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We report herein the supramolecular assembly and spectroscopic and luminescent properties of gold(l) complexes
of diphosphines (dppm [bis(diphenylphosphino)methane], dppp [1,3-bis(diphenylphosphino)propane], and dpppn
[1,5-bis(diphenylphosphino)pentane]) and N,N'-bis-4-methylpyridyl oxalamide (L). The dppm and dppp cases form
the rectangular structures, [dppm(Auz)L]2(ClO4)4 and [dppp(Auz)L]2(ClO4)4, with four gold(l) ions at the corners, as
well as two L and two dppm or dppp ligands as edges, featuring 38- and 42-membered rings for the former and
the latter, respectively. Remarkably, the packing of the dppp complexes shows interesting one-dimensional rectangular
channels in the solid state, most likely due to intermolecular sz--+sr interactions. The dpppn complex has been
structurally characterized as a one-dimensional coordination polymer, { [(dpppn)ss(Au7)Lss](PFs)7} . The absorptions
and emissions of the compounds are in general due to intraligand transitions, but aurophilic or sz-+-7 interactions
could also make partial contributions. The dipyridyl amide system with the amides incorporated into the bridging
ligands as well as the one-dimensional rectangular channels in the solid state for the dppp-based rectangle make
this a promising family of metal-containing cyclic peptides in crystal engineering and molecular-recognition studies.

Introduction isolated and structurally characterized. A paradigm example

. o . of a supramolecular system, [(en)Pd(4py)]ls(NOs)s
The widespread use of the coordinative-bond approach N (en= ethylenediamine, 4,bpy = 4,4-bipyridyl), was first

the construction of supramolecular coordination compounds reported by Fuijita et af2 and its molecular structure was

by self-assembly is well establishéo far, a wide range  yetermined by X-ray diffraction to be a molecular squire,

of one-, two-, and thréee-dlmensm_nal infinite solid-state hich is the most common structure for cyclic molecules
coordination architecturéas well as discrete supramolecular 5<aq on multimetallic coordination chemistry achieving

structures (i.e., triangles, squares, rectangles; &ve been  4ity alignment and channel formation in the solid state.
Remarkably, [Re(CQX(diimine)]s (X = Cl, Br; diimine =
chebct@ pyrazine, 4,4-bipyridine, or other linear spacers) complexes
represent another interesting family of neutral molecular
squares with tunable cavity sizes depending on the linear
spacers usetiMoreover, Hupp et al have also obtained Mn-
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() and Re(l) rectangles via a two-step synthé&sigiere they etry as well as the tendency for gold(l) ions to aggregate in

found that chelating ligands were necessary for the formation the solid state are expected to contribute to the formation of
of stable rectangles. Their attempts to obtain rectangularnovel supramolecular structures. Thus, the pioneering work
structures instead by using mixtures of short and long of Puddephatt has opened the door to the construction of a
nonchelating ligands (spacers) such as pyrazine arld 4,4 novel family of gold(l)-containing supermolecules.

bipyric_iine invariably failed, with quantitative disproport@on— Amides have proven to be very useful in self-assembly
ation into small and large molecular squares. In addition, a processes through hydrogen bonding, and the assembled
handful examples of Re(l)-based rectangles were also, oqycts are relevant to biological systems. Remarkably,
reported by Lu and co-workers by a two-step Synthesis or gpaqirj et al. first published their delicate work in 1994
one-pot preparatiohApplications including chemical siev- 045 ing the formation of nanotube frameworks with a
ing, chemical sensing, and catalysis based on squaresyismeter of 1.3 nm built from polypeptide bonds as basic
rectangles, and related supermolecules have been found, angubunits as well as through inter-ring NHD=C hydrogen

sorlne Tomplexes hhaveb shown tr? xqtm&; tﬁfféct‘ﬁlhllel i Ibondsl.2 These nanotubes represent a new and important class
molecular squares have been Synthesized, there are relativelyc . tional materials. In this context, we initiated the study

few molecular rectangles. - . . : . :
. of metal-containing cyclic amides, featuring cyclic peptides.

Thkebprog.ens.n); for ct!osedl—shgﬂwtold(l) ce_n;[ersfto have Recently, there has been much interest in molecular loops,

weak bonding interactions, leacing 1o a variety of supramo- triangles, or squares, assembled through coordination chem-

!ecular gold(h cqmpounds_ with novel structgral and. Intrigu istry. However, the stacking has usually been unpredictable,
ing spectroscopic properties, has been an interesting aspec : !

