunit and assemble into functional
tetramers, with the pore region formed by the S5/S6
loop.5~11 Despite their limited voltage dependence, CNG
channels contain a vestigial “voltage sensor” in S4. CNG
channels are distinguished by the presence of a cyclic
nucleotide-binding domain on the cytoplasmic face of the
channel downstream from S6. Channel activation is
dependent upon cyclic nucleotide concentration; binding
of three cyclic nucleotides per tetramer causes signifi-
cant channel opening, while full activation requires
four.12-14

Although CNG channels are expressed in other sen-
sory and nonsensory tissues, their physiological roles
are unclear beyond the well-characterized visual and
olfactory systems.1® Efforts to elucidate the role of CNG
channels are hampered by the lack of highly selective
pharmacological agents. Several compounds are dem-
onstrated blockers of CNG channels, including [-cis-
diltiazem and the tertiary amine local anesthetic tet-
racaine [2-(dimethylamino)ethyl 4-(butylamino)benzoate]
(1).1617 These agents are nonideal due to their relatively
low efficacy (apparent affinities in the micromolar
range) and their lack of selectivity. In one regard,
however, this promiscuity has been useful; analysis of
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the interaction between sodium channels and local
anesthetics and anti-arrhythmics can provide useful
insights into block of CNG channels. Mutagenesis
studies of sodium channels suggest a bimodal interac-
tion: electrostatic interactions with residues in the
selectivity filter and hydrophobic interactions with
aromatic residues on the putative pore-forming helix.18-21
Similar mutagenesis studies have demonstrated that
these electrostatic interactions are conserved in the
interaction between tetracaine and CNG channels.?2 It
has become apparent that the mechanisms of local
anesthetic block of sodium and CNG channels are not
identical. In sodium channels, it has been demonstrated
that local anesthetics have greater affinity for the
channel in its open and inactivated states, a phenom-
enon referred to as “use-dependent” blockade. However,
tetracaine binds preferentially to the closed state of
CNG channels.!?

The goal of this study was to synthesize and examine
a series of tetracaine analogues, in an attempt to
determine the effects of modifications at different posi-
tions on the tetracaine core for block of homotetrameric
CNG channels. We used the retinal rod channel a
subunit, CNGA1, in these studies. We have reported
previously that a multiply charged analogue of tetra-
caine, compound 4, blocks CNGA1 channels at subna-
nomolar concentrations.?3 Furthermore, we demon-
strated that this compound was selective for CNG
channels relative to sodium channels. We hypothesize
that the high affinity and selectivity results from the
targeting of the multiple positive charges to the high
negative charge density of the CNG channel selectivity
filter.2425> The majority of CNG channels are thought
to have a net charge of —3 in the selectivity filter,26-28
whereas the sodium channel selectivity filter is pre-
dicted to have a net —1 charge.2?? We describe here a
series of tetracaine analogues with variations in the
number and position of positive charges and/or modifi-
cations of the hydrophobic alkyl chain. Successive
addition of positive charge to the tertiary amine (3, 4)
results in dramatic increases in potency. The profound
reduction in efficacy due to removal or modification of
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Scheme 1. Derivatization of the Tertiary Amine of Tetracaine®
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@ Reagents/conditions: (i) 1-bromobutane in EtOH/A; (ii) 3-bromopropylamine in EtOH/A; (iii) 3-bromopropylamine in EtOH/A.

Scheme 2. Analogues of Tetracaine with Modifications at the Butyl Tail®
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@ Reagents/conditions: (i) carbonyldiimidazole in DMF; (ii) borane dimethyl sulfide in THF/A, HCI; (iii) acetic anyhdride and triethylamine
in CH3Clg, NaOH; (iv) CuCN in NMP/A; (v) HBr/A; (vi) benzyl chloroformate (CbzCl) in phosphate buffer, KOH; (vii) carbonyldiimidazole
in glyme/A, 2-(dimethylamino)ethanol and NaH/A; (viii) Ho/Pd in acetic acid; (ix) acetic acid NHS ester in EtOH.

the butyl tail (14, 15, 16) confirms the importance of
hydrophobic interactions. Our results provide direction
for the development of more potent and selective CNG
channel antagonists based on the tetracaine scaffold.

Chemistry

Synthesis of tetracaine derivatives with one (3) or two
(4) propylamino groups attached in tandem to the
tertiary amine was achieved by reaction of tetracaine
with 3-bromopropylamine followed by separation of 3
and 4 by silica gel chromatography and high-perfor-
mance liquid chromatography (HPLC). A similar reac-
tion of tetracaine with 1-bromobutane yielded a tetra-
caine analogue with a permanent positive charge and
increased nonpolar bulk (2) (Scheme 1). Derivatization
of the butyl chain of tetracaine (1) required rebuilding
the tetracaine core starting with an appropriately
functionalized 4-carbon chain (5) (Scheme 2). This
strategy resulted in the production of a tetracaine
analogue with a primary amine appended at the end of
the butyl tail (14) in eight steps. The N-acetyl-modified
tetracaine analogue (15) was synthesized in one ad-

ditional step. Finally, a tetracaine analogue lacking a
butyl group (16) was synthesized in two steps starting
from 4-nitrobenzoyl chloride.

