
pubs.acs.org/jmc Published on Web 04/28/2010 r 2010 American Chemical Society

4094 J. Med. Chem. 2010, 53, 4094–4102

DOI: 10.1021/jm100119c

Iminochromene Inhibitors of Dynamins I and II GTPase Activity and Endocytosis

Timothy A. Hill,† Anna Mariana,‡ Christopher P. Gordon,† Luke R. Odell,†,§ Mark J. Robertson,† Andrew B. McGeachie,‡

Ngoc Chau,‡ James A. Daniel,‡ Nick N. Gorgani,‡ Phillip J. Robinson,‡ and Adam McCluskey*,†

†Chemistry, School of Environmental and Life Sciences, The University of Newcastle, Callaghan, NSW2308, Australia, and ‡Cell SignalingUnit,
Children’s Medical Research Institute, The University of Sydney, Locked Bag 23, Wentworthville, Sydney, NSW 2145, Australia.
§Current address: Organic Pharmaceutical Chemistry, Department of Medicinal Chemistry, Uppsala Biomedical Centre, Uppsala University,
Box 574, SE-751 23 Uppsala, Sweden.

Received January 28, 2010

Herein we report the synthesis of discrete iminochromene (“iminodyn”) libraries (14-38) as potential
inhibitors of dynaminGTPase. Thirteen iminodyns were active (IC50 values of 260 nM to 100 μM), with
N,N-(ethane-1,2-diyl)bis(7,8-dihydroxy-2-iminochromene-3-carboxamide) (17), N,N-(ethane-1,2-diyl)-
bis(7,8-dihydroxy-2-iminochromene-3-carboxamide) (22), and N,N-(ethane-1,2-diyl)bis(7,8-dihydroxy-
2-iminochromene-3-carboxamide) (23) (IC50 values of 330( 70, 450( 50, and 260( 80 nM, respectively)
being the most potent. Five of the most potent iminodyns all inhibited dynamins I and II approximately
equally. Iminodyn-22 displayed uncompetitive inhibition with respect to GTP. Selected iminodyns were
evaluated for their ability to block receptor mediated endocytosis (RME, mediated by dynamin II) and
synaptic vesicle endocytosis (SVE, mediated by dynamin I), with 17 showing no activity while 22 returned
RME and SVE IC50 values of 10.7( 4.5 and 99.5( 1.7 μM, respectively. The iminodyns reported herein
represent a new chemical class of the first nanomolar potent dynamin inhibitors that are also effective
endocytosis inhibitors.

Introduction

Dynamin is a multifunctional enzyme involved in the
endocytosis of clathrin-coated vesicles and caveolae, phago-
cytosis, podosome formation, some forms of actin rearrange-
ment, centrosomal cohesion, and cytokinesis.1-3 Its GTPase
activity is integrally involved in these processes. There are
three dynamin genes, with dynamin I in neurons, II being
ubiquitously expressed, and III in neurons and testes.5,7 The
primary role of dynamins I and II appears to be in the
mediation of two main forms of endocytosis. One is recep-
tor-mediated endocytosis (RMEa) mediated by dynamin II
which is initiated upon ligand binding to cell surface receptors
andoccurs via clathrin-coatedpits inmost cells.4The second is
the rapid synaptic vesicle endocytosis (SVE) likely mediated
by dynamin I that follows vesicle exocytosis in nerve term-
inals. SVE serves to retrieve empty synaptic vesicles for later

refilling.4,5 SVE and RME perform distinct functional roles
although they share much of the same underlying protein
machinery of a common process collectively called clathrin-
mediated endocytosis (CME).

Dynamin was the first member of a small family of dyna-
min-like GTP-binding proteins that share similar GTPase
domains. This domain is crucial for vesicle fission, and con-
sequently represents an important step in the endocytic path-
way.4,6 All dynamins have four main functional domains -
GTPase;4,8 pleckstrin homology (PH);5 proline/arginine-rich
domain (PRD);5,8 andGTPase effector domain (GED),9 all of
which are potential drug targets.

Recent evidence has emerged that dynamin II plays a key
role in the development of human diseases;10 Charcot-Marie-
Tooth disease (CMT)11 and in autosomal dominant centro-
nuclear myopathy (CNM).12 Alzheimer’s disease, Hunting-
ton’s disease, Stiff-person syndrome, Lewy body dementias,
and Niemann-Pick type C disease are illustrative of human
pathological conditions within which defects in endocytosis
have been implicated.7,13-15 Endocytic pathways are also
utilized by viruses, toxins and symbiotic microorganisms to
gain entry into cells.16 Inhibition of the GTPase activity of
dynaminmay be a useful strategy to prevent infection by such
pathogens.17

Multiple nonspecific endocytosis inhibitors and processes
exist: cationic amphiphilic drugs, e.g., chlorpromazine,18 con-
canavalin A,19 phenylarsine oxide,19 dansylcadaverine;20

intracellular potassium depletion;21 intracellular acidifica-
tion;22 and decreasing medium temperature.18 Over the past
few years our group reported on the first classes of endo-
cytosis inhibitors that mediate their effects via dynamin
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Article Journal of Medicinal Chemistry, 2010, Vol. 53, No. 10 4095

GTPase inhibition; the long chain amines and ammonium
salts exemplified by myristoyltrimethylammonium bromide
(MiTMAB),23,24 room temperature ionic liquids (RTILs),25

the dynoles,26 and the dimeric tyrphostins, exemplified by bis-
tyrphostin (Bis-T).27,28 Other groups have reported dyna-
sore29 and some selective serotonin reuptake inhibitors.30

Inhibitors from all laboratories to date exhibit low micro-
molar potency. On the basis of our knowledge of the Bis-T
pharmacophore, herein we report on a new series of dynamin
inhibitors based on iminochromenes (“iminodyns”, imino-
chromene based dynamin inhibitors) that are the first nano-
molar potent inhibitors of dynamin yet reported.

Results

Our previous studies in developing dimeric tyrphostins
suggested a highly prescribed pharmacophore in which little
structural modifications were permissible. The most promis-
ing inhibitor in our previous study was 2-cyano-N-{3-[2-
cyano-3-(3,4,5-trihydroxyphenyl)acryloylamino]ethyl}-3-
(3,4,5-trihydroxyphenyl)acrylamide (Bis-T-22,1 IC50=1.7(
0.2 μM; see Figure 1).27 Attempts to introduce variations in
the central alkyl linker only resulted in a complete loss of
activity. Bioisosteric replacement of the amide linker with the
corresponding ester effected a 10- to 50-fold decrease in
inhibition.27 Methylation of the amide NH (N-CH3 either
mono or bis variants) resulted in a similar loss of potency.We
also noted an ablation of activity on removal of the nitrile
moieties. In our earlier structure-activity relationship (SAR)
report we had also established the pivotal nature of the
catechol units. More recently, we explored the development
of a new series of asymmetric Bis-T analogues with a focus on
developing potential photoaffinity labeling groups to facil-
itate a greater understanding of Bis-T’s binding interactions
with dynamin.28 Typically, these efforts revealed that com-
plete removal of the catechol moiety was detrimental to
dynamin I activity with a 100-fold decrease in inhibition.
Analogues bearing a single oxygen containing moiety re-
turned a modest level of dynamin inhibition but still 25-fold
less than that of the parent Bis-T. Interestingly both photo-
affinity labeling analogues displayed modest and excellent
dynamin inhibition (Figure 1).28

