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Abstract: A number of artificial carriers for the transport of zwitterionic aromatic amino acids across bulk
model membranes (U-tube type) have been prepared and evaluated. 1,2-Dichloroethane and dichlo-
romethane were employed in the organic phase. All compounds are based on a bicyclic chiral guanidinium
scaffold that ideally complements the carboxylate function. The guanidinium central moiety was attached
to crown ethers or lasalocid A as specific subunits for ammonium recognition as well as to aromatic or
hydrophobic residues to evaluate their potential interaction with the side chains of the guest amino acids.
The subunits were linked to the guanidinium through ester or amide connectors. Amides were found to be
better carriers than esters, though less enantioselective. On the other hand, crown ethers were superior to
lasalocid derivatives. As expected, transport rates were dependent on the carrier concentration in the liquid
membrane. Reciprocally, enantioselectivities were much higher at lower carrier concentrations. The results
show that our previously proposed three-point binding model (J. Am. Chem. Soc. 1992, 114, 1511—-1512),
involving the participation of the aromatic or hydrophobic residue to interact with the side chains of the
amino acid guest, is unnecessary to explain the high enantioselectivities observed. Molecular dynamics
fully support a two-point model involving only the guanidinium and crown ether moieties. These molecules
constitute the first examples of chiral selectors for underivatized amino acids acting as carriers under neutral
conditions.

Introduction the ammonium and the carboxylate functions. In addition,

. I . . common amino acids provide a rich variety of side chains as

The deS|g_n and study of artificial membrane carriers con_st|- other potential fixation sites for chemo- and enantioselective

tutes an active current goal_of supramolecular r_:hem|stry, since ecognition. To achieve chiral discrimination, a simultaneous

model systems are much S|mpler than rlatural |onophores., am{)inding of the positively charged ammonium group and the
they can thus be developed into practical molecular devices.

A h tential licati f tacilitated t  technol anionic carboxylate should be performed. In the resulting
mong the potential applications ot facilitated transport technol- complex, the side chain should be located in a more favorable
ogy we could mention separations, such as purification or

: . . orientation in one particular enantiomer. However, the zwitterion
resolution of racematésthe development of ion-selective

- . ; . is a challenging structure to recognize, because the electronic
electrodes, or the possibility of using carriers for drug delidery. densities of the carboxylate and the ammonium functions are

In sl_1arp contrast to the well-o_leveloped coordination che_mistry greatly affected by their mutual vicinity, causing the binding
of cations? molecular recognition of _neutral or negatively ¢yrcas of complementary groups of the receptor to be less
charged molecules has received attention only recémlyich effective for the complexatioh.On the other hand, most
interest in the field has been focused on biorelevant Oxoanions’receptors based on positively and negatively charged binding
such as ngclglc aC|_ds oramino acids. The main r_e_cogmtlon Slt€Ssjtes are of little interest because they collapse internally or
for zwitterionic amino acids under neutral conditions are both aggregate into dimers or oligomers. Therefore, the design of

A - model receptors for amino acids has been mainly performed

182532?2:333 'g‘gtzﬁgg de Madrid. using single charged substrates, under acidic (amino acid or
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amino acids) conditions. Recognition of the side chain, which structure for enantioselective recognition. The affinity laf
is decisive for selectivity, is also a difficult task. For nonfunc- toward amino acids was determined by ligtuidjuid single
tionalized side chains, where weak hydrophobic interactions or extraction experiments. The extraction efficiencies in the organic
steric repulsions are the only tools available, strategies must bephase for Trp, Phe, and Val were ca. 40% for Trp and Phe, but
based on the use of stacking interactions or on the encapsulatiorval, lacking the aromatic side chain, was seldom extracted.
of nonpolar side chains inside lipophilic cavities. In the best Competition experiments with the three amino acids resulted
example so far described, chiral recognition was only modérate. in 100:97:6 Phe/Trp/Val ratios, while chiral recognition was
For dynamic processes, such as extraction or transport, theconfirmed by*H NMR. The corresponding-enantiomers were
strongly solvated zwitterion must be taken away from the water not observed by HPLC analysis of diastereomeric dipeptides
solution to a medium of much lower dielectric constant, and prepared from extracts of racemic samples of Phe or Trp and
this acts often as a formidable and unsurpassable barrier to crossan optically pure.-Leu derivative!® However, an enantiomeric
Again, many efforts have been directed to transport the basic excess of ca. 80% in favor of theenantiomers was found when
or the acidic forms of the amino acids, instead of the neutral the extracts were directly poured into the HPLC column and a
zwitterions, across bulk and supported liquid membrédnes. chiral amino acid complex was added as a cosolvent. Molecular
Transport of aromatic amino acids (Phe, Trp, Tyr) in a U-tube dynamics in vacuo showed that guanidinium ion-pairing con-
system was described by Sessler using compounds wherdributes about one-half of the total enthalpic interaction, whereas
sapphyrin has been attached to the acyclic natural polyetherthe remaining binding energy is provided by the aza-crown ether
lasalocid A In this case the sapphyrin subunit is responsible (one-third) and the naphthalene subunit (one-siktt§ubse-
for carboxylate binding! whereas the lasalocid subunit recog- quently, Schmidtchen prepared a related host, having a triaza-
nizes the ammonium groug. Another strategy consists of crown ether attached to the bicyclic guanidinium through a
binding the amino acid’s primary ammonium group by means chemically more robust thioether brid§eAs the aromatic
of crown ethers and related chelators. However, besides thesurface for stacking interaction was not incorporated, this
pioneering work of Cram3 only a few examples of carriers  receptor exhibited a weaker enantioselectivity (40% for Phe).
for amino acids, based on these subunits, are avaitable. The main objective of the present work is to evaluate
A remarkable example of an abiotic organic receptor for compoundla and other related guanidinium receptors as
zwitterionic aromatic amino acids was described one decade€nantioselective carriers for aromatic amino acids across liquid
ago in our group by means of the bicyclic guanidinium Hast ~ membranes (Chart 1). These include aniitie more stable to
(Chart 1)15 This compound featured (i) non self-complementary hydrolysis and presenting two additional potential hydrogen
binding sites for carboxylate (guanidinium function) and am- donors for carboxylate binding, as well as derivati2es-d,
monium (crown ether unit), preventing the receptor from internal @med at analyzing the contribution of different subunits to the
collapse; (i) a naphthalene ring for an additional interaction interaction with the aromatic side chains of Trp or Phe. Thus,

with the side chain of aromatic amino acids; and (iii) a chiral silyl ether groups (either with or without aromatic substituents)
were incorporated i2a, 2b, and2d, wherea2c bears a free

OH substituent. As before, amid2b was prepared to be
compared to este2a. Compounds3 and 4 contain the more
rigid benzo-crown ether subunit, whereas in compo&rtte
crown ether was linked to the guanidinium through a thioether.
Finally, compound was designed, featuring an additional well-
oriented hydrogen donor for the carboxylate. A five-atom chain
connecting the two hydrogen donors seems adequate to ideally
poise the new binding site, and attempts using pyrrole-based
chains (with extra hydrogen donot$)r pyridine-containing
spacers (preorganized by chelat®nhave been reported.
However, the advantages of such a preorganized, chelated
structure are not evideAt. The binding pocket present i@
contains a thioether whose lone pairs contribute to preorgani-
zation without interacting repulsively with the carboxylate
guest??
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Chart 1. Guanidinium Amino Acid Carriers Synthesized
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aConditions: (a) 2-naphthoyl chloride, &, THF (87%); (b) 70% HF/Py, THF (95%); (c) bromoacetic acid, DCC,CH (82%); (d) 1-aza-18-crown-6,
DMF (58%); (e) bromoacetic acid, DCC, GEl, (70%); (f) 1-aza-18-crown-6, DMF (73%); (g) 70% HF/Py, THF (38%); (h) TIPSOTf, 2,6-lutidine, DMF
(45%); (i) lasalocid A, EDCI, HOBt, Py, DMF (38%); (j) lasalocid A, EDCI, HOBt, Py, DMF (20%).

As already pointed out, lasalocid A has been recently used Results and Discussion
for the recognition of ammonium by synthetic receptors. Thus, Synthesis. For the synthesis ofla some variations with

carriers 7ab and 8ab, endowed with the natural acyclic  regpect to the previously described procedure were introdéced.
polyether instead of the macrocyclic crown, were prepared for Thys 11 was obtained in two steps frof(Scheme 133 For
comparison. the synthesis of aza-crown derivatives—d as well as foi8a,
The S5 compounds were usually prepared, although for the hydroxymethyl derivativéd was again employed as the
compoundslab and 2b the RR) enantiomers were also Starting material. Esterification with bromoacetic acid in the

synthesized (Ch"?‘” l) Only th&R) form was prepared for (23) Peschke, W.; Schiessl, P.; Schmidtchen, F. P.; Bissinger, B.; Schiér, A.
benzo-crown derivative8 and4 and aza-crowr®. Org. Chem.1995 60, 1039-1043.
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Scheme 2 @ Scheme 3 2
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aConditions: (a) MsO, EgN, THF (98%); (b) aqueous Ng MeOH
(96%); (c) bromoacetic acid, PyBOP, HOBt, NMM, @El, (74%); (d)
4-aminobenzo-18-crown-6, NMM, DMF (77%); (e) lasalocid A, PyBOP,
HOBt, NMM, DMF (71%); (f) 1-aza-18-crown-6, DMF (73%); (g)
2-naphthoyl chloride, Py, THF (73%); (h) 70% HF/Py, THF (88%); (i)
Ms,0, NMM, THF (71%); (j) aqueous N& MeOH (94%); (k) bromoacetic
acid, PyBOP, HOBt, NMM, DMF (60%); (I) 4-aminobenzo-18-crown-6,
NMM, DMF (42%); (m) lasalocid A, PyBOP, HOBt, NMM, DMF (81%);
(n) 1-aza-18-crown-6, DMF (46%).

presence of dicyclohexylcarbodiimide (DCC) resulted1®
(Scheme 1). For the substitution &8 an excess aza-crown
(acting as both nucleophile and base) was used to Bave
Finally, deprotection of2a afforded 2c, from which the
triisopropy! silyl ether derivative2d was easily obtained
(Scheme 1%*

The syntheses of compound& and 8a were readily
performed from the corresponding naphthoyl or hydroxyguani-
dinium derivativesl1 and 9, respectively.

The preparation of the amideb started through mesylate
14, obtained quantitatively fror@ with methanesulfonic anhy-
dride under smooth reaction conditions. Addition of MeOH and
30% aqueous Nito 14 gave aminel5, which was transformed
into alcohol 17 by acylation with 2-naphthoyl chloride and
deprotection. Again, transformation of alcohbl into amine
19 was easily achieved via the corresponding mesyl&ie
Reaction of19 with bromoacetic acid to give amid20 was
performed with H-benzotriazol-1-yloxy tris(pyrrolidino) phos-
phonium hexafluorophosphate (PyBOP). Finally, compolind
was obtained by reaction &0 with an excess of aza-crown
ether (Scheme 2).

Amide 2b was prepared in two steps from amib®& As for
la, compound2b was synthesized in both enantiomeric forms
(RR and SS). Benzo-crown derivative8 and 4 were easily
synthesized from mesylates4 and 18, respectively, using

(24) To ensure complete deprotonation of tertiary amine in the crown ether
subunits, the following general procedure was adopted for all compounds

Lo o/

aConditions: (a) (1) MgD, NMM, THF; (2) sodium thioacetatéBuOK,
MeOH, THF (95%); (b) 1-aza-18-crown-6, BOP, HOBt, NMM, DMF
(90%); (c) (1) 2-aminomethylnaphthalene, NMM, BOP, HOBt, DMF; (2)
CsF, CHCN (84%); (d) MsO, NMM, THF (83%); (e)25, CsCOs, CH:CN
(94%); () (1) methyl bromoacetate, £20;, CH;CN; (2) LiOH, H0, THF;
(3) HPFs (77%).

&o o/ PFe
s

4-aminobenzo-18-crown-6. For the amide compounblgnd
8b the synthesis started from amin&8 and 15, respectively
(Scheme 2).

Thioether derivative§ and6 (Scheme 3) were prepared from
compound22, readily obtained from compour2l Compound
5 was prepared via coupling to the aza-crown using BOP,
whereas6 was obtained in several steps: condensation to
2-aminomethylnaphthalene, followed by protecting group re-
moval, gave amid@3, which was subsequently activated as a
mesylate and reacted with aza-crown a@8 under basic
conditions to give6 (Scheme 3).

Transport Rates. Transport studies were performed in a
U-tube cell, consisting of a 1,2-dichloroethane or dichlo-
romethane phase separating two neutral aqueous source and
receiving phases. As fluxes obtained from U-tube systems are
hard to reproduce due to the many factors influencing transport
rates, experiments were performed in all cases at least twice
under strict similar conditions. Errors could be estimated as
+5%.

Preliminary studies were performed withiTrp and the §S)
receptors, as these had been found to be the best partners in
our previous studies wittha. Changes in Trp concentrations at
both source and receiving phases were measured spectropho-
tometrically.

