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Nl-Substituent Effects in the Selective Delivery of Polyamine Conjugates into

Cells Containing Active Polyamine Transporters
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Several N'-arylalkylpolyamines containing various aromatic ring systems were synthesized
as their respective HCI salts. The Nl-substituents evaluated ranged in size from N'-benzyl,
N'-naphthalen-1-ylmethyl, N'-2-(naphthalen-1-yl)ethyl, N'-3-(naphthalen-1-yl)propyl, N'-
anthracen-9-ylmethyl, N'-2-(anthracen-9-yl)ethyl, N'-3-(anthracen-9-yl)propyl, and pyren-1-
ylmethyl. The polyamine architecture was also altered and ranged from diamine to triamine
and tetraamine systems. Biological activities in L1210 (murine leukemia), Chinese hamster
ovary (CHO), and CHO’s polyamine transport-deficient mutant (CHO-MG) cell lines were
investigated via ICs¢ cytotoxicity determinations. K; values for spermidine uptake were also
determined in L1210 cells. The size of the N'-arylalkyl substituent as well as the polyamine
sequence used had direct bearing on the observed cytotoxicity profiles. NI-Tethers longer than
ethylene showed dramatic loss of selectivity for the polyamine transporter (PAT) as shown in
a CHO/CHO-MG cytotoxicity screen. In summary, there are clear limits to the size of N1-
substituents, which can be accommodated by the polyamine transporter. A direct correlation
was observed between polyamine-conjugate uptake and cytotoxicity. In this regard, a cytotoxicity
model was proposed, which describes a hydrophobic pocket of set dimensions adjacent to the

putative PAT polyamine-binding site.

Introduction

Rapidly dividing cells require large amounts of
polyamines in order to grow. The native polyamines 1—3
shown in Figure 1 exist mainly as polycations at
physiological pH. These charged growth factors can be
internally biosynthesized and also imported from exo-
genous sources.! Many tumor types have been shown
to contain elevated polyamine levels and an activated
polyamine transporter (PAT) for importing exogenous
polyamines.! These range from neuroblastoma, mela-
noma, human lymphocytic leukemia, colonic and lung
tumor cell lines to murine L1210 cells.!”7 Due to the
enhanced cellular need for these amine growth factors
and an activated transport system for their import, one
can deliver polyamine—drug conjugates to specific cell
types.178 This is possible due to particular structural
tolerances of the PAT, which allows for import of non-
native polyamine constructs.2—¢

In this regard, numerous N-alkylpolyamines have
been synthesized with promising anticancer activity.”
The molecular recognition events involved in polyamine
transport have long been known to be sensitive to the
distance separating the nitrogen centers as well as to
the number of nitrogens present in the molecule.l~7
However, recent systematic studies of N'-(anthracenyl-
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Figure 1. Structures of putrescine 1, spermidine 2, spermine
3, homospermidine 4, anthracen-9-ylmethyl-4,4-triamine, tri-
hydrochloride 5, anthracen-9-ylmethyl-4,4,4-tetraamine, tet-
rahydrochloride 6, DFMO 7a, and L-ornithine 7b.

7a: R=CF,H; DFMO
7b: R=H; L-Orn

methyl)polyamines suggested that there are limits to
the structural tolerance accommodated by the PAT.2~6
This report explored the size limitations associated with
the Nl-substituent and the ability of monosubstituted
polyamine systems not only to bind to the PAT but to
use the PAT for transport into the cell.

In this report, we focused on the polyamine trans-
porter (PAT). In terms of optimizing polyamine-conju-
gate design, one must understand the role of both the
polyamine component and the appended N-substituent.
Our first approach altered the polyamine “message”,
while maintaining the N-anthracen-9-ylmethyl sub-
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Figure 2. Polyamine conjugates 8 and 9.

stituent (e.g., AntCHy). This approach delineated how
various polyamine architectures influenced the delivery
of polyamine—anthracene conjugates into cells with
active polyamine transporters.* ¢

The Polyamine. Many Nl-substituted triamine and
tetraamine scaffolds were screened in terms of their
ability to deliver a toxic anthracene moiety via the PAT
to murine leukemia (LL1210) cells, Chinese hamster
ovary (CHO) cells, and a mutant PAT-deficient CHO cell
line (CHO-MG). The homospermidine architecture 4
was shown to be a superior vectoring motif. For ex-
ample, the N'-anthracenylmethyl-4,4-triamine 5 (Figure
1) was shown to be nearly 150 times more toxic to CHO
cells with high PAT activity than to a CHO-MG mutant,
which was PAT-deficient.%5 In addition, microscopy
studies with detached A375 melanoma cells revealed the
rapid uptake of this analogue over its 4,4,4-tetraamine
counterpart 6 (Figure 1).5 This was surprising as the
K; value for 6 (0.051 M) was approximately 35 times
lower than that of 5 (1.8 uM).%® It was suggested that
high-affinity PAT ligands, such as 6, seem to be less
efficient vectors and may actually limit their own import
into cells by destabilizing cellular membranes.’? There-
fore, at least in the N-alkylaryl systems studied, K;
values were not reliable indicators of polyamine-
conjugate transport into the cell and 4 was the more
efficacious vector system.*6

While there is a clear preference for the homosper-
midine motif 4 in the anthracene series, similar prefer-
ences may also apply to other polyamine-conjugate
systems. For example, in Cushman’s recent evaluation
of idenoisoquinoline—polyamine conjugates 8 (Figure 2),
no significant increase in cytotoxicity was observed
through incorporation of additional amino groups in the
side chain.82 One possible explanation was the use of
the 3,3-triamine motif (e.g., 8b), which was shown to
be a nonoptimal vectoring sequence in a related an-
thracene system.?

However, one caveat of the Cushman study was the
absence of aminoguanidine (AG) in their NCI-conducted
bioassay. Without the presence of an amine oxidase
inhibitor like AG, serum amine oxidases may have
converted polyamine substrates such as 8 into reactive
aldehydes and hydrogen peroxide, making their cyto-
toxicity profiles unreliable.5P

Nevertheless, the authors rationalized their findings
by stating that “the optimal use of the polyamine
transporter is not open to an indiscriminate array of
structural motifs.”®® This rationale is consistent with
the findings of other authors, who have used the
polyamine transporter for drug delivery.!

Therefore, defining the architectural and physio-
chemical constraints accommodated by the polyamine
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transporter is of clear benefit to future polyamine-
conjugate design.

The N-Substituent. Understanding the limits of
“cargo” size (i.e., the size of the Nl-substituent), hydro-
phobicity, and functional groups accommodated by the
PAT would facilitate the selection of specific drug classes
for attachment and the tethers used for this purpose.
Indeed, one could readily imagine attachment of other
bioactive agents as the R group in compound 4276 or onto
other polyamine systems (Figure 1).1729

However, there are limitations to this approach. First,
not all “cargoes” may be compatible with the PAT-
uptake manifold. Second, certain tether lengths may not
be accommodated by the PAT. These caveats will be
highlighted in this report.

While compounds which enter cells by pathways other
than PAT have clear clinical value, designing PAT-
selective ligands requires further knowledge of the
structural constraints accommodated by the trans-
porter. Encouraged by the selectivity and uptake profile
of 5, we decided to explore the limitations of size
accommodated by the Nl-position of the homospermi-
dine vector, 4.

In a recent report we demonstrated that even an N'-
pyrenylmethyl group could be delivered to CHO cells
via conjugation to homospermidine (i.e., 9 in Figure 2),
albeit with lower selectivity than an N'-anthracenyl-
methyl group.® Having shown that the PAT could
accommodate relatively large Nl-substituents on 4, the
question arose as to what was the optimal tether length
to attach such agents to the polyamine scaffold. Could
a large Nl-substituent with a long tether linked to 4
still retain its delivery characteristics and cytotoxicity
profile? Thus, we embarked on understanding the
sensitivity of the PAT to the alkyl tether separating the
Nl-amine center and the appended aryl substituent.

By studying how longer tethers influenced the sur-
vival of cells with active and inactive polyamine trans-
port systems, we were able to relate how conjugate
architecture influenced cytotoxicity and PAT targeting.
By judicious choice of amine substrates (e.g., a homolo-
gous series) and proper biological experiments (e.g., ICs,
K;, and drug uptake measurements) in selected cell
types (murine leukemia L.1210, CHO, and CHO-MG
cells), a better understanding between polyamine-
conjugate structure, transporter affinity, cytotoxicity,
and uptake was obtained. Outcomes from these studies
led to the development of a new model, which described
the relationships between polyamine-conjugate archi-
tecture, cytotoxicity, and the structural tolerances ac-
commodated by the polyamine transporter.



Selective Delivery of Polyamine Conjugates

20 3HCI
Figure 3. Arylalkyl derivatives 10—22.

Results and Discussion

Synthesis. Several new conjugates were synthesized
(Figure 3: 12, 13, and 15—19) in order to probe how
variations in the N-substituent influenced cytotoxicity
and PAT affinity. In addition, other conjugates (15 and
18—20) were used to address particular structural
parameters associated with the proposed cytotoxicity
model. For example, 5, 14, and 15 were used to describe
the nuances surrounding the internal tether, while 12,
13, 16, and 17 probed the distance effects between the
Nlposition and the polycyclic aromatic derivative.
Compounds 18 and 20 were used to reaffirm that
attachment via the Nl-position provided the optimal
vectoring motif, while derivative 19 was used to probe
the PAT selectivity of a novel bis-substituted system.

The N'-anthracen-9-ylmethyl unit was selected for
alteration to enable direct comparison with the previ-
ously prepared polyamine conjugates containing this
substituent (Figure 3: 5, 6, 14, and 20—22).175 In
addition, anthracene provided a convenient UV “probe”
for compound identification and elicited a toxic response
from cells upon entry (presumably through DNA coor-
dination).2:3:30

The synthesis of 12, 13, and 15—19 utilized previously
described technology for polyamine synthesis.2~6:31-33
Compounds 12, 13, 16, and 17 represent homologues
of 11 and 5, where the Nl-tether was sequentially
lengthened. As shown in Scheme 1, compound 12 was
generated from commercially available alcohol 23 via
alkylation of amine 25 with tosylate 24 to give 26,
followed by BOC removal with 4 N HCI. The other

Journal of Medicinal Chemistry, 2004, Vol. 47, No. 24 6057

N
\/\/\NHQ N o~
21 2HCI 22 HCI

conjugates, 13, 16, 17, were synthesized from their
respective nitriles: 28, 30 and 32. Nitriles 28 and 30
were directly accessed via cyanation of 27 and 29,
respectively. The homologous nitrile 32 was generated
in good yield with (cyanomethyl)trimethylphosphonium
iodide (2.5 equiv) at 100 °C.3* As shown at the bottom
of Scheme 1, these nitriles were then converted to their
respective amines (33—35) by hydrogenation over Raney
nickel followed by alkylation with mesylate 36 to give
37—39, respectively. BOC removal with 4 N HCI pro-
vided 13, 16, and 17, respectively.

As shown in Scheme 2, the di-BOC protected species
25 and 36 were synthesized via amine alkylation
methods. Putrescine 1 was converted to its mono-BOC
derivative 40. Subsequent alkylation with 4-bromobu-
tyronitrile gave the desired secondary amine 41, which
was N-protected with di-tert-butyldicarbonate to form
42. Reduction of the nitrile provided the desired tri-
amine 25.%°

An earlier amino-alcohol strategy3!:3? was employed
to access mesylate 36. BOC-protection of 4-aminobu-
tanol gave carbamate 43, which was then O-sulfony-
lated to give mesylate 44. Mesylate displacement with
4-aminobutanol gave the secondary amine 45, which
was then N-BOC protected to give 46 and mesylated in
successive steps to form 36.