While our prior studies clearly demonstrated that the
removal of the nitrile moiety was detrimental to activity, we
proposed that the development of an isosteric replacement
was feasible. The nitrile itself may play a number of key roles
in Bis-T binding to dynamin I. First, it may be directly
involved in enzyme binding through a hydrogen or dipole-
dipole bonding interaction or alternatively in mediating the

optimal position of key functional groups within the active
site. In light of these considerationswe turned our attention to
exploring the effect of placing alternative functional groups in
this position. Additionally, nitrile free tyrphostin analogues
are known to be poor epidermal growth factor receptor
(EGFR) tyrosine kinase inhibitors.31 Therefore, wewere keen
to remove the nitrile groups and to introduce a more druglike
isostere, expanding the repertoire of analogues inhibiting the
GTPase activity of dynamin I. We believed that rapid deve-
lopment of the above pharmacophore would be possible by
commencing our synthesis with a family of 2-hydroxyben-
zaldehydes.32 Utilizing our Knoevenagel approaches and
R,ω-bis-cyanoamideswould generate the corresponding series
of iminodyns (Scheme 1).29,33-35 These iminodyn analogues
would maintain the required free amide-NH and aromatic
moieties but would introduce a second ring (in turn increasing
the conformational rigidity of these analogues) and an imine
moiety at the expense of the 2-OH and the undesired nitriles.

Thus, treatment of a family of 2-hydroxybenzaldehydes
(7-12) with R,ω-biscyanoamides (13a-e) under standard
Knoevenagel condensation conditions afforded the desired
analogues (14-38) in good to excellent yield (48-88%)
(Scheme 1).27,33-35 The results of screening for inhibition of
dynamin I GTPase activity are shown in Table 1.

The synthesis and biological evaluation of five libraries of
iminodyns (each library being based on the length of the
central alkyl linker: n = 0, 1, 2, 3, and 4) afforded 13 active
analogues froma library of 25 (Table 1, 16-18, 20-23, 27, 28,
32, 33, 37, and 38). As anticipated from prior results with
dimeric tyrphostins,27 analogues lacking at least one -OH
moiety (14, 19, 24, 29, and 34) were inactive (IC50>300 μM).
To our surprise the monohydroxylated analogues 16, 20, and
21 returned IC50 values of ∼100, 36.6, and 17.3 μM, respec-
tively. In the corresponding dimeric tyrphostin analogues no
activity was detected even at concentrations of >300 μM.27

Analogues with two adjacent -OH moieties typically dis-
played the highest-level inhibition; e.g., 18, 27, and 28 are all
low micromolar potent (IC50<10 μM), with 17, 22, and 23

being the first nanomolar potent dynamin inhibitors reported
returning IC50 values of 330( 70, 450( 50, and 260( 80 nM,
respectively. In our in vitro studies there was no discernible
preference for a 6,7- or 7,8-OH disposition noted. Extension
of the central alkyl linker had little effect with n=0-2;
however, with n= 3, a 5-fold decrease (32, 33 IC50 values of
19( 2 and 17( 2 μM, respectively) in activity was observed,
and with n=4, a 20-fold decrease (37, 38 IC50 values of 70(
10 and 82 ( 13 μM, respectively) in activity was observed

Figure 1. Chemical structures of selected Bis-T-22 analogues (1-6)
and their IC50 values for inhibition of the GTPase activity of
dynamin I (data are from ref 27).

Scheme 1
a

aReagents and conditions for generation of the iminodyns: (i)

ethanol, piperidine (cat.), reflux 2 h.
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(Table 1). This is analogous to our previous findings with the
linker length in Bis-T analogues.27

The retentionofactivity in the absenceof the free-CNwith
the iminodyn derivatives was unexpected but desired, as our
previous studies have shown that their removal renders the
corresponding dimeric tyrphostins inactive. This represents
the first bioisosteric modification of the Bis-T skeleton while
maintaining inhibition of dynamin I GTPase activity and
extends the Bis-T pharmacophore.

Given that dynamin is essential for endocytosis, we next
determined the ability of our five most potent iminodyns, 17
and 20-23, for in-cell activity (Figure 2). First we examined
their ability to block RME of Texas Red-Tf (Tf-TxR) in
human bone osteosarcoma epithelial cells (U2OS). To quan-
tify the effect of iminodyn analogues 17 and 20-23 in these
cells, we used our previously reported automated quantitative
RMEassay based on endocytosis of Tf-TxR. Tf-TxRbinds to
the transferrin receptor and is internalized by a dynamin
II-dependent pathway.24 After a 30 min preincubation in the
presence of increasing concentrations of iminodyns 17 and
20-23, RMEwas greatly reduced (Table 2). Iminodyn-22was
the most potent RME inhibitor, returning an IC50 of 10.7 (
4.5 μM,making it among themost potentRME inhibitors yet
reported, comparable to dynole 34-2.26 It was clear that 17
and 20-23 greatly differ in their ability to block RME, with
only 20 and 22 returning significant activity. Surprisingly,
neither 17 nor 21 exhibited any in-cell activity. Importantly
cell morphology was unaffected by the treatment with 20, 22,

or 23, even after 30 min of exposure (data not shown),
indicating that there was no membrane disruption. In pre-
vious studies we have noted that the inhibition of RME has
often followed the same rankorder of potency shownwithour
in vitro evaluations. However, with the analogous studies
here, this was not the case. As can be seen in Table 2, there is
no direct correlation of dynamin I in vitro inhibition with the
observed RME inhibition.

Of all the data acquired in the evaluation of RME inhibi-
tion, the contrast between iminodyn-17 and iminodyn-22 is
striking. Both are nanomolar dynamin I inhibitors, differing
only by a single methylene in the alkyl linker (17 is ethyl; 22 is
propyl). Iminodyn-17 is a 330 nM dynamin I inhibitor but a
∼1300 μM inhibitor of RME, compared with 22 which is a
450 nM dynamin I inhibitor but a 10.7 μM inhibitor of RME.
With the other iminodyns examined for their ability to block
RMEwenote that the position of the single-OHmoietywith
19 and 20 is crucial for activity against RME with only the
7-OH (20) displaying any noteworthy level of RME block
(IC50 = 48.2 μM). A similar positional dependency is also
apparent on comparison of the 7,8- and 6,7- dihydroxy ana-
logues 22 and 23, with the position of the second-OHmoiety
important for the level of RME block observed (IC50=
10.7 ( 4.5 vs 74.6 ( 8.8 μM, respectively).

Given that RME is a dynamin II mediated process, it
appears as though 17 might display a high level of dynamin
I specificity. As the RME assay is a whole cell assay and
consequently does not directly reflect the level of dynamin II
inhibition, we examined the effect of 17 and 22 on the
inhibition of dynamin II GTPase activity. While dynamin I
in this study was the endogenous form purified from sheep
brain, dynamin II was produced as a recombinant protein
expressed in Sf9 insect cells. Subtle differences between the
dynamin I and dynamin II assay conditions mean that the
data are indicative only, with differing dynamin and lipid
concentrations being required for each assay. Notwithstand-
ing this caveat, we obtained dynamin II IC50 curves for all
five iminodyns in Table 2. All returned IC50 values were
essentially indistinguishable from that of dynamin I, suggest-
ing that these compounds have no selectivity between the two
dynamin forms.