Constant initial concentrations in source and membrane
phases were employed in all cases to allow comparison of
transport rate constants. Values i@ 1b, 2b, 7a, and8a (PFs
salts) werekya = 6.8 x 1076, kyp, = 8.3 x 1075, kop = 2.0 x
1078, ks, = 1.7 x 1076, andkgs = 0.8 x 10® m cnr2 h71,

to be tested as carriers in transport experiments: the final product was respectively. These values were calculated from the slopes of

dissolved in dichloromethane, washed with 0.1 N ERfd then purified
by column chromatography, and finally washed with a solution of TRIS
buffer at pH 9.1.

plots of amino acid concentration in the receiving phase versus
time at the early stages of the transport process.
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Table 1. Enantioselective Transport Results for Guanidinium transported, since enantioselectivity vanishes as the amount of
Carriers the least well transported enantiomer continuously increases at
receptor time (h) %Trp % ee time (h) % Phe %ee the source phase. Thus, the largest enantioselectivities are
2 1 28 3 3 20 expected at the early stages of the process. These results are
la 3 2.5 34 4 4.5 24 also collected in Table 1.
6 10 22 5 5.2 24 . . )
2 1 0 2 8 2 Esterla, despite being a slower carrier than amide(see
1b 35 8 0 6 10 0 preceding section), showed a higher enantioselectivity. Likely,
22 48‘5 32 2% 52 28 the simultaneous contribution of the two amide NH’s in
2a 55 6 6 3 5 18 carboxylate binding forces both guanidinium sidearms to lie
4 12 26 6 12 14 almost in the same plane, thus preventing an efficient transmis-
2 1 12 2 15 6 sion of the chiral information from the bicyclic framework to
2b 4 15 12 4 3 8 the bound substrate. A similar effect was observed for receptors
9 7.4 10 5 4 6 ) i :
25 4 0 2a and 2b. Differences between diamidkb and monoamide
2c 4.3 11 0 n.d. n.d. n.d. 2b agree with these observations: while the first compound was
25 Zg 2‘; not selective, a slight enantioselectivity was observedfgr
2d 35 2 29 nd. nd. nd. bearing only one amide group. In experiments mvol@bgand_
5 8 16 Phe, a small amount of the compl2k—Phe was detected in
2 6 3 the receiving phase, as an additional peak in the chromatogram,
3 4 12 4 n.d. nd. nd. along with the two peaks corresponding to amino acid enanti-
7 14 2 . . ;
> 6 > omers. On the other hand, neither p@tenor its complex with
4 3 10 2 n.d. n.d. n.d. Trp was soluble in water and remained in the organic phase.
8 18 0 Ester2a, containing a TBDPS group, surprisingly showed
25 8 2 . - o
5 4 12 5 nd nd nd. an enantioselectivity for_ Trp §|m|lar to that fdm, endowed
6 15 2 with a naphthoyl aromatic chain. The same trend was observed
2 8 4 for phenylalanine. Since TBDPS contains aromatic rings that
6 2'5 ig g n.d nd n.d. could participate in the side chain recognition by means of
13 1 14 3 15 14 stacking interactions, a control with the nonaromatic triisopro-
7a 15 2 14 4 2 12 pylsilyl protecting group TIPSZd) was performed. Since a
b %g 133’-5 18 g ;‘ 186 similar selectivity was found, it must be concluded that the effect
28 18 0 o5 5 3 was not caused by a!romatic s_tacking interactions and should
4 1.5 8 arise from hydrophobic or steric effects.
8a 15 0.5 2 5 3.5 4 Neither benzo-crown derivativé@and4 nor thioether$ and
17 1 0 7 5 4 . .
6 3 20 5 3 8 6 were enantioselective for Trp. Nevertheless, all these com-
8b 7 35 18 6 45 6 pounds turned out to be excellent carriers in terms of transport
9 5 18 8 6 6 rates. In particular, compoundl endowed with an improved

binding pocket for carboxylate, was among the best carriers for
1 0,
In these preliminary experiments aza-crown ethers were found Trp but seldom selective (18% Trp transported rafien but

to be superior to lasalocid derivatives (Table 1, comparep ~ OMY 6% enantioselective). o

7a), probably due to their better preorganization for the Finally, Ias'alomd-c'ontalnln.g derivatives were slower and
ammonium recognition. All receptors were able to transport POOrer enantioselective carriers than the crown ether based
tryptophan efficiently, while guanidiniun0, lacking the compounds. The trend for the supenor_selectlwtu_as but weal_<er
ammonium recognition site, was unable to act as a Trp carrier "a€S of esters was generally followed, with the curious exception

even after 4 days. Diamidb turned out to be the most efficient of monoamide8b, which showed a remarkable selectivity for
carrier for Trp under the conditions described in Table 1. Since L-TTP, but not for.-Phe.
amide NH’s contribute favorably to carboxylate binding, the ~ For receptodaa more detailed study was performed in order
increased uptake from the source phase could explain its superiof0 improve the moderate enantioselectivities observed, which
carrier ability with respect to diestda. were in sharp contrast to the high values reported earlier for
Enantioselective Amino Acid Transport of Underivatized extractions®> Most remarkably, when transport experiments
Amino Acids. The same U-tube liquid membrane employed in Were performed reducing the receptor concentration in the
the previous section was used for chiral separations, althoughmembrane phase, the enantiomeric excess of the amino acid in
a few modifications were introduced in the experiméhfBhus, the receiving phase increased considerably, becoming close to
saturated solutions of racemic Trp or Phe were used in the sourcéhe values observed in the former extraction experiments. (Table
phase, instead of measuring transport rates independently for2). Also, as a consequence of the lower receptor concentration,
each enantioméfa to have a more realistic insight into the the transport was slower.
enantioselective abilities of our carriers. The enantiomeric  Typically, the enantioselectivity decreased as more amino acid
excesses in the receiving phase were measured by chiral HPLGvas transported. This is mainly due to the enrichment of the
(UV detection) until ca. 10% of the initial substrate had been “wrong” enantiomer in the source phase. In fact, when the source
phase was carefully analyzed afted0% of the amino acid
(25) A bigger stirring bar at 1000 rpm and a digital magnetic stirrer were used y4g transported, a racemic Trp mixture was observed in the

in the experiments. Temperature (25) and volumes of the three phases . K
were kept constant. upper part, whereas an aliquot close to the interface revealed
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Table 2. Influence of the Concentration of Receptor 1a on the Table 5. Enantioselectivities in Extraction Experiments
Transport Results
receptor % ee
[1a] (mM) time (h) % Trp % ee 1a 75
0.125 15 1.2 79 2a 77
2.0 22 73 2¢ 51
3.0 4.0 66 2d 79
5.0 7.1 62
6.5 9.8 60
0.25 1.0 1.4 76 . . A .
15 24 69 amount of amino acid transported, no significant improvement
2.0 3.7 66 can be obtained by counterion exchange.
3.0 8-7 62 Single Extraction Experiments. Besides the transport ex-
05 ‘(1)'55 1'72 559 periments, some single extraction experiments were performed
1.0 4.3 50 to have a quick insight into the best candidates for chiral
2.0 9.6 41 recognition. For guanidinium compounds with chloride as
3.0 14.1 38 counterion, little or no extraction was achieved into the organic
1.0 0.5 1.7 35 15
1.0 53 28 phase. The best results never surpassee3R%o0.> However,
2.0 11.8 20 when the anion was hexafluorophosphate, almost 1 equiv could
3.0 16.8 16 be extracted into the organic phase. To determine the enanti-
oselectivity of a receptor toward a racemic amino acid, HPLC
Table 3. Influence of Stirring the Source Phase (concentration analysis of the evaporated organic phase was performed after
receptor la = 0.25 mM) the extraction experiment. Retention times of the detected peaks
no stirring stirring were equal to those of the free amino acid, meaning that in the
time (h) %Trp % ce % Trp % e solvent employed in the a_nalysi_s (MeGHI;0) the complex _
20 37 66 43 o6 was destroyed. The enantiomeric excesses depend on the size
30 6.7 60 6.2 66 of the attached substituent (Table 5). For rece@monly a
4.0 8.1 57 8.6 65 moderate selectivity was observed, whereas for recefi@rs
5.0 10.3 56 12.0 64 2a, and2d a very good discrimination of both enantiomers of
Trp was found. The observed enantiomeric excesses are close
Table 4. Naphthoyl vs Alcohol Subunits and the Effect of the to the transport results at low concentration described above.
Counterion (concentration receptor = 0.125 mM) Structural and Molecular Dynamics Studies on Complexes
receptor time (h) % Trp % ee of 1a with Trp. Both complexes ofia with L-Trp andp-Trp
2¢c 15 1.2 58 showed ill-defined, broad NMR spectra, especially in the case
2.0 21 52 of the least stabl®-Trp. No NOE signals could be detected
1a fg ig ‘7‘3 between the naphthalene ring and the indole side chain, although
20 29 73 for the complex with.-Trp a few contacts could be attributed
3.0 4.0 66 to proximity between the side chain and the guanidinium crown
2‘;-0 38-0 gg ether, accounting for a more compact structure.
1a(Cl) 15 0.3 82 In view of the scarce data obtained from the NMR spectra,
4.0 0.6 77 extensive molecular mechanics and dynamics calculations (1
22 33 73 ns) were performed in a box of chloroform. Suitable fragments

were selected from related X-ray structures to build up the initial
geometries that were fully optimized by ab initio quantum

both a lower concentration of amino acid and an enrichment of mechanics (see Experimental Section), and the amino acid was

the “wrong” enantiomer (65/35). This indicates that a concentra- manually docked into the binding pocket by facing each of its

tion gradient was generated in the source phase during the,, it rion functionalities (carboxylate and ammonium groups)
trans.port experiment, so only th.e |n|t|.al measurements were . v o anchoring groups provided by the receptor (guani-
considered to quote the enantiomeric excess. In fact, the giniym and aza-crown, respectively). The naphthoyl moiety was
enantiomeric excess could be maintained high during most of placed perpendicular to the plane delimited by the aza-crown,
the transport experiment by gently stirring mechanically the 555 NOE was observed between the aromatic hydrogens and
source phase. Results are summarized in Table 3. the aza-crown hydrogens. The overall conformation-dfrp

To account for the effect of the substituent in the receptor, was determined by the information provided by the NMR
lawas compared again witPc, but at a lower concentration  spectra (NOE). This conformation reduced the number of
(0.125 mM instead of 1.5 mM). Table 4 shows that transport alternative docking orientations and placed the indole ring
rates were comparable in both experiments and, most remark-oriented toward the ester group linking the aza-crown subunit
ably, that2c was indeed moderately enantioselective, despite to the guanidinium.
its lack of the large substituent. Therefore, the substituent in The hexafluorophosphate anion ended up close to the edge
the crowned guanidinium is not essential for chiral recognition. of the bicyclic guanidinium on the opposite side of that facing

Finally, when the counterion in the receptor was changed from the indole ring, regardless of its initial location (Figure 1a).
hexafluorophosphate to chloride, the transport was found to be  Once the geometry of the complex withTrp was further
much slower (Table 4). However, enantioselectivities were characterized, as described below, the refined structure was used
somewhat higher after the same transport time. Given the smallto model the initial complex of the receptor withTrp by
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(a)

Figure 1. Optimized structures of complexes betwelenand (a)L-tryptophan, or (bp-tryptophan.

simply replacing the standard amino acid by its enantiomer. No
important deviations from the starting conformations were
observed during the unrestrained molecular dynamics simula-
tions of both complexes. The ammonium group of the amino
acid is facing the midpoint center of the aza-crown ether and is
fixed onto the macrocycle by an alternating pattern of hydrogen
bonds involving the ether oxygens but not the ring nitrogen.
The plane of the carboxylate group is slightly tilted with respect
to the plane of the guanidinium nitrogens, like in related acetate
complexeg® yet two good hydrogen bonds can be formed and
a strong electrostatic interaction can be expected. The arm with
the naphthalene ring fluctuated slightly from its original position
without losing its orientation relative to the aza-crown. This
result agrees with the NMR experiments that show a broad
signal for the aromatic hydrogens, suggesting that this arm could
be oscillating in solution at room temperature. This finding
suggests that this arm is not involved in the recognition of the
amino acid, in agreement with findings usi@g, which also
succeeded in the enantioselective recognitiorramino acids.
Rather surprisingly, in the simulation of the complex between
the receptor and-Trp (Figure 1b), the relative distances and
disposition of the two anchored pairs are quite similar to those
observed in the complex with Trp. This finding suggests that
establishing the two complementary pairs with-amino acid
is indeed feasible, even though the resulting complex must be
much less stable as judged from the results of the extraction
and transport experiments. In fact, we do find differences in
the disposition of the amino acid side chain and also in the
calculated intermolecular energy terms. In the complex with
L-Trp the indole ring is folded over the aza-crown, thereby
excluding some additional polar surface from interactions with
the apolar solvent, whereas in the complex wiirp the
aromatic ring is dangling into the solvent. When representative
interaction energies were calculated for each complex during
the last 300 ps of the simulations (Figure 2), both the van der

(a)”
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Waals and the electrostatic contributions to the binding energy Figure 2. Time course of the (a) electrostatic and (b) van der Waals

were systematically more favorable and less fluctuating-foip
than for b-Trp. These results provide a rationale for the
pronounced enantioselectivity of the receptor in favar-afmino

(26) Cotton, F. A.; Timmons, D. Polyhedron1998 17, 179-184.
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contributions to the binding energy.

acids and also strengthen the view that hydrophobic interactions
are comparatively of much less importance in an apolar solvent
than electrostatic interactions are. This principle must be borne
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in mind when designing supramolecular systems for specific
recognition of amphipathic ligands. Balancing both types of
interactions represents a difficult compromise and a real
challenge.

Conclusions

Although modest as compared with the enantiomeric ratios
achieved through asymmetric synthesis or molecular recognition,
we have shown that enantioselectivity can indeed be achieved
with our crown-guanidinium carriers up to ca. 80% ee even in
the rather complex process of transporting zwitterionic amino
acids across a model membrane.

Overall, receptoflaturned out to be our best “chiral selector”,
followed by ester2a. In view of the results, it is likely that
binding to the side chain of either Trp or Phe is mostly
hydrophobic in origin. The guanidiniurcarboxylate ion pair
in combination with the crown ethemammonium complex are
the major contributors to achieve enantioselective transport,
although the nature of the remaining substituent at the guani-
dinium moiety is essential to increase transport rates and, to
some extent, to optimize the selectivity. Since an ideal chiral
selection is to be expected for three interactions of comparable
strength, future work will be aimed at designing new receptors
with improved contacts (enthalpically or entropically driven)
to the lateral chains of the target amino acids.

One advantage of the guanidinium receptors described her
is their availability in a multigram scale in both enantiomeric
forms from rather cheap starting materials. This opens the way
to use “resolving machines” based on W-tubes containing
opposite enantiomers at both sidearms to keep enantioselec
tivities constant along the transport proc€sSuch experiments
are currently underway, and the results will be reported in due
time.

Experimental Part

General Procedures. SynthesisAll commercially available (Ald-
rich, Fluka, Acros, NovaBiochem, Panreac) reagents were used without
any further purification unless specified. The solvents were dried and
distilled following standard procedures. All reactions were performed
under argon unless specified. Compounts 1b, and 2b were
synthesized also in th&®R) enantiomeric form according to the method
described for theS) enantiomer.

