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Abstract: The coordination-driven self-assembly of discrete 2D macrocyclic species from ambidentate
pyridyl-carboxylate-based donor ligands and platinum-containing acceptors is presented. All these species
are characterized by electrospray ionization mass spectrometry (ESIMS), multinuclear NMR, and in one
example, X-ray crystallography. In each case only one isomeric assembly is selectively formed in high
yield, despite the potential for more than one product as a consequence of differences in connectivity.

Scheme 1. Combination of Bidentate Metal Acceptors with Ambi-
dentate Ligand X—Y Can Give Isomeric Cyclic Products A—D?

Introduction
The rational design and self-assembly of large discrete

. . X—Y. LX—Y.
supramolecules from simple precursors has been extensively M. M M ™
studied! 12 In particular, the coordination bonding motif of Y—x’ SX—Y
pyridyl-based ligands with platinum and palladium acceptors A B
has proven very useful for constructing a wide array of archi- A
tectures. Recently, rigid oxygen donor linkers were incorporated LLG
into neutral 2D Pt-containing macrocyclés:*Most assemblies M\L G
prepared to date are highly symmetrical in nature as they are
built from simple homodi- and tridentate pyridine-containing
donors and metal acceptors. In fact, we are aware of only one X—=Y
example of a molecular square incorporating an ambidentate
ligand, 4-isonicotinatel@).!®> The hydrogen-bond-mediated self- (M_LG
assembly of discrete and polymeric arrays from bis-platinum M-LG
complexes containing nicotinamide and nicotinic and isonico-
tinic acids was also reported recentfyThe chemistry of some M= =X—Y~=-M M= =X—Y =M
elongated derivatives dfa, namely sodium 4-(4-pyridyl)ben- ( ) C )
zoate (Lb), potassium 4-(4-pyridylethynyl)benzoat&c), and M--Y—X--M M--X—Y--M
their free acids, is limited to studies on crystal engineeting, c D

aM = metal, LG= leaving group.
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phous glass substrates in high vaclti%@ne problem inherent

in the design of lower symmetry discrete self-assembled species
containing this type of ligand is the possibility of linkage isom-
erism. The result is a larger number of potential products, consti-
tutional isomers that differ only in connectivity. The simplest
approach is the combination of an ambidentate liganeYX

with a homotopic bidentate acceptor in a 1:1 ratio (Scheme 1),
where only two cyclic productsA(/B or C/D) are possible in
each case.
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Scheme 2. Self-Assembly of Pyridyl-carboxylates 1 with 90°
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We were interested in the self-assembly outcome between

ambidentate ligandsand platinum-containing acceptatand

5 (shown in Scheme 2). Particularly interesting is the question
of self-recognition and self-selection for one or the other of the
two possible constitutional isomers. Herein we report that,
despite the possibility of product mixtures, essentially a single
ensemble is formed in high yield in each case.

Results and Discussion

The self-assembly processes were all performed in the sam
general manner. A 1:1 acetodg'D,0 solution of ligandl and
a particular organoplatinum or 5 was either stirred at room
temperature4) or heated at 60C (5) for up to 2.5 h, followed
by anion exchange with KRRexcept3a) to precipitate the
products2 and 3 in high yield.

NMR spectroscopy was initially used to characterize the
ensembles. ThéP{H} NMR spectra of2 displayed two
coupled doublets2@, 6.65, 2.05 ppm2Jp_p = 21.2 Hz;2b,
6.79, 1.84 ppm2Jp_p = 21.6 Hz, Figure 12c, 7.47, 2.15 ppm,
2Jp-p 21.4 Hz) of approximately equal intensity with
concomitanf®Pt satellites. The signals near 2 ppm are shifted

16570 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004
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approximately 4 ppm upfield relative #bdue to back-donation
from the platinum centers. These phosphorus nuclei are trans
to the pyridine ring. In contrast, coordination of the carboxylate
group does not result in a larg8P chemical shift change.
Assemblie2, which are representative of topology(Scheme

1), contain two inequivalent (and thus coupled) phosphorus
nuclei bound to the same platinum atom. This is consistent with
our data. The other possible macrocyclic prod@talso
possesses two inequivalent phosphorus nuclei; these are bound
to different platinum atoms. Th&'P{1H} NMR spectrum of

this species would show twancoupledsignals with shifts and
intensities similar to what is observed. In thé NMR spectra

of 2, a multiplet near 8.9 ppm for the pyridine hydrogens
adjacent to the nitrogen nucleus is shifted approximately 0.5
ppm to lower field relative tdl, consistent with the loss of
electron density that occurs upon coordination.