As shown in Scheme 3, compounds 15, 18, and 19
were each generated using the commercially available
aldehyde 47. Synthesis of 15 began with the reductive
amination of 47 with 6-aminohexanol to give 48, fol-
lowed by N-BOC protection to give 49 and O-mesylation
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@ Reagents: (a) TsCl; (b) N1,N*-di-BOC homospermidine (25, ref 35); (c) 4 N HC]I; (d) MsCl; (e) KCN; (f) (cyanomethyl)trimethylphos-
phonium iodide (2.5 equiv), DIPEA, CH;CH>CN, 100 °C; (g) Hs, Raney Ni; (h) MsO(CH)sN(BOC)(CH2)sNHBOC (36).
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@ Reagents: (a) di-tert-butyldicarbonate; (b) 4-bromobutyroni-
trile; (¢) Hg, Raney Ni; (d) MsCl; (e) 4-aminobutanol.

to give intermediate 50. Mesylate 50 was then converted
to the triamine 51 and finally to 15. Compound 18 was
generated by reductive amination of 47 with N1-BOC-
1,4-diaminobutane 40 to give the secondary amine 52,
which was then alkylated with 4-bromobutyronitrile to
give 53. Subsequent reduction to the primary amine 54
provided the desired centrally substituted analogue 18
after treatment with 4 N HCI. Finally, the regiospecific
reductive amination of 55* with aldehyde 47 provided
the bis adduct 56 in good yield. As only one imine
intermediate was observed during this reaction, there
was a high preference for reaction of the primary amine
center in lieu of the more hindered secondary amine in
55. Finally, compound 56 was converted to the desired
bis-anthracenyl derivative 19 using 4 N HCI.
Biological Evaluation. Once synthesized, the con-
jugates were screened for cytotoxicity in 1.1210, CHO,

and CHO-MG cells. L1210 (mouse leukemia) cells were
selected to enable comparisons with the published ICsq
and K values for a variety of polyamine substrates.2—¢
CHO cells were chosen along with the mutant cell line
CHO-MG in order to comment on selective transport via
the PAT.4#6:12 The results are shown in Table 1.

L1210 IC;5¢ and K; Studies. The ICsq values listed
in Table 1 represent the concentration of the polyamine
conjugate required to reduce the relative cell growth by
50%. The K; values in Table 1 were determined for [14C]-
spermidine uptake and reflect the affinity of the
polyamine derivative for the polyamine transporter on
the cell surface. With both parameters, one can deter-
mine whether high affinity for the transporter (e.g., low
K; value) translated into high cytotoxicity (e.g., low ICs
value) etc.

The controls 21 and 22 had moderate cytotoxicity
(ICs0 values: 6.3 and 14.6 uM, respectively) in the L1210
cell line and high respective K; values (32.2 and 62.3
uM), which reflected their low affinity for the PAT.®
Prior work had shown that these two control compounds
were not PAT-selective and provided a measure of
anthracene toxicity, when non-PAT pathways were used
for cellular entry.b

An interesting insight was gained in the K; studies
in regard to PAT affinity. Since the K; value of the
branched tetraamine 20 was more similar to the tri-
amine 14 than to the linear tetraamine 6, one can
conclude that the K; value is determined in large part
by the number of amino groups aligned in a linear
fashion.

A comparison of the benzyl®® (10), naphthylmethyl
(11), anthracenylmethyl (5), and pyrenylmethyl series
(9) has already been published.f In terms of the anthra-
cen-9-yl and 1-naphthyl series studied, the arylmethyl
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@ Reagents: (a) 6-aminohexanol, NaBHy; (b) di-tert-butyldlcarbonate; (c) MsClI; (d) 1; (e) 4 N HCI; (f) 40, NaBH4; (g) 4-bromobutyronitrile;

(h) Hy, Raney Ni; (i) 47, NaBH,.

Table 1. Biological Evaluation of Polyamine Derivatives in L1210, CHO and CHO-MG Cells®

L1210 ICso L1210 Ki values CHO-MG IC50 CHO IC50 IC50
compd (tether) (uM) (uM) ref (uM) (uM) ratio®
5: Ant-methyl(4,4) 0.30 (+0.04) 1.8 (£0.1) 4 66.7 (£4.1) 0.45 (+0.10) 148
6: Ant-methyl(4,4,4) 7.5 (£0.3) 0.05 (+0.01) 5 33.2 (£1.7) 10.6 (£0.0) 3.1
9: Pyr-methyl(4,4) 0.40 (+£0.02) 2.9 (£0.3) 6 15.5 (+£2.4) 0.46 (+£0.05) 34
10: benzyl(4,4) 36.3 (+£8.4) 4.5(£0.8) 6 >1000 >1000 na
11: Nap-methyl(4,4) 0.50 (+0.03) 3.8 (£0.5) 6 >100 0.6 (£0.2) >164
12: Nap-ethyl(4,4) 0.53 (+£0.16) 2.0 (£0.1) 106.1(£11.2) 0.6 (+0.4) 177
13: Nap-propyl(4,4) >100 1.3 (£0.1) >500¢ >5004¢ na
14: Ant-methyl(5,4) 0.4 (£0.1) 1.7 (£0.2) 4 57.3 (£2.9) 1.5 (£0.1) 38
15: Ant-methyl(6,4) 4.1 (£0.9) 3.5 (+0.4) 38.2 (+2.4) 3.0 (£0.7) 12.7
16: Ant-ethyl(4,4) 3.5 (£0.7) 1.6 (£0.1) 33.5 (£7.1) 9.8 (+1.1) 3.4
17: Ant-propyl(4,4) 76.3 (£4.8) 1.1(£0.1) 130.8 (£5.5) 130.1 (£7.1) 1
18: N*-Ant-methyl(4,4) 76.7 (£3.6) 12.7 (+1.5) 86.6 (+7.1) 101.8 (+5.2) 0.9
19: bis N} N%-Ant-methyl(4,4) 1.5(4+0.1) 4.3 (+£0.2) 1.2 (4+0.1) 1.1 (4+0.1) 1.1
20: Ant-methyl(5,4,3¢) 3.9 (£1.2) 4.5 (£0.6) c 51.3 (£19.9) 60.9 (+4.4) 0.8
21: Ant-(butanediamine) 6.3 (£0.3) 32.2 (£4.3) 6 7.6 (£0.4) 7.7 (£0.5) 1
22: Ant (N-butyl) 14.6 (£0.1) 62.3 (+4.2) 4 11.2 (£2.3) 10.5 (£2.0) 1.1

@ Definitions used in Table 1: column 1, Ant = anthracen-9-yl, Nap = 1-naphthyl, Pyr = pyren-1-yl; column 4, ref denotes the reference
number in which the data was originally reported; a blank in the ref column denotes new data; column 7, na = not applicable. Cells were
incubated for 48 h with the respective conjugate. ® The ratio denotes the (CHO-MG/CHO) ICs¢ ratio, a measure of PAT selectivity.
¢ Derivative 20 is a branched tetraamine, see Figure 3. The synthesis of 20 has been reported in ref 2, and its earlier L1210 47 h ICso
value was reported as ~7 uM. The L1210 ICs value was redetermined for consistency. The CHO/CHO-MG data are new for 20. ¢ Forty
percent growth inhibition was observed for 13 in both CHO and CHO-MG cell lines. No differential effect was observed.

(5, 11), arylethyl (12, 16), and arylpropyl (13, 17)
conjugates provided new insights into the optimal PAT
substrate architecture.

First, the K; values decreased as the tether length
increased (e.g., Table 1 K; values: naphthyl 11, 12, 13,
3.8, 2.0, 1.3 uM; anthracenyl 5, 16, 17, 1.8, 1.6, 1.1 uM,
respectively). This is consistent with the longer NI-
tethers having somewhat higher affinity for PAT. A
priori one would have thought that higher PAT affinity
(lower K; value) would directly correlate with increased
cytotoxicity (lower ICso value). However, neither the
above K; trend nor the one mentioned previously with
5 and 6 correlated with their respective ICs¢ values. In
fact, the opposite trend was observed. Therefore, K;
values were of minimal value in predicting the cytotox-
icity of these systems.

As the tether was sequentially lengthened within the
same series (e.g., 5, 16, 17), the IC5¢ values dramatically
increased (0.30, 3.5, and 76.3 uM, respectively)! This

increase in ICsy value was also observed within the N1-
naphthylalkyl series (11, 12, 13), albeit only apparent
with the N-propyl chain length (13). In short, there was
a direct correlation between increased N!-tether length
and higher IC5y value (lower cytotoxicity). These collec-
tive findings provided the experimental data needed to
formulate a cytotoxicity model involving the PAT trans-
porter (see PAT model in Figure 6).

Another interesting trend was apparent in the L1210
ICs¢ values of the series 5, 14, and 15, wherein the
polyamine sequence was sequentially modified. Since
each compound carried the same anthracenylmethyl
group (the toxic component), the differences in IC5, were
due to the appended polyamine sequence. While the 4,4-
and 5,4-triamine systems 5 and 14 gave submicromolar
ICs0 values (0.3 and 0.4 uM, respectively), the 6,4-
triamine 15 was 10 fold less toxic (IC50 4.1 uM). This
finding is consistent with earlier findings wherein the
proper polyamine sequence was required for cellular
entry via the polyamine transporter, PAT.
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Since triamines have both terminal and internal
nitrogen centers, we synthesized the internal Ant
derivative 18 to observe whether internal alkylation also
provided PAT selective ligands. While Porter et al. had
shown that N*-substituted spermidine (e.g., N*-hexyl or
N*-benzyl) could still be taken up by the polyamine
transporter,?? the related anthracenylmethyl-homosper-
midine 18 was over 250-fold less toxic than its NI-
derivative 5 in L1210 cells. This was shown to be due
to the lower selectivity of 18 in using PAT for cellular
entry and validated our selection of N!-derivatives for
these PAT studies.

The bis analogue 19 was 5-fold less cytotoxic than the
monosubstituted 4,4-triamine 5. Therefore, substitution
at both ends of the polyamine chain resulted in a
conjugate with lower cytotoxicity. Again, these findings
were related to the inability of 19 to selectively use PAT
for cellular entry as shown in later CHO studies.

In summary, while the L1210 ICs5¢ values allowed
comparison to published polyamine systems, the CHO
and CHO-MG IC5( comparisons were much more infor-
mative.

CHO and CHO-MG Studies. CHO cells were chosen
along with the mutant cell line CHO-MG in order to
comment on how the synthetic conjugates gain access
to cells.#"812 The CHO-MG cell line is polyamine-
transport-deficient and was isolated after selection for
growth resistance to methylglyoxalbis(guanylhydra-
zone), MGBG, (CH3C[=N-NHC(=NH)NH,]CH[=N-
NHC(=NH)NH;]) using a single-step selection after
mutagenesis with ethylmethanesulfonate.37:38

For the purposes of this study, the CHO-MG cell line
represents cells with no PAT activity and provided a
model for alternative modes of entry or action, which
are independent of PAT. These alternative modes of
entry include passive diffusion or utilization of another
transporter. The alternative modes of action may also
include interactions on the outer surface of the plasma
membrane or other membrane receptor interactions.

In contrast, the parent CHO cell line represents a cell
type with high PAT activity.37-38 Comparison of conju-
gate cytotoxicity in these two CHO lines provided an
important screen to detect selective conjugate delivery
via the PAT. For example, a conjugate with high
utilization of the polyamine transporter would be very
toxic to CHO cells, but less so to CHO-MG cells.*76:12
In short, highly selective PAT ligands should give high
(CHO-MG/CHO) ICj;¢ ratios.

As shown in Table 1, the controls 21 and 22 had no
preference for either CHO cell line with virtually
identical IC5¢ values in both CHO-MG and CHO cells.
This observation was consistent with 21 and 22 entering
the cell through non-PAT mediated pathways.® In
addition, compounds 17—20 also showed no preference
for either CHO cell line.

In contrast, dramatic differences in cytotoxicity were
observed with 5 (CHO ICs of 5, 0.45 uM; CHO-MG/CHO
ICs0 ratio, 148), a highly PAT-selective substrate.
Indeed, the CHO-MG/CHO ICsj ratios in Table 1 sug-
gested that PAT targeting is influenced by both the
polyamine sequence and the appended Nl-substituent.
For example, terminal aminobutylation of triamine 5
to give tetraamine 6 significantly reduced its CHO
cytotoxicity (CHO ICsp of 6: 10.6 uM, a 24-fold de-
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crease)® and PAT selectivity (CHO-MG/CHO ICs ratio
for 6: 3.1).

