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Reaction of equimolar amounts of AgCN and PCy; gave the polymer [(CysP)Ag(NCAgGCN)]., (1), whereas employment
of excess PCys yielded the discrete compound [(CysP)Ag(NCAGCN)] (2). Reacting bis(dicyclohexylphosphino)-
methane (dcpm) with AgCN in 1:1 and 1:2 molar ratios gave two crystalline forms, namely [Aga(«-dcpm),][Ag-
(CN)z]2*(CH30H), (3a+(CH30H),) and [Aga(u-depm)2][Ag(CN).], (3b), respectively. The similar reaction of CuCN
with PCyj; afforded the polymeric compound [{ (CysP)Cu(CN)} s].. (4), whereas treatment of CUCN with dcpm gave
[Cuz(u-dcpm)2(CN),] (5). Employment of diphosphine ligands with longer —(CH,),— spacers, such as 1,2-bis-
(dicyclohexylphosphino)ethane (dcpe, n = 2) and 1,3-bis(diphenylphosphino)propane (dppp, n = 3), in reactions
with [Cu(CH3CN)4]PFs and KCN afforded the macrocylic compounds [{ Cu(dcpe)} 2(CN)(u-dcpe)]PFs (6(PFg)) and
[{ Cu(dppp)} s(CN).(u-dppp)]PFs (7(PFe)), respectively. The hexanuclear complex [Cu(CN)(PCys)]s (8) was obtained
by reacting CuCN with PCyj in the presence of sodium pyridine-2-thiolate. The UV-vis absorption spectrum of 1
in acetonitrile displays a weak shoulder at 245 nm (e = 350 dm® mol~* cm™1). For 3a, 3b, and 5, the intense
absorption bands at Ama = 257-276 nm with € values of (1.73—1.80) x 10* dm® mol~! cm™! are assigned to
[ndo* — (n + 1)po] transitions. Complexes 3a and 3b emit at Anax = 365 nm in CH3CN (quantum vyield ~6 x
1073, lifetime ~0.2 us). The solid-state emission of 5 (Amax = 470 and 488 nm at 298 and 77 K) is red-shifted in
energy from that of 4 (Amax = 401 and 405 nm at 298 and 77 K, respectively). In 77 K MeOH/EtOH (1:4) glassy
solution, complexes 4-8 display intense emission with Anax at 382—416 nm, which is assigned to the [3d — (4s,
4p)] triplet excited state.

Introduction nuclearities of coordination polymers or molecular ensembles
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reactants;® steric properties of ancillary ligands$, and Here we describe the structures of coordination polymers
presence of solvate or aniof during crystallization pro-  of Ag(l) and Cu(l) with cyanometallate or cyanide ions as
cesses. Other subtle interactions, such as metallophiliéity  bridging ligands and tricyclohexylphosphine (RLgs the
andsz—a stacking'? may also play a role in controlling the  “capping” ligand. We also report the syntheses of di-, tri-,
supramolecular architecture. and hexanuclear assemblies with,[M'P),]?" (M = Cu and

In the context of increasing structural dimensionality and Ag; P"P = bridging diphosphine), [G(P"P)(u-CN)]*, [Cus-
imparting intriguing photoluminescent characteristics to (P'P)u-CN);]", and [Cwy(u-CN)g] core units, respectively.
metal-containing assemblies, the employment of closed-shellTheir photophysical properties were examined, and com-
d® metal ions, including Cu(l), Ag(l), and Au(l), has long parisons with the respective mononuclear counterparts were
been demonstrated via weak metaletal® and metat made to probe and validate the presence and consequence
ligand#interactions. The coordinatively unsaturated dicyano- of metal-metal interactions.
aurates(l) and -argentates(l) are good candidates for exam- ) .
ining d°—d° interactions in the grountland excited statd§, ~ EXPerimental Section
and such interactions could lead to the formation of  General Procedures. All starting materials were used as
luminescent metatmetal-bonded excimers and metal  received. [Cu(CHCN),PFs was prepared by literature meth&d.
ligand exciplexes. For example, the two-coordinate *Cu¢CN)  Dichloromethane for photophysical studies was washed with
formed upon UV irradiation, was reported to associate with concentrated sulfuric acid, 10% sodium hydrogen carbonate and
halide ions to give a long-lived, highly luminescent exci- water, (_jri_ed by calcium chlqride, and distilled over calcigm hydride.
plex2? Acetoqltrlle for photophysical mea.suremen.ts was distilled over

potassium permanganate and calcium hydride. All other solvents

(4) (a) Chesnut, D. J.; Kusnetzow, A.; ZubietajJJChem. Soc., Dalton were of analytical grade and purified according to conventional

Trans.1998 4081-4083. (b) Stocker, F. B.; Staeva, T. P.; Rienstra, methods?® All reactions were carried out using standard Schlenk
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Cao, R.; Zhou, Z.; Chan, A. S. @. Chem. Soc., Dalton Tran200Q were done under prevention of direct irradiation of light, recrys-

1685-1686. (e) Liu, S.; Meyers, E. A.; Shore, S. Bngew. Chem.,  yalization was carried out in the absence of light, and products

Int. Ed. 2002 41, 3609-3611. (f) Sun, X.-R.; Liang, J-L.; Che, C.- orod 1 ambor alass viale with 19 . P ol

M.: Zhu, N.; Zhang, X. X.: Gao, SChem. Commur2002 2090- were stored in amber glass vials with wrappings of opaque foil.

2091. Samples were dried under high vacuum prior to elemental analysis
(5) lwamoto, T. InComprehensie Supramolecular ChemistriylacNicol, and NMR spectroscopic measurements.

D. D., Toda, F., Bishop, R., Eds.; Pergamon Press: Oxford, 1996; -
Vol. 6, Chapter 19, pp 643690. Fast atom bombardment (FAB) mass spectra were obtained on

(6) Blake, A. J.; Champness, N. R.; Hubberstey, P.; Li, W.-S.; Withersby, @ Finnigan Mat 95 mass spectrometer with a 3-nitrobenzyl alcohol
M. A.; Schrider, M. Coord. Chem. Re 1999 183 117-138. matrix, whereas electrospray mass spectra were obtained on a LCQ

(7) Bowrmaker, G. A.; Effendy; Reid, ). ﬁgnRﬁ';ﬁ;dég% £, £ Skelton, B- quadrupole ion trap mass spectrometr(500 MHz) anc'P (202
(8) Marvaud, V.; Decroix, C.; Scuiller, A.; Tuyas, F.; Guyard-Duhayon, MHz) NMR measurements were performed on a DPX 500 Bruker

C.; Vaissermann, J.; Marrot, J.; Gonnet, F.; VerdaguerCllem— FT-NMR spectrometer with chemical shifts (in ppm) relative to
© ‘(E{SV-CJH ggr?l?t 9b1‘39.2ktzggizow A Birge, R.; Zubieta JChem tetramethylsilane!H) and HPO, (3'P) as references. Elemental
Soc., Dalton'Trénééool 2581-2586. (b) Bl’J, >ii-H.; Xie, \?.-B.; Li,' analysis was performed by the Institute of Chemistry at the Chinese

J.-R.; Zhang, R.-Hlnorg. Chem.2003 42, 7422-7430. (c) Song, Academy of Sciences, Beijing. Infrared spectra were recorded on
R.-F.; Xie, Y.-B.; Li, J.-R.; Bu, X.-H.J. Chem. Soc., Dalton Trans.  a Bio-Rad FT-IR spectrophotometer. BVis spectra were recorded

(10) %’gﬁefgﬁf_&?‘f; Blake, A. J.: Champness, N. R.: Hubberstey, P.: on a Perkir-Elmer Lambda 19 UV/vis spectrophotometer.

Li, W.-S.; Schraler, M.Angew. Chem., Int. Ed. Endl997, 36, 2327— Emission and Lifetime Measurements Steady-state emission
2329. spectra were recorded on a SPEX 1681 Fluorolog-2 model F111Al
(1) %)3:5?;5 '-bP-LY-? Wf‘f’“% Vé/..-\;.; '-a‘é- E‘@F?Wr’-kcgemngq 24H spectrophotometer. Solution samples for measurements were de-
e Thom'p(so)n, ;z'ncoc,hem '(’:O,;]Jﬁq’um"odi zasgg:zéo.' O.; Sanchez, gassed with at least four freezpump-thaw cycles. Low-temper-
(12) Blake, A. J.; Champness, N. R.; Khlobystov, A. N.; Lemenovskii, D. ature (77 K) emission spectra for glasses and solid-state samples
A, Li, W.-S.; Schraler, I\r/1I.Chem. C?jmmunl997. 1339-1340. were recorded in 5 mm diameter quartz tubes, which were placed
(13) ((g‘)) l‘:]g?;egj glﬁr:?:g\]/;lér(,:AZTéy. gﬁeﬁ].'5;35%837'2%,6'212%?%2%1.1(2)' in a liquid nitrogen Dewar equipped with quartz windows. The
Schmidbaur, HChem. Soc. Re 1995 24, 391-400. (d) PyykKo P. emission spectra were corrected for monochromator and photo-

Chem. Re. 1997 97, 597-636. (e) Puddephatt, R.Ghem. Commun. multiplier efficiency and for xenon lamp stability.

1998 1055-1062. (f) Patterson, H. H.; Kanan, S. M.; Omary, M. A. e At ;
Coord. Chem. Re 2000 208 237-241. Emission lifetime measurements were performed with a Quanta

(14) (a) Chan, W.-H.; Mak, T. C. W.; Che, C.-M. Chem. Soc., Dalton ~ Ray DCR-3 pulsed Nd:YAG laser system (pulse output 266 nm, 8
Trans.1998 2275-2276. (b) Fu, W.-F.; Chan, K.-C.; Miskowski, V. ns). The emission signals were detected by a Hamamatsu R928

gh;ecge'MC-'_Méﬁn%ewMgzgst'kim\t) 'I:\Adl_9$ge3fl3\:/l 2(7:8_3(‘: %;?15-(:(‘3{( ~ photomultiplier tube and recorded on a Tektronix TDS 350
Che;mg’ KiK.: Phillibs, D. L. Le’uné’ K'.’_HAnéev\',. Chem., Int. Ed. oscilloscope. Errors fol values &1 nm), t (£10%), @ (+10%)

200Q 39, 4084-4088. (d) Fu, W.-F.; Chan, K.-C.; Cheung, K.-K.;
Che, C.-M.Chem—Eur. J.2001, 7, 4656-4664. (e) Che, C.-M.; Lai, (17) (a) Horvdh, A.; Stevenson, K. Linorg. Chem1993 32, 2225-2227.

S.-W. Coord. Chem. Re in press. (b) Horvah, A.; Wood, C. E.; Stevenson, K. lI. Phys. Chenill994
(15) Rawashdeh-Omary, M. A.; Omary, M. A.; Patterson, H.JHAm. 98, 6490-6495. (c) Horvéh, A.; Wood, C. E.; Stevenson, K. Lnorg.

Chem. Soc200Q 122 10371-10380. Chem.1994 33, 5351-5354. (d) Horvéh, A. Coord. Chem. Re 1997,
(16) (a) Omary, M. A.; Patterson, H. H. Am. Chem. Sod 998 120, 159 41-54. (e) Stevenson, K. L.; Jarboe, J. Bl. Photochem.