Results

We synthesized five analogues of tetracaine to intro-
duce modifications at either end of the molecule, specif-
ically at the hydrophobic butyl group or the positively
charged tertiary amine (Schemes 1 and 2). To assess
the relative potency and voltage dependence of block of
each analogue, we expressed homomeric CNGA1 chan-
nels in Xenopus laevis oocytes and recorded currents
through these channels in excised inside-out patches.
Compounds were applied to the bath in the presence of
a saturating concentration of cGMP. In the absence of
blockers, each voltage step was accompanied by a
characteristic decay of current from a peak value
immediately following the voltage change (Figure 1).
This current “droop” results from a change in chemical
driving force due to hindered diffusion of ions at the
surface of the excised patch and varies with the square
of the current.?? For calculating fractional block, steady-
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Figure 1. Representative current traces for CNGA1 channels
under control conditions and with the indicated concentration
of tetracaine analogue. The membrane potential was stepped
from —80 to +40 and back to —80 mV. Each analogue is
identified above the traces, and the dotted line represents the
zero current level.

state currents measured at the end of a voltage pulse
have been corrected for the effects of ion accumulation/
depletion as described in the Experimental Section.

We previously reported a multiply charged, extremely
potent CNG channel blocker, compound 4, which fea-
tures the addition of two propylamino groups to tetra-
caine’s tertiary amine.?3 We isolated a related derivative
(8) with a single added propylamino group. Under
physiological conditions 1, 3, and 4 will bear one, two,
and three positive charges, respectively. The addition
of positive charge to the tertiary amine of tetracaine
gave rise to a dramatic increase in apparent affinity for
the channel at +40 mV. We determined that 3 and 4
were approximately 2 and 5 orders of magnitude more
potent than tetracaine, respectively (Figure 1, Table 1).
The importance of additional positive charge is under-
scored by the observation that 2, which is isosteric with
3 but carries only a single charge, was only a marginally
more effective blocker than tetracaine (Figure 1, Table
1).

We also assessed the impact of modification of the
tetracaine scaffold at the opposite end, by altering the
butyl tail. A tetracaine analogue that lacks the butyl
tail entirely (16) had an apparent affinity for CNGA1
channels more than 300-fold lower than that of tetra-
caine. Likewise, two tetracaine analogues modified at
the butyl tail with a positively charged amine (14) or a
polar N-acetyl group (15) were approximately 30- and
350-fold less potent than tetracaine at +40 mV (Figure
1, Table 1).

An inspection of the raw current traces in Figure 1
gives an indication of the voltage dependence of block.
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Each of the analogues was a more effective antagonist
at positive potentials, with a larger fraction of the
control current blocked at +40 mV than at —80 mV.
Relief of block was observed as an increase in the inward
current following repolarization to —80 mV from +40
mV. For each analogue, we examined the fraction of
current blocked over a range of potentials and fit these
data with the Woodhull model for voltage-dependent
block.?! From these data we determined the apparent
affinity of each analogue at 0 mV (Kp()) and the z0
value, which in the simplest model is equivalent to the
charge carried by a blocker (z) multiplied by the fraction
of the electric field (0) traversed to reach its binding site
(Figure 2, Table 1).

For most of the analogues, derivatization of tetracaine
(1) had predictable effects on the z6 value. Successive
addition of positive charge to the tertiary amine resulted
in increased z0 values. Tetracaine had a zd value of 0.47;
addition of one positively charged propylamino group
(3) increased the z6 to 1.8, and with two additional
charges (4) the z0 was 2.6. As expected, the addition of
a nonpolar butyl group to tetracaine’s tertiary amine
(2) had no appreciable impact on voltage dependence of
block. Likewise 15, with a polar but uncharged modi-
fication to the butyl chain, had a z0 value of 0.47.
Interestingly, 16, which lacks the butyl chain, displayed
a steeper voltage dependence of block with a z6 of 0.9.
Finally, we observed that addition of a positive charge
to the butyl chain (14) yielded a much smaller increase
in voltage dependence (z6 = 1.1) than measured for
compound 3, with an additional positive charge at the
tertiary amine (Figure 2, Table 1). Analysis of the Kp)
values, a measurement of the inherent affinity of the
blocker for the channel, reveals that the order of potency
of the compounds is unchanged relative to the apparent
affinities measured at +40 mV (Table 1).

