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Abstract: This paper describes expeditious stepwise directed assembly of large homochiral metallocycles
with up to 38 6,6'-bis(alkynyl)-1,1'-binaphthalene bridging ligands (L) and 38 trans-Pt(PEts). ([Pt]) centers
and with cavities as large as 22 nm in diameter. These unprecedented mesoscopic metallocycles are
synthesized by cyclization of different lengths of oligomeric building blocks, L[Pt]»+:1Cl. (m=1, 2, 3,5, 7,
11, 19, and 31) and [Pt],L,H2 (n =1, 2, 3, 4, 5, 6, 10, 18, and 30), and have been characterized by a
variety of techniques, including *H{3!P}, 8C{*H}, and %!P{'H} NMR spectroscopy, MALDI-TOF MS,
elemental analysis, FT-IR, UV—vis, CD, size-exclusion chromatography, and diffusion-ordered NMR
spectroscopy. The present synthetic methodology was also extended to the synthesis of non-homochiral
metallocycles of very different topologies and macrocyclic structures with additional functional groups
precisely placed at different positions. This work provides a general strategy for the construction of
nanoscopic and mesoscopic functional supramolecular architectures of controllable size, chirality, and
functionality that cannot be accessed from the existing synthetic approaches.

1. Introduction of macrocycles based on covalent bonds. As first formulated
. . by Fuijita et al. and Stang et &lnanoscopic metallocycles are
. One.of.the most important g.oals of contempqrary chgmlstry typically assembled from appropriate well-defined rigid and
is to mimic the form and function of Nature’s highly efficient  girectional building blocks, which can be classified into two
biochemical machineries, but this dream cannot be realized, ,qs. jinear and angular subunits. Each subunit has two active
before the_development of efficient synthetic methodologles_ that functional end groups to interact with the other building block.
allow rapid assembly of Igrge and ComF_"eX sys_tems IN @ By using appropriate angular and linear building blocks,
prqgrammed fashioh.To this end, synthetlc chem|st§ have  numerous small-molecular polygons have been assembled. Most
strived to construct supramolecular architectures starting from g¢ . nown metallocycles are of small size, such as triangles and
well-defined building blocks via self-assembly processie 54 1are@5| arger polygonal structures have been, however, more
past few decades have witnessed tremendous progress in thi§ ; ce prior to our work, as a direct consequence of their
research area, and many aesthetically appealing or/and functiona‘lamropiC disadvantage. While a few molecular hexagons are

supramolecular systems have been rationally asserBled. known there are far fewer examples of molecular pentadons,
Of all the supramolecular systems, macrocyclic compounds heptagon$,and octagon8.
are among the most widely studiédThe introduction of We have recently become interested in the construction of

noncovalent bonds, such as metigand coordination bonds,  functional chiral metallocycles by using rigid atropisomeric
has overcome the typically low yield for the stepwise synthesis prigging ligands and appropriate metal connectors as the
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building blocks, with the hope of generating well-defined 2. Experimental Section

enzyme-like chiral pockets or functionalities. By taking advan- Materials. All of the ligands are chiral, and the resulting oligomers

tage of the ki_netic inertness of the robust—_alkyn_yl Iir_1kage, and metallocycles are homochiral and can be either Seof (R)-
we have achieved the self-assembly of chiral dimeric metallo- enantiomer unless specified otherwise. All of the chemicals were
cyclophaned? triangles!! and squarés by usingcis-Pt(PE$), obtained from commercial sources and used without further purification.

as an angular metal corner. We have also described efficientAll of the reactions and manipulations were carried out undewfth
one-pot self-assembly of chiral metallocycles ranging from the use of standard inert atmosphere and Schlenk techniques. Solvents

triangles to octagons by usingnsPt(PES); as a linear metal used in reactions were dried by standard procedures. The IR spectra

. 13T . . _were recorded from KBr pellets on a Nicolet Magna-560 FT-IR
linker = This method is, however, not amenable to the synthesis ;o o meter. NMR spectra were recorded on a Bruker NMR 400 DRX

of even Iarg.er. molecular polygpns because of'their Very Iow gpectrometeriH NMR spectra were recorded at 400 MHz and
synthetic efficiency and the difficulty of separating very large referenced to the proton resonance resulting from incomplete deuteration
polygons from each other. Herein we report the expeditious of chloroform ¢ 7.26).13C{*H} NMR spectra were recorded at 100
stepwise directed assembly of large chiral metallocycles with MHz, and all of the chemical shifts are reported downfield in ppm
up to 38 bridging ligandsL() and 38transPt(PE%), ([Pt]) relative to the carbon resonance of chlorofaingé 77.0). The synthesis
centers and with cavities as large as 22 nm in diameter. These?! 2:2-diacetoxy-66diethynyl-1,1-binaphthalengl.-H) was reported
unprecedented mesoscopic metallocycles were synthesized bin our previous work® All of the spectroscopic and other characteriza-

L . . . i Yion data are included in the Supporting Information.
cyclization of different lengths of oligomeric building blocks, General Procedures for the Synthesis of Homochiral k-

Lm[Ptm+1Cl2 (m=1, 2,3, 5,7, 11, 19, and 31) an@it],L n+1H> ~ [Pt]m+1Cl2. To a solution of Pt]Lq+1H. and an excess amount bofi-
(n=1,2,3,4,5,6, 10, 18, and 30), and have been characterizedpt] ,;;Cl, in deareated C}Cl, and NE was added a catalytic amount
by a variety of different techniques, includifgi{3P}, 13C- of CuCl. After stirring at room temperature for typically 40 min, the

{'H}, and 3P{H} NMR spectroscopy, MALDI-TOF MS, reaction mixture was washed with water three times. The organic layer
elemental analysis, FT-IR, UWis, CD, size-exclusion chro- was dried over anhydrous MggOand the organic volatiles were
matography, and diffusion-ordered NMR spectroscopy (DOSY) removed in vacuo. The residue was purified by silica gel column flash

A preliminary account on the directed assembly of chiral Cromatography to affortiam sl PlianinzCla LananolPllantznClz
P y y andL am+an+3[ Pt]am+an+4Clz as light yellow solids. The metal-terminated

metallocycles that are isomeric to the present systems wasgjigomers with an ethyl protecting group.{OEt) were prepared
previously reported? similarly. Detailed synthetic procedures can be found in the Supporting
Information, while the yields for homochiral metal-terminated oligomers
(10) (a) Hua, J.; Lin, WOTrg. Lett.2004 6, 861. (b) Jiang, H.; Hu, A. G.; Lin, with ligandsL are listed in Scheme 1.

