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The weak-link approach has been employed to synthesize a series of bimetallic Cu(l) macrocycles in high yield.
Addition of phosphinoalkylether or -thioether ligands to [Cu(MeCN)4]PFs produces “condensed” intermediates, [u-(1,4-
(PPh,CH,CH2X),Y).Cuo][PFe)2 (X =S, O; Y = CgHy, CgF4), containing strong P—Cu bonds and weaker O—Cu or
S-Cu bonds. The weak bonds of these intermediates can be cleaved through ligand substitution reactions to
generate macrocyclic structures, [u-(1,4-(PPh,CH,CH2X),Y)2(2)nCua][PFel. (X = S, O; Y = CgHa, CeF4; Z = pyridine,
acetonitrile, diimines, isocyanide) in nearly quantitative yields. The incorporation of tetrahedral Cu(l) metal centers
into these macrocycles provides a pathway to complexes that differ from analogous d? square planar macrocycles
generated via this approach in their increased air stability, small molecule reactivity, and ability to form multiple
structural isomers. Solid-state structures, as determined by single-crystal X-ray diffraction studies, are presented
for condensed intermediates and an open macrocycle.
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Scheme 1. Synthetic Scheme for Condensed Intermedfates

contain strategically placed strong (typically, metphos- Chart 1 — —
phine) and weak (metalether, —thioether, —amine, or Ph,P s—@—s PPh,
—arene) bonds. The weak metdleteroatom interactions can 1

be selectively cleaved via ligand substitution reactions to FE F

afford the desired macrocyclic structures (Scheme 1). Using thP’_\s —Qs/_\PPh
this approach, over 100 examples of metallomacrocycles z

have been synthesized with control over macrocycle size, FF

shape, hydrophobicity, chirality, and overall charge through — 2 —
judicious choice of metal, hemilabile ligand, and ancillary Ph,P o—@—o PPh,
ligands? Recently, the WLA has been used to prepare a novel 3

class of allosteric catalystg.

Although the generality of the WLA has been demon- stability (e.g. many types of chemical sensors and catalysts).
strated with respect to a variety of hemilabile ligands, the (3) The copper macrocycles will allow for different small
utility of the approach thus far has been limited to square molecules to be used as ancillary ligands to open the
planar & metal centers (Rh(l), Ir(1), Pd(l1} Expanding the condensed intermediates into the desired macrocycles, which
types of transition metal centers that can be utilized by this in turn provides an additional element of control to this
methodology provides another level of control over the approach. (4) Due to their#electronic configuration, the
resulting macrocyclic properties, such as air stability, charge, Cu(l) centers should have less of a quenching effect on the
cavity shape, and hosguest chemistry. It also provides a fluorescence of macrocycles synthesized with fluorophore-
route to structures with catalytic and photophysical properties containing ligands than has been seen in theydtemss
that are different from the previously studied analogues. As we begin to prepare fluorescent sensors based upon

Herein, we explore how macrocyclic structures wifl§ d ~ Structures synthesized via the WLA, this will become a
Cu(l) centers can be prepared via the WLA. Copper(l) Significant consideration that will allow for more sensitive
macrocycles are interesting systems to study for the following detectiort
reasons: (1) The condensed intermediates generated en rqur@xperimental Section
to the targeted macrocycles have tetrahedral geometries
around the metal centers as opposed to the square pfanar d General ProceduresUnless otherwise noted, all reactions and
systems previously studied, thereby testing the versatility and Manipulations were performed under an atmosphere of dry nitrogen
tolerance of the approach to significant changes in coordina-Ysing sta_ndard Schlenk and glovequ_technlques. Tetrahydrofuran
tion geometry about the templating metal centers. (2) The (THF), diethyl ether, CBCl;, acetonitrile (MeCN), and hexanes

les f d should be ai bl he basis of were purified by published metho8#\l solvents were degassed
macrocycles formed shou e air-stable on the basis o aNyith nitrogen prior to use. Nitromethark-was purchased from

analysis of isoelectronic mononuclear copper complexes with 5|grich. All other deuterated solvents were purchased and used as
similar ligand environments.All of the Rh(l) and Ir(l) received from Cambridge Isotopes Laboratories. The ligands 1,4-
systems we have synthesized are air-sensitive, which limits (PPRCH,CH,X),Y (132X =S, Y = CeHs; 23X = S, Y = CeFy;
their utility for applications that require oxygen and water 332X = O, Y = CgH4) (Chart 1) were prepared as previously
reported. All other chemicals were obtained from commercial
(4) (a) Bressan, M.; Morvillo, Alnorg. Chim. Actal986 120, 33. (b) sources and used as received unless otherwise noted.

Diez, J.; Gamasa, M. P.; Gimeno, J.; Tiripicchio, A.; Tiripicchio Physical Measurements3'P{*H} NMR spectra were recorded

Camellini, M. J. Chem. Soc., Dalton Tran$987, 1275. (c) Hor, T. ; i _
S. A Luar, E. B. C.J. Coord. Chem1988 18, 335. (d) Diez, J.: on a Varian 300 MHz Gemini FT-NMR spectrometer at 121.53

Gamasa, M. P.; Gimeno, J.; Lanfranchi, M.; Tiripicchio,JAChem. MHz and referenced relative to an external 8548, standard.
Soc., Dalton Trans199Q 1027. (e) Scott, S. M.; Gordon, K. C.;  1°F{1H} NMR spectra were recorded on a Varian 300 MHz Gemini

Eﬂur§|_|v éér}é'oJﬁ CKheg“-_ ?/‘I)C%;3';3”JTr?r_‘s\?gfasv%gé(f)PWﬁtgﬂzmv FT-NMR spectrometer at 282.47 MHz and referenced relative to
. - 1 . ] y Vo Yoy 1 . . H 1

Soc., Dalton TransL998 609. (g) Diez, J.; Gamasa, M. P.; Gimeno, &N external CFGlin CDCl; standard.'H NMR spectra were

J.; Aguirre, A.; Garcia-Granda, S.; Holubova, J.; Falvello, L. R.

Organometallicsl999 18, 662. (h) Diez, J.; Gamasa, M. P.; Gimeno, (5) Xu, F.-B.; Li, Q.-S.; Zeng, X.-S.; Leng, X.-B.; Zhang, Z.-Drga-

J.; Lanfranchi, M.; Tiripicchio, AJ. Organomet. Chen2001, 637— nometallics2004 23, 632.
639 677. (i) Angaridis, P.; Cotton, F. A.; Petrukhina, M. korg. (6) Armarego, W. L. F.; Perrin, D. DPurification of Laboratory
Chim. Acta2001, 324, 318. Chemicals Butterworth-Heinemann: Oxford, 1996.
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obtained using a Varian Gemini 300 MHz FT-NMR spectrometer IR (CD.Cly): 2254, 2275 cm! (m, w, MeCN). ES-MS 1{/2)
and referenced relative to tetramethylsilane. All chemical shifts are [CggHssFsPsSsClp]2™: calecd = 702.0; expt= 702.1 (M —
reported in ppm. FT-IR spectra were obtained using a ThermoNi- 4MeCN). Data for8 (yield = 1.38 g, 0.805 mmol, 90.4%) follow.
colet Nexus 670 FT-IR and a solution cell with NaCl windows. *H NMR (CD,Cly): 6 2.02 (s, MeCN, 12 H), 2.73 (m, K:PPh,
Electrospray (ES) mass spectra were obtained on a Micromass8H), 4.06 (m, OCl,, 8H), 6.58 (s, @H,, 8H), 7.0-7.7 (bm, FPh,,
Quiatro Il triple quadrapole mass spectrometer. Elemental analysesA40H). 31P{*H} NMR (CD.Cl,): ¢ —11.35 (s), 143.25 (sept, BF
were obtained from Quantitative Technologies Inc., Whitehouse, FT-IR (CH,Cl,): 2277, 2310 cm! (w, m, MeCN). ES-MS (V2