Significant current droop due to the ion accumulation/
depletion in most patches made a careful analysis of the
kinetics of block difficult. However, we did notice that
in most cases block by tetracaine analogues with
modifications of the butyl tail, compounds 14, 15, and
18, demonstrated a slow kinetic component (Figures 1
and 2). Double-exponential fits of the data suggested a
minor contribution to overall block (not shown). Quali-
tatively, the kinetics of block by compound 14 were
noticeably different from the other analogues (Figure
2). In particular, relief of block at —80 mV was greatly
slowed. We also observed biphasic kinetics upon steps
to depolarized potentials, with a large fraction of block
occurring too quickly to be resolved, followed by a
significantly slower phase.

Discussion

We have synthesized five new analogues of tetracaine
that, together with the previously reported compound
4, vary over nearly 8 orders of magnitude in their
apparent affinity for CNGA1 channels at positive po-
tentials. Given the limited number of compounds ex-
amined, the large range of apparent affinity is striking.
Some of the increase in potency for the multiply charged
analogues, 3 and 4, at +40 mV is clearly due to
increased voltage dependence of block. It is worth noting
that each addition of a charged propylamino group is
associated with an increase of ~1 z0. Given that
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Table 1. Tetracaine Analogue Structures and Block of CNGA1 Channels

compound’ Ko (M)’ Koo (UM)’ &
P |
1d /V\H—Q—(O _ _NH 6.8+7.7 1) 12£5(7) 0.47£0.03
@ ~
N,
2 /\/\H_®_<O/\/N\N 3.1£0.7(5) 54+1.6(5) 0.45 +0.04
®
N,
3 /\/\HO_(O AN _~_NH; 0.074 +0.037 (8) 14£0.7(5) 18402
® ®
P \, / Hp
af /\/\”@—40 AN N ~_NH;  3.0x10°£2.0x10°(7)  0.0069 £0.0047 (5) ~ 2.6+0.3
® ® ®
HaN _~_~ o |
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®
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o) H 0" e
P |
16 H2N4®—<O A~ NH_ 2300 + 1300 (14) 10000 £ 5700 (5)  0.91+0.17
®

@ The compounds are depicted here in what is expected to be the predominant protonation state at pH 7.6. ® Kpuo) is the apparent
dissociation constant at +40 mV, calculated from the equation I+p/ I-p = Kpuo/{Kpuo) + [DI}, where the left side is current in the presence
of blocker divided by current in the absence of blocker, and [D] is blocker concentration. ¢ Kp(), the apparent dissociation constant at 0
mV, and z0, the effective valence of the blocker, were determined from fits (Figure 2) of the Woodhull equation:32 I p/I_p = Kpoe "2°FV/ET)/
{Kp()e#FVED) 4 [D]}. ¢ The Kpo) reported previously? was significantly lower, due to the use of a lower pH solution in those experiments.
¢ The number of patches tested is indicated in parentheses. For all of the compounds tested here, the patch to patch variability in the
efficiency of block was quite high. The reasons for this are unknown. / To prevent breakdown over time, compound 4 must be stored
desiccated at —80 °C.
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Figure 2. Voltage dependence of block. Representative current traces are shown for a series of depolarizations from —80 to +60
mV in 10 mV increments with each analogue. The vertical scale bar represents 1 nA. Compounds and concentrations employed
are indicated. The fraction of current remaining relative to control at each potential is plotted alongside. The data are fit with the
Woodhull model for voltage-dependent block (Table 1). The apparent dissociation constant at 0 mV, Kn), and the effective valence,
20, of each blocker from several patches are displayed in Table 1. The zero current level is indicated by the dotted line.
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polyamines are permeant blockers of CNG channels, it
is possible that the tetracaine core docks in the channel
such that its amine group contacts the negatively
charged pore glutamates,?2 with additional propylamino
groups threading further into the pore, perhaps reach-
ing beyond the selectivity filter.?2 On the other hand,
the Kp() values derived from fits to the Woodhull model
show that the increased apparent affinity measured at
+40 mV is not solely due to the electric field but also
reflects a greater interaction with the channel pore. The
addition of a single propylamino group (3) reduces the
Kp by an order of magnitude; further addition of a
second propylamino (4) group reduces the Kp() by more
than 3 orders of magnitude with respect to 1. The larger
jump in affinity associated with the addition of a second
propylamino group is striking. One possibility is that
the tertiary amine of tetracaine may not be in direct
contact with the pore glutamates in the most stable
bound configuration, while the terminal amine of 4 gets
much closer. Alternatively, if the added propylamino
groups of 4 penetrate the pore, as discussed above, the
terminal amine may encounter favorable electrostatic
interactions beyond the selectivity filter, to explain the
increase in intrinsic affinity. In either case, varying the
linker between amines (e.g., ethyl vs propyl) could
provide a better fit with the channel and an even more
potent derivative.