7696-7705. (b) Omary, M. A.; Patterson, H. tthorg. Chem.1998 Photobiol., A2002 150, 49-57.

37, 1060-1066. (c) Rawashdeh-Omary, M. A.; Omary, M. A,;  (18) Kubas, G. Jlnorg. Synth.1979 19, 90-92.
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were estimated. The emission quantum vyields were determinedrefluxed under an argon atmosphereéd and the solution turned

using the method of Demas and CroZbwith quinine sulfate in
degassed 0.1 N sulfuric acid as a standard reference soldbion (
= 0.546).

Synthesis. [(C¥P)Ag(NCAgCN)]., 1. To a stirred solution of
tricyclohexylphosphine, PGy (0.21 g, 0.75 mmol) in dichlo-
romethane (30 mL) in the dark at 298 K was added AgCN (0.10 g,

pale green. Upon cooling to room temperature, the mixture was
filtered, and the volume of filtrate was reduced6 mL; addition

of diethyl ether gave a white solid, which was collected by filtration
and dried. Recrystallization by slow diffusion of diethyl ether into
a dichloromethane solution afforded colorless crystals: yield 0.20
g, 54%. Anal. Calcd for €HggN3sP;Cus: C, 61.68; H, 8.99; N,

0.75 mmol). The resultant suspension was refluxed under an argon3.79. Found: C, 61.57; H, 9.01; N, 3.86. FAB-MSw/z 624

atmosphere for 24 h, and the solution turned pale yellow. Upon
cooling to room temperature, the mixture was filtered, and the
volume of filtrate was reduced to5 mL. Addition of diethyl ether
gave a white solid, which was collected by filtration and dried.
Recrystallization by slow diffusion of diethyl ether into a dichlo-
romethane solution gave colorless crystals: yield 0.12 g, 58%. Anal.
Calcd for GoH33NoPAg: C, 43.82; H, 6.07; N, 5.11. Found: C,
43.52; H, 6.16; N, 4.96. FAB-MS:n/z 387 [(CwP)Ag]", 522
[(CysP)A%(CN)]*, 670 [(Cy:P)(C)AG(CN)]*, 683 [(Cy;P)Ag:-
(CN)s] ", 802 [(CysP)(C)AG(CN)s] ¥, 817 [(CysP)AGU(CN)d] *, 937
[(CysP)(C)AG(CN)]*, 1070 [(CYP)(C)AG(CN)". *H NMR
(CDCl): 6 1.19-1.35 (m, 15H, Cy), 1.731.76 (m, 3H, Cy), 1.86
(m, 15H, Cy).3%P{H} NMR (CDCly): 6 41.15 (m,J [Agl0—P]
= 508 Hz,J [Ag1%®—P] = 580 Hz). IR (KBr):» 2154 (G=N) cm™ L.

[(Cy3P).Ag(NCAgCN)], 2. The procedure foll was adopted,
except for using a 2:1 molar ratio of P&y AgCN, and a colorless
crystalline solid was afforded: yield 0.19 g, 61%. Anal. Calcd for
C38H56N2P2A92: C, 55.08; H, 8.03; N, 3.38. Found: C, 55.14; H,
8.01; N, 2.87. FAB-MS:m/z 667 [(Cy;PLAg] ™, 802 [(CysP)Ag,-
(CN)]*, 935 [(CysP)XAg3(CN),]*, 1070 [(CyP)Ag4(CN)s] , 1203
[(CysPXAgs(CN)4 ™. *H NMR (CDCl): 6 1.20-1.37 (m, 30H,
Cy), 1.74-1.76 (m, 6H, Cy), 1.86 (m, 30H, Cy§P{*H} NMR
(CDCly): 0 41.68 (m,J [Ag19"—P] = 524 Hz,J [Ag1®°—P] = 598
Hz). IR (KBr): v 2122 (G=N) cm™L.

[Ag2(u-dcpm)][AG(CN) 2]2:(CH30H),, 3a(CH3OH).. To a
stirred solution of bis(dicyclohexylphosphino)methane, dcpm (0.42
g, 1.03 mmol), in dichloromethane (30 mL) in the dark at 298 K

[(CysPXCul*, 712 [(CyP)2C(CN)]*, 803 [(Cy:P)2Cus(CN),]™,
892 [(CysPRCuy(CN)g] *, 981 [(CysP)Cus(CN)s] 7, 1072 [(CyP)-
Cus(CN)s]*, 1161 [(CyP).Cur(CN)e] ", 1250 [(Cy;P)Cus(CN)7] ™,
1341 [(CyPXCuy(CN)g]t, 1430 [(CyP)Cuio(CN)gl ™. *H NMR
(CDClg): 6 1.21-1.46 (m, 45H), 1.721.93 (m, 54H).31P{1H}
NMR (CDCly): 6 12.99. IR (KBr): v 2123 (G=N) cmL.
[Cuy(u-dcpm),(CN)2], 5. To a stirred solution of CuCN (0.045
g, 0.50 mmol) in dichloromethane (30 mL) was added dcpm (0.20
g, 0.49 mmol). The resultant suspension was refluxed under an
argon atmosphere for 16 h. The mixture was cooled to room
temperature and filtered, and the volume of the filtrate was reduced
to ~5 mL. Addition of diethyl ether afforded a white precipitate,
and recrystallization by diffusion of diethyl ether into a dichlo-
romethane solution gave colorless crystals: yield 0.12 g, 48%. Anal.
Calcd for GoHgoNoP,Cuwp: C, 62.69; H, 9.31; N, 2.81. Found: C,
63.11; H, 9.58; N, 3.02. FAB-MSnv/z 560 [(dcpm)Cy(CN)]*,
651 [(dcpm)Cy(CN),]*, 740 [(dcpm)Cw(CN)s] *, 968 [(dcpm)Cu,-
(CN)JI*, 1059 [(dcpm)Cus(CN),] ™, 1148 [(dcpm)Cuy(CN)3] *. tH
NMR (CDCl): 6 1.22-1.48 (m, 40H, Cy), 1.742.17 (m, 52H,
Cy and CH). 31P{*H} NMR (CDClg): 6 6.46. IR (KBr): v 2127
(C=N) cm™.
[{Cu(dcpe} 2(CN)(u-dcpe)|PFs, 6(PFs). To a stirred solution
of [Cu(CH;CN)4]PFs (0.18 g, 0.48 mmol) in methanol (15 mL)
was added 1,2-bis(dicyclohexylphosphino)ethane, dcpe (0.31 g, 0.73
mmol). The white suspension was stirred until a clear solution was
obtained. To this mixture was added KCN (41 mg, 0.63 mmol) to
yield a white solid, which was dissolved upon addition of

was added AgCN (0.14 g, 1.05 mmol). The resultant suspensiondichloromethane (10 mL) and stirred for 10 h at 298 K. The
was stirred under an argon atmosphere for 3 h, and the solutionresultant white suspension was evaporated to dryness, and the solid

turned pale yellow. The mixture was filtered, and the volume of
filtrate was reduced te-5 mL; addition of diethyl ether gave a
white solid, which was collected by filtration and dried. Recrys-
tallization by slow diffusion of diethyl ether into a methanol/
dichloromethane (1:3) solution yielded colorless crystals: yield 0.20
g, 57%. Anal. Calcd for &HgN4sP,Ags: C, 47.95; H, 6.85; N,
4.14. Found: C, 48.25; H, 6.89; N, 3.80. FAB-M8vz 1059 M+
— Ag2(CN)g], 1192 M* — Ag(CN),], 1327 M+ — CN], 1461 M+
+ Ag], 1595 M+ + Ag2(CN)], 1728 M* + Ags(CN),], 1863 M+
+ Ag4(CN)3]. 'H NMR (CDCly): 6 1.23-1.46 (m, 40H), 1.79 (m,
8H), 1.88-1.99 (m, 44H)3P{H} NMR (CDCl): 6 25.25 (d,J
= 458 Hz). IR (KBr): v 2102, 2135 (&N) cm™L.
[Ag2(e-dcpm),][Ag(CN) 2]2, 3b. The procedure foBa:(CH3OH),
was adopted using a 1:2 molar ratio of dcpm to AgCN and
recrystallization by slow diffusion of diethyl ether into a dichlo-
romethane solution, which afforded a colorless crystalline solid:
yield 0.26 g, 74%. Anal. Calcd for £Hg,N4P,Ags: C, 47.95; H,
6.85; N, 4.14. Found: C, 48.01; H, 7.06; N, 3.79. FAB-M®!z
1059 M* — Agz(CN)g], 1194 M+ — Ag(CN),], 1327 M+ — CN],
1460 M+ + Ag], 1595 M* + Agx(CN)], 1728 M* + Ags(CN),],
1861 M* + Ag4(CN)s]. *H NMR (CDCly): 6 1.21-1.45 (m, 40H),
1.81 (m, 8H), 1.871.99 (m, 44H)31P{*H} NMR (CDCl): 6 25.20
(d, J = 455 Hz). IR (KBr): » 2140 (G=N) cm1,
[{(CysP)Cu(CN)} 3], 4. To a stirred solution of PGy(0.29 g,
1.03 mmol) in dichloromethane (30 mL) in the dark at 298 K was

was washed with a small amount of g8, (~2 mL) and filtered.
Recrystallization by slow diffusion of diethyl ether into a dichlo-
romethane solution yielded colorless crystals: yield 0.14 g, 37%.
Anal. Calcd for GoH14ANFsP.Cw: C, 60.60; H, 9.27; N, 0.89.
Found: C, 59.77; H, 9.15; N, 0.87. FAB-M31/z 998 [(dcpe)Cu,-
(CN)]*, 1088 [(dcpeyCus(CN),] +, 1177 [(depe)Cuw(CN)s] *, 1268
[(dcpe}Cus(CN)4] ™, 1357 [(dcpe)Cus(CN)s] *, 1447 [(depexCur-
(CN)e]*. ESI-MS: m/z 907.9 [(dcpe)Cu]t, 998.5 [(dcpe)Cuy-
(CN)]*, 1420.0 M*], 1508.9 [(dcpelCus(CN)J*. H NMR
(CDClg): 6 1.19-1.39 (m, 60H, Cy), 1.761.98 (m, 84H, Cy and
CHy). IR (Nujol): » 2108 (G=N) cmL. 31P{1H} NMR: See Results
and Supporting Information.