NJ. [CegHesaP404C )%™ calcd= 597.2; expt= 597.3 (M — 4MeCN).
General Syntheses of 4-(1,4-Bis[2-(diphenylphosphino)- ES-MS (W2) [CesHeaPsOsCeP R *: calcd= 1339.2; expt= 1339.4
ethylthio]lbenzene)Cu,][PFe|, (4), [u-(1,4-Bis[2-(diphenylphos- (M* — 4MeCN).

phino)ethylthio]-2,3,5,6-tetrafluorobenzene)Cu,][PFg], (5), and
[#-(1,4-Bis[2-(diphenylphosphino)ethoxy]benzengFu,][PF¢]. (6).
In a Schlenk flask, the appropriate ligarij 2, or 3, 1.78 mmol)
was dissolved in CECl, (175 mL). A solution of Cu(MeCNPFR;

General Syntheses of g4-(1,4-Bis[2-(diphenylphosphino)-
ethylthio]benzene)Cus(pyridine) 4][PFg]2 (9), [u-(1,4-Bis[2-(diphen-
ylphosphino)ethylthio]-2,3,5,6-tetrafluorobenzenglCu,(pyridine) 4
[PFel2(10),andju-(1,4-Bis[2-(diphenylphosphino)ethoxylbenzenglu,-

(662 mg, 1.78 mmol) in CkCl, (175 mL) was added via cannula  (pyridine) ] [PFe]2 (11). In a Schlenk flask, copper compldx5,

to the stirring ligand solution to give a colorless solution. After or 6 (0.0322 mmol) was dissolved in Gal, (3.0 mL) to give a
stirring for 2 h, solvent was removed via evacuation, and the colorless solution. Pyridine (104, 0.130 mmol, 4.0 equiv) was
resulting white solid was dried at 15€ under vacuum to give a  added to the stirring copper solutions via syringe to give colorless
white solid. Recrystallization from Ci€I/Et,O afforded an solutions. After stirring for 1 h, the solvent was removed to yield
analytically pure compound (as determined by NMR spectroscopy) an analytically pure white solid as the sole product as determined
in high yield. Data for4 (yield = 1.31 g, 0.845 mmol, 95.3%) by NMR spectroscopy. The products were recrystallized frors-CH

follow. 'H NMR (CD,Cl,): ¢ 2.84 (m, GH,PPh, 8H), 3.34 (m,
SCH,, 8H), 6.36 (bs, @Ha, 8H), 7.3-7.7 (bm, FPh,, 40H).31P{1H}
NMR (CD,Clp): ¢ —0.05 (s),—143.16 (sept, P§. ES-MS (/2
[CegHeaP2sSsClp) 2™ calcd= 630.1; expt= 630.2. Anal. Calcd for

CegHsaPsSiCWP,F2: C, 52.68; H, 4.16. Found: C, 52.53; H, 4.04.

Data for5 (yield = 1.44 g, 0.851 mmol, 95.6%) followtH NMR

(CDCly): 6 2.76 (m, GH,PPh, 8H), 3.36 (m, SEi,, 8H), 7.2-

7.6 (bm, PPhy, 40H).31P{1H} NMR (CD,Cl,): 0 0.22 (s),—143.69
(sept, PB). 1F{H} NMR (CD,Cly): ¢ —130.64 (s, GF4), —72.57,
—75.09 (s, s, P§. ES-MS (W2) [CegHseFsPsSiClp]?t: caled =

702.0; expt= 702.2. Anal. Calcd for ggHseFgPsS4CUPoF1: C,

48.20; H, 3.33. Found: C, 47.83; H, 3.25. Dataédyield = 1.19
g, 0.801 mmol, 90.0%) follow!H NMR (CD,Cl,): 6 2.61 (m,
CH,PPh, 8H), 4.12 (m, OEl,, 8H), 6.56 (bs, GHa, 8H), 7.2-7.8

(bm, FPhy, 40H).3P{*H} NMR (CD,Cl,): 6 —14.06 (s),—143.27
(sept, PE). ES-MS (W2) [CsgHe4P4O4C ]2 calcd= 597.2; expt
=597.5. ES-MS1fV2) [CegHssPsO4sC PR ™ calcd= 1339.2; expt
= 1339.5. Anal. Calcd for §HesPsO4,CWwPF1,: C, 54.96; H, 4.34.
Found: C, 55.12; H, 4.31.

General Syntheses ofg-(1,4-Bis[2-(diphenylphosphino)eth-
ylthio]-2,3,5,6-tetrafluorobenzene)Cus(acetonitrile)][PF¢]- (7)
and [u-(1,4-Bis[2-(diphenylphosphino)ethoxy]benzenefu,-
(acetonitrile)4)[PFg]2 (8). Method A. In a Schlenk flask, copper
complex5 or 6 (0.0322 mmol) was dissolved in GAI, (3.0 mL)

Cl,/Et,0. Data for9 (yield = 56 mg, 0.0301 mmol, 93.5%) follow.
IH NMR (CD,Clp): 6 2.72 (m, G1,PPh, 8H), 3.22 (m, SEl,,
8H), 6.60 (bs, @H4, 8H), 7.31 (m, pyr, 8H), 7.42 (bm Ay, 40H),
7.74 (m, pyr, 4H), 8.45 (d, pyr, 8H}P{'H} NMR (CD.Cl,): ¢
—4.61 (s), —143.21 (sept, Pff. ES-MS (2) [CegHesPsSs-
CwCooH2oN4] ™ calcd = 787.2; expt= 787.4. Anal. Calcd for
CegHpaPsSsCuCooHooN4PF15: C, 56.62; H, 4.54; N, 3.00. Found:
C, 56.50; H, 4.68; N, 3.02. Data fdiO (yield = 63 mg, 0.0315
mmol, 97.8%) follow.!H NMR (CD,Cl,): ¢ 2.49 (m, GH,PPh,
8H), 2.90 (m, SEl;, 8H), 7.0-7.4 (bm, PPhy, 40H), 7.46 (m, pyr,
8H), 7.82 (m, pyr, 4H), 8.37 (m, pyr, 8H}*P{H} NMR (CD,-
Cly): 6 —7.70 (s),—143.45 (sept, PF. 1%F{H} NMR (CD,Cly):
0 —133.74 (s, GF4), —72.17,—74.69 (s, s, P§. ES-MS (/2
[CegH56F3P4S4CU2C20H20N4]2+: calcd=859.1; expt= 859.3. Anal.
Calcd for GaHseFsPsS4CCogHooN4PF10: C, 52.57; H, 3.81; N,
2.79. Found: C, 52.68; H, 3.78; N, 3.14. Data 1idr(yield = 54
mg, 0.0298 mmol, 92.5%) followH NMR (CD,Cly): ¢ 2.67 (m,
CH,PPh, 8H), 3.95 (m, OEl,, 8H), 6.34 (s, GH4, 8H), 7.1-7.3
(bm, RPhy, 40H), 7.41 (m, pyr, 8H), 7.79 (m, pyr, 4H), 8.32 (d,
pyr, 8H).31P{1H} NMR (CD,Cl,): 6 —12.70 (s),—143.28 (sept,
PR). ES-MS (W2) [CegHesPaO4sCCooH20N4]?": calcd = 755.2;
expt= 756.0. Anal. Calcd for 68He64P104CULCooHoN4PoF10: C,
58.64; H, 4.70; N, 3.11. Found: C, 59.41; H, 4.03; N, 3.54.
General Syntheses of g4-(1,4-Bis[2-(diphenylphosphino)-