1) \L\ge?%?rg:;%%TZ\.ug??_?n?SVJ. Am. Chem. So@002 124, 12948. General Procedures for the Synthesis of Homochiral [PHn+1Hz.
(12) Lee, S. J.; Luman, C. R.; Castellano, F. N.; Lin, W.Gem. Commun. To a solution ofL n[Pt]m+1Cl2 and an excess amount GtfnL n1Hz in
2003 2124. L ) ] deareated CHCl, and NEt was added a catalytic amount of CuCl.
(13) E?%J\}sng g'r’g;',?c’m\?é‘t]_' ér%ngggglég’g%g%%_lza 8084. (b) Jiang, H.; After stirring at 0°C for typically 40 min, the reaction mixture was
(14) Jiang, H.; Lin, W.J. Am. Chem. So@004 126, 7426. quickly filtered through silica gel. After removal of the volatile organic
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solvents in vacuo, the residue was purified by silica gel column flash
chromatography to affordt]on+m+1L 2n+mi2Hz2, [Pt]an+om+ol ant2m+aH2,
and Pt]an+am+sl anramraH2 @s light yellow solids. The alkyne-terminated
oligomers with an ethyl protecting groug.{OEt) were prepared
similarly. Detailed synthetic procedures can be found in the Supporting
Information, while the yields for homochiral ligand-terminated oligo-
mers with ligandd. are listed in Scheme 1.

Synthesis of RSR-[Pt].LsH, and (RSRSR-[Pt] sLsH2. A mixture
of (9-L[Pt].Cl, (280 mg, 0.207 mmol),R)-L-H, (347 mg, 0.829
mmol), CHCl, (5 mL), NE% (0.2 mL), and CuClI (10 mg, 0.1 mmol)
was stirred at @C for 40 min. The products were purified by silica
gel column chromatography with dichloromethane/ethyl acetate (from
30:1 to 15:1, v/v). Yield: RSRB-[Pt].L3sH,, 270 g, 62%; RSRSR
[Pt]4L5H2, 78 mg, 20%.

General Procedure for the Synthesis of Homochiral Metallo-
cycles.To a solution ol [Pt] m+1Cl; and [Pt]nL n+1-H2 (1:1 molar ratio)
in deareated CKCl, and NEt was added a catalytic amount of CuCl.
After stirring at room temperature for typically18 h, the reaction
mixture was washed with water three times. The organic layer was
dried over anhydrous MgSand the organic volatiles were removed
in vacuo. The residue was purified by silica gel column flash
chromatography to affordtfans(PEg).PL]minr1, [trans(PER).-
PtL]omint1), and frans(PEg)PL]sminiy as light yellow solids.
Homochiral metallocycledifans(PEg).Pt(L -OEt)], (n = 3 or 4) were
synthesized similarly. The details can be found in the Supporting
Information, while yields for all of the homochiral metallocycles with
ligandsL are listed in Table 1.

Synthesis of RRR-[trans-(PEts),PtL] , and (RRRSRRR ¥ [trans
(PEts),PtL] s. A mixture of (§-L[Pt] .Cl, (54.2 mg, 0.0256 mmol),
(RRR-[Pt].L3sH2 (34.5 mg, 0.0256 mmol), Ci&l, (300 mL), NEg (1
mL), and CuCl (2 mg, 0.02 mmol) was stirred at room temperature for
18 h. The products were purified by silica gel column chromatography
with dichloromethane/ethyl acetate (from 18:1 to 12:1, v/v). Yield:
(RRR$[trans(PEg).PL] 4, 73 mg, 83%; RRRSRRR$trans (PES)--
PtL]s, 9 mg, 10%.

Synthesis of RRSS-[trans-(PEt;).PtL] » and (RRSSRRSE[trans
(PEts),PtL]s. A mixture of (RR-L2[Pt]sCl; (54.9 mg, 0.025 mmol),
(SS-[Pt](L-H)2 (31.6 mg, 0.025 mmol), C¥l, (300 mL), NEg (1
mL), and CuClI (2 mg, 0.02 mmol) was stirred at room temperature for
18 h. The products were purified by silica gel column chromatography
with dichloromethane/ethyl acetate (from 18:1 to 12:1, v/v). Yield:
(RRS$[trans(PEg).PL ]4, 65 mg, 76%; RRSSRR3$rans (PEL)-
PtL]s, 10 mg, 12%.

Synthesis of RSR3-[trans-(PEt3).PtL] s and (RSRSRSRp[trans
(PEts)2PtL] 5. A mixture of (§)-L[Pt] .Cl, (37.4 mg, 0.0277 mmol),
(RSR-[Pt],LsH; (58.6 mg, 0.0277 mmol), Ci€l, (300 mL), NEt (1
mL), and CuClI (2 mg, 0.02 mmol) was stirred at room temperature for
18 h. The products were purified by silica gel column chromatography
with dichloromethane/ethyl acetate (from 18:1 to 12:1, v/v). Yield:
(RSR¥[trans(PEg).PL] 4, 71 mg, 76%; RSRSRSR$trans (PE%).-
Pti]s, 7 mg, 8%.

Synthesis of RSRS-[trans-(PEts).Pt(L-OEt)] 4. A mixture of (S)-
(L-OEY)[Pt].Cl> (21.2 mg, 0.016 mmol) R)-L-OEt-H, (6.5 mg, 0.016
mmol), HNE% (12 mL), and CuCl (1 mg, 0.01 mmol) was stirred at
room temperature for 18 h. The product was purified by silica gel
column chromatography with hexane/dichloromethane/ethyl acetate (6:
1:1, viviv). Yield: RSR¥[trans(PEg).Pt(L-OEt)]s, 6 mg, 23%.