The influence of altering the Nl-substituent was
exemplified in two series. First, in terms of the 1-naph-
thyl series studied, the naphthylmethyl (11) and naph-
thylethyl (12) conjugates were highly selective PAT
substrates with CHO-MG/CHO ICs; ratios >164. How-
ever, the naphthylpropyl analogue (13) had no PAT
selectivity. Thus, an additional methylene group was
sufficient to dramatically alter the cytotoxicity profile
of 13. These findings are consistent with a molecular
recognition event in PAT-mediated transport.

Second, the trend was even more apparent within the
anthracenyl series (5 and 14—17). Comparisons of the
Nl-alkyl tether effects in 5, 16, and 17 revealed a
decrease in the CHO-MG/CHO ICs ratio at longer N-
tether lengths. The conjugates became increasing less
toxic to CHO cells as the tether increased from meth-
ylene (5, CHO ICsp: 0.45 uM) to ethylene (16, CHO
ICs0: 9.8 uM) and propylene (17, CHO ICsp: 130.1 uM).
This was also reflected in their respective CHO-MG/
CHO ratios: 148, 3.4, and 1. These results could be
explained by the longer Nl-tethers facilitating the
generation of other conformations or molecular shapes,
which move the bulky aryl unit out of a nearby
hydrophobic pocket with rigid dimensions.

Short tethers with large aryl groups can be tolerated
by PAT. Indeed, a comparison of the benzyl (10),
naphthylmethyl (11), anthracenylmethyl (5), and pyre-
nylmethyl series (9) in CHO and CHO-MG cells has
already been published.® Large N'-arylmethyl substit-
uents appended to 4 were shown to be selectively
imported into cells with PAT activity.b

Subtle changes in the distances surrounding the N-
position also resulted in dramatic changes in cytotoxicity
in the CHO cell line. For example, maintaining the
terminal anthracenylmethyl moiety, but altering the
central alkylene tether length sequentially from buty-
lene (5), pentylene (14), and hexylene (15), resulted in
decreasing CHO-MG/CHO ICjy ratios. As shown in
Table 1, the conjugates became less PAT-selective and
incrementally less toxic to CHO cells at longer “central”
tether lengths.

Where To Put the Cargo? Comparisons of 5 and
18 revealed that attachment of the anthracenylmethyl
“cargo” to the Nl-position (e.g., 5) provided better PAT
selectivity, i.e., higher CHO-MG/CHO ICs ratio. This
reconfirmed our selection of the Nl-substituted tri-
amines as optimal PAT vectors, since the N*-substituted
system 18 was not PAT selective (CHO-MG/CHO ICs
ratio: 0.9). In addition, N*-aminopropylation of linear
14 to give branched derivative 20 (Table 1, CHO-MG/
CHO ICsp ratio: 0.8) obliterated the original PAT
selectivity of 14 (ICs¢ ratio: 38). Therefore, the PAT-
mediated transport system seems to have little tolerance
for bulky substituents at the N“-position. In contrast
the Nl-position can readily tolerate even a pyrenyl-
methyl unit.b

Collectively, these insights gave rise to a new model,
which described the optimal polyamine-conjugate motif
to utilize the PAT for cellular entry. Before generating
this model, however, it was important to first demon-
strate that the observed differences in cytotoxicity were
due to changes in transport via PAT and not due to
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Figure 4. Cell uptake studies with the N'-(anthracen-9-ylalkyl)homospermidine series (Ant methyl 5, Ant ethyl 16, and Ant

propyl 17) in CHO and CHO-MG cells.

intrinsic differences in cytotoxicity. This feature was
addressed via transport studies using fluorescent mea-
surements of polyamine conjugates (i.e., 5, 16, and 17)
recovered from dosed CHO and CHO-MG cells.

Uptake. In order to relate these compelling ICsg
trends to actual cell uptake of each conjugate, we
performed a series of fluorescence experiments to mea-
sure conjugate import. In particular, the “signature”
fluorescence profile associated with the anthracene
cargo was used to monitor conjugate uptake in CHO and
CHO-MG cells (Figure 4). The fluorescence spectra of
the anthracene conjugates showed a consistent .« near
364 nm and emission maxima near 395, 416, and 439
nm. The 416 nm emission band was the most intense
of the three observed. Therefore, the anthracene com-
ponent was easily tracked via its diagnostic fluorescence
properties.

In separate experiments run in tandem, CHO and
CHO-MG cells were incubated for 24 h with either
conjugate Ant-methyl 5, Ant-ethyl 16, or Ant-propyl 17.
After cell lysis, the quantity of imported conjugate was
determined by fluorescence measurements of the re-
spective perchloric acid extracts (see Experimental
Section).

As shown in Figure 4, experiments conducted with
the Ant-methyl 5 and Ant-ethyl 16 revealed that more
conjugate entered CHO cells, which have active poly-
amine transporters, than the PAT-deficient CHO-MG
cells. This uptake difference was not apparent with the
Ant-propyl analogue 17. Rewardingly, these uptake
results are in perfect agreement with the CHO and
CHO-MG cytotoxicity trends observed in Table 1.

It is possible that cells could metabolize the dosed
polyamine conjugate and convert it into one or more
fluorescent metabolites. The presence of other fluoresc-
ing species would give spurious results in terms of
quantification via total fluorescence. To address this
concern, we developed a new liquid chromatography—
mass spectrometry (LC—MS) method to isolate and

quantify each conjugate (5, 16, and 17). Rewardingly,
similar results were obtained by this alternative method.

Additional fluorescence experiments were run to
demonstrate whether this PAT-mediated process was
sensitive to other PAT substrates. Spermidine 2 (SPD,
a natural substrate for PAT, 200 uM) was added to CHO
cells along with the Ant-methyl derivative 5. As shown
in Figure 4, exogenous spermidine provided a significant
“import-inhibition” effect with lower amounts of conju-
gate 5 entering the cell after 24 h incubation.

As shown in Figure 5, the presence of spermidine also
provided cell protection from the polyamine conjugate
5 in two cell lines (L1210 and CHO), but not in the PAT-
deficient CHO-MG cell line. The top panel in Figure 5
clearly showed a reduction in cytotoxicity to L1210 cells
in the presence of 200 M spermidine. The lower panel
in Figure 5 further illustrated how spermidine protects
CHO cells from 5. This spermidine protection effect has
been observed previously?®12 and can be rationalized
here by spermidine’s competitive access to cells via the
PAT. Interestingly, these results also showed that when
one prevents 5 from entering cells through PAT, its
cytotoxicity effect becomes similar to that observed in
CHO-MG cells, which are PAT-deficient. Therefore, both
the protection and accumulation studies are in perfect
agreement with 5 preferentially using the PAT for
cellular entry.

In summary, there is a significant decrease in con-
jugate uptake via the PAT as the Nl-tether length is
increased. Decreased uptake means that less of the drug
is inside the cell to exert its cytotoxic effect. Having
demonstrated that the cytotoxicity profile of 5, 16, and
17 directly correlated with their respective import via
PAT, a new model was proposed to summarize these
findings.

Model. Other authors have presented models predi-
cated upon structure—activity relationships (SAR) of
alkylated polyamine derivatives.”»1d The present work
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provides a model for estimating the cytotoxicity profile
of PAT-selective Nl-substituted triamines.

The experimental results in Table 1, Figures 4 and
5, and prior efforts2—% gave rise to a new triamine model
(Figure 6). The model will be discussed from left to right.
The value of x was optimized in an earlier series of Ant-
triamines,* where derivatives containing either a pro-
pylene (x = 1) or a butylene fragment (x = 2) had
excellent PAT selectivity.* Early studies with 5 and 14
coupled with the new findings with 15 provide optimal
values for y (y = 2 or 3). The size of R in Figure 6 is
defined in part by earlier work with the N'-methylaryl
series (10, 11, 5, and 9).% Considering the significant
drop in uptake and cytotoxicity associated in lengthen-
ing the methyl tether in 5 to the ethyl tether in 16, one
can estimate the hydrophobic pocket (which accom-
modates R) to be near the sweep volume of an anthra-
cenylmethyl group.

Other subtleties are present. If R is a smaller group
(e.g., naphthyl), one can lengthen the N'-tether to ethyl
and still maintain high PAT selectivity (e.g., 12). We
speculate that the smaller group can still be accom-
modated by an adjacent hydrophobic pocket of set
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Table 2. Distances from N1 to Selected Atoms (A)

H.
3 Hg

4.7

O Hio 6.7 \

O
(

n O A& + . ]
R\/'in He Ny H3N\/\/\N/\/\/NH2’_..
Hy *
compound n N1-H10 (A) N1-H3 A)
5 1 6.0 6.7
16 2 75 7.9
17 3 8.4 8.7

dimensions. However, if the R group is large like the
anthracenyl probe in 16 and 17, small perturbations in
the Nl-tether result in a complete loss of PAT selectivity.
Note: the pyrenyl probe 9 also indicated the large size
accommodated by R pocket, if the short N'-methyl
tether is maintained. Moreover, the value of y in Figure
6 can be either y = 2 or y = 3 with a large anthracenyl
cargo attached and still retain good PAT selectivity (e.g.,
CHO-MG/CHO ICs5 ratio of 5, 148; 14, 38). However, if
the value of y is extended (to y = 4) as in 15, then the
PAT selectivity is further diminished (CHO-MG/CHO
ICs¢ ratio of 15: 12.7). Again these results are consistent
with a nearby hydrophobic pocket of set dimensions.

Modeling. Using Gaussian 98 augmented with Gauss-
view, the three systems (5, 16, and 17) were built and
geometry-optimized via computation. The completely
staggered model was geometry-optimized using the AM1
semiempirical algorithm. Results were obtained in 10
min. These models were then subjected to a Hartree—
Fock optimization using the 3-21G(d) basis set, which
each required 2 h to complete.

The distances shown in Table 2 were obtained from
these models. The estimated conical height distances
(N1-H10) associated with the Nl-substituentsin 5, 16,
and 17 were 6.0, 7.5, and 8.4 A, respectively. The radius
of the cone (H10—H3) remained constant at 4.7 A. The
pertinent distances which define the “sweep triangle”
found for 5 were N1-H10, 6.0 A; H10—H3, 4.7 A; and
H3—-NI1, 6.7 A. The approximate volume of the cone
swept out by the anthracenyl methyl group in § is
therefore >100 A3, This sweep volume further increased,
when the value of n was increased from 1 (e.g., 5) to 2
(e.g., 16).

As the tether was sequentially lengthened in 5, 16,
and 17, the N1-H3 distance increased by an incremen-
tal 1 A (0.8—1.2A) with each additional methylene. The
putative hydrophobic pocket on the PAT receptor may
not be able to accommodate these incremental changes
as conjugate import via PAT diminished as the tether
was increased (Figure 4).

Since the L1210 K; values in Table 1 are mostly in
the same range (from 4.5 to 1 uM) for all homospermi-
dine-containing conjugates, the N'-substituent had little
effect on PAT affinity in the series studied. In addition,
the K; parameter (a PAT-affinity measure) seemed to
be largely determined by the polyamine component,
especially in the absence of bulky N* substituents (e.g.,
K; for 18: 12.7 uM).

One could rationalize these findings by invoking a
two-step model, where first the conjugate binds prima-
rily through its polyamine portion to PAT and then the
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Table 3. Cell Selectivity Profile for Ant-methyl 5 and the
Ant-N-butyl Control 22 (ICso values in uM)

cell type/conjugate 24 h ICsq 48 h ICs 72 h ICs
B16 (melanoma)/5 1.9(£0.1) 1.1(£0.1) 0.62 (£+0.03)
Mel-A (normal melanocyte)/5 16.5 (+2.0) 8.3 (£1.0) 6.5 (+1.2)

B16 (melanoma)/22 19.3 (£2.8) 21.31 (£2.18) 20.4 (£1.8)
Mel-A (normal melanocyte)/22 44.3 (+9.1) 32.80 (+4.64) 15.0 (+£3.7)

hydrophobic substituent seeks out its associated pocket
to initiate the receptor-mediated endocytosis event® (or
vice versa).