to give a colorless solution. Acetonitrile (0.132 mmol, 4.0 equiv) ethylthio]oenzene)Cuxn2-(2,2-bipyridine) )|[PFe]2 (12), [u-(1,4-
was added to the stirring copper solution via syringe to give a Bis[2-(diphenylphosphino)ethylthio]-2,3,5,6-
colorless solution. After stirring for 1 h, the solvent was removed tetrafluorobenzene)Cuxy%(2,2-bipyridine) J][PFe]2 (13), [u-(1,4-
in vacuo at room temperature to yield analytically pure white solids Bis[2-(diphenylphosphino)ethoxy]benzengLu,-52-(2,2 -
as the sole products as determined by NMR spectroscopy. bipyridine) 5][PFe]2 (14), [u-(1,4-Bis[2-(diphenylphosphino)-
Method B. In a Schlenk flask, the ligand(or 3, 1.78 mmol) ethylthiolbenzene}Cu,-5?-(1,10-phenanthroline}][PFg]. (15),
was dissolved in CkCl, (175 mL). A solution of Cu(MeCNPFs [#-(1,4-Bis[2-(diphenylphosphino)ethylthio]-2,3,5,6-
(662 mg, 1.78 mmol) in MeCN (175 mL) was added via cannula tetrafluorobenzene)Cu,-n?-(1,10-phenanthroline}][PFg), (16),
to the stirring ligand solution to give a colorless solution. After [u-(1,4-Bis[2-(diphenylphosphino)ethoxy]benzeng)?-Cuy(1,10-
stirring for 2 h, the solvent was removed in vacuo to give phenanthroline),][PFe].(17), [#-(1,4-Bis[2-(diphenylphosphino)-
analytically pure white solids (as determined by NMR spectroscopy) ethylthio]lbenzene)Cu,-5?-(neocuproine}][PFgl. (18), [u-(1,4-
in high yield. Owing to the lability of the acetonitrile ligands Tn Bis[2-(diphenylphosphino)ethylthio]-2,3,5,6-
and8, resolution of the molecular ions in MS and elemental analyses tetrafluorobenzene)Cu,-5?(neocuproine}][PFgl, (19), and fu-(1,4-

of these complexes were not possible. Dataf¢yield = 1.48 g,
0.795 mmol, 89.3%) follow!H NMR (CDsCN): ¢ 2.36 (m, GH-
PPh, 8H), 2.81 (m, SEl,, 8H), 7.2-7.6 (bm, FPh,, 40H).31P{H}
NMR (CDsCN): 6 —9.02. (s),—143.52. (sept, Pf. 1°F{H} NMR
(CDsCN): 60 —135.15 (s, GFs), —71.97,—74.48 (s, s, P§. FT-

Bis[2-(diphenylphosphino)ethoxy]lbenzene)Cu,-72-
(neocuproine}][PFg]2 (20).1n a Schlenk flask, copper compldx
5, or 6 (0.0322 mmol) and the appropriate diimine ligand (2,2

bipyridine, 1,10-phenanthroline, neocuproine hydrate) (0.065 mmol,

2 equiv) were dissolved in Gi€l, (3.0 mL) to give yellow (2—
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17) or orange 18—20) solutions. After stirring for 1 h, the solvent
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mmol, 98.6%) follow.!H NMR (CD,Cly): 6 2.24 (m, SEi,, 8H),

was removed to yield analytically pure yellow or orange solids as 2.44 (s, neoc, 12H), 2.59 (m,HGPPh, 8H), 6.9-7.4 (bm, APh,,
the sole products as determined by NMR spectroscopy. Data for 40H), 7.60 (dJ4—» = 7.8 Hz, neoc, 4H), 7.91 (s, neoc, 4H), 8.39

12 (yield = 53 mg, 0.0286 mmol, 88.8%) follow'H NMR
(CD.Clp): 6 2.29 (m, G1,PPh, 8H), 2.53 (m, SEl,, 8H), 6.79 (s,
CeH4, 8H), 6.9-7.3 (bm, RPhy, 40H), 7.40 (m, bipy, 4H), 7.95 (m,
bipy, 4H), 8.19 (m, bipy, 4H), 8.33 (m, bipy, 4H'P{'H} NMR
(CDClp): 6 —5.68 (s), —143.15 (sept, Pf. ES-MS 2
[C68H64P4S4CU2C20H16N4]2+: calcd = 785.1; expt= 785.4. ES-
MS (m/z) [CegH64P4S4CUzC20H16N4PF5]+: calcd= 1405.1; expt=
1405.4. Anal. Calcd for §gHesPsSsCCogH1eN4PoF10: C, 56.74;
H, 4.33; N, 3.01. Found: C, 56.34; H, 3.97; N, 2.97. Datal8r
(yield = 56 mg, 0.0284 mmol, 88.2%) followH NMR (CD,Cly):

0 2.24 (m, ¢H,PPh, 8H), 2.50 (m, SEi,, 8H), 6.8-7.4 (bm, APhy,
40H), 7.38 (bm, bipy, 4H), 8.03 (bm, bipy, 4H), 8.25 (bm, bipy,
4H), 8.38 (bm, bipy, 4H)3P{1H} NMR (CD,Cl,): ¢ —5.57 (s),
—143.27 (sept, PF. °F{1H} NMR (CD.Cl,): 6 —133.82 (s, GF4),
—72.07~74.59(s, s, P§. ES-MS (W2) [CegHseFsPaSiCLLCodH16N4] 2"
calcd = 857.1; expt= 857.1. ES-MS 1{V2) [CegHseFsPsSs-
CuCyoH16N4PFR]*: calcd= 1859.2; expt= 1859.3. Anal. Calcd
for 068H56F8P4S4CU2(:20H15N4P2F12: C, 5267, H, 362, N, 2.79.
Found: C, 52.57; H, 3.33; N, 2.70. Data 4 (yield = 56 mg,
0.0311 mmol, 96.6%) followH NMR (CD,Cl,): ¢ 2.49 (m, GH,-
PPh, 8H), 3.61 (m, OEl,, 8H), 6.06 (s, GH4, 8H), 6.8-7.3 (bm,
PPh,, 40H), 7.38 (m, bipy, 4H), 7.87 (bm, bipy, 4H), 8.10 (bm,
bipy, 4H), 8.32 (bm, bipy, 4HPP{*H} NMR (CD,Cl,): 6 —8.41
(S), —143.18 (Sept, Peg ES-MS (TVZ) [C68H64P404C|.12C20H15N4'
PR]": calcd= 1653.6; expt= 1653.9. Anal. Calcd for ggHg4PsO4-
CwCyoH1gN4PF12: C, 58.77; H, 4.48; N, 3.12. Found: C, 58.46;
H, 3.76; N, 3.03. Data fot5 (yield = 56 mg, 0.0299 mmol, 92.9%)
follow. *H NMR (CD,Cl,): 6 2.30 (m, G4,PPh, 8H), 2.51 (m,
SCH,, 8H), 6.65 (s, GH4, 8H), 6.9-7.4 (bm, APh,, 40H), 7.75

