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A series of diimine-tetracyanoosmate anions [Os(diimine)(CN)4J?~ [diimine = 2,2'-bipyridine (bipy), 2,2'-bipyrimidine
(bpym), 1,10-phenanthroline (phen), and 4,4'-Bu,-2,2'-hipyridine (Bu,bpy)] were prepared and isolated as their
Na* salts (water soluble) or PPN* salts (soluble in organic solvents). Several examples were crystallographically
characterized; the Na* salts form a range of 1D, 2D, or 3D infinite coordination polymers via coordination of the
cyanide groups to Na* cations in either an end-on or a side-on manner. The [Os(diimine)(CN)4J?~ anions are
solvatochromic, showing three MLCT absorptions, which are considerably blue-shifted in water compared to organic
solvents, in the same way as is well-known for the analogous [Ru(diimine)(CN),)*~ anions. Luminescence in the
red region of the spectrum is very weak but (following the expected solvatochromic behavior) is higher energy and
more intense in water. However, by exploiting the effect of metallochromism (ref 4), the emission from
[Os(Bu,bpy)(CN)sJ>~ in MeCN can be very substantially boosted in energy, intensity, and lifetime in the presence
of Lewis-acidic metal cations (Na*, Ba*, Zn?*), which, in a relatively noncompetitive solvent, coordinate to the
cyanide groups of [Os(Bubpy)(CN)4J?>~. This has an effect similar in principle to hydrogen bonding of the cyanides
to o+ protons of water, but very much stronger, such that in the presence of Zn?* ions in MeCN the *MLCT and
SMLCT absorptions are blue-shifted by ca. 7000 cm~%, and the luminescence moves from 970 nm (vanishingly
weak) to 610 nm with a lifetime of 120 ns (dominant component). Thus, the binding of metal cations to the cyanides
provides a mechanism to incorporate [Os(diimine)(CN)J>~ complexes into polynuclear assemblies and simultaneously
increases their 3MLCT energy and lifetime to an extent that makes them comparable to much-stronger luminophores
such as Ru(ll)-polypyridines.

Introduction donor or an electron donor in its excited state can be
controlled by changing the solvehtii) Interaction of the

In recent years, we and others have started to exploit the . g _ . ST
cyanide lone pairs with other metal ions in solution likewise

deceptively simple complex [Ru(bipy)(Cij~ as a com- ) . o
ponent of supramolecular assemblies that display usefuIa"O,WS the properties of the [Ru(bipy)(CHj" unit o be
photophysical propertidsCompared to the much-better- varled_, to a much greater extent than can _be achleve.d by
known complex [Ru(bipyj2*, [Ru(bipy)(CN)]2~ offers soIvauop aloné.The effc_ect on the pho_tophysma_l prope(tles
numerous significant advantages, which may be summarizedOf [Ru(bipy)(CN)J*" arising from coordination of its cyanide

as follows: (i) Its strong solvatochromism (arising principally - - - - -
(2) (a) Bignozzi, C. A.; Chiorboli, C.; Indelli, M. T.; Scandola, M. A. R;

from interaction of the cyanide Ion_e pairs with protic Varani, G.. Scandola, B. Am. Chem. Sot986 108 7872. (b) Habib
solvents) means that tARILCT absorption energyMLCT Jiwan, J. L.; Wegewijs, B.; Indelli, M. T.; Scandola, F.; Braslavsky,

; ; ; At S. E.Recl. Tra. Chim. Pays-Bag995 114, 542. (c) Timpson, C. J.;
luminescence energy, intensity and lifetime, and the Ru(ll)/ Bignozzi, C. A.: Sullivan. B, P.: Kober, E. M.: Meyer. .. Phys.

Ru(lll) redox potential, can all be tuned over a wide range Chem.1996 100, 2915. (d) Pinheiro, C.; Lima, J. C.; Parola, A. J.
by varying the solvent compositidnThis means that the Sens. Actuators, BOOG 114, 978. S
- . o f | (3) (a) Indelli, M. T.; Ghirotti, M.; Prodi, A.; Chiorboli, C.; Scandola, F.;
ability of [Ru(bipy)(CN)]*" to act as, for example, an energy McClenaghan, N. D.; Puntoriero, F.; Campagndn8tg. Chem2003
42, 5489. (b) Simpson, N. R. M.; Ward, M. D.; Morales, A. F;
*To whom correspondence should be addressed. Email: Barigelletti, F.J. Chem. Soc., Dalton Tran8002 2449. (c) Argazzi,
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lone pairs to, for example, a strong Lewis acid like’Zris than do those of Ru(ll)-based complexésyhich makes
much greater than the perturbation that can be obtained bythem valuable as red emitters in OLEBS.

the interaction of the cyanides with thiet protons of a Accordingly, in this article we describe the syntheses of
solvent such as water. Thus, [FBIj:bipy)(CN),]?>" is very [Os(bipy)(CN)]?>~ and some related diimine complexes;
weakly luminescent in MeCN, but the addition of Baor crystal structures of several members of the series, including
Zn?t salts switches on a strong, long-lived & 1 us) some coordination networks; and the redox, spectroelectro-
emission in the 546600 nm regiort. (i) The ability of the chemical, and photophysical properties of the complexes,
cyanide lone pairs to coordinate to other metal ions allows including illustrations of how the inherently weak and short-
[Ru(bipy)(CN)]?~ to be incorporated in cyanide-bridged lived luminescence can be massively boosted using the
coordination networks with additional metal catidfsywe metallochromism effect that we described earlier for
have characterized several®fjRu(bipy)(CN)J?~ networks ~ [Ru(bipy)(CN)]?".#

in wh!ch the 3ML.CT state of' the Ru(ll) unit acts as @ pasylts and Discussion

sensitizer of near-infrared luminescence from lanthanide(lll)
ions such as Yb(IIl) and Nd(I1l9.(iv) The ability of the
cyanide groups to act as hydrogen-bond acceptors provide
a mechanism for [Ru(bipy)(Chf~ to become incorporated
into supramolecular arrays, allowing photoinduced energy-
or electron-transfer to other components in hydrogen-bonded
assemblie$(v) Finally, the cyanide groups provide a useful X L . .
IR-active reporter group that can be used to monitor excited- comp!ex W'.t.h 232—b|pyr|d|ne (bipy). Following chromato-
state processes using ultrafast time-resolved IR spectroscop)g*’ra_phIC purlflcatloh on Sephadex-G10, t_hese complexes were
because the position of tW€CN) band is sensitive to changes all isolated as their Nasalts (for NN= bipy, phen, bpym),

in the electron distribution of the complex in its excited state. which are so_luble N W_ater and dmso, spanngly soluble in
. , . i MeOH, and insoluble in other common organic solvents.
The immense value of [Ru(bipy)(CHj™ in the field of 046 could simply be converted to their PRélts (PPN
supramolecular photochemistry has now prompted us to;g PhP=N=PPh"), which are soluble in polar organic

examine the Os(1l) analogue [Os(bipy)(GN), a complex  gqivents, by precipitation of the sodium salts from water
that,' surprisingly, hf':\s S0 far re(?elved only a single report N ysing PPNCI~. The only exception to this is the sodium
the literaturé but WhICh is potentially as useful as [Ru(bipy)- g1t of the relatively hydrophobic complex [(Bgbpy)-
(CN)JJ?". The comparison between other Os(ll) and Ru(ll) (cNy,J2-, which was not purified but converted directly to
complexes with polypyridyl-based ligand sets is instructive. {he ppN salt. The complexes were satisfactorily character-
i 2 i . . .