Synthesis of Homochiral Metallocycles frans-(PEts) Pt]aL 5(L-
OEt) and {[trans-(PEts),Pt]sL 3(L-OEt) } 2. A mixture of L3[Pt]4Cl,
(98.8 mg, 0.0325 mmol), -OEt-H, (13.2 mg, 0.0325 mmol), CiTl,
(300 mL), NEt (1 mL), and CuClI (2 mg, 0.02 mmol) was stirred at
room temperature for 18 h. The products were purified by silica gel
column chromatography with dichloromethane/ethyl acetate (from 18:1
to 15:1, v/v). Yield: frans(PEg)PtlsL 3(L-OEt), 90 mg, 83%({ [trans
(PE)2PtlL 3(L-OEt)}», 14 mg, 13%.
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MALDI-TOF MS was carried out on a Voyager-DE PRO instru-
ment at Duke University. 2,5-Dihydroxybenzoic acid was used as the
matrix for shorter open oligomersn(= 1, 2, 3,5, 7andh =1, 2, 3,

4,5, 6), and the peaks were calibrated using insulin in the linear model.
1,8,9-Trihydroxyanthracene was used as the matrix for longer open
oligomers (n = 19 andn = 18) and larger metallocycles (9mer to 22
mer), and the peaks were calibrated using myoglobin in the linear
model.

Optical Measurements (UV-Vis and CD). UV —visible spectra
were obtained using a Shimadzu UV-2410PC spectrophotometer.
Circular dichroism (CD) spectra were recorded on a Jasco J-720
spectropolarimeter. Oligomers and cycles were dissolved in acetonitrile
with concentrations on the order of 8-10"> M. Due to the poor
solubility of longer oligomers and larger metallocycles in acetonitrile,
they were dissolved in acetonitrile with the addition of varying amounts
of dichloromethane. The measurements were carried out in 1 mm cells.
Smaller oligomerd [Pt] m+1Cl, (m= 1, 2, 3, and 5) andHt]L n+1H2
(n =1, 2, 3, and 4) were dissolved in acetonitrile/Pt]sCl, and
[Pt]sLeH2 were dissolved in acetonitrile with 0.8% dichloromethane.
Longer oligomerd. [Pt] m+1Cl, (m = 11, 19, and 31),Rt]nL n+1H2 (N
= 6, 10, 18, and 30), and metallocycles from 9mer to 38mer were
dissolved in dichloromethane.

Size-Exclusion Chromatography (SEC).SEC was performed on
an HPLC using PLgel columns (Polymer Laboratoriegin, 7.5 x
300 mm) of 18 A pore size. Conditions: mobile phase, dichlo-
romethane (Aldrich, Certified A.C.S.); flow rate, 0.25 mL/min; injection
volume, 10uL. Sample detection was achieved by absorption spec-
troscopy using a diode array detector at 300 ard@ nm bandwidth).
Polystyrene standards (MW 2500, 13000, 30000, and 50000) were
purchased from Aldrich. Polystyrene was detected at a wavelength of
254 nm.

Diffusion Ordered NMR Spectroscopy (DOSY).DOSY spectra
were taken on a Varian INOVA 600 equipped with a 20 A gradient
driver. Samples were prepared in CR@/ith the concentration of 8.3
mg/mL. A 5 mm Nalorac H-F diffusion probe was used with dry,N
room-temperature gas provides cooling for the probe’s gradient coils.
The sample was maintained at 25 0.5 °C and checked with an
ethylene glycol or methanol sample. Acquisition parameters were
optimized using a standard 1B4 experiment and the BPPSTE or
BPPLED pulse sequence with the minimum gradient IévMetallo-
cycles ofq = 3, 4, 5, 6, 7, 8, 10, 12, 14, and 22 were run with the
BPPSTE sequence. Metallocyclesgpof= 22 and 38 were run with the
BPPLED sequence. Typically 8K points were acquired in 700 ms,
covering a spectrum width of 6K Hz. At a transmitter power of 59 dB,
the 90 pulse width was 6.5 s, and the receiver gain was set t6480
Relaxation time§; were determined using the inversion recovery and
CPMG pulse sequences, respectively. For the diffusion experiments,
the relaxation delay was set to-2 T;. The maximum gradient level
was selected to yield peak intensities-dt0% of the peak intensity at
the minimum gradient level. An array of 12 gradient values was used,
with the squares of the gradient strengths varying linearly between the
minimum (~7 G/cm) and the maximum (70100 G/cm). For each
gradient level, 32256 steady-state pulses and-6%66 transients were
used. Typical values were 64 steady-state runs and 64 transients per
gradient level. A relaxation delay timef & s was optimal, and a
diffusion time of 50 ms was used in all diffusion experiments. Square,
1 ms gradient pulses were used with a gradient delay time of 0.3 ms.
A longitudinal eddy delay time of 10 ms was used in the BPPLED
experiments.

3. Results

3.1. Synthesis of Oligomeric Building BlocksThe requisite
metal-terminated oligomerg, n[Pt]m+1Cl>, and ligand-termi-

(15) (a) Wu, D.; Chen, A.; Johnson, C. &.Magn. Reson. A995 115 260.
(b) Pelta, M. D.; Barjat, H.; Morris, G. A.; Davis, A. L.; Hammond, S. J.
Magn. Reson. Cheni998 36, 706.
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nated oligomers Ht].L n+1H2, were synthesized via an iterative  and 9mer, in which similar yields of ft1] and [2+2] products
process, as shown in Schemé®Ilreatment ofl -H, with 2 were obtained, presumably due to the strain experienced by the
equiv oftrans-Pt(PE$),Cl, in the presence of a catalytic amount trimer. In the synthesis of larger metallocycles, the efficiency
of CuCl in benzene and NEtinder reflux afforded.[Pt].Cl, of [3+3] cyclization products became very low, and the-§

in 91% yield. The longer metal-terminated oligomers[Pt] m1- products were not isolated. The efficiency of{2] cyclization
Cl,(m=1,2,3,5,7,11, 19, and 31), were prepared by treating is also low during the synthesis of even larger metallocycles.
excess amounts of shorter lengths of metal-terminated oligomersOnly the [1t+1] products were in fact isolated during the
with 0.25 equiv of ligand-terminated oligomemt],L n+1H> at synthesis of 22mer and 38mer. As the sizes increase, the total
room temperature for40 min in deareated Ci€l, and NE§ yields of larger metallocycles decrease gradually, from a total
in the presence of a catalytic amount of CuCl. For example, by yield of 97% for 4mer, 8mer, and 12mer to 25% for 38mer.
treatingL[Pt].Cl, with 0.25 equiv ofL-H, at room temperature,  All the metallocycles are stable under reaction conditions and
two longer metal-terminated oligomeisg[Pt]4Cl, (51%) and were purified by silica gel column chromatography.