. 9 ) . . . ~~"and so the discovery of stacked supermolecules in these
of gold chemistn?® These interactions are typically identi- o O .
: . ) . systems has often been serendipitous. This is particularly
fied by means of X-ray diffraction studies, where : - :

. important to search for the driving force in supramolecular

gold(l)---gold(l) distances are less than or close to the sum

of the van der Waals radii (3.32 AJ.The presence of systems to direct the macrocyclic molecules to stack into

aurophilic contacts may be recognized not only by short gold- the_ well-ordered one_—dln_"lensmnal ch_annel structures in the
(I)---gold(l) distances and novel structural features, but also SO'_'d state and/or thin films. By taking _advantage of the
by intriguing electronic absorption and luminescent proper- Uniform channel structures, the selective VOC (volatile
ties. Puddephatt et al. have recently further demonstrated the?"9anic compounds) sensing and size-selective transport
application of aurophilicity in the construction of supra- ProPerties by molecular thin-film materials reported by Hupp
molecular gold(l)-containing rings and catenanes by a self- etal. may prove us_eful in s.ubs.equent c.:atallytlc,- ultrafiltration,
assembly proceda The potential for two-coordinate geom- ~and chemical sensing applicaticiiBhe biomimetic approach
to organization of molecular loops and other macrocyclic
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Supramolecular Assembly of Gold(l) Complexes

Experimental Section

General Information. All reactions were performed under a

instead of LiClQ. Recrystallization of the crude product by
diffusion of diethyl ether into a methanol/dimethylformamide
solution afforded colorless crystals with a 65% yiéld. NMR (400

nitrogen atmosphere, and solvents for syntheses (analytical grade}\/IHZ DMSO-ds, 25 °C): & 1.58 [m, 3H,—CH,CH,CH,—], 2.74

were used without further purificationCéution: Perchlorate salts
are potentially explogie and should be handled with care and in
small amounty NMR data were obtained on a Bruker DPX 400
MHz NMR, using deuterated solvents with the usual standards.
UV—vis spectra were recorded on a Perkin-EImer Lambda 19

spectrophotometer and steady-state emission spectra on a SPE
Fluorolog-2 spectrophotometer. Solvents for photophysical studies

were purified by literature methods, and solutions for photophysical
experiments were degassed by at least four frepmenp—thaw
cycles. N,N'-Bis-4-methylpyridyl oxalamide was prepared by a
literature method?

Synthesis. [L(AUPPh),](ClO 4),, 1. The reaction of. (13.5 mg,
0.05 mmol) dissolved in CKCl,/MeOH (1:1, 25 mL) with AuPPh
(NO3) [obtained from AuCI(PP§) (49 mg, 0.1 mmol) and AgN®
(20.4 mg, 0.12 mmol) in CkCl,/MeOH (1:1, 25 mL)] at room
temperature fo4 h gave a colorless solution. The solution was
filtered, and the filtrate was concentrated to ca. 5 mL. Addition of
excess LiCIQyielded a white solid. Recrystallization of the crude
product by diffusion of diethyl ether into a dimethylformamide
solution afforded colorless crystals with a 70% yiéld. NMR (400
MHz, DMSO-dg, 25 °C): 6 4.53 [d, 2H, NGH;], 7.66 [m, 17H,
PPk + (CH),C], 8.82 [d, 2H,—N(CH);], 9.58 [t, 1H,—NH]. 3P
NMR shows a singlet at = 30.07 ppm. FT-IRvyy = 3237 cn1l,
Vc—o = 1697 CfTTl, ve—o = 1081 cntl, ESI-MS: [M - (2 X
ClOg)], me 594.2, 6%. Anal. Calcd (%) for £gHssAu,-
CI,N4O10P,: C, 43.28; H, 3.20; N, 4.04. Found (%): C, 42.93; H,
3.29; N, 4.21.

[dppm(Au2)L] 2(ClO4)4, 2. The reaction of. (27 mg, 0.1 mmol)
dissolved in CHCI,/MeOH (1:1, 25 mL) with dppm(AuNg),
[obtained from dppm(AuC})(85 mg, 0.1 mmol) and AgN&(37.4
mg, 0.22 mmol) in CHCI/MeOH (1:1, 50 mL)] at room temper-
ature fa 4 h gave a colorless solution. The solution was filtered,
and the filtrate was concentrated to ca. 5 mL. Addition of excess
LiClO, yielded a white solid. Recrystallization of the crude product
by diffusion of diethyl ether into a dimethylformamide solution
afforded colorless crystals with a 75% yieltH NMR (400 MHz,
DMSO-ds, 25°C): 6 4.59 [d, 2H, NGH;], 4.72 [t, 1H, PGy, 7.44—
7.88 [m, 10H, PP4,7.53 [d, 2H, (tH).C], 8.62 [d, 2H,—N(CH),],
9.85 [t, 1H,—NH]. 3P NMR shows a singlet at = 29.28 ppm.
FT-IR: vyy = 3311 CnTl, Ve—o = 1671 CnTl, vel—o = 1088 cnTl,
ESI-MS: [M — (4 x ClO4)], me=524.7, 100%); [M— (2 x ClOy)],
m/e = 1148.8, 6%. Anal. Calcd (%) for £H72Au4ClsNgOx0P4: C,
37.55; H, 2.91; N, 4.49. Found (%): C, 37.87; H, 3.09; N, 4.11.