(m, phen, 4H), 7.92 (s, phen, 4H), 8.44 (m, phen, 4H), 8.71 (m,

phen, 4H)3P{1H} NMR (CD.Cly): 6 —5.14 (s),—143.11 (sept,
PFB) ES-MS (TVZ) [C68H64P4S4Cl12C24H15N4]2+: calcd = 809.1;
eXpt= 809.4. Anal. Calcd for @H64P4S4CU2024H16N4P2F12: C,

57.83; H, 4.22; N, 2.93. Found: C, 57.36; H, 3.52; N, 2.94. Data

for 16 (yield = 55 mg, 0.0268 mmol, 83.4%) followH NMR
(CD.Clp): 6 2.30 (m, GH,PPh, 8H), 2.50 (m, SEi,, 8H), 6.8~

7.5 (bm, FPhy,, 40H), 7.80 (m, phen, 4H), 7.99 (s, phen, 4H), 8.49

(m, phen, 4H), 8.76 (m, phen, 4H'P{*H} NMR (CD,Cl,): 6
—4.84 (s), —143.25 (sept, PF. °F{*H} NMR (CD,Cl): o
—134.04 (s, GF4), —71.93, —74.45 (s, s, P§. ES-MS (2
[C58H55F8P4S4CU2(:24H16N4]2+: calcd= 881.1; expt= 881.2. Anal.
Calcd for GeHs6FsP4SsCLCosH16N4PF12: C, 53.78; H, 3.53; N,
2.73. Found: C, 53.99; H, 3.20; N, 2.61. Data 1ot (yield = 48
mg, 0.0260 mmol, 80.9%) followtH NMR (CD,Cl,): ¢ 2.52 (m,
CH,PPh, 8H), 3.55 (m, OCl,, 8H), 5.93 (s, @Hy), 7.1-7.5 (bm,

PPh,, 40H), 7.60 (m, phen, 4H), 7.80 (m, phen, 4H), 8.33 (m, phen,

4H), 8.68 (m, phen, 4HPP{H} NMR (CD.Cl): ¢ —7.62 (s),
—143.14 (sept, Pe? ES-MS (TVZ) [C53H54P4O4CU2C24H16N4]2+:
calcd= 777.2; expt= 777.4. ES-MS{V2) [CeHPsOsCWCodH1eN s
PR]™: calcd= 1701.6; expt= 1701.6. Anal. Calcd for ggHesP4O4-
CwCoHigN4PoF12: C, 59.84; H, 4.37; N, 3.03. Found: C, 59.15;
H, 4.23; N, 2.83. Data fot8 (yield = 59 mg, 0.0316 mmol, 98.0%)
follow. *H NMR (CD,Cl,): 6 2.30 (m, S®i,, 8H), 2.37 (s, neoc,
12H), 2.59 (m, E1,PPh, 8H), 6.78 (s, GH4, 8H), 6.9-7.5 (bm,
PPh,, 40H), 7.55 (dJ4—-+ = 7.8 Hz, neoc, 4H), 7.88 (s, neoc, 4H),
8.35 (d,Jy—n = 8.1 Hz, neoc, 4H)3P{1H} NMR (CD.Cly): ¢
—7.47 (S), —143.27 (Sept, Pe? ES-MS (’ﬂ/Z) [C58H64P4S4-
CuCogH24N4)2™: calcd = 837.2; expt= 837.3. Anal. Calcd for
CGSH64P4S4CL}2C28H24N4P2F12: C,58.62; H, 4.51; N, 2.85. Found:
C, 58.75; H, 4.23; N, 2.96. Data fdr9 (yield = 67 mg, 0.0317
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(d, J4-n = 8.1 Hz, neoc, 4H)3P{*H} NMR (CD.Cl,): 6 —6.61
(s), —143.33 (sept, PF. 1°F{H} NMR (CD.Cl,): 6 —133.58 (s,
C5F4), —7234,—7486 (S, S, Pa ES-MS (T)/Z) [C68H56F8P484-
CwpCagH24N4)%: calcd = 909.1; expt= 909.2. Anal. Calcd for
CegH56F8P4S4CU2C28H24N4P2F12: C, 54.62; H, 3.82; N, 2.65.
Found: C, 54.88; H, 3.52; N, 2.79. Data 20 (yield = 52 mg,
0.0273 mmol, 84.8%) followtH NMR (CD,Cl,): ¢ 2.42 (s, neoc,
12H), 2.54 (bm, OEl,, 8H), 3.58 (bm, Ei,PPh, 8H), 6.01 (s, GHa,
8H), 7.0-7.4 (bm, APh,, 40H), 7.48 (dJy—n = 8.4 Hz, neoc, 4H),
7.79 (s, neoc, 4H), 8.27 (dy—n = 8.1 Hz, neoc, 4H)3P{1H}
NMR (CD.Cly): 6 —10.48 (s),—143.28 (sept, Pf. ES-MS (/2)
[C53H54P4O4CU2C28H24N4]2+: calcd= 805.2; eXpt= 805.4. Anal.
Calcd for GeHeaP1O4CCorgHouN4PF1o: C, 60.60; H, 4.66; N, 2.94.
Found: C, 60.51; H, 4.53; N, 2.96.

General Syntheses of g4-(1,4-Bis[2-(diphenylphosphino)-
ethylthio]benzene)Cus(tert-butylisocyanidey][PFe]2 (21), [u-(1,4-
Bis[2-(diphenylphosphino)ethylthio]-2,3,5,6-
tetrafluorobenzene)Cus(tert-butylisocyanide)][PF¢]. (22), and
[u-(1,4-Bis[2-(diphenylphosphino)ethoxy]benzeneQu,(tert-
butylisocyanide)][PFg]2 (23). In a Schlenk flask, copper complex
4,5, or 6 (0.0322 mmol) was dissolved in GAI, (3.0 mL), and
tert-butylisocyanide (14.&L, 0.129 mmol, 4.0 equiv) was added
to give a colorless solution. After stirring for 1 h, the solvent was
removed to yield analytically pure colorless dllj or white solid
(22, 23) as the sole product as determined by NMR spectroscopy.
Data for21 (yield = 51 mg, 0.0273 mmol, 84.8%) follottH NMR
(CD.Cly): 6 1.35 (s,'BuNC, 36H), 2.27 (m, SB,, 8H), 2.73 (m,
CH,PPh, 8H), 6.97 (s, @H4, 8H), 7.21, 7.33, 7.42 (m, m, mPPy,
40H).31P{1H} NMR (CD.Cl,): 6 —4.31 (s),—143.31 (sept, P#.
FT-IR (CH,Cly): 2170 cnrl (s,'BUNC). ES-MS (W2) [CsgHesPaSs-
CpCooHzeN4?: calcd = 795.2; expt= 795.3. Anal. Calcd for
CegHpaPsSsCCooH3eN4PoF12: C, 56.16; H, 5.36; N, 2.98. Found:
C, 55.83; H, 5.43; N, 3.40. Data f@2 (yield = 61 mg, 0.0301
mmol, 93.5%) followH NMR (CD,Cl,): ¢ 1.39 (s, BUNC, 36H),
2.22 (m, S®,, 8H), 2.75 (m, Gi,PPh, 8H), 7.18, 7.32, 7.42 (m,
m, m, FPhy, 40H).31P{*H} NMR (CD,Cl,): ¢ —4.04 (s),—143.38
(sept, PE). 19F{H} NMR (CD,Cly): 6 —133.91 (s, GF4), —72.42,
—74.94 (s, s, P§. FT-IR (CHClp): 2172 cnr? (s,'BUNC). ES-
MS (M/2) [CegHseFsPaSsClCooHzeN4]?™: calcd = 867.2; expt=
867.4. Anal. Calcd for 6eH56F8P14S4CLLCooHzeN4PF12: C, 52.17;
H, 4.58; N, 2.77. Found: C, 52.91; H, 4.32; N, 2.98. DataZ8r
(yield = 58 mg, 0.0319 mmol, 99.0%) followiH NMR (CD,Cl,):