Ls[Pt]6Cl2 (20%), were obtained in 71% overall yield by column  The |argest metallocycle we have successfully synthesized
chromatography. Reaction df7[Pt]sCl, and 0.25 equiv of  contains 38 Pt] and 38L units, with a molecular mass of
[PtleL7H2 at room temperature led to even longer oligomers, 32217.16 Da, and possesses an inner cavity-@2 nm in

L 1o[Pt]20Cl2 (33%) andL 5:[Pt]s.Cl2 (6%). diameter. The synthesis of 62mer by using oligomeric building
Ligand-terminated oligomer®foLn1Ha (N=1,2,3,4,5,  blocksL s1[Pt]s:Cl> and Pt]acL 3:Hz failed, probably due to the
6, 10, 18, and 30) were similarly obtained by using extest greater distance between the ends of the “fused” open oligomer.

in the iterative assembly processes. The ligand-terminated\yhen the rate for cyclization significantly slows, owing to the

oligomers Pt]sLn+1H2 are not stable in these concentrations at |arger separation between the two ends, oligomerization will
room temperature and slowly reassemble to different lengths gominate and lead to intractable longer open oligomers. Mo-
of oligomers in the presence of CuCl catalyst. This is probably |ecular mechanics simulations indicated that the internal cavities

because the acetylenic protons at the two ends of the oligomersyf these molecular polygons range from 1.4 to 22 nm in diameter
can be activated by the Cu(l) species to attack Btg¢enters (Scheme 2).

to initiate reassembly reactions. In contrast, the lack of acetylenic These open metal- and ligand-terminated oligomers and

protons in the preparation of metal-terminated oligomers leads metallocycles have been characterized§?!P}, 1°C{ 1H} , and
to stable oligomers. Fortunately, this reassembly process 0f3lP{1H} NMR spectroscopy, microanalysis, FT-IR, GVis,
ligand-terminated oligomers does not occur at an appremablecm:ulalr dichroism (CD), size-exclusion chromatography (SEC),

the at 0°C. Thus_ ;he tsytzlgle;ttas I?f :“ Ilgan:j term|_||nated and diffusion-ordered spectroscopy (DOSY). Most of the open
oligomers were carried out a'C. [Pt]sl1dHz and Ptlsd 1z, oligomers (up tan= 19 andn = 18) and metallocycles (up to

for example, were prepared by treatiffgf] el 7+, with 0.25 22mer) have been characterized by MALDI-TOF MS.

equiv of Lg[Pt]¢Cl, at 0 °C in yields of 37% and 13%, . ] L .
respectively 3.3. Diagnostic NMR Spectroscopic Signals for Oligomers
In each of the above reactions, two or three major open and Metallocycles.sMetaI-Terminated Open Oligomers lg-
’ 1 1 i
oligomers of different lengths were isolated in high overall yields [PUm-1Clo. The "H{*'P} NMR spectra are well separated into
three groups: the signals between 7.9 and 7.1 ppm are assigned

by silica gel column chromatography. It is important to note h hthvl he sianals b q e

that, although only 2 equiv df ,[Pt]m+1Cl, or [Pt]oLn+1H2 is to the naphthy grqups,dt e sr:gnas etweendZ.Shan . 2'|0 and at

needed stoichiometrically for the synthesis of longer oligomers, ~1.2 ppm are assigne to the Bigtoups, an t e singlet at
~1.88 ppm is assigned to the acetyl groups (Figure 1). Due to

4 equiv was employed in order to minimize the chance of - . . .
forming cyclic species. Excess amounts of starting materials S|m|Iar clher?llcal envwonment_s of ligantisin _ollgon_1ers, most
were recovered, and no cyclic species were observed in theseOf their "H{*'F} NMR peaks in the aromatlc region overlap.
reactions. The yields were thus calculated on the basis of theFortunater, the ratio bet_ween the two singlets-at77 and-~
limiting starting materials. 7.74 ppm, which are a_55|gned to the H5 and p_rﬁtons on the

3.2. Synthesis of MetallocyclesUnder dilute conditions, naphthqlenes conlnectlng Fo the tgrmlnal and inner [Pt] centers,
treatment of metal-terminated{ Pl 1Cl> with 1 equiv of respgctlvely, prowdes a dlagnostlg for the Igngth of the metall-

terminated oligomers. As the chain length increases, the ratio

ligand-terminated Bt],L ,+1H2 in the presence of a catalytic .
amount of CuCl in CHCl, and HNE$ at room temperature decreases because the percentage of H5 decreases in the
oligomers. The two sets of peaks a2.20 (—PCH—) and

afforded cyclic species in high overall yields (Scheme 2 and i the 1H{ 3
Table 1). For example, by treating equimdlgPt],Cl, and [Pt]- NZ',O7 ppm (PCH-) n the ,H{ P} NMR, spectra are
assigned to the PEgroups in the inner and terminal [Pt] centers,

LH», molecular triangle (37%), hexagon (36%), and nonagon . . ) -
(11%) were efficiently assembled (with an overall yield of 84%). respectively. The ratio between these two sets of signals provides
another diagnostic for the length of the metal-terminated