While appending a primary amino group to the
hydrophobic end of tetracaine (14) significantly de-
creases the apparent affinity for CNGA1 channels, the
charged group does appear to contribute to the voltage
dependence of block. The zd value for 14 is increased
relative to tetracaine (1) (1.1 versus 0.47). The simplest
explanation is that the introduction of positive charge
interferes with the hydrophobic interaction but contrib-
utes to block at positive potentials by traversing a
portion of the electric field. When the primary amine of
14 is acetylated to yield 15, neutralizing the positive
charge, the intrinsic interaction with the channel de-
creases in affinity by ~4-fold. Taken together, these
results indicate that any polar bulk at the end of the
butyl tail is poorly tolerated. Given that block of CNGA1
channels is sensitive to addition of polar groups to
tetracaine’s hydrophobic end, it is not surprising that
removal of the butyl chain (16) is deleterious. Interest-
ingly, the z6 value for this compound is significantly
higher than that found for tetracaine (1), 0.91 and 0.47,
respectively. The simplest reasoning would be that the
tertiary amine of 16 penetrates further into the pore
on average, perhaps due to the loss of the hydrophobic
interaction. However, the observation that 15 has a
similarly weak interaction with the channel but no
obvious change in voltage dependence could call this
explanation into question. At physiological pH the
aromatic amine of 16 is expected to be uncharged.
However, it is possible that in the context of the channel
pore the pK, of this group (pK, = 4—5) could be
perturbed, resulting in the aromatic amine carrying
some positive charge. It should be noted that tetracaine
(1) and compound 4 have been shown to be state-
dependent blockers of CNG channels, strongly prefer-
ring closed over open channels.!72223 We have not
investigated this issue with the new derivatives. Some
of the observed differences between blockers could arise
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from disparities in the state dependence of block. It is
also known that the simple Woodhull model does not
account for all of the complexities of voltage-dependent
block.

These results will guide future modifications of tet-
racaine toward the goal of synthesizing a blocker
selective for CNG channels. As previously reported, the
high affinity of 4 for CNGA1l channels at positive
potentials is accompanied by a significant increase in
the selectivity for CNGA1 channels relative to voltage-
gated sodium channels. We will alter this scaffold in an
attempt to further enhance selectivity, by varying the
distance between the positive charges. We are also
interested in generating a series of derivatives with
nonpolar substitutions (e.g., shorter, longer, branched,
or aromatic groups) of the butyl tail to target unique
features of the CNG channel pore. We anticipate that a
higher affinity compound would also show increased
block at physiological potentials. We may also achieve
selectivity through the synthesis of bivalent compounds
that link the tetracaine blocker with the cGMP agonist
moiety.3? Our results here indicate that the amine end
of 3 or 4 is a prime target for attachment of a flexible
polymer derivatized with ¢cGMP. Such bivalent com-
pounds hold promise as highly potent and selective
inhibitors of CNG channels.

Experimental Section

Channel Expression and Electrophysiology. Bovine
CNGA1 cDNA in the plasmid, pGEM-HE, was linearized with
Nhel and used as a template for production of CNGA1 cRNA
by use of the mMESSAGE mMACHINE kit (Ambion, Austin,
TX). Xenopus oocytes were microinjected with 5—25 ng of
cRNA and incubated at 18 °C. Inside-out excised patch
recordings were made 1—6 days after injection, at room
temperature with an Axopatch 200A amplifier (Axon Instru-
ments, Foster City, CA). Electrodes pulled from borosilicate
glass and heat-polished had resistances between 0.7 and 2.1
MQ. Pipet and bath solutions were identical and consisted of
130 mM NaCl, 2 mM N-(2-hydroxyethyl)piperazine-N'-2-
ethanesulfonic acid (HEPES), 1 mM ethylene glycol bis(s-
aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), and 0.02
mM ethylenediaminetetraacetic acid (EDTA), pH 7.6. Currents
were low-pass-filtered with an eight-pole Bessel filter and
sampled at 4—5 times the filter frequency. For shorter depo-
larizations (10 s duration) the sampling rate was 4 kHz, while
longer pulses (40 s duration) were sampled at 1 kHz. For
analysis, currents in the absence of cGMP were subtracted
from all traces. For patches with high current density, currents
were corrected for series resistance errors. To correct steady-
state currents for the droop associated with ion accumulation/
depletion, the following equation was used: Icorr = [(gv/g0)Iv/
[I-g0|)(Al-go)] + Iy, where g, and gy are the slope conductances
at a test potential and 0 mV, respectively, Iy is the steady-
state current at a test potential, |[_go| is the absolute value of
the steady-state current at —80 mV, and Al g, is the peak
rebound current after a voltage step from —80 to 0 mV.