The31P{1H} NMR spectra of3 gave two sharp singlet84,
12.77, 7.38 ppm3b, 13.00, 8.00 ppm3c, 12.43, 7.70 ppm) of
equal intensity with concomita®t®t satellites. The upfield shift
of the signals near 8 ppm relative feshows they are bound to
the platinum nucleus coordinated to the pyridine rings. In this
case, théP NMR data are insufficient for distinguishing the
products3 (topology C in Scheme 1) from their isomeric
relativesD. This problem was initially solved by examination
of the'H NMR spectra. One unique feature of assemkiés
the presence of an inversion center in the middle of the molecule.
Consequently3 has only one type of fHland Hg anthracene
proton nuclei, while isomeb has two types. ThéH NMR
spectrum reveals one signal each for(Bh, 9.83 ppm3b, 10.06
ppm; 3¢, 9.95 ppm, Figure 2) and (33, 8.31 ppm;3b, 8.39
ppm, part of multiplet3c, 8.38 ppm). Given the sharpness of
these signals and good spectral resolution, we are confident they
do notrepresent an accidental equivalence of bogtakid Ho
nuclei for isomeiD. Two sets of doublets corresponding to the
pyridyl hydrogens highlighted the restricted rotation of these
rings once the macrocycle is formed, thus creating different inner
and outer environments, consistent with previous observations
in related system&-

X-ray crystallography confirmed that the NMR assignment
of 3 was indeed topolog¢. Diffraction-quality single crystals
of 3a were grown by vapor diffusion of hexane into a
chloroform solution of the assembly. Crystallographic data and
refinement parameters are listed in Table 1. Although the
isonicotinate moieties show significant disorder in the rectangle
3a, there is no doubt as to their head-to-tail orientation (Figure
3a). Three molecules of disordered CH@Er unit cell were
also found.

The packing pattern ddain the solid state is also shown in
Figure 3. When viewed along thke axis (Figure 3b), the
isonicotinate moieties from neighboring rectangles are super-
imposed and are separated by 14.8 A. A system of channels is
also obvious. One nitrate anion is located halfway between the
charged platinum nuclei of two adjacent ensembles, while the
other can be found in the middle of each channel. The
assemblies are arranged in an intercalating fashion so that the
closest anthracene groups are approximately 8.7 A apart. Each
individual rectangle shows significant deviation from planarity
(Figure 3c).

(21) Kuehl, C. J.; Huang, S. D.; Stang, P.JJ.Am. Chem. So2001, 123
9634.
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Figure 2. *H NMR spectrum of3c.

Further evidence for the structuresfnd3 was obtained (m/z 2666, Figure 4),3c — 2PR~]%2" (m/z 1261). These were
with electrospray ionization mass spectrometry (ESIMS). En- all isotopically resolved and are in excellent agreement with
sembles2ab and 3a,b were analyzed as their nitrate salts, their theoretical distributions.
whereas2c and 3c were analyzed as the hexafluorophosphate  All reactions gave one predominant species with few minor
salts after anion exchange. FArpeaks were observed corre-  byproducts evident in the NMR spectra. There are two small

sponding to the intact structure minus one counteridta { peaks 5%) near 14 and 9 ppm in tHéP{'H} NMR spectra
NOz ]" (m/z 1169), Rb — NOs~ ]t (m/z 1321), and 2c — of 3 which we were unable to assign. Their sharp appearance
PR]" (m/z 1451). In the case of3, peaks were found  suggests they are not oligomeric in nature. They may belong to
attributable to the consecutive loss of counterion8a [ isomeric assembl.