[{ Cu(dppp)}3(CN)2(u-dppp)]PFs, 7(PFs). The procedure for
6(PFs) was adopted using 1,3-bis(diphenylphosphino)propane, dppp
(0.27 g, 0.65 mmol), and recrystallization by slow diffusion of
diethyl ether into an acetonitrile/dichloromethane (1:3) solution
afforded colorless crystals: yield 0.11 g, 34%. Anal. Calcd for
CriH10N2FsPoCus: C, 64.85; H, 5.14; N, 1.37. Found: C, 64.24;
H, 5.15; N, 1.45. FAB-MS: m/z 978 [(dppp)Cuw(CN)]*, 1067
[(dpppkCle(CN);]*, 1156 [(dpppiCu(CN)s] ", 1247 [(dpppiCus-
(CN)4J*, 1336 [(dpppCus(CN)s] ", 1391 [(dpppICL(CN)]*, 1480
[(dppp:CUs(CN)] ", 1569 [(dpppyCu(CN)g]*, 1892 M*]. ESI-
MS: m/z 887.1 [(dppp)Cu]*, 977.9 [(dpppICW(CN)]*, 1068.6
[(dpppLCus(CN) ", 1389.7 [(dppRiCle(CN)]*, 1478.7 [(dpppCle-

added CuCN (0.09 g, 1.00 mmol). The resultant suspension was(20) Demas, J. N.; Crosby, G. A. Phys. Chem1971, 75, 991-1024.
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(CN),]*, 1892.5 M*]. IH NMR (CD,Cl,): 6 1.40-1.94 (m, 14H,

CH,), 2.31-2.43 (m, 10H, CH), 6.67—7.71 (m, 80H, Ph). IR
(Nujol): v 2116 (G=N) cm1. 31P{1H} NMR: See Results and
Supporting Information.

[CUu(CN)(PCys)]e, 8. The procedure for [Cu(CN)(PRj]¢* was
adopted using CuCN (0.046 g, 0.51 mmol), R(9.28 g, 1.00
mmol), and sodium pyridine-2-thiolate (0.11 g, 0.83 mmol) to afford
a pale-yellow solid: yield 0.12 g, 63%. Anal. Calcd for#l10d\ePs-

Cus: C, 61.68; H, 8.99; N, 3.79. Found: C, 60.89; H, 9.01; N,
3.72. FAB-MS: m'z 1072 [(Cy;Px,Cus(CN)s] ", 1161 [(CyP)Cuy-
(CN)g]*, 1250 [(CyP)XCus(CN);] T, 1341 [(CyP)Cuy(CN)g] *, 1430
[(CysP)2Cuio(CN)g] ", 1519 [(CysP),Chi(CN)1g] 7, 1608 [(CysP)-
Cux(CN)]™, 1699 [(CyP),Cus(CN)z ™. *H NMR (CDCly): o
1.20-1.40 (m, 90H), 1.7+1.88 (m, 108H).3P{H} NMR
(CDCly): 6 12.17 (broad). IR (KBr):v 2124 (GEN) cm™L,

X-ray Crystallography. Crystals ofl—8 were obtained by slow
diffusion of diethyl ether into dichloromethane or gbH/CH,Cl,

(2:3) or CHCN/CH,ClI; (1:3) solutions. Crystal data and details of
data collection and refinement are summarized in Table 1.

Data for complexeg, 3a-(CH3;OH),, 3b, and4 were collected
at 294 K on a Bruker CCD Area Detector diffractometer by ¢he
and o scan technique using graphite-monochromated Mo K
radiation ¢ = 0.71073 A). For these complexes, the coordinates
of the metal atoms were determined by direct methods, and the
remaining non-hydrogen atoms were located from successive
Fourier difference syntheses. The structures were refined by full-
matrix least-squares technique with anisotropic thermal parameters
for all the non-hydrogen atoms. The calculations were performed
on a COMPUCON PC/586 computer with the Bruker AXS
SHELXTL/PC program packag@.For 2, a crystallographic asym-
metric unit consists of one molecule. The crystallographic asym-
metric units of3a-(CH;OH), and3b consist of half of one molecule,
while the former contains one methanol molecule as solvent of
crystallization. For4, a crystallographic asymmetric unit consists
of one [(CysP)Cu(CN} 3] repeating group.

Diffraction experiments forl, 5-(CH,Cly),, 6(PFs)-Et,0,
7(PFR;)-0.5CHCN, and8-(Et,0), were performed at 301 K on an
MAR diffractometer with graphite-monochromatized MoaK
radiation ¢ = 0.71073 A). Forl, the structure was solved by heavy-
atom Patterson methddsnd expanded using Fourier techniqgées.
Refinement of structures was performed by full-matrix least-squares
technique using the software package TeX$amn a Silicon
Graphics Indy computer. The non-hydrogen atoms were refined
anisotropically. Hydrogen atoms were included but not refined. The
structures 06+(CH,Cl,),, 6(PF)-Et,0, 7(PF;)-0.5CHCN, and8-
(Et,0), were solved by direct methods (SIR?)and refinement
of structures was performed by full-matrix least-squares technique
using SHELXL-97! program package on a PC. Fbra crystal-
lographic asymmetric unit consists of one formula unit. The
structure is polymeric with Ag(2*) at + x, Y/, +y, 1/, — zbonded

(21) Sheldrick, G. MSHELX 97, Programs for Crystal Structure Analysis
University of Gdtingen: Gitingen, Germany, 1997.

(22) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; Garcia-
Granda, S.; Gould, R. O.; Smits, J. M. M.; Smykalla,RATTY, The
DIRDIF Program System: Technical Report of the Crystallography
Laboratory, University of Nijmegen: The Netherlands, 1992.

(23) Beurskens, P. T.; Admiraal, G.; Beurskens, G.; Bosman, W. P.; de
Gelder, R.; Israel, R.; Smits, J. M. Ml’he DIRDIF-94 Program
System: Technical Report of the Crystallography Laboragtbtyi-
versity of Nijmegen: The Netherlands, 1994.

(24) TeXsan Crystal Structure Analysis Packag®lolecular Structure
Corporation: The Woodlands, Texas, 1985 and 1992.

(25) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, M.; Giacovazzo,
C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna, ®IR97
J. Appl. Crystallogr.1998 32, 115.
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Table 1. Crystal Data

8:(Et:O)2
C122H21N602PsClUs

7(PFs)-0.5CHCN
C111H105 N2 5F6PoCls

5(CH:Cly)2
Cs4HgeN2ClaPsCup

3b
CsaHo2N4PsAg,

3a(CH3z0H),
CseH10dN402P4AQ4

2368.08
0.40x 0.20x0.20

2057.83
0.50x 0.30x0.20

1166.09
0.40x 0.20x0.10

1109.92
0.28x 0.26x 0. 20

Cs7HooN3P:Cug

1352.68
0.30x 0.22x 0.20

1416.76
0.20x 0.14x 0.12

CagHeeN2P2AQ2

828.61

GoHasN2PAR

548.20

formula

fw

0.40x 0.15x 0.07 0.20x 0.14x 0.12

cryst size, mra

cryst syst

14.042(3)

14.550(3)

16.421(3)
100.43(3)

triclinic

1

13.621(3)
16.602(3)
25.019(5)

73.27(3)

triclinic

P1

monoclinic
12.134(2)
10.847(2)
22.957(5)
90

P21/ C

11.456(3)
15.090(4)
18.440(4)

94.674(6)

triclinic

1

triclinic
10.939(3)
12.686(3)
12.851(4)
96.118(6)

P1

monoclinic

P21/n
12.027(3)
16.765(4)

15.996(4)

90

monoclinic

P21/n
10.291(3)
29.554(8)
13.731(4)

90

orthorhombic
P21212, (NO. 19)
9.943(2)
14.620(2)
15.259(3)

space group
a A
b, A
c, A

102.39(3)
93.84(3)

81.13(3)
87.28(3)

91.31(3)

90

104.391(6)
101.276(5)

113.275(5)
109.545(5)

90.929(4)

90

107.169(7)

90

90
90
90

o, deg
B, deg
v, deg
v, A3

z

3203.1(11)

3020.8(10) 5353.4(19)

2999.8 (12)

1483.9(7)

1

3224.9(13)

2

3990.3(19)

4

2218.1(6)

4

1.228
1.101
50.70

1.277
0.782

1.282
1.022

1.229
1.170
55.20

1.514
1.445

1.379 1.459

1.088

1.641
1.838

De, g cnms

1.335
55.12

—1

#, M

50.70

50.94

55.12

55.14

51.2

20max deg

10118
6728 ( = 20(1))

14522
8431 ( = 20(1))

4899
3468 ( = 20(1))

13660
4801 ( > 20(1))

6734
4416 ( > 20(1))

7419
4017 ( > 20(1))

9198
2876 ( > 20(1))

0.047,0.064

+0.55,—0.76
[ZW(IFo| — IFc)ZZwIFo[AY2

2232

no. unique data
no. obsd. data

R3, Ry

2084 ¢ 30(1))
0.028, 0.038
+0.49,—0.52

Lin et al.

0.044,0.13

+1.82,—0.68

0.063,0.18

+1.54,—0.53

0.046, 0.12

+0.86,—0.41

0.064, 0.11

+0.64,—0.35

0.044, 0.084

+0.85,—0.62

0.050, 0.11
+0.91,-0.91

residualp, eA~3

2R = 3IIFo| — |Fd/Z|Fol. ® Ry



Ag(l) and Cu(l) Complexes with Phosphine and Cyanide Ligands

Scheme 1. Synthesis ofl—3a,b stoichiometric ratio of 1:1 and 2:1 gavda and 3b,
Cy,P”" PCy; respectively (Scheme 1), and both structures comprise the
NCAGCN~.aq. .- _pg_ _ (CH;OH) same [Ag(u-dcpm}]?t core with minor structural deviations
NCAGCN (see Scheme 1). The IR spectrum3atdisplays two weak
Cy2P~_~PCy; 3a(CH30H), peaks at 2102 and 2135 ciwhich are consistent with two
Cyp~PCy, Tdcpm different cyanide coordination modes for the [NCAgCN]
NCAGCN-.. %dcpmA Y CyaP\A NC—Ag—CN + units. The IR spectrum @b shows one strong peak at 2140
POTTASNcagen T PO T 8 9 - cm, indicating that the two cyanide groups are in a similar
Cyzf-,’\/PCyz lzpck ! chemical environment without coordination to the g
- CyaP Ag—NC—Ag—CN dcpm}]?t core. The3'P{!H} NMR spectra of3a and 3b

cysP” ) show a similar broad doublet at25.2 ppm with coupling
constants J) of ~455 Hz. These silver(l) compound$—
to C(1) and C(1*) at 1= x, =%, +y, ¥, — zbonded to Ag(2) in 3a,b) are air-stable in the solid state, but they are stable in
the nearest neighborhood. F&F(CH,Cl),, a crystallographic  solution for a few days only in the absence of light.
asymmetric unit consists of half of a formula unit, including one Reaction of PCy with CuCN in equal stoichiometry
dlc_hlorom_ethane solvent molecule. All non-H atoms were refined afforded the polymeric compound(CysP)Cu(CN} 3] (4)
anisotropically, and H atoms were generated by the SHELXL-97 (Scheme 2). The IR spectrum shows tE=N) stretching

program. For6(PFK)-Et,O, a crystallographic asymmetric unit 1 L
consists of one formula unit with one diethyl ether molecule as at 2123 cm’, which is comparable to that of 2122 cfn

solvent of crystallization. Only Cu, P, and cyanide were refined observed fo2. In the3'P{*H} NMR spectrum of4, a peak

anisotropically, and other non-hydrogen atoms were located iso- IS Observed at 12.99 pPpm that_is significantly downfield from
tropically. The anion of P was disordered by rotation along a  those ofl and2, consistent with Cu(l) to be more electron