Chemistry. All reagents were obtained from Sigma-—
Aldrich and solvents from Fisher. Reactions were followed by
thin-layer chromatography (TLC) and visualized by UV shad-
owing. Ton-exchange HPLC was performed on a PolyCAT A,
21 x 250 mm, 5 um, 300 A column (PolyL.C, Southborough,
MA) with a 5—500 mM ammonium acetate gradient (pH 5 with
acetic acid). Reversed-phase (RP) HPLC was performed on an
Xterra Prep RP8, 19 x 100 mm, 5 um column (Waters, Milford,
MA) with a water—methanol gradient (5 mM ammonium
acetate, pH 5).

N-(2-{[4-(Butylamino)benzoylloxy} ethyl)-N,N-dimeth-
ylbutan-1-aminium Acetate (2). A mixture of tetracaine (1)
(0.5 g, 1.89 mmol) and 1-bromobutane (215 L, 2 mmol) in 10
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mL of ethanol was refluxed for 72 h. Reaction progress was
followed by TLC. Removal of solvent in vacuo gave a residue
that was purified on a silica gel column; 175 mg (35%) of
starting material and 145 mg (45%) of 2 were sequentially
eluted with 2-propanol/acetic acid/water (5:3:2). TH NMR (400
MHz, CDs0D) 6 7.78 (d, J = 9 Hz, 2H), 6.59 (d, J = 9 Hz, 2H),
4.91 (s, 1H, NH), 4.70 (br s, 2H), 3.78—3.80 (m, 2H), 3.41—
3.44 (m, 2H), 3.20 (s, 6H), 3.14 (t, J = 7 Hz, 2H), 1.91 (s, 3H,
CH5C0O0"), 1.75—1.81 (m, 2H), 1.58—1.64 (m, 2H), 1.34—1.47
(m, 4H), 0.98 (t,J = 7.5 Hz, 3H), 0.97 (t, J = 7.5 Hz, 3H) (peak
assignments were aided by 'H—'H COSY experiment); °C
NMR (125 MHz, CDsOD) 6 179.4 (CHsCOO"), 167.7, 155.4,
132.9,116.3, 112.3, 66.5, 64.1, 58.5, 52.2, 43.7, 32.4, 25.7, 23.8
(CH5C00), 21.4, 20.9, 14.4, 14.0; MS (ESI) m/z 321.3 (M)*.
3-Amino-N-(2-{[4-(butylamino)benzoylloxy} ethyl)-N,N-
dimethylpropan-1-aminium Acetate (3). A mixture of
tetracaine (1) (2.5 g, 9.46 mmol) and 3-bromopropylamine
hydrochloride (2.1 g, 10 mmol) in 20 mL of ethanol was
refluxed for 8 h. Reaction progress was followed by TLC.
Removal of solvent in vacuo gave a residue that was purified
by ion-exchange HPLC. Unreacted tetracaine (1) eluted first,
compound 3 eluted second, followed by 4 in the ratio 67:27:6
(peak areas monitored at 312 nm). Compound 3 was further
purified by RP-HPLC and dried repeatedly in a Speed-Vac
(Savant). 'TH NMR (500 MHz, CDsOD) 6 7.79 (d, J = 9 Hz,
2H), 6.60 (d, J = 9 Hz, 2H), 4.94 (s, 3H, NH), 4.73 (br s, 2H),
3.83—3.85 (m, 2H), 3.55—3.58 (m, 2H), 3.25 (s, 6H), 3.15 (t, J
= 7 Hz, 2H), 2.96 (t, J = 7 Hz, 2H), 2.15—-2.21 (m, 2H), 1.91
(s, 3H, CH;CO0O"), 1.58—1.65 (m, 2H), 1.41—1.48 (m, 2H), 0.98
(t, J = 7 Hz, 3H) (peak assignments were aided by 'H—'H
COSY experiment); *C NMR (125 MHz, CD;0D) 6 179.4
(CH5CO0"), 167.7, 155.42, 132.9, 116.3, 112.3, 64.7, 63.7, 58.5,
52.3, 43.8, 37.9, 32.4, 24.1 (CHsCOO"), 23.1, 21.4, 14.4;
MALDI-MS (o-cyano-4-hydroxycinnamic acid matrix) m/z
322.23 (M)*.
3-[(3-Aminopropyl)amino]-N-(2-{[4-(butylamino)-
benzoylloxy} ethyl)-N,N-dimethylpropan-1-aminium Ac-
etate (4). See ref 23 for this procedure.
N-(4-Bromophenyl)succinamide (7). To a solution of
succinamic acid (5) (18.05 g, 0.154 mol) in dry DMF (130 mL)
was added N,N'-carbonyldiimidazole (25 g, 0.154 mol) with
stirring at room temperature under N. After evolution of CO,
was complete (2 h), p-bromoaniline (6) (26.4 g, 0.154 mol) was
added and the reaction proceeded for an additional 24 h. The
mixture was concentrated in vacuo to a brown solid and
washed with HyO followed by CCly. Recrystallization from
EtOAc and EtOH yielded a white crystalline product (7) (25
g, 60% yield). 'H NMR (300 MHz, DMSO-d) 6 10.1 (s, 1H),
7.6 (d,J =9 Hz 2H), 7.4 (d,J =9 Hz, 2H), 7.3 (s, 1H), 6.7 (s,
1H), 2.5 (t, J = 6.5 Hz, 2H), 2.37 (t, J = 6.4 Hz, 2H); 1*C NMR
(75 MHz, DMSO-ds) 6 173.3, 170.8, 138.7, 131.4, 120.8, 114.3,
31.5, 29.8; GC—MS m/z 271 (MH)*.
N-(4-Bromophenyl)butane-1,4-diamine (8). Borane di-
methyl sulfide (26 g, 0.342 mol) was added dropwise over 0.5
h at 0 °C to a three-neck 250 mL round-bottom flask charged
with 7 (23.4 g, 0.086 mol) in dry tetrahydrofuran (THF) and
equipped with a pressure-equalizing addition funnel, ther-
mometer, and reflux condenser. The mixture was refluxed at
45 °C for 3 h and cooled to 25 °C, and MeOH (41 mL) was
added dropwise. After the mixture was cooled to 5—10 °C,
anhydrous HCI was bubbled in until pH 1.5—2.0 was reached.
The resulting slurry was refluxed with the addition of MeOH
(2 x 75 mL) until the precipitate had dissolved. The solvent
was removed in vacuo; the resulting white solid was dissolved
in Hy0 (200 mL), and NaOH (~3.5 g) was added until pH 11.5
was reached. The mixture was extracted with CHoCls, dried
(NayS0y), evaporated in vacuo, and 18 g (58% yield) of 8 was
purified on a silica gel column (CH3;CN/H2O/AcOH 80:16:5).
H NMR (300 MHz, CDCls) 6 8.0 (s, 1H), 7.21 (d, J = 9 Hz,
2H), 6.45 (d, J = 9 Hz, 2H), 3.25 (t, J = 6.5 Hz, 2H), 2.85 (t,
J = 6.4 Hz, 2H), 1.95 (s, 3H), 1.75 (m, 2H), 1.6 (m, 2H); 13C
NMR (75 MHz, CDCl;) 6 177.8, 147.2,131.8,114.2, 108.6, 43.0,
39.2, 26.0, 25.3, 23.1; GC—MS m/z 243 (MH)".