Although [Ru(bipy}]** has the higher-energy and longer- jzed on the basis of their ES mass spectra, elemental analyses,
lived excited state, and shows more intense luminescencegnq |R spectra, which showed the expected pattern-of
[Os(bipy)]** and its analogues have received considerable (CN) stretches, similar to those observed for [Ru(diimine)-
attention, for example as energy acceptors in-Rs dyads  (CN),]>~ complexe<.
displaying Ru— Os energy transfef. Os(Il)-polypyridyl Structural Studies. Several of the complexes have been
complexes are also of particular interest as sensitizers whosetrycturally characterized, as their Nsalts or their PPN
absorption (and emission) spectra extend further into the redsalts or both. In all of the cases, the structure and geometry
of the basic octahedral Os(ll) core is unremarkable and will
(4) Lazarides, T.; Easun, T. L.; Veyne-Marti, Cd-;Alsindi,W- ﬁ-; George, not be dwelt on in detail; the features of interest are the

Q\A;n\_’vc’hDeﬁ?pSégggr%' i\lz'g%nltg_r’ C. A Adams, H.; Ward, M..D. second coordination s_phere_(hy(_jrogen b_ond_ing of solvent
(5) (a) Adams, H.; Alsindi, W. Z.; Davies, G. M.; Duriska, M. B.; Easun, molecules and formation of infinite coordination networks

T.L.; Penton, H. E.; Herrera, J.-M.; George, M. W.; Ronayne, K. L., iy the case of the Nacomplexes), and the relevant features
are summarized briefly below for each complex.

SynthesesThe published synthesis of [Os(bipy)(CMN)
dnvolves the reaction of bipy with [Os(CH}~ in aqueous
MeOH? Using this method, we isolated several complexes
of the type [Os(NN)(CNJ?~ in good yield, with NN= 1,10-
phenanthroline (phen), 2;Bipyrimidine (bpym), and 4,4
‘Buy-2,2-bipyridine (Buzbpy) in addition to the original

Sun, X.-Z.; Towrie, M.; Ward, M. DDalton Trans.2006 39. (b)
Baca, S. G.; Adams, H.; Ward, M. @rystEngComm200§ 8, 635.
(c) Herrera, J.-M.; Baca, S.; Adams, H.; Ward, M. Bolyhedron
2006 25, 869.

(10) (a) De Cola, L.; Belser, P.; von Zelewsky, A.; §tte, F.Inorg. Chim.

(6) (a) Davies, G. M.; Pope, S. J. A.; Adams, H.; Faulkner, S.; Ward, M.
D. Inorg. Chem.2005 44, 4656. (b) Herrera, J.-M.; Pope, S. J. A;;
Adams, H.; Faulkner, S.; Ward, M. Dnorg. Chem2006 45, 3895.

(c) Herrera, J.-M.; Ward, M. D.; Adams, H.; Pope, S. J. A.; Faulkner,
S. Chem. Commur2006 1851.

(7) (@) Simpson, N. R. M.; Ward, M. D.; Morales, A. F.; Ventura, B.;
Barigelletti, F.J. Chem. Soc., Dalton Tran2002 2455. (b) Derossi,
S.; Adams, H.; Ward, M. DDalton Trans.2007, 33. (c) Loiseau, F.;
Marzanni, G.; Quici, S.; Indelli, M. T.; Campagna,&iem. Commun.
2003 286. (d) Bergamini, G.; Saudan, C.; Ceroni, P.; Maestri, M.;
Balzani, V.; Gorka, M.; Lee, S.-K.; van Heyst, J.; §tte, F.J. Am.
Chem. So2004 126, 16466. (e) Pina, F.; Parola, A.Qoord. Chem.
Rev. 1999 185-186, 149.

(8) Alsindi, W. Z.; Easun, T. L.; Sun, X.-Z.; Ronayne, K. L.; Towrie,
M.; Herrera, J.-M.; George, M. W.; Ward, M. Inorg. Chem2007,

46, 3696.

(9) Garca Posse, M. E.; Katz, N. E.; Baraldo, L. M.; Polonuer, D. D.;

Colombano, C. G.; Olabe, J. Anorg. Chem.1995 34, 1830.

9780 Inorganic Chemistry, Vol. 46, No. 23, 2007

Acta2007,360, 775. (b) Welter, S.; Salluce, N.; Belser, P.; Groeneveld,
M.; De Cola, L.Coord. Chem. Re 2005 249, 1360. (c) Bichenkova,

E. V,; Yu, X.; Bhadra, P.; Heissigerova, H.; Pope, S. J. A.; Coe, B.
J.; Faulkner, S.; Douglas, K. Tnorg. Chem.2005 44, 4112. (d)
Weldon, F.; Hammarstrom, L.; Mukhtar, E.; Hage, R.; Gunneweg,
E.; Haasnoot, J. G.; Reedijk, J.; Browne, W. R.; Guckian, A. L.; Vos,
J. G.Inorg. Chem2004 43, 4471. (e) Rau, S.; Schafer, B.; Schebesta,
S.; Grussing, A.; Poppitz, W.; Walther, D.; Duati, M.; Browne, W.
R.; Vos, J. G.Eur. J. Inorg. Chem2003 1503. (e) Sauvage, J.-P.;
Collin, J.-P.; Chambron, J.-C.; Guillerez, S.; Coudret, C.; Balzani, V.;
Barigelletti, F.; De Cola, L.; Flamigni, LChem. Re. 1994 94, 993.

(11) (a) Chou, P.-T.; Chi, YEur. J. Inorg. Chem2006 3319. (b) Juris,

A.; Balzani, V.; Campagna, S.; Denti, G.; Serroni, S.; Frei, Gd&u
H.-U. Inorg. Chem.1994 33, 1491. (c) Pope, S. J. A,; Coe, B. J;;
Faulkner, S.; Laye, R. HDalton Trans.2005 1482. (d) Evans, R.
C.; Douglas, P.; Winscom, C. Goord. Chem. Re 2006 250, 2093.
(e) Bergman, S. D.; Gut, D.; Kol, M.; Sabatini, C.; Barbieri, A,;
Barigelletti, F.Inorg. Chem.2005 44, 7943.



