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Binding studies of the tren-based amine, L (N,N',N"-tris(2-benzylaminoethyl)amine), with inorganic anions and two
crystal structures, [HsL][H.PO4]3+HsPO, and [HsL][Br]s, are reported. NMR titration results indicate that the ligand
binds H,PO,~ and HSO,~ more strongly than NO3;~ and halides. In the crystal structure of the phosphate complex,
the ligand is triprotonated with the three arms pointing outward in a trigonal-planar-like arrangement. Four phosphate
species are associated with the receptor, and have been assigned as three H,PO,~ counterions located between
each of the tren arms, and an additional HsPO, molecule above the quasi-planar tren. The structure of the bromide
complex is slightly different, although again the tren receptor is triprotonated and quasi-planar, but in this case
Ca-like symmetry is seen with two of the arms pointed in the same direction with a bromide ion in between. The
other two bromides lie outside of the tren arms.

Introduction of these ligands for anions varies with the functional groups
Because of the amazing impact of anions in many im- attached to the tren unit, with different functional moieties

portant chemical and biological processes, achieving selective!€Nding to modify the hydrogen bonding capability of the

recognition of anionic species by synthetic receptors is a field 'én NH groups. Furthermore, the presence of an oxygen in
of intense current intered® Among the numerous design the functional group allows for intermolecular hydrogen
choices, trigonal receptors have been especially of interest?onding. Such internal interactions, while potentially block-
because of their potential for binding molecules wWith ing the cavity? can also provide a preorganization effect,
rotation axes, such as nitrate, phosphate, and sulfate. An ob!€Sulting in an effective clawlike topology for incorporating
vious building block for suciCs topology is tris(aminoethyl)- ~ 9uest species.

amine, tren. Hence, a number of simple acyclic tren-derived

amide, sulfonamide, urea, and thiourea receptors have been 4 /?\ )f\ o 0
designed, and some have been found to exhibit highly se- R= R NHR' /S\R.
lective binding for different anion.° The binding ability NR NR RN

alkyl or aromatic substituents
O, S
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examinations of the anion binding capabilities of a substituted Table 1. Crystal Data and Structure Refinement for
tren-based amind,, were in order. It was not anticipated, ~[Ha-1H2PQarHsPQy, 1, and [HL][Br]5, 2
however, thal. would necessarily be selective for anions, 1 2

because, when protonated, the primary amines should beempirical formula GrHagNaPs O16  Co7H39Bra Ny
repelled by each other, making the formation a€asym- fw 808.57 65935
. : likelv. H . tth tal structur cryst syst monoclinic orthorhombic
metric f:avny unlikely. Herein Wg report the crystal structu gs space group Ce Pc;
of L with phosphate and bromide and the results of anion a’A 15.1148(17) 34.184(10)
i ; b, 27.117(3) 5.4758(17)
binding studies. c, A 8.9168(10) 15.640(5)
o, deg 90 90
B, deg 95.783(2) 90
4 y, deg 90 90
N V(A9 3636.1(7) 3286(2)
z 4 4
NH NH
NH deatca (g/c) 1.477 1.496
LA 0.71073 0.71073
- T (K) 100(2) K 100(2) K
\ F(000) 1704 1336
abs coeff (mm?) 0.284 4.155
L max, min trans 0.9832,0.8806  0.7886, 0.2509
6 range (deg) 2.6326.00 2.38-21.97
; ; reflns collected 11104 11742
Experimental Section indep refins 6294 3540
General. Nuclear magnetic resonance (NMR) spectra were gatf\/l\rleRSHa'”tS/params 006727914/83223/??8 o 55;5/89287/537
recorded on a Bruker AM 500 spectrometer at 500 MHz. Chemical Gl(’),: (,:5) 1033 1090
shifts for samples were expressed in parts per million and calibrated opsd datal[> 20(1)] 3832 2662

against TMS as an external reference in a capillary tube. All the largest diff peak and hole (e#&) 0.610 and 0.596  1.993 andl.190
chemicals v_v_ere_purchased as reagent grade and were used without , R1(obsd data¥F ||Fo| — [Fol/ |Fol. ®WR2 (all data)= { S [W(Fo? —
further purification. Mass spectra were recorded at the Mass F2)?2/y[w(F2?} 2

Spectrometry Laboratory at the University of Kansas on a ZAB

HS mass spectrometer. Elemental analyses were obtained from [HsL][H :PO4]s*H3POy, 1. The phosphate salt &f was obtained

Desert Analytics Laboratory, Tucson, AZ.