Strategy in Action. Many cancer cell lines are
known to have high PAT activity.® As shown in Table
3, 5 was 10.5 times more cytotoxic to melanoma B16
cells than to normal melanocytes, Mel-A, after 72 h (e.g.,
72 h ratio: 6.5/0.62 = 10.5). The Ant-N-butyl control
22, which has been shown to not use the PAT,% showed
little selectivity after 72 h (72 h ratio: 15/20.4 = 0.7).
While the magnitude of this effect was somewhat time-
dependent, conjugate 5 was consistently superior in
terms of its ability to target the melanoma cell line.

Since the respective cell doubling times were different,
ICsp ratios (22/5) for each cell type were also compared.
This alternative interpretation revealed that the pres-
ence of the triamine vector in 5 resulted in 10- to 33-
fold higher cytotoxicity in B16 cells, which have high
PAT activity, than control 22 (e.g., 72 h ratio: 20.4/0.62
= 33). In contrast, the triamine vector in 5 resulted in
only 2- to 4-fold higher cytotoxicity in Mel-A cells than
22 (e.g., 72 h ratio: 15/6.5 = 2.3). To the best of our
knowledge, these are the first experiments to demon-
strate the PAT-targeting strategy in both normal vs
transformed cells.

Conclusions. A series of anthracene—polyamine
conjugates were synthesized to probe the sensitivity of
the polyamine transporter (PAT) to small structural
changes in its substrate. A direct correlation was found
between cytotoxicity and the ability of the polyamine
conjugate to use the PAT for cellular entry. A survey of
these conjugates led to the identification of a general
PAT-selective motif, which was effective in targeting the
PAT for cellular entry. This motif was illustrated in a
new model, which related polyamine—anthracene con-
jugate structure to PAT-mediated cytotoxicity. Last, this
PAT-targeting approach was successfully demonstrated
using both a melanoma (B16) and a normal melanocyte
cell line (Mel-A).

Experimental Section

Materials. Silica gel (32—63 um) and chemical reagents
were purchased from commercial sources and used without
further purification. All solvents were distilled prior to use.
H and ¥C NMR spectra were recorded at 300 and 75 MHz,
respectively. TLC solvent systems are based on volume
percent, and NH,OH refers to concentrated aqueous NH,OH.
Elemental analyses were performed by Atlantic Microlabs
(Norcross, GA). High-resolution mass spectrometry was per-
formed at the University of Florida Mass Spectrometry facility.

Biological Studies. Murine leukemia cells (LL1210), CHO,
CHO-MG, B16, and Mel-A cells were grown in RPMI medium
supplemented with 10% fetal calf serum, glutamine (2 mM),
penicillin (100 unit/mL), and streptomycin (50 ug/mL). L-
Proline (2 ug/mL) was added to the culture medium for CHO-
MG cells. Cells were grown at 37 °C under a humidified 5%
COz atmosphere, except B16 and Mel-A cells, which were
grown under 10% CO,. Aminoguanidine (2 mM) was added to
the culture medium to prevent oxidation of the drugs by the
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enzyme (bovine serum amine oxidase) present in calf serum.
Trypan blue staining was used to determine cell viability
before the initiation of a cytotoxicity experiment. L1210 cells
in early to mid log-phase were used.

IC50 Determinations. Cell growth was assayed in sterile
96-well microtiter plates (Becton-Dickinson, Oxnard, CA).
L1210 cells were seeded at 5e* cells/mL of medium (100 uL/
well). CHO and CHO-MG cells were plated at 2e® cells/mL.
B16 cells and Mel-A cells were plated at 7e? and 5e® cells/mL,
respectively. Drug solutions (10 uL/well) of appropriate con-
centration were added at the time of seeding for 11210 cells
and after an overnight incubation for the other cells. After
exposure to the drug for 48 h, cell growth was determined by
measuring formazan formation from 3-(4,5-dimethylthiazol-
2-y1)2,5-diphenyltetrazolium using a Titertek Multiskan MCC/
340 microplate reader for absorbance (540 nm) measure-
ments.?? For B16 and Mel-A, cell growth was determined after
24 h and 72 h exposure to the respective conjugates.

K; Procedure. The ability of the conjugates to interact with
the polyamine transport system was determined by measuring
competition by the conjugates against radiolabeled spermidine
uptake in L.1210 cells. This procedure was used to obtain the
data listed in Table 1. Initially, the K, value of spermidine
transport was determined as previously described.*

The ability of conjugates to compete for ['*C]spermidine
uptake was determined in L1210 cells by a 10 min uptake
assay in the presence of increasing concentrations of competi-
tor, using 1 uM [**C]spermidine as substrate. K; values for
inhibition of spermidine uptake were determined using the
Cheng—Prusoff equation*' from the ICsy value derived by
iterative curve fitting of the sigmoidal equation describing the
velocity of spermidine uptake in the presence of the respective
competitor.*>43 1.L1210 cells were grown and maintained ac-
cording to established procedures** and were washed twice in
HBSS prior to the transport assay.

Fluorescence Studies. Culture flasks were seeded at 2e°
cells/'mL (CHO or CHO-MG) in complete medium containing
aminoguanidine. The respective conjugates (as sterile stock
solutions in 0.9% NaCl) were added to the flasks 24 h after
the initial seeding at sequential doses ranging from 0.01 to
100 uM, respectively. For the spermidine protection experi-
ment with 5 in Figure 5, spermidine 2 (final concentration 200
uM) was added at the same time as the drug addition.

After 24 h incubation, the cells were harvested and washed
in cold 0.9% NaCl and then sonicated in 0.8 mL of a 0.2 N
HC104/1 N NaCl solution to facilitate the extraction process
and the proteins precipitated. The mixture was stored over-
night at 4 °C. The samples were centrifuged (10 min at 3000
rpm) and the supernatant saved for fluorescence analysis,
while the remaining pellets were saved to determine protein
content using the Lowry method?® after dissolution in 0.1 N
NaOH.

The quantity of conjugate was determined by fluorescence
measurements using calibration curves predetermined with
pure material in the 0.2 N perchloric acid/1 N NaCl solution.
The excitation and emission maximal wavelengths were
slightly different between 5, 16, and 17 in 0.2 N HCIO4/1 N
NaCl. The excitation maximal wavelengths for 5, 16, and 17
were 365, 368, and 369 nm, respectively. Emission maxima
were at 395, 416, and 439 nm for derivatives 5 and 17, while
16 had emission maxima at 391, 413, and 436 nm. Therefore,
calibration curves allowed for quantification of conjugate
import by quantifying the relative fluorescence emissions at
these distinctive frequencies and using the predetermined
excitation wavelengths. The overall import results are ex-
pressed as nanomoles of conjugate/milligram of protein.

LC—MS Method. An Agilent Eclipse XDB-C8 (5 um, 4.6 x
150 mm) column was used eluting with 25% acetonitrile in
water with 0.1% trifluoroacetic acid (TFA) at a flow rate of
0.2 mI/min. The sample injection size was 5 uL,, and compound
5 eluted 16 min after injection. Compounds 16 and 17 were
eluted using 50% acetonitrile in water with 0.1% TFA (0.2 mL/
min) and gave retention times of 8 and 9 min, respectively.
Analyses were performed on an Agilent 1100 MSD quadrupole
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mass spectrometer equipped with an electrospray ionization
(ESI) source and interfaced to an Agilent 1100 HPLC measur-
ing under positive ion mode. The ESI interface was optimized
to a capillary voltage of 5 kV, spray chamber temperature of
350 °C, drying gas flow rate of 12.0 L/min, and a nebulizer
pressure of 45 psi. The polyamine conjugates were typically
observed as (M + H)'. Although a peak at m/z 159 was
observed in every sample, it was determined to not be free
homospermidine 4 (a potential metabolite) via comparison to
an authentic sample of 4.
N-(4-Aminobutyl)-N'-(2-naphthalen-1-yl-ethyl)butane-
1,4-diamine, Trihydrochloride Salt 12. The di-BOC amine
26 (0.08 g, 0.16 mmol) was dissolved in EtOH (1.5 mL) and
cooled to 0 °C. HCI (4 N, 2.5 mL) was added dropwise at 0 °C,
and the reaction mixture was stirred at room temperature
overnight. The solution was concentrated under reduced
pressure to give an off-white solid. Absolute EtOH (at 0 °C)
was used to wash the solid several times after the solid was
initially filtered. The solid was then collected and dried via a
vacuum line overnight to give the desired hydrochloride salt
12 as a white solid (0.05 g, 76%). 'TH NMR (D20, 3 drops of
DMSO): 6 7.90 (d, 1H), 7.82 (d, 1H), 7.75 (d, 1H), 7.55—7.25
(m, 4H), 3.35 (t, 2H), 3.26 (t, 2H), 2.87 (q, 8H), 1.56 (m, 8H).
13C NMR: ¢ 133.8, 132.3, 131.1, 129.1, 128.2, 127.5, 127.0,
126.4, 126.0, 123.2, 47.9, 47.1, 39.0, 29.3, 24.2, 23.1, 23.0.
HRMS (FAB) caled for CooH3oNs(M + H): 314.2596. Found:
314.2593. Anal. (C90H34Cl3N3-0.3H20) C, H, N.
N-(4-Aminobutyl)-N'-(3-naphthalen-1-yl-propyl)butane-
1,4-diamine, Trihydrochloride Salt, 13. The di-BOC amine
37 (0.355 g, 0.67 mmol) was dissolved in absolute ethanol (7
mL) and stirred at 0 °C for 10 min. A 4 N HCI solution (11
mL) was added to the reaction mixture dropwise and stirring
continued at 0 °C for 20 min and then at room temperature
overnight. The ethanol and aqueous HCI were removed in
vacuo, and coevaporation with benzene (5 mL) gave an off-
white solid. The solid was suspended in cold ethanol (0 °C, 2
mL), filtered, and then washed several times with cold ethanol.
The pure product 13 was obtained as a white powder (0.236
g, 80%). 'H NMR (300 MHz, D;0): 6 7.95 (d, 1H), 7.80 (d, 1H),
7.69 (d, 1H), 7.43 (m, 2H), 7.33 (t, 1H), 7.27 (d, 1H), 3.04 (t,
2H), 2.87 (m, 10H), 1.90 (quin, 2H), 1.55 (m, 8H). 3C NMR: ¢
136.7, 133.7, 131.2, 129.0, 127.2, 126.6, 126.2, 126.0, 123.6,
47.4,47.1,47.0,46.9, 39.0, 29.2, 26.7, 24.2, 23.02, 22.98. HRMS
(FAB) m/z caled for Co;HsuNs (M + H)™: 328.2753. Found:
328.2745. Anal. (Cz1H35N3013) C, H, N.
N-(4-Aminobutyl)-N'-anthracen-9-ylmethyl-hexane-1,6-
diamine, Trihydrochloride Salt, 15. A solution of the mono-
BOC diamine 51 (0.48 g, 1 mmol) was dissolved in absolute
ethanol (10 mL) and stirred at 0 °C for 10 min. A 4 N HCIl
solution (15 mL) was added to the reaction mixture dropwise
and stirring continued at 0 °C for 20 min and then at room
temperature overnight. The ethanol and HCI were removed
in vacuo, and coevaporation with benzene (5 mL) gave a yellow
solid. The solid was suspended in cold absolute ethanol (0 °C,
2 mL), filtered, and then washed several times with cold
ethanol. The pure product 15 was obtained as a yellow solid
(0.37 g, 76%). '"H NMR (300 MHz, D20): ¢ 8.22 (s, 1H), 7.88
(m, 4H), 7.56 (m, 2H), 7.47 (m, 2H), 4.66 (s, 2H), 3.02 (m, 8H),
1.72 (m, 4H), 1.62 (m, 4H), 1.31 (m, 4H). 3C NMR: ¢ 130.6,
130.3, 130.0, 129.4, 127.6, 125.5, 122.5, 120.5, 47.74, 47.67,
47.0, 42.5, 39.0, 25.6, 25.43, 25.39, 24.2, 23.0. HRMS (FAB)
m/z caled for CosH3eN3 (M + H)*: 378.2909. Found: 378.2922.
Anal. (025H38013N3‘0.1H20) C, H, N.
N-(4-Aminobutyl)-N'-(2-anthracen-9-yl-ethyl)butane-
1,4-diamine, Trihydrochloride Salt, 16. The di-BOC amine
38 (0.16 mmol) was dissolved in EtOH (0.17 mL) and cooled
to 0 °C. HCI1 (4 N, 0.27 mL) was added dropwise at 0°C. A
gummy paste formed after 30 min, which eventually dissolved
upon stirring at room temperature overnight. The solution was
concentrated under reduced pressure to give a tan solid.
Absolute EtOH (at 0 °C) was used to wash the solid several
times after the solid was initially filtered. The solid was then
collected, and it was dried via a vacuum line overnight to give
the desired hydrochloride salt 16 (78%). 'H NMR (300 MHz,

Gardner et al.