[dppp(Au2)L] 2(ClO4)4, 3. This was synthesized by a method
similar to the preparation & Recrystallization of the crude product
by diffusion of diethyl ether into an ethanol/dimethylformamide
solution afforded colorless crystals with a 65% yiéld. NMR (400
MHz, DMSO-dg, 25 °C): 6 2.04 [s, 1H,—CH,—], 3.09 [s, 2H,
PCH,], 4.56 [d, 2H, NCH,], 7.58-7.90 [m, 12H, PPh+(CH).C ],
8.64 [d, 2H,—N(CH),], 9.61 [t, 1H, —NH]. 3P NMR shows a
singlet atd = 26.72 ppm. FT-IRyyy = 3334 cnT?, ve—o = 1679
cm L, ve_o = 1092 el ESI-MS: [M — (4 x ClOy)], mle =
538.2, 51%; [M— (2 x ClOy4)], mle = 1221.6, 64%. Anal. Calcd
(%) for ngHgoAU4C|4NgOzoP4: C, 38.61; H, 3.16; N, 4.39. Found
(%): C, 38.87; H, 3.01; N, 4.51.

{[(dpppn)3s(Au7)L35(PFe)7}, 4. This was also synthesized by
a method similar to the preparation 2f except using NgPFs

(14) Fraser, C. S. A;; Eisler, D. J.; Jennings, M. C.; Puddephatt,Ghen.
Commun2002 1224.

[t, 2H, PCH], 4.49 [d, 2H, NGH,], 7.55-7.92 [m, 12H, PPh
+(CH).C], 8.78 [d, 2H,—N(CH)_], 9.60 [t, 1H,—NH]. 3P NMR
shows a singlet at = 29.22 ppm. FT-IRvyy = 3365 cnTl, vc—o
= 1679 cnmtl. Anal. Calcd (%) for Gso H154AU7F1oN1407P14: C,

)%7.03; H, 3.18; N, 4.02. Found (%): C, 36.82; H, 3.57; N, 4.39.

X-ray Crystallography. Suitable crystals were mounted on glass
capillaries. Data collection was carried out on a Bruker SMART
CCD diffractometer with Mo radiation (0.71073 A) at 273 K fbr
and 150 K for2-4E40, 3-2H,0-4EtOH, and4-H,0-2CH;OH-
5CsH/NO, respectively. A preliminary orientation matrix and unit
cell parameters were determined from 3 runs of 15 frames each,
each frame corresponding to 0.8can in 15 s, followed by spot
integration and least-squares refinement. Data were measured using
anw scan of 0.3 per frame for 20 s until a complete hemisphere
had been collected. Cell parameters were retrieved using SMART
software and refined with SAINFP on all observed reflections. Data
reduction was performed with the SAINT software and corrected
for Lorentz and polarization effects. Absorption corrections were
applied with the program SADAB®.The structure was solved by
direct methods with the SHELX93program and refined by full-
matrix least-squares methods Bhwith SHEXLTL-PC V 5.03!8
All non-hydrogen atomic positions were located in difference
Fourier maps and refined anisotropically. The hydrogen atoms were
placed in their geometrically generated positions. Detailed data
collection and refinement of the four complexes are summarized
in Table 1. Selected bond distances and angles are summarized in
Table 2. Hydrogen bonds in the structures of compléx@s4EtO,
and3-2H,0-4EtOH are given in Table 3.

Results and Discussion

Complexesl, 2, 3, and 4 were prepared by treating
AuPPR(NO3) or PP(AuNQ), (PP = dppm, dppp, dpppn)
with L in CH,Cl,/MeOH, with yields of 65-75% (Schemes
1 and 2). Suitable single crystals with solvates (exckept
without any solvate) were grown by ether diffusion into a
DMF solution forl and for2, an ethanol/DMF solution for
3, and a methanol/DMF solution fdr All of the compounds
are formed by self-assembly reactions, and the isolated
products are colorless and luminescent both in solution and
in the solid state. Whereas a related system had been
previously reported by Puddephatt et al. on luminescent gold-
(1) macrocycles with diphosphines and'4p#yridyl ligands!®
where the dppm, dppp, and dpppn all form rectangular
structures in the solid state with diphosphines havirsyma
conformation, the dipyridytamide systems reported here
with the amides incorporated into the bridging ligands feature
interesting metal-containing cyclic peptides.

(15) SMART V 4.043 Software for the CCD Detector Syst8iamens
Analytical Instruments Division: Madison, WI, 1995.

(16) SAINT V 4.035 Software for the CCD Detector SystSiemens
Analytical Instruments Division: Madison, WI, 1995.

(17) Sheldrick, G. MSHELXL-93, Program for the Refinement of Crystal
Structures University of Gottingen: Gottingen, Germany, 1993.

(18) SHELXTL 5.03 (PC-Version), Program Liberary for Structure Solution
and Molecular GraphicsSiemens Analytical Instruments Division:
Madison, WI, 1995.

(19) Brandys, M.-C.; Jennings, M. C.; Puddephatt, RJ.JChem. Soc.,
Dalton Trans.200Q 4601.
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Table 1. Crystallographic Data fot, 2-4EtO, 3-2H,O-4EtOH, and4-H,0-2CH;OH-5C3H;NO

Tzeng et al.