[Os(bipy)(CN)]2~ and Its Relatves

Figure 1. Two views of part of the structure of M&s(bipy)(CN)]-4H,O:

top, emphasising the number of Necations interacting with each
[Os(bipy)(CNY]2~ anion; bottom, emphasising the environment around each
of the independent Na ions.

Nay[Os(bipy)(CN)4]-4H,0. Three of the cyanides (con-
taining N(4), N(5), and N(6)) coordinate to N&ations to

on bonding, the Na:N (and associated NaC) distances
are considerably longer than observed in end-on-
bonding. We have observed this type of side-on coordination
of cyanides to alkali-metal cations before, and it becomes
more dominant as the alkali-metal ion gets larger and less
electropositive!.52 Taking a side-on cyanide ligand as oc-
cupying a single coordination site (ef-bonding coordination
of alkenes/alkynes), Na(1) is six coordinate from two side-
on cyanides, two end-on cyanides, and two water ligands.
Na(2), in contrast, has six monodentate ligands, three end-
on cyanide nitrogen donors, and three water ligands. Part
(a) of Figure 1 shows the way in which each [Os(bipy)(@&)
unit interacts with several Naions; part (b) of Figure 1
emphasizes the coordination geometry around each inde-
pendent N& ion. Figure 2 shows a view of the 2D sheet,
which lies in the crystallographiab plane, seen edge-on
looking along thea axis. It will be apparent that the core of
the layer is based on a water-bridged network of s,
capped above and below by [Os(bipy)(GR) units which
interact with the Na ions via their cyanide groups.
Na[Os(phen)(CNj]-5H,0. This has a quite different
supramolecular structure from the bipy complex (above),
forming 1D chains containing @¥a(u—CN), diamonds
(Figures 3, 4). The two equatorial cyanide ligands of each
[Os(phen)(CNy)?~ unit each bind end-on to a different Na(1)
ion, and simultaneously both bind side-on to the same Na(2)
ion which is sandwiched between them. Figure 4 shows how
this results in a 1D chain. Interestingly, Na(1) interacts with
cyanide donors solely in an end-on manner and has a regular
octahedral coordination geometry arising from four such
cyanide nitrogen donors in an approximate plane, and two

propagate a coordination network consisting of 2D sheets oxygen donors from (bridging) water ligands. In contrast

(Figures 1 and 2). The remaining cyanide, containing N(3),
forms hydrogen-bonding interactions with O(1W), O(2W),
and O(4W) from different asymmetric units, with nonbonded
N---O separations of 3.10, 3.00, and 2.86 A, respectively.
The modes of coordination of the cyanides tofNary from
conventional end-on, with the terminal cyanide lone pair
coordinated to one Naion or bridging two, to a side-on
interaction in which the electrons in the CN triple bond
interact with the electropositive Naon. In the case of side-

®

Na(2) sits at the center of the D&(u—CN), squares
defined by the Os(1) and Na(l) ions, and consequently
interacts with the four cyanide ligands describing the edge
of each square solely in a side-on manner. Assuming that
each edge-on cyanide formally occupies one coordination
site, Na(2) is also six-coordinate, from four side-on cyanides
and two (bridging) water ligands which connect Na(1) and
Na(2). The central ‘spine’ of this chain consists of a sequence
of alternating Na(1) and Na(2) centers connected by water

Figure 2. Edge-on view of a 2D sheet in W&®s(bipy)(CN)]-4H,O (osmium, green; sodium, orange; oxygen, red; nitrogen, blue).

Inorganic Chemistry, Vol. 46, No. 23, 2007 9781
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N(4A)@
Figure 5. Structure of the asymmetric unit of Jj@s(bpym)(CN)]-4HO.

vacant bipyrimidine coordination site of [Os(bpym)(GN}).
The third coordinating cyanide group, containing N(8),
provides end-on coordination to Na(2). Thus Na(1) and Na(2)
are both formally six-coordinate, taking a side-on cyanide
as occupying one coordination site. Na(1) is coordinated by
a bipyrimidine chelate, one end-on cyanide [N(7)], and three
water molecules as ligands, one of which [O(3)] bridges to
the adjacent Na(2) center. Na(2) is coordinated by two side-
on cyanides [involving N(6) and N(7)], an end-on cyanide
[N(8)] and two water ligands. Figure 6 shows a view of the
resulting 3D network structure, viewed down the crystal-
lographica axis.

In Nay[Os(bpym)(CN)]-8H,0, in contrast, the additional
water molecules are used to saturate the coordination sphere
of the Na ions, such that the secondary diimine site of each

C [Os(bpym)(CN)]?~ unit is not involved in direct coordination
Figure 4. 1D chain structure of N§Os(phen)(CNj]-5H,0; note the two

different Na environments, one bound end-on by cyanides [Na(1)] and _to a Na ion (F_lgure 7). InSte_ad’ t_he Crys_ta_llqgraphlcal_ly
the other bound side-on [Na(2)]. independent Naions are associated into an infinite 1D chain,

with Na(1) and Na(2) centers alternating, with three water

bridges. This assembly contains equal numbers of [Os(phen)-molecules bridging each pair of adjacent metals. Thus, each
(CN)4]?" units and Na ions; charge balance is provided by Na' center is six-coordinate and roughly octahedral. The
one additional Naion per [Os(phen)(CNjJ?~ unit [Na(3), [Os(bpym)(CN)]?~ unit interacts with this chain via the
not shown] which forms{[Na(HO)s} »(«—H>0),]?>* dimers. hydrogen bonding of water molecules [O(2)] to both of the

Nao[Os(bpym)(CNJ]-nH,O (n = 4, 8). Crystallization of (symmetry equivalent) non-coordinated bipyrimidine nitrogen
Nao[Os(bpym)(CN)] from aqueous solution afforded three atoms, with the N(2)-O(2) separation being 2.91 A; this
different types of crystal, which proved to differ in the hydrogen bond is nearly linear, with the-®--*N angle
number of water molecules associated with each formula unit. being 169. In addition, the lattice water molecule [O(4)] is
This apparently trivial difference resulted in big changes in involved in hydrogen-bonding interactions with O(1) and
the supramolecular structure, and the structures of the tetra-O(3) of the Na/water chain (@-O separations of 2.85 and
and octa-hydrates are described here. 2.84 A, respectively) and a cyanide atom N(3) from an

Na,[Os(bpym)(CN)]-4H,0 forms a 3D infinite network  adjacent asymmetric unit [O(4)N(3), 2.92 A].
in which Na" ions are coordinated not only by cyanide (PPNY[Os(Bubipy)(CN)] -2H,0+(Me,CO). In this case,
ligands (in both end-on and side-on coordination modes), with a non-coordinating organic cation, the main supra-
but also by the second site of the bipyrimidine ligand of the molecular structure is provided by hydrogen bonding between
[Os(bpym)(CN)]?~ unit. The asymmetric unit, with a few  some of the cyanide ligands of the [@agbipy)(CN)]?~
additional atoms to complete the coordination sphere aroundanion and lattice water molecules. Figure 8 includes the
each metal ion, is shown in Figure 5. Each [Os(bpym)@EN) relevant interactions, with nonbonded-ND separations as
unit uses three of its four cyanide ligands to interact with follows: N(4)---O(1), 2.77; N(6):-O(2), 3.00; and N(5)-
Na' ions. The cyanides containing N(6) and N(7) both act O(2), 3.05 A. The cyanide nitrogen atoms are also involved
as side-on donors to Na(2) which lies in the pocket betweenin CN--+HC hydrogen bonds with the phenyl rings of the
the two cyanides, and N(7) provides an additional end-on (PPN)" cations, of which the shortest is C(132N(6) at
coordination to Na(1), which is also coordinated by the 3.15 A.