With these data in hand we can see that with iminodyn-17
there is a 4000-fold change in activity for isolated dynamin II
and dynamin II mediated RME, whereas with iminodyn-22

Table 1. Inhibition ofDynamin IGTPaseActivity by Iminodyns 16-40

compd R1 R2 R3

alkyl

linker, n IC50 (μM)a

14 H H H 0 b

15 OH H H 0 b

16 H OH H 0 100c

17 OH OH H 0 0.33 ( 0.07

18 H OH OH 0 6.0 ( 2.2

19 H H H 1 b

20 OH H H 1 36.6 ( 7.2

21 H OH H 1 17.3 ( 1.0

22 OH OH H 1 0.45 ( 0.05

23 H OH OH 1 0.26 ( 0.08

24 H H H 2 b

25 OH H H 2 b

26 H OH H 2 b

27 OH OH H 2 4.3 ( 2.7

28 H OH OH 2 3.2 ( 2.2

29 H H H 3 b

30 OH H H 3 b

31 H OH H 3 b

32 OH OH H 3 19 ( 2

33 H OH OH 3 17 ( 2

34 H H H 4 b

35 OH H H 4 b

36 H OH H 4 b

37 OH OH H 4 70 ( 10

38 H OH OH 4 82 ( 13
a IC50 determinations are themean( 95% confidence interval (CI) of

a single experiment performed in triplicate. bAbout 50% inhibition at
100 μM drug concentrations. Full IC50 determination not conducted.
cNo inhibition at 300 μM drug concentration.

Figure 2. IC50 curves for endocytosis block in U2OS cells of
iminodyn analogues 17 and 20-23. U2OS cells were preincubated
with vehicle only or with different iminodyns for 30 min and then
incubated with Tf-TxR (A1) for 8 min. Data are the mean fluores-
cence as a percent of control cells (triplicate determinations on
approximately 1200 cells each) ( SEM. The results are representa-
tive of three independent experiments.
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there is only a 24-fold decrease. Logically this change is
primarily effected by the difference in the number of methy-
lene units in the spacer chain, with the ethyl linker affording a
more prescriptive orientation that appears to be unfavorable
to cell penetration. Interestingly, we did not note any such
effect with the corresponding Bis-T analogue (data not
shown); presumably this is an effect of the increased confor-
mational rigidity afforded to iminodyn-17 by tethering of the
“cyanoamide moiety” as the fused iminochromene ring.

As SVE is a dynamin I mediated process, we next examined
the ability of key analogues to inhibit SVE. We used isolated
rat brain nerve terminals (synaptosomes) and imaged the
uptake of the styryl dye FM4-64 by endocytosis, a well char-
acterized endocytic marker in this system.36 We note that the

concentration of dynamin I in synaptosomes is approximately
50-fold higher than that of dynamin II.37 Iminodyns 21, 22, and
23 showed significant inhibitionof SVE,while iminodyn-17had
noactivity as found forRME(Table2).The results are consistent
with the ability of the iminodyns to inhibit both dynamins in cells
where the compounds can access the cell interior.

Finally, to explore the mechanism of inhibition of the
iminodyns on dynamin I, we conducted a series ofMichaelis-
Menten kinetic experiments with iminodyn-22 (0.7-1.2 μM)
and varying concentrations of the Mg2þ 3GTP substrate
(80-200 μM). The Lineweaver-Burke plots demonstrate
parallel double-reciprocal plots corresponding to different con-
centrations of iminodyn-22, suggesting that iminodyn-22 ismost
likely to be an uncompetitive inhibitor of dynamin I (Figure 3).

Conclusions

Hereinwehavedeveloped anewchemical class of dynamins
I and II GTPase inhibitors based on an iminochromene
scaffold. We call these new classes of dynamin inhibitors the
iminodyns. They are the first reported nanomolar potent
dynamin inhibitors. The most potent of these were imino-
dyn-17 (IC50 = 330 ( 70 nM), iminodyn-22 (IC50 = 450 (
50 nM), and iminodyn-23 (IC50 = 260 ( 80 nM), which are
about 5-fold more potent than our previously reported dy-
noles (dynole 34-2 IC50 = 1.30 ( 0.30 μM)26 and are over
400 timesmore potent than dynasore (IC50≈ 15 μM).29 These
analogues bind to the GTPase domain and exert their influ-
ence on dynamin via a mechanism that is uncompetitive with
GTP binding. SAR reveals similarities and surprising differ-
ences from those previously determined for dimeric tyrphos-
tins.27,28 The iminodyns have allowed the incorporation of
Bis-T’s cyano moieties as imines exocyclic to a second fused
ring, showing for the first time that removal of the cyano
moieties of Bis-T is feasible, and indeed with the iminodyns
improves activity. The introduction of a second, fused ring is a

Table 2. Inhibition of Dynamin I and Dynamin II in Vitro GTPase Activity and In-Cell ReceptorMediated Endocytosis (RME) and Synaptic Vesicle
Endocytosis (SVE) by Iminodyns 17 and 20-23

a IC50 determinations are the average of at least two independent experiments, each in triplicate. bMean ( 95% confidence interval (CI) of a single
experiment performed in triplicate.

Figure 3. Uncompetitive kinetics of iminodyn-22 with respect to
GTP. The data depict iminodyn-22 concentration dependent
changes in a double-reciprocal plot between substrate (GTP at
80-200 μM) and velocity. The data correspond to iminodyn-22
concentrations at 1.2 (9) 1.1 (0), 1.0 ([), 0.9 (]), 0.8 (2), and
0.7 (4) μM. Error bars represent the mean ( SEM of three
independent experiments each conducted in triplicate.
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new pharmacophore that reveals that while there was no
observable difference in dynamin IC50 with the 6,7- or 7,8-
dihydroxy analogues 22 and 23, there was a preference with
RME block for an-OHmoiety to be at C7. Another feature
not observed with the Bis-T series is the retention of some
degree of dynamin inhibition with the monohydroxylated
16, 20, and 21 (all IC50 values of <100 μM). Finally, the
ethyl linked iminodyn-17 displayed no RME block (IC50 ≈
1300 μM), whereas the propyl linked iminodyn-22 returned
the best RME block (IC50=10.7 ( 4.5 μM). Such differ-
entiation was not apparent in the Bis-T series. Thus, this work
has expanded the dynamin pharmacophore associated with
the Bis-T, and now iminodyn, series of compounds.

Several of the lead iminodynswere effective in the cell-based
inhibition of RME and SVE. In particular, iminodyn-22
showed the most promise as a broad spectrum, general
purpose dynamin inhibitor thatdoesnot discriminate between
dynamin I and dynamin II and that potently inhibits cellular
RME. Iminodyn-22 is about half as potent as dynole 34-2 and
is about 8-fold more potent than dynasore, making it an
effective tool for the study of cellular endocytosis in a broad
variety of systems. The ability of iminodyn-22 to also inhibit
SVE is likely a reflection of its dual specificity on dynamins I
and II. Becauseof thediversity of cellular systems regulatedby
the dynamins, these compounds should be evaluated in the
future for potential clinical applications in a variety of dis-
orders ranging from cancer to pathogen infection.