1 2:4ELO 3-2H,0-4EtOH 4-H,0-2CH;OH-5C3H/NO
empirical formula GoHa4AU2CIoN4O10P2 CoaH112AU4Cl4NgO24P4 CooH110AU4Cl4NgO26P4 Ci67.3H199AU7F42N19 O15P14
fw 1387.69 2791.51 2773.45 5328.82
cryst syst triclinic triclinic monoclinic monoclinic
space group (No.) P1 P1 P2,/c C2lc
a(A) 9.661(2) 13.1777(2) 14.6031(3) 42.8041(11)

b (A) 13.856(3) 14.5761(2) 26.1358(5) 30.9919(8)
c(A) 22.7057(7) 15.4089(2) 14.9999(3) 31.2315(8)
o (®) 73.873(3) 88.3923(9) 90 90
B 76.235(3) 83.1850(8) 119.0110(9) 106.499(1)
y (°) 67.152(3) 67.5237(9) 90 90
v ) 1247.4(4) 2715.1(1) 5006.59(17) 39725.1(18)
z 2 1 2 8
pealed (g N1 3) 1.847 1.704 1.838 1.778
F(000) (e) 674 1366 2712 20720
1 (Mo Ko) (mm~2) 6.107 5.613 6.090 5.363
T(K) 295(2) 150(1) 150(1) 150(1)
2 (A) 0.71073 0.71073 0.71073 0.71073
reflns collected 14966 44752 25659 163254
indep refins 5919I'\Qm— 0.030) 12439Rn: = 0.055) 7963 Rnt = 0.065) 34998Ri,= 0.081)
obsd refins o = 20(Fo)) 5919 12439 7963 34998
refined params 337 563 594 2233
GOF onF? 1.025 1.103 1.044 1.013
R2R.A(I = 20(1)) 0.036, 0.076 0.060, 0.169 0.049, 0.126 0.082, 0.189
Rz2 R, (all data) 0.047,0.080 0.090, 0.188 0.071,0.141 0.133,0.224
ofin (Max/min) (e A3) 0.976/-0.400 2.718+1.631 2.95442.748 5.626+4.136
AR = J|[|Fol — IFcll/ZIFol. PWR2 = [SW(|Fo|? — [F?) 3 w|Fo[?]*2
Table 2. Selected Bond Distances (A) and Angles (deg) o2, 3, Scheme 1
and4 Ph;P—Au—NO;
compd phop—au—c ANORT20 oy RT,2h
CH,Cl,/MeOH
1 AuL)-N(L) 2078(3)  Au(l}PQ) 2.2359(11) AV N S G R
N(1)—-Au(1)-P(1)  174.68(11) NS0
2 Au(l)-N(1) 2.080(7)  Au(1)}P(1) 2.235(2)
Au(2)—N(2) 2.088(6)  Au(2-P(2) 2.239(2)
Au(1)—Au(2) 3.1484(4) ok 2t
N(1)-Au(1)-P(1) 171.3(2) N(2rAu(2)-P(2) 175.41(18) PhsPAu—Np—~ XN\_CN—AUPP},; LiClO,
3 Au(l)-N(1) 2.081(7)  Au(1)}-P(1) 2.231(2) o
Au(2)-N(4) 2.074(7)  Au(2-P(2) 2.237(2) 1
N(1)—Au(l)-P(1) 175.66(17) N(&YAu(2)—P(2) 177.48(19)
4 Au(1)-N() 2.077(11)  Au(1)>-P(1) 2.229(3) Scheme 2
Au(2)—N(2) 2.068(11)  Au(2}P(2) 2.235(4) PhaP—AUCI {0 RT.2h PhyP=AUNO; RT.2h
Au(3)-N(5) 2.087(14)  Au(3)-P(3) 2.239(5) (10 Y WHaCY + ND« 3; i U
Au(4)—N(6) 2.063(16)  Au(4)P(4) 2.229(4) PhaP—AuCl T2 O Ph,P—AUNO; e
Au(5)—N(9) 2.073(15)  Au(5>-P(5) 2.229(5)
Au(6)—N(10) 2.096(15)  Au(6)-P(6) 2.231(4) - "
Au(7)—N(13) 2.044(13)  Au(7yP(7) 2.216(4) D0 N, S ;|
WA D Mena P
N(5)—Au(3)—P 178.2(4 N(4rAu(4)—P(4 173. — Au— —Au—
N(9)—Au(5)—-P(5) 177.7(4)  N(10YAu(6)—P(6) 179.6(6) PhP—Au—NTD— I(rC’N Au—pPh,
N(13)-Au(7)—P(7) 177.4(5) 2n=1:3 03
Table 3. Hydrogen Bonds in the Structures bf2, and3? PP —Au— QOI {N—Au—PPhj
D—H---A ((—4”7)“
complex D-H---A (A) D—H(A) H--AR) D-AA) (deg) Ph»P—Au—N}OX e N—Au—pfh, NHPFs
1 N(2)—H(2A)-+-O(5)® 0.86 2.352  3.020(7) 134.8 "(Hzl(’:lz-,l’—Au—ND—\ I {N—Au—l’l’ln
2 N(3)—-H(3A)--O(2A)» 0.88 2.094 2.855(10) 144.3
N(4)—H(4A)---O(6A)®  0.88 2.346 3.163(13) 1545 4n=5
3 N(3)—H(3A)--O(1A)®  0.88 2.029  2.810(10) 1475 and Au-N distances [2.044(13)2.096(15) A] fall in the
N(2)—H(2A)--O(6A)®  0.88 2.062 2.848(12) 148.4