0 1.25 (s,'BUNC, 36H), 2.47 (m, O8,, 8H), 3.88 (m, Gi,PPh,
8H), 6.42 (s, GHs, 8H), 7.2-7.5 (bm, Ph,, 40H).31P{1H} NMR
(CD.Cly): 6 —7.88 (s),—143.35 (sept, PJ. FT-IR (CHCl,): 2171
cm? (S,tBUNC). ES-MS (T]/Z) [C63H54P4O4CUQC20H36N4]2+: calcd

= 763.3; expt = 763.2. Anal. Calcd for &HesPsOs-
CU2C20H36N4P2F12: C, 58.14; H, 5.55; N, 3.08. Found: C, 58.42;
H, 5.59; N, 3.23.

X-ray Crystal Structure Determination of 4, 5, and 8.
Diffraction intensity data were collected with Bruker SMART
APEX (4) and SMART-1000%, 8) CCD diffractometers equipped
with a graphite-monochromated Maiadiation source. The data

collected were processed to produce conventional intensity data

by the program SAINT-NT (Bruker). The intensity data were
corrected for Lorentz and polarization effects. Absorption correc-
tions were applied using the SADAB®mpirical method T/
Tmax— 0.857 @), 0.801 ), and 0.852 §)). The structures were
solved using the Patterson functiof) @nd by direct methodss(

8), completed by subsequent difference Fourier syntheses and
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Table 1. Crystallographic Data fod, 5, and8 Scheme 2. Synthetic Scheme for Complexds-62
4-CH,Cly* ~— R_R — —|2+
0.5GH;00 5:2CH,Cl, 8:2CHCN thP\ /;@R‘ /’th
/\ /_\PPh 1) CH,CI, u
formula G1H71CLCl-  CroHeoClaClp-  CgoHgoClp- PhP X X 2 7 Cu(MeCN)4PF‘,a C< R R /
F1200.5PsS4 FaoPsSs F12N6O4Ps R R CH,Cl, 3 PPh
fw 1672.32 1864.12 1732.42 PRR_X S KPP
cryst syst orthorhombic ~ monoclinic _triclinic 1:X=8§,R=H 4 X=S R=H
space group Pbcn (1) P1 2:X=S,R=F 5 X=S R=F
a(h) 32.951(2) 12.170(1) 13.158(1) 3:X=0,R=H 6 X=0R=H
b (A) 14.456(1) 27.843(2) 13.158(1) . _ _ _
c(d) 32.267(2) 11.704(1) 13.305(1) All reactions We.re. performed at Z&. All counter.|0n§ .are RF.
o (deg) 90 90 64.871(1) the Cu(l)-containing macrocycles are significantly more
fgg:g; o 386-97(1) 785'87575((11)) stable in the presence of air than previous Rh(l) and Ir(l)
V(A3 15370(2) 3793.3(4) 2051.4(3) analogues, which allows f_or easier hgndling gnd_makes_ them
z 8 2 1 more amenable to catalytic and sensing applications. Finally,
fé’gfg(geg) igbl(z) igéo(z) ?gé?(z) the d° electron configuration of Cu(l) ensures that quenching
X-radiation Mo Ko Mo Ko Mo Ko of fluorescence in the appropriate macrocycles will not occur
A (0.71073) (0.71073) (0.71073) to the same degree as in their Rh(l) analogdés.
indep refins 17063%5'5n)i= 91290“;?3? 96%80“;815? Condensed Intermediates, 46. The copper condensed
R(F)%, RWF?P (%)  6.73, 17.05 3.45.8.76 5.05, 13.12 intermediates4—6 were synthesized via methodologies
largest diff |oea}§Y3 1.295-0.482  0.862;-0.670  1.278;-0.626 similar to published procedures for the synthesis of mono-
and hole (e A3) ia_thi i -
GOF 1092 1,049 1047 nuclear Cu(l) bis-thioetheralkylphosphine compounds (Ex

perimental Section, Scheme 2)In methylene chloride,

refined by full matrix least-squares procedures h Unless  solutions of Cu(MeCNPF were added to solutions of
otherwise noted, all the non-hydrogen atoms were refined aniso-ligands1—3 at room temperature followed by removal of
tropically. Hydrogen atoms were added at calculated positions andthe solvent at 150C to generate complexes-6, respec-
treated as isotropic contributions with thermal parameters defined tively, in high yield (>90%). In this reaction, the stronger
as 1.2 or 1.5 times that of the parent atom. The space groups wereyinding P, O, and S atoms of ligantis-3 displace the labile
chosen on the basis of the systematic absences and intensity statistic§cetonitrile ligands. These complexes have been fully
in the diffraction data. In the structure 4f one of the PEanions characterized in solution (see Experimental Section), and

and the CHCI, and ether solvate molecules are highly disordered - . -
and were treated by SQUEEZE orrection of the X-ray data by cpmplexesﬂ ands have bepn ch'aracterl'zed m. the.SOIId state
via single-crystal X-ray diffraction studies (vide infra).

SQUEEZE (1154 electrons/cell) was close to the required values 071 o
(1056 electrons/cell) for the RRanion, CHCl,, and 0.5(GH100) _The P{*H} N_MR sp_eC'Fra ok-—6 exhlt_)lt signals fpr the
solvent molecules (the ether molecule is disordered around a centeidiPhenylphosphine moieties that are shifted downfield from

of symmetry). The methylene groups and the phenyl rings of the the corresponding free ligands § ppm). These resonances
ligand are disordered over two positions in the structuré. dthe are slightly broadened singlets due to the interaction of the
disordered carbon atoms were refined with isotropic thermal phosphorus atoms with the quadrupdf@u and®®*Cu nuclei
parameters, and the H atoms of the disordered groups were not(l = 3/,).19 The3'P{'H} chemical shifts fo# (60 —0.05) and
taken into consideration. All software and sources of scattering 5 (§ 0.22) compare well with those for mononuclear Cu(l)
factors are contained in the SHELXTL program package (version complexes with alkylthioetherphosphine ligands, which fall
5.10, G. Sheldrick, Bruker-AXS, Madison, WI). Crystallographic within the range of-2.3 to 3.4 ppni®11The resonance for

data for4, 5, and8 are given in Table 1. 6 (0 —14.06) is similar to that for a mononuclear Cufl)
Results and Discussion alkyletherphosphine complex (—16.2)!2 FT-IR analyses
) ) show no evidence of Cu(l)-bound acetonitrile (25(D00