Experimental Section

Biology. Materials. Phosphatidylserine (PS), phenylmethylsul-
fonyl fluoride (PMSF), andTween-80were fromSigma-Aldrich (St.
Louis, MO). GTP was from Roche Applied Science (Germany),
leupeptinwas fromBachem (Bubendorf, Switzerland).Gel electro-
phoresis reagents, equipment, and protein molecular weight
markers were from Bio-Rad (Hercules, CA). Collagenase was
from Roche. Paraformaldehyde (PFA) was from Merck Pty
Ltd. (Kilsyth, Australia). Coverslips were from Lomb Scientific
(Sydney, Australia). Penicillin/streptomycin, phosphate buf-
fered salts, fetal calf serum (FCS), Grace’s insect cell media,
and Dulbecco’s Modified Eagle’s Medium (DMEM) were from
Invitrogen (Mount Waverley, Victoria, Australia). Alexa-594
conjugated Tf (Tf-A594) and DAPI were fromMolecular Probes
(OR). Polyethylenimine was from Polysciences Inc. (Warrington,
PA). All other reagents were of analytical reagent grade or better.

Drugs.Drugswere synthesized in-house andmade up as stock
solutions in 100% DMSO and diluted in 50% v/v DMSO/20
mM Tris-HCl, pH 7.4, or cell media prior to further dilution in
the assay. The final DMSO concentration in the GTPase or
endocytosis assays was at most 3.3% or 1%, respectively. The
GTPase assay for dynamin I was unaffected by DMSO up to
3.3%. Drugs were dissolved as 30 mM stocks in 100% DMSO
and were light-yellow in color. Stocks were stable and could be
stored at -20 �C for several months. They were diluted into
solutions of 50% DMSO made up in 20 mM Tris-HCl, pH 7.4,
and then diluted again into the final assay.

Protein Production.Endogenous dynamin Iwas purified from
sheep brain by extraction from the peripheral membrane frac-
tion of whole brain38 and affinity purification on GST-Amph2-
SH3-sepharose as described,39 yielding 8-10mgof protein from
250 g of sheep brain. Dynamin II (His-6-tagged) DNA inserted
into the pIEx-6 vector was generously provided by Sandra
Schmid and Sylvia Neumann (The Scripps Research Institute).
The plasmid was used to transfect Sf9 insect cells using poly-
ethylenimine as the transfection reagent using a DNA/poly-
ethylenimine ratio of 1:5 for 48 h.40 Following transfection, the
cells were harvested and lysed, and overexpressed dynamin II
was purified using GST-Amph2-SH3-sepharose as described

above for dynamin I. The yield from 1L of insect cell suspension
culture (1 � 106 cells/mL) was typically 1-2 mg of protein with
greater than 98% purity.

Malachite Green GTPase Assay. The Malachite Green meth-
odwas used for the sensitive colorimetric detection of orthopho-
sphate (Pi). It is based on the formation of a phosphomolybdate
complex at low pH with basic dyes, causing a color change. The
assay procedure is based on stimulation of native sheep brain-
purified dynamin I by sonicated phosphatidylserine (PS) lipo-
somes.41 However, in our earlier studies with Bis-T we used
200 nM dynamin I while in the present study we used 20 nM,
requiring a reformulation of assay volumes and the Malachite
Green reagent for the present study.23,27,39 Purified dynamin I
(20 nM) (diluted in 6 mM Tris-HCl, 20 mM NaCl, 0.01%
Tween-80, pH 7.4) was incubated in GTPase assay buffer
(5 mM Tris-HCl, 10 mM NaCl, 2 mM Mg2þ, 0.05% Tween-
80, pH 7.4, 1 μg/mL leupeptin, and 0.1mMPMSF)with 0.3mM
GTP in the presence of test compound for 30 min at 37 �C. The
final assay volumewas 150 μL in round bottomed 96-well plates.
Plate incubations were performed in a dry heating block with
shaking at 600 rpm (Eppendorf Thermomixer). Dynamin I
GTPase activity was maximally stimulated by addition of
4 μg/mL PS liposomes (although this concentration slightly
varies from batch to batch of dynamin I). For dynamin II
GTPase assay, higher concentrations of dynamin II (69 nM)
were used with 25 μg/mL PS being required for its activity to be
maximally stimulated. Dynamin II was preincubated with PS
for 10 min at room temperature (in 6 mM Tris-HCl, 20 mM
NaCl, 0.01% Tween-80, pH 7.4), following which the mixture
was incubated in GTPase assay buffer (5 mM Tris-HCl, 10 mM
NaCl, 2 mM Mg2þ, 0.05% Tween-80, pH 7.4, 1 μg/mL leupep-
tin, and 0.1mMPMSF)with 0.3mMGTP in the presence of test
compound for 30 min at 37 �C. Dynamin I did not require
preincubation with PS. The final assay volume and the shaking
conditions were the same for both dynamins I and II GTPase
assays. The reactions were all terminated with 10 μL of 0.5 M
EDTA, pH 8.0, and the samples were stable for several hours at
room temperature. To each well was added 40 μL of Malachite
Green solution (2% w/v ammonium molybdate tetrahydrate,
0.15% w/v malachite green, and 4 M HCl; the solution was
passed through 0.45 μm filters and stored in the dark for up to
2 months at room temperature), and color was allowed to
develop for 5 min (and was stable up to 2 h). The absorbance
of samples in each plate was determined on a microplate
spectrophotometer at 650 nm. Phosphate release was quantified
by comparison with a standard curve of sodium dihydrogen
orthophosphate monohydrate (baked dry at 110 �C overnight)
which was run in each experiment. GraphPad Prism 5
(GraphPad Software Inc., SanDiego, CA) was used for plotting
data points and analysis of enzyme kinetics using nonlinear
regression. Dynamin I GTPase data are reported as basal
activity subtracted from PS-stimulated activity. Dynamin II
GTPase data are reported as maximal stimulated activity. The
maximum GTPase activity was titrated to be the same for both
enzymes. These assays can also be conducted in the absence of
Tween with little effect on the IC50 values noted for the
iminodyns listed in Figure 1.

Kinetic Analysis of Iminodyn-22 in Competition with Mg2þ 3
GTP. Dynamin I at a final concentration of 11 nM was
incubated with GTPase buffer containing phosphatidylserine
(4 μg/mL) and varying amounts of GTP (80-200 μM) in the
presence of IC-22 at a concentration range of 0.7-1.2 μM.
The reaction was stopped after 30 min by addition of EDTA
(0.5 mM, pH 7.4). Curves were generated using the Michaelis-
Menten equation v = Vmax[S]/(Km þ [S]) where S = PS acti-
vator or GTP substrate. After the Vmax and Km values were
determined, the data were transformed using the Lineweaver-
Burke equation, 1/v = 1/Vmax þ (Km/Vmax)(1/[S]).