Metallocycles of much larger sizes have been synthesized via 1o 1
this directed-assembly process. The chiral metallocycles of ©lgomers. In the'P{*H} NMR spectra, there are two sets of
varying sizes resulted from {i1], [2+2], and [3+3] cyclization peaks, at-12.5 ppm (inner) with a pair of satellite peakse( »:
processes, respectively. The reactions gave the highest yield for~ 23°2-2370 Hz) and at-16.2 ppm (terminal) with a pair of

1
[1+1] product, followed by [2-2] and [3+3] products, for most ~ Satellite peaksfp_p = 2375-2390 Hz). These signals cor-
reactions, with the exception of the syntheses of 3mer, 6mer, respond to the PEgroups on the inner and terminal [Pt] centers,
respectively. The ratio between these two sets of peaks can also
(16) (a) Liu, Y.; Jlanr? S. J.; Glusac, K.; Powell, % H.; Andlt(erson D.F; dSchanze be used as an indicator for the length of the metal-terminated
K. S.J. Am. Chem. So<2002 124 12412. Onitsuka, K.; Harada, Y 1 1]
Take| F.; Takahashi, Shem. Communlg(gg 643. (c) Yam, V. W.-W. oligomers. The!*C{*H} NMR spectra ofL «[P]m+1Cl> are
Acc. Chem. Re€002 35, 555. separated into four groups: the signals between 147 and 120
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Scheme 2

Ly [Pt],. Cl,

5]
g
|
a

+ %38 mer

22 nm

[Pt],L, . H>

[Pt] = trans-PH{PEts);

q = m+n+1, 2(m+n+1), and I(m+n+1)
Table 1. Product Distributions and Yields for Metallocycles satellite peaksi{p_p; = 2360-2370 Hz) corresponding to the
products (yield %)° total yield PE% groups on the inner [Pt] centers. THE{H} NMR spectra
reagents (mn+1)p 2mn+1)e 3(m+n+l)? (%) of [Pt]nLn+1H2 are separated into four groups: the signals
m=1,n=1 3(37) 6(36) 9(11) 84 between 148 and 118 ppm are assigned to the naphthyl groups,
m=1,n=2 4(81) 8(13) 12(3) 97 the signals at~109 ppm are assigned to the alkyne groups
m=3n=1 5(73)  10(7) 80 connected to the inner [Pt] centers, while two singlets 8.5
m=3,n=2 6(85) 12(7) 92 : :
m=3.n=3 7(75) 14(8) 83 and~77.8 ppm are assigned to the terminal alkyne groups, the
m=5n=4 10(69) 69 signals at~16.3 (methylene) and-8.2 ppm (methyl) are
m=5n=5 11(60) 60 assigned to the PEgroups, and the signals at169 and 2+
m=5n=6 12(65) 60 .
m=7.n=6 14(61) 61 20 ppm are assigned to the acetyl groups. The length of the
m=11,n= 10 22(38) 38 ligand-terminated oligomers can also be estimated on the basis
m=19,n=18  38(25) 25 of the ratios between the above signals.
m=31,n=30 N/A ) . . .
Metallocycles.In contrast to their open oligomeric starting
2lsolated yield after silica gel chromatograpty1+1] cyclization materials, théH{31P}, 31P{1H}, and'3C{'H} NMR spectra of
products.© [2+2] cyclization productst [3+3] cyclization products. these chiral molecular polygons exhibit a single ligand environ-

) . ment, suggesting the formation of cyclic specieDpbymmetry
ppm are assigned to the naphthyl groups, the signaislad (Figure 3). We have previously reported the single-crystal X-ray
ppm and the signals between 102 and 82 ppm are assigned Qiructure of the molecular squateahs(PE),PL )4, which was

Lr;it::lgy?éesgéztjissl C?r?gi?tiglsf?a]tg]i ('rr:é?r: "Iienr?e)tz;rgg%! [P prepared via a different routé? Other spectroscopic data are
; 'SP Y, the Sig : y - also consistent with the formation of chiral molecular polygons
ppm (methyl) are assigned to the RIgroups connecting to (see below)

the inner [Pt] centers, while the signals-al4.6 (methylene) L

and ~7.9 ppm (methyl) are assigned to the PEroups 3.4. MALDI-TOF MS Characterlzatlon. The MfLDI-TOF

connecting to the terminal [Pt] centers, and the signais19 MS data show molecular ion peaks (MM + NaJ*, or [M +

and 20.6 ppm are assigned to the acetyl groups. K]*) and [M — nPEg] " peaks for open oligomers (up to =
Ligand-Terminated Open Oligomers [PthL ns1Ho. TheH- 19 andn = 18) and chiral molecular polygons (up to 22mer).

{3'P} NMR spectra of Pt],L +1Hs are well separated into four 2,5-Dihydroxybenzoic acid was used as the matrix for shorter

groups: the signals between 8.1 and 6.9 ppm assignable to the’Pen oligomersro = 1,2, 3, 5, 7 anth =1, 2, 3, 4, 5, 6) and

naphthyl groups, a singlet at3.1 ppm assignable to terminal smaller metallocycles (3mer to 8m'er), while 1,8,9-trihydroxy-
acetylenic proton, the signals &2.19 and~1.22 ppm assign- anthracene was used as the matrix for longer open oligomers
able to the PEtgroups, and the signals between 1.9 and 1.8 (m=11,19 a_nd1 =10, 1_8).and larger mgtallogycles (9mer to
ppm assignable to the acetyl groups (Figure 2). P} 22mer_). Detailed pefak listings a_nd their assignments can _be
NMR spectra, the ligant! units display two major sets of peaks found in the Supporting Informatlo_n. The NMR sp(_actroscopm
due to their two different chemical environments. For oligomer 21d MALDI-TOF MS data thus confirmed the formation of open
[Pt](L-H), there is only one set of peaks in tAe NMR oligomers and metallocycles.

spectrum for the two terminal ligands. For longer oligomers ~ 3.5. FT-IR, UV—Vis, and CD Spectroscopic Characteriza-
[Pt]oLn+1H2 (n > 1), a new set of peaks from the inner ligands tion. The IR spectrum of -H; displays a strong absorption peak
appears at higher field. The stacked NMR spectra clearly showat ~3300 cn? due to the terminal €C—H stretches. Upon
that the ratio between these two sets of peaks (inner:terminal)the formation of ligand-terminated oligomet].L n+1Hz, the
increases as the length of the ligand-terminated oligomer peak at~3300 cnT! become very weak, and a strong peak at
increases, consistent with the decrease of the percentage of the-2090 cnt! appears due to the=C stretches. As expected,
terminal ligand in the oligomers. In tH&P{*H} NMR spectra, the terminal GC—H stretches ofL-H, at ~3300 cnr?
there is only one set of peaks atl2.5 ppm with a pair of disappear upon the formation of metal-terminated oligorbgFs
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Figure 1. 'H{3'P} NMR spectra of metal-terminated oligomers[Pt]m+1Clo.