D;0): 0 8.34 (s, 1H), 8.08 (d, 2H, J = 8.8 Hz), 7.96 (d, 2H, J
= 8.2 Hz), 7.48 (m. 4H), 3.81 (t, 2H, J = 8.2 Hz), 3.21 (t, 2H,
J = 8.2 Hz), 2.98 (m, 8H), 1.68 (m, 8H). *C NMR (D20): &
131.2, 129.5, 129.4, 127.5, 127.0, 125.6, 123.3, 47.5, 47.2 (20),
47.1, 39.1, 24.2, 24.1, 23.1, 23.0. HRMS theory for CosH34Ns:
364.2753. Found: 364.2745. Anal. (Cz4H36N3Clg‘1H20) C, H,
N.

N-(4-Aminobutyl)-N'-(3-anthracen-9-yl-propyl)butane-
1,4-diamine, Trihydrochloride Salt, 17. A solution of di-
BOC amine 39 (0.13 g, 0.22 mmol) was dissolved in absolute
ethanol (3 mL) and stirred at 0 °C for 10 min. A 4 N HCI
solution (4 mL) was added to the reaction mixture dropwise
and stirring continued at 0 °C for 20 min and then at room
temperature overnight. The ethanol and HCI were removed
in vacuo, and coevaporation with benzene (5 mL) gave a yellow
solid. The solid was suspended in cold absolute ethanol (0 °C,
2 mL), filtered, and then washed several times with cold
ethanol. The pure product 17 was obtained as a yellow solid
(0.07 g, 64%). "TH NMR (300 MHz, D20): ¢ 8.12 (s, 1H), 8.01
(d, 2H), 7.79 (d, 2H), 7.35 (m, 4H), 3.38 (t, 2H), 2.85 (m, 8H),
2.75 (t, 2H), 1.90 (quin, 2H), 1.56 (m, 4H), 1.48 (m, 4H). 3C
NMR: ¢ 132.5,131.2,129.3,129.1, 126.4, 126.3, 125.4, 123.9,
47.3,47.1,47.0, 46.8, 39.0, 27.1, 24.2, 23.9, 23.01, 22.98, 22.93.
HRMS (FAB) m/z caled for CesHssNs (M + H)™: 378.2909.
Found: 378.2914. Anal. (Cz5H3sN3C13) C, H, N.

N'-(4-Aminobutyl)-N'-anthracen-9-ylmethyl-butane-
1,4-diamine, Trihydrochloride Salt, 18. A solution of the
mono-BOC amine 54 (0.70 g, 1.6 mmol) was dissolved in
absolute ethanol (16 mL) and stirred at 0 °C for 10 min. A 4
N HCI solution (24 mL) was added to the reaction mixture
dropwise and stirring continued at 0 °C for 20 min and then
at room temperature overnight. The ethanol and HCI were
removed in vacuo, and coevaporation with benzene (5 mL) gave
a yellow foam. The pure product 18 was obtained as a yellow
foam (520 mg, 73%). '"H NMR (300 MHz, D;0): 6 8.52 (s, 1H),
7.99 (t, 4H), 7.57 (t, 2H), 7.45 (t, 2H), 5.10 (s, 2H), 3.08 (t, 4H),
2.72 (t, 4H), 1.61 (m, 4H), 1.38 (quin, 4H). 3C NMR: 6 132.8,
132.41, 132.35, 131.2, 129.7, 127.2, 124.0, 120.9, 58.9, 54.3,
51.3, 25.6, 22.3. HRMS (FAB) m/z calcd for CosH3oNs (M +
H)+I 350.2596. Found: 350.2579. Anal. (CQ3H34N3013'1H20)
C, H, N.

N-Anthracen-9-ylmethyl-N'-{4-[ (anthracen-9-ylmethyl)-
amino]butyl}butane-1,4-diamine, Trihydrochloride Salt,
19. A solution of the mono-BOC diamine 56 (0.19 g, 0.3 mmol)
was dissolved in absolute ethanol (3 mL) and stirred at 0 °C
for 10 min. A 4 N HCI solution (4.5 mL) was added to the
reaction mixture dropwise, and a gummy paste formed after
30 min, which eventually formed a precipitate upon stirring
at room temperature overnight. The ethanol and HCl were
removed in vacuo, and coevaporation with benzene (5 mL) gave
a yellow solid. The solid was suspended in cold absolute
ethanol (0 °C, 2 mL), filtered, and then washed several times
with cold ethanol. The pure product 19 was obtained as a
yellow solid (0.18 g, 93%). 'TH NMR (300 MHz, D;0, 6 drops of
DMSO): 6 8.58 (s, 2H), 8.15 (d, 4H), 8.02 (d, 4H), 7.58 (t, 4H),
7.47 (t, 4H), 5.14 (s, 4H), 3.15 (t, 4H), 2.85 (t, 4H), 1.66 (m,
4H), 1.53 (m, 4H). 3C NMR (300 MHz, DMSO): ¢ 132.0, 131.5,
130.5, 129.0, 127.0, 124.3, 122.8, 48.4, 47.6, 43.8, 24.0, 23.7.
HRMS (FAB) m/z caled for C3sHseNs (M + H)™: 540.3379.
Found: 540.3375. Anal. (C38H44N3013'2.3H20) C, H, N.

Toluene-4-sulfonic Acid 2-Naphthalen-1-yl-ethyl Es-
ter, 24. A solution of 2-naphthalen-1-ylethanol 23 (0.5 g, 2.9
mmol) in dry pyridine (10 mL) was stirred at 0 °C for 10 min.
p-Toluenesulfonyl chloride (TsCl, 8.7 mmol) was added in
small portions over 30 min, and the mixture was stirred at
room temperature overnight. The majority of pyridine was
removed in vacuo, and the residue was dissolved in CHyCly
(100 mL) and washed with aqueous HCI solution (3 x 60 mL).
The CH3Cl; layer was dried over sodium sulfate, filtered, and
removed in vacuo to give an oily residue. The residue was
purified by flash column chromatography (15% EtAc/hexanes)
to yield the product 24 as a white solid (0.54 g, 60%), Ry =
0.35 (15% EtAc/hexanes); mp 62—64 °C. 'H NMR (CDCl;): 6
7.80—7.16 (m, 11H), 4.31 (t, 2H), 3.42 (t, 2H), 2.36 (t, 3H). 13C
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NMR: o 144.8,134.0,132.8, 132.1, 131.8, 129.9, 129.1, 128.0,
127.9,127.7,126.5, 125.9, 125.7, 123.2, 70.2, 32.9, 22.0. HRMS
(FAB) caled for C19H1505S: 326.0977. Found: 326.0974. Anal.
(C1yH1805S) C, H, N.

(4-tert-Butoxycarbonylamino-butyl)[4-(2-naphthalen-
1-yl-ethylamino)butyl]lcarbamic Acid tert-Butyl Ester,
26. To a solution of di-BOC amine 25 (0.2 g, 0.6 mmol) in
anhydrous acetonitrile (3 mL) being stirred at 0 °C was added
dropwise a solution of the tosylate (0.1 g, 0.3 mmol) in
anhydrous acetonitrile (2 mL). The reaction mixture was then
warmed to room temperature and refluxed overnight. The
acetonitrile was removed in vacuo, and the oily residue was
dissolved in CHyCls; (40 mL) and washed with saturated
sodium carbonate solution (2 x 25 mL). The aqueous layers
were combined and extracted with CH,Cly (25 mL). The
organic layers were combined, dried over anhydrous sodium
sulfate, and filtered, and the solvent was removed in vacuo to
give a yellow oil. The oil was purified by flash column
chromatography (1% NH,OH/5% MeOH/CHCls) to yield the
product 26 as a pale yellow oil (0.1 g, 67%), Rr= 0.3 (1% NH4-
OH/5% MeOH/CHC];). 'H NMR (CDCl;): ¢ 8.08 (d, 1H), 7.87
(d, 1H), 7.74 (d, 1H), 7.50—7.27 (m, 4H), 4.64 (br s, 1H), 3.32
(t, 2H), 3.30—3.00 (m, 8H), 2.69 (m, 2H), 1.66 (m, 8H), 1.47
(m, 18H). 3C NMR: ¢ 156.2, 155.7,136.1, 134.1, 132.1, 129.0,
127.2, 126.8, 126.1, 125.8, 125.7, 123.9, 79.5, 50.8, 49.9, 47.3,
40.6, 33.8, 28.9, 28.8, 27.8, 27.6, 26.3, 26.0. HRMS (FAB) caled
for C30H47N304 (M + H): 514.3645. Found: 514.3649. Anal.
(C30H47N304 0.7H20) C, H, N.

Methanesulfonic Acid 2-Naphthalen-1-yl-ethyl Ester,
27. A solution of 2-(1-naphthyl)ethanol 23 (1.5 g, 8.7 mmol) in
anhydrous CH2Cls (100 mL) and triethylamine (13.1 mmol,
1.84 mL, 1.5 equiv) was cooled to 0 °C. Methanesulfonyl
chloride (13.1 mmol, 1.01 mL, 1.5 equiv) was added dropwise
and the resulting solution stirred at 0 °C for 4 h. A1 M NaOH
solution (30 mL) was added slowly to quench the reaction and
the mixture warmed to room temperature. The aqueous layer
was made up to 50 mL with water, and the organic layer was
separated off, washed with water (50 mL), and then dried over
sodium sulfate. This was filtered and concentrated in vacuo
to give a light brown solid 27 (2.17 g, 99%) that could be used
in the next step without further purification. Ry = 0.5
(chloroform). 'H NMR (300 MHz, CDCl3): 6 7.99 (d, 1H), 7.85
(d, 1H), 7.68 (d, 1H), 7.50 (m, 2H), 7.39 (m, 2H), 4.53 (t, 2H),
3.53 (t, 2H), 2.78 (s, 3H). 3*C NMR: ¢ 134.1, 132.3, 132.0, 129.2,
128.2, 127.8, 126.8, 126.1, 125.8, 123.4, 70.0, 37.6, 33.2. Anal.
(C13H14055) C, H, N.

3-Naphthalen-1-yl-propionitrile, 28. To a solution of the
mesylate 27 (1.00 g, 4 mmol) in anhydrous acetonitrile (40 mL)
were added KCN (2.6 g, 40 mmol) and a catalytic amount of
18-crown-6. The reaction mixture was refluxed with stirring
for 18 h. The solvent was removed in vacuo and the residue
dissolved in CH,Cls (100 mL) and washed with water (3 x 60
mL). The water layers were combined and extracted with CHs-
Cly (60 mL). The CH2Cl; layers were combined, dried over
sodium sulfate, filtered, and removed in vacuo to give a yellow
oily residue. The residue was purified by flash column chro-
matography (1:1 hexane:chloroform) to yield the product 28
as a clear oil (0.53 g, 73%), Ry = 0.4 (1:1 hexane:chloroform).
'H NMR (300 MHz, CDCl3): 6 7.83 (m, 2H), 7.73 (d, 1H), 7.47
(m, 2H), 7.37 (t, 1H), 7.31 (d, 1H), 3.34 (t, 2H), 2.66 (t, 2H).
BBC NMR: ¢ 134.15, 134.08, 131.3, 129.4, 128.4, 126.8, 126.2,
125.9, 122.9, 119.5, 29.2, 18.9. HRMS (FAB) m/z caled for
Ci1sHisN (M + H)*: 182.0970. Found: 182.0974. Anal. (C13H1:1N)

9-(Cyanomethyl)anthracene, 30. Potassium cyanide was
dried in a vacuum desiccator at 110 °C for 4 h. 9-Chloro-
methylanthracene 29 (0.313 g: 1.38 mmol), KCN (0.90 g: 13.8
mmol), and acetonitrile (50 mL) were combined and refluxed
for 2 h with stirring. TLC (50% hexane/CHCl;) revealed
complete consumption of 29. The reaction mixture was cooled
to room temperature, filtered, and concentrated by rotary
evaporator. The residue was redissolved in CH3Cl; and washed
with water. The organic layer was separated, dried over
anhydrous NasSOy, filtered, and concentrated to give nitrile
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30 as a yellow solid (0.297 g, 99%). Ry = 0.32 in 50% hexane/
CHCl3; mp 158—159 °C. 'H NMR (300 MHz, CDCl3): o 8.42
(s, 1H), 8.10 (d, 2H), 8.01 (d, 2H), 7.60 (dd, 2H), 7.50 (dd, 2H),
4.50 (s, 2H). 13C NMR (CDCls): ¢ 131.4, 129.7, 129.5, 128.8,
127.3, 125.3, 123.0, 120.7, 117.9, 16.4.