F—P—F axis. The cyanide ligand was treated with disorder of C rich than Ag(l). The discrete binuclear complex pQu
and N atoms. Fo7(PFs)-0.5CHCN, one crystallographic asym-  dcpm}(CN),] (5) was obtained by reacting CuCN with dcpm
metric unit consists of one formula unit, including half of one in an equimolar ratio (Scheme 2), and the structure of the
acetonitrile solvent molecule and two halves ofsPFnions. [Cux(u-dcpmy]2* core is similar to that of [Ag(u-dcpm)y]2*
Cyanide ligands were treated with disorder of C and N atoms. For iy 35 and3b. The employment of diphosphine ligands with
8+(Et;0),, one crystallographic asymmetric unit consists of half of longer—(CHy).— spacers, namely 1,2-bis(dicyclohexylphos-
a formula unit, including one diethyl ether solvent molecule. phino)ethane (dcpe,= 2)’ and 1 3—bis(diphenylphosphino)-
Results propane (dpppp = 3), in reactions with [Cu(CECN)4]PFs
. - . followed by addition of KCN, afforded the ring compounds

Synthesis and CharacterizationSchemes 1 and 2 depict [{ Cu(dcpe) o(CN)(u-depe)]PF (6(PF)) and f Cu(dppp) =

the synthesis of the silverl{-3ab) and copper 4—38) (CN)(u-dppp)]PR (7(PRy)), respectively (Scheme 2). The

pompqunds StUd.ied in this work. Re_actipn of AGCN and £Cy hexanuclear compound [Cu(CN)(Pg}¢ (8) was obtained
in equimolar ratio gave the coordination polymer [(E) by reacting CuCN with PGyin the presence of sodium

Ag(NCAgC.N)]w (1)..Upon altering the molar ratio of PGy pyridine-2-thiolate (Scheme 2), a procedure similar to the
AgCN to 2:1, the discrete molecular complexl[@P%Ag- preparation of [Cu(CN)(PRJys% These copper(l) com-
(NCAgCN)]éZéyva;s aﬁczjrdecbil(Sck:;rzi % Tﬁfg H}I NMRf plexes 4—8) are air stable in solid and solution.

spectrum ofl displays doublets 15 withJ values o The IR spectra 06—8 show v(C=N) stretchings in the

508 and 580 Hz, whereas those Dfppear at 41.68 ppm 2108-2127 i range. ThéP{1H} NMR spectrum of5

with J values of 524 and 598 Hz, which are duéJ6*/Ag - displays a peak at 6.46 ppm, whereas tha shows broad

P) andJ(1°®Ag—P) couplings, respectively. In the FT-IR .
_ signals in the range of2.46 and 19.72 ppm. Thé&P{'H}
spectra, the/(C=N) bands of1 and2 occur at 2154 and NMR spectrum of7 in CDCl; at 40°C shows two sets of

1 . T . :
2122 e, respectively. This |s+qon5|stent with the less three peaks as broad singlets a3[33, —11.03, —13.34
electrophilic nature of [(CyPLAg]" in 2 compared to that opm] and [-8.19,—14.18,—17.27 ppm], respectively. The
of [(Cy?P)Ag]_ n 1_ if we regard lECy as ao-donor. I_n integration ratio for each set of three peaks is 1:2:1. In the
comparison withv(C=N) of 2135 cn1t in the free [Ag(CN)] 3P} NMR spectrum of7 at 20 °C, couplings were
anion?éthe highen(C=N) stretching frequency it suggests . . . .

: ) NS observed at signals with the chemical shift centered&?2
that the cyanoargentate ionslibehave as bridging linkages - 4 ioje0) " 43 (triplet,) = 47.4 Hz),—10.98 (doublet
e DY, 159 12) and-14.3 o Goublet — 4.0 7). T

31p—31p COSY spectrum of in CD,Cl, at 25°C shows

structure ofl. . . .
In the literature, reactions of transition metal halides with cross peaks at the intersection-68.50 ppm with—11.24

bidentate phosphine ligands"@®, such as dppm or dcpm,

(27) (a) Brown, M. P.; Puddephatt, R. J.; Rashidi, M.; Seddon, KJ.R.

in 1:1 stoichiometry were reported to afford compounds with Chem. Soc., Dalton Tran97§ 1540-1544. (b) Benner, L. S.; Balch,
the [MZ(.”'POP)Z]H framework (l\/l: Re, Mo, Cu, Ag, Au, A. L.dJ. Alin. Chem. St())d978 100 60ﬁ%6106. (c) Kubiak, C. P;
. : . . Woodcock, C.; Eisenberg, Rnorg. Chem.198Q 19, 2733-2739.
27

Pt, Mn)#" In this work, reacting AGCN with dcpm in (d) Kubiak, C. P.; Eisenberg, R. Am. Chem. S0d98Q 102 3637
3639. (e) Frew, A. A.; Hill, R. H.; Manojlovic-Muir, L.; Muir, K.

(26) Penneman, R. A.; Jones, L. Bl.Inorg. Nucl. Chem1961, 20, 19— W.; Puddephatt, R. J. Chem. Soc., Chem. Commu®82 198—

31. 200.
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Scheme 2. Synthesis o#4—8
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Ry PCys
Cu N | CYz
7N\, | ) _ Cu \ / _C
£ ey NSSNat - POys £ c [CU(CHACN)JPFg — s> KCN [ j PFe-
. N /P<—Cy3 PGy, CUCN N“\c N4 n l dppp %yzp\/\pcyz P
Cu Cu ldcpm e KCN c v2
N o u
6(PFe)
¢ N o~ s b thpﬂl/jpph2 I ¢
cl: (|; Cy,P PCy, ¥3 \C /
CysP~\ /U ~PCys VN PFe”
NC-.
N‘\\C c/” Cu----Cu._GN 2Ph2 n N sz
Ned P\C / \ P
. II=’C Cy2P~_~PCy, i’ u\Ps’V\F‘;/Cu\pS
y
® 5 Pho  Ph, Ph, Ph, 7(PFe)

ppm and of—8.12 ppm with—14.43 ppm. This coupling
connectivity, together with the multiplicity and integration
ratio of peaks for7, suggests that two different structural

Bending of the (CyP)Ag—N—C angle (157.2) from linear-
ity is observed upon coordination of [NCAgCNio [(CysP)-
Ag]™.

conformers are in solution; there are two sets of three peaks Complex [(CyP)LAg(NCAgCN)] (2) comprises a [(CyP)-

in the 31P{1H} NMR spectrum of7 [—3.42 ppm, broad t,
P(3, 4);—10.98 ppm, dJ = 35.9 Hz, P(1, 2, 5, 6);-13.22
ppm, s, P(7, 8)] and-{8.43 ppm, tJ = 47.4 Hz, P(3, 4);
—14.29 ppm, dJ = 46.0 Hz, P(1, 2, 5, 6);:-17.30 ppm, s,
P(7, 8)] (see Figures S5 in the Supporting Information
for details).

Ag]™ cation coordinated to [NCAgCN](Figure 2) to give
a AgPRN trigonal planar geometry. The Ag(aN(1) distance
of 2.627(2) A is longer than the corresponding A
distances (mean 2.24 A) ih The mean Ag-C distance in
[NCAQCN]™ is 2.054 A, which is comparable to the AG
distance of 2.153(6) A in [Ag(PG).CN]?° and 2.15(6) A

In the positive FAB mass spectra, peaks corresponding toin [AJCN]..2° The [Ag(CN}] ~ ion is coordinated to [(GfP)-

cationic species with the formula of [(@§)Mn(CN)-1]"
are apparent fo2 (M = Ag; n=1-5),4(M = Cu;n =
1-10), and8 (M = Cu; n = 6—13). Similarly, two cationic
species with the formulas of [(dcpm)&CN),-4]T and
[(depmbCun(CN)—1] T (n = 2—4) were detected in the mass
spectrum of5, whereas for6, peaks attributable to the
[(dcperCu(CN)p—1]" (n = 2—7) ions were observed. For
7, the FAB mass spectrum shows the molecular iormat
1892 as well as [(dpppEu,(CN)—1]T (n = 2—6) and
[(dpppECW(CN),—1]* (n = 2—4). The electrospray ionization
mass spectra o6 and 7 contain the molecular ion atvz
1420.0 and 1892.5, respectively. The HCM(CN)n—1]" (L

= dcpe,n = 1-2 (for 6); L = dppp,n = 1-3 (for 7)) and
[(L)sCh(CN)r-1]* (L = dcpe,n = 3 (for 6); L = dppp,n =

Ag]t with the C(37)-N(1)—Ag(1) angle of 171.1(2)
whereas the geometry of the [Ag(GN) ligand remains close
to linearity. The average AgP distance of 2.424 A i
lies in the range of 2.3332.429 A reported for [(PR.Ag]-

Cl (R = H, Me, tmpp¥! and is slightly longer than that of
2.38 A in 1. This could be attributed to the steric effect
because of the large cone angle (D7®f PCy®? in
comparison to that of 118, 137, and 24fer trimethyl-,
triethyl-, and triphenylphosphine, respectively.

Crystals of3awere obtained with two methanol molecules
per unit cell (Figure 3). The structure consists of a cationic
[Ag2(u-dcpm}]?t core with two bridging dcpm ligands in a
chair configuration; the P(2)Ag(1)—P(1A) angle of 155.80-
(4)° shows significant deviation from linearity, and the P{2)

2—3 (for 7)) species were also detected. These ionic clustersAg(1)—Ag(1A) and P(1A>Ag(1)—Ag(1A) angles are 92.33-

are commonly observed in the mass spectroscopy of metal
cyanide complexe®.

Crystal Structures. X-ray structural determinations a&f
2, 3a, 3b, and4—8 have been performed (Figures &), and

(3) and 87.83(3) respectively. Each of the silver atoms in
[Ag2(u-dcpm}]?t is bound to [NCAgCNY] with an Ag—N
distance of 2.452(4) A. The N(HAg(1)—Ag(1A) angle of
89.7(1Y) is close to 90, and the two [NCAgCN] ions extend

selected bond lengths and angles are listed in Table 2. Thein opposite directions. The coordinated [NCAgCNinions

structure ofl (Figure 1) consists of alternating [(€B)Ag]"
units withu-[NCAgCN]~ cyanometallate linkers, forming a
one-dimensional zigzag polymeric chain. The three-coordi-
nate silver atoms of the [(G)Ag]" units adopt a trigonal
planar geometry and are coordinated to the linear [NCAgCN]
bridges. The bond angles at these silver atoms [PAD)
(1)—N(1), N(2-Ag(1)—N(2), and P(1)}Ag(1)—N(2)] lie

in the range 106136, with the sum approaching 360The
Ag—P bonds are coplanar with the plane defined by the
[Ag—NC—Ag—CN-], zigzag backbone. The mean Adl
distance connecting [(GR)Ag]" units to [NCAgCNJ
bridges is 2.24 A, which is slightly longer than the AG
distances (mean 2.05 A) in the [Ag(C/) unit. The
[NCAQCN]~ bridges two [(CyP)Ag]" units with a span
length of~10.8 A and remains in a nearly linear geometry.