Chromatography. Silica gel (46-60 mm) was employed for column
chromatography. HPLC chromatograms were recorded on a Perkin-
Elmer Integral 4000 (UV detector) and on a Waters 600 controller
(detector UV-vis Waters 2487, software: Millennium). The columns
used in HPLC were a reversed-phase LC18 (Scharlau) and a Chirobiotic
T chiral column (ASTEC). The solvents used in HPLC analyses were
provided by Scharlau and Merck (HPLC gradient grade).

Analysis. Melting points were measured with a Gallenkamp ap-
paratus. The optical rotationa]p?° were determined on a Perkin-Elmer
241 MC polarimeter using a cell (1 dm) at 2G (Na 589 nm).'H
NMR spectra were recorded on Bruker AC-200 (200 MHz), AC-300
(300 MHz), AMX-300 (300 MHz), and DRX-500 (500 MHz) spec-
trometers, and thé’C NMR spectra were performed with the same
apparatus using magnetic fields at 50, 75, and 125 MHz, respectively.
Mass spectra were recorded on VG AutoSpec (FAB) or Reflex-3
(MALDI-TOF) spectrometers. Elemental analyses were performed on
a Perkin-Elmer 2400 CHN or a 2400 CHNS apparatus. The UV spectra

(27) Newcomb, M.; Toner, J. L.; Helgeson, R. C.; Cram, DJ.JAm. Chem.
Soc 1979 101, 4941-4947.
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Figure 3. Transport cell.

were recorded on a Hewlett-Packard 8453 -Us (Kayak XA)
spectrophotometer.

Transport Experiments. All transport experiments were performed
using the U-tube cell represented in Figure 3.

The cell was thermostated by means of a continuous flow of water
at 25°C coming from a circulator that kept the temperature constant
in a range of+0.1 °C. In preliminary experiments the source phase
(S) was formed by 3 mL of a saturated solution of the amino acid (50
mM of Trp) at neutral pH; the membrane phase (M) consisted of 10
mL of a receptor solution (1.5 mM) in dichloroethane; and the receiving
phase (R) was composed of 3 mL of deionized water. Stirring in these
experiments was kept constant at 2600 rpm (measured by a tachometer),
using a stave-shaped stirring bar 0&x36 mm dimensions. Samples
from the receiving phase (0.5 mL) were collectgdabl mLHamilton
syringe and added back to the solution after UV measurement.

- For the enantioselective transport experiments the source phase was
3 mL of a saturated solution of the racemic solution of amino acid (12
mM bL-Trp, 36 mM pL-Phe) in water. The membrane phase (M)
consisted of 10 mL of a receptor (PFsolution (1.5 mM) in
dichloromethane, and the receiving phase (R) was 3 mL of deionized
water (Milli Q, 18 MQ). A different stirring bar was used in this case
(oval, 3/8 in.x 3/16 in.), and the stirring speed was kept constant at
1000 rpm (measured directly from the digital magnetic stirrer).
Dichloroethane and dichloromethane were synthesis grade. The samples
of receptors and amino acids were weighed in a microbalanceXor

mg amounts and in an analytical balance*¥di0 mg amounts. Samples
from the receiving phase (10 or/4.) were taken with a Hamilton
syringe and directly injected into the chiral HPLC column. Reversed-
phase conditions (#—MeOH, 40:60, for Trp or 50:50 for Phe, flow

1 mL/min) were employed, antd= 280 orl = 254 nm were used for

UV monitoring of Trp and Phe.

Single Extraction Procedure. The receptor was dissolved in
dichloromethane (1 mg/mL), and an equal volume amount of a saturated
aqueous solution (Milli Q, 18 I deionized water) of the appropriate
amino acid §L-Trp, oL-Phe) was added. The mixture was shaken for
3—5 min and left unstirred for at least 5 min to separate the layers. A
small amount of the organic layer (e.g., 0.5 mL) was collected by means
of a 1 mLHamilton syringe and filtered over cotton. After evaporating
the solvent, a mixture of MeOHH,O (1 mL, HPLC grade) was added
to clarify the solution. The ratio MeOHH,O had no influence on the
subsequent HPLC analyses. Receptors samples were weighed in a
microbalance. HPLC analysis was performed as for the transport
experiments.

Calculations. (a) Model Building of the ComplexesX-ray crystal
structures of the chiral bicyclic guanidiniutfthe aza-crown moietie?,

(28) (a) Muler, G.; Riede, J.; Schmidtchen, F. Mgew. Chem., Int. Ed. Engl
1988 27, 1516-1518. (b) Gleich, A.; Schmidtchen, F. P.; Mikulcik, P.;
Miiller, G. J. Chem. Soc., Chem. Commu®9Q 55-58.
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and the hexafluorophosphate counteftavere used as references. The the electrostatic contribution to the binding free energy, finite difference
geometries of the fragments were fully optimized with the ab initio solutions to the linearized Poisson equafibas implemented in the
qguantum mechanical program Gaussia# @ the Hartree Fock level DelPhi module of Insight IF? were used to calculate electrostatic
using the 3-21G(d) basis set. Partial atomic charges were then obtainecbotentials and energies at zero ionic strength. Cubic grids with a
using the RESP methodologywith the 6-31G(d) basis set. The same  resolution of 0.25 A were centered on the molecular systems considered,
set of charges was used in the programs AMBE&d DelPhi and the charges were distributed onto the grid pdthtSolvent-
described below. The receptor structure was assembled from itsaccessible surfaces, calculated with a spherical probe of 2.2 A radius,
component fragments as previously reported. defined the solute boundaries, and a minimum separafi@fowas

(b) Molecular Mechanics and Dynamics Calculations The left between any solute atom and the borders of the box. The potentials
updated (parm99) second-generatfdiMBER force field?® was used. at the grid points delimiting the box were calculated analytically by
Each complex was immersed in a periodic box~g200 chloroform treating each charge atom as a Debltickel sphere. Since the Poisson
molecules that extended up to 10 A away from any solute atom. equation was solved, this amounts to calculating the electrostatic
Parameters for chloride, carbon, and hydrogen atoms in the solventpotential generated by the rest of the charges at these points.
molecules were taken from the AMBER 7 datab®deeriodic boundary Following the classical approaéhthe overall electrostatic free
conditions were applied, and electrostatic interactions were representecenergy change upon bindind\Gee) was calculated from the total
using the smooth particle mesh Ewald metHodth a grid spacing of electrostatic energy of the system by running three consecutive
1 A. A dielectric constant of 1 was used, and the cutoff distance for calculations on the same grid: one for all the atoms in the complex
the nonbonded interactions was 10 A. Molecular dynamics simulations (G5, a second one for the amino acid atoms aldBgy), and a third
were carried out at 300 K and 1 atm using the SANDER module in one for the receptor atoms alor(ég(e). Since the grid definition is the
AMBER 6.2 SHAKE®® was applied to all bonds involving hydrogens, same in the three calculations, the artifactual grid energy cancels out
and the integration time step was 2 fs. A compressibility value of 108.6 and the electrostatic contribution to the binding free energy can be
x 107 bar! was used for chloroform; under these conditions the expressed as the difference in energy between the complex and the
experimental density of this solvent (1.47 g cinwas well reproduced unbound molecules:
(1.44 4 0.005 g cm?®). The simulation protocol consisted of a series
of progressive energy minimizations followed by a 20 ps heating phase
and a 250 ps equilibration period during which distance restraints (10
kcal molt A-2) were applied to maintain the hydrogen bonds 2.8 The atomic coordinates employed were those obtained from the
0.1 A) between the carboxylate of the amino acid and the guanidinium molecular dynamics trajectories once the explicit solvent molecules
group of the receptor, and also between the ammonium group of the were removed. A dielectric of 1 was considered for the interior of the
amino acid and the oxygens of the aza-crown, as these electrostaticreceptor, the amino acids, and the complexes, whereas the surrounding
interactions were thought to be of prime importance for complex solvent was assigned a dielectric of 4.9, which is the experimental

AGge= GoE — (Gl + Go

ele

stabilization in an aprotic solvent. These restraints were removed

dielectric constant for chloroform.

thereafter, and system coordinates were then collected every picosecond Synthesis of (&8S)-2-(tert-Butyldiphenylsilanyloxymethyl)-8-
for 1 ns, which yielded an ensemble of 1000 structures of each complex (naphthalene-2-carbonyloxymethyl)-3,4,6,7,8,9-hexahydroF2-py-

for further analysis.

(c) Computation of the Electrostatic and van der Waals Con-
tributions to the Binding Energy. The van der Waals contributions
to complex stabilization were obtained by using the ANAL module in
AMBER and including all atom pairs in the calculation. To estimate

(29) (a) Gandour, R. D.; Fronczek, F. R.; Gatto, V. J.; Minganti, C.; Schultz,
R. A.; White, B. D.; Arnold, K. A.; Mazzocchi, D.; Miller, S. R.; Gokel,
G. W.J. Am. Chem. So@986 108 4078-4088. (b) He, G.-X.; Kikukawa,

K.; Nishiyama, N.; Ohe, H.; Matsuda, Bull. Chem. Soc. Jpri988 61,
3785-3787.

(30) Courtois, A.; Masdouri, L. E.; Gehin, D.; Gross,A&cta Crystallogr., Sect.
C 1986 42, 850-852.

(31) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.; Johnson, B.
G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A,
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V.
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. &aussian 94 Gaussian, Inc.:
Pittsburgh, PA, 1995.

(32) Bayly, C. I.; Cieplak, P.; Cornell, W. D.; Kollman, P. A. Phys. Chem.
1993 97, 10269-10280.

(33) Cornell, W. D.; Cieplak, P.; Bayly, C. I.; Gould, I. R.; Merz, K. M;
Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Kollman, P
A. J. Am. Chem. S0d 995 117, 5179-5197.

(34) Nicholls, A.; Honig, B. A.J. Comput. Chenmil991, 12, 435-445.

(35) Case, D. A.; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., lll; Ross,
W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton, R. V;
Cheng, A. L.; Vincent, J. J.; Crowley, M.; Tsui, V.; Radmer, R. J.; Duan,
Y.; Pitera, J.; Massova, |.; Seibel, G. L.; Singh, U. C.; Weiner, P. K;
Kollman, P. A.AMBER 6 University of California: San Francisco, 1999.

(36) Case, D. A,; Pearlman, D. A.; Caldwell, J. W.; Cheatham, T. E., Ill; Wang,
J.; Ross, W. S.; Simmerling, C. L.; Darden, T. A.; Merz, K. M.; Stanton,
R. V.; Cheng, A. L.; Vincent, J. J.; Crowley, M.; Tsui, V.; Gohlke, H.;
Radmer, R. J.; Duan, Y.; Pitera, J.; Massova, |.; Seibel, G. L.; Singh, U.
C.; Weiner, P. K.; Kollman, P. AAMBER 7 University of California:
San Francisco, 2002.

(37) Darden, T. A.; York, D.; Pedersen, L. G.Chem. Phy. 1993 98, 10089~
10092.

(38) Ryckaert, J. P.; Ciccoti, G.; Berendsen, H. JJCComput. Phy. 1977,

23, 327+341.
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rimido[1,2-a]pyrimidin-1-ium (10). To a solution of guanidinium salt
9 (CI)?® (204 mg, 0.431 mmol) and £ (1 mL) in dry THF (8 mL)
was added dropwise 2-naphthoyl chloride (174 mg, 0.916 mmol) in
dry THF (2 mL), and the reaction was stirred for 24 h at room
temperature. After removing the solvent and addition of,Clklthe
solution was washed subsequently twit N HCI, HO, saturated
NaHCG;,, H,O, and brine. The organic phase was dried ,3@),
filtered, and concentrated to give an oil that was purified by column
chromatography (2%, 3%, 5% MeGHCH,Cl,), resulting in10 (CI)
(234 mg, 87%) as a white solid. Mp (Cl): 19698 °C; [o]p? (CI)
+49 (¢ 1.0, CHC}). *H NMR (Cl) (200 MHz, CDC}): 6 9.40 (s, 1H,
NH), 9.12 (s, 1H, NH), 8.90 (s, 1H, +haph), 8.08 (dJ = 8.7 Hz, 2H,
Hs—Hs naph), 7.81 (dJ = 8.2 Hz, 1H, H naph), 7.78 (dJ = 8.2 Hz,
1H, Hg naph), 7.58-7.42 (m, 6H, H—H7 naph, PhSi), 7.35 (m, 6H,
PhSi), 4.55 (ddJ = 11.2,J = 5.3 Hz, 1H, CHOCO), 4.16 (ddJ =
11.2,J = 7.6 Hz, 1H, CHOCO), 3.82 (m, 2H, Cil, CH,OSi), 3.46
(m, 2H, CHx', CH,OSi), 3.23 (m, 4H, Ch¥), 2.07-1.75 (m, 4H,
CHyp), 0.99 (s, 9Htert-Bu). *3C NMR (CI) (50 MHz, CDC}): 6 166.3
(COOR), 151.1 (C guan) 135.5, 135.2, 132.6, 132.2, 129.9, 128.3, 128.1,
127.8,127.5, 126.6, 126.2, 125.1 (C, CH arom), 65.540E0), 65.0
(CH;0), 49.1, 47.3 (CHd), 44.8, 44.7 (Chly), 26.7 (CH tert-Bu), 22.6
(CHop), 19.1 (Ctert-Bu). FAB/LSIMS: m/z592.2 [(M — CI)*, 100%].
Anal. Calcd for GeH42CINsOsSi: C 68.8, H 6.7, N 6.7. Found: C 68.9,
H 6.6, N 6.6.

Synthesis of (5 3S)-2-Hydroxymethyl-8-(naphthalene-2-carbo-
nyloxymethyl)-3,4,6,7,8,9,-hexahydro-a-pyrimido[1,2-a]pyrimidin-
1-ium (11). To compoundLO (Cl) (255 mg, 0.407 mmol) in dry THF

(39) Insight Il, version 98.0; Molecular Simulations Inc.: 9685 Scranton Road,
San Diego, 1998.

(40) Gilson, M. K.; Sharp, K. A.; Honig, B. HJ. Comput. Chem1987, 9,
327-335.