9782 Inorganic Chemistry, Vol. 46, No. 23, 2007
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[N f ﬁ-'%

H,__H‘ -

€. o ®

Figure 6. Part of the 3D network structure of Bj@®s(bpym)(CN)]-4H,O (osmium, green; sodium, orange; oxygen, red; nitrogen, blue).

nm, which (in three of the four cases examined) is slightly
less intense; and a much weaker area of absorbance at ca.
710 nm (Table 3 for a summary of UWis absorption
spectra). The two higher-energy features are very similar to
what is observed in analogous Ru(ll) compléxXesand can
therefore both be assigned as spin-allowdtLCT absorp-
tions to differentz* levels of the diimine ligand. The much-
weaker feature at lower energy, which has no counterpart in
the absorption spectra of [Ru(bipy)(CI)” complexes, can

be assigned as a spin-forbidd@LCT absorption. There

is an obvious parallel with the absorption spectra of other
Os(ll) versus Ru(ll) bipyridine complexes, in which a low-
energy spin-forbiddeMLCT absorption is apparent for the

d

Figure 7. View of the crystal structure of NEOs(bpym)(CN)]-8H.0, Os(ll) complexes but not for the Ru(ll) complexés.
emphasising the hydrogen-bonding interaction between the cyanoosmateOs(bpym)(CN)]?~ shows similar behavior, although the
anion and the Netwater cationic chain. three absorption features are all red-shifted because of the

lower-energys* orbitals of the bpym ligand compared to
bipy/ Bu,bipy; [Os(phen)(CNyj?~ likewise shows similar
behavior although the higher-enef@LCT transition is less
intense than the lower-energy one.

In water, all three MLCT absorptions shift to higher
energy. The extent of the shift is such that the highest-energy
transition for [Os(bipy)(CNjJ?~ and [Os(phen)(CN)?*~
becomes obscured by—x* transitions in the UV region;
the lower of the twdMLCT absorptions have moved up to
415 and 405 nm respectively, and théLCT absorption is
apparent as a shoulder at ca. 520 nm in each case. For
[Os(bpym)(CN)]?~, the absorption maxima were lower in
Figure 8. View of the complex anion in the crystal structure of (PPN) energy to_ start W_'th but are blue-shifted to .a compgrable
[Os(Buzbipy)(CN)]-2H,0-(Me>CO). extent, with the highest-enerdgMLCT absorption moving
from 430 nm in MeCN to 360 nm in water and the lower

Electronic Absorption and Luminescence Spectra;
Solvatochromlsm.In_orgamc solvents, the Uyws absorp- (12) (a) Kober, E. M.; Caspar, J. V.; Sullivan, B. P.; Meyer, Tinbrg.
tion spectra of [Os(bipy)(CN)?>~ and [Os(Bu,bipy)(CN)]?~ Chem.1988§ 27, 4587. (b) Della Ciana, L.; Dressick, W. J.; Sandrini,
show three features in or close to the visible region: a stron D.; Maestri, M., Ciano, Minorg. Chem199Q 29, 2792. (c) Decurtins,
gion: g S.; Felix, F.; Ferguson, J.; @el, H.; Ludi, A.J. Am. Chem. Soc.

absorption at ca. 390 nm; a second absorption at ca. 550  198Q 102 4102.