Synthesis. N,N',N"-Tris(2-benzylaminoethyl)amine, L. The
Schiff base adduct of tren was obtained by dissolving tris(2-
aminoethyl)amine (1.00 g, 6.84 mmol) in @&H (100 mL) and

from dropwise addition of EPO, (0.1 mL, 48%) to a methanolic
solution ofL (0.10 g, 0.24 mmol), and the mixture was stored at
0 °C. A light yellow precipitate formed after 2 days, was collected
by filtration, and was washed with . Yield: 0.165 g, 85%.

slowly adding benzaldehyde (2.18 g, 20.5 mmol). The resulting Anal. Calcd for BCy7H3eN43H,PO-H3POyH,O: C, 39.23; H,
mixture was stirred at room temperature for 24 h and concentrated6.10; N, 6.78. Found: C, 39.25; H, 6.08; N, 6.85. FAB-M®/z
to give an oily product, which was dried under vacuum. The Schiff 417.2 [H."], 515.1 [H,L2" + H,PO, 7], 613.1 [HsL 3" + 2H,PO, ],

base product was dissolved in gbH (50 mL), and NaBH (1.73
g, 45.7 mmol) was added. After stirring at room temperature for
24 h, the solvent was removed in vacuo. The resulting solid yellow
residue was dissolved il M aqgNaOH solution (100 mL), and the
aqueous phase was extracted by,CH (3 x 50 mL). The
combined organic layers were dried (Mgg@nd concentrated to
give a light yellowish oil. The crude product was purified by column
chromatography (silica, 2% GBH in CH,Cl,). Yield: 2.0 g, 70%.
FAB-MS: mVz417.5 LH*]. 'H NMR (500 MHz, CDC}, TMS):
0 7.30 (m, 15H, AH), 3.75 (s, 6H, ArCl,), 2.70 (t, 6H, NHCH,),
2.61 (t, 6H, NGH,). 13C NMR (125 MHz, CDC}, TMS): 6 140.1
(CH2CAr), 128.3 Cortho), 128.0 Crnets, 126.8 Cpard, 57.6 (AICH),
54.1 (NHCH,), 47.0 (NCHy).

[H3L][OTs] 3:3H,0. L (0.50 g, 1.2 mmol) and TsOH,O (0.92
g, 4.8 mmol) were each dissolved in gbH (10 mL) and were
mixed with stirring. E3O (20 mL) was added to the solution. A
white precipitate formed, which was filtered off, washed withdEt
and dried in vacuo. Yield: 0.95 g, 80%. Anal. Calcd for
H3Ca7H36N43C/H;SO;-3H,0: C, 58.40; H, 6.74; N, 5.68. Found:
C, 58.10; H, 6.72; N, 5.54. FAB-MSm/z 417.2 [H."], 589.1
[HoL?t + TsOT], 761.1 [HL3T + 2TsO]. 'H NMR (500 MHz,
D,0, 3-(trimethylsilyl)propionic acid sodium salt, TSP):7.66 (d,
6H, TH), 7.45 (m, 15H, AH), 7.34 (d, 6H, THl), 4.19 (s, 6H,
ArCHy), 3.10 (t, 6H, NHGH,), 2.82 (t, 6H, NG,), 2.38 (s, 9H,
CH3). 13C NMR (125 MHz, CDC}, TMS): ¢ 145.5 (Ts), 142.3
(CH,CAY), 133.2 Cortho), 132.9 Crmetd, 132.8.8 Cpard, 132.4 (Ts),
132.3 (Ts), 128.2 (Ts), 54.1 (8H,), 51.5 (NHCH,), 46.4 (NCH,),
23.4 (CHy).
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711.1 [HL*" + 3H,PO, 7], 806.0 [HL5" + 4H,PO, 7). *H NMR
(500 MHz, D,O, TSP): 6 7.48 (m, 15H, AH), 4.20 (s, 6H, ArEl,),
3.09 (t, 6H, NHGH,), 2.82 (t, 6H, NCG1y). 13C NMR (125 MHz,
D,0, TSP): 6 130.6 (CHCAr), 130.3 Cortho)s 130.1 Crety, 129.6
(Cparg, 51.4 (AICH,), 48.9 (NHCH,), 43.6 (NCH)).