1516 Inorganic Chemistry, Vol. 44, No. 5, 2005

remain close to linearity, whereas the C(25)(1)—Ag(1)
angle of 153.8(4) is bent. The intramolecular AgAg
distance of 2.8949(7) A is comparable to those observed in
polynuclear Ag(l) derivatives with proposed®d d® inter-

(28) (a) Jennings, K. R.; Kemp, T. J.; Sieklucka,JBChem. Soc., Dalton
Trans.1988 2905-2911. (b) Dance, I. G.; Dean, P. A. W.; Fisher,
K. J.Inorg. Chem.1994 33, 6261-6269. (c) Chu, I. K.; Shek, I. P.
Y.; Siu, K. W. M.; Wong, W.-T.; Zuo, J.-L.; Lau, T.-QNew J. Chem.
200Q 24, 765-769. (d) Dance, |. G.; Dean, P. A. W.; Fisher, K. J,;
Harris, H. H.Inorg. Chem 2002 41, 3560-3569.

(29) Bowmaker, G. A.; Effendy; Harvey, P. J.; Healy, P. C.; Skelton, B.
W.; White, A. H.J. Chem. Soc., Dalton Tran$996 2449-2457.

(30) Bowmaker, G. A.; Kennedy, B. J.; Reid, J.I8org. Chem1998 37,
3968-3974.

(31) Bowmaker, G. A.; Schmidbaur, H.; Kgar, S.; Rsch, N.Inorg. Chem.
1997, 36, 1754-1757.

(32) Hormann-Arendt, A. L.; Shaw, C. F., lllnorg. Chem.199Q 29,
4683-4687.



Ag(l) and Cu(l) Complexes with Phosphine and Cyanide Ligands

Table 2. Selected Bond Lengths (A) and Angles (deg)

complexl
Ag(1)—P(1) 2.380(1) Ag(2rC(2) 2.045(7) Ag(1)yN(2) 2.207(5) N(2)-C(2) 1.124(9)
Ag(1)—N(1) 2.263(5) N(1)-C(1) 1.123(8) Ag(2)-C(1) 2.047(6)

N(1)—Ag(1)—N(2) 100.6(2) Ag(2)-C(1)-N(1) 176.3(6) P(1yAg(1)—N(2) 135.9(2) Ag(2)-C(2)—N(2) 173.4(7)
P(1)-Ag(1)—N(1) 123.4(1) Ag(1yN(1)—-C(1) 157.2(6) C(1yAg(2)—C(2) 176.0(3) Ag(1)XN(2)—C(2) 166.2(6)
complex2
Ag(1)—P(1) 2.4288(8) Ag(2yC(37) 2.051(3) Ag(1>N(1) 2.627(2) N(2)-C(38) 1.152(3)

Ag(1)—P(2) 2.4196(8) Ag(2)yC(38) 2.056(3) N(1)>C(37) 1.115(3)
P(2)-Ag(1)—P(1) 152.21(2) N(1-C(37)-Ag(2) 178.2(3) P(2rAg(1)—N(1) 95.31(5) N(2)-C(38)-Ag(2) 175.4(2)
P(1)-Ag(1)—N(1) 99.50(5) C(37-Ag(2)—C(38) 177.1(1) C(BAN(1)—Ag(1) 171.1(2)
complex3a:(CH3;OH),
Ag(1)—Ag(1A) 2.8949(7) Ag(1yP(2) 2.408(1) N(1)C(25) 1.103(6) P(1C(27) 1.827(4) Ag(2rC(25) 2.060(5)
Ag(1)—P(1A) 2.422(1) Ag(1)yN(1) 2.452(4) Ag(2)-C(26) 2.029(6) P(2)C(27) 1.850(4) N(2)-C(26) 1.142(7)

PQ)-Ag(1)-P(1A)  155.80(4) P(JAg(1)-N(1) 107.5(1) C(25YN(1)-Ag(l) 153.8(4) N(1}Ag(1)-Ag(lA) 89.7(1) P(I}C(27)-P(2) 113.3(2)
P(2-Ag(1)-Ag(1A) 92.33(3) C(27-P(1)-Ag(1A) 108.7(1) N(1}C(25)-Ag(2) 172.5(5) C(26}Ag(2)-C(25) 179.9(3)
P(1A)-Ag(1)-Ag(1A) 87.83(3) C(27yP(2)-Ag(l) 113.3(1) P(1AyAg(1)-N(1) 96.8(1) N(2)-C(26)-Ag(2) 178.4(8)

complex3b
Ag(1)—Ag(1A) 2.9512(9) Ag(1y-P(2A) 2.4125(9) N(2)C(27) 1.145(5) P(1yC(25) 1.839(3) Ag(3yC(27) 2.040(5)
Ag(1)—P(1) 2.4087(9) Ag(1¥N(1) 2.522(2) Ag(2)-C(26) 2.052(3) P(2yC(25) 1.846(3) C(26YN(1) 1.139(4)

P()-Ag(1)-P(2A)  158.95(2) P(1yAg(1)-N(1)  102.91(7) C(26}N(1)-Ag(l) 140.1(2) N(1}-Ag(1)-Ag(1A) 87.71(7) P(1}C(25)-P(2) 116.0(1)
P(1-Ag(1)-Ag(1A) 86.89(2) C(25yP(1-Ag(l) 111.71(7) N(1}C(26)-Ag(2) 174.0(2) C(27Ag(3)—C(27A) 180.000(1)
PRA)-Ag(1)~Ag(1A) 94.24(2) C(25)%P(2)-Ag(1A) 111.58(9) P(2AFAg(1)~N(1) 98.14(7) N(2-C(27)-Ag(3)  178.1(3)

complex4
Cu(1)-C(55) 1.876(3) Cu(2yP(2) 2.264(1) N(1yC(55) 1.159(4) Cu(3yC(57) 1.866(3)
Cu(1)-N(3A) 1.945(4) N(2)-C(56) 1.173(4) Cu(2yN(1) 1.950(3) Cu(3yP(3) 2.209(1)
Cu(1)-P(1) 2.243(1) Cu(3yN(2) 1.950(3) Cu(2)C(56) 1.870(4) N(3)C(57) 1.174(4)

C(55-Cu(1)-N(3A) 116.4(1) C(56)-Cu(2)-N(1) 125.4(1) C(56}N(2)—Cu(3) 166.4(3) N(I}Cu(2-P(2) 113.14(9) N(L-C(55)-Cu(l) 174.2(4)
C(55-Cu(ly-P(1) 117.7(1) N(ZrCu(B-P(3) 121.3(1) CGAN(3)-Cu(lA) 175.2(3) C(57ACu(3-N(2) 106.9(1) N(2-C(56)-Cu(2) 172.9(3)
N(3A)—Cu(1)-P(1) 125.66(9) C(55)N(1)—Cu(2) 170.3(3) C(56}Cu(2-P(2) 121.3(1) C(5ACu(3-P(3) 131.7(1) N(3}C(57)-Cu(3) 169.7(3)

complex5:(CH,Cly),
Cu(1)-Cu(1%) 2.940(1) P(2¥C(2) 1.844(4) Cu(1yP(1%) 2.263(1) Cu(1yC(1) 1.985(4)
culy-P@) 2.262(1) P(HC(2) 1847(3) P(£)Cu(1) 2263(1) N(@-c) 1.101(3)

P(2-Cu(1)-P(1*) 138.76(4) C(I}XCu(l)-P(2)  114.2(1) N(I}¥C(1)-Cu(l) 178.0(4) C(B-Cu(l)-Cu(1*) 104.9(1) C(2}P(2)-Cu(l) 111.2(1)
C)-Cu(1-P(1*) 106.9(1) P(1%-Cu(l)-Cu(l*) 82.58(3) C(2}P(1)-Cu(1*) 105.3(1) P(2-Cu(l}-Cu(1*) 90.33(3) P(2yC(2)-P(1) 113.6(2)

Complex6(PFRs;)-Et,O

Cu(1)-N(1) 2.014(8) Cu(1¥P(3) 2.412(3) P(BC(1) 1.837(9) P(3YC(27) 1.870(9) Cu(BP(2) 2.321(3)
N(1)—-C(1n) 1.15(1) P(4)C(28) 1.829(8) cBCc@) 1.56(1) C(27-C(28) 1.55(1)
Cu(2)-C(1n) 1.998(8) Cu(BP@) 2.333(3) Cu(2P(4) 2.473(3) P(2)C(2) 1.825(9)

N(L)-Cu(l)-P(3) 95.1(2) CRAPE);Cu(l) 108.6(3) P(2)Cul-P(3) 120.6(1) C(2AC28)-P4) 114.2(6) C(2}P(2-Cu(l) 104.7(3)
CAn}-N(1)-Cu(l) 158.1(7) N(I¥Cu(l}-P(2) 115.2(2) P(2}Cu(1)}-P(1) 88.79(9) C(B-P(1)-Cu(l) 101.5(3)
N(1)-C(1n)-Cu(2) 161.2(7) N(I}Cu(l}-P(1) 114.6(2) C(28)P(4)-Cu(2) 106.6(3) C(2}C(1)-P(1)  110.2(6)
CAny-Cu(2-P(4) 96.4(2) P(LCu(l-P(3) 124.5(1) C(28YC(27)-P(3) 114.3(6) C(LC(2-P(2)  112.8(6)

complex7(PFs;)-0.5CHCN

Cu(1)-N(1) 1.985(7) Cu(3yC(2) 1.964(5) Cu(1yP(1) 2.285(2) Cu(2yP(4) 2.304(2) P(2)C(5) 1.847(6)
Cu(1)-P(3) 2.308(2) C(BHC(32) 1.526(8) P(HC(3) 1.832(7) P(4)C(32) 1.840(7) Cu(BP) 2.300(2)
N(1)—C(1) 1.129(8) C(30yC(31) 1.541(9) N(2-C(2) 1.147(8) C(3}C4) 1.54(1)
Cu(3)-C(1) 1.970(6) P(3)C(30) 1.834(6) Cu(@N(E) 1.972(7) C(4y-C(5) 1.53(1)

N(1)-Cu(1)-P(3) 109.8(2) N(ZFC(2-Cu(3) 166.1(6) P(BHCu(l)-P(2) 98.50(7) C(EJP@)-Cu? 112.1(2) CE@CE)-P2) 113.7(5)
C(1)-N(1)-Cu(l) 167.1(6) C(32)C(31)-C(30) 111.7(5) C(3YP(1)-Cu(l) 107.7(2) C(3HC(32)-P(4) 110.4(4) C(5YP(2)-Cu(l) 113.5(2)
N(1)-C(1)-Cu(3) 165.6(6) C(3LC(30)-P(3) 112.3(4) C(2)N(2)-Cu(2) 166.0(6) C(4YC(3)-P(1)  113.2(5)
C(2-Cu(3-C(1) 100.8(2) C(30YP(3)-Cu(l) 114.6(2) N(2}Cu(2-P(4) 108.5(2) C(5}C(4-C(3)  114.2(6)

complex8:(Et;0),

Cu(1)-C(1) 1.918(5) cu@c(3) 1.937(4) Cu(BC() 1.931(5) Cu(lyP() 2.264(1)
N(1)—C(1) 1.140(5) N(3)-C(3) 1.148(5) N(2)-C(2) 1.156(5) Cu(2yP(2) 2.215(1)
Cu(3)-N(1) 1.933(4) Cu(3yN(3%) 1.922(5) Cu(2-N(2) 1.925(4) Cu(3)P(3) 2.255(1)

CA)-Cu(l)-C(2) 128.9(2) N(@2YC(2)-Cu(l) 176.5(4) N(3-Cu(3)-N(1) 124.4(2) N(2Cu(2)-C(3) 106.1(2) N(3*-Cu(3)-P(3) 128.2(1)
C)-Cu(l)-P(1) 124.2(1) N(3}C(3)-Cu(2) 162.2(4) N(Iy¥Cu@B-P(3) 107.3(1) N(2Cu(2)-P(2) 133.4(1) N(I¥C(1)-Cu(l) 176.7(4)
C(2-Cu(1)-P(1) 106.9(1) C(3YN(3)-Cu(3*) 173.2(4) C(2FN(2)-Cu(2) 170.1(4) C(3}Cu(2-P(2) 120.1(1) C(I}N(1)-Cu(3) 168.3(4)

actiong® and in [Ag(dcpm)]X, (X = CRSG;~, PR)3 The molecular structure @b shows virtually the same
solids, and the latter were found by spectroscopic means to[Ag2(u-dcpm}]?" core with chairlike [AgP4C;] conformation

exhibit weak Ag-Ag interactions. (Figure S1 in the Supporting Information) as that observed
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Figure 1. Perspective view of [(G)Ag(NCAgCN)L, 1 (30% probability
ellipsoids).