Th_e bimetallic copper(l) metallomacrocycles reported cm-3) for compoundgi—6 in CH,Cly. 'H NMR spectroscopy,
herein demonstrate how the WLA can be adapted to metalsmass spectrometry, and elemental analyses are consistent
other thaq @ square planar centers, sugh as_Rh_(I), I_r(l), and with the proposed formulations o4—6. Complex 4 is
Pd(.ll)...Th|s class of macrocyples provides insight into the indefinitely stable in air in solution (CKCl, or CHCN) and
fIBeX|b|I|ty of the WLA and prowdes several advantages over the solid state. While complexdsand 6 are indefinitely
d” metal centers. Interestl_ngly, the CL.J(I) metal centers have giable in air in the solid state, these complexes slowly degrade
pseudote_trahedra_l coordlnathn environments in the CON-in CH,Cl, under ambient conditions-@ weeks).
dgnse_d |n_terr_ned|ate$—6, which demonstrates that the_ Solid State Characterization of 4 and 5Colorless single
dlrect|onal|ty imparted by a square pIg_nar metal center is crystals of 4 were grown by diffusion of EO into a
not required for the WLA to work. In addition, the tetrahedral
nature of Cu(l) metal ions has been used to assemble bis- (8) yan der Sluis, P.; Spek, A. lActa Crystallogr., Sect. A990 A46
(bidentate) diimine ligands into binuclear systems that are (9) (a) Piguet, C.; Bernardinelli, G.; Hopfgartner, Ghem. Re. 1997,

helical in topology? This structure type has previously not ?h7, 2005. (b) Albrecht, MChem. Re. 2001, 101, 3457 and references
. . erein.
been observed in macrocycles generated via the WLA. Also, (10) Doel, C. L.: Gibson, A. M.; Reid, GPolyhedron1995 14, 3139.
(11) Genge, A. R. J.; Gibson, A. M.; Guymer, N. K.; Reid, &.Chem.
(7) Sheldrick, G. M.SADABS(2.01); Bruker/Siemens Area Detector Soc., Dalton Trans1996 4099.
Absorption Correction Program; Bruker AXS: Madison, WI, 1998. (12) Heuer, B.; Pope, S. J. A.; Reid, Bolyhedron200Q 19, 743.
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Figure 1. Schematic illustration of the formation of (a) helical and (b)
nonhelical structures.

concentrated CKCl, solution of4. Colorless single crystals
of 5 were grown by cooling a saturated &I, solution of
5to —10 °C. Single-crystal X-ray diffraction studies df
and 5 show that each Cu(l) metal center is bound to two

Masar et al.

averaged even at low temperaturessb °C) in the NMR
spectra in CRCl.

Bimetallic Cu(l) Macrocycles Synthesized via the WLA.
The key step in the WLA is the breaking of the weak metal
heteroatom bonds in the condensed intermediates with
stronger bindingr-donors and/osr-acceptors to generate the
desired open macrocyclic structures. The Cu(l)-based con-
densed intermediates4{6) can be opened with small
molecules that are different from those used to open their
Rh and Pd analogues. For example, bimetallic Rh(l) con-
densed intermediates have been synthesized with ligan8ls

phosphines and two thioethers in a pseudotetrahedral geomand have been subsequently opened with small molecules,
etry (Figures 2 and 3). Selected bond distances and anglesuch as nitriles, isonitriles, CO, and/or halides, to form a

are shown in Tables 2 and 3. The average-wnd Cu-S
distances it are 2.24 and 2.35 A, respectively, while those

variety of large macrocyclic ring structur&s=¢°The Cu-X
bonds of4—6 proved to be substitutionally inert under most

in 5are 2.26 and 2.35 A, respectively. Similar distances are conditions that result in displacement of these moieties in

observed in both mononuclear Cu(l) complexes with thio-
etherphosphine ligands (av €@ = 2.22 A; av Cu-S =
2.34 Ajo1113and complexes generated via this approach
using ligandl in combination with Rh(l) (M-P = 2.25 A;
M-S =2.35 A) and Pd(Il) (M-P=2.30 A; M—S = 2.40
A) starting material§! The Cu-Cu distances i@ and5 are
8.58 and 8.53 A, respectively, and the areagene distances
are 3.65 and 4.13 A, respectively. For tHeamhalogues of
compound4, the metat-metal distances (Rh, 8.38 A; Pd,
8.00 A) and arenearene distances (Rh, 3.51 A; Pd, 3.53
A) are very similagf

Due to the tetrahedral geometry of the copper(l) center
two possible [2+ 2] complexes can be formed, i.e. helical
and/or nonhelical complexes (Figure't)n the structures

the Rh(l) intermediates. However, compleXeand6 (with
weaker Cu-S and Cu-O bonds than the CuS bonds in4)

can be opened with acetonitrile to generate cationic structures
(7 and8, vide infra). Also, compound4—6 can be opened
with isonitriles to form cationic macrocycle21—23, vide
infra), although, unlike their square planar analogues, they
do not require a donating ligand (e.g. nitriféy.

Cationic Macrocycles via Addition of Acetonitrile, 7
and 8. A number of reports have shown that stable
complexes of Cu(l) can be synthesized with phosphines and
acetonitrile as ligand®:91°> The success of acetonitrile as

' an opening ligand is dependent on the nature of the weak-

binding moieties of the macrocyclic precurso#is-6). For
instance, the CuS bond that is formed in the reaction of

of both 4 and5, the arenes are aligned in a parallel planar ligand 1 with the copper starting material is strong enough

arrangement; however the protons on the arene rings of

complex4 are staggered, while in compléxthe fluorine
atoms on the arene are eclipsed. Although the structure
appear quite different, it is interesting that the only geometric

differences lie in the torsion angles for the bonds about the
thioether centers. If the difference between the fluorine and
hydrogen substituents on the arene are neglected, examinatio
of molecular models shows that the two structures can be

interconverted without breaking or stretching bonds, but
merely by rotation about the Ct§ and S-arene bonds. The

two structures may thus be regarded as stereoconformer
showing helical and nonhelical structures. On the basis of

the similarities of the NMR spectra for complex¢snd>5,
the various conformers likely undergo rapid interconversion
in solution. However, the interconverting species are signa

(13) Loeb, S. J.; Shimizu, G. K. Hnorg. Chem.1993 32, 1001.

(14) (a) Beer, P. D.; Wheeler, J. W.; Moore, C.J?Chem. Soc., Dalton
Trans.1992 2667. (b) Ruttimann, S.; Piguet, C.; Benardinelli, G.;
Bocquet, B.; Williams, A. FJ. Am. Chem. S0d.992 114, 4230. (c)
Dietrich-Buchecker, C.; Nierengarten, J.-F.; Sauvage, J.-P.; Armaroli,
N.; Balzani, V.; De Cola, LJ. Am. Chem. S0d993 115, 11237. (d)
Bilyk, A.; Harding, M. M. J. Chem. Soc., Dalton Tran%994 77. (e)
Comba, P.; Fath, A.; Hambley, T. W.; Vielfort, Al. Chem. Soc.,
Dalton Trans.1997, 1691. (f) Hannon, M. J.; Painting, C. L.; Jackson,
A.; Hamblin, J.; Errington, W.Chem. Commun1997, 1807. (g)
Comba, P.; Fath, A.; Hambley, T. W.; Kuhner, A.; Richens, D. T.;
Vielfort, A. Inorg. Chem1998 37, 4389. (h) Comba, P.; Kuhner, A;
Peters, AJ. Chem. Soc., Dalton Tran£999 5009. (i) Nabeshima, T.;
Hashiguchi, A.; Saiki, T.; Akine, SAngew. Chem., Int. EQ002 41,
481.
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to preclude acetonitrile from coordinating to the copper metal
centers even when present in large excess. However, under
Sthese conditions, the intermediates with-©U(X = O, S)
bonds intact are not isolated when ligan?@isand 3 are
employed. Instead, cationic macrocycléand8 (Scheme