normal range and are also comparable to those values
reported by Puddephatt et ‘dlAny close intermolecular
gold(l)---gold(l) contact seems to be prevented by the bulky
Description of Crystal Structure. Perspective views of  phosphine ligands for the four gold(l) compounds studied
complexesl, 2, 3, and4 are shown in Figures - 4, here.
respectively. The gold(l) centers are all two-coordinate, each As shown in Figure 1a, complekis a dinuclear gold(l)
coordinating to pyridyl and phosphine groups in an almost compound withL acting as a bridging ligand. Each gold(l)
linear geometry with PAu—N angles ranging from 171.3(2)  center also coordinates to one triphenylphosphine. Interest-
°t0 179.6(6). The Au—P distances [2.216(4)2.239(2) A] ingly, there are weak intermoleculaf-- stacking interac-
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a Symmetry positions of atoms A: ()t x, 1 +vy, z (b) 1 — x, —y,
Zz@1l=-x1-y—zd1l-x1-y1l-z(@-Xx1l-y -z
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Figure 1. (a) Molecular structure ofl-(ClOg4), with ORTEP diagram
showing 50% probability ellipsoids. (b) The molecular packing showing
sr-++7r interactions leading to the formation of one-dimensional chains.

Figure 3. (a) Molecular structuredd with ORTEP diagram showing 50%
probability ellipsoids. (b) The molecular packing showing one-dimensional

Figure 2. Molecular structureo with ORTEP diagram showing 50% > h
channel structures in the solid state.

probability ellipsoids.

tions (centroid to centroid distance: 3.954 A; angle between

centroid— centroid vector and any normal to pyridyl rings:

ca. 27.8),%° between two parallel pyridyl rings leading to

the formation of a one-dimensional chain structure as Figure

1b. However, the centroid to centroid distance of 3.954 A

seems somewhat long, possibly due to packing forces

(dispersion interactions). Hydrogen-bonding interactions

between the amide moiety af and the G-ClO;~ anion

[N(2)—H(2A)---O(5), N(2):-O(5) 3.020(7) A] are observed

in the solid state. The rodlike structure dfhas a P-P

distance of 20.85 A. Figure 4. Molecular structureof catiod shows one-dimensional chain
The combination of PP(AuN£), (PP = dppm or dppp)  Structure.

and 1 equiv oL is a rational design of molecular rectangles

(or macrocycles), where the dppm and dppp are both

anticipated to adopsyn conformations in this assembly

process. Indeed, molecular rectangles Dfand 3 are

successfully synthesized, isolated, and characterized, an

their crystal structures have been determined by X-ray

diffraction studies at 150 K. The perspective views of

complexes2 and 3 are shown in Figures 2 and 3a,

respectively. Complex catichadopts a rectangular structure,

featuring a 38-membered ring with four gold(l) ions at the

corners as well as twa and two dppm as edges. The
transannular Au(3)-Au(2) distance is 3.1484(4) A, which
is less than the sum of the van der Waals radii of gold(l)
dons (3.32 A), indicating the presence of aurophilic interac-
tions. Although the distance is slightly longer than the values
of 3.1061(8) and 3.0841(8) A in the 48ipyridyl analogué?
this could be reconciled by the oxygen atom of the triflate
anion simultaneously binding to two gold(l) centers of the
dppmAuw moiety. The amideamide hydrogen bonding is
present inside the rectangle, where two inwardHNgroups
(20) Janiak, CJ. Chem. Soc., Dalton Tran200Q 3885. are each hydrogen-bonded to the inwarec@ groups.
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Additionally, two outward N-H groups are each hydrogen-
bonded to G-CIO;~ [N(3)—H(3A)---O(2A), N(3)---O(2A)
2.855(10) A; N(4y-H(4A):+-O(6A), N(4)--O(6A) 3.163(13)
A]. The area inside the rectangular cavity is roughly 3x05

Tzeng et al.

metry element for dpppn, but the last one has a 2-fold axis
passing through the center of dpppn. Thus, the repeating units
of [(dpppn)(Aw)L](PFs). for each of the three independent
polymer chains, and of [(dpppi(Au)L o 5](PFs) for the last

20.81 A& based on the distances between the P atoms. Thereone, constitute an asymmetric unit. The four polymer chains

are also weak intramolecular---7 stacking interactions
between pyridyl or phenyl rings (centroid to centroid
distances: 4.025 A for pyridyl pairs and 3.753 A for phenyl
pairs; dihedral angles between two pyridyl or phenyl rings:
32.5 for pyridyl pairs and 17.24for phenyl pairs; angles
between centroid— centroid vector and any normal to
pyridyl rings: ca. 20.7 for pyridyl pairs and ca. 13%for
phenyl pairs¥° Since there is deviation from parallel for the
dihedral angles (32°&and 17.4), C—H---x interactions can
also be used to rationalize these stacking interacfibns.
Unfortunately, complex2 cannot form one-dimensional

do not pack parallel to each other, and the conformation of
independent polymer chains shows little difference. However,
the supramolecular assembly of similar ligand systems
resulting in different structural frameworks is not
uncommon:#221The difference in the structural motifs may
be due to the more flexible backbone torcompared with
the 4,4-bipyridyl moiety and/or packing forces, and thus the
dpppn is forced to adopt aanti conformation in complex
4.