[HsL(BN)][Br] »-0.5H,0, 2. L (0.14 g, 0.34 mmol) was dissolved

in CH30H (2 mL). An aqueous solution of HBr (48%) was added
until the pH of the solution was below 1. The resulting cloudy
solution was stored in a desiccator containingCEtA yellow
precipitate formed the next day, was collected by filtration, and
was washed with EO. Yield: 0.170 g, 75%. Anal. Calcd for
H3Cy7H3eN43Br-0.5H,0: C, 48.52; H, 6.03; N, 8.38. Found: C,
48.99; H, 6.05; N, 8.77. FAB-MSm/z417.2 [H_*], 498.0 [HL 2"
+ Br7]. IH NMR (500 MHz, D,O, TSP): 6 7.50 (m, 15H, AH),
4.23 (s, 6H, ArCGiy), 3.13 (t, 6H, NHG,), 2.85 (t, 6H, NCGy).
13C NMR (125 MHz, O, TSP): 6 130.7 (CHCAr), 130.3 Cortho),
130.2 Cmerd, 129.7 Cparg, 51.5 (AICHy), 49.0 (NHCH,), 43.7
(NCH,).

X-ray Crystallography. Attempts to grow crystals of a variety
of anions withL resulted in the isolation of two salts suitable for
X-ray crystallography, the phosphat®) @nd bromide Z) “com-
plexes”. Crystals ofl suitable for X-ray crystallography were
obtained by recystallization from a GBH solution and isolated
after 2 days of keeping the solution undep@tdiffusion in a
desiccator. Crystals d were grown by recrystallization from a
CH3;OH/H,0 (5:1, v/v) solution under slow diffusion in a desiccator.

The crystallographic data and details of data collectiorifand
2 are given in Table 1. Intensity data for the crystals were collected
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Table 2. P—O Distances (A) for [HL][H2PQy]s:HzPQy, 1

atoms distance atoms distance

P(1A)-O(1A) 1.451(7) P(1A—O(1A) 1.462(7)
P(1A)-0(2A) 1.499(7) P(1A—0(2A) 1.481(8)
P(1A)-O(3A) 1.448(7) P(1A—O(3A) 1.462(8)
P(1A)-O(4A) 1.465(7) P(1A—O(4A) 1.460(8)
P(1B)-O(1B) 1.459(8) P(1B—0(1B) 1.455(7)
P(1B)-0O(2B) 1.470(8) P(1B—0(2B) 1.495(7)
P(1B)-0(4B) 1.472(8) P(1B—0(3B) 1.486(7)
P(1B)-0O(3B) 1.482(8) P(1B—0O(4B) 1.482(7)
P(1C)y»-0O(1C) 1.462(8) P(13-0(1C) 1.459(8)
P(1C)-0O(2C) 1.472(8) P(13-0(2C) 1.467(8)
P(1C)-0O(3C) 1.472(8) P(13—0(3C) 1.467(8)
P(1C)-0O(4C) 1.458(8) P(13—-0(4C) 1.471(8)
P(1D)-0(1D) 1.462(7)

P(1D)-0O(2D) 1.467(7)

P(1D)-0(3D) 1.470(6)

P(1D)-0O(4D) 1.484(8)

using a Bruker APEX CCD area detector mounted on a Bruker D8
goniometer using graphite-monochromated M@ Kadiation

(A = 0.71073 A)3 The data were collected at 100(2) K, and
intensity data were measured as a seriesand 6 oscillation
frames. The detector was operated in 54512 mode and was