3-Anthracen-9-yl-propionitrile, 32.3¢ The (cyanomethyl)-
trimethylphosphonium iodide reagent was prepared by the
following method. A 1 M solution of trimethylphosphine in
toluene (21 mL, 21 mmol) was diluted with toluene (10 mL)
and tetrahydrofuran (10 mL) and cooled to 0 °C under Ns.
Todoacetonitrile (1.45 mL, 20 mmol) was added dropwise with
vigorous stirring, and a white solid precipitated. When the
addition was finished, the ice bath was removed and stirring
was continued at room temperature for 20 h. The mixture was
filtered, and the solid was washed with toluene and dried
under reduced pressure to yield the reagent as a white solid
(4.7 g, 97%). '"H NMR (300 MHz, CDCl;): 6 4.06 (d, 2H), 2.06
(d, 9H).

To a mixture of 9-anthracenemethanol 31 (0.685 g, 3.3
mmol) and (cyanomethyl)trimethylphosphonium iodide (2.0 g,
8.2 mmol) were added propionitrile (8 mL) and diisopropyl-
ethylamine (DIPEA, 1.72 mL, 9.9 mmol), and the mixture was
stirred at 97 °C for 20 h.3* Water (0.4 mL, 22.2 mmol) was
added, and nitrogen was bubbled through the mixture. The
reaction mixture was then stirred at 97 °C for a further 20 h.
Water (50 mL) and concentrated hydrochloric acid (2 mL) were
added, and the mixture was extracted with ethyl acetate (3 x
50 mL). The combined extracts were washed once with brine,
dried over sodium sulfate, filtered, and concentrated in vacuo.
The residue was purified by flash column chromatography (1:1
hexane:chloroform) to yield the product 32 as an orange solid3*
(0.57 g, 75%), Ry = 0.3 (1:1 hexane:chloroform). 'H NMR (300
MHz, CDCls): 6 8.37 (s, 1H), 8.10 (d, 2H), 7.97 (d, 2H), 7.52
(t, 2H), 7.43 (t, 2H), 3.94 (t, 2H), 2.71 (t, 2H). 3C NMR: o
131.7, 129.8, 129.7, 129.6, 127.7, 126.8, 125.4, 123.4, 119.5,
24.1, 18.5.

3-Naphthalen-1-yl-propylamine, 33. The nitrile 28 (0.5
g, 2.76 mmol) was dissolved in ethanol (30 mL). NH,OH (3
mL) and Raney nickel (3 g) were added, and ammonia gas was
bubbled through the solution for 10 min at 0 °C. The suspen-
sion was hydrogenated at 50 psi for 24 h. Air was bubbled
through the solution, and the Raney nickel was removed by
filtering through a sintered glass funnel, the Raney nickel
residue being kept moist at all times. The ethanol and NHy-
OH were removed in vacuo, and the oily residue was dissolved
in CH2Cl; and washed with sodium carbonate (10% aqueous,
2 x 50 mL). The organic layer was dried over anhydrous
sodium sulfate and filtered and the solvent removed in vacuo
to give the product 33 as a light brown oil, which was used in
the next step without further purification (0.5 g, 98%). 'H NMR
(300 MHz, CDCls): 6 7.99 (d, 1H), 7.89 (d, 1H), 7.65 (d, 1H),
7.43 (m, 2H), 7.33 (t, 1H), 7.25 (d, 1H), 3.05 (t, 2H), 2.72 (4,
2H), 1.82 (t, 2H), 1.30 (bs, 2H, NH,). 1*C NMR: ¢ 138.3, 134.1,
132.0, 129.0, 126.8, 126.1, 126.0, 125.7, 125.6, 124.0, 42.5, 35.0,
30.7. HRMS (FAB) m/z caled for C1sH16N (M + H)*: 186.1283.
Found: 186.1282. Anal. (C13H;15N 0.2H20) C, H, N.

9-(2-Aminoethyl)anthracene, 34. In a thick-walled glass
jar compatible with the Parr shaker, nitrile 30 was dissolved
in benzene/ethanol (1:1, 32 mL) and concentrated aqueous
NH,OH (1.6 mL) was added along with Raney nickel (1.6 g).
Ammonia gas was bubbled for 5 min through the mixture,
which was precooled to 0 °C. The yellow mixture was attached
to a Parr shaker, and hydrogen gas (75 psi) was introduced
after a brief evacuation of the headspace. After 2 h, TLC (30:
Ry=0.32 in 50% hexane/CHClI;) revealed complete conversion
of the nitrile. The mixture was filtered and the filtrate
concentrated under vacuum to give a yellow solid (306 mg).
Column chromatography (1% NH,OH/MeOH) gave amine 34
(227 mg, 77%). Ry = 0.31 in 1% NH,OH/MeOH; mp 90—92 °C.
H NMR (300 MHz, CDCls): 6 8.25 (s and d, 3H), 7.92 (d, 2H),
7.40 (m, 4H), 3.73 (t, 2H), 3.12 (t, 2H), 1.60 (br s, 2H). 1*C NMR
(CDCly): 0 131.9,131.6,130.1, 129.3, 126.2, 125.7,124.9, 124 4,
43.6, 32.1.
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3-Anthracen-9-yl-propylamine, 35. The nitrile 32 (0.25
g, 1.1 mmol) was dissolved in ethanol (15 mL) and benzene
(15 mL). NH4OH (1.5 mL) and Raney nickel (1.5 g) were added,
and ammonia gas was bubbled through the solution for 10 min
at 0 °C. The suspension was hydrogenated at 50 parr for 20
h. Air was bubbled through the solution, and the Raney nickel
was removed by filtering through a sintered glass funnel, the
Raney nickel residue being kept moist at all times. The ethanol
and NH4OH were removed in vacuo, and the oily residue was
dissolved in CH2Cly and washed with 10% aqueous sodium
carbonate (3 x 25 mL). The organic layer was dried over
anhydrous sodium sulfate and filtered and the solvent removed
in vacuo to give the product 35 as a yellow oil, which was used
in the next step without further purification (0.23 g, 92%). 'H
NMR (300 MHz, CDCls): ¢ 8.31 (s, 1H), 8.25 (d, 2H), 7.98 (d,
2H), 7.46 (m, 4H), 3.64 (t, 2H), 2.93 (t, 2H), 1.97 (quin, 2H),
1.50 (br s, 2H, NHy). 3C NMR: ¢ 134.8, 131.8, 129.8, 129.5,
125.9, 125.7, 125.1, 124.6, 42.9, 35.5, 25.7.

Methanesulfonic Acid 4-[tert-Butoxycarbonyl-(4-tert-
butoxycarbonylamino-butyl)amino]butyl Ester, 36. To a
solution of the di-BOC alcohol 46 (0.6 g, 1.7 mmol) in CH2Cl;
(40 mL) and triethylamine (0.35 mL, 2.5 mmol) at 0 °C under
N, was added methanesulfonyl chloride (0.29 g, 2.5 mmol)
dropwise. The reaction mixture was stirred at 0 °C for 1 h and
left to warm to room temperature and stirred overnight under
Ns. The reaction mixture was then cooled to 0 °C, and a 1 M
NaOH solution (20 mL) was added slowly with vigorous
stirring. The organic phase was separated from the aqueous
phase and washed with water (2 x 70 mL). The organic phase
was dried over sodium sulfate, filtered, and concentrated in
vacuo to give the product 36 as a pale yellow oil (0.72 g, 99%),
which was used in the next step without further purification.
Rf = 0.6 (10% acetone/chloroform). 'H NMR (300 MHz,
CDCls): 0 4.59 (br s, 1H, NHCO), 4.24 (t, 2H, CH,0), 3.15 (m,
6H), 3.01 (s, 3H), 1.74 (m, 2H), 1.63 (m, 2H), 1.58—1.37 (m,
22H, 2 x CH,, 6 x CHj).

[4-(3-Naphthalen-1-yl-propylamino)butyl](4-tert-bu-
toxycarbonylamino-butyl)carbamic Acid tert-Butyl Es-
ter, 37. To a solution of the amine 33 (0.5 g, 2.7 mmol) in
anhydrous acetonitrile (20 mL) and triethylamine (0.19 mL,
1.35 mmol) being stirred at 0 °C was added dropwise a solution
of the mesylate 36 (0.59 g, 1.35 mmol) in anhydrous acetoni-
trile. The reaction mixture was then warmed to room temper-
ature and refluxed overnight. The acetonitrile was removed
in vacuo, and the solid/oily residue was dissolved in CH3Cly
(50 mL) and washed with 1 M sodium hydroxide (2 x 25 mL).
The aqueous layers were combined and extracted with CHs-
Cly (25 mL). The organic layers were combined, dried over
anhydrous sodium sulfate, and filtered, and the solvent was
removed in vacuo to give a light brown oil. The oil was purified
by flash column chromatography (10% acetone/CHCl3, then
change to 5% MeOH/CHC]s) to yield the product as a clear oil
37 (0.38 g, 54%), Ry = 0.3 (5% MeOH/CHCl3). 'H NMR (300
MHz, CDCl;): 6 8.03 (d, 1H), 7.82 (d, 1H), 7.70 (d, 1H), 7.47
(m, 2H), 7.38 (t, 1H), 7.30 (d, 1H), 4.65 (m, 1H, NHCO), 3.10
(m, 8H), 2.72 (t, 2H), 2.60 (t, 2H), 1.84 (quin, 2H), 1.62—1.35
(m, 26H, 4 x CHs, 6 x CHs). 1*C NMR: 6 156.2, 155.7, 138.4,
134.0, 132.0, 128.9, 126.8, 126.1, 125.9, 125.73, 125.65, 124.0,
79.5, 50.2, 50.1, 47.2, 47.1, 40.6, 31.3, 31.2, 28.9, 28.8, 27.8,
26.5, 26.3, 26.0. HRMS (FAB) m/z caled for C3;H50N304 (M +
H)*: 528.3801. Found: 528.3805. Anal. (C3;H49N304-0.2H20)
C, H, N.