Strassmaier et al.

N-[4-(Acetylamino)butyl]-N-(4-bromophenyl)aceta-
mide (9). Et;N (16.2 g, 0.16 mol) and acetic anhydride (14.2
g, 0.139 mol) were added to a solution of 8 (14.4 g, 0.04 mol)
in CHoCly (200 mL) with stirring under Ns. After 8 h the
reaction was quenched with 1 N NaOH (200 mL) and extracted
with CH3Cly (3 x 100 mL). The solvent was evaporated in
vacuo, yielding a viscous yellow oil that was purified on a silica
gel column eluted with CH3CN/H2O/AcOH (80:5:15). Final
yield was 13.07 g (99%) of 9. 'H NMR (300 MHz, CDCl;) 6
7.55 (d, J = 9 Hz, 2H), 7.05 (d, J = 9 Hz, 2H), 6.26 (s, 1H),
3.67 (t, J = 6.6 Hz, 2H), 3.23 (br q, 2H), 1.98 (s, 3H), 1.86 (s,
3H), 1.55 (m, 4H); *C NMR (75 MHz, CDCls) 6 170.1, 141.8,
132.9, 129.6, 121.7, 48.4, 39.1, 26.1, 25.1, 23.1, 22.7; GC—MS
m/z 327 (MH)".

N-[4-(Acetylamino)butyl]-N-(4-cyanophenyl)aceta-
mide (10). A solution of 9 (12.2 g, 0.037 mol) and CuCN (4.12
g, 0.046 mol) in dry N-methyl-pyrrolidinane (50 mL) was
heated to 200 °C for 1.5 h. The reaction was quenched at room
temperature with concentrated NHs (120 mL) and extracted
with CHyCl; (3 x 100 mL). The combined extracts were dried
(NagSO4) and evaporated in vacuo to give a dark brown oil,
which was purified on a silica gel column. Elution with EtOAc/
isopropyl alcohol (IPA) (9:1) yielded 9.0 g (89% yield) of 10 as
a pale yellow oil. 'TH NMR (300 MHz, CDCl3) 6 7.76 (d, J = 9
Hz, 2H), 7.35 (d, J = 9 Hz, 2H), 6.17 (s, 1H), 3.75 (br t, 2H),
3.23 (br q, 2H) 1.98 (s, 3H), 1.90 (s, 3H), 1.55 (m, 4H); 1*C NMR
(75 MHz, CDCl3) 6 170.1, 169.6, 146.8, 133.7, 128.7, 111.7,
48.7, 39.0, 26.2, 25.2, 23.1, 22.7; GC—MS m/z 274 (MH)*.