Texas Red-Tfn Uptake. U2OS cells were cultured in DMEM
supplemented with 10% FCS at 37 �C and in 5% CO2 in a
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humidified incubator. Tf uptake was analyzed on the basis of
methods previously described.42,43 Briefly, cells were grown in
fibronectin-coated (5 μg/mL) 96-well plates. The cells were
serum-starved overnight (16 h) in DMEM minus FCS. Cells
were then incubated with iminodyns 17 and 20-23 (usually
30 μM) or vehicle for 30 min prior to addition of 4 μg/mL
Tf-TxR for 8 min at 37 �C. Cell-surface-bound Tf was removed
by incubating the cells in an ice cold acid wash solution (0.2 M
acetic acid þ 0.5 M NaCl, pH 2.8) for 10 min and was with ice
cold PBS for 5 min. Cells were immediately fixed with 4% PFA
for 10 min at 37 �C. Nuclei were stained using DAPI. Quanti-
tative analysis of the inhibition of Tf-TxR endocytosis in U2OS
cells was performed on large numbers of cells by an automated
acquisition and analysis system (ImageXpress Micro (IXM),
MolecularDevices, Sunnyvale, CA).Nine imageswere collected
from each well, averaging 40-50 cells per image. The average
integrated intensity of Tf-TxR signal per cell was calculated for
each well using IXM system, and the data were expressed as a
percentage of control cells (vehicle treated). The average num-
ber of cells for each data point was ∼1200. IC50 values were
calculated using Graphpad Prism, version 5, and data were
expressed as the mean( 95% confidence interval (CI) for three
wells and ∼1200 cells.

FM 4-64 Assay of Synaptic Vesicle Endocytosis. Highly
purified synaptosomes were prepared from the cerebrum of
adultmale Sprague-Dawley rats, as described.44 Synaptosomes
were attached to 96-well glass-bottom plates at 4 �C. Synapto-
somes were maintained at 30 �C in a physiological saline buffer
(143 mM NaCl, 4.7 mM KCl, 20 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), 1.2 mMMgSO4, 0.1mM
CaCl2, pH 7.4). Once attached, synaptosomes were incubated
in buffer containing either DMSO alone (control) or drug dis-
solved in DMSO. DMSO was kept at a concentration of 1%
in all samples. Drug incubation was carried out for 30 min. The
synaptosomes were then exposed to 1 μM N-(3-triethylammo-
niumpropyl)-4-(4-diethylaminophenylhexatrienyl)pyridinium
dibromide (FM 4-64) (Invitrogen) in the presence of drug for
2 min. Synaptosomes were then depolarized in 80mMKCl for a
further 2 min to induce exocytosis/endocytosis, thereby facil-
itating uptake of FM 4-64. After depolarization, synaptosomes
were returned to standard physiological saline buffer. Fluores-
cent images of synaptosomes were acquired using the IXM
system with a 20� air objective at excitation 476-524 nm and
emission at 608-742 nm emission. Images were analyzed using
MetaXpress software.

Chemistry. General Methods. All solvents were bulk quality
and redistilled prior to use. Flash chromatography was carried
out using silica gel 200-400mesh (60 Å). 1H and 13CNMRwere
recorded at 300 and 75 MHz, respectively, using a Bruker
Avance 300 MHz spectrometer in CDCl3 and DMSO-d6.
GCMS was performed using a Shimadzu GCMS-QP2100.
The instrument uses a quadrupole mass spectrometer and
detects samples via electron impact ionization (EI). The Biomo-
lecular Mass Spectrometry Laboratory of the University of
Wollongong, Australia, analyzed samples for HRMS. The
spectra were run on the VG Autospec-oa-tof tandem high
resolution mass spectrometer using CI (chemical ionization),
with methane as the carrier gas and PFK (perfluorokerosene)
as the reference. Microanalysis was conducted at the Micro-
analysis Unit at the Australian National University, Canberra,
Australia. Compound purity was confirmed by a combina-
tion of LC-MS (HPLC), micro and/or high resolution mass
spectrometry and NMR analysis. All analogues are g95%
purity.

Synthesis of the Cyanoamide Linker Units (13a-e). The
synthesis of N,N-(ethane-1,2-diyl)bis(2-cyanoacetamide) (13a),
N,N-(propane-1,2-diyl)bis(2-cyanoacetamide) (13b), N,N-(but-
ane-1,2-diyl)bis(2-cyanoacetamide) (13c), N,N-(pentane-1,2-
diyl)bis(2-cyanoacetamide) (13d), and N,N-(hexane-1,2-diyl)-
bis(2-cyanoacetamide) (13e) have been reported previously.27

N,N0-(Ethane-1,2-diyl)bis(2-imino-2H-chromene-3-carbox-
amide) (14). N,N-(Ethane-1,2-diyl)bis(2-cyanoacetamide) (13a)
(0.194 g, 1 mmol), 2-hydroxybenzaldehyde (0.244 g, 2 mmol), 3
drops of piperidine, and ethanol (10 mL) were heated at reflux
for 2 h. Cooling, filtering, and washing with cold ether gave,
after recrystallization from ethanol, an off-white solid: 0.261 g
(65%); mp 293-295 �C. 1H NMR (DMSO-d6): 3.48 (4H, br s),
7.23 (4H, m), 7.52 (2H, m), 7.75 (2H, m), 8.39 (2H, s), 8.93 (2H,
s), 10.43 (2H, br s). 13C NMR (DMSO-d6): 38.7, 115.2, 119.7,
120.7, 124.4, 130.3, 133.3, 141.1, 153.9, 155.7, 162.2. C22H18-
N4O4 calculated: C, 65.66; H, 4.51; N, 13.92. Found: C, 65.84;
H, 4.31; N, 14.05.

N,N0-(Ethane-1,2-diyl)bis(8-hydroxy-2-imino-2H-chromene-

3-carboxamide) (15). Iminodyn-15 was prepared in a similar
manner to the synthesis of 14, from N,N-(ethane-1,2-diyl)bis-
(2-cyanoacetamide) (13a) and 2,3-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, an off-
white solid (64%): mp >300 �C. 1H NMR (DMSO-d6): 3.47
(4H, br m), 7.04 (4H, s), 7.14 (2H, br m), 8.34 (2H, br m), 8.77
(2H, br), 10.48 (2H, br s). 13C NMR (DMSO-d6): 38.8, 119.2,
119.7, 119.9, 123.8, 141.8, 143.8, 145.8, 146.1, 155.5, 161.4.
C22H18N4O6 calculated: C, 60.83; H, 4.18; N, 12.90. Found:
C, 61.03; H, 4.15; N, 12.75.

N,N0-(Ethane-1,2-diyl)bis(7-hydroxy-2-imino-2H-chromene-

3-carboxamide) (16). Iminodyn-16 was prepared in a similar
manner to the synthesis of 14, from N,N-(ethane-1,2-diyl)bis-
(2-cyanoacetamide) (13a) and 2,4-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, an off-
white solid (74%): mp 283-285 �C. 1H NMR (DMSO-d6): 3.49
(4H, brm), 7.00-7.18 (6H,m), 7.62 (1H, brm), 8.29 (2H, s), 9.38
(2H, br s), 10.20 (2H, br s). 13C NMR (DMSO-d6): 38.7, 119.9,
120.2, 124.2, 140.1, 142.3, 145.7, 149.2, 157.3, 163.4. C22H18-
N4O6 calculated: C, 60.83; H, 4.18; N, 12.90. Found: C, 60.79;
H, 4.35; N, 13.72.