Inorganic Chemistry, Vol. 46, No. 23, 2007 9783
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Table 1. Selected Bond Distances (Angstroms) for the Five Crystal nm in MeCNZ?¢so we are seeing here the usual lower energy
Structures for the 3SMLCT emission from Os(ll) complexes compared
(a) Na[Os(bipy)(CN)]-4H,0 to their Ru(ll) counterparts because of the higher energy of
Os(1)-C(12 1.974(6 Na(BN(5)#2 2.970(6 ;
oiﬁlic&s% 1.980E63 Niéﬁc&é)#z 3.098((6)) the Os(Il)-based d orbitals. .
gsggggig g.ggg% “agg“ag;g gggggg In water, [Os(phen)(CN)?>~ shows comparable behavior
S . a al . - _ . . .
0s(1)-N(2) 2.104(5) Na(2 O(1W)#3 2.380(5) to [Os(bipy)(CN)]?~, with a weak red emission at 685 nm
Os(1)-N(1) 2.111(5) Na(2)}0(3W) 2.427(5) (r = 12 ns) for the phen complex comparediig, = 695
Na(1)-0(2wW 2.319(5 Na(2yO(2W)#4 2.473(5 = ; ;
Nagl)):oglwg 2.38625; NaEgN((s) ) 2_505((6)) nm andz = 4 ns for the bipy complex (Figure 10). The
Na(1)-N(4) 2.411(6) Na(2)-N(6)#5 2.507(6) longer lifetime and higher quantum yield for emission from
Na(1)-N(5)#1 2.568(6 Na(2}N(4)#3 2.637(5 i iqidi
NZE§N§6§#2 2.716&3 Ngg))-N(a()l)#m 3_256((3)) It'he phen complex is due to the greater rigidity of the phen
Na(1)-C(14)#2 2.942(6) Na(2)-Na(1)#3 3.295(3) |gand_ co_mpared to bipy, which inhibits some nonradiative
(b) Na[Os(phen)(CN}]-5H;0 deactivation pathways. [Os(bpym)(CIN) (like the Ru(ll)
85(1%%%) i-ggg(ig) Na(zég(f)s 22-5;59%(2)1 analogue®} is completely nonluminescent in water at room
S . a . H H
OSE&CElsg 2_0445103 Na%,\,&)) 2_919((10)) temperature, and (PPNQDs(Bu.bipy)(CN),] is not water
Os(1)-C(13) 2.046(11) Na(2)C(14) 3.041(11) soluble.
828{“8 3;}2;‘8; HZ%SEM 2;3288; Luminescence also occurs at 77 K in EtOH/MeOH glasses
Hag?gg{% g-igg((g)) ’l\\llagggwg% 22-2513((3)) (except, again, for [Os(bpym)(CNj ). Consistent with the
al . al . . . .
Na(1)-N(4) 2.606(9) Na(3) 0(3W) 2.500(9) earlier report, V\f observed a broad, weak emission from
Na(2)-O(1w) 2.303(8) [Os(bipy)(CN)]4~ with a maximum at 670 nm under these
05(1)-C(10) (i) é\IYaé[(CS))s(bpym)(ﬁN()gA'l\ll-aC))#l 2 52005) conditions; for [OSBu.bipy)(CN)]?>~ and [Os(phen)(CN)?>~
S . a . it i i i
Os(1-C(12) 1985(3) Na(ON(3)#L 5203(3) under the same condltlons,lwe observed emission maxima
Os(1)-C(11) 2.055(5) Na(2}0(3) 2.372(4) at 640 and 655 nm, respectively. From these maxima at 77
828))::\3‘% g-gg;((ig “2%8%#4 %ié?((‘é)) K, we can estimate th8VILCT energies of the bipy, phen,
Os(1)-N(2) 2:110(4) Na(2}N(7)#3 2:323(5) and‘Buzbipy complexes as 14900, 15300, and 15600%m
mgg)ﬁggg %-ﬁg&lg “g%ggggzg %'?,Z’Z,E?) respectively under these conditions.
Na(1)-0(4) 2.428(5) Na(2yC(10)#3 3.121(6) Metallochromism of [Os(Bubipy)(CN)4]?~ in MeCN.
Na(1)-N(7)#3 2.482(5) The very weak luminescence of [Os(bipy)(GN)-type
Os(11-C (Ci)g'\é?i[gofébpym)((NZN)]-%Hzgo 5 4112013 complexes in fluid solution apparently limits their utility as
ozgl)):c% 2:04682173 Ngggoglg 2:4005213; luminophores or energy donors. HoweV(_er, we observed
(NDsg)):g((]é)) géggigg)) Na(égg% ggggggg recently that the luminescence of [MBIf.bipy)(CN)]?",
a . a . L ; . .
Na(1)-0(1) 2.3807(13) whllch is alr;lwost nonexr_stentbm npn"—h)l;drogeg _bondmg
(&) (PPN)YOS(BUsbipy) (CN)]-2H,0-(Me,CO) solvents suc _as'MeCN, is substantially boosted in energy,
Os(1)-C(21) 1.993(3) Os(1)C(19) 2.061(3) intensity, and lifetime by the addition of salts of Lewis-acidic
Os(1)-C(20 1.997(3 Os(HN(2 2.102(2 i i it
ozglﬁcgzzg 2_036533 OEEENB 2_1038 metal ions to the solutiohln a noncompetitive solvent, the

coordination of these cations to the cyanide nitrogen atoms
(a) Symmletry trans;ormations used to generate equivalent atoms: #1 of [Ru(Buzbipy)(CN)] 2- has an effect comparable in origin
" :Zlf'g,; ;25 I 2{ 23-/#+2 f,; fzi ?,jig :Xl;yéyzy#f " :leryglt to the solvatochromism induced by hydrogen bonding to the
(b) Symmetry transformations used to generate equivalent atoms:+#1 0+ protons of water, but much greater in magnitude,
Ly, z#2—x+1,-y, ~z#3-X+2 -y, —z #4x— 1y, Z #5 X+ resulting in the luminescence from [RB(bipy)(CN)]%~
2&&3&&3&&?5 0 fyTg‘f”ly f:‘”:;‘;"fafo;sz used o gye’;erate being blue-shifted up to a wavelength of ca. 540 nm and
Bh—x+ 3o,y + Yo, 2+ Yy #5—X + W,y — Yy —2+ Up lifetimes in the microsecond region being obsertaife
show here how the luminescence of [Bskhipy)(CN)]>~
can similarly be substantially enhanced in the same way by
two behaving similarly (Figure 9). This solvatochromism, exploiting this metallochromism, using the ionsN\N®a",
arising from hydrogen-bonding interactions between water gnq 7+
molecules and cyanide ligands, is exactly comparable to that The effects on the U¥vis absorption spectrum of titrating

observed for the analogous Ru(ll) compleXés. . . . .
Tre minescence (Tale ) of (Ospy(GY) tsmuch 805 et o (OISO P ect
weaker than that observed for [Ru(bipy)(GN), being absorption bands steadily blue-shift as the concentration of

reported previously as undetectable in organic solvents at”~ >~ :
room temperature and very weak in water [at 1.81 eV ( Na' ions increases. The weak lowest-enetig.CT absorp-

685 nm) withz ~ 3 ns]® We could not detect any significant ~tion moves from 715 nm to become a shoulder at ca. 550
emission from MeCN solutions using a conventional lumi- NM; the lower-energyMLCT absorption band starts at 548

nescence spectrometer with a long wavelength limit of 900 "M and shifts to 440 nm; and the highest-enetigy. CT

nm, but we could, however, see weak luminescence at ca.absorption band moves from 376 nm up to 330 nm. This
980 nm from all of the complexes except [Os(bpym)(GH) amounts to a blue shift of ca. 4000 chior each transition,

in MeCN using laser excitation and a near-IR CCD camera resulting in a final absorption spectrum that is similar to that
(Figure 10). The quantum yields are too low to determine observed for [Os(bipy)(CN)?~ in water? albeit slightly less
accurately but are much less than that of [Os(bipy)(IN) blue-shifted. The origin of this effect is the same as that for
in water, for which¢ was estimated ass5 x 107 In the solvatochromism. Coordination of Nadons to the
contrast, the emission from [Ru(bipy)(CJH) is at ~800 cyanide termini makes the cyanide ligands stronger
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Table 2. Crystal Parameters, Data Collection, and Refinement Details for the Structures in This Article

complex Na[Os(bipy)- Nay[Os(phen)- Nap[Os(bpym)- Nay[Os(bpym)- (PPN)Y[Os(Buzbipy)-

(CN)4]-4H0 (CN)4]-5H,0 (CN)4]-4H0 (CN)4]-8H0 (CN)4]-2H,0-
(Me,CO)

formula Q4H16N5NaQO4OS Q5H18N6N6\205OS Q2H14N8N3204OS ClezstNaQOgOS Q;7H94Ngo3OSP4

fw 568.51 610.54 570.49 642.56 1733.88

T, K 100(2) 100(2) 100(2) 100(2) 150(2)

cryst syst orthorhombic triclinic monoclinic monoclinic _triclinic

space group P2(1)2(1)2(1) P1 P2(1)/n C2/c P1

a, 6.5897(3) 6.5785(6) 6.6192(5) 6.4420(13) 11.0248(12)

b, A 10.7397(5) 10.6416(9) 11.4117(11) 29.172(6) 14.6697(15)

c A 26.9228(12) 15.6335(13) 23.612(2) 12.046(2) 27.379(3)

a, deg 90 105.243(5) 90 90 96.599(6)