Figure 2. Perspective view of [(G¥PLAg(NCAGCN)], 2 (30% probability
ellipsoids).

for 3a-(CH3OH),. The intramolecular Ag-Ag separation in
3b (2.9512(9) A) is slightly longer than that of 2.8949(7) A
in 3a-(CH3;OH),, whereas the AgN(NCAgCN) distance of

(33) (a) Kim, Y.; Seff, K.J. Am. Chem. Sod 978 100 175-180. (b)
Eastland, G. W.; Mazid, M. A.; Russell, D. R.; Symons, M. CJR.
Chem. Soc., Dalton Tran498Q 1682-1687. (c) Papasergio, R. |;
Raston, C. L.; White, A. HJ. Chem. Soc., Chem. Commui984
612-613. (d) Kappenstein, C.; Ouali, A.; Guerin, M.e@, J.;
Chomig J.Inorg. Chim. Actal988 147, 189-197. (e) Chen, X. M;
Mak, T. C. W.J. Chem. Soc., Dalton Tran&991 1219-1222. (f)
Quirds, M. Acta Crystallogr., Sect. @994 50, 1236-1239. (g) Singh,
K.; Long, J. R.; Stavropoulos, B. Am. Chem. Sod997, 119, 2942
2943. (h) Omary, M. A.; Webb, T. R.; Assefa, Z.; Shankle, G. E.;
Patterson, H. Hinorg. Chem.1998 37, 1380-1386. (i) Villanneau,
R.; Proust, A.; Robert, F.; Gouzerh, hem. Commuri998 1491-
1492. (j) Zank, J.; Schier, A.; Schmidbaur, H.Chem. Soc., Dalton
Trans.1999 415-420.
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Figure 3. Perspective view of [Ag(u-dcpm}][Ag(CN)2]2*(CHsOH),, 3a
(CH30H), (30% probability ellipsoids).

2.522(2) A in3b is also lengthened. The two [NCAgCN]
units are approximately perpendicular to the Ag§g vector.

The crystal structure of4 consists of infinite one-
dimensional [(CyP)Cu(CN)}, zigzag chains with cyanide
as a bridging ligand for [Cu(PG)}™ moieties (Figure 4).
Similar Cu(CN) chains in the tetrahedral copper(l) diimine
polymer [Cu(dmphen)(CN)(dmphen= 2,9-dimethyl-1,10-
phenanthrolinéy were previously reported. Each copper
atom in4 adopts a distorted trigonal planar geometry; the
mean C-Cu—N, N—Cu—P, and C-Cu—P angles are 116.2,
120.0, and 123% respectively. The average € (2.24
A), Cu—C (1.87 A), Cu-N (1.95 A), and C-N (1.17 A)
distances agree well with those observed in the related
complexes [Cu(CN)(PRJ]s (Cu—C 1.99 A, Cu-N 2.02 A,
C—N 1.16 Ayd and [(CO}MCNCu(PPh)3] (M = Cr, W;
Cu—N 1.998 A, C-N 1.15 A)3 The bridging cyanide ligand
exhibits a span length 0f4.99 A between [Cu(PG)]*
units, and the [CaCN—Cu]* moieties remain close to
linearity.

The molecular structure & (Figure 5) shows a cationic
[Cuz(u-dcpm)]?t core that is similar to those of [A¢u-
dcpm))?* in 3a-(CH;OH), and3b (Figure 3 and Figure S1,
respectively). The two Cu(l) centers are bridged by two dcpm
ligands forming a chairlike [C#4C;] core, and each Cu(l)
is further coordinated to a cyanide ligand to afford a
Y-shaped trigonal Cufe configuration. This structure was
previously observed in [G(u-dcpm}(CHs;CN),]X 2 and [Cuy-
(u-dcpm)]X, (X = ClO4~, PR™).24%3"The two CUuCN units
approach linearity with the N(HC(1)—Cu(l) angle of
178.0 and are almost perpendicular to the-€Gu vector
(C(1)-Cu(1)y-Cu(1*) 104.9(1)). The intramolecular GerCu
distance of 2.940(1) A is close to the limit for metahetal
interactions; it is longer than those of 2.773¢2821(2) A

(34) Che, C.-M.; Tse, M.-C.; Chan, M. C. W.; Cheung, K.-K.; Phillips, D.
L.; Leung, K.-H.J. Am. Chem. So200Q 122, 2464-2468.

(35) Morpurgo, G. O.; Dessy, G.; Fares, ¥.Chem. Soc., Dalton Trans.
1984 785-791.

(36) Darensbourg, D. J.; Yoder, J. C.; Holtcamp, M. W.; Klausmeyer, K.
K.; Reibenspies, J. Hnorg. Chem 1996 35, 4764-4769.

(37) Mao, Z.; Chao, H.-Y.; Hui, Z.; Che, C.-M.; Fu, W.-F.; Cheung, K.-
K.; Zhu, N. Chem—Eur. J. 2003 9, 2885-2894.
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Figure 4. Perspective view of{[(CysP)Cu(CN} 3], 4 (30% probability ellipsoids).

Cc18* C19

Figure 5. Perspective view of [Cifu-dcpm}p(CN);], 5 (30% probability
ellipsoids).

in [Cux(u-dcpm}X;] (X = I, CI7, SCN").24¢38This can be
rationalized by the stronger CutCN interaction, which
weakens the Cu({)-Cu(l) interaction. The P(1%Cu(1)-
P(2) angle (138.76(4) is comparable to those of 139.66-
(5)—145.25(5) in the [Cw(u-dcpm}Xj] (X = 1=, CI,
SCN") complexes?c3 The relatively large deviations of
P—Cu—P angles from linearity further suggest that the TCN
ligands are engaged in strong interactions with Cu(l),
comparable to that for the related [ffardcpm}l;] com-
plex14c37

As depicted in Figure 6, the two copper atomsGiare
each chelated by a dcpe ligand to give five-membered [Cu-
(dcpe)] moieties, and these are bridged by one cyanide
linker and a dcpe ligand to afford the eight-membered [Cu-
(CN)(dcpe)Cuj ring. The diameter of the core is estimated
to be ~5 A, whereas the intramolecular Cu{tCu(2)

(38) Tse, M.-C. Ph.D. Thesis, The University of Hong Kong, 1999.

Figure 6. Perspective view of [Cu(dcpe)2(CN)(u-dcpe)]Pk, 6(PFs) (30%
probability ellipsoids). The C atoms were drawn with small circles for
clarity.

separation of 4.915 A is excessively long for cuprophilic
interaction. The C(1r}N(1)—Cu(1) (158.1(79) and N(1)-
C(1n)y-Cu(2) (161.2(7) angles are significantly deviated
from linearity. The copper atoms adopt a distorted tetrahedral
coordination with the N-Cu—P and P-Cu—P angles lying

in the range of 88.12(9)125.6(1).

Figure 7 depicts the structure @f which contains a
trinuclear Cu(l) core. Each metal vertex comprises a Six-
membered [Cu(dppp)]ring in a distorted chair configura-
tion. One [Cu(dppp)] group is coordinated to two cyanide
ligands, each of which is further bound to another [Cu-
(dppp)I" unit. The Cu(1)--Cu(3) and Cu(2)-Cu(3) separa-
tions are 4.98 A. Two [Cu(dppp)]Junits are bridged by a
dppp ligand, and the Cu(+)Cu(2) distance is 6.83 A. The
mean C-N—Cu (166.6) and N-C—Cu (165.9) angles are
slightly bent. The three copper atoms adopt a tetrahedral
geometry, and the C(£)Cu(3)-C(2), N(1)-Cu(1)-P(3),
and N(2)-Cu(2)—P(4) angles are 100.8, 109.8, and 108.5
respectively, suggesting minimal angle strain inside the 12-
membered Ciicore.

The structure of [Cu(CN)(PG)]s (8) features a hexagonal-
like 18-membered ring with six three-coordinate copper
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a¥ |
Q C(@32)  C(30)

Figure 7. Perspective view of{[Cu(dppp}3(CN)z(u-dppp)IPk, 7(PFs)
(30% probability ellipsoids). The C atoms were drawn with small circles
for clarity.

a
O

Figure 8.
ellipsoids).

Perspective view of [Cu(CN)(PG)s 8 (30% probability

vertexes in approximately trigonal planar geometry and
bridged by six cyanide linkages (Figure 8). The structure is
reminiscent of [Cu(CN)(PR)y]s,*d except that each copper
atom is coordinated to one P&hgand instead of two PRh
ligands in [Cu(CN)(PP¥);]6. The six cyanide linkers between
the [Cu(PCy)]* vertexes constitute six sides of the hexagonal-
like core, and the mean GuCu separation is-5 A. The
C—N—Cu and N-C—Cu angles (162:2176.7) slightly
deviate from 180, and indeed, the hexagonal core is
nonplanar. The N(2)Cu(2)—C(3) (106.1(2j) angle shows

a significant deviation from the 120s/alue expected for a
hexagonal-shaped macrocycle, while the other -GW—
CIN angles are~124.£4. The distances between opposing

Lin et al.
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i I Ut [(Cy,P)Ag(NCAGCN)]_, 1
""" [(Cy,P),Ag(NCAGCN)] , 2
- 4x10' — [Ag,(u-dcpm),JAG(CN),], , 3a
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Figure 9. UV-—vis absorption spectra df, 2, and3a in acetonitrile at
298 K.

Table 3. UV—Visible Absorption Data of Complexes—8
Amainm (e/dm® mol~t cm™1)

218 (7200), 245 (350)

203 (31500), 216 (sh, 23000)

258 (17300)

257 (18000)

236 (44000), 246 (sh, 27600),
270 (sh, 4240)

complex

[(CysP)Ag(NCAQGCN)],, 12
[(CysPXAG(NCAQCN)], 22
[Ag2(u-depm}][Ag(CN)2], 322
[Ag2(u-depm}p][Ag(CN)2]2, 3b?
[{(CysP)Cu(CN} 3], 4°

[Cuz(u-dcpmb(CN),], 5° 276 (17600)

[{ Cu(dcpe)2(CN)(u-dcpe)]PF, 6(PFs)° 239 (78000), 280 (sh, 2500),
349 (560)

[{Cu(dppp) s(CN)x(u-dppp)]PR, 7(PRs)° 272 (57800)

[Cu(CN)(PCy)]s, 8 247 (sh, 40400), 282 (sh, 2930)

a|n acetonitrile.P In dichloromethane.