Table 3. Hydrogen Bonds A for [HL][H :PQy]3-HsPQy, 1 and
[HsL][Br]3, 2

atoms distance atoms distance
1
N(4)—H(4A)---O(1A) 2.86(2) N(14yH(14B)--O(1C) 2.916(16)
N(4)—H(4A):--O(1A")  2.73(3) N(14)-H(14B)---O(1C) 2.648(14)
N(4)—H(4B)---O(1B) 3.06(2) N(24)H(24A)---O(1A) 2.85(2)
N(4)—H(4B)---O(1B) 2.669(10) N(24)-H(24A)---O(1A)) 2.81(3)
N(14)—-H(14A)---O(1A) 2.76(2) N(24)-H(24B)---O(1D) 2.855(12)
N(14)—H(14A)--O(1A) 2.97(3)
2
N(4)—H(4A)---Br(1)»  3.395(19) N(14¥H(14B)--Br(2)  3.32(3)
N(4)—H(4B)---Br(1) 3.333(19) N(14—H(14C)--Br(1) 3.37(4)
N(4)—H(@&'A)---Br(3)°>  3.39(2) N(14)—H(14D)--Br(1)2 3.66(4)
N(4')—H(4'B)---Br(1) 3.07(2) N(24)-H(24B)---Br(2)°  3.292(13)
N(14)—-H(14A)---Br(1) 3.26(3) N(24)-H(24A)---Br(3)  3.066(13)

abSymmetry transformations used to generate equivalent atéxns.
+ 1,7 5=x+ Yy, 2= Yo

phosphate structure were refined with anisotropic displacement
parameters, while only the bromide ions were refined anisotropically
in the structure of2, because of the truncation of the data.
Hydrogens were not placed on the phosphates in struttieeause

of the disorder. Hydrogen atom displacement parameters were set
to 1.2 times the displacement parameters of the bonded atoms.

positioned 5.054 cm from the sample. Coverage of unique data Selected hydrogen bonding interactions are shown in Table 3.

was 99.6% complete fdk to 26.00 in 0 and 99.9% complete for
2t0 21.97 in 6. Cell parameters were determined from a least-
squares fit of 2483 peaks in the range 2.636 < 20.45 for 1
and 2981 peaks in the range 2260 6 < 20.26 for 2. Virtually

Binding Constants. Binding constants were obtained Bi
NMR (500 MHz Bruker) titrations of [RL][OTs]s with [n-Bu]s,NTA~
(A= =HyPO,~, HSO,~, NO;s—, CI7, and Br) in CDCls. The initial
concentration of the ligand was {H3]o = 2 mM. Aliquots of

no decay was observed, on the basis of data obtained for a numbegnion were from a stock solution of anion (20 mM). Trimethylsilane

of peaks monitored at both the beginning and end of data collection.

The data were corrected for absorption by the semiempirical
method!* Lorentz and polarization corrections were applied, and

(TMS) in CDCk was used as an external reference in a capillary
tube, and each titration was performed by 20 measurements at room
temperature. The association constaidtsyere calculated by fitting

the data were merged to form a set of independent data for eachthe change in the NH chemical shift with a 1:1 association model

sample. Space groups of both the monoclibj@nd orthorhombic,

with Sigma Plot software. The equations) = ([A]o + [L]o +

2, samples were determined by systematic absences and statistical/K — ([A] o + [L]o + 1/K)2 — 4[L]o[A] 0)*d)Admad2[L] o (Where L
tests and verified by subsequent refinement. The structures wereis ligand and A is anion) were usé&iThe error limit inK was less
solved by direct methods and refined by full-matrix least-squares than 10%.

methods orf2.15

In the phosphate structure, three of the four phosphate groupsResults and Discussion

were disordered and were modeled in two orientations. The
occupancies refined to (A) 0.585(14), 0.415(14); (B) 0.343(11),

Synthesis. The synthesis ofL is straightforward and

0.657(11): and (C) 0.545(11), 0.455(11) for the unprimed and involve; a simple Schiff base condensation of the amine,
primed atoms, respectively. Restraints on the positional parametersi'en, with 3 equiv of the aldehyde, benzaldehyde, followed
of all phosphate groups and the displacement parameters of theby borohydride reduction of the resulting imines to amites.

disordered atoms were required. Interatomie@ distances are
shown in Table 2.