[PIL.H, ) . |
[P{]:LsH,
Y NV 'V V. S VW S WSV VY VU VA _1_3

Pt]4L:H.
[PelLsH: AN M M Moy

[Pt]sLsH:

[Pt]sLH,
’ Y.V A«LL»A Mo 1y
[Pt] oLy Hz P ' l )
R - - LV L | N SR U— ._._E I —
[Pt];sLoH;
. MmN MM M4, |
[Pt]soLisiHz A ; _l . o IULJI A _
- S Y | — ML m Mgy I A L
8.0 7.8 7.6 74 7.2 70 33 31 22 1.8 1.4 ppm
Figure 2. H{3'P} NMR spectra of ligand-terminated oligomeRt]L n+1H>.
[Pt]m+1Cl2 and metallocycles, and a strong peak-2090 cnt? acetylenicr—* transitions at 280, 288, and 310 nm. Upon
appears due to the=€C stretches. the formation of open oligomers and metallocycles, a new

The UV-vis and CD experiments on metallocycles from intense peak at226 nm appears, assignable to thens-Pt-
9mer to 38mer were carried out in @El, due to the poor (PEB), moiety (Figure 4). The acetylenic—x* transitions red-
solubility of these metallocycles in acetonitrile. Smaller met- shift and split into two intense broad peaks~&40 and~360
allocycles, 3mer to 8mer, were dissolved in acetonitrile with nm, a result of mixing of Pt p-orbitals into the acetylente-7*
varying amounts of dichloromethane. Since the cutoff o,CH  bands. The two major peaks-a274 and 295 nm are assigned
Cly is 220 nm, the UV-vis and CD spectra of 9mer to 38mer to the naphthylz—x* transitions. The extinction coefficients
in the region of 196-:220 nm show no meaningful signals. increase as the length of the open oligomers and the size of the

The electronic spectra df-H, show two major naphthyl metallocycles increase, consistent with the presence of an
m—r* transitions at 236 and 250 nm and three weak, delocalized increasing number dfans-Pt(PES), andL building units.
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Figure 3. H{3P} NMR spectra of metallocyclesrfns(PE&).Pt]q (g = 9—38).
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Figure 4. UV —vis (top) and CD (bottom) spectra of metallocycl&-[trans(PE).PtL]q (0 = 9—38) in CH.Cl..

The CD spectrum df -H, exhibits two major bisignate bands  whereas the acetylenic—z* CD signal appears as two bands
for the naphthylz—x* transitions at~236 and~250 nm and at ~350 and~370 nm. A new intense band also appears at
one minor band a+290 nm for the acetylenic—s* transition. ~225 nm due to the chiral arrangement of the Ribups on
Upon formation of open oligomers and metallocycles, the the Pt center in the chiral environment of the bridging ligands.
bisignate naphthyt—xz* bands red-shift te-254 and 278 nm, The CD signals increase steadily as the size of the metallocycle
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Figure 5. Retention times of the metallocycles in SEC (top) and plot ofMy (s retention time fok [ Pt]m+1Clz, [Pt]nLn+1H2, [trans(PEg).PtL]q, and
polystyrene standards (bottom).
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Figure 6. Dependence ob coefficients on the number of monomers for the metallocycles.

increases, consistent with an increasing numbefraris-Pt- MALDI-TOF MS data. We have resorted to SEC to estimate
(PEB), andL building units (Figure 4). the sizes of open oligomers and metallocycles as well as to prove
3.6. Size Exclusion Behaviors of Open Oligomers and the purity of the metallocycle products. As shown in Figure 5,
Metallocycles. The mesoscopic nature of molecular polygons each metallocycle shows a very narrow band in its SEC
presents a significant challenge for their characterization. chromatograph. The plots of Idgg) vs retention time can be
Although the identity of metal- and ligand-terminated oligomers linearly fitted for open oligomers and metallocycles. The
has been unambiguously established on the basis of NMR datametallocycles fall essentially on a line that matches well with
MALDI-TOF MS, and microanalysis results, the differentiation that of polystyrene (PS) standards, thus confirming their
of sizes among the molecular polygons is based exclusively onformulation. The line of the metallocycles has a slightly larger
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sizes and shapes of metallocycles have been prepared success-

slope indicates more drastic dependence of retention time onfully, as illustrated above. All the metallocycles described earlier,
log(Mp) and thus suggests a more rigid structure. The metal- consisting of enantiopure bridging ligands, were of the same
and ligand-terminated oligomers, on the other hand, fell on a absolute configuration (homochiral). We have also introduced

different line (with even larger slopes) than the PS standards.ligands with the opposite configuration to generaten-