3) are formed where each copper metal center is bound to
Pwo phosphines and two acetonitrile ligands. Alternatively,
complexes7 and 8 can be generated by addition of a
stoichiometric amount of acetonitrile to condensed interme-
Sdiates 5 and 6, respectively, followed by evacuation.
Compound¥ and8 have been characterized by multinuclear
NMR and FT-IR spectroscopies, and mass spectrometry. The
labile nature of the acetonitrile ligands prohibits elemental

| analysis and the presence of the molecular ion corresponding
to the metal complex with bound acetonitrile ligands in the
mass spectrum. Th#P{'H} NMR spectra of these com-
pounds exhibit resonances (singlets) that are shifted from
the closed complexes and6 (7, 6 —9.02;8, 6 —11.35)

that compare well with mononuclear Cu(l) bisphosphine bis-
(nitrile) complexes § —9.5 to —12.7)#*9 The presence of
the coordinated MeCN molecules is evidenced by the

(15) (a) Li, D.; Yip, H.-K.; Che, C.-M.; Zhou, Z.-Y.; Mak, T. C. W.; Liu,
S.-T.J. Chem. Soc., Dalton Tran$992 2445. (b) Li, D.; Feng, Q.;
Feng, X.-L.; Cai, J.-WInorg. Chem. Commur2003 6, 361. (c) Wu,
M.-M.; Zhang, L.-Y.; Qin, Y.-H.; Chen, Z.-NActa Crystallogr., Sect.
E 2003 E59 m195.
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Figure 2. Thermal ellipsoid drawings of showing the labeling scheme for selected atoms and ellipsoids at 50% probability. Hydrogen atoms, counterions,

and solvent molecules are omitted for clarity.

Figure 3. Thermal ellipsoid drawings & showing the labeling scheme for selected atoms and ellipsoids at 50% probability. Hydrogen atoms, counterions,

and solvent molecules are omitted for clarity.

Table 2. Selected Structural Properties f¢il[4-(PhPCHCH,S),-
CsHa} 2Cw][PFe]2*CH2Cl2+0.5CH100 (4-CHxCl,+0.5CH100)

Distances (A)

Cu(1)-Cu(2) 8.581 GF4(centroid)- 3.636
CeFa(centroid)

Cu(1)-S(1) 2.340(1) Cu(2yS(3) 2.342(1)

Cu(1)-S(2) 2.339(1) Cu(2yS(4) 2.380(1)

Cu(1)-P(1) 2.245(1) Cu(2yP(3) 2.224(1)

Cu(1)-P(2) 2.263(1) Cu(2yP(4) 2.220(1)

Angles (deg)

OS(1y-Cu(1)y-S(2) 116.06(4) OS(3y-Cu(2)-S(4) 116.41(5)
OP(1}-Cu(1)-S(1)  89.98(5) OP(3y-Cu(2)-S(3)  89.64(5)
OP(1y-Cu(1)-S(2) 117.34(5) OP(3y-Cu(2)-S(4) 108.78(5)
OP(2-Cu(1)-S(1) 119.10(5) OP(4)y-Cu(2-S(3) 112.58(5)
OP(2y-Cu(1)-S(2)  90.12(4) OP(4y-Cu(2)-S(4) 90.64(4)
OP(1y-Cu(1)-P(2) 126.84(5) OP(3y-Cu(2)-P(4) 140.50(5)

Table 3. Selected Structural Properties f¢i[4-(PhPCHCH,S),-
CsFa} 2CUp][PFe]2:2CH,CI (5:2CH,Cly)

distances (A) angles (deg)
Cu—Cu 8.529 O0S(1)y-Cu(1)y-S(2) 122.75(2)
CsFa(centroid)- 4.125 OP(1)-Cu(1)-S(1) 88.97(2)
CgF4(centroid)
Cu(1)-S(1) 2.341(1) OP(1)-Cu(l>-S(2) 112.68(2)
Cu(1)y-S(2) 2.361(1) OP(2)-Cu(1)-S(1) 118.61(2)
Cu(1)-P(1) 2.268(1) OP(2)-Cu(1)>S(2) 90.95(2)
Cu(1)-P(2) 2.252(1) OP(1-Cu(l}-P(2) 126.19(2)

appearance of twe(CN) absorption bands7( 2254, 2275
cm™%; 8, 2277, 2310 cm?) in the FT-IR spectra of these
complexes. The downfield shift and the integration of the
acetonitrile signals in théH NMR spectra also support the
structures shown in Scheme 2.

Solid State Characterization of 8. Colorless single
crystals of 8 were grown by diffusion of EO into a
concentrated CCl, solution of 8. A single-crystal X-ray
diffraction study of8 shows that each Cu(l) metal center is
bound in a pseudotetrahedral geometry to two phosphines
and two acetonitrile ligands (Figure 4). Selected bond lengths
and angles are given in Table 4. The average-EBuand
Cu—N distances in8 are 2.26 and 2.05 A, respectively.
Similar distances are observed in both mononuclear Cu(l)
complexes with acetonitrile and phosphine ligands<@u
= 2.27-2.29 A; Cu-N = 2.00-2.16 Ayb152and macro-
cycles generated via opening the intermediate formed from
the reaction of ligan@® in combination with Pd(ll) starting
materials (M-P = 2.27 A; M—N = 2.09 A)3 The Cu-Cu
distance in8 (9.46 A) and the arenearene distance (7.38
A) are within the range expected by comparison to previously
synthesized macrocycles using similar benzene-based ligands.
The Cu-O distances (4.29 A) are clearly nonbonding.
Similar to the structure db, the ligands ir8 are bound in a
nonhelical manner.

Cationic Macrocycles via Addition of Pyridine-Based
Ligands, 9—20. Mixed monometallic copper(l) phosphine
complexes with a variety of heterocyclic N-donors are
abundant in the literature owing to their interesting photo-
physical and photochemical properti€slence, N-donors,
such as pyridine, 2)ipyridine, or 1,10-phenanthroline,
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Scheme 3. Synthetic Scheme for Cationic Macrocyclés23?
R__R
M~ R_R — |2+ —- ES
Ph,P /(—@— Frn thp,—)( R R )&ﬁPth
\ R R c 4.0 eq pyridine or ~_7 \
Cu A Cu Cu,
H \ R / 2 2.0 eq bipy, phen, or dmp "'aP &
%}— Ph |
PhZP\J R R x\_}: 2 th\—\ R R Ph,
X
4: X=S,R=H X R R
5: X=8§,R=F
) 9: X=5,R=H,NN=2pyr15: X=S, R=H, NN = phen
6: X=0,R=H 10: X=S,R=F,NN=2pyr 16: X=S, R=F, NN = phen
11: X=0,R=H,NN=2pyr17: X=0, R=H, NN = phen
12: X=S,R=H, NN =bipy 18: X=S, R=H, NN = dmp
13: X=S,R=F,NN=bipy 19: X=S§,R=F, NN =dmp
14: X=0, R =H, NN = bipy 20: X=0, R=H, NN = dmp
4.0 eq MeCN 4.0 eq 'BuNC
R__R T2+ R__R
—>X X~ T2+
thP/_)( R R PPh2 thp R R Pth
MeCN.___/ \ NCMe NG/ < CN+
LU Qu\ /c».u gu\
MeCN” < “NCMe >NE < eN--
Phor \ R_R /_f Ph, Ph; R R /_f Ph,
X—@—X X X
R R R
7: X=S,R=F 21: X=S,R=H
8: X=0,R=H 22: X=§,R=F
23: X=0,R=H

a All reactions were performed in GEI, at 25°C. All counterions are Rf.