NO;~ ] (Mm/z2384), Ba— 2NO; 712" (Mm/iz 1161); Bb — NOs 7]+ Formation of isomeB is highly unfavorable with regard to

(m/z 2535), Bb — 2NO;7]?* (m/z 1237); and 8¢ — PR ] strain energy. The ideal NPt—N bond angle is approximately

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16571
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Table 1. Crystallographic Data and Refinement Parameters for 3a

formula Q;J_H147C|9N4010P8PT4
formula weight 2804.30

temp (K) 150(1)

A (A) 0.71073

crystal system triclinic

space group P1

a(A) 13.1654(2)

b (A) 14.8448(2)

c(A) 16.6288(3)

o (deg) 70.9567(6)

p (deg) 69.6170(7)

y (deg) 74.8414(14)

V (A3) 2839.31(8)

z 1

Dcalc (g/c?) 1.640

w (mm™1) 5.287

F(000) 1386

reflections collected 20964
independent reflections 13409 {
max and min trans 0.4178 and 0.2999 (b) '
R1[I > 20(1)] 0.0815

wR2 0.2272

90°. Due to the rigidity ofl, this angle, or anything close to it,

is virtually impossible to obtain in the closed syst&nWe
illustrate this by using the MM2 force field simulati&nto
optimize some intermediates which may be involved in the
formation of2b and its isomeB (Figure 5). Structureg and

F are precursors t8. They are formed when 2 equiv db

bond to a single platinum atom via their pyrid¥d)(or carboxyl

(F) termini. The largest distance between the carboxyl oxygen
atoms is 14.7 A in the case & while in F 7.5 A separates the
pyridine nitrogens. The analogous gapGn(with one pyridyl

and one carboxyl group bound to the same platinum) is only
4.5 A. Our experimental results show that in these systems c
closed structures are preferred over oligomers. Of the three
intermediate€—G, G has the best arrangement of uncoordi-
nated termini to form a closed macrocycle upon reaction with
a second platinum center and does not experience the same
repulsive forces that presumably occulirandF as two ends

of similar polarity approach each other in space. Charge
distribution is also a factor in the orientatidi adopts as it
approaches an intermediate structure comprised of a single unit

of 1b spanning two platinum nuclei. In this case, the head-to- F94r€ 3. (@) ORTEP drawing (30% probability ellipsoids) & (b)
’ ! Packing diagram when viewed along theaxis. (c) Another orientation

tail orientation of thelb units (topologyA) maximizes the highlights the nonplanarity of each ensemble. Solvent molecules, hydrogen
charge separation as the closed asser2bliprms. We believe atoms, and the phosphine ethyl groups are omitted from all illustrations for

these intermediate geometries and polarity considerations areFlarity. Nitrate anions are shown in (b) only as CPK models.

the major reasons whg is selectively formed instead d.

Clearly, the formal charge of-4 on the pyridine nitrogens is  ligands 1b. Unfortunately, the workup was complicated by
more widely separated in the closed macrocy@esd3 than excesslb (M = HT) and decomposition of the product before
in their isomersB andD. it could be isolated.

Several unsuccessful attempts were made at synthesizing |n conclusion, we have prepared discrete macrocyZksd
open-chain intermediateB and F to examine the possible 3 from ambidentate donor ligandsand platinum-containing
stepwise formation of products. Whenwas reacted witfib acceptorgt and5. Despite the possibility of forming multiple
(either 2.2 equiv or in excess), ill-defined product mixtures .oqcts that differ only in connectivity, ambidentate ligads
resulted (NMR) from which no simple product could be isolated. and acceptorg and 5 prefer to self-assemble predominantly