3.7. Diffusion-Ordered NMR Spectroscopic Study of
Metallocycles.Diffusion-ordered NMR spectroscopy (DOSY)

homochiralmetallocycles via the stepwise assembly method.
The oligomersRSR-[Pt].L sH, and RSRSR[Pt]4L sH, were

is a powerful technique for assessing dynamic radii of molecules prepared by treatingR)-L-H, with 0.25 equiv of §)-L [Pt],Cl,

on the basis of their diffusion characteristiéaVe carried out
DOSY studies of the metallocycles (from 3mer to 38mer) on a
Varian INOVA 600 NMR spectrometer equipped with a 20 A
gradient driver. The metallocycles were dissolved in Gy@th
a concentration of 8.3 mg/mL. Acquisition parameters were
optimized using a standard Bl experiment and the BPPSTE
or BPPLED pulse sequence with the minimum gradient I1é¥vel.
Figure 6 is a plot of theD coefficients vs the number of
monomers present in the metallocycles. Theoefficient of
the singlet at~7.73 ppm due to the resonance of proton H5 in
the naphthalene was used in Figure 6. For each sampl® the

coefficient value is obtained from more than three measure-

ments. It is clear from Figure 6 that titecoefficients decrease

at 0°C in deaerated C¥Cl, and NEg in the presence of CuCl
catalyst (Scheme 3). Molecular squaRSR¥[trans(PES).-
Pt ]4 and octagon RSRSRSR$trans(PEg).PtL ]s were ob-
tained in high yields (76% and 8%, respectively) by treating
(RSR-[Pt]sL3H2 with 1 equiv of §)-L[Pt]>Cl, at room tem-
perature in deareated GEl, and NEt in the presence of a
catalytic amount of CuCl. Molecular squarBRR$-[trans
(PEg)2PL]4 and octagonRRRSRRR$trans(PEg).PtL ]s were
prepared in 83% and 10% yield, respectively, by treatiRigi-
[Pt]oL sH2 with 1 equiv of §-L[Pt].Cl, at room temperature
in deareated CCl, and NE§ in the presence of a catalytic
amount of CuCl. Molecular squarRRS¥[trans(PEg),PtL]4
and octagonRRSSRR$$trans(PER),PLL |s were prepared in

as the size of cycles increases, which is consistent with the SEC;zo. 214 1204 yield, respectively, by treatif@Rj-L J[Pt]sCl,

results.
3.8. Synthesis oNon-homochiralMolecular Squares.The

with 1 equiv of §3-[Pt]L,H, at room temperature in deareated
CH.Cl; and NEg in the presence of a catalytic amount of CuCl.

stepwise assembly of molecular polygons provides a facile route The present synthetic approach thus allows the synthesis of all

to precisely control the structure of the metallocycles. Different

(17) (a) Avram, L.; Cohen, YJ. Am. Chem. So2002 124, 15148. (b) Stahl,
N. G.; Zuccaccia, C.; Jensen, T. R.; Marks, TJ.JAm. Chem. So2003
125, 5256. (c) Morris, K. F.; Johnson, C. $.Am. Chem. S0d.993 115,
4291.
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the four diastereomeric molecular squares by simply starting
from building blocks of desired chirality.

The non-homochiral molecular squares and octagons were
characterized byH{3'P}, 1P{1H}, and 13C{'H} NMR spec-
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Figure 7. *H{3'P} NMR spectra of non-homochiral and homochiral squatenf(PE)2Pt]4.

Figure 8. Single-crystal X-ray structure (top) and a space-filling model
(bottom) of (-OEt)[Pt]oCl..

troscopy and MALDI-TOF MS. ThéH{3!P}, 1P{1H}, and3C-
{H} NMR spectra of molecular squarB$R$[trans-(PEg)-
PtL]4 and octagon RSRSRSR$trans(PEg).PtL]s show a
single ligand environment due to the same chemical environ-
ments of bothR)- and §-bridging ligands, which is consistent
with Doy symmetry of the square ands,y symmetry of the
octagon. In contrast, thk#H{3!P} andP{!H} NMR spectra of
the molecular squareRRS¥[trans(PEg),PtL]4 and octagon
(RRSSRRR$trans (PEg),PL]s show two sets of peaks, cor-
responding to two different chemical environments for the
naphthyl groups andPt] centers (Figure 7), corresponding to
Con symmetry of the square arigby symmetry of the octagon.
The H{3!P} NMR spectra of the molecular squarBRR%
[trans(PEg),PtL]4 and octagon RRRSRRR$trans (PEg).-
PtL]s show broad peaks due to the overlap of signals from the

naphthyl groups in four different chemical environments, while
their P{1H} NMR spectra show two set of peaks from the PEt
groups in two different environments, correspondingQp
symmetry of the square arigh symmetry of the octagon.

The MALDI-TOF MS data show ionized peaks of [MH] ™,

[M + Na]*, and [M + K]*, consistent with the formation of
cyclic species. The retention times of the non-homochiral
squares and octagons are a little larger than those of the
corresponding homochiral squares and octagons, which indicate
smaller sizes of non-homochiral cycles. This is because the non-
homochiral cycles adopt butterfly structures rather than the more
planar geometry seen in the homochiral metallocycles. This has
been supported by the single X-ray structures of the ethyl-
protected squares, which are discussed in the next section.

3.9. Ethyl-Protected Metallocycles.The chiral bridging
ligand 2,2-diethoxy-6,6-diethynyl-1,1-binaphthalenel(-OEt-

H,) was also used to construct molecular polygons witins
Pt(PE$), metal connectors. By using the methods adopted for
the L-based oligomers and metallocyclésOEt-based oligo-
mers (-OEt)[Pt].Cl,, [Pt](L-OEthH,, [Pt]o(L-OEtkH,, and
homochiral metallocyclegrans-(PEg).Pt(L -OEt)], (g = 3 and

4) were prepared. The homochiral molecular triangtars
(PE®g),Pt(L-OEt)]; was prepared by treatind. {OEt)[Pt].Cl,
with 1 equiv of Pt](L-OEt)H, in deareated CkCl, and HNE}

in the presence of a catalytic amount of CuCl, while the
homochiral molecular squarergns(PEg).Pt(L-OEt)]; was
prepared by treatingL(OEt)[Pt].Cl, with 1 equiv ofL-OEt-

H, in deareated HNEtin the presence of a catalytic amount of
CuCl. Themesemetallocycle RSR¥[trans(PEt).P{L-OEt)]s
was synthesized by treatin@){(L -OEt)[Pt].Cl, with 1 equiv

of (R)-L-OEt-H, in deareated HNEtin the presence of a
catalytic amount of CuCl.