B, deg 90 95.882(5) 92.371(5) 92.84(3) 95.141(6)

y, deg 90 99.237(5) 90 90 96.108(6)

Vv, A3 1905.36(15) 1030.14(5) 1782.1(3) 2261.0(8) 4350.4(8)

z 4 2 2

p,gcnr3 1.982 1.968 2.126 1.888 1.324

cryst size, mm 0.19x 0.06x 0.04 0.22x 0.11x 0.04 0.14x 0.09x 0.04 0.54x 0.10x 0.03 0.43x 0.14x 0.04

w, mmt 6.770 6.272 7.242 5.732 1.594

data, restraints, 4347, 0, 238 4161, 0, 274 4145, 0, 244 2600, 0, 142 20204, 14,1021

params

FinalR1, wR2 0.0302, 0.0617 0.0554, 0.1333 0.0330, 0.0706 0.0101, 0.0262 0.0317,0.0911

Table 3. UV—Vis Absorption Data for the Complex Salts in Water
and MeCN

complex solvent Amadnm (103 e/M~tcm1)
[Os(bipy)(CNY]2~ H,02 520 (sh~0.7)¢ 415 (3.3)¢ 286 (23)¢
243 (12%
MeCN° 745 (0.7)¢ 558 (2.9)¢ 384 (4.2)¢ 295 (16}
[Os(phen)(CNy|]2 H,0% 520 (sh~0.7)¢ 402 (4.5)¢ 262 (31}
MeCN° 700 (sh~0.9)¢ 543 (4.3)¢ 340 (1.9)¢
266 (22}
[Os(bpym)(CN)]2~  H,02 570 (sh~0.7)¢ 420 (sh4):d 359 (6.2)¢
245 (20§
MeCN° 820 (0.4)¢ 540 (sh~2):d 425 (4.3)
[Os(Buzbipy)(CN)]2~ MeCN° 705 (0.7)¢ 544 (2.8)¢ 377 (4.3)4 295 (17¥%

aThe Na salt of the complex was usetThe PPN salt of the complex
was used¢3MLCT absorptiond IMLCT absorption.¢ 7—s* absorption.

700 900
nm
Figure 9. Electronic spectra of NgOs(bpym)(CN)] in water (solid line)

and (PPN)Os(bpym)(CN)] in MeCN (dashed line).

500
Al

Table 4. Luminescence Data for the Complexes

complex solvent (temp) Aen/NM

[Os(bipy)(CNY]%~ H2O (room temperatur@) 695 @ =4 ns)
MeCN (room temperaturg) 980
EtOH/MeOH (77 K¥ 670, 720 (sh)

[Os(phen)(CNy|Z~ H,O (room temperatura) 685 T =12 ns)
MeCN (room temperaturg) 970
EtOH/MeOH (77 K¥ 655, 705 (sh)

[Os(Buzbipy)(CN)]?2~ MeCN (room temperaturg) 970
EtOH/MeOH (77 K¥ 640

aThe Na' salt of the complex was use@iThe PPN salt of the complex
was used.

acceptors with respect to the Os(Il) center, resulting in an
increased degree of Osfg{] — CN(z*) back-bonding. This
stabilizes the osmium-basedr(orbitals and results in an
increased Os[df)] — bipy(z*) MLCT energy gap. A graph

1000

Luminescence intensity

bpym
600 700 A/nm 800

Figure 10. Luminescence spectra of pl@s(diimine)(CN})] in water

(diimine = bipy, phen, bpym), and (inset) of (PRI)s(phen)(CNj] in

MeCN.

of absorbance at 550 nm (the region of maximum change)
as a function of added Nagives a curve (inset in Figure
11) that fits well to a 1:2 [O4Bu,bipy)(CN)]?>~/Na* binding
isotherm, with association constants of #8(5) and 4.4-
(40.4) x 10* M~ for binding the first and second Naons
respectively. The data clearly indicate that, surprisingly, the
second binding constant is higher than the first one, the
opposite of what would be expected on electrostatic grounds.
However, the fit to the observed data is excellent, and the
calculation reaches the same solution from a variety of
different initial values. A possible explanation is the involve-
ment of iodide, such that Nais not binding to [OSBuU,-
bipy)(CN),J>"/Na* on its own but as an Nal ion pair, with
the presence of the iodide facilitating the binding of the
second Na ion in a cooperative effect.

In parallel with the blue shift of the MLCT absorption
maxima, theéMLCT luminescence from [Ou.bipy)(CN)]>~
grows in intensity during the titration (part (b) of Figure 11),
starting from essentially nonexistent in the absence of Na
ions and ending with a significant emission intensity centered
at 730 nm (cf. 685 nm for [Os(bipy)(CN¥~ in water). Time-
resolved measurements at the end of the titration (i.e., when
there was no further growth of luminescence intensity)
revealed complex multiexponential decay that needed at least
three components for a reasonable fit (4, 21, and 60 ns, with
relative weightings of 21, 57, and 22%, respectively). This
is because [O¥u,bipy)(CN)]?~ can bind zero, one, two,
three, or four Na& ions via the cyanide ligands, giving
potentially five different species in solutidnin addition,
for the aggregates with one, two, or three*Nans, more
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) ) ; } Figure 12. Changes in (a) the U¥vis absorption spectrum and (b) the
Figure 11. Changes in (a) the UVvis absorption spectrum and (b : : ; P
Iur?ﬁinescence spec?rum of EP)BIWS(Imeipy) (CN)E)] in Meré:N on titratiorg ) Iu_mlnescence spectrum of (PBI*K))S(‘Buzblpy)(CN)‘l] in MeCN, on titration
with Nal. The number of equivs of added Nal are shown for each spectrum. \évg:tha(é:CI?grzT.] The number of equivs of added Ba(G)@are shown for
The inset to part (a) shows the curve of luminescence intensity versus the P '

amount of added Nal; the black dots are the measured data, and the solid " -, . . ic I d
line is the best fit to these on the basis of the calculated stepwise associatiodNt€NS&T—7* transitions associated with the aromatic ligands