Figure 4. Thermal ellipsoid drawings & showing the labeling scheme for selected atoms and ellipsoids at 50% probability. Hydrogen atoms, counterions,

and solvent molecules are omitted for clarity.

Table 4. Selected Structural Properties f¢rl[4-(PhPCHCH,0),-
CaH4}2CU2(CH3CN)4][PF5]2'2CH;CN (8'2CH3CN)

distances (A)

angles (deg)

Cu—Cu 9.464 ON(1)—Cu—N(2) 95.15(9)

CeHa(centroidy- 7.381 OP(1)-Cu—N(1) 111.21(7)
CeHa(centroid)

Cu(1)y-N(1) 2.029(2) OP(1}-Cu—N(2) 109.78(6)

Cu(1)-N(2) 2.065(2) OP(2-Cu—N(1) 105.52(7)

Cu(1y-P(1) 2.253(1) OP(2)-Cu—N(2) 111.88(7)

Cu(1y-P(2) 2.268(1) OP(1y-Cu—P(2) 120.30(3)

the closed complexe$—6 (9, —1.61 ppm;10, —7.70 ppm;

11, —12.70 ppm) that are similar to those of mononuclear
Cu(l) bisphosphine bispyridine complexgsn addition, the
chemical shifts in théH NMR spectra oP—11 differ from

those of free pyridine (upfield shift in the-H) and also
complexes4—6, indicating that pyridine binding has oc-
curred. The mass spectra and elemental analyses of these
compounds also support the assigned structures for each of
these complexes (Scheme 3).

were chosen to open the Cu(|) condensed intermediates. Stoichiometric addition of bidentate diimine |igandS, such

Successful displacement of the €8 or Cu-O bonds in
4—6 was achieved via the stoichiometric addition of pyridine,
which results in the quantitative formation of the colorless
cationic macrocycles%-11) in high yield (Scheme 3).
Compound®—11 have been characterized by multinuclear

as 2,2-bipyridine (bipy), 1,10-phenanthroline (phen), and
neocuproine (2,9-dimethyl-1,10-phenanthroline, dmp), also
results in the formation of 26-membered macrocydi2s
20in high yield (Scheme 3). These macrocycles have been
characterized by multinuclear NMR spectroscopy, mass

NMR spectroscopy, mass spectrometry, and elementalSPectrometry, and elemental analysis. Similar%611,

analysis. The3P{'H} NMR spectra of these compounds

compoundsl2—20 exhibit upfield chemical shifts in the

exhibit resonances (singlets) that are shifted upfield from **P{*H} NMR spectroscopy as compared to the spectroscopy

(16) For recent reviews, see: (a) McMillin, D. R.; McNett, K. Bhem.
Rev. 1998 98, 1201. (b) Scaltrito, D. V.; Thompson, D. W,
O’Callaghan, J. A.; Meyer, G. MCoord. Chem. Re 200Q 208 243.
(c) Armaroli, N. Chem. Soc. Re 2001, 30, 113.
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for closed complexed—6. The 3P{*H} NMR chemical

(17) (a) Del Zotto, A.; Nardin, G.; Rigo, B. Chem. Soc., Dalton Trans.
1995 3343. (b) Ruina, Y.; Kunhua, L.; Yimin, H.; Dongmei, W.;
Douman, JPolyhedron1997 16, 4033.
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shifts of these compounds compare well with analogous While ES-MS data for these compounds gives a mass
mononuclear Cu(l) complexes bearing two phosphine ligands corresponding to the dicationic complex with two isocyanide
and the appropriate bidentate diimine ligeféf Again, the ligands, thelH NMR integration and elemental analysis
IH NMR chemical shifts suggest that binding of the ancillary suggests that there are four ligands bound in each complex
ligands has occurred as the resonances for all protons havé€Scheme 3).
shifted from the free diimine ligand (upfield for protons in .
the ortho positions to the nitrogen) and the condensed Conclusions
intermediate. Unlike the pyridine adducts, compleg@s Herein, we have shown that the WLA can be used to
20 are colored species ranging from yellow to orange. The synthesize a variety of bimetallic Cu(l) macrocycles in high
color of these complexes is due to a metal-to-ligand chargeyield from simple ligands and metal precursors. The WLA
transfer band which relies on thé°ctonfiguration of the to Cu(l) macrocycles and the WLA to the previous square
metal center and the accessibfeorbitals of the metal bound  planar examples are similar, but the reactivity differences
ligands?®® of the Cu(l) and the analogous® drh(l), Ir(l), Pd(ll)
Cationic Macrocycles via Addition of Isocyanide, 21 condensed intermediates requires different ancillary ligands
23. tert-Butylisocyanide has been used to ogerb to give to open such structures into macrocycles. In particular,
the colorless cationic macrocycl2s—23 (Scheme 3). These ~ pyridine, diimines, acetonitrile, and isocyanides all can be
macrocycles have been characterized by multinuclear NMR used to open condensed structures formed from Cu(l). This
and FT-IR spectroscopies, mass spectrometry, and elementabrovides an important additional level of control in macro-
analysis. Thé'P{!H} NMR chemical shifts of these com-  cycle synthesis via the WLA, especially in view of the large
pounds are shifted significanti2{, —4.31 ppm;22, —4.04 number of nitrile, imine, and amine ligands available to the
ppm; 23, —7.88 ppm) from those of the closed complexes coordination chemist. In addition, the ability to use metal
4—6. The3'P{*H} NMR chemical shifts of these compounds centers that prefer tetrahedral geometries demonstrates the
compare well with those of analogous mononuclear Cu(l) versatility and robustness of this approach to metallomac-
complexes bearing two phosphine ligands and two iso- rocycle synthesis and shows that square planar sites are not
cyanides’" The!H NMR spectra of these complexes exhibit essential to achieve the directionality required to template
signals that are shifted from those of the free isocyanide andmacrocycle formation. Indeed, the basic principle of the
the condensed intermediates. The FT-IR spectra of theseWLA drives the formation of all of these metallomacro-
complexes exhibit strong signals in the range of 212072 cycles: a hemilabile ligand can template the high yield
cm1, consistent with Cu(l)-bountért-butylisocyanide!2° formation of a binuclear intermediate that can be selectively
opened into a macrocycle through judicious choice of small

(18) (a) Kitagawa, S.; Maruyama, H.; Wada, S.; Munakata, M.; Nakamura, molecule, ring expanding ligands.
M.; Masuda, H.Bull. Chem. Soc. Jpril991 64, 2809. (b) Kuang,
S.-M.; Cuttell, D., G.; McMillin, D. R.; Fanwick, P. E.; Walton, R. Acknowledgment. C.A.M. acknowledges the NSF and
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