. : — ot
This was also true when the free acid It (M = H") was into one closed species. They are another important example

used. Rgactlon of clipb V.V'th 1b (similar stoichiometries) . of the relatively few discrete supramolecules made from
resulted in polymer formation. However, when excess free acid . . . L ) -

ot 1 ; ambidentate ligands via coordination-driven transition-metal-
1b (M = H") was used, th&X(*H} NMR spectrum displayed mediated self-assembly. These results also provide further
one predominant peak at 8.8 ppm consistent with an open-chain,_ . hts into th d)'/. tion dri if P bl
structure composed of one clip with two pyridine-bound INSIgts Into the coordination driven Seli-assembly process.
Moreover, they demonstrate that ambidentate ligands can be

used in the self-assembly of discrete metallacycles with some

(22) CS Chem3D Ultra 7.0,0CambridgeSoft Corp., 2001.
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Figure 4. ESIMS of 3c.

to the residual protons of acetodg-(2.05 ppm) and an external,
unlocked sample of #PO, (0.0 ppm), respectively. ESI mass spectra
were recorded on a Micromass Quattro Il triple-quadrupole mass
\ o spectrometer with Micromass MassLynx operating system. Elemental
W } {}'{} analyses were performed by Atlantic Microlab, Norcross, GA.
X-ray Data Collection, Structure Solution, and Refinement A
14.7 7.5 yellow prism-shaped crystal da (0.30 x 0.25 x 0.20 mm) was
.’. mounted on a glass fiber with traces of viscous oil and then transferred
{}Q to a Nonius KappaCCD diffractometer equipped with Ma kadiation
l (A =0.71073 A). Ten frames of data were collected at 150(1) K with
}_. F

an oscillation range of 1 deg/frame and an exposure time of 20 s/ffame.
Indexing and unit cell refinement were based on all observed reflection
E from those 10 frames. The structure was solved by a combination of
direct and heavy-atom methods using SIR®Il of the non-hydrogen
atoms were refined with anisotropic displacement coefficients. Hydro-
gen atoms were assigned isotropic displacement coefficléftiy =
M I4 5 1.2U(C) or 1.8J(Cmethyl), and their coordinates were allowed to ride
on their respective carbons using SHELXL3The weighting scheme
employed wasv = 1/[0%(Fo?) + (0.146P)% + 26.961P), whereP =
(Fo? + 2FA)/3. Scattering factors were taken from thgernational
Tables for CrystallographyVolume C?82° The disordered assembly
is sitting on an inversion center.
General Procedure for the Preparation of Assemblies 2 and 3.
The platinum accepto#( 9 umol; 5, 5 umol) and ambidentate ligand
1 (1 equiv) were placed in a 1-dram vial. Acetodef0.5 mL) and
D,O (0.5 mL) were added. The vial was sealed with Teflon tape and
the reaction stirred at room temperature 2ch (4) or heated in an oil
bath at 60°C for 2.5 h ). NMR spectroscopy was used to follow the
progress of the reaction. In all cases (ex@g)texcess KPFwas added

G

Figure 5. Possible intermediates leading2b optimized with the MM2
force field simulatior?? All distances are in A. Atom key: green, Pt; pink,
P; blue, N; red, O; gray, C. Hydrogens are omitted for clarity.

predictability as a consequence of preferred self-recognition due
to charge separation as well as strain.

Experimental Section

Methods and Materials. Isonicotinic acid was purchased from (25) COLLECT Data Collection Softwaionius B.V., 1998
Aldrich. The free acid of1c®® was synthesized by the published (26) Altomare, A.; Burla, M. C.: Camalli, M.; Cascarano, G.; Giacovazzo, C.:
procedure. These acids were dissolved in an aqueous solution containing ~ Guagliardi, A.; Moliteni, A. G. G.; Polidori, G.; Spagna, BIR97 (Release
1 equiv of the appropriate alkali metal hydroxide. Evaporation of the 1.02)—A program for automatic solution and refinement of crystal strugture

N, . 1997.
solvent afforded a quantitative recovery af Ligand 1b* and (27) Sheldrick, G. MSHELX97 [Includes SHELXS97, SHELXL97, CIFTAB]
organoplatinum compound4?* and 52' were prepared as reported. Programs for Crystal Structure Analysis (Release 9742jiversity of