The molecular triangles and squares were characterized by
IH{3P} and®P{*H} NMR spectroscopy and MALDI-TOF MS.
The mesesquare RSR$[trans-(PEb),Pt(L-OEt)]; was also
characterized by single-crystal X-ray crystallography.

A single-crystal X-ray diffraction study orL¢OEt)[Pt].Cl,
unambiguously demonstrated the formation of metal-terminated
oligomer (Figure 8).1(-OEt)[Pt].Cl, crystallized in the chiral
orthorhombic space group2:2;2;. Two transPt(PES).Cl
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ARTICLES

Jiang and Lin

Scheme 4
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groups are connected to the two ends of the ligar@Et unit.

The asymmetric unit of the crystal contains four molecules of
(L-OEY)[Pt].Cl,, with the dihedral angles between the two

Figure 9. Single-crystal X-ray structure (top) and a space-filling model
(bottom) of RSR¥[trans(PEg),Pt(L -OEt)]s.
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[trams-{PEt;).Pt] Ls( L-OEt)

naphthalene rings being 109.7, 107.9, 101.1, and 100.9
respectively.

A single-crystal X-ray diffraction study onRSR¥[trans
(PEB).Pt(L-OEt)]s confirmed the formation of anesemetal-
locycle. Compound RSR$[trans-(PEk).Pt(L-OEt)]4 crystal-
lizes in the chiral monoclinic space groG2 with a very twisted
(butterfly) structure. A 2-fold axis of crystallographic symmetry
is present in the molecules RERF[trans (PEL),PHL -OEt)]s
in the solid state. The dihedral angles between the two
naphthalene rings are 78.9 and 69.Fhe Pt centers adopt
distorted square planar geometries (Figure 9).

3.10. Introduction of Symmetry Probes in the Metallo-
cycles.We have also introduced symmetry probes into chiral
metallocycles by using bridging ligands with different protecting
groups. Homochiral molecular squatr@ans-[(PEt)2Pt]sL 5(L -
OEt) and octagofitrans[(PEt),Pt]sL 3(L -OEt)} » were prepared
by treatingL 3[Pt]4Cl, with 1 equiv ofL-OEt-H, in the presence
of a catalytic amount of CuCl in deareated £Hp and NE§ at
room temperature (Scheme 4). The molecular square and
octagon resulted from 1] and [2+2] cyclization processes,
respectively, and possess two types of ligands with the ratio of
L:L-OEt= 3:1. The two ligand -OEt are separated by three
ligandsL in the octagon, which results D, symmetry. The
molecular square and octagon were characterizetH§'P}
and3P{1H} NMR spectroscopy and MALDI-TOF MS, and the
square was characterized B3C{H} NMR spectroscopy as
well.

The IH{31P}, 18C{1H}, and3P{*H} NMR spectra of these
polygons show two sets of peaks resulting from the introduction
of ligand L -OEt (Figure 10). ThéH{3P} NMR spectra of the
square and octagon show signals from ligabdmsndL -OEt in
a ratio of 3:1. The singlet at 7.76 ppm is assigned to the H5 in
ligand L, while the singlet at 7.71 ppm is assigned to H5 in
ligand L-OEt. The signals at 4.0 and 1.05 ppm are assigned to
the ethyl groups i -OEt. The singlet at 1.87 ppm is assigned
to the acetyl groups ih. Similar characteristic peaks are also
observed in théH{3!P} NMR spectrum of the octagon. The
S1P{1H} NMR spectra of the molecular square and octagon show
two singlets with the ratio of 1:1, assignable to thét(PES),-
(L-OEt) groups and.-Pt(PEg),-L, respectively. As expected,
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Figure 10. ™M{3P} NMR spectra of trans[(PEt) Pt]sL3(L-OEt}» (n = 1, top;n = 2, bottom).

the 13C{*H} NMR spectrum of the molecular square shows metallocycles, and also provide us information about their rigid

signals from both ligandk andL-OEt. and compact structures. The ready synthesis of homochiral and
We have previously shown that the acetyl protecting groups non-homochiral metallocycles with ethyl protecting groups
in the metallocycles can be readily removed by treattrens further proved the effectiveness of this synthetic strategy. The
(PE8&).PLL], with inorganic bases to give hydroxyl-containing ready removal of the acetyl group to give hydroxyl-containing
metallocycled3® For example, the molecular squargahs cycles provides a platform to further functionalize these met-
(PE%).PL]4 was treated with KCOz; in MeOH and THF to allocycles with different functional groups. The symmetry probe
afford metallocycle frans(PEg),Pt(L-OH)]s with hydroxy method provides precise control over the structures of these

functional groups. We have shown that such hydroxyl-containing metallocycles by using different bridging ligands in specific
metallocycles can be converted to new metallocycles with other positions.

functionalities, such as octadecyl chains or Ffécendrons.
5. Summary

4. Discussion ) )
We have successfully synthesized and characterized nano-

As described above, we have carried out three key experi- scopic and mesoscopic chiral molecular polygons, and their sizes
ments to provide further proof that the homochiral metallocycles \ere characterized by SEC chromatography and DOSY NMR
described in section 3.2 come from1], [2+2], and [3+3] spectroscopy. The present synthetic methodology was also
cyclization processes. First, both homochiral ameisemetal- extended to the synthesis of non-homochiral metallocycles of
locycles with ethyl protecting groups can be similarly prepared very different topologies and macrocyclic structures with
and thus establish the generality of the present synthetic additional functional groups precisely placed at different posi-
methodologies. Second, we prepared 4mer and 8mer with acetykjons. Such metallocycles provide interesting building blocks

and ethyl protecting groups in a 3:1 ratio in section 3.10. By for the construction of larger functional structures that cannot
introducing different protecting groups, we have now added a pe accessed from a top-down approach.
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metallocycles containing both ethyl and acetyl groups and non-
homochiral metallocycles gives further proof that these metal-
locycles come from [+1], [2+2], and [3+3] cyclization
processes.

The well-fitted linear plot of SEC data and the DOSY
experimental data provide a way to estimate the sizes of theseJA0633013
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