[4-(2-Anthracen-9-yl-ethylamino)butyl](4-tert-butoxy-
carbonylamino-butyl)carbamic Acid fer¢-Butyl Ester, 38.
The amine 34 (24.2 mg: 0.11 mmol), triethylamine (TEA, 13.9
uL: 0.1 mmol) and mesylate 36 (46 mg: 0.105 mmol) were
dissolved in CH3CN (5 mL) and refluxed overnight. The solvent
was removed, and column chromatography (90% CHCls/10%
MeOH/10 drops of NH,OH per 100 mL) provided unreacted
34 (8 mg) and the desired adduct 38 as an oil (25 mg: 63%
based on recovered 34). Note: the mesylate 36 was only visible
after the eluted TLC (10% acetone/CHC]l3) plate was dipped
in a KMnOy solution and allowed to air-dry. The reaction was
repeated on a larger scale using 1.6 equiv of amine 34 to 1
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equiv of 36 and gave the desired adduct 38 in 50% yield (148
mg). Column chromatography avoided using a sand layer and
was performed in two steps: 10% acetone/CHCI; to first elute
any unreacted mesylate, then switched to 4% MeOH/CHCl;
to elute 38. R = 0.24 (4% MeOH/CHCl3). 'H NMR (CDCls): 6
8.31 (s, 1H), 8.29 (d, 2H), 7.96 (dd, 2H, J = 1.2, 8.2 Hz), 7.43
(m. 4H), 4.68 (br s, 1H, NH), 3.83 (t, 2H, J = 7.6 Hz), 3.10 (m,
8H), 2.70 (br s, 2H), 2.30 (br s, 1H, NH), 1.70—1.20 (m, 26H).
13C NMR (CDCly): ¢ 156.0, 155.6, 131.9, 131.6, 130.0, 129.2,
126.2,125.7,124.9, 124.3,79.3, 77.4, 50.9, 49.8, 47.0, 40.4, 28.7,
28.6, 27.6, 26.2. HRMS: theory for C3sH50N30, (M + 1):
564.3801. Found: 564.3794. Anal. (C34H49N304 2.4 Hzo) C, H,
N

[4-(3-Anthracen-9-yl-propylamino)butyl](4-tert-
butoxycarbonylamino-butyl)carbamic Acid tert-Butyl
Ester, 39. To a solution of the amine 35 (0.23 g, 1.0 mmol) in
anhydrous acetonitrile (10 mL) and triethylamine (0.9 mL,
0.63 mmol) being stirred at 0 °C was added dropwise a solution
of the mesylate 36 (0.28 g, 0.63 mmol) in anhydrous acetoni-
trile. The reaction mixture was then warmed to room temper-
ature and refluxed for 72 h. The acetonitrile was removed in
vacuo, and the oily residue was dissolved in CH3Cl; (40 mL)
and washed with 1 M sodium hydroxide (3 x 25 mL). The CHs-
Cl; layer was dried over anhydrous sodium sulfate and filtered
and the solvent removed in vacuo to give a dark brown oil.
The oil was purified by flash column chromatography (10%
acetone/CHCl3, then change to 5% MeOH/CHCI;) to yield the
product 39 as a yellow oil (0.15 g, 40%), R = 0.3 (5% MeOH/
CHCI3). 'TH NMR (300 MHz, CDCl;): ¢ 8.31 (s, 1H), 8.25 (d,
2H), 7.96 (d, 2H), 7.44 (m, 4H), 4.65 (m, 1H, NHCO), 3.63 (t,
2H), 3.10 (m, 6H), 2.82 (t, 2H), 2.62 (t, 2H), 2.02 (quin, 2H),
1.62—1.35 (m, 26H, 4 x CHy, 6 x CHj). *C NMR: 6 156.3,
155.7, 134.7, 131.8, 129.8, 129.4, 125.9, 125.7, 125.0, 124.6,
79.5, 50.3, 50.0, 47.1, 40.6, 31.7, 28.9, 28.8, 27.8, 27.5, 26.3,
26.0. HRMS (FAB) m/z caled for Cs:HsN3O4 (M + H)*:
578.3958. Found: 578.3973. Anal. (C35H51N304:0.8H20) C, H,
N

(4-Aminobutyl)carbamic Acid ter¢-Butyl Ester, 40. 1,4-
Diaminobutane (1.76 g, 20 mmol) was dissolved in a solution
of triethylamine and methanol (10% TEA in MeOH, 30 mL).
A solution of di-tert-butyl dicarbonate (1.45 g, 6.6 mmol) in
methanol (20 mL) was added dropwise to this mixture with
vigorous stirring. The mixture was stirred at room tempera-
ture overnight. The methanol and TEA were removed in vacuo
to yield an oily residue, which was dissolved in CHClg (40
mL) and washed with a solution of sodium carbonate (10%
aqueous, 3 x 40 mL). The CHyCl; layer was dried over
anhydrous sodium sulfate and filtered, the solvent removed
in vacuo, and the oily residue purified by flash column
chromatography (1:10:89 NH,OH:MeOH:CHCls) to give the
product 40 as a clear oil (0.825 g, 66%), Ry = 0.38 (1:10:89 NH;4-
OH:MeOH:CHC]l3). '"H NMR (300 MHz, CDCls): ¢ 4.68 (br s,
1H, NHCO), 3.13 (m, 2H), 2.70 (t, 2H), 1.62—1.33 (m, 13H, 2
X CHQ, 3 x CH3)

(4-Hydroxy-butyl)carbamic Acid tert-Butyl Ester, 43.
A solution of 4-aminobutanol (2.0 g, 22.5 mmol) in methanol
(42 mL) and triethylamine (8 mL) was cooled to 0 °C and
stirred for 10 min. A solution of di-tert-butyl dicarbonate (7.35
g, 33.7 mmol) in methanol (20 mL) was added dropwise over
30 min, and the reaction mixture was stirred overnight under
N, at room temperature. The methanol and triethylamine were
removed in vacuo, and the oily residue was dissolved in CHa-
Cl, (100 mL) and washed with 0.1 N HCI solution (3 x 100
mL). The CH:Cl; layer was dried over sodium sulfate, filtered,
and removed in vacuo to give the product 43 as a clear oil (2.9
g, 68%), which was used in the next step without further
purification. Ry = 0.4 (40% acetone/hexane). 'TH NMR (500
MHz, CDCly): ¢ 4.76 (br s, 1H, NHCO), 3.62 (m, 2H, CH;0),
3.11 (m, 2H, CH;3N), 2.49 (m, 1H, OH), 1.55 (m, 4H), 1.41 (s,
9H).

Methanesulfonic Acid 4-tert-Butoxycarbonylamino-
butyl Ester, 44. To a solution of the alcohol 43 (1.4 g, 7.4
mmol) in CHCl, (130 mL) and triethylamine (1.55 mL, 11
mmol) at 0 °C under N; was added methanesulfonyl chloride
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(1.27 g, 11 mmol) dropwise over 30 min. The reaction mixture
was stirred at 0 °C for 1 h and left to warm to room
temperature and stirred overnight under Nj,. The reaction
mixture was then cooled to 0 °C, and a 1 M NaOH solution
(20 mL) was added slowly with vigorous stirring. The organic
phase was separated from the aqueous phase and washed with
water (2 x 70 mL). The organic phase was dried over sodium
sulfate, filtered, and concentrated in vacuo to give the product
44 as a clear oil (1.88 g, 95%), which was used in the next
step without further purification. R = 0.5 (40% acetone/
hexane). 'H NMR (500 MHz, CDCls): 6 4.62 (br s, 1H, NHCO),
4.24 (t, 2H, CH;0), 3.16 (m, 2H, CH;N), 3.01 (s, 3H, CHj3), 1.78
(quin, 2H), 1.59 (quin, 2H), 1.43 (s, 9H).
[4-(4-Hydroxy-butylamino)butyllcarbamic Acid tert-
Butyl Ester, 45. To a solution of the mesylate 44 (1.88 g, 7
mmol) in acetonitrile (50 mL) at room temperature under Ny
was added a solution of 4-aminobutanol (2.5 g, 28 mmol) in
acetonitrile (50 mL) dropwise over 30 min. The reaction
mixture was stirred under reflux overnight. The acetonitrile
was removed in vacuo, and the oily residue was dissolved in
CH.Cl; (100 mL) and washed with 10% aqueous NayCOj
solution (3 x 100 mL). The organic phase was dried over
sodium sulfate, filtered, and concentrated in vacuo and the
residue purified by flash column chromatography (1:10:89 NH,4-
OH:MeOH:CHCI3) to give the product 45 as a clear oil (1.46
g, 80%), Ry = 0.35 (1:10:89 NH,OH:MeOH:CHCl3). 'H NMR
(500 MHz, CDCls): ¢ 4.78 (br s, 1H, NHCO), 3.54 (t, 2H,
CH;0), 3.07 (m, 2H), 2.61 (m, 4H, 2 x CHy), 1.64 (quin, 2H),
1.58 (quin, 2H), 1.48 (m, 4H), 1.42 (s, 9H).
(4-tert-Butoxycarbonylamino-butyl) (4-hydroxybutyl)-
carbamic Acid tert-Butyl Ester, 46. A solution of the mono-
BOC alcohol 45 (1.45 g, 5.6 mmol) in methanol (34 mL) and
triethylamine (6 mL) was cooled to 0 °C and stirred for 10 min.
A solution of di-tert-butyl dicarbonate (1.82 g, 8.4 mmol) in
methanol (20 mL) was added dropwise over 30 min, and the
reaction mixture was stirred overnight under N, at room
temperature. The methanol and triethylamine were removed
in vacuo, and the oily residue was dissolved in CH2Cl; (100
mL) and washed with 0.1 N HCI solution (3 x 80 mL). The
CH.Cl; layer was dried over sodium sulfate, filtered, and
removed in vacuo to give the product 46 as a clear oil (1.83 g,
91%), which was used in the next step without further
purification. Ry= 0.7 (1:10:89 NH,OH:MeOH:CHC]ls). 'H NMR
(500 MHz, CDCl3): 6 4.67 (m, 1H, NHCO), 3.62 (q, 2H, CH;0),
3.15 (m, 4H), 3.08 (q, 2H), 1.64—1.38 (m, 26H, 4 x CHy, 6 x
CHs).
6-[(Anthracen-9-ylmethyl)amino]hexan-1-ol, 48. To a
stirred solution of 6-aminohexan-1-ol (0.35 g, 3 mmol) in 25%
MeOH/CH:Cl; (10 mL) was added a solution of 9-anthralde-
hyde 47 (0.52 g, 2.5 mmol) in 25% MeOH/CHyCly (10 mL)
under Ny. The mixture was stirred at room temperature
overnight until the imine formation was complete (monitored
by NMR). The solvent was removed in vacuo, the solid residue
dissolved in 50% MeOH /CHyCls (20 mL), and the solution
cooled to 0 °C. NaBH4 (7.5 mmol) was added in small portions
to the solution, and the mixture was stirred at room temper-
ature overnight. The solvent was removed in vacuo, and the
solid residue was dissolved in CH2Cl; (30 mL) and washed with
10% aqueous NayCOs solution (3 x 30 mL). The CH,Cl; layer
was dried over anhydrous NasSOy, filtered, and removed in
vacuo to give an oily residue. The oil was purified by flash
column chromatography (5% MeOH/CHC]s) to yield the prod-
uct 48 as a pale yellow solid (0.63 g, 82%), Ry = 0.3 (5% MeOH/
CHCIl;). '"H NMR (300 MHz, CDCls): 6 8.31 (s, 1H), 8.25 (d,
2H), 7.94 (m, 2H), 7.49 (m, 2H), 7.39 (m, 2H), 4.63 (s, 2H),
3.45 (t, 2H), 2.79 (t, 2H), 1.50 (quin, 2H), 1.43 (quin, 2H), 1.28
(m, 4H). 13C NMR: ¢ 131.9, 131.8, 130.5, 129.4, 127.4, 126 .4,
125.2, 124.3, 62.8, 50.8, 46.1, 33.1, 30.4, 27.5, 26.1. HRMS
(FAB) m/z caled for Co1HsINO (M + H)™: 308.2014. Found:
308.2026. Anal. (C2;H2NO) C, H, N.
Anthracen-9-ylmethyl(6-hydroxyhexyl)carbamic Acid
tert-Butyl Ester, 49. A solution of the alcohol 48 (0.61 g, 2
mmol) in methanol (17 mL) and triethylamine (3 mL) was
cooled to 0 °C and stirred for 10 min. A solution of di-tert-
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butyl dicarbonate (0.87 g, 3 mmol) in methanol (10 mL) was
added dropwise over 30 min, and the reaction mixture was
stirred overnight under N, at room temperature. The methanol
and triethylamine were removed in vacuo, and the oily residue
was dissolved in CH>Cl, (50 mL) and washed with 0.1 N HCI
solution (3 x 40 mL). The CHxCl; layer was dried over sodium
sulfate, filtered, and removed in vacuo to give the product as
a yellow oil (0.78 g, 97%), which was used in the next step
without further purification. 'H NMR (300 MHz, CDCls): 6
8.38 (m, 3H), 7.94 (m, 2H), 7.49 (m, 2H), 7.42 (m, 2H), 5.50 (s,
2H), 3.41 (t, 2H), 2.78 (m, 2H), 1.57 (s, 9H, CHjs), 1.25 (m, 4H),
0.98 (m, 4H). 3C NMR: ¢ 156.1, 131.6, 129.4, 129.1, 128.3,
126.5,125.2,124.5,79.9, 62.9, 44.8, 41.3, 32.8, 29.0, 28.6, 26.8,
25.4.