(41) Checa, A.; Ortiz, A. R.; de Pascual-Teresa, B.; Gagd,. Med. Chem
1997 40, 4136-4145.
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(10 mL) was added 70% HFPy (1 mL) at 0°C, and the mixture was
stirred fa 4 h atroom temperature. Then,® (10 mL) and solid Na

(CI), which was dissolved in Cil, and washed with 0.01 N HRF
and TRIS buffer solution (pH 9), filtered over cotton, and concentrated

CO; were added until neutral pH. The THF was evaporated, and the to give 1a (PFs) (40 mg, 58%). Mp (Cl): 5961 °C; [a]p?® (Cl) +50
water solution was washed three times with diethyl ether. The product (c 0.8, CHC}). *H NMR (Cl) (300 MHz, CDC}): 6 8.72 (s, 1H, H

was extracted from the aqueous solution with,CH. The organic
phase was dried (N8Qy), filtered, and concentrated to affotd (Cl)

naph), 8.41 (s, 1H, NH), 8.23 (s, 1H, NH), 8.04 (m, 2H;HHs naph),
7.84 (m, 2H, H—Hg naph), 7.52 (m, 2H, k-H; naph), 4.51 (ddJ =

(151 mg, 95%) as a white solid pure enough to be used in the next 11.0,J = 5.0 Hz, 1H, CHOCO), 4.26 (m, 2H, CkDCO), 4.12 (m,

reaction. The counterion can be exchanged fa;;®®Mp (Cl): 158-
160 °C; [a]o? (Cl) +84 (¢ 1.5, CHC}). 'H NMR (Cl) (200 MHz,
CDCly): 6 8.88 (s, 1H, Hnaph), 8.71 (s, 1H, NH), 8.46 (s, 1H, NH),
8.12 (d,J = 8.4 Hz, 2H, H—H, naph), 7.88 (dJ = 8.5 Hz, 1H, K
naph), 7.84 (dJ = 8.3 Hz, 1H, K naph), 7.55 (m, 2H, k+H; naph),
4.96 (s, 1H, OH), 4.56 (ddl = 11.2,J= 5.0 Hz, 1H, CHOCO), 4.21
(dd,J = 11.2,J = 7.7 Hz, 1H, CHOCO), 3.95-3.49 (m, 4H, CH,
CH.0), 3.31 (m, 4H, Chly), 2.07-1.91 (m, 4H, CH)). *H NMR (PFy)
(300 MHz, CDC¥}): 6 8.71 (s, 1H, H naph), 8.08 (m, 4H, k+Hs—
Hs—Hs naph), 7.69 (m, 2H, k+H7 naph), 4.64 (ddJ = 12.0,J=4.0
Hz, 1H, CHOCO), 4.44 (ddJ = 12.0,J = 8.0 Hz, 1H, CHOCO),
4.12 (s, 1H, OH), 3.993.78 (m, 2H, CHO), 3.66-3.48 (m, 6H, CH,
CHyy), 2.39-1.83 (m, 4H, CH). 13C NMR (Cl) (50 MHz, CDC}): ¢

1H, CH0CO), 3.94-3.38 (m, 28H, Ctd, CH,O crown, CH/, CH;N),

3.01 (m, 2H, CHN), 2.15-1.88 (m, 4H, CHB). 13C NMR (CI) (75
MHz, CDCkL): 6 167.4, 166.4 (COOR), 151.4 (C guan), 135.7, 132.6,
132.1, 129.9, 128.4, 128.1, 127.5, 126.6, 126.1, 125.3 (C, CH arom),
70.4,70.1, 69.9, 69.8 (G9), 66.6, 65.8 (CHOCO), 54.5 (COCbN),

48.9, 47.6, 47.2, 45.2, 44.9 (GN, CHa, CH,y), 22.8, 22.5 (CHj).
FAB/LSIMS: m/z 657.6 [(M — CI)*, 100%]; 679.6 [(M— HCI +
Na)*, 7%]; 715.6 [(M+ NaCl)*, 6%]. HRMS calcd for G4H49N4Oq:
657.3500; found 657.3520.

Synthesis of (&,8S)-8-(2-Bromoacetoxymethyl)-2-{ert-butyl-
diphenylsilanyloxymethyl)-3,4,6,7,8,9-hexahydro4d-pyrimido[1,2-
alpyrimidin-1-ium (13). A mixture of bromoacetic acid (174 mg, 1.26
mmol) and DCC (260 mg, 1.26 mmol) in GEl, (10 mL) was stirred

166.2 (COOR), 151.4 (C guan) 135.7, 132.6, 131.9, 129.8, 128.4, 128.2,for 30 min at 0°C. Then a solution of guanidiniu® (PR;) (200 mg,

127.5, 126.6, 126.3, 125.3 (C, CH arom), 65.9 (OBO0), 64.1 (CH-
OH), 50.9, 47.6 (CHd), 45.8, 45.0 (CHly), 23.0, 22.8 (CH3). FAB/
LSIMS: m/z 354.5 [(M — CI)*, 100%)]. Anal. Calcd for @Has
CIN3Os: C 61.6, H 6.2, N 10.8. Found: C 61.3, H 6.2, N 10.8.
Synthesis of (B 8S)-2-(2-Bromoacetoxymethyl)-8-(naphthalene-
2-carbonyloxymethyl)-3,4,6,7,8,9,-hexahydro+2-pyrimido[1,2- a]py-
rimidin-1-ium (12). A mixture of bromoacetic acid (87 mg, 0.626
mmol) and DCC (130 mg, 0.626 mmol) in GEl, (3 mL) was stirred
for 30 min at 0°C. Then a solution of guanidiniurhl (Cl) (156 mg,
0.313 mmol) in CHCI; (3 mL) was added, and the reaction was stirred
overnight at room temperature. The mixture was diluted with @]
washed wih 1 N NH,CI, dried (NaSQy), filtered, and concentrated to
give a solid, which was triturated several times with a mixture g®Et
CH.CI, (10:1). The solid was purified by column chromatography (3%
iPrOH-CH,CI,), resulting in12 (Cl) (158 mg, 82%) as a white solff.
Mp (Cl): 158-159°C; [a]p?® (Cl) +44 (€ 0.5, CHC}). *H NMR (Cl)
(200 MHz, CDC}): 6 9.05 (s, 1H, NH), 8.96 (s, 1H, +haph), 8.90
(s, 1H, NH), 8.16 (dJ = 9.0 Hz, 1H, H naph), 8.13 (ddJ = 8.4,J
= 1.8 Hz, 1H, H naph), 7.87 (dJ = 8.4 Hz, 1H, H naph), 7.84 (d,
J = 9.0 Hz, 1H, K naph), 7.55 (m, 2H, k+H7 naph), 4.60 (dd) =
11.3,J = 4.8 Hz, 1H, CHOCO), 4.49-4.31 (d,J = 15.5 Hz, 2H,
CH,Br), 4.05-4.22 (m, 2H, CHO), 3.92 (m, 1H, CH), 3.83 (m, 1H,
CHa), 3.35 (m, 4H, CHly), 2.07-1.91 (m, 4H, CHp). 'H NMR (PF)
(300 MHz, aceton@k): o 8.73 (s, 1H, H naph), 8.08 (m, 4H, k-
Hs—Hs—Hsg naph), 7.69 (m, 2H, k+Hy naph), 7.42 (s, 1H, NH), 7.26
(s, 1H, NH), 4.62 (ddJ = 11.4,J = 4.0 Hz, 1H, CHOCO naph),
4.49-4.18 (m, 3H, CHOCO naph, CHOCO), 4.11(s, 2H, ChBr),
3.93 (m, 1H, CHl), 3.72-3.62 (m, 5H, Chl, CH,y), 2.46-1.81 (m,
4H, CHy). 13C NMR (CI) (50 MHz, CDC}): 6 167.4, 166.4 (COOR),

0.42 mmol) in CHCI, (5 mL) was added, and the reaction was stirred
overnight at room temperature. The mixture was diluted with @l
washed with 0.1 N NEPR and HO, dried by filtering over cotton,
and concentrated to give a white solid that was purified by column
chromatography (1%PrOH-CH,Cl,), affording compound.3 (PFs)
(201 mg, 70%)*H NMR (PF) (300 MHz, acetonek): ¢ 7.74-7.72
(m, 4H, PhSi), 7.5£7.48 (m, 6H, PhSi), 7.26 (s, 1H, NH), 7.11 (s,
1H, NH), 4.41 (ddJ = 11.4,J = 4.7 Hz, 1H, CHOCO), 4.36 (s, 2H,
COCH:BYr), 4.26 (dd,J = 11.5,J = 4.7 Hz, 1H, CHOCO), 3.94 (m,
1H, CH0Si), 3.83 (m, 3H, CHOSI, CHy), 3.62-3.56 (m, 4H, CHYy),
2.29-2.20 (m, 2H, CHp), 2.19-2.01 (m, 2H, CHp), 1.09 (s, 9H,
tert-Bu). °C NMR (PF) (75 MHz, CDCE): 9 167.5 (CO), 150.7 (C
guan), 135.6, 132.5, 130.0, 127.9 (CH, C arom), 66.7A3E0), 65.3
(CH,0Si), 49.9, 47.4, 45.2, 44.9 (GH CH,y), 33.8 (CHBr), 26.8
(CHgs tert-Bu), 22.6 (CHp), 19.2 (Ctert-Bu). FAB/LSIMS: m/z558.0
[(M — PR)*, 34%)].

Synthesis of (5,85)-8-(tert-Butyldiphenylsilanyloxymethyl)-2-(2—
1,4,7,10,13-pentaoxa-16-aza-cyclooctadec-16-yl-acetoxymethyl)-
3,4,6,7,8,9-hexahydro-&-pyrimido[1,2-a]pyrimidin-1-ium (2a). A
solution of guanidiniuml3 (PR) (199 mg, 0.283 mmol) and 1-aza-
18-crown-6 (200 mg, 0.760 mmol) in DMF (8 mL) was stirred overnight
at 100°C. After removing the solvent, the crude was treated several
times with a mixture of diethyl ethetCH.ClI, (4:1). The resulting solid
was dissolved in CECl; and washed with 0.1 N HRFAfter filtering
over cotton, the compound was obtained as dicafiar{2PF) (184
mg, 73%). Before being used in transport experiments it was washed
with a solution of TRIS buffer (pH 9.1). Mp (2RF 76—78°C; [a]p®°
(2PFR) +82 (c 0.8, CHC}). *H NMR (2PF) (300 MHz, CDC}): 6
7.65-7.61 (m, 4H, PhSi), 7.437.40 (m, 6H, PhSi), 6.19 (s, 1H, NH

151.4 (C guan), 135.7, 132.6, 132.1, 129.9, 128.4, 128.1, 127.5, 126.6,gan). 6.07 (s, 1H, NH guan), 4.30 (dii= 11.5.J = 3.5 Hz, 1H,

126.1, 125.3 (C, CH arom), 66.7, 65.7 (&bCO), 47.6, 47.0 (CH),
44.9 (CHy), 41.4 (CHBr), 22.8 (CHp). FAB/LSIMS Mz 474.1 [(M
— Cl)*, 100%].

Synthesis of (8,8S)-8-(Naphthalene-2-carbonyloxymethyl)-2-(2-
1,4,7,10,13-pentaoxa-16-azacyclooctadec-16-yl-acetoxymethyl)-
3,4,6,7,8,9-hexahydro-&-pyrimido[1,2-a]pyrimidin-1-ium (1a). A
solution of guanidiniuni2 (Cl) (58 mg, 0.039 mmol) and 1-aza-18-
crown-6 (61 mg, 0.232 mmol) in DMF (10 mL) was stirred at @

CH,OCO), 4.14 (ddJ = 11.5,J = 7.6 Hz, 1H CHOCO), 3.75-3.28
(m, 30H, CHOSI, CHO crown, CHx, CHyy, COCHN), 2.71 (m, 4H,
CH:N), 2.17-1.71 (m, 4H, CHB), 1.06 (s, 9H,tert-Bu). 13C NMR
(2PFs) (75 MHz, CDCE): 6 174.6 (CO), 150.5 (C guan), 135.6, 132.5,
130.0, 127.9 (CH, C arom), 69.0, 68.5, 68.2, 66.9 {0} 65.3 (CH-
0Si), 56.4 (CHN) 54.6 (COCHN), 50.1, 47.8, 45.6, 45.1 (Gl CHyy),
26.8 (CH tert-Bu), 22.6, 22.4 (Ch3), 19.1 (Ctert-Bu). FAB/LSIMS:
m/z 909.4 [(M + NaPF)*, 88%)], 763.4 [(M— HPF; + Na)*, 54%],

during 12 h. After evaporation of the solvent, the resulting solid was 741 4 [(M— PRy)*, 69%]. HRMS calcd for GHeN:NaQsSi: 763.4078

purified by washing with CkCl,—diethyl ether (1:4), resulting ida

(42) Anion exchange was performed as follows: the chloride salt was dissolved

in dichloromethane and washed with a solution of 0.1 N;RR, filtered

(M — HPK + Na)*; found 763.4088.
Synthesis of (&,85)-8-Hydroxymethyl-2-(2—1,4,7,10,13-pentaoxa-
16-aza-cyclooctadec-16-yl-acetoxymethyl)-3,4,6,7,8,9-hexahydid-2

over cotton, evaporated, and dried. Reciprocally, a dichloromethane solution pyrimido[1,2-a]pyrimidin-1-ium (2¢). To compound2a (PF;) (284

of the PR salt can be exchanged to chloride by washing successively with

a solution 2 N KOH and 1 N ammonium chloride, filtering, and drying
as above.

mg 0.32 mmol) in dry THF (10 mL) was added a solution of 70%
HF—Py (1.5 mL) at CC. The reaction was stirred at room temperature
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for 5 h. The mixture was then neutralized by adding soligCiOs; and
H,O. After removing the THF, the solution was washed with diethyl
ether and the product was extracted from water with@l Trituration
with diethyl ether-CH,Cl, (4:1) resulted ir2c (PFs) (80 mg, 38%) as
a white solid. Mp (PE): 73 °C; [a]p® (PFs) +45 (c 0.5, CHC}). H
NMR (PFs) (300 MHz, acetonelk): 6 7.25 (s, 1H, NH), 7.11 (s, 1H,
NH), 4.56 (s, 2H, COCEN), 4.47 (d,J = 11.5 Hz, 1H, CHOCO),
4.32 (d,J = 11.5 Hz, 1H, CHOCO), 3.98-3.53 (m, 36H, CHOH,
CHO crown, CHx, CHyy, CH;N), 2.28-1.85 (m, 4H, CHB). 3C NMR
(PRs) (75 MHz, acetonek): 6 166.2 (CO), 151.5 (C guan), 70.8, 70.5,
70.3, 69.9, 67.5 (CiD), 64.6, 64.5 (CLDH, CH.COO), 55.2 (COCEN),
51.4, 51.1, 47.9, 45.9, 45.3 (@ CHyy, CH,N), 23.0, 22.7 (CHj).
FAB/LSIMS: m/z503.3 [(M — PF)*, 100%)].