The Pk~ salts of dppm and dppp have also been isolated
and characterizédto compare with those of the CjOsalts.

rectangular channels in the solid state as the Re(l)-basedAlthough the crystal structures of the relatedsPBalts

rectangles reported by Lu et @However, this is a rare
example which simultaneously exhibits a variety of weak
interactions within a single molecule.

Cation 3 also adopts a rectangular structure, featuring a
42-membered ring with four gold(l) ions at the corners, as

cannot be determined at this moment, the spectroscopic data
did suggest that the structures are independent of the anions.
One possible reason the structures of the dppm and dppp
complexes with rectangular structures are not dependent on
anions (CIQ~ and Pk™) used is that the amideamide

well as two L and two dppp ligands as edges. The hydrogen bonding is present inside the cavity, where two
transannular Au()-Au(2) distance is 5.510 A, indicating  inward N—H groups are each hydrogen-bonded to the inward
the absence of any significant aurophilic interaction. The C=0 groups. This double hydrogen bonding may be

distance is again slightly longer than the value of 5.279(1) expected to stabilize these rectangular structures. Addition-

A in the 4,4-bipyridyl analogué? and this should be also
ascribed to binding interactions between the oxygen atom
of a triflate anion and two gold(l) centers of the dpppAu
moiety. The area inside the rectangular cavity is roughly 5.55
x 20.66 & based on the distances between the P atoms.
Amide—amide hydrogen bonding occurs inside the rectangle,
where two inward N-H groups are each hydrogen-bonded
to the inward G=O groups, and additionally two outward
N—H groups are each hydrogen-bonded toe@O;~ [N(3)—
H(3A)---:O(1A), N(3):-O(1A) 2.810(10) A; N(2)
H(2A)---O(6A), N(2)--O(6A) 2.848(12) A]. The centroid

to centroid distance of 4.171 A for pyridyl rings inside the
cavity seems too long for any possibility of intramolecular
mr---7t interactions. Nevertheless, there exist weak intermo-
leculars--- stacking interactions between the pyridyl rings
(centroid to centroid distance: 3.715 A; dihedral angle
between two pyridyl rings: 1°1 angles between centroid
— centroid vector and any normal to pyridyl rings: ca.
20.6°).2° Unlike that of 2, the packing of catior8 shows

one-dimensional rectangular channels in the solid state as

shown in Figure 3b, and this is most likely ascribed to the
presence of intermolecular--sr interactions.

It is somewhat surprising that, whereas complexesd
3 form molecular rectangles, cati@rnhas been isolated and
structurally characterized as a one-dimensional coordination
polymer as shown in Figure 4 (only one independent polymer
chain shown). In comparison, its 4dipyridyl analogue has
been shown to have a rectangular struct@i€ation4 has
a complex structural framework containing four independent
polymer chains in an asymmetric unit, with alternating
dpppnAu andL Au, units leading to the formation of zigzag
chains. Among them, three polymer chains have no sym-

596 Inorganic Chemistry, Vol. 45, No. 2, 2006

ally, two outward N-H groups are each hydrogen-bonded
to ClO,~ outside the cavity, and thus the anions can show
little effect on the structural conformation.

The supramolecular assembly of diphosphines ldid-
bis-4-methylpyridyl oxalamides studied here is largely
consistent with the bipyridyl systems reported by Puddephatt
et all® A comparison shows that the dppm and dppp
complexes form molecular rectangles in both systems, but
it is surprising that a different structural motif was found
for the two complexes of dpppn. Whereas the bipyridine and
dpppn complexes also gave rise to a rectangular structure,
the more flexibleN,N'-bis-4-methylpyridyl oxalamide and
dpppn complex is a one-dimensional coordination polymer
with a zigzag structure. Actually, the molecular mechanics

(21) (a) Qin, Z.; Jennings, M. C.; Puddephatt, RInbrg. Chem.2003
42, 1956. (b) Tabellion, F. M.; Seidel, S. R.; Arif, A. M.; Stang, P. J.
Angew. Chem., Int. EQ001, 40, 1529. (c) Tabellion, F. M.; Seidel,
S. R.; Arif, A. M.; Stang, P. JJ. Am. Chem. So@001, 123 7740.
(d) Fang, J.; Sun, W.-Y.; Okamura, T.-a.; Zheng, Y.-Q.; Sui, B.; Tang,
W.-X.; Ueyama, N Cryst. Growth Des2004 4, 579. (e) Horikoshi,
R.; Mochida, T.; Kurihara, M.; Mikuriya, MCryst. Growth Des2005

5, 243. (f) Zhang, G.; Yang, G.; Chen, Q.; Ma, J.@yst. Growth
Des.2005 5, 661. (g) Burchell, T. J.; Eisler, D. J.; Jennings, M. C.;
Puddephatt, R. hem. Commur2003 2228.