N,N0-(Ethane-1,2-diyl)bis(7,8-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (17). Iminodyn-17 was prepared in a
similar manner to the synthesis of 14, from N,N-(ethane-1,2-
diyl)bis(2-cyanoacetamide) (13a) and 2,3,4-trihydroxybenzal-
dehyde (2 equiv) to give, after recrystallization from ethanol, a
red solid (82%): mp>300 �C. 1H NMR (DMSO-d6): 3.50 (4H,
br m), 6.67 (2H, d, J = 8.4 Hz), 7.03 (2H, d, J = 8.5 Hz), 7.65
(2H, br m), 8.25 (2H, s), 9.30 (2H, br s). 13C NMR (DMSO-d6):
39.0, 118.2, 119.7, 120.1, 126.2, 140.1, 142.3, 148.4, 150.1, 158.1,
165.1. HRMS: calculated for C23H20N4O4 417.1563. Found
(ESIþ) (M þ H) 417.1563.

N,N0-(Ethane-1,2-diyl)bis(6,7-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (18). Iminodyn-18 was prepared in a
similar manner to the synthesis of 14, from N,N-(ethane-1,2-
diyl)bis(2-cyanoacetamide) (13a) and 2,4,5-trihydroxybenzalde-
hyde (2 equiv) to give, after recrystallization fromethanol, a dark-
green solid (72%):mp>300 �C. 1HNMR (DMSO-d6): 3.50 (4H,
br m), 7.12 (2H, s), 7.23 (2H, s), 7.84 (2H, br m), 9.03 (2H, s),
9.25 (2H, br s). 13C NMR (DMSO-d6): 37.8, 118.2, 119.1, 119.9,
124.2, 141.2, 146.3, 154.2, 156.1, 163.2. C22H18N4O8 calculated:
C, 56.65; H, 3.89; N, 12.01. Found: C, 57.00; H, 4.09; N, 12.71.

N,N0-(Propane-1,3-diyl)bis(2-imino-2H-chromene-3-carbox-
amide) (19). Iminodyn-19 was prepared in a similar manner to
the synthesis of 14, from N,N-(propane-1,2-diyl)bis(2-cy-
anoacetamide) (13b) and 2-hydroxybenzaldehyde (2 equiv) to
give, after recrystallization from ethanol, a yellow solid (62%):
mp 253-255 �C. 1H NMR (DMSO-d6): 1.72 (2H, br m), 3.51
(4H, brm), 7.22 (4H,m), 7.50 (2H,m), 7.73 (2H,m), 8.42 (2H, s),
8.88 (2H, s), 10.40 (2H, br s). 13C NMR (DMSO- d6): 29.3,
37.9, 115.1, 119.4, 121.1, 125.6, 130.5, 134.1, 140.0, 152.1,
156.2, 164.1. C23H20N4O4 calculated: HRMS (ESIþ) (M þ H)
417.1563. Found 417.1563

N,N0-(Propane-1,3-diyl)bis(8-hydroxy-2-imino-2H-chromene-
3-carboxamide) (20). Iminodyn-20 was prepared in a similar
manner to the synthesis of 14, from N,N-(propane-1,2-diyl)-
bis(2-cyanoacetamide) (13b) and 2,3-dihydroxybenzaldehyde
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(2 equiv) to give, after recrystallization from ethanol, a light-
yellow solid (73%):mp 274-276 �C. 1HNMR (DMSO-d6): 1.74
(2H, br s), 3.48 (4H, br s), 6.99 (4H, s), 7.19 (2H, brm), 8.43 (2H,
br m), 8.82 (2H, br m), 10.45 (2H, br s). 13C NMR (DMSO-d6):
28.2, 37.3, 110.2, 118.9, 120.1, 122.9, 141.0, 141.2, 142.8, 145.8,
156.3, 162.3. C23H20N 4O6 calculated: C, 61.60; H, 4.50; N,
12.49. Found: C, 61.25; H, 4.65; N, 12.69.

N,N0-(Propane-1,3-diyl)bis(7-hydroxy-2-imino-2H-chromene-
3-carboxamide) (21). Iminodyn-21 was prepared in a similar
manner to the synthesis of 14, from N,N-(propane-1,2-diyl)-
bis(2-cyanoacetamide) (13b) and 2,4-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, an off
white solid (51%): mp 288-290 �C. 1H NMR (DMSO-d6): 1.74
(2H, br s), 3.35 (4H, br s), 7.00-7.18 (6H, m), 7.61 (1H, br m),
8.30 (2H, s), 9.41 (2H, br s), 10.23 (2H, br s). 13CNMR (DMSO-
d6): 28.4, 38.2, 118.1, 119.5, 119.9, 123.1, 141.2, 142.3, 146.3, 150.4,
156.1, 164.2.HRMS: calculated forC23H20N4O 6448.1383.Found
(ESIþ) (M þ H) 448.1382.

N,N0-(Propane-1,3-diyl)bis(7,8-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (22). Iminodyn-22 was prepared in a
similar manner to the synthesis of 14, from N,N-(propane-1,2-
diyl)bis(2-cyanoacetamide) (13b) and 2,3,4-trihydroxybenzal-
dehyde (2 equiv) to give, after recrystallization from ethanol, a
red solid (69%): mp>300 �C. 1H NMR (DMSO-d6): 1.72 (2H,
brm), 3.40 (4H, brm), 6.63 (2H, d, J=8.4Hz), 6.94 (2H, d, J=
8.5 Hz), 7.62 (2H, br s), 8.32 (2H, s), 9.31 (2H, br m). 13C NMR
(DMSO-d6): 28.2, 39.0, 118.2, 119.7, 120.1, 126.2, 140.1, 142.3,
148.4, 150.1, 158.1, 165.1. HRMS: calculated for C23H20N4O8

481.1359. Found (ESIþ) (M þ H) 481.1355.
N,N0-(Propane-1,3-diyl)bis(6,7-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (23). Iminodyn-23 was prepared in a
similar manner to the synthesis of 14, from N,N-(propane-1,2-
diyl)bis(2-cyanoacetamide) (13b) and 2,4,5-trihydroxybenzal-
dehyde (2 equiv) to give, after recrystallization from ethanol, a
dark-green solid (64%): mp 262-263 �C. 1HNMR (DMSO-d6):
1.75 (2H, br m), 3.51 (4H, br s), 7.00 (2H, s), 7.30 (2H, s), 7.85
(2H, br m), 9.01 (2H, s), 9.22 (2H, br s). 13C NMR (DMSO-d 6):
27.2, 37.6, 118.1, 119.4, 119.9, 125.8, 139.3, 140.2, 147.2, 155.0,
157.2, 166.1. HRMS: calculated for C23H20N4O8 481.1359.
Found (ESIþ) (M þ H) 481.1347.

N,N0-(Butane-1,3-diyl)bis(2-imino-2H-chromene-3-carbox-

amide) (24). Iminodyn-24 was prepared in a similar manner
to the synthesis of 14, from N,N-(butane-1,2-diyl)bis(2-cy-
anoacetamide) (13c) and 2-hydroxybenzaldehyde (2 equiv) to
give, after recrystallization from ethanol, a cream solid (63%):
mp 252-253 �C. 1H NMR (DMSO-d6): 1.52 (4H, br s), 3.22
(4H, q, J = 5.8 Hz), 7.23 (4H, m), 7.51 (2H, m), 7.86 (2H, m),
8.47 (2H, s), 8.89 (2H, s), 10.46 (2H, br m). 13C NMR (DMSO-
d6): 26.1, 39.3, 115.4, 119.5, 121.3, 123.2, 129.3, 133.1, 141.7,
154.0, 155.4, 164.3. HRMS: calculated for C24H22N4O4 431.1719.
Found (ESIþ) (M þ H): 431.1707.