Synthesis of (5,85)-8-(Triisopropylsilanyloxymethyl)-2-(2—1,4,7,-
10,13-pentaoxa-16-aza-cyclooctadec-16-yl-acetoxymethyl)-3,4,6,7,8,9-
hexahydro-2H-pyrimido[1,2-a]pyrimidin-1-ium (2d). To compound
2c¢ (PFRs) (42 mg, 0.053 mmol) in DMF (1.5 mL) were added TIPSOTf
(43uL, 0.159 mmol) and 2,6-lutidine (37L). The reaction was stirred

las), 34.6, 34.5 (CH, CHlas), 30.5, 29.7, 29.4, (GHas) 23.0, 22.6
(CHp), 20.2 (CH las), 16.6 (CH las), 15.8, 15.4, 14.1, 13.7, 12.7
(CH, CH; las). FAB/LSIMS: m/z 926.6 [(M — Cl)*, 68%)]. HRMS
calcd for GaH76N3O10: 926.5531; found 926.5564.

Synthesis of (B,8S)-8-(tert-Butyldiphenylsilanyloxymethyl)-2-(6-
{7-[5-ethyl-5-(5-ethyl-5-hydroxy-6-methyltetrahydropyran-2-yl)-3-
methyltetrahydrofuran-2-yl]-4-hydroxy-3,5-dimethyl-6-oxo-nonyl} -
2-hydroxy-3-methylbenzoyloxymethyl)-3,4,6,7,8,9,-hexahydrok2
pyrimido[1,2-a]pyrimidin-1-ium (8a). Guanidinium sal® (Cl) (106
mg, 0.224 mmol) and lasalocid A sodium salt (97 mg, 0.158 mmol)
were dissolved in anhydrous DMF (3 mL) and dry pyridine (0.1 mL).
Then a solution of EDCI (59 mg, 0.308 mmol) and a catalytic amount
of HOBt in anhydrous DMF (0.5 mL) was added, and the mixture was
stirred at room temperature for 24 h. The solvent was evaporated, and
the crude was purified by column chromatography (@OH-CH,-

Cl,). The resulting product was dissolved in &H, and washed with
H.O to remove the sodium salt. The organic phase was filtered over
cotton and concentrated to dryness, affording compd@m(Cl) (41

overnight at room temperature. The solvent was removed, and the crudemg, 20%) as a white solid. To transform the chloride into the

was dissolved in CkCl, and washed subsequently with 0.1 N HPF
and water. After concentration and purification by column chromatog-
raphy (3%iPrOH-CH,Cl,) compound2d (2PF) (19 mg, 45%) was
obtained as a colorless 6fl{a]p?° (PRs) +27 (c 0.3, CHC}). *H NMR
(2PFs) (300 MHz, acetonek): ¢ 7.28 (s, 1H, NH), 6.94 (s, 1H, NH),
4.47 (dd,J = 11.5,J = 7.7 Hz, 1H, CHOCO), 4.31 (ddJ = 11.5,J

= 10.7 Hz, 1H, CHOCO), 3.96-3.59 (m, 28H, CHOSIi, CH.O crown,
CHa, CH,y), 2.91-2.82 (m, 9H, CHN, CHSI), 2.32-2.01 (m, 4H,
CHf), 1.08-1.16 (m, 18H, CHPr). *C NMR (2PF) (75 MHz,
acetonedg): ¢ 172.0 (CO), 151.1 (C guan), 69.0, 68.9, 68.8, 68.7, 66.9,
66.3 (CHO), 65.6 (CHOSI), 55.4 (CHCOO), 54.1, 52.1, 50.7, 47.6,
45.3, 44.9 (CH, CH,y, CH;N), 22.4, 22.3 (CHj), 17.4, 11.7 (CH,
CHj, iPr). FAB/LSIMS: m/z659.4 [(M— PFs)*, 100%). HRMS calcd

for CsoHesN4OgSi: 659.4415; found 659.4427.

Synthesis of (5,89)-2-(64 7-[5-Ethyl-5-(5-ethyl-5-hydroxy-6-me-
thyltetrahydropyran-2-yl)-3-methyl-tetrahydrofuran-2-yl]-4-hydroxy-
3,5-dimethyl-6-0x0-nony} -2-hydroxy-3-methylbenzoyloxymethyl)-
8-(naphthalene-2-carbonyloxymethyl)-3,4,6,7,8,9,-hexahydro-2
pyrimido[1,2-a]pyrimidin-1-ium (7a). Guanidinium saltL1 (Cl) (98
mg, 0.263 mmol) and lasalocid A sodium salt (125 mg, 0.204 mmol)
were dissolved in anhydrous DMF (5 mL) and dry pyridine (0.1 mL).
Then a solution of EDCI (69 mg, 0.36 mmol) and a catalytic amount
of HOBLt in anhydrous DMF (2 mL) were added, and the reaction
mixture was stirred at room temperature for 24 h. The solvent was

hexafluorophosphate, the product was dissolved in@#and washed
with 0.1 N HPF and a TRIS buffer solution (pH 9.1). Mp (BF 100-
110°C; [a]p? (PFRs) +19 (c 0.3, CHC}). *H NMR (PF) (300 MHz,
CDCl): 6 11.3 (br s, 1H, OHPh), 7.63 (m, 4H, PhSi), 7.41 (m, 6H
PhSi), 7.29 (s, 1H, NH guan), 7.17 @= 7.6 Hz, 1H, CH las), 6.76

(s, 1H, NH guan), 6.62 (dJ = 7.6 Hz, 1H, CH las), 4.81 (dd] =
12.0,J = 3.0 Hz, 1H, CHOCO), 4.38 (ddJ) = 12.0,J = 3.0 Hz, 1H,
CH,0CO), 4.09-2.34 (m, 18H, CHOSI, CHx, CH,y, CH, CH0 las,
CH; las), 2.20 (s, 3H, Ck+-Ph), 2.23-0.63 (m, 42H, CHp, CH; las,

CH; las, CHs tert-Bu).23C NMR (Cl) (125 MHz, CDC}): 6 170.9 (CO
las), 161.3 (COO las), 150.8 (C guan), 143.1 (C las), 135.4 (C PhSi),
133.9 (CH las), 132.7, 129.9, 129.8, 127.8 (C, CH PhSi), 124.3 (C
las), 121.9 (CH las), 111.8 (C las), 87.2 (C las), 84.7 (CH las), 73.5,
71.5 (CH las), 69.9 (C las), 65.3 (GBSi), 65.0 (CHOCO), 54.9 (CH
las), 49.5 (CH, CHllas), 48.2, 47.3 (CHl), 45.5, 44.0 (CHly), 38.2
(CH; las), 36.0 (CH las), 34.6, 34.3 (CH, CHlas), 31.2, 29.6, 29.3
(CH: las), 26.8 (CHtert-Bu), 23.0, 22.6 (Ch5), 20.1 (CH las), 19.2
(Ctert-Bu), 16.1 (CH las), 15.9, 15.1, 14.0, 13.8, 12.6, 8.8, 6.3 (CH,
CHslas). FAB/LSIMS: vz 1010.8 [(M— PFs)™, 100%)]. HRMS calcd

for CsgHggN30eSi: 1010.6290; found 1010.6283.

Synthesis of (5,89)-2-(tert-Butyldiphenylsilanyloxymethyl)-8-
methanesulfonyloxymethyl-3,4,6,7,8,9,-hexahydro-pyrimido[1,2-
a]pyrimidin-1-ium (14). To a solution of guanidinium saR (PFs)
(1.15 g, 1.98 mmol) and BN (1.5 mL, 10.8 mmol) in dry THF (40

evaporated and the crude was purified by column chromatography (1%, mL) was added a solution of methanesulfonic anhydride (774 mg, 4.31

2% iPrOH—-CH,Cl,). The resulting product was dissolved in &H,

and washed with D to remove the sodium ion. The organic phase
was filtered over cotton and the solvent evaporated to @aé€Cl)
(105 mg, 38%) as a white solid. To transform the chloride into the
hexafluorophosphate, the product was washed with 0.1 NgtRE
TRIS buffer solution (pH 9.1). Mp (R 120-121°C; [o]p? (PF)

+22 (¢ 0.5, CHCE). 'H NMR (Cl) (500 MHz, CDC}): 6 11.4 (br s,

1H, OH), 8.78 (s, 1H, Hnaph), 8.09-8.04 (m, 3H, H—Hs naph, NH
guan), 7.96-7.84 (m, 2H, H—H, naph), 7.55 (m, 3H, K-H; naph,

NH guan), 7.12 (dJ = 7.2 Hz, 1H, H las), 6.63 (dJ = 7.2 Hz, 1H,

CH las), 4.76-4.70 (m, 1H, CHOCO), 4.52-4.42 (m, 3H, CHOCO),
4.05-3.31 (m, 16H, CH., CHyy, CH, CHO las), 3.0+-2.77 (m, 1H,
CH; las), 2.972.45 (m, 3H, CH las), 2.20 (s, 3H, CkPh), 2.3+
0.76 (m, 40H, 2CHj3, CHs las, CH las). **C NMR (Cl) (125 MHz,
CDCly): 0 171.5 (CO las), 166.2 (COO naph), 161.0 (COO las), 151.1
(C guan), 143.6, (C las), 135.6 (C naph), 135.4 (CH las), 132.5 (C
naph), 131.6 (CH naph), 129.6 (CH naph), 128.4 (CH naph), 128.2
(CH naph), 128.1 (C las), 127.6 (CH naph), 126.6 (CH naph), 126.5
(C naph), 125.2 (CH naph), 124.3 (C las), 121.8 (CH las), 110.7 (C
las), 86.9 (C las), 84.6 (CHO las), 72.8, 70.7 (CHO las), 70.3 (C-

OH las), 65.3, 65.2 (CKHDCO), 54.5 (CH las), 48.2 (CH, GHas),
47.9, 47.7 (CH.), 45.7, 45.0 (CHly), 38.3 (CH las), 36.1, 35.3 (CH
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mmol) in dry THF (10 mL) at °C. The reaction was stirred at this
temperature for 1 h. The solvent was removed, and after addition of
CH.Cl,, the organic phase was washed with 0.1 N4RR, filtered
over cotton, and concentrated and the crude was purified by column
chromatography (2% MeOHCH,Cl,) affording 14 (PFs) (1.32 g, 98%)
as a white solid® Mp (PR): 60—-62 °C; [a]p?° (PR) +43 (c 0.5,
CHCE). 'H NMR (PFs) (300 MHz, CDC}): 6 7.63 (m, 4H, PhSi),
7.62 (m, 6H, PhSi), 6.24 (s, 1H, NH), 6.08 (s, 1H, NH), 4.30 (m, 1H,
CH,OMSs), 4.17 (m, 1H, CEHOMSs), 3.80 (m, 1H, Cld), 3.65 (m, 2H,
CH,0Si), 3.57 (m, 1H, CHd), 3.33 (m, 4H, CHly), 3.08 (s, 3H, Ci#
SQ;), 2.05-1.89 (M, 4H, CHp), 1.06 (s, 9Htert-Bu). 13C NMR (PF)
(75 MHz, CDCE): 6 150.6 (C guan), 135.5, 132.5, 130.0, 128.9 (CH,
C arom), 69.5 (CKHOMs), 66.2 (CHOSI), 50.1, 47.7 (Ckl), 45.3, 44.9
(CHyyp), 37.1 (CHSG;), 26.7 (CH, tert-Bu), 22.4, 21.9 (Chp), 19.1
(C, tert-Bu). FAB/LSIMSm/z516.2 [(M— PR;)*, 100%)]. HRMS calcd
for CoeH3eN304SSi: 516.2352; found 516.2354.

Synthesis of (5,85)-2-(tert-Butyldiphenylsilanyloxymethyl)-8-
(aminomethyl)-3,4,6,7,8,9,-hexahydro42-pyrimido[1,2-a]pyrimidin-
1-ium (15). The mesylate derivativé4 (PF;) (301 mg, 0.456 mmol)

43) CompoundL4 could be used directly for amine formation (one-pot), with
a similar yield.
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was dissolved in a mixture of MeOH (10 mL) and 30% aqueous NH
(4 mL). The resulting solution was stirred for 30 min at room

washed with 0.1 N N&PF;, filtered over cotton, concentrated, and
purified by column chromatography (4% MeGHH,Cl,) to afford

temperature. Then the solvent was removed and the crude dissolved inl8 (PFs) (489 mg, 71%) as a white solidiH NMR (PFs) (300 MHz,

CHCl, and washed with 0.1 N NM#PFs. After filtration over cotton
and evaporation of the solvent, the product was precipitated with CH
CN, resulting in15 (2PF) (308 mg, 96%) as a white solid. Mp: 81
°C; [0]p®® +31 (€ 0.5, CHC}). 'H NMR (2PF) (300 MHz, acetone-
de): 6 7.73-7.71 (m, 4H, PhSi), 7.517.48 (m, 6H, PhSi), 7.18 (s,
1H, NH), 7.13 (s, 1H, NH), 4.134.07 (m, 2H, CHOSI), 3.84 (m,
2H, CHa), 3.69-3.59 (m, 4H, CHly), 2.61-2.52 (m, 2H, CHNH,),
2.37-2.15 (m, 4H, CHp), 1.09 (s, 9Htert-Bu). 13C NMR (2PF) (75
MHz, acetoneds): 6 151.3 (C guan), 135.9, 133.3, 130.5, 128.4 (CH,
C arom), 66.2 (CHOSI), 51.7 (CHNH,), 50.6, 47.6 (Cld.), 45.5, 44.6
(CHyy), 26.7 (CH tert-Bu), 23.3, 22.6 (Ch3), 19.1 (Ctert-Bu). FAB/
LSIMS: n/z 437.3 [(M — PR)*, 100%]. HRMS calcd for @Hs/Ns-
OSi: 437.2736; found 437.2734.