Data for [dppm(Ab)L]2(PFs)4 follow. IH NMR (400 MHz, DMSO-
ds, 25°C): 6 4.58 [d, 2H, NG|, 4.73 [t, 1H, PQH7], 7.43-7.88 [m,
10H, PPh], 7.52 [d, 2H, (CG4).C], 8.62 [d, 2H,—N(CH)], 9.84 [t,
1H, —NH]. 3P NMR shows a singlet at = 29.26 ppm. ESI-MS: [M

— (4 x PR)], me = 524.7, 85%; [M— (2 x PR)], mle = 1148.8,
16%. Anal. Calcd (%) for €H72AusClaNgO20Ps: C, 34.99; H, 2.71;
N, 4.19. Found (%): C, 34.82; H, 2.52; N, 3.87. Data for [dppp{Au
L]2(PF)4 follow. *H NMR (400 MHz, DMSO#s, 25 °C): 6 2.03 [s,
1H, —CH>—], 3.08 [s, 2H, PEiy], 4.56 [d, 2H, NCGH;], 7.57-7.90
[m, 12H, PPh+(CH).C ], 8.63 [d, 2H,—N(CH)2], 9.62 [t, 1H,—NH].
3P NMR shows a singlet ai = 26.71 ppm. ESI-MS: [M— (4 x
PR)], me = 538.2, 65%; [M— (2 x PR)], me = 1221.6, 16%.
Anal. Calcd (%) for GHgoAusClaNgO20Ps: C, 36.03; H, 2.95; N, 4.10.
Found (%): C, 36.28; H, 2.80; N, 3.95.

(22)
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Table 4. Spectroscopic and Photophysical Datalp®, 3, and4

Aabs(NM)/CHCN e Aent (NM) Jent (NM)
compd (dm®*mol~tcm™Y) solid state (RT)  solution/CHCN
1 232/20700 424,449, 478, 515 462

266/2700
2 263/15700 465 424
3 253/14800 442 423
4 233/20600 427 450
268/2400

a Photoexcitation for both solid state and solution is at-3825 nm.
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Figure 5. The absorption spectra @f(a), 2 (b), 3 (c), and4 (d) measured
in CHsCN at a concentration of 16 M.

calculation®® predicted that, with the bipyridyl ligand, the
dppm and dppp gold(l) complexes would gain stabilization
energies of up te-18 and—10 kcal mot?, respectively, in
the macrocyclic form. However, the corresponding dpppn
complex was found to be stabilized byl kcal mol? in the
macrocyclic form. This energy may be readily compensated
or competitive by any weak interaction present in the solid

160
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40

0 -
T T T T T T T M T T T
350 400 450 500 550 600
Wavelength (nm)

Figure 6. The emission spectra @measured in the solid state (a) and in
CH3CN (b) at a concentration of 18 M upon photoexcitation at 366325
nm.

however, is prevented by band overlappihgZ57 nm; PP
262 nm; dppm, 265 nm). A similar assignment regarding
the high-energy absorptions of a gold{gmido system with
2,2-bibenzimidazolate as a bridging ligand has previously
been made by Che et #l.

On the basis of amideamide hydrogen bonding occurring
inside the rectangle, it was expected that compl@xasd3
would retain their rectangular structures in solution, but
complex 2 shows a red shift410 nm) compared with
complex 3. Since 2 is the only complex which shows
intramolecular gold(Fr-gold(l) interactions in this study, the
red shift is possibly attributed in part to the aurophilic
interaction. With reference to the literature studitthe red
shift in transition energy due to gold{i)gold(l) interactions
is not uncommon in¥—d'° systems, where the 290 nm band
is assigned to the 5d¢d) — 6p(pu) transition in [Auy-

state, and thus the structural change from a macrocycle to adppn‘g]2+ with a gold(ly--gold(l) distance of 2.962(1) A. In

coordination polymer is not unexpect&d2' The N,N'-bis-
4-methylpyridyl oxalamide studied herein has been demon-
strated to increase supramolecular complexity by additional
hydrogen bonding compared with the bipyridyl analogue.
Thus, 2 provides an interesting example in which to
investigate various intramolecular interactions, i.e., hydrogen-
bonding,z---r, and aurophilic interactions, cooperatively
present in the same molecule. In addition, the dipyridyl amide
system with the amides incorporated into the bridging ligands

as well as the one-dimensional rectangular channels in the

solid state foi3 make this family of metal-containing cyclic

peptides interesting candidates for crystal engineering and

molecular-recognition studies.
Spectroscopic and Photophysical Properties. UVVis

fact, the absorption band @ has a tailing to 325 nm, and
this coincides with the above rationale.

Emission Spectra.As representative example, the emis-
sion spectra of compleX measured in the solid state and in
a degassed GJEN solution are shown in Figure 6. The
emission data of all the compounds measured in the solid
state and in solution are compiled in Table 4. Upon
photoexcitation at 306325 nm, complexX2 shows lumines-
cence at 465 and 424 nm in the solid state and in solution,
respectively, at room temperature. With reference to previous
studie$®?® and compared with the emissions of gold(l)
phosphine halides [AuCIPRtand dppm(AuCH luminesce
at 430-460 nm], the 465 and 424 nm emissions are
tentatively assigned to an intraligand transition of phosphines.