Deuterated solvents were purchased from Cambridge Isotope Labora-(,g) %?;;{‘ggh‘?”b??{rf‘i;‘gajﬁ‘g; W. J. linternational Tables for Crystal-

tories. All NMR spectra were recorded on a Varian Unity 300 lography: Mathematical, Physical and Chemical TabMélson, A. J. C.,

spectrometefH and3P{*H} NMR chemical shifts are reported relative Egg_ggg’ve" Dordrecht, The Netherlands, 1992; Vol. C, Chapter 4, pp

(29) Maslen, E. N.; Fox, A. G.; O’Keefe, M. A. linternational TabI‘es for

(23) Gong, Y.; Pauls, H. WSynlett200Q 829.

(24) Kuehl, C. J.; Tabellion, F. M.; Arif, A. M.; Stang, P. @rganometallics

2001, 20, 1956.

Crystallography: Mathemetical, Physical and Chemical Tapl&&son,
A.J. C., Ed,; Kluwer: Dordrecht, The Netherlands, 1992; Vol. C, Chapter
6, pp 476-516.

J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004 16573
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to precipitate the product, which was collected, washed with water,

and then dried in vacuo.

2a yield 92%;H NMR (acetoneds/D,O, 300 MHz)d 8.89 (m,
4H, Hy—py), 7.79 (M, 4H, H_py), 1.98 (M, 24H, PCH), 1.26 (m, 36H,
PCH,CHs); 3'P{'H} NMR (acetoneds/D-0, 121 MHz)d 6.65 (d,2Jp_p
= 21.2 Hz,'%pt satellitesJpi p = 3208 Hz, PCHCH), 2.05 (d,2Jp-p
= 21.3 Hz!%Pt satellitesJprp = 3511 Hz, PCHCH3), —142.7 (septet,
1Jp-|: =707 Hz, PEf) Anal. Calcd for GgHesF12N2O4PsPh: C, 30.95;
H, 4.91; N, 2.01. Found: C, 31.06; H, 5.00; N, 2.02.

2b: yield 97%;'H NMR (acetoneds, 300 MHz) 6 8.93 (m, 4H,
Ho—py), 7.95 (d,3] = 5.8 Hz, 4H, H-py), 7.81 (d,%J = 8.6 Hz, 4H,
Hpheny), 7.75 (d,3] = 8.6 Hz, 4H, Heny), 2.06 (M, 24H, PCh), 1.33
(m, 36H, PCHCH3); 3'P{*H} NMR (acetoneds, 121 MHz)d 6.79 (d,
2Jp-p = 21.6 Hz,'%Pt satellitesJp—p = 3238 Hz, PCHCH), 1.84 (d,
2Jp_p = 21.3 Hz,'9Pt satellitesJp—p = 3468 Hz, PCHCH3), —142.7
(septet, Jp-_r = 707 Hz, PE"). Anal. Calcd for GgH7zeF12N204PsPE:
C, 37.22; H, 4.95; N, 1.81. Found: C, 37.57; H, 5.09; N, 1.73.

2c. yield 95%;'H NMR (acetoneds, 300 MHz) 6 8.97 (m, 4H,
Ha-py), 7.79 (M, 4H, Hheny), 7.71 (dd3 = 6.7 Hz,4J = 1.0 Hz, 4H,
Hg-py), 7.51 (M, 4H, Hheny), 2.05 (M, 24H, PCh), 1.32 (m, 36H,
PCH,CHa); 3'P{'H} NMR (acetoneds, 121 MHZz) S 7.47 (d,2Jp-p =
21.4 Hz, 9%t satellitesJpr—p = 3228 Hz, PCHCH3), 2.15 (d,2Jp-p =
21.5 Hz1%pPt satellites dpr-p = 3446 Hz, PCHCH5), —142.7 (septet,
p_g = 707 Hz, PEf) Anal. Calcd for GaH76F12N204PsPH,0: C,
38.67; H, 4.87; N, 1.73. Found: C, 38.44; H, 4.79; N, 1.67.