Methanesulfonic Acid 6-(Anthracen-9-ylmethyl-tert-
butoxycarbonyl-amino)hexyl Ester, 50. A solution of the
mono-BOC alcohol 49 (0.78 g, 2 mmol) in anhydrous CHxCls
(830 mL) and triethylamine (2.9 mmol, 0.4 mL, 1.5 equiv) was
cooled to 0 °C. Methanesulfonyl chloride (2.9 mmol, 0.23 mL,
1.5 equiv) was added dropwise and the resulting solution
stirred at 0 °C for 4 h and then at room temperature overnight.
The reaction mixture was cooled to 0 °C, a 1 M NaOH solution
(10 mL) was added slowly to quench the reaction, and the
mixture was warmed to room temperature. The aqueous layer
was made up to 30 mL with water, and the organic layer was
separated off, washed with water (20 mL), and then dried over
sodium sulfate. This material was filtered and concentrated
in vacuo to give the product 50 as a yellow oil (0.91 g, 97%),
which was used in the next step without further purification.
H NMR (300 MHz, CDCl3): ¢ 8.38 (s, 1H), 8.35 (d, 2H), 7.94
(m, 2H), 7.49 (m, 2H), 7.42 (m, 2H), 5.50 (s, 2H), 3.98 (t, 2H),
2.91 (s, 3H), 2.78 (m, 2H), 1.57 (s, 9H, CHjy), 1.38 (m, 2H), 1.18
(m, 2H), 0.95 (m, 4H). 3C NMR: ¢ 156.1, 131.52, 131.47, 129.5,
128.4,126.5, 125.3, 124.4, 80.0, 70.3, 56.1, 44.8, 41.3, 37.6, 29.1,
29.0, 28.4, 26.4, 25.1.

[6-(4-Amino-butylamino)hexyl]lanthracen-9-ylmethyl-
carbamic Acid tert-Butyl Ester, 51. To a solution of the
mesylate 50 (0.9 g, 1.86 mmol) in anhydrous acetonitrile (10
mL) being stirred at room temperature was added a solution
of 1,4-diaminobutane (1.63 g, 18.6 mmol) in anhydrous aceto-
nitrile (10 mL). The reaction mixture was then refluxed
overnight. The acetonitrile was removed in vacuo, and the oily
residue was dissolved in CH»Cls (40 mL) and washed with
saturated sodium carbonate solution (4 x 40 mL). The CHo-
Cl; layer was dried over anhydrous sodium sulfate, filtered,
and removed in vacuo to give a yellow oil. The oil was purified
by flash column chromatography (1% NH,OH/10% MeOH/
CHCls) to yield the product 51 as a yellow oil (0.54 g, 61%), Ry
= 0.3 (1% NH,OH/10% MeOH/CHCl3). 'H NMR (300 MHz,
CDCls): 6 8.41 (s, 1H), 8.38 (d, 2H), 7.98 (m, 2H), 7.51 (m,
2H), 7.43 (m, 2H), 5.50 (s, 2H), 2.78 (m, 2H), 2.69 (t, 2H), 2.55
(t, 2H), 2.39 (t, 2H), 1.57 (s, 9H, CHj3), 1.54 (m, 4H), 1.24 (m,
4H), 0.95 (m, 4H). C NMR: ¢ 156.1, 131.5, 129.4, 128.3,
126.5, 125.2, 124.5, 79.8, 50.2, 44.8, 42.5, 41.3, 32.0, 30.3, 28.9,
28.6, 27.9, 27.2, 27.0. HRMS (FAB) m/z calcd for C30H44N3502
(M + H)*: 478.3434. Found: 478.3435.

{4-[(Anthracen-9-ylmethyl)amino]butyl} carbamic Acid
tert-Butyl Ester, 52. To a stirred solution of amine 40 (0.815
g, 4.3 mmol) in 25% MeOH/CHyCl; (16 mL) was added a
solution of 9-anthraldehyde (0.74 g, 3.6 mmol) in 25% MeOH/
CH,Cls (16 mL) under Ns. The mixture was stirred at room
temperature overnight until the imine formation was complete
(monitored by NMR). The solvent was removed in vacuo, the
solid residue dissolved in 50% MeOH /CHyCl; (20 mL), and
the solution cooled to 0 °C. NaBH4 (11 mmol) was added in
small portions to the solution, and the mixture was stirred at
room temperature overnight. The solvent was removed in
vacuo, and the solid residue was dissolved in CH2Cl; (50 mL)
and washed with 10% aqueous NayCOs solution (3 x 40 mL).
The CH3Cl; layer was dried over anhydrous NasSOy, filtered,
and removed in vacuo to give an oily residue. The oil was
purified by flash column chromatography (3% MeOH/CHClI;)
to yield the product 52 as a yellow solid (1.31 g, 96%), Ry =
0.4 (3% MeOH/CHCls). 'H NMR (300 MHz, CDCls): ¢ 8.35 (s,
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1H), 8.28 (d, 2H), 7.95 (d, 2H), 7.50 (m, 2H), 7.41 (m, 2H), 4.75
(br s, 1H, NHCO), 4.68 (s, 2H), 3.10 (q, 2H), 2.83 (t, 2H), 1.55
(m, 4H), 1.41 (m, 9H, CH3). 3C NMR: ¢ 156.1, 131.9, 131.7,
130.4, 129.3, 127.3, 126.3, 125.1, 124.3, 79.2, 50.4, 46.1, 40.8,
28.8, 28.2, 27.8. HRMS (FAB) m/z caled for Co4H31N2Os (M +
H)*: 379.2386. Found: 379.2373. Anal. (C24H30N202-0.2H50)
C, H, N.
{4-[Anthracen-9-ylmethyl(3-cyanopropyl)amino]butyl} -
carbamic Acid tert-Butyl Ester, 53. To a solution of the
secondary amine 52 (1.16 g, 3.1 mmol) in anhydrous acetoni-
trile (40 mL) were added potassium carbonate (1.27 g, 9.2
mmol) and 4-bromobutyronitrile (0.91 g, 0.61 mL, 6.1 mmol),
and the resulting mixture was refluxed overnight. The mixture
was filtered to remove most of the inorganic salts, and the
acetonitrile was removed in vacuo to give a solid/oily residue,
which was purified by flash column chromatography (gradient
of CHCI; up to 1% MeOH/CHCIs;) to yield the product 53 as a
yellow oil (0.99 g, 73%), Ry = 0.35 (1% MeOH/CHCl3). 'H NMR
(300 MHz, CDCls): ¢ 8.38 (m, 3H), 7.95 (d, 2H), 7.50 (m, 2H),
7.41 (m, 2H), 4.48 (br s, 1H), 4.47 (s, 2H), 3.02 (q, 2H), 2.57 (4,
2H), 2.50 (t, 2H), 1.90 (t, 2H), 1.59 (m, 4H), 1.43 (m, 9H, CH3),
1.39 (m, 2H). 3C NMR: ¢ 156.2, 131.6, 131.4, 130.1, 129.4,
127.9, 126.0, 125.1, 124.9, 120.1, 79.4, 54.4, 51.8, 51.4, 40.6,
28.9, 28.5, 24.4, 24.2, 14.9. HRMS (FAB) m/z caled for
CogH3gN3Oy (M + H)™: 446.2808. Found: 446.2832. Anal.
(CesH35N302:0.8H20) C, H, N.
{4-[(4-Aminobutyl)anthracen-9-ylmethyl-amino]butyl}-
carbamic Acid tert-Butyl Ester, 54. In a thick-walled glass
jar compatible with the Parr shaker, nitrile 53 (0.8 g, 1.8 mmol)
was dissolved in ethanol (40 mL), and concentrated aqueous
NH,OH (4 mL) was added along with Raney nickel (3 g).
Ammonia gas was bubbled for 5 min through the mixture,
which was precooled to 0 °C. The yellow mixture was attached
to a Parr shaker, and hydrogen gas (75 psi) was introduced
after a brief evacuation of the headspace. After 18 h, TLC (1%
MeOH/CHCI;) revealed complete conversion of the nitrile. The
mixture was filtered and the filtrate concentrated under
vacuum to give a yellow oil. The oil was dissolved in CHCly
(50 mL) and washed with 10% aqueous NasCOj; solution (3 x
40 mL). The CH:Cl; layer was dried over anhydrous NasSOy,
filtered, and removed in vacuo to give the product 54 as a
yellow oil (0.71 g, 88%), which was used in the next step
without further purification. 'TH NMR (300 MHz, CDCly): 6
8.46 (d, 2H), 8.33 (s, 1H), 7.95 (d, 2H), 7.42 (m, 4H), 4.50 (m,
NHCO, 1H), 4.45 (s, 2H), 2.88 (q, 2H), 2.43 (m, 6H), 1.56—
1.37 (m, 11H), 1.24 (m, 6H). 3C NMR: ¢ 156.1, 131.6, 131.5,
131.0, 129.2, 127.5, 125.6, 125.4, 125.0, 79.2, 53.8, 53.5, 51.5,
42.3, 40.6, 32.0, 28.8, 28.2, 24.6. HRMS (FAB) m/z calced for
CasH4oN302 (M + H)*: 450.3121. Found: 450.3133.

Anthracen-9-ylmethyl-(4-{4-[ (anthracen-9-ylmethyl)-
amino]butylamino} butyl)carbamic Acid tert-Butyl Es-
ter, 56. To a stirred solution of 9-anthraldehyde 47 (0.098 g,
0.47 mmol) in 25% MeOH/CH3Cl; (5 mL) at 0 °C was added a
solution of the mono-BOC diamine 55 (0.21 g, 0.47 mmol) in
25% MeOH/CH,Cl; (5 mL) under Ns. The mixture was stirred
at room temperature overnight until the imine formation was
complete (monitored by NMR). The solvent was removed in
vacuo, the solid residue dissolved in 50% MeOH/CHsCl; (10
mL), and the solution cooled to 0 °C. NaBH,4 (1.4 mmol) was
added in small portions to the solution, and the mixture was
stirred at room temperature overnight. The solvent was
removed in vacuo, and the oily/solid residue was dissolved in
CH.Cl; (25 mL) and washed with 10% aqueous NayCOsj
solution (3 x 25 mL). The CH)Cl, layer was dried over
anhydrous NaySOy, filtered, and removed in vacuo to give an
oily residue. The oil was purified by flash column chromatog-
raphy (0.5% NH,OH/5% MeOH/CHC]l3) to yield the product
56 as a yellow oil (0.2 g, 67%), R = 0.25 (0.5% NH,OH/5%
MeOH/CHCls). 'H NMR (300 MHz, CDCls): 6 8.33 (m, 6H),
7.94 (d, 4H), 7.49 (t, 4H), 7.41 (t, 4H), 5.48 (s, 2H), 4.67 (s,
2H), 2.84 (t, 2H), 2.75 (m, 2H), 2.36 (t, 2H), 2.16 (t, 2H), 1.70—
1.48 (m, 11H), 1.41 (m, 2H), 1.21 (m, 2H), 1.04 (m, 2H). 13C
NMR: ¢ 156.2, 132.0, 131.7, 131.5, 130.4, 129.5, 129.4, 129.1,
128.4, 127.4, 126.5, 126.3, 125.22, 125.15, 124.3, 80.0, 50.8,
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50.0, 49.6, 46.2, 44.8, 41.3, 29.0, 28.4, 28.3, 27.5, 26.6. HRMS
(FAB) m/z caled for C43H50N302 (M + H)*: 640.3903. Found:
640.3894.
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