Synthesis of (&,89)-2-(tert-Butyldiphenylsilanyloxymethyl)-8-
{[(naphthalene-2-carbonyl)-amino]methy}-3,4,6,7,8,9-hexahydro-
2H-pyrimido[1,2-a]pyrimidin-1-ium (16). To a solution ofl5 (PFs)
(225 mg, 0.475 mmol) and dry pyridine (0.116 mL) in dry THF (4
mL) was added a solution of 2-naphthoyl chloride (110 mg, 0.577
mmol) in THF (4 mL), and the mixture was stirred at room temperature
overnight. After removing the solvent, the crude was dissolved i CH
Cl; and washed with kO, 2 N KOH, 1 N NHPF;, and 0.1 N HPE
After filtering over cotton, evaporation of the solvent, and purification
by column chromatography (3%rOH-CH,Cl,), product16 (PF)
(254 mg, 73%) was obtained as a white solid. Mpd)PF8—80 °C;
[a]p?® (PR) +25 (c 0.5, CHC}). *H NMR (PFR;) (300 MHz, acetone
ds): 6 8.32 (s, 1H, H naph), 7.90 (dJ = 7.7 Hz, 1H, K naph), 7.82
(t, J = 6.0 Hz, 1H, NH am), 7.797.69 (m, 3H, H—Hs—Hs naph),
7.59-7.56 (m, 4H, PhSi), 7.497.32 (m, 8H, PhSi, kH; naph), 6.85
(s, 1H, NH guan), 6.41 (s, 1H, NH guan), 3:73.44 (m, 6H, CH-
NHCO, CHx, CH,0Si), 3.32-3.20 (m, 4H, CHy), 2.02-1.81 (m, 4H,
CH,p), 1.00 (s, 9Htert-Bu). 3C NMR (PF;) (75 MHz, CDCh): &

acetoneds): 0 8.39 (s, 1H, Hnaph), 8.22 (s, 1H, NH am), 7.977.84
(m, 4H, Hk—Hs—Hs—Hg naph), 7. 58-7.49 (m, 2H, H—H7 naph), 7.38
(s, 1H, NH guan), 7.31 (s, 1H, NH guan), 4.36 (dds 15.0,J= 3.5
Hz, 1H, CHOMSs), 4.18 (ddJ = 15.0,J = 3.5 Hz, 1H, CHOMSs),
3.80-3.73 (m, 2H, CHy), 3.71-3.46 (m, 6H, CHy, CH:N), 3.08 (s,
3H, CHy), 2.21-1.89 (m, 4H, CHB). 3C NMR (PF) (75 MHz,
acetoneds): 0 168.9 (CONH), 151.6 (C guan) 135.6, 133.4, 132.2,
129.7, 128.9, 128.6, 128.5, 128.4, 127.6, 124.7 (C, CH arom), 71.5
(CH,OMs), 50.6, 48.7 (CHl), 46.1, 45.5 (CHly), 44.2 (CHNH), 37.0
(OCH), 24.3, 22.7 (CHp).

Synthesis (5,85)-2-Aminomethyl-8-{ [(naphthalene-2-carbonyl)-
amino]methyl}-3,4,6,7,8,9-hexahydro2-pyrimido[1,2-a]pyrimidin-
1-ium (19). Compoundl8 (PFs) (428 mg, 0.74 mmol) in MeOH (20
mL) and 30% aqueous NH10 mL) were stirred at room temperature
for 1 h. After removing the solvent, the crude was dissolved in-CH
Cl, and washed with 0.1 N NiPF, filtered over cotton, concentrated,
and purified by column chromatography (3% Me©8H,Cl,) to afford
19 (450 mg, 94%) as a white solid. Mp (BF 80 °C; [o]p?° (PFs)
+31 (c 1, CHCE). *H NMR (PF) (300 MHz, acetonek): ¢ 8.46 (s,
1H, Hy naph), 8.32 (s, 1H, NH am), 7.97 (m, 4H;-+HH,—Hs—Hsg naph),
7.59 (m, 3H, H—H7 naph, NH guan), 7.24 (s, 1H, NH guan), 3:96
3.37 (m, 10H, CH,, CHzy, CH,O, CHN), 3.13-3.07 (m, 2H, CH-
NHy), 2.32-1.87 (m, 4H, CHp). 1°C NMR (PFk) (75 MHz, CDC}):

0 167.8 (CONH), 150.8 (C guan), 136.1, 133.2, 132.6, 128.0, 127.8,
127.5,127.1, 126.8, 125.8, 125.6 (C, CH arom), 53.2, 52.1, 49.3, 47.9,
45.3 (CHy, CHyy, CH,NHCO, CHNH), 24.2 (CHf). FAB/LSIMS:
m/z352.2 [(M— PR)*, 100%]. HRMS calcd for @H2eNsO: 352.1977;
found 352.1965.

Synthesis of (&,85)-2-Bromoacetylaminomethyl-8{ [(naphthalene-
2-carbonyl)amino]methyl} -3,4,6,7,8,9-hexahydro-8-pyrimido[1,2-
a]pyrimidin-1-ium (20). To a mixture of compound9 (PF;) (106

169.1 (CO), 150.6 (C guan) 135.4, 134.8, 132.5, 130.1, 129.4, 128.4, mg, 0.18 mmol), bromoacetic acid (28 mg, 0.19 mmol), PyBOP (103.5

127.9, 127.4, 126.6, 123.4 (C, CH arom), 65.6 (O} 50.1, 49.5,
45.6, 45.2, 43.5 (CH, CH,y, CH:N), 26.7 (CH tert-Bu), 23.6, 22.6
(CHzB), 19.1 (Ctert-Bu). FAB/LSIMS: m/z591.3 [(M — PR;)*, 100%].
HRMS calcd for GeHagN4O,Si: 591.3155; found 591.3179.
Synthesis of (35,85)-2-Hydroxymethyl-8-{[(naphthalene-2-car-
bonyl)amino]methyl}-3,4,6,7,8,9-hexahydro-&-pyrimido[1,2-a]py-
rimidin-1-ium (17). To a solution of amidel6 (PFs) (620 mg, 0.84
mmol) in dry THF (40 mL) was added 70% HPy (3 mL) at 0°C,

mg, 0.19 mmol), and HOBL (catalytic) in DMF (4 mL) was added NMM
(43 uL, 0.41 mmol), and the reaction was stirred  h at room
temperature. The solvent was removed, and the crude was dissolved
in CH,Cl,, washed with 0.1 N NgPR and HO, dried by filtering

over cotton, concentrated, and purified by column chromatography (6
8% MeOH-CH,Cl,) to afford20 (PFs) (67 mg, 60%) as a white solid.

IH NMR (PF) (300 MHz, acetonels): ¢ 8.55 (s, 1H, H naph), 8.39

(s, 1H, NH am), 8.04 (s, 4H, ++H;,—Hs—Hs naph), 7.91 (s, 1H, NH

and the reaction was stirred at room temperature for 4 h. The mixture am), 7.65-7.61 (m, 3H, H—H; naph, NH guan), 7.41 (s, 1H, NH guan),

was neutralized by adding water (10 mL) and solid.Gl@;. Then it

3.97(s, 2H, CHBr), 3.94-3.37 (m, 10H, Chd, CHyy, CH,O, CH:N),

was washed with diethyl ether and the product was extracted from the 3.13-3.07 (m, 2H, CHNH) 2.34-1.82 (m, 4H, CHp). 13C NMR (PF)

aqueous phase with GBI,. The organic phase was washed with 2 N
KOH and 0.1 N NHPF;, filtered over cotton, and concentrated to afford
17 (PRs) (368 mg, 88%) as a white solid. Mp (BF 89 °C; [a]p®
(PFRs) +28 (c 0.6, CHC}). *H NMR (PR;) (300 MHz, acetonk): o
8.61 (s, 1H, H naph), 8.52 (s, 1H, NH am), 8.%B.10 (m, 4H, H—
H,—Hs—Hsg naph), 7.86-7.68 (m, 2H, H—H- naph), 7.62 (s, 1H, NH
guan), 7.53 (s, 1H, NH guan), 4.56 (br s, 1H, OH), 38863 (m,
10H, CHx, CHpy, CH,O, CHN), 2.32-1.98 (m, 4H, CHJS). °C NMR
(PFs) (75 MHz, acetonelks): 6 168.8 (CO), 151.8 (C guan) 135.7, 133.4,

132.2, 129.7, 129.0, 128.6, 128.5, 128.4, 127.6, 124.8 (C, CH arom),

64.8 (CHOH), 51.6, 50.4 (Cld), 46.3, 46.0 (CHly), 44.4 (CHNH),
24.6, 23.5 (CHS). FAB/LSIMS: m/z 353.2 [(M — PR)*, 100%)].
HRMS calcd for GoH2sN4O,: 353.1977; found 353.1965.

Synthesis of (8,89)-2-Methanesulfonyloxymethyl-8{ [(naphthalene-
2-carbonyl)-amino]-methyl} -3,4,6,7,8,9-hexahydro-B-pyrimido-
[1,2-a]pyrimidin-1-ium (18). To a solution ofl7 (PFs) (628 mg, 1.22
mmol) and NMM (0.55 mL, 4.88 mmol) in dry THF (25 mL) was
added methanesulfonic anhydride (437.8 mg, 2.44 mmol) in THF (5
mL) at 0 °C. The mixture was stirred at room temperature for 2 h.
After removing the solvent, the crude was dissolved in,Cll and

(75 MHz, CDC}): 6 173.0 (CONHCH), 167.8 (CONH naph), 150.7

(C guan), 134.0, 131.9, 130.6, 128.2, 127.6, 126.9, 126.8, 126.1, 124.2,
123.2 (C, CH naph), 52.1, 51.3, 48.9, 48.8 (8IH)), 45.0, 44.7 (Cld),

44.5, 44.3 (CHy), 33.8 (CHBI), 23.4, 22.9 (CHf3). FAB/LSIMS: m/z
472.1 [(M — PR)*, 100%].

Synthesis of (8,85)-8{ [(Naphthalene-2-carbonyl)amino]methy} 2-
[(2—1,4,7,10,13-pentaoxa-16-aza-cyclooctadec-16-yl-acetylamino)-
methyl]-3,4,6,7,8,9-hexahydro-B-pyrimido[1,2-a]pyrimidin-1-
ium (1b). A solution of guanidinium20 (PFs) (130 mg, 0.21 mmol)
and 1-aza-18-crown-6 (245 mg, 0.93 mmol) in DMF (8 mL) was stirred
at 100°C for 12 h. The solvent was removed, and CH was added.
The organic phase was washed with 0.1 N klRffied by filtering
over cotton, and concentrated. The product was purified by column
chromatography (10% MeOHCH.CI,), dissolved in CHCI,, and
washed with a TRIS buffer solution (pH 9.1) to obtain compodhd
(PFRs) (78 mg, 46%) as a white solid. Mp (BF 65—67 °C; [0]p®
(PRs) +19 (€ 0.5, CHCE). *H NMR (PFs) (300 MHz, CDC}): 6 8.43
(s, 1H, H naph), 8.41 (tJ = 6.0 Hz, 1H, NH am), 8.30 (s, 1H, NH
guan), 7.98-7.59 (m, 5H, H—H,—Hs—Hs naph), 7.52-7.34 (m, 2H
He—H7 naph), 7.15 (tJ = 5.0 Hz, 1H, NH am), 6.96 (s, 1H, NH guan),
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3.60-3.03 (M, 30H, CHNHCO, CHO crown, CHx, CHay), 2,67 (m,
2H, CH:N), 2.06-1.71 (m, 4H, CHB). ¥C NMR (PR) (75 MHz,
acetoneds): 6 172.2 (CONH), 167.2 (CONH naph), 150.0 (C guan),

0Si), 3.73-3.68 (m, 12H, CHO), 3.58-3.55 (m, 4H, CHy), 3.38-
3.27 (M, 2H, CHNH) 2.28-1.96 (m, 4H, CHB), 1.07 (s, 9H tert-
Bu). 3C NMR (PR (125 MHz, acetonek): 6 151.3 (C guan), 143.7,

134.0, 131.9, 130.6, 128.2, 127.6, 126.9, 126.8, 126.1, 124.2, 123.2140.2 (C Ph), 135.7, 133.2, 130.3, 128.2 (C, CH PhSi), 112.7, 104.1,

(C, CH naph), 69.7, 69.2, 69.1, 68.7 (g}, 57.6 (COCHN), 55.2,
48.9, 48.8 (CHINH), 45.0, 44.7 (CH), 44.5, 44.3 (CHy), 23.0, 22.7
(CHp). FAB/LSIMS: m/z 655.2 [(M — PR)*, 84%]. HRMS calcd
for CssHsiNeO7: 655.3819, found 655.3813.

Synthesis of (&,89)-8-[(2-Bromoacetylamino)methyl]-2-tert-bu-
tyldiphenylsilanyloxymethyl)-3,4,6,7,8,9-hexahydro-B -pyrimido-
[1,2-a]pyrimidin-1-ium (21). To a mixture of compound5 (PF) (305
mg, 0.45 mmol), PyBOP (260 mg, 0.50 mmol), bromoacetic acid (70
mg, 0.50 mmol), and a catalytic amount of HOBt in £&Hb (7 mL)
was added NMM (0.11 mL, 1.1 mmol), and the reaction was stirred at
room temperature for 5 h. Then more @H, (10 mL) was added, and
the solution was washed with 0.1 N MPF; and filtered over cotton.
After removing the solvent, the crude was purified by column
chromatography (2% MeOHCHCI,) to obtain21 (PFs) (236 mg,
74%) as a white solid. Mp (RF 58-60 °C; [a]p?° (PFs) +68 (c 0.7,
CHCly). 'H NMR (PFR;) (300 MHz, acetonak): ¢ 8.01 (s, 1H, NH
am), 7.72-7.51 (m, 4H, PhSi), 7.467.32 (m, 6H, PhSi), 7.03 (s, 1H,
NH guan), 6.71 (s, 1H, NH guan), 4.63,22 (m, 12H, CHNHCO,
COCH.Br, CH,0OSi, CHx, CHyy), 2.30-1.78 (m, 4H, CHp), 1.02 (s,
9H, tert-Bu).*3C NMR (PF) (75 MHz, acetonek): ¢ 167.1 (CONH),
151.1 (C guan), 135.6, 132.7, 130.0, 127.9 (CH, C arom), 65.6(CH
0Si), 53.4, 49.8, 49.1, 45.2, 42.5 (GHCH,y, CH;N, CH,Br), 26.8
(CHg tert-Bu), 22.9 (CHp), 19.2 (Ctert-Bu). FAB/LSIMS: nm/z558.1
[(M — PR)*, 74%)].