N,N0-(Butane-1,3-diyl)bis(8-hydroxy-2-imino-2H-chromene-

3-carboxamide) (25). Iminodyn-25 was prepared in a similar
manner to the synthesis of 14, from N,N-(butane-1,2-diyl)bis-
(2-cyanoacetamide) (13c) and 2,3-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, a light-
yellow solid (80%): mp 254-256 �C. 1H NMR (DMSO-d6):
1.55 (4H, brm), 3.46 (4H, q, J=5.8Hz), 7.14 (4H, s), 7.29 (2H,
br m), 8.43 (2H, br m), 8.85 (2H, br m), 10.55 (2H, br s). 13C
NMR (DMSO-d6): 27.2, 38.4, 119.1, 119.5, 119.9, 126.3, 141.5,
142.1, 143.2, 146.1, 152.1, 162.3. HRMS: calculated for
C24H22N4O6 463.1618. Found (ESIþ) (M þ H) 463.1609.

N,N0-(Butane-1,3-diyl)bis(7-hydroxy-2-imino-2H-chromene-

3-carboxamide) (26). Iminodyn-26 was prepared in a similar
manner to the synthesis of 5, from N,N-(butane-1,2-diyl)bis-
(2-cyanoacetamide) (13c) and 2,4-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, a yellow
solid (88%): mp 276-278 �C. 1H NMR (DMSO-d6): 1.5 (4H, br
m), 3.49 (4H, br), 7.00-7.18 (6H, m), 7.61 (1H, br), 8.26 (2H, s),
9.35 (2H, br), 10.28 (2H, br). 13C NMR (DMSO-d6): 28.4, 38.3,

118.1, 119.8, 120.0, 123.2, 141.2, 143.7, 144.2, 149.1, 157.1, 163.8.
HRMS: calculated for C24H22N4O6 463.1618. Found (ESIþ)
(M þ H) 463.1615.

N,N0-(Butane-1,3-diyl)bis(7,8-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (27). Iminodyn-27 was prepared in a simi-
lar manner to the synthesis of 14, from N,N-(butane-1,2-diyl)-
bis(2-cyanoacetamide) (13c) and 2,3,4-trihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, a dark -red
solid (70%): mp >300 �C. 1H NMR (DMSO-d6): 1.56 (4H, br),
3.50 (4H, br), 6.73 (2H, d, J=8.4 Hz), 7.13 (2H, d, J=8.5 Hz),
7.69 (2H, br s), 8.30 (2H, s), 9.32 (2H, br s). 13C NMR (DMSO-
d6): 27.2, 38.0, 118.3, 119.9, 121.8, 125.9, 140.0, 142.1, 149.5,
151.2, 158.1, 164.9. C24H22N4O8 calculated: C, 58.30; H, 4.48; N,
11.33. Found: C, 58.87; H, 4.68; N, 12.03

N,N0-(Butane-1,3-diyl)bis(6,7-dihydroxy-2-imino-2H-chro-
mene-3-carboxamide) (28). Iminodyn-28 was prepared in a
similar manner to the synthesis of 5, from N,N-(butane-1,2-
diyl)bis(2-cyanoacetamide) (13c) and 2,4,5-trihydroxybenzalde-
hyde (2 equiv) to give, after recrystallization from ethanol, a
dark-green solid (64%): mp >300 �C. 1H NMR (DMSO-d6):
1.59 (4H, br m), 3.44 (4H, br s), 7.08 (2H, s), 7.19 (2H, s), 7.81
(2H, br s), 9.00 (2H, s), 9.23 (2H, br m). 13C NMR (DMSO-d 6):
28.6, 39.9, 117.4, 119.4, 120.3, 125.3, 141.1, 146.3, 154.1, 157.3,
165.3. C24H22N4O8 calculated: C, 58.30; H, 4.48; N, 11.33; O,
25.89. Found: C, 57.44; H, 5.12; N, 10.87; correct for C22H22N4-
O8 3 0.5H2O.

N,N0-(Pentane-1,3-diyl)bis(2-imino-2H-chromene-3-carbox-
amide) (29). Iminodyn-29 was prepared in a similar manner
to the synthesis of 14, from N,N-(pentane-1,2-diyl)bis(2-cy-
anoacetamide) (13d) and 2-hydroxybenzaldehyde (2 equiv) to
give, after recrystallization from ethanol, an off white solid
(55%): mp 243-245 �C. 1H NMR (DMSO-d6): 1.32 (2H, quin,
J=6.7 Hz), 1.50 (4H, q, J=7.8 Hz), 3.21 (4H, q, J=6.8 Hz),
7.02 (4H, s), 7.15 (2H, br s), 8.43 (2H, br s), 8.86 (2H, brm), 10.49
(2H, br m). 13C NMR (DMSO-d6): 22.9, 28.7, 39.2, 18.1, 119.4,
19.9, 123.1, 141.3, 141.9, 142.3, 145.7, 155.3, 162.1. HRMS:
calculated for C25H24N4O 4 445.1876; (ESI

þ) (MþH) 445.1873
N,N0-(Pentane-1,3-diyl)bis(8-hydroxy-2-imino-2H-chromene-

3-carboxamide) (30). Iminodyn-30 was prepared in a similar
manner to the synthesis of 14, from N,N-(pentane-1,2-diyl)-
bis(2-cyanoacetamide) (13d) and 2,3-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, a light-
yellow solid (48%):mp 265-267 �C. 1HNMR (DMSO-d6): 1.28
(2H, quin, J=6.6Hz), 1.55 (4H, q, J=7.5Hz), 3.24 (4H, q, J=
6.5 Hz), 7.30 (4H, m), 7.50 (2H, m), 7.80 (2H, m), 8.40 (2H, s),
8.91 (2H, br m), 10.52 (2H, br m). 13C NMR (DMSO-d6): 24.3,
29.5, 39.3, 14.2, 120.9, 121.9, 125.3, 130.3, 133.1, 141.4, 152.8,
154.3, 164.2. HRMS: calculated for C25H24N4O6 476.1774.
Found (ESIþ) (M þ H) 476.1771.

N,N0-(Pentane-1,3-diyl)bis(7-hydroxy-2-imino-2H-chromene-

3-carboxamide) (31). Iminodyn-31 was prepared in a similar
manner to the synthesis of 14, from N,N-(pentane-1,2-diyl)-
bis(2-cyanoacetamide) (13d) and 2,4-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, a yellow
solid (61%): mp 278-280 �C. 1H NMR (DMSO-d6): 1.30 (2H,
quin, J=6.6Hz), 1.61 (4H, q, J=7.9 Hz), 3.25 (4H, q, J=6.6
Hz), 7.00- 7.18 (6H, m), 7.77 (1H, br s), 8.32 (2H, s), 9.42 (2H,
br m), 10.30 (2H, br m). 13CNMR (DMSO-d6): 24.1, 29.5, 42.1,
119.0, 122.1, 124.2, 129.3, 141.2, 141.3, 146.4, 150.3, 159.2,
165.3. HRMS: calculated for C25H24N4O6 477.1774. Found
(ESIþ) (M þ H) 476.1773