In the bromide structure, two of the arms of the cation,
C2—C11 and N14-C21, were significantly disordered and were
modeled in two orientations with refined occupancies of

Purification of the resulting viscous oil is readily accomp-
lished by column chromatography on neutral alumina, using
a CHCI, solution containing 2% C¥DH. The free base was
protonated by reaction with TsOH. Triprotonation was
confirmed by!H NMR integration and elemental analysis,

0.568(13) and 0.432(13) for the unprimed and primed atoms. The 4 gddition to the two crystal structures.

extensive disorder produced a data set that did not scatter to high

scattering angles, so it was truncated at 0.95 A (21i89).
Hydrogen atom positions were initially determined by geometry
and refined by a riding model. Non-hydrogen atoms in the

(13) Data collection: SMART Software Reference Manual, 1994. Data
reduction: SAINT Software Reference Manual, 1995. Bruker-AXS,
6300 Enterprise Dr., Madison, WI 53719-1173.

(14) Sheldrick, G. M.SADABS. Program for Empirical Absorption
Correction of Area Detector DatdJniversity of Gdtingen: Gitingen,
Germany, 1996.

(15) Sheldrick, G. M. SHELXTL Version 5 Reference Manual. Bruker
AXS, 5465 E. Cheryl Parkway, Madison, WI 53711-5373, 1994.
International Tables for CrystallographiKluwer: Boston, 1995; Vol.

C, Tables 6.1.1.4, 4.2.6.8, and 4.2.4.2.

Crystallographic Studies.[HsL][H:POy]s-H3sPO, (1). The
phosphate complex, BH][H:PO4]s-H3PO, (1), was ob-
tained from reaction of the free base with phosphoric acid
in CH3;OH. There are four phosphate “species” for each tren
unit (Figure 1A). In the crystal structure alternating tren and
phosphate units are stacked in layers alongties (Figure
2A). Three additional phosphate units are located in the

(16) Schneider, H.-J.; Kramer, R.; Simova, S.; Schneided, Wm. Chem.
Soc 1988 110, 6442-6448.

(17) Clifford, T.; Danby, A.; Llinares, J. M.; Mason, S.; Alcock, N. W.;
Powell, D.; Aguilar, J. A.; Gafa-Espéa, E.; Bowman-James, K.
Inorg. Chem 2001, 40, 4710-4720.
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(A) (B)

Figure 1. ORTEP drawing of [HL][H2POu]s-H3PQ4, 1 (A), and [HL][Br] s, 2 (B). Thermal ellipsoids are at 50% probability.

(A) (B)
Figure 2. Packing diagram of [L][H2POy]3-H3POy, 1 (A) and [HsL][Br] 3, 2 (B), as viewed down the axis.

channels between the trens. Because of the disorder, it wass that the P1A phosphate stacked between the tren units is
not possible to locate hydrogens for the phosphates, in ordera molecule of phosphoric acid. This assignment would make
to unambiguously determine their degree of protonation. sense given that only one of its oxygens (O1A) shows
However, given that the crystals were grown under acidic hydrogen bonding contacts with the protonated tren (Table
conditions, it is chemically reasonable to expect three 3). Of the remaining three phosphate groups situated between
dihydrogen phosphates and one phosphoric acid to be presenthe arms of the tren unit, each has one hydrogen bond with

A similar f!ndmg was reported by us fqr a magrocyd'c (18) Gerasimchuk, O. A.; Mason, S.; Llinares, J. M.; Song, M.; Alcock,
complex with phosphat¥. The most plausible assignment N. W.; Bowman-James, Knorg. Chem200Q 39, 1371-1375.
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10.0 Table 4. Binding Data of [HL][OTs]s with Anions in CDC}
* HZPO{ anions logk (MY
S8+ meso, HPQ;~ 3.25
06 | Br HSO;~ 3.20
£ NO;~ 1.55
g cI- 1.80
g 9.4 1 Br- 1.70
© 9.2 | that observed for the other anions (Iig< 2). Both the 1:1
association models and the high affinity for the oxo acid
9.0 | anions at first appear somewhat puzzling and in contradiction
to the crystal structure data, which indicates three counter-