4-[(4-Aminobutyl)aminolbenzoic Acid (11). A solution
0f 10 (7.0 g, 0.026 mol) in HBr (80 mL) was heated under reflux
for 4 h. HBr was removed in vacuo, and silica gel and HsO
were added. Volatiles were removed in vacuo and the silica
gel mixture was applied to the top of a silica gel column and
eluted with CH;CN/H>O/NH; (60:40:10) to give pure 11 (4.9
g, 85% yield). 'H NMR (300 MHz, D;0) 6 7.39 (d, J = 9 Hz,
2H), 6.42 (d, J = 9 Hz, 2H), 2.66 (t, J = 6.5 Hz, 2H), 2.15 (t,
J = 6.4 Hz, 2H), 0.98—1.20 (m, 4H); *C NMR (75 MHz, D;0)
0178.0,153.8,133.4,127.2, 115.1, 45.6, 42.8, 31.9, 28.1; GC—
MS m/z 209 (MH)".

4-[[(Benzyloxy)carbonyl](4-{[(benzyloxy)carbonyl]-
amino}butyl)aminolbenzoic Acid (12). Benzyl chlorofor-
mate (5.2 g, 0.31 mol) was added dropwise at 0 °C to a solution
of 11 (4.84 g, 0.022 mol) in sodium phosphate buffer (pH 12,
176 mL). The reaction proceeded at room temperature for 24
h, yielding a mixture of benzyloxycarbonyl (Cbz) adducts. The
mixture was acidified with HCI and extracted with CH2Cl; (3
x 25 mL), and the extracts were evaporated under reduced
pressure. The resulting crystalline material was stirred in 1
M KOH (44 mL) and dioxane (100 mL) until a single product
was detected with TLC. The solution was acidified with HCI
to pH < 1, extracted with CH2Cly (3 x 25 mL), dried (Nas-
S0O4), and evaporated under reduced pressure. The resulting
oil was purified on a silica gel column; elution with hexane/
EtOAc (1:1) gave 12 as a white crystalline solid (7 g, 68% yield).
H NMR (300 MHz, CDCl;) 6 7.79 (d, J = 9 Hz, 2H), 7.25 (m,
12H), 6.50 (s, 1H), 5.13 (s, 2H), 5.05 (s, 2H), 3.70 (br t, 2H),
3.10 (br q, 2H), 1.55 (m, 4H); 3C NMR (75 MHz, CDCl;) 6
169.0, 156.4, 155.0, 144.8, 136.5, 136.2, 131.3, 128.3, 128.0,
127.7, 126.7, 67.5, 66.5, 49.6, 41.0, 26.9, 25.5.

2-(Dimethylamino)ethyl 4-[[(Benzyloxy)carbonyl](4-
{[(benzyloxy)carbonyllamino}butyl)amino]benzoate (13).
N,N'-Carbonyldiimidazole (1.18 g, 7 mmol) was added to a
solution of 12 (3.1 g, 6.6 mmol) in dry glyme (40 mL) under
Ns. The reaction was heated to just below boiling for 2 h,
followed by the addition of 2-(dimethylamino)ethanol (1.77 g,
0.02 mol) and NaH (~2 mg). After 8 h the reaction was
complete as judged by TLC. The solvent was removed in vacuo
and the resulting residue was dissolved in CCly (50 mL). After
extraction with HoO (3 x 30 mL), the organic phase was dried
over NasSO4 and the solvent was evaporated under reduced
pressure. The resulting oil was purified on a silica gel column
eluted with EtOAc/IPA (9:1), yielding pure 13 as a yellowish
gum (3.3 g, 92% yield). 'H NMR (300 MHz, CDCl3) 6 8.05 (d,
J =9 Hz, 2H), 7.31 (m, 12H), 5.15 (s, 2H), 5.07 (s, 2H), 4.78
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(s, 1H), 4.45 (t, J = 6.7 Hz, 2H), 3.73 (t, J = 6.6 Hz, 2H), 3.15
(br q, 2H), 2.74 (t, J = 6.5 Hz, 2H), 2.33 (s, 6H), 1.56 (m, 4H);
13C NMR (75 MHz, CDCl;) 6 165.8, 156.2, 154.2, 145.8, 136.5,
136.2, 130.4, 128.4, 128.0, 127.7, 126.4, 67.4, 66.5, 63.0, 57.7,
49.6, 45.7, 40.5, 27.0, 25.5.