Electronic Absorption Spectroscopy.The UV—visible
spectra ofl and 2 in acetonitrile are depicted in Figure 9,
and the spectral data are listed in Table 3. Eoa strong
absorption band at 218 nma £ 7200 dni mol™* cm™?) and
a weak shoulder at 245 nna & 350 dn? mol™* cm™?) are
observed. An intense high-energy absorption bandat
= 203 nm with a shoulder at 216 nm< 31 500 and 23 000
dm?® mol~! cm™1, respectively) has also been observed for
2. The profiles of the absorption spectra fbrand 2 are
similar to that of a dilute aqueous solution of K[Ag(GN)
(5.0 x 10* mol dnm3) as reported by Patterson and co-
workers?® For theu-dcpm bridged complexe3a and 3b,
intense absorption bands &tax = 258 € = 17 300 dnd
mol™* cm™) and 257 nm { = 18 000 dm mol™* cm™?),
respectively, are observed in @EN, and they are compa-
rable to thé'[4do* — 5po] transition at 266 nmeg= 22 000
dm?® mol~* cm™?) previously reported for the [A¢dcpm)]?*
salts®*

Figure 10 depicts the absorption spectratob, 6, and8
in dichloromethane at 298 K. The absorption spectrum of
exhibits a peak atmax = 236 nm € = 44 000 dm mol*
cm™1) with weak and broad absorption tailing from 270 to
350 nm € = 4240-920 dn? mol~* cm™1). The absorption
spectrum of5 exhibits an intense absorption a.x = 276
nm, the e value of which (17 600 démol™* cm™) is

copper atoms are 8.90, 11.50, and 8.68 A. The dimensionssignificantly higher than that of4 at 270 nm (4240
of the central core are estimated to be 11.5 A in length and dmPmol~lcm™2). Our previous work on [Cidmpm)]?*

7.3 A in width.
1520 Inorganic Chemistry, Vol. 44, No. 5, 2005
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%107 [(Cy,PICUCN)}]_, 4
Al e [Cu(u-dopm),(CN),], 5

L —— [{Cu(dcpe)},(CN)(u-depe)], 6
_% ‘ : [Cu(CN)(PCy,)],, 8
'S 3x10°
£
=
% 2x10°

1x10* 4

i |
300 350
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Figure 10. UV —vis absorption spectra df 5, 6, and8 in dichloromethane
at 298 K.

T
250 400

occurs atlmax = 276 nm € = 10 800 dm mol™* cm™) in
H,03" which is similar to the 276-nm band d&. The
absorption spectrum d&§ shows an intense band &tax =
239 nm € = 78 000 dnimol~*cm™%) and a weak shoulder
at 280 nm é = 2500 dn¥ mol~* cm™Y), whereas that 08
exhibits a weak absorption tail from 282 to 326 nen=
2930-370 dn? mol~* cm™t). Such weak absorption in the
265-350-nm spectral region foB is comparable to that
observed fod and is consistent with the absence of close
intramolecular metatmetal interactions. Fof, the 272-nm
absorption band with a largevalue of 57 800 drfimol !
cmtis slightly red-shifted from the 252-nm absorptian (
= 15 000 dm mol~* cm™) of the free dppp ligand, which
can be assigned to be mainly contributed by intraligand
transition of the dppp ligand.

Solution- and Solid-State Emission Spectroscop¥mis-
sion data forl—8 are listed in Table 4. Complexdsand2
are nonemissive at 298 K in GBN, whereas3a and 3b
show weak luminescence &fax = 365 nm in CHCN at
298 K with a quantum yield of~6 x 1072 and lifetime of
~0.2us. In MeOH/EtOH (1:4) glass at 77 H,and2 exhibit
an intense emission at.x = 397 and 391 nm with lifetime
of 268 and 32Qus, respectively. The excitation spectrum of
1 (concentration= 1.0 x 103 M) in glassy MeOH/EtOH
(1:4) solution exhibits a peak at 238 nm, which is similar to
the 250-nm excitation band for the 390-nm emission of
K[Ag(CN),] in frozen (77 K) agueous solution at the same
complex concentratiot?. A 77 K MeOH/EtOH (1:4) glassy
solution of 3a or 3b shows an intense, broad emission at

Table 4. Emission Data of Complexes—8 (1ex = 250 nm)

Intensity / A. U.

T T
400 500
Al nm

Figure 11. Room-temperature solid-state emissionlp®, 4, and6 (Aex
= 250 nm).

Amax = 360 nm with a lifetime of~45 us. An additional
peak at 412 nm was also found in the spectrun3afThe
emission lifetimes ofl—3a,b recorded in 77 K glassy
solutions are significantly longer compared to those recorded
in acetonitrile at 298 K, revealing a large temperature
dependence of the emission lifetimes. The room-temperature
solid-state emission spectra bf3a,b exhibit peaks afmax
= 356—408 nm (Figure 11). At 77 K, the solid-state emission
of 1 occurs atlmax = 366 nm, whereas those &f3a,bare
at 347-382 nm. The emission quantum yields and lifetimes
of solid samples ofi—3a,b measured at 298 K are (23
8.0) x 1072 and 0.6-87 us, respectively.

Complexegt—6 and8 are nonemissive in Ci&l, or CHs-
CN, whereas’ is weakly emissive withmax = 445 nm in
dichloromethane at 298 K. In MeOH/EtOH (1:4) glass at
77 K, 4—8 display intense emission &t,.x = 382—416 nm.
A weak, broad emission withmax = 500 and 549 nm was
recorded for MeOH/EtOH glassy solutions &f and 6,
respectively. These visible emissions are comparable in
energy with that of [Cu(dcpra(PFs)2 (Amax = 506 nm) and
[Cux(dmpm}](CIO4)2 (Amax= 521 nm) recorded under similar
condition$” and are attributed to originate from tfé3d._2,
dyy)X(4p,)Y] excited state of a Cu(l) site. Compléxexhibits
an intense solid-state emission/at.x = 401 (¥, = 2.0 x
10°3) and 405 nm at 298 (Figure 11) and 77 K, respectively,
and there is a significant temperature dependence of the
emission lifetime § = 1.0 us at 298 K to 10%s at 77 K].
The solid-state emission & with Amax at 470 nm (298 K)
and 488 nm (77 K) are red-shifted from those observed for
4 (401 nm at 298 K; 405 nm at 77 K), but they are
comparable to the solid-state emission of §Capm}]X,

solid state fluid (concentration s 1074 M)
298 K 77K 298 K 77 K
AmadNM; Go; Tolus  AmadnNM (To/us) AmaNM; @o; Tolus Ama/NM (to/us)

[(CysP)Ag(NCAQCN)],, 1 356; 8.0x 1073 5.4 366 (50) nonemissige 397 (268)
[(CysP)Ag(NCAQCN)], 2 360; 6.5x 1073 0.6 347 (58) nonemissive 391 (320)
[Ag2(u-dcpm)][Ag(CN) 2]+ (CH3OH),, 3a(CH:OH),  408; 2.3x 1073; 87 381 (55) 365; 6. 1073 0.26¢ 360 (max, 48), 412 (535)
[Ag2(u-dcpm)][Ag(CN)2]2, 3b 395;3.7x 1073 31 382 (58) 365; 6.% 10°3,0.200 360 (43)
[{(CysP)Cu(CN} 3], 4 401;2.0x 1073, 1.0 405 (109) nonemissite 400 (130)
[Cup(u-dcpmy(CN)], 5 470; 8.0x 107% 28 488 (123) nonemissive 382 (max, 60), 500 (sh, 341)
[{ Cu(dcpe) 2(CN)(u-dcpe)]Pk, 6(PFs) 422;4.9x 1073, 4.8 408 (204) nonemissite 416 (max, 320), 549 (298)
[{ Cu(dppp} 3(CN)2(u-dppp)]Pk, 7(PFs) 462;6.8x 1073 3.7 462 (430) 445; 1.76 1073, 0.3 405 (1370)
[Cu(CN)(PCy)]e, 8 415; 3.0x 1073, 2.0 410 (86) nonemissive 405 (96)

2In CHECN. P In CH,Cl,. € In EtOH/MeOH (4:1).
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Figure 12. Room-temperature solid-state emissiorBdflex = 250 and
350 nm).

(X = CIO4~, PR, I7) with emission maxima at 460475
nm at 298 K, respectively. When solid samples & and8
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and this can afford compounds with diverse structures and
dimensionalities. Reaction of Pewith AQCN afforded the
polymer [(CyP)Ag(NCAQCN)], (1), bearing AQCN to PCy

in a 2:1 ratio. The structure dfis similar to that described
for the four-coordinate pyridine-solvated silver(l) polymer
[{ (o-tolyl)sP} Ag(py)(NCAQCN)}..” The {Ag(CN)} back-
bone inl resembles that of the CUCN chain in {fON),-
(2,2-biguinoline)}..*> However, in solution such as dichlo-
romethane, the polymeric solid is likely present as
monomers or oligomers. The structure and stoichiometry of
2 are comparable to the repeating unit in the HPpAg-
(NCAQCN)]. polymer! The structures aof and4 are similar;
both have a zigzag polymeric configuration with a three-
coordinate metal center coordinated by two cyanide groups
and one PCyunit. The difference is that the [(GR)Ag]"
units in1 are bridged by [NCAgCN], whereas the [(GP)-

(Figures 11, 12) are excited at 250 nm, a broad structurelessCu]+ groups in4 are linked by a CN ligand. As forl, it is

emission at 408422 nm appears, which is similar in energy
to that observed fod (Figure 11). Upon excitation of a
crystalline sample o8 at 350 nm, a broad emission with

unlikely that solid4 retains its polymeric structure. Com-
plexes3aand3b with close intramolecular Ag-Ag distances
could be viewed as models for weakly interacting AgCN

Amax@t 510 nm (Figure 12) and 506 nm was observed at 298 ynits, and they show structural resemblance to the-{Ag
and 77 K, reSpeCtlver. The Change in solid-state emission (demeZ Comp|exesy the UVvisible absorption spectra

energy of8 with the excitation energy indicates that the
emissions may originate from multiple sites. The solid-state
emission of7 (Amax = 462 Nm) at 298 K is red-shifted from

of which show distinct [4d* — 5po] transition3* The
molecular structures ob—8 reveal negligible Cu-Cu
contacts, although the GuCN-™ interaction in5 should not

the 423-nm emission of the solid dppp. We assign the former pe overlooked in photophysical assignment (see below).

to come from &[(3dx—2, 3d.)(4p,)] excited state of a three-
coordinate Cu(l) site, although mixing with an intraligand
triplet excited state of dppp could not be excluded. The solid-
state emission quantum yields4tnd6—8 lie between 2.0
x 10°® and 6.8 x 1073, whereas that o6 exhibits a
comparatively higher quantum yield of 8:0 102

Solutions of3aand8in CH;OH and CHCI,, respectively,
were used for preparation of thin films supported on glass
slides to investigate the response to organic vaffors.
Methanol, chloroform, acetone, acetonitrile, and ethanol
vapors were produced by the diffusion tube mettothe

Absorption Energies. The high-energy intense absorption
bands atl = 203-218 nm ¢ = (7.2 x 10®)—(3.2 x 10%
dm?® mol~* cm™?) for 1 and2 are assigned to strongly allowed
charge-transfer transitions, and similar transitions have been
noted for the [Ag(CNy|~ salts by Masori In the absorption
spectrum ofl, the lowest-energy band at.x = 245 nm
with an extinction coefficient of 350 dinmol™* cm™
signifies a forbidden transition (Figure 9). The intense
absorption band of the-dcpm bridged complexe3a and
3bin CH3CN solution withAmaxat ~257 nm € ~ 1.8 x 10*
dm?® mol~* cm™?) is in contrast with the absorption spectra

N gas containing the organic vapor was fed into a flow cell of the mononuclear derivatives [(G8)Ag(Q:CCFs)] and

in which the film was exposed to the gas stream, and the [Ag(PRy);]CIO,

(R = Me, Cy), while the latter show values

glass slide was oriented to face the excitation light source ;1o 13 at4 > 250 nm. The highe values for the 257-nm

in the luminescence spectrometer (Periiimer LS-50B).