Absorption Spectra. Spectroscopic and photophysical data The red shift from 424 nm in CKCN to 465 nm in the solid
are listed in Table 4, and the absorption spectra of complexesstate for2 is also observed fo8 (423 nm in CHCN and
1,2, 3, and4 measured in CbCN are shown in Figure 5.In 442 nm in the solid state). To explain this trend, the structural

general, complexek—4 only show high-energy absorptions  4ata of2 and3 are compared. The distances of 3.280360
at 232-268 nm with a tailing to 3086325 nm. On the basis

of the similarity to those of. and the respective phosphines,
these high-energy absorptions are most likely ascribed to
intraligand transitions in origin, perturbed through coordina-
tion to gold(l) ions. A detailed assignment of such bands,

(23) Tzeng, B.-C,; Li, D.; Peng, S.-M.; Che, C.-M.Chem Soc, Dalton
Trans 1993 2365.

(24) (a) Che, C.-M.; Kwong, H.-L.; Yam, V. W.-W.; Cho, K.-G. Chem
Soc, Chem Commun 1989 885. (b) King, C.; Wang, J.-C.; Khan,
M. N. I.; Fackler, J. P., Jinorg. Chem 1989 28, 2145.
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A (2) and 3.500 A 8) are the shortest distances between the within a single molecule. Remarkably, the packing of the
C (N) and C (N) atoms of the pyridyl or phenyl rings, dppp-based rectangle shows interesting one-dimensional
whereas the values of 4.025/3.753 & @nd 3.715 A 8) rectangular channels in the solid state, and this is most likely
are the centroid to centoid distances between the pyridyl or a contribution from the intermolecular-- interactions. The
phenyl rings. Although the centroid to centoid distances of spectroscopic data suggest that the rectangular structures are
3.753 A @) and 3.715 A 8) are only indicative of the  independent of the anions (GJOand Pk) used. One
presence of weakr - interactiong? the spectroscopic  possible reason is that the amieemide hydrogen bonding
properties modified by these weak interactions are still is present inside the cavity, where two inware-N groups
possible?® Thus, the red shift ascribed to the intramolecular are each hydrogen-bonded to the inward@groups. This
gr--+5r interactions for2 and the intermoleculat:-- interac- double hydrogen bonding may be expected to stabilize these
tions for 3 seems reasonable on the basis of the solid-staterectangular structures. Additionally, two outward—N
structures. ThaR shows a greater red shift relative to that groups are each hydrogen-bonded to £l@utside the

of 3 is consistent with shorter---r distances indicative of  cavity, and thus the anions can show little effect on the
strongern---;r interactions for2. structural conformation.

In contrast to the above trend, the red shift is observed It is somewhat surprising that, unlike the complexes of
from 427 nm in the solid state to 450 nm in degassed dppm and dppp, which form molecular rectangles, the dpppn
CH3CN for 4, and this is a common effect due to the complex has been structurally characterized as a one-
environment® Compoundl shows an emission band at 462 dimensional coordination polymer. The absorptions and
nm in solution and broad and structured emission bands atemissions of the compounds are mostly due to intraligand
424, 449, 478, and 515 nm in the solid state. Indeed, thesetransitions in origin, but the aurophilicity ar -z interactions
emissions are quite comparable to those of the bipyridyl could also play a partial role. In this context, a red shift in
analogues, mostly ascribed to intraligand transitions of emission energies from the solution to solid state for dppm-
phosphines in origid? However, it should be noted that the and dppp-based rectangles has been observed.
possibility of the emissions in this spectral region being from  The dipyridyl amide ligand has been chosen and used as
the Au— phosphines charge-transfer transition could not a bridging ligand instead of the bipyridine studied by
be excluded’ Puddephatt et dP, because the amideamide hydrogen
bonding and flexibility are anticipated to increase the
supramolecular complexity and interactions. The dipyridyl

We report herein the supramolecular assembly and spec-amide system with the amides incorporated into the bridging
troscopic and luminescent properties of gold(l) compounds ligands as well as the one-dimensional rectangular channels
with diphosphines (i.e., dppm, dppp, and dpppn) i - in the solid state for the dppp-based rectangle make this
bis-4-methylpyridyl oxalamide. The compounds are isolated interesting family of metal-containing cyclic peptides prom-
at moderate yields of 6575% and structurally characterized ising candidates for crystal engineering studies, such as the
by crystallographic studies. The dppm and dppp complexesuse of the complex (rectangle) as a ligand after deprotonation
form the rectangular structures with four gold(l) ions at the of the amides, and for molecular-recognition studies, such
corners, as well as twb and two dppm or dppp ligands as as the shape-directed sensing of VOCs or heavy-metal ion
edges, featuring 38- and 42-membered rings, respectively.binding.

The dppm-based rectangle is a rare example of a complex - acknowledgment. We thank the National Science Coun-

exhibiting a variety of weak interactions simultaneously . 3nd National Chung Cheng University of the Republic
of China for financial support.
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