constants given in the main text. and the (PPN) cation. The average blue shift of these peaks
by the end of the titration is ca. 5000 ctnand the final
than one isomer may be present in each case (two, threeabsorption spectrum (in the presence of a large excess of
and two, respectively) according to whether axial or equato- Ba?" ions) is comparable to that of [Os(bipy)(CJ) in
rial cyanide ligands are involved, resulting in a total of nine water? It is notable that nearly all of the change in the
possible [OsBu:bipy)(CN)]>/Na" aggregates. (This ignores  absorption spectrum occurs early, during the addition of the
the additional possibility that more than one [Bskbipy)- first equiv of B&", with the subsequent changes being much
(CN)4)? ion can interact with the same Naon, which is smaller; this contrasts with the much more-gradual change
unlikely to be a significant issue at high Neoncentrations).  observed with Nal. This indicates that the first association
Thus, the appearance of complex multiexponential lumines- of [Os(Bu,bipy)(CN)]>~ with Ba?" is strong, whereas
cence decay is to be expected, and it would be inappropriatesubsequent binding events are much weaker; this is expli-
to attach too much significance to the values obtained for cable on simple electrostatic grounds and will be returned
each individual lifetime component; it is clear, however, that to in more detail below.
the presence of Naions coordinated to the cyanide termini The effect of the presence of Baions on the lumines-
of [Os(Buzbipy)(CN)]?>~ in MeCN solution results in the  cence of [OSBu.bipy)(CN)]?~ in MeCN is equally strong
appearance of retMLCT luminescence with a lifetime of  and is shown in part (b) of Figure 12. Starting with essentially

tens of nanoseconds. no luminescence in the visible region, the addition of'Ba
Use of the more strongly Lewis-acidic Baion had a ions results in the appearance of a broad emission band at
similar but more dramatic effect. The changes in-tXs around 760 nm in the early stages of the titration, which

spectra arising from titration of Ba(CH into a solution of blue-shifts and grows in intensity until, at the end of the
(PPN)Y[Os(Buzbipy)(CN)] in MeCN are shown in part (a) titration, there is an intense emission band centered at 685
of Figure 12. All three MLCT absorption bands quickly blue- nm. Time-resolved measurements again show complex
shift, to a greater extent than we observed using Nal. The multiexponential behavior, for the reasons described above.
weak lowest-energyMLCT absorption band moves from However at the end of the titration, when there are no further
715 nm to become a shoulder at ca. 530 nm; the lower- changes to the emission spectrum, the dominant lumines-
energy"MLCT absorption band at 548 nm shifts to 425 nm; cence component has a lifetime of 85 ns.

and the highest-energiILCT absorption band moves from The graph of how luminescence intensity grows during
376 nm up into the UV region, where it is obscured by the the titration (inset in part b of Figure 12) is interesting
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Figure 14. Luminescence spectra of (PRM)s(Buxbipy)(CN)] in a
0 . . - : — frozen EtOH/MeOH (4:1, viv) glass at 77 K, in the absence of ZngtO
400 A/ 600 800 6H,0 (dashed line) and in the presence of a large excess of Zg(€lO
nm 6H,0 (solid line). The spectra were recorded using excitation with the same
o 150 (b) optical density in each case, so the intensities are directly comparable.
g two bands are both ca. 7000 chcf. the shifts of 5000
= cm tinduced by B&" and 4000 cm* induced by N&; there
Q is a clear correlation with the Lewis acidity of the metal ion.
S Part (b) of Figure 13 shows the changes in luminescence
2 during the titration of [OSBuU.bipy)(CN)]?>~ with Zn(CIOy)2
2 o1 in MeCN. As small amounts of Zh (<1 equiv) are added,
g ey ' luminescence appears with a maximum at ca. 750 nm, which
- /m-._-}..._____ rapidly gains in intensity and blue-shifts until it is at 660
4 —_——— 7 1 nm after the addition of 1 equiv of Z2h. Thereafter, the
500 600 A/nm 700 800 changes occur more slowly, and at the end of the titration
Figure 13. Changes in (a) the Uvis absorption spectrum and (b) the ~ the luminescence is at 610 nm (cf. 685 nm witiFBaTime-
luminescence spectrum of (PRNPs(Buzbipy)(CN)] in MeCN, on titration resolved measurements show that the luminescence decay

with Zn(ClOy)2*6H,0. The number of equivs of added Zn(G)@6H,O

profile at the end of the titration fits to three components
are shown for each spectrum.

) _ ~with lifetimes of ca. 40, 120, and 220 ns, with relative
because it clearly reveals the presence of multiple, distinct\yeightings of 6, 61, and 33%, respectively. The reason for
binding events. The general shape of the curve, an essentially,cp, complicated multiexponential behavior has been dis-

linear increase in emission intensity during the addition of «,5sed above: even when the luminescence spectrum shows
the first equiv of B&", with a sudden discontinuity (marked no further changes, there appears to be a mixture of three

Iby the arrow i_ntthe_tfigtjlie) a?td a_sig_mqlidaltgrovr\]/tf: of (or more) [OsBubipy)(CN)]?> /Zn?t aggregates in solution,
ggg‘rizge?ﬁeﬂ:g etir:rsritt)i/on %rfe"’[lR%h Ibsipill)n(1(ljilr)4]?‘ V\\//vita;1 WE with the longer two having luminescence lifetimes in the
2 hundreds of nanoseconds region. It is clear that the presence

various metal cation&lt can be interpreted in the same way, of Zr?* ions has a huge effect on the photophysical properties
first bindi hichi iall I :
as a strong first binding event, which is essentially complete of [Os(BUzbipy)(CN)Z .

after the addition of the first equiv of B followed by three ) Y . _ _
weaker binding events: a 1:4 host/guest ratio is the only F|nally, in this section we note that this metallochromm
way to fit the shape of this curve. In this case, the fit was Shift of luminescence also occurs at 77 K in EtOH/MeOH
relatively insensitive to substantial variations in the stepwise 9lasses. In the presence of excess Baggzlor Zn(CIQy),,
binding constants, so we cannot provide reliable quantitative the emission from [O&ubipy)(CN)]* is substantially
data, but we just note that the shape of the curve implies theblue-shifted and becomes more intense; for example, in the
binding of a maximum of four B cations, one to each presence of excess Znat 77 K, the emission from

cyanide sité. [Os(Bu,bipy)(CN)]>~ moves from 635 to 575 nm and
The effect of adding Z41 ions is comparable, but the shifts becomes much more intense (Figure 14).
are larger as 71 is a stronger Lewis acid than Babecause Electrochemistry. All of the complexes show a reversible

of its smaller ionic radius. The shifts in the UWis spectrum one-electron wave corresponding to the Os(I1)/Os(lll) couple
are shown in part (a) of Figure 13. The spectral changes areat a modest potential (Table 5), which, however, varies
linear with amount of added 2h until 1 equiv has been significantly between MeCN and water. For the complexes
added, with almost no changes thereafter, implying that the with bipy, phen, andBu:bipy, the redox couple is at ca. 0
initial 1:1 adduct forms first with a high stability constant V versus Ag/AgCl in MeCN; for [Os(bpym)(CNJ?, the
(much greater than the reciprocal of the concentration, i.e., Os(I1)/Os(lll) redox potential is slightly more positive at
> 2 x 10* M™Y. The weak lowest-energiLCT absorption +0.20 V versus Ag/AgCl, consistent with the fact that bpym
band moves from 715 nm to become a shoulder at ca. 480is a poorer donor than bipy, so [Os(bpym)(GJK) will have