838 . ; N : : . anions. However, it is the two oxo acids, of all the anions
examined, that exhibited high affinity, and we have observed
R=[AVH L(TSO),] a similar binding trend with diaminetetramido and di-
Figure 3.7 H NMF titration curves of [HL][OTs]s with n-[n-Bu]4N* salts amino—tetrathioamido macrocyclé%?lThe analogy between
of HoPQ;7, HSQ)”, and Br. these latter macrocycles andlH* is the presence of the
a protonated tren amine. There also are hydrogen bonding2MiNes, which can participate in proton exchange with the
interactions between the phosphates. 0x0 acids, leaving either HR® or PQ@‘ as WeII.as S
An interesting comparison can be made with this tren- While we were not able to get definitive solution proof of

based receptor and the crystal structure of simple tren with thiS type of proton equilibria fot., we have structural and
phosphate, [I(CH).NHs} s]s[HPOL]1-33H,0.2° The struc- sqluﬂon NMR eyldence in an amide-based cryptand thgt t_he
ture indicates a large number of anions and ligands held byPridgehead amines can become protonated upon binding
hydrogen bonding, although in this case the tren exhibits a Séduentially one and two chloride ioffdncreased affinities
clawlike conformation, with chelation to HRO counterions. ~ With increased anion (and cation) charge have also been
The bromide complex, crystallized as the bromide salt observed in binding studies with polyammonium receptors,
of triprotonated HL3* with three bromide ions (Figure 1B). and may additionally play a role in sulfate and phosphate
The tren units stack along theaxis, with two of the arms ~ interactions withL >
oriented in the same direction, and the third arm extended In conclusion, it would certainly be appealing to make an
in the opposite direction (Figure 2B). The two arms pointed argument that the heightened binding constants for phosphate
in the same direction are hydrogen bonded to one of the and sulfate are an indication of selectivity oflH" for these
bromide ions (Table 3), held between them. These two armstwo anions. However, the crystallographic evidence indicates
are disordered, and one of the external bromides (Br2) isthat the effect is most probably attributed to the aforemen-
also hydrogen bonded to N14 of one of the disordered tioned factors, charge and basicity, rather than true selectivity
models. The third bromide is hydrogen bonded to N24 of of this receptor candidate for those anions.
the “extended arm”. The hydrogen bonding distances

N—H-++Br~ range from 3.06 to 3.66 A. Acknowledgment. The authors thank the National Sci-
NMR Studies. The addition of tetrabutylammonium ence Foundation, CHE-0316623, for support of this work,
anions salts (F-Buls.N*A~—: A~ = H,PQ;~, HSQ;~, NOs™, and CHE-0079282 for the purchase of the X-ray instrument.

Br—, and CI) to the tosylate salt of #L3" in CDCl; led to
downfield shifts of the N-H resonances, which indicates
the participation of ligand NH protons in the binding of
anions via hydrogen bonding interactions. Titration data gave
the best fit for 1:1 association models of host to guest (see!C049762B
Figure 3). Binding data are presented in Table 4. Results
indicate that the receptorzH®" binds both phosphate and (20) Hossain, M. A.; Llinares, J. M.; Powell, D.; Bowman-Jamesirg.
sulfate with logk > 3, which is considerably higher than 1, aréignéiznt?od,.iq;zgas%zg%l; Llinares, J. M.: Powell, D.. Bowman-

James, Klnorg. Chem.2003 42, 5043-5045.
(19) lliondis, C. A.; Georganopoulou, D. G.; Steed J. @/ystEngComm (22) Kang, S. O.; Llinares, J. M.; Powell, D.; VanderVelde, D.; Bowman-
2002 4, 26—36. James, KJ. Am. Chem. So2003 125 10152-10153.

Supporting Information Available: Two crystallographic files
in CIF format. This material is available free of charge via the
Internet at http://pubs.acs.org.
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