2-(Dimethylamino)ethyl 4-[(4-Aminobutyl)amino]ben-
zoate (14). Pd/C (0.2 g, 10%) was added to a solution of 13
(3.2 g, 5.9 mmol) in concentrated acetic acid (8 mL). The
resulting suspension was stirred rapidly under 1 atm of Hy
until the uptake of Hy ceased. The reaction mixture was
filtered and the filtrate was evaporated to yield 2 g (99% yield)
of 14 as pale yellow crystals. 'TH NMR (500 MHz, CD3;0D) 6
7.81(d, J =9 Hz, 2H), 6.61 (d, J = 9 Hz, 2H), 5.15 (br s, 3H,
NH), 4.48 (t, J = 5 Hz, 2H), 3.17—3.22 (m, 4H), 2.96 (t,J = 8
Hz, 2H), 2.68 (s, 6H), 1.68—1.80 (m, 4H) (peak assignments
were aided by "TH—'H COSY experiment); *C NMR (125 MHz,
CDsOD) ¢ 168.2, 154.9, 132.9, 117.3, 112.3, 61.0, 57.9, 44.7,
43.4, 40.5, 27.1, 26.4; MS (ESI) m/z 280.1 (MH)".

2-(Dimethylamino)ethyl 4-{[4-(Acetylamino)butyl]-
amino}benzoate (15). A mixture of 14 (0.279 g, 1 mmol) and
acetic acid N-hydroxysuccinimide ester (0.157 g, 1 mmol) in
10 mL of ethanol was stirred at room temperature for 4 h.
Reaction progress was followed by TLC. Removal of solvent
in vacuo gave a residue that was purified on a silica gel
column; elution with 2-propanol/MeOH (1:1) gave 161 mg
(50%) of 15. 'TH NMR (400 MHz, CDsOD) 6 7.81 (d, J = 9 Hz,
2H), 6.59 (d, J = 9 Hz, 2H), 5.21 (br s, 1H, NH), 4.55 (t, J =
5 Hz, 2H), 3.43 (br s, 2H), 3.19 (t, J = 7 Hz, 2H), 3.15 (t, J =
7 Hz, 2H), 2.87 (s, 6H), 1.93 (s, 3H), 1.55—1.66 (m, 4H) (peak
assignments were aided by 'H—'H COSY experiment); 13C
NMR (125 MHz, CD;OD) ¢ 173.3, 168.0, 155.0, 133.0, 116.8,
112.2, 59.9, 57.5, 44.0, 43.6, 40.3, 28.0, 27.5, 22.8; MS (ESI)
m/z 322.2 (MH)".

4-Aminobenzoic Acid 2-(Dimethylamino)ethyl Ester
(16). A mixture of p-nitrobenzoyl chloride (30 g, 0.162 mol)
and 2-(dimethylamino)ethanol (43.2 g, 0.486 mol) in 500 mL
of dry benzene was stirred at room temperature for 14 h to
form 4-nitrobenzoic acid 2-(dimethylamino)ethyl ester. Fol-
lowing acidification with cold dilute HCI, the aqueous phase
was extracted with ether and made alkaline with sodium
carbonate. The oil that separated was extracted twice with
ether, and the extracts were washed with water and dried over
potassium carbonate. 4-Nitrobenzoic acid 2-(dimethylamino)-
ethyl ester was precipitated with the addition of dry HCI and
recrystallized from absolute ethanol (32.8 g, 85% yield).
4-Nitrobenzoic acid 2-(dimethylamino)ethyl ester (15 g, 63
mmol) in absolute EtOH (125 mL) was added to SnCl, (59.7
g, 315 mmol) and the mixture was stirred at 70 °C for 2.5 h.
The reaction was cooled to room temperature and poured into
200 mL of ice/Hy0O; saturated NaOH (420 mL) was added,
followed by extraction with EtOAc and concentration in vacuo.
The resulting residue was purified on a silica gel column.
Elution with 2-propanol/MeOH (1:1) gave pure 16 (9.1 g, 70%).
'H NMR (500 MHz, CD30D) 6 7.77 (d, J = 9 Hz, 2H), 6.63 (d,
J =9 Hz, 2H), 4.85 (s, 2H, NH), 4.35 (t,J = 5.5 Hz, 2H), 2.74
(t,J = 5.5 Hz, 2H), 2.34 (s, 6H); 1*C NMR (125 MHz, CD;0D)
0 168.7, 155.0, 132.8, 118.6, 114.4, 62.9, 58.9, 45.9; MS (ESI)
m/z 209.0 (MH)".
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