3a yield 94%;H NMR (acetoneds/D,0O, 300 MHz) ¢ 9.83 (s,
2H, Hg), 9.72 (d,3) = 5.5 Hz, 2H, H_py), 9.18 (d,3) = 5.4 Hz, 2H,
Hu—py), 8.38 (M, 4H, H_p,), 8.31 (s, 2H, Ho), 7.69-7.59 (m, 8H,
Ho457, 7.13 (1,30 = 6.9 Hz, 2H, H or He), 7.06 (t,%J = 6.9 Hz, 2H,
He or Hg), 1.51 (m, 48H, PCh), 0.87 (m, 72H, PChCH3); 31P{H}
NMR (acetoneds/D;0, 121 MHz)d 12.77 (s,1°Pt satellites}Iprp =
2855 Hz, COG-Pt—PCHCH), 7.38 (s,1°Pt satellitesiJpr-p = 2686
HZ, Py—Pt_PCHch:,') Anal. Calcd for Q8H144N4010P3PT4'3H201 C,
42.27; H, 6.05; N, 2.24. Found: C, 42.04; H, 5.75; N, 2.21.

16574 J. AM. CHEM. SOC. = VOL. 126, NO. 50, 2004

3b: yield 93%;'H NMR (acetoneds, 300 MHz) 6 10.06 (s, 2H,
Ho), 9.96 (d,2J= 6.1 Hz, 2H, H-p,), 9.14 (d,2) = 5.8 Hz, 2H, H:—py),
8.39 (M, 8H, H_py, Higand Hpeny), 8.03 (d,J = 8.3 Hz, 4H, Hyeny),
7.92 (d,2J = 6.2 Hz, 2H, H—py), 7.78-7.67 (M, 8H, Has9, 7.19 (t,
8= 7.6 Hz, 2H, H or He), 7.12 (t,3J = 7.6 Hz, 2H, H or Hs), 1.68
(m, 48H, PCH), 0.98 (m, 72H, PCECHa); 3P{*H} NMR (acetone-
ds, 121 MHz) 6 13.00 (s,'9%Pt satellites}prp = 2910 Hz, COG-
Pt—PCHCHs), 8.00 (s,'%%Pt satellites,\Jpr-p = 2699 Hz, Py-Pt—
PCH.CH,), —142.7 (septetlJe—r = 707 Hz, PE). Anal. Calcd for
CiroH1sF12N204P1 0Pl C, 43.45; H, 5.54; N, 1.01. Found: C, 43.21;
H, 5.53; N, 0.96.

3¢ yield 97%;'H NMR (acetoneds, 300 MHz) 6 10.08 (d,%J =
5.7 Hz, 2H, H_py), 9.95 (s, 2H, K, 9.10 (d,2J = 5.7 Hz, 2H, Hi—p)),
8.38 (s, 2H, Ho), 8.30 (M, 4H, Hheny), 8.00 (dd3)=5.7 Hz,4J= 1.8
Hz, 2H, Hs-py), 7.88 (M, 4H, Hheny), 7.81 (dd,3) = 5.7 Hz,4J = 1.8
Hz, 2H, Hy—py), 7.76-7.67 (M, 8H, H4s), 7.18 (dd,2) = 8.2 Hz,3J
= 7.0 Hz, 2H, H or Hg), 7.11 (dd,3J = 8.0 Hz,3J = 6.8 Hz, 2H, K
or Hs), 1.67 (m, 48H, PCh), 0.95 (m, 72H, PCkCH3); 3*P{*H} NMR
(acetoneds, 121 MHz) 6 12.43 (s,'%Pt satellites Jprp = 2915 Hz,
COO-Pt—PCH,CHj), 7.70 (s,'Pt satellites}Jpp = 2695 Hz, Py~
Pt—PCH,CHs), —142.7 (septettJp_r = 707 Hz, PE"). Anal. Calcd
for CiodHisF12N04P1oPY-H,0: C, 44.13; H, 5.48; N, 0.99. Found:
C, 43.88; H, 5.44; N, 0.97.
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