Synthesis of (&,8S)-8-(tert-Butyldiphenylsilanyloxymethyl)-2-
[(2—1,4,7,10,13-pentaoxa-16-azacyclooctadec-16-yl-acetylamino)-
methyl]-3,4,6,7,8,9-hexahydro-B-pyrimido[1,2-a]pyrimidin-1-
ium (2b). A solution of compoun@1 (PR;) (234 mg, 0.33 mmol) and
1-aza-18-crown-6 (224 mg, 0.85 mmol) in DMF (12 mL) was stirred
at 100°C for 12 h. The solvent was removed, and the crude was
dissolved in CHCI, and washed with 0.1 N HRFThe organic phase

99.4 (C, CH, Ph), 70.0, 69.7, 69.5, 69.2, 69.0, 67.0, 66.7, 66.4QEH
50.7 (CHN), 48.9, 48.7 (CH), 45.8, 45.4 (CHy), 26.6 (CH tert-
Bu), 24.2, 22.7 (Ck), 19.2 (Ctert-Bu). FAB/LSIMS: m/z915.4 [(M
+ NaPR)*, 100%]; 769.4 [(M— HPRs + Na)*, 57%]; 747.4 [(M—
PR)", 46%)]. HRMS calcd for GiHsoN4O;Si: 747.4153; found
747.4162.

Synthesis of (R,8R)-8-[(6,7,9,10,12,13,15,16,18,19-Decahydro-
5,8,11,14,17,20-hexaoxabenzocyclooctadecen-2-yl amino)methyl]-2-
{[(naphthalene-2-carbonyl)amino]methy} -3,4,6,7,8,9,-hexahydro-
2H-pyrimido[1,2-a]pyrimidin-1-ium (4). To a solution of mesylate
18 (RR, PK) (51 mg, 0.088 mmol) and 4-aminobenzo-18-crown-6 (43
mg, 0.132 mmol) in DMF (3 mL) was added NMM (18, 0.144
mmol), and the reaction was stirred at 1°(D overnight. The solvent
was removed, and the crude was purified by column chromatography
(5% MeOH-CHCl,) to obtain compound (PF) (30 mg, 42%) as an
oil: [a]p® (PR) —15 (c 1, MeOH).*H NMR (PF;) (500 MHz, acetone-
ds): 0 8.49 (s, 1H, H naph), 8.33 (t, 1HJ = 6.0 Hz NH am), 8.03
7.97 (m, 4H, H—H,—Hs—Hg naph), 7.677.61 (m, 2H, H—Hy), 7.31
(s, 1H, NH guan), 7.23 (s, 1H, NH guan), 6.81 @d+= 8.6 Hz, 1H,
Ha), 6.48 (s, 1H, H), 6.26 (dd,J = 8.0,J = 2.5 Hz, 1H, H), 4.17—
4.10 (m, 4H, CHO), 3.96-3.54 (m, 28H, Cld, CH,O, CH;NHCO,
CHyy), 3.44-3.28 (m, 2H, CHNH—Ph) 2.29-1.94 (m, 4H, CHp).
3C NMR (PFR) (125 MHz, acetonek): ¢ 168.5 (CONH), 151.3 (C
guan), 148.6, 140.2 (C Ph), 135.3, 133.0, 131.8, 129.2, 128.6, 128.2,
128.1, 128.0, 127.3, 124.3 (C, CH naph), 112.9, 104.1, 99.5 (C, CH,
Ph), 69.8, 69.7, 69.6, 69.3, 69.1, 67.1, 66.7 §O} 50.4 (CHN), 48.8,
48.7 (CHx), 45.9, 45.8 (CHly), 43.8 (CHN), 24.4, 24.2 (CHj). FAB/
LSIMS: m/z830.2 [(M+ NaPR)*, 72%]; 684.2 [(M— HPF; + Na)",
38%]; 662.4 [(M — PR)*, 40%]. HRMS calcd for GH4sNsO7:
662.3554; found 662.3570.

Synthesis of (35,85)-2-(6{ 7-[5-Ethyl-5-(5-ethyl-5-hydroxy-6-me-

was filtered over cotton and concentrated. The crude was purified by thyltetrahydropyran-2-yl)-3-methyltetrahydrofuran-2-yl]-4-hydroxy-

column chromatography (6% MeGHCH.CI,), affording compound
2b (2PF) (250 mg, 73%). The product was dissolved again inCl
and washed with a solution of TRIS buffer (pH 9.1). Mp {PF72—
74 °C; [o]p® (PR) +27 (c 0.6, CHCE). *H NMR (PF;) (300 MHz,
CDCly): 6 7.73-7.62 (m, 5H, PhSi, NH am), 7.4%.40 (m, 6H, PhSi),
6.91 (s, 1H, NH guan), 6.83 (s, 1H, NH guan), 3321 (m, 32H,
CH,OSi, CHO crown, CHx, CHyy, COCHN), 2.34 (m, 4H, CHN),
2.17-1.76 (m, 4H, CHp), 1.06 (s, 9Htert-Bu). 3C NMR (PR) (75
MHz, CDCL): ¢ 173.2 (CONH), 150.9 (C guan), 135.5, 132.6, 130.0,
127.9 (CH, C arom), 70.5 69.9, 69.7, 68.3, 66.0, {ON 65.3 (CH-
0Si), 58.3, 54.2 (COCHN), 50.1, 49.2, 46.1, 45.3 (G CH,y, CH:N),
26.8 (CH tert-Bu), 24.1, 22.8 (ChpB), 19.2 (Ctert-Bu). FAB/LSIMS
m/z 740.2 [(M — PR)*, 73%]. HRMS calcd for GsHs:NsO7Si:
740.4418; found 740.4408.

Synthesis of (R,8R)-2-(tert-Butyldiphenylsilanyloxymethyl)-8-
[(6,7,9,10,12,13,15,16,18,19-decahydro-5,8,11,14,17,20-hexaoxaben-
zocyclooctadecen-2-ylamino)methyl]-3,4,6,7,8,9,-hexahydrét2oy-
rimido[1,2-a]pyrimidin-1-ium (3). To a solution of mesylaté4 (R R,

PFs) (268 mg, 0.405 mmol) and 4-aminobenzo-18-crown-6 (229 mg,
0.526 mmol) in DMF (9 mL) was added NMM (0.22 mL, 2.11 mmol),
and the reaction was stirred at 120 for 5 h. Then the solvent was
removed and CkCl, was added. The organic phase was washed with
an aqueous solution of LiRFfiltered over cotton, and concentrated.
The crude was purified by column chromatography (4% Me@HH,-
Cl,), affording product3 (PFs) (280 mg, 77%) as a brown solid. Mp
(PR): 98°C; [a]p? (PR;) —16 (c 0.30, MeOH).*H NMR (PF) (500
MHz, acetoneds): 6 7.72-7.69 (m, 4H, PhSi), 7.527.44 (m, 6H,
PhSi), 7.04 (s, 1H, NH), 7.03 (s, 1H, NH), 6.84 (= 8.7 Hz, 1H,
Ha), 6.50 (d,J = 2.5 Hz, 1H, H), 6.29 (dd,J = 2.5,J = 2.5 Hz, 1H,
Hp), 4.19-4.12 (m, 4H, CHO), 3.9%-3.79 (m, 8H, Ch, CH,0, CH,-
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3,5-dimethyl-6-oxo0-nony} -2-hydroxy-3-methyl[(benzoylamino)-
methyl]-8-[naphthalene-2-(carbonylamino)methyl]-3,4,6,7,8,9,-
hexahydro-2H-pyrimido[1,2-a]pyrimidin-1-ium (7b). To guanidinium

19 (PFs) (40 mg, 0.08 mmol) in anhydrous DMF (10 mL) were added
lasalocid A sodium salt (59 mg, 0.096 mmol), PyBOP (50 mg, 0.096
mmol), a catalytic amount of HOBt, and NMM (3., 0.31 mmol),

and the reaction was stirred overnight at room temperature. The solvent
was removed, and the resulting product was dissolved inCGH
washed with HO, filtered over cotton, and purified by column
chromatography (3% MeOHCH,CI.), resulting in7b (PFs) (72 mg,
81%) as a white solid. Mp (RE 96—98 °C; [a]p?° (PFs) +15 (c 0.6,
CHClg). 'H NMR (PFRs;) (300 MHz, CDC}): 6 9.15 (br s, 1H, OH

Ph), 8.43 (s, 1H, Hnaph), 7.99-7.75 (m, 4H, H—H,—Hs—Hsg naph),
7.58-7.44 (m, 3H, H—H; naph, NH guan), 7.39 (1 = 6.0 Hz, 1H,

NH am), 7.10 (tJ = 6.0 Hz, 1H, NH am), 7.04 (d) = 7.2 Hz, 1H,

CH las), 6.65 (dJ = 7.2 Hz, 1H, CH las), 4.053.31 (m, 16H, CH,
CH,y, CH, CHO las), 3.0+2.77 (m, 2H, CH las), 2.96-2.69 (m,

2H, CH; las), 2.66-2.53 (m, 2H, CH las) 2.49-2.38 (m, 2H, CH),

2.20 (s, 3H, CH—Ph), 2.31-0.76 (m, 40H, CHB, CH;s las, CH las).

13C NMR (PFs) (125 MHz, CDC}): 6 171.6 (CO las), 169.9 (CONH),
151.0 (C guan), 138.7 (C las), 135.3 (C naph), 133.0 (CH las), 132.9
(C naph), 130.7 (CH naph), 129.8 (CH naph), 128.7 (CH naph), 128.6
(CH naph), 128.2 (C las), 127.9 (CH naph), 127.0 (CH naph), 124.2
(C naph), 123.4 (CH naph), 121.4 (CH las), 87.2 (C las), 73.2, 71.6
(CH las), 70.4 (C las), 53.8 (CH las), 50.7 (CH, £lds), 46.3, 46.1
(CHa), 45.9, 44.1 (CHly), 43.7 (CH las), 34.9, 34.0 (Chllas), 31.3,
31.2,30.1 (CHlas) 24.5, 24.3 (ChB), 20.2 (CH las), 16.8 (CHlas),
16.2,15.7,14.3,13.1, 12.9, 9.4, 6.5 (CH, {1&k). FAB/LSIMS: m/z
924.6 [(M — PFR;)™, 100%)]. HRMS calcd for €&H7gNsOs: 924.5976;
found 924.5969.
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Synthesis of (5,8S)-8-(tert-Butyldiphenylsilanyloxymethyl)-2-(6-
{7-[5-ethyl-5-(5-ethyl-5-hydroxy-6-methyltetrahydropyran-2-yl)-3-
methyltetrahydrofuran-2-yl]-4-hydroxy-3,5-dimethyl-6-oxo-nonyl} -
2-hydroxy-3-methyl[(benzoylamino)methyl]-3,4,6,7,8,9,-hexahydro-
2H-pyrimido[1,2-a]pyrimidin-1-ium (8b). To guanidiniuml5 (PFs)
(104 mg, 0.14 mmol) in anhydrous DMF (10 mL) were added lasalocid
A sodium salt (96 mg, 0.16 mmol), PyBOP (89 mg, 0.19 mmol), a
catalytic amount of HOBt, and NMM (3bL, 0.34 mmol). The reaction

was stirred overnight at room temperature. The solvent was removed,

and the resulting product was dissolved in £LH, washed with HO,
filtered over cotton, and purified by column chromatography (2%
MeOH-CH,Cl,) resulting in8b (PFs) (115 mg, 71%) as a white solid.
Mp (PR): 116-118°C; [0]p?® (PFs) +20 (c 0.2, CHChE).'H NMR
(PR;) (300 MHz, CDC}): 6 7.98 (s, 1H, OH-Ph), 7.63-7.61 (m, 4H,
PhSi), 7.43-7.37 (m, 6H, PhSi), 7.06 (d] = 7.2 Hz, 1H, CH las),
6.98 (t,J = 6.0 Hz, 1H, NH am), 6.71 (s, 1H, NH guan), 6.67 Jd+
7.2 Hz, 1H, CH las), 6.52 (s, 1H, NH guan), 37826 (m, 16H, CH,
CHyy, CH, CHO las), 3.0+2.77 (m, 1H, CH las), 2.97-2.45 (m,
3H, CH; las), 2.20 (s, 3H, Ck+Ph), 2.3+0.76 (m, 52H, CH3, CHs
las, CH tert-Bu, CH; las).*3C NMR (PFR) (125 MHz, CDC}): 6 172.0
(CO las), 162.7 (CONH), 151.0 (C guan), 138.8 (C las), 136.0 (C PhSi),
135.9 (CH las), 133.2 (C PhSi), 130.5 (C PhSi), 128.3 (C PhSi), 123.9
(C las), 121.8 (CH las), 87.3 (C las), 72.8, 71.7 (CH las), 65.7,{CH
0Si), 55.1 (CH las), 53.8 (CIMIHCO), 50.3 (CH, CHlas), 49.6, 48.8
(CHa), 45.8, 45.4 (Chly), 43.5 (CHNH), 36.7 (CH las), 35.1, 34.0
(CH, CH; las), 31.3, 30.0 (Chllas), 27.2 (CH tert-Bu), 23.9, 22.9
(CHB), 20.2 (CH las), 19.6 (Ctert-Bu), 16.1 (CH las), 15.8, 14.3,
13.1, 9.4, 6.6 (CH, Ctllas). FAB/LSIMS: m/z 1009.6 [(M— PFRy)™,
100%)]. HRMS calcd for GHgoN4OsSi: 1009.6575; found 1009.6543.
Synthesis of (&,89)-8-(tert-Butyldiphenylsilanyloxymethyl)-2-
(carboxymethylsulfanylmethyl)-3,4,6,7,8,9-hexahydro4a-pyrimido-
[1,2-a]pyrimidin-1-ium (22). To a solution o (PF) (410 mg, 0.768
mmol) and NMM (0.253 mL, 2.304 mmol) in THF (35 mL) was added
a solution of methanesulfonic anhydride (276 mg, 1.536 mmol) in THF
(5 mL), and the reaction was stirred for 1 h. Then the solvent was
evaporated and G, (40 mL) and 0.1 N NHPF; (20 mL) were added.