N,N0-(Pentane-1,3-diyl)bis(7,8-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (32). Iminodyn-32 was prepared in a
similar manner to the synthesis of 14, from N,N-(pentane-1,2-
diyl)bis(2-cyanoacetamide) (13d) and 2,3,4-trihydroxybenzal-
dehyde (2 equiv) to give, after recrystallization from ethanol,
a red solid (84%):mp>300 �C. 1HNMR(DMSO-d6): 1.30 (2H,
quin, J=6.6Hz), 1.62 (4H, q, J=7.9 Hz), 3.24 (4H, q, J=6.6
Hz), 6.64 (2H, d, J=8.4Hz), 7.02 (2H, d, J=8.5Hz), 7.75 (2H,
br s), 8.24 (2H, s), 9.35 (2H, br s). 13C NMR (DMSO- d6): 24.1,
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28.5, 38.7, 118.3, 120.3, 126.2, 129.4, 140.1, 149.4, 150.4, 158.2,
165.3. HRMS: calculated for C25H24N4O8 509.1672. Found
(ESIþ) (M þ H) 509.1669

N,N0-(Pentane-1,3-diyl)bis(6,7-dihydroxy-2-imino-2H-chro-

mene-3-carboxamide) (33). Iminodyn-33 was prepared in a
similar manner to the synthesis of 14, from N,N-(pentane-1,2-
diyl)bis(2-cyanoacetamide) (13d) and 2,4,5-trihydroxybenzal-
dehyde (2 equiv) to give, after recrystallization from ethanol, a
dark-green solid (68%): mp >300 �C. 1H NMR (DMSO-d6):
1.30 (2H, quin, J=6.6 Hz), 1.64 (4H, q, J=7.4 Hz), 3.24 (4H,
d, J = 6.6 Hz), 7.15 (2H, s), 7.23 (2H, s), 7.84 (2H, br m), 9.03
(2H, s), 9.24 (2H, br s). 13C NMR (DMSO-d6): 24.1, 28.5, 40.1,
119.2, 120.1, 120.9, 126.2, 139.8, 140.2, 145.3, 152.2, 152.3,
164.2. HRMS: calculated for C25H24N 4O8 509.1672. Found
(ESIþ) (M þ H) 509.1666.

N,N0-(Hexane-1,3-diyl)bis(2-imino-2H-chromene-3-carbox-
amide) (34). Iminodyn-34 was prepared in a similar manner
to the synthesis of 5, from N,N-(hexane-1,2-diyl)bis(2-cyano-
acetamide) (13d) and 2-hydroxybenzaldehyde (2 equiv) to give,
after recrystallization from ethanol, an off-white solid (77%):
mp 242-244 �C. 1H NMR (DMSO-d6): 1.32 (4H, m), 1.49 (4H,
m), 3.23 (4H, m), 7.14 (4H, m), 7.49 (2H, m), 7.71 (2H, m), 8.36
(2H, s), 8.89 (2H, s), 10.26 (2H, br). 13CNMR (DMSO-d6): 26.0,
28.8, 39.5, 114.7, 118.4, 120.3, 123.9, 129.7, 132.6, 140.4, 153.3,
155.4, 161.1. C26H 26N4O4 calculated: C, 68.11; H, 5.72; N,
12.22. Found: C, 68.34; H, 5.89; N, 12.72.

N,N0-(Hexane-1,3-diyl)bis(8-hydroxy-2-imino-2H-chromene-

3-carboxamide) (35). Iminodyn-35 was prepared in a similar
manner to the synthesis of 14, from N,N-(hexane-1,2-diyl)bis-
(2-cyanoacetamide) (13e) and 2,3-dihydroxybenzaldehyde
(2 equiv) to give, after recrystallization from ethanol, a light-
yellow solid (75%):mp 263-264 �C. 1HNMR (DMSO-d6): 1.30
(4H,m), 1.53 (4H,m), 3.27 (4H,m), 7.14 (2H, brm), 7.25 (2H, br
m), 8.44 (2H, br m), 8.76 (2H, br m), 10.45 (2H, br s). 13C NMR
(DMSO-d6): 26.4, 29.8, 39.4, 119.0, 119.5, 120.4, 123.8, 141.4,
141.8, 142.8, 146.3, 156.5, 163.2. HRMS: calculated for C26H26-
N4O6 491.1931. Found (ESIþ) (M þ H) 491.1930.

N,N0-(Hexane-1,3-diyl)bis(7-hydroxy-2-imino-2H-chromene-

3-carboxamide) (36). Iminodyn-36 was prepared in a similar
manner to the synthesis of 14, from N,N-(hexane-1,2-diyl)bis-
(2-cyanoacetamide) (13e) and 2,4-dihydroxy-hydroxybenzal-
dehyde (2 equiv) to give, after recrystallization from ethanol, a
yellow solid (54%):mp 258-260 �C. 1HNMR (DMSO-d6): 1.30
(4H, m), 1.51 (4H, m), 3.28 (4H, m), 7.00 - 7.18 (6H, m), 7.62
(1H, br m), 8.22 (2H, s), 9.32 (2H, br m), 10.23 (2H, br s). 13C
NMR (DMSO-d6): 26.0, 29.8, 38.4, 118.2, 119.6, 120.0, 124.1,
139.2, 142.1, 144.3, 145.4, 159.3, 165.3. HRMS: calculated for
C26H26N4O6 491.1931. Found (ESIþ) (M þ H) 491.1921

N,N0-(Hexane-1,3-diyl)bis(7,8-dihydroxy-2-imino-2H-chro-
mene-3-carboxamide) (37). Iminodyn-37 was prepared in a
similar manner to the synthesis of 14, from N,N-(hexane-1,2-
diyl)bis(2-cyanoacetamide) (13e) and 2,3,4-trihydroxybenzalde-
hyde (2 equiv) to give, after recrystallization from ethanol, a red
solid (52%): mp>300 �C. 1H NMR (DMSO-d6): 1.31 (4H, m),
1.53 (4H,m), 3.30 (4H,m), 6.72 (2H, d, J=8.4Hz), 7.73 (2H, br
m), 8.28 (2H, s), 9.40 (2H, br m). 13C NMR (DMSO-d6): 26.1,
29.3, 39.4, 117.3, 119.3, 121.0, 126.2, 140.5, 141.6, 149.4, 151.1,
158.3, 166.5. C26H26N4O8 calculated: C, 59.77; H, 5.02; N,
10.72. Found: C, 60.11; H, 5.37; N, 11.12.

N,N0-(Hexane-1,3-diyl)bis(6,7-dihydroxy-2-imino-2H-chro-
mene-3-carboxamide) (38). Iminodyn-38 was prepared in a
similar manner to the synthesis of 14, from N,N-(hexane-1,2-
diyl)bis(2-cyanoacetamide) (13e) and 2,4,5-trihydroxybenzalde-
hyde (2 equiv) to give, after recrystallization from ethanol, a
dark-green solid (76%): mp >300 �C. 1H NMR (DMSO-d6):
1.29 (4H, m), 1.50 (4H, m), 3.28 (4H, m), 7.13 (2H, s), 7.22 (2H,
s), 7.85 (2H, br s), 9.01 (2H, s), 9.25 (2H, br m). 13C NMR
(DMSO-d6): 26.3, 29.3, 38.2, 118.2, 119.2, 119.9, 124.3, 141.1,
141.2, 146.3, 154.1, 157.2, 163.1. HRMS: calculated for C26H26-
N4O8 523.1829. Found (ESIþ) (M þ H) 523.1820.
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