However, no emission response toward these volatile organic,o [4d* — 5

compounds was detected.

Discussion

General Remarks.As described for the copper(l) cyano-
diimine systent! subtle changes in reaction conditions can
lead to profound variations in products. In this work,
reactions were undertaken in different stoichiometric ratios
of the reactants, giving compounds with various coordination

modes, geometries, and component stoichiometries. The,

[Ag(CN),]~ moiety can act as an isolated counterion, a
terminal ligand via one cyano group, or a bridging spacer,

(39) Lu, W,; Chan, M. C. W.; Zhu, N.; Che, C.-M.; He, Z.; Wong, K.-Y.
Chem—Eur. J. 2003 9, 6155-6166.

(40) Altshuller, A. P.; Cohen, |. RAnal. Chem196Q 32, 802-810.

(41) (a) Chesnut, D. J.; Kusnetzow, A.; Birge, R.; Zubietdndrg. Chem.
1999 38, 5484-5494. (b) Chesnut, D. J.; Plewak, D.; ZubietaJJ.
Chem. Soc., Dalton Tran2001, 25672580.
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absorption band oBa and 3b are comparable to those for
po] transition observed atmax = 266 nm €

= 22000 dnd mol~* cm™) for the related [Ag(u-dcpm)]-

X, (X = CRSGO;- and PFk-),%* the spectroscopic assignment
of which was supported by resonance Raman experiments.
Therefore, the absorption bands3#and3b at Amax &~ 257

nm are assigned to tH¢ddo* — 5po] transition.

The high-energy absorptions dfat 1 < 250 nm show
substantial extinction coefficients of (2:&.4) x 10* dm?
mol~* cm™*, which are comparable to that observed for
[Cu(CN)]~,** and these are assigned to charge-transfer
absorptions. The less intense absorption shoulder tailing from
270 (€ = 4240 dnmi mol~* cm™) to 300 nm € = 1360 dn¥

(42) Chesnut, D. J.; Zubieta, Chem. Commuril998 1707-1708.

(43) (a) Mason, W. RJ. Am. Chem. So&973 95, 3573-3581. (b) Mason,
W. R.J. Am. Chem. Sod 976 98, 5182-5187.

(44) Horvah, A.; Zsil&k, Z.; Papp, SJ. Photochem. Photobiol., 2989
50, 129-139.
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mol~* cm™) is tentatively assigned to metal-centered [3d
— (4p, 4s)] transition (Figure 10). Fob, the intense
absorption band withi.x at 276 nm and value of 17 600
dm® mol~t cm! resembles the metametal-bonded[3do*
— 4po] transitions of [Cu(dmpm}]?" at Amax = 276 Nm €
= 10800 dmi mol™* cm™) in H,O%” and [Cuy(dcpm}]X .
(X = ClO4~, PR)¥ at Amax = 307—311 nm € ~ 15 000
dm?® mol~t cm™) in CH,Cl,. Thus, we similarly assign this
absorption to d[3do* — 4po] transition (or 3d— (4p, 4s)
modified by Cu(l>-Cu(l) interaction). Comple can be
regarded as two weakly interacting CuCN units via-€u
Cu contacts. The absorption spectr&@nd8 do not reveal
a distinct absorption peak dt > 270 nm that could be
assigned to the [3d — 4po] transition. Rather, these two
complexes show a broad absorption tailing fram= 270
nm (¢ = 3390-4320 dn¥ mol~* cm™) to 300-325 nm €
~ 300-390 dn?¥ mol~* cm™%, which are similar to that o
at 270 nm é = 4240 dni mol~* cm™%). This is consistent
with the structural data that the copper atom$ end8 are
noninteracting (Figure 10).

Emission EnergiesThe near-UV solid-state luminescence
of 1 and2 at Amax = 356—360 nm are assigned to originate
from a metal-centered triplet excited state of a three-
coordinate silver(l) site, and a tentative assignment would
be the®[(4de-y2, 4dy), 5p,] excited state. For the binuclear
complexes3aand3b, their solid-state emissions are slightly
red-shifted from that observed fdr and 2 and can be
attributed to the formation of metametal-bonded exci-
plexes. Metatmetal-bonded exciplex formation has previ-
ously been proposed to account for the emission from
*[Ag(CN), ], oligomeric sites in the doped crystals of
dicyanoargentates(1y. For example, [Ag(CNJ~ ions in a
KCI host lattice at 77 K exhibit emission bands over the
Amax = 295-548-nm range upon excitation at different
wavelengths Aex = 226—315 nm). This was attributed to
mono-, di-, tri-, and polymeric Ag(l) sites that emit at
different wavelengths because of silvailver-bonding

interactions in both the ground and excited states. However,

it should be noted that the Stokes’ shiftsi{) of the 298-K
solid-state emission foBa (14 250 cm?) and 3b (13 600
cmt) from their respectivé(4do* — 5po) absorption bands
at~258 nm in CHCN are larger than that reported for the
related binuclear [As(dcpm)]?" compound (8930 cmi).14v
Thus, the origin of the emission from tl3&a and 3b solids

= 491 nm, an assignment of ECu-bonded excited state
for the solid-state emission & is precluded. We suggest
that the interaction between the [{dcpm)]?* core and CN
could stabilize the excited state, which could lead to a lower-
energy®[(3de-y?, 3d,), 4p] excited state. Coordination of a
halide ion to the excited *[Cu(CN)~ moiety in aqueous
solution upon UV irradiation was previously observed to
afford a highly luminescent exciplex with an emission band
at 480 nmt724445This is similar in energy to the 470-nm
emission of the [Cy(dcpm)}(CN);] solid (5). The solid-state
emission o at 298 and 77 K is dependent on the excitation
wavelength; a red-shift of the emission maximum at 298 K
was observed from 415 to 510 nm as the excitation
wavelength increased from 250 to 350 nm. We propose that
the six Cu(l) sites exhibit subtly different coordination
environments within the hexagonal-like geometnBar the
solid state, and these environments respond to different
excitation wavelengths and emit at slightly varying enertfies.
This is in accordance with 3(3d.e-y?, 3d.,), 4p] emissive
excited-state assignment.

In the literature, oligomerizations of Ag(CN) and
Au(CN),™ ions in solution at high complex concentrations
have been proposed, and these oligomerizations were mani-
fested by red-shifted absorption and emission bands com-
pared to monomer counterparts recorded in low-complex
concentration$®> While the phenomenon of metaetal-
bonded exciplex formation could be invoked to rationalize
the spectral data previously observed by Patterson and
Fackler!>16 this may not be the only factor affecting the
photoluminescence of M(CM) solids. The similarity in
energy between the emission of the three-coordinate com-
plexesl and2 and some of the high-energy emissiohsak
= 327—-345 nm) for the [Ag(CN) ], solid reported in the
literaturé®® suggests that silver(l)-ligand coordination is
crucial in affecting the emission energy. It is pertinent to
note that monomeric three-coordinate Ag(l) and Cu(l) species
bearing CN ancillary ligands exhibit near-UV photolumi-
nescence at360 and 400 nm, respectively, and the high-
emission energy is consistent with the large— [(n + 1)(s,

p)] band gap of Cu(l) and Ag(l).

It is interesting to note that the photoluminescence from
these Ag(l>- and Cu(l}-cyanide solids can be intense and
have long lifetimes. These photophysical features signify the
potential applications of Ag(y and Cu(l)-CN solids as

remains unclear. The small difference between the emissionnew classes of blue light-emitting materials. Although Ag-

energies ofl and 2 with those of3a and 3b suggests that
the impact of Ag(1>-Ag(l) interaction upon the emission of
3aand3bis less important than previously envisagédhe
lifetimes in the microsecond range are consistent with the
triplet excited-state assignment. THé4d_2, 4d,), 5p]
excited state appears to play an important role in affecting
the photoluminescence of these Ag(l) solids.

The 77 K glassy solution o#4—8 exhibit intense lumi-
nescence atmax = 382—416 nm. The solid-state emission
of 5[Amax= 470 (298 K) and 488 nm (77 K)] is significantly
red-shifted in energy from that observed fAmax = 401
(298 K) and 405 nm (77 K)]. Referring to the room-
temperature solid-state emission of [Cu(RGINCIO04 at Amax

(—Ag(l) and Cu(l)-Cu(l) interactions could modify the
metal-centerednid — (n + 1)(p, s)] transition energy, the
effect of Ag(l)—Ag(l) interaction upon the photoluminescent
energy can be latent, as revealed by the comparable emission
energies ofl and 2 relative to those oBa and3b.

Concluding Remarks

The employment of a sterically unencumbered [Ag(ZN)
building block has yielded, depending on the initial reactant

(45) (a) Horvdh, A.; Papp, S.; Desy, Z.J. Photochem1984 24, 331—
339. (b) Horvah, A.; Stevenson, K. Linorg. Chim. Actal991, 186,
61—66.

(46) Henary, M.; Zink, J. llnorg. Chem 1991, 30, 3111-3112.
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stoichiometry, a one-dimensional chain with alternate JEQy metal-bonded excited state of Ag(l) and Cu(l) metafanide
Ag]t and [Ag(CN}]~ units or a discrete [(GP)Ag- complexes should be cautious, and metalion coordination
(NCAgCN)] molecule. Reactions of MCN (M= Ag(l), at two-coordinate ¥ metal site should be taken into
Cu(l)), or [Cu(CHCN)4PFs (with KCN) with bidentate consideration in the spectroscopic assignments of these
RoP—(CH)n—PR, (R = Cy, n = 1-2; R = Ph,n = 3) systems.

phosphine ligands afforded a series of bi- and trinuclear
macrocycles. Both metalmetal interaction and metal
ligand coordination have been observed to affect the pho-
tophysical properties of these M(HCN solids. The existence

of M(l)—M(l) interaction in the excited state has been
verified by the presence of an intense dipole-allowed, red-
shifted absorption attributed to thado* — (n + 1)po]
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