The organic layer was filtered over cotton and evaporated, and the

resulting product14) was dissolved in THF (10 mL). To this solution

a mixture of sodium thioacetate (271 mg, 2.304 mmol) and potassium

tert-butoxide (previously stirred for 20 min in 20 mL MeOH) was

added, and the reaction was stirred for 90 min. Then the solvent was

evaporated, and GEI, (70 mL) and saturated NaHG@40 mL) were
added. The aqueous phase was extracted two times more wiBlCH

(15 mL). The combined organic phases were washed with water (40 (CH:S),

mL) and 1 N HCI (20 mL), dried (N&5Qy), and evaporated. The product
was precipitated by dissolving in GAl,, adding EtOAc, and evaporat-
ing the CHCIl,. After cooling, product22 (Cl) (401 mg, 95%) was
obtained as a white solid. Mp (Cl): 166.68°C; [a]p?° (CI) +50 (c
0.50, MeOH)*H NMR (CI) (300 MHz, CDC}): 0 8.27 (s, 1H, NH),
8.16 (s, 1H, NH), 7.657.60 (m, 4H, PhSi), 7.427.39 (m, 6H, PhSi),
3.78-3.76 (dd,J = 11.0,J = 4.0 Hz, 1 H, CHOSI), 3.59 (m, 3H,
CH,0Si, CHy), 3.43 (d,J = 15.0 Hz, 1H, SCHCO), 3.36 (d,J =
15.0 Hz, 1H, SCHKCO), 3.28-3.23 (m 4H CHy), 2.95-2.71 (m, 2H,
CH,S) 2.12-1.85 (m, 4H, CHp), 1.07 (s, 9Htert-Bu). *C NMR (ClI)
(75 MHz, CDCE): 6 171.9 (CO), 150.9 (C gua), 135.5, 135.4, 132.6,
129.8, 127.8 (C PhSi), 65.3 (GH), 49.3, 48.0 (CH), 45.1, 44.7
(CHyy), 36.7 (CHS), 34.5 (SCHCO), 26.7 (CH tert-Bu), 24.8, 22.5
(CHyp), 19.1 (Ctert-Bu). FAB/LSIMS m/z512.4 [(M— CI)*, 100%)].
Anal. Calcd for G/H3gN3OsSSICFH,0: C 57.1, H 7.1, N 7.4, S 5.6.
Found: C 57.5,H 6.8, N 7.3, S5.5.

Synthesis of (5,8S)-2-(tert-Butyldiphenylsilanyloxymethyl)-8-[2-
ox0-2-(1,4,7,10,13-pentaoxa-16-aza-cyclooctadec-16-yl)ethylsulfanyl-
methyl]-3,4,6,7,8,9,-hexahydro-B-pyrimido[1,2-a]pyrimidin-1-
ium (5). Guanidinium22 (Cl) (40 mg, 0.073 mmol), 1-aza-18-crown-6
(40 mg, 0.15 mmol), BOP (42 mg, 0.08 mmol), and HOBt (catalytic)
were dissolved in DMF (3 mL). After addition of NMM (14L, 0.08

mmol), the reaction was stirred for 24 h at room temperature. The
solvent was removed, and the crude was dissolved inGGHand
washed with HO. After evaporation the product was purified by column
chromatography (8% MeOHCH,CI,) to afford5 (Cl) (52 mg, 90%)
as a yellow oil. The product was again dissolved in,CHland washed
with 0.1 N HPF and a TRIS buffer solution at pH 9.1 to affo&
(PR) as a yellow oil: f]p?® +15 (c 0.3, CHC}). *H NMR (CI) (300
MHz, CDCL): 6 8.97 (s, 1H, NH), 8.71 (s, 1H, NH), 7.80.62 (m,
4H, PhSi), 7.417.38 (m, 6H, PhSi), 3.833.52 (m, 32H, CHOSI,
CH,O crown, CHx, SCHCO), 3.26-3.17 (m 4H CHy), 2.93-2.70
(m, 2H, CHS) 2.09-1.86 (m, 4H, CHp), 1.05 (s, 9H tert-Bu). 13C
NMR (Cly (75 MHz, CDC}): ¢ 169.2 (CO), 151.2 (C guan), 135.
135.5, 132.7,129.9, 127.9, 127.8 (C, CH arom), 70.9, 70.7, 70.6,
69.7, 69.4 (CHO), 65.1 (CHOSI), 49.7, 49.0 (CHl), 47.2, 44.6 (Chly),
36.3 (CHS), 34.6 (SCHCO), 26.8 (CH tert-Bu), 24.9, 22.7 (Chf),
19.2 (Ctert-Bu). FAB/LSIMS: m/z 757.4 [(M — CI)*, 100%].
Synthesis of (R,8R)-8-Hydroxymethyl-2-{[(naphthalen-2-ylm-
ethyl)carbamoyl]methylsulfanylmethyl}-3,4,6,7,8,9-hexahydro-8-
pyrimido[1,2-a]pyrimidin-1-ium (23). Compound2 (R,R, PF) (180
mg, 0.352 mmol), BOP (171 mg, 0.387 mmol), 2-aminomethylnaph-
thalene hydrochloride (75 mg, 0.387 mmol), HOBt (catalytic), and
NMM (40 uL, 0.387 mmol) in DMF (15 mL) were stirred at room
temperature for 1.5 h. The solvent was evaporatedGLHvas added,
and the organic phase was washed with 0.1 N,Rfg, dried filtering
over cotton, evaporated, and used directly in the next step. The crude
was dissolved in CECN, and CsF (150 mg, 1.06 mmol) was added.
The reaction was stirred overnight at room temperature. After filtering
and evaporating the solvent, the crude was dissolved yCGHvashed
with 2 N KOH and 0.1 N NHPF, filtered over cotton, and evaporated.
After purification by column chromatography (5% MeGEH,Cl,)
product23 (PR) (165 mg, 84%) was obtained as a white solid. Mp
(PR): 68°C; [a]po® (PRs) —73 (c 0.6, MeOH).?H NMR (PF) (300
MHz, acetoneds): o 8.08 (t,J = 6.0 Hz, 1H, NHCO), 7.947.75 (m,
4H, Hs—H,—Hs—Hsg naph), 7.68 (s, 1H, NH guan), 7.56.23 (m, 2H,
He—H>), 7.00 (s, 1H, NH), 4.60 (d] = 6.0 Hz, 2H, CHNH), 4.33 (br
s, 1H, OH), 3.79-3.69 (m, 1H, CHO), 3.673.58 (m, 1H, CHO),
3.53-3.38 (m, 8H, Ctd, SCHCO, CHy), 3.06 (dd,J = 14.0,J =
5.0 Hz, 1H CHS), 2.73 (ddJ = 14.0,J = 9.0 Hz, 1H, CHS), 2.17+
1.99 (m, 2H, CHp), 1.88-1.58 (m, 2H, CHp). °C NMR (PFR) (75
MHz, acetoneds): 6 170.9 (CONH), 151.7 (C guan), 137.5, 134.3,
133.6, 129.0, 128.5, 127.1, 126.8, 126.7, 126.6 (C, CH naph), 64.9
(CH;0), 51.5 (CHN), 49.4, 46.2 (CHd), 46.0, 44.1 (CHly), 38.8, 36.4
26.5, 23.4 (CpB). FAB/LSIMS: m/z 413.2 [(M — PR)",
100%)]. HRMS calcd for @H,9N4O,S: 413.2011; found 413.2027.

Synthesis of (R,8R)-8-Methanesulfonyloxymethyl-2{[(naphtha-
len-2-yImethyl)carbamoyl]-methylsulfanylmethyl} -3,4,6,7,8,9-hexahy-
dro-2H-pyrimido[1,2-a]pyrimidin-1-ium (24). To a solution of
compound23 (PF) (78 mg, 0.140 mmol) and NMM (62L, 0.560
mmol) in THF (6 mL) was added methanesulfonic anhydride (61 mg,
0.35 mmol) in THF (2 mL), and the reaction was stirred at room
temperature for 2 h. After evaporation of the solvent, the crude was
dissolved in CHCI, and washed with 0.1 N NWPFs. The organic phase
was filtered over cotton and evaporated, and the crude was purified by
column chromatography (5% MeGHCH,CI,) to afford compoun@4
(PRs) (74 mg, 83%). Mp (P§: 77 °C; [a]p® (PFs) —62 (c 0.5, MeOH).

H NMR (PFs) (500 MHz, acetonels): ¢ 9.12 (s, 1H, NH guan), 8.69

(s, 1H, NH guan), 8.03 ( = 6.0 Hz, 1H, NHCO), 7.63 (m, 4H, PhSi),
7.43 (m, 6H, PhSi), 3.833.54 (m, 6H, CH, CH,0O, CHbNHCO) 3.30~

3.19 (m, 4H, CHly), 2.87 (d,J = 15.0 Hz, 1H, CHS), 2.66 (dJ =

15.0 Hz, 1H, CHS), 2.19-1.44 (m, 4H, CHpB). *3C NMR (PF) (125
MHz, acetoneds): ¢ 168.5 (CONH), 151.3 (C guan), 148.6, 140.2 (C
naph), 135.3, 133.0, 131.8, 129.2, 128.6, 128.2, 128.1, 128.0, 127.3,
124.3 (C, CH naph), 112.9, 104.1, 99.5 (C, CH arom), 69.8, 69.7, 69.6,
69.3, 69.1, 67.1, 66.7 (GID), 50.4 (CHN), 48.8, 48.7 (CHd), 45.9,

45.8 (CHy), 43.8 (CHN), 24.4, 24.2 (CH3). Anal. Calcd for

o

70.3,
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Ca3Hz1FeN4OsPS: C 43.39, H 4.91, N 8.80, S 10.07. Found: C 42.93,
H 4.97, N 8.70, S 10.82.

Synthesis of 1,4,7,10,13-Pentaoxa-16-aza-cyclooctadec-16-yl-acetic
Acid (25). A solution of 1-aza-18-crown-6 (475 mg, 1.804 mmol),Cs
CGs (882 mg, 2.71 mmol), and methyl bromoacetate (2I0 2.71
mmol) in CHCN (25 mL) was stirred at 80C for 30 min. After cooling
to room temperature and filtering over cotton, the solvent was
evaporated and the crude was dissolved in a mixture of THF (30 mL)
and LiOH (10 mL, 0.5 M in HO). The mixture was stirred for 1.5 h,
and subsequently a solution of 0.1 N HXEO mL) was added. After

after trituration with diethyl ethet* Mp (PR): 78 °C; [0]p® (PF)
—33 (€ 0.50, MeOH).™H NMR (PFs) (500 MHz, acetonek): o 8.18
(t, 1H, NHCO) H naph), 7.95-7.86 (m, 5H, H—Hz—H,—Hs—Hsg
naph), 7.71 (s, 1H, NH), 7.577.51 (m, 2H, H—Hy), 7.13 (s, 1H, NH),
4.66 (d,J = 6.0 Hz, 2H, NHCH naph), 4.50 (ddJ = 11.2,J = 5.0
Hz, 1H, CHOCO), 4.28 (ddJ = 11.5,J = 7.1 Hz, 1H, CHOCO),
4.17-3.41 (m, 34H, Ch, CH;0, CH:N, CHyy, SCHCO), 3.08 (dd,
1H,J=14.0,J= 4.7 Hz, 1H, CHS), 2.77 (dd, 1HJ = 14.0,J=8.8
Hz, 1H, CHS), 2.26-1.85 (M, 4H, CHg). 13C NMR (PF) (125 MHz,
acetoneds): 0 183.2 (CONH), 170.6 (COO), 151.1 (C guan), 136.9,

evaporation of the THF, the product was extracted from the aqueous 128.5, 127.9, 126.6, 126.1, 125.9, 109.6, 108.6 (C naph), 70.5, 70.4,

phase with CHCI,, resulting in25 (PFR;) as a solid (650 mg, 77%).
Mp (PR): 102-104°C.*H NMR (300 MHz, CDC}): 6 9.95 (br s,
COOH), 3.56-3.53 (br s, 22H, NCKCO, CHO crown), 3.03 (m, 2H,
CH.N). 33C NMR (75 MHz, CDC}): ¢ 178.2 (COOH), 70.5, 70.3,
70.2, 69.8, 67.5 (CkD), 54.0 (CHN). FAB/LSIMS m/z 322.2 [(M —
PR;)*, 100%). HRMS calcd for @H»gNO7: 322.1866; found 322.1856.
Synthesis of (R,8R)-2-{[(Naphthalen-2-ylmethyl)carbamoyl]-
methylsulfanylmethyl}-8-(2—1,4,7,10,13-pentaoxa-16-aza-cyclooc-
tadec-16-yl-acetoxymethyl)-3,4,6,7,8,9-hexahydrd-2pyrimido[1,2-
a]pyrimidin-1-ium (6). A solution of compoun®4 (RR, PK;) (42.5
mg, 0.067 mmol), crown ether derivatias (PF) (31.2 mg, 0.067
mmol), and CgCO; (21.8 mg, 0.067 mmol) in CECN (4 mL) was
stirred fa 1 h at 80°C. Then the solid was filtered and the solvent
evaporated. The crude was dissolved in,CH and washed with 0.1
N HPR and HO. Compounds (2PF) (63.2 mg, 94%) was obtained
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69.8, 69.7, 66.8 (CHD crown), 64.6 (CHO) 54.4 (CHNH), 48.8, 47.9
(CHal), 45.4, 45.0, (Chly), 43.5 (CHN), 38.2, 35.8 (CHS), 25.6, 22.4
(CH,B). FABILSIMS: m/z 716.4 [(M — PR)*, 6%]. HRMS calcd for
CaeHssN=OsS: 716.3693; found 716.3704.
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