nm; the!MLCT absorption moves from 548 to 384 nm; and a lower electron density on metal and be harder to oxidize.
the highestMLCT absorption moves from 376 nm up into  In water, these are shifted to more positive potentials by ca.
the UV region, where it is obscured. The shifts of the lower 0.5V, consistent with the reduction insg(orbital energies
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Table 5. Redox Potentials (V Versus Ag/AgCl) for the Os(I1)/Os(lIl)
Couples in Water and MeCN

complex Ho?2 MeCN®
[Os(bipy)(CN)]>~ +0.52 —-0.01
[Os(phen)(CNy| % +0.53 0.00
[Os(bpym)(CN)]2~ +0.66 +0.20
[Os(Buzbipy)(CN)? —-0.05

aBase electrolyte, 0.1M KCI. The Nasalt of the complex was used.
Under these conditions, the [Fe(GM)/[Fe(CN)]3~ redox potential was
+0.22 V. Base electrolyte, 0.1M BMPFs. The PPN salt of the complex

Baca et al.

with other luminophores such as Ln(lll) cations in the solid
stateS will be reported in future articles.

Experimental Section

General Details.Organic ligands were purchased from Aldrich
and used as received. f@s(CN)] was prepared according to the
published method for {Os(CN)],° but using NaCN instead of
KCN. FTIR spectra were recorded on a PerkinElmer Spectrum One
instrument with the samples as compressed KBr pellets-u¥

was used. Under these conditions, the ferrocene/ferrocenium redox potentialSpectra were recorded on a Cary-50 spectrophotometer; electrospray

was+0.49 V.

I

103 /M em™!

0
300

700

500 % /nm
Figure 15. Changes in the electronic spectra of (PRE}(Bu.bipy)-
(CN)4] in MeCN at—20 °C associated with one-electron oxidation of Os(Il)
to Os(ll).

associated with the hydrogen bonding of water molecules

to the cyanide ligand$This is similar to what is observed
for the analogous Ru(ll) complexés3 although the M(Il)/
M(IIl) redox potentials are less positive for M osmium
than for M = ruthenium, in keeping with the general trend

mass spectra were recorded on a Waters-LCT time-of-flight
spectrometer. Cyclic voltammetry measurements were performed
in a standard three-electrode cell using platinum-bead working and
counter electrodes and a Ag/AgCl reference; ferrocene was used
as an internal standard. U\Wis spectroelectrochemical measure-
ments were performed on a Cary-5000 spectrophotometer, using a
cooled (20 °C) OTTLE cell, which has been described previ-
ously13

Steady-state emission spectra in the visible regie800 nm)
were measured on PerkinElmer LS-50B or Spex Fluoromax 3
luminescence spectrometers. Steady-state emission spectra in the
NIR region (>=800 nm), for the measurements of the [Os(diimine)-
(CN)4)?~ complexes in MeCN (Figure 10), were recorded on a
home-built system comprising a cw argon-ion laser (488 nm, power
ca. 2 mW at the sample), a Bentham TMC600 spectrograph, and
an Andor iDUS CCD camera. The spectrograph and CCD detection
system was calibrated with a Bentham CL2 tungsten calibration
lamp. In either setup, emission spectra were corrected for the overall
system sensitivity at different wavelengths.

Synthesis.The Na salts of the complexes with bipy, phen, and
bpym were prepared by the reaction of the appropriate diimine

for ruthenium and osmium complexes with the same ligand ligand with a slight excess of M@®s(CN)], following the published

set.
We carried out a UVvis spectroelectrochemical study
of (PPN}[Os(Busbipy)(CN),] with an optically transparent

thin-layer electrode (OTTLE) cell to see the changes in
absorption spectra associated with the Os(I1)/Os(lll) inter-
conversion in MeCN. The results are in Figure 15. It is clear

that the main spectral change in the Yuis region is a

method? At the end of the reaction, solvents were removed, the
residue was redissolved in MeOH, and any residual undissolved
solid was filtered off. The MeOH soluton was evaporated to dryness,
redissolved in the minimum quantity of water, and the crude product
was precipitated by the addition of acetone. The complexes were
purified by chromatography on Sephadex G10, eluting with water;
the main red/brown fraction was collected, and the product was
precipitated by the addition of acetone, filtered off, and dried. Yields

steady decrease in intensity of the three MLCT absorption were typically 70% (based on ligand). Characterization data are as
bands associated with the Os(ll) center: the lowest-energyfollows.

one collapses completely, and the higher-energy two are Nay[Os(bpy)(CN),]. IR (KBr pellet): 3502 vs,br, 2092 m, 2052

reduced in intensity and shift slightly to higher energy. This
blue shift is consistent with a reduction in energy of the
osmium-based d) orbitals on oxidation, which will increase
the MLCT energy gap, and the reduction in intensity is to
be expected as Os(IIl) must be a poaredonor than Os(ll).

Conclusions

vs, 2040 vs, 2020 vs, 1636 m, 1463 m, 1443 m, 1419 m, 131 2w,
1276 w, 1245 w, 773 s, 734 w, 563 m, 530 m. Positive-ion ESMS:
m/z 521 {Nag[Os(bpy)(CN)]*}, 100%. Negative-ion ESMSm/z
425, [Os(bpy)(CNy~, 60%; 453, [Os(bpy)(CNH]~, 100%; 475,
{Na[Os(bpy)(CN)]} ~, 70%. Anal. Found: C, 27.1; H, 2.9; N, 13.6.
Calcd for Na[Os(bpy)(CN)]-6H,0: C, 27.8; H, 3.3; N, 13.9.
Nay[Os(phen)(CN)]. IR (KBr pellet): 3428 vs,br, 2090 m, 2042
vs, 2019 sh, 1631 m, 1427 s, 1407 sh, 1355 w, 845 m, 782 m, 723

[Os(bipy)(CN)]*~ and its relatives have a substantial sScope m, 604 m, 551 m, 530 m. Positive-ion ESM8Vz 545, { Nas[Os-
for use in supramolecular chemistry, both from the structural (phen)(CN)]}*, 100%. Negative-ion ESMSm/z 477, [Os(phen)-

and photophysical points of view. TRERILCT luminescence,

(CN)4H]~, 100%; 49X Na[Os(phen)(CNJ} —, 10%. Anal. Found:

although very weak in the native complexes, can be strongly C, 30.1; H, 2.8; N, 13.5. Calcd for Mgs(phen)(CNyj]-6H,0: C,
boosted in energy, intensity, and lifetime, in the presence of 28.9; H, 3.1; N, 14.3.

Lewis-acidic metal cations, which interact with the cyanide

Nay[Os(bpym)(CN)4-4H,0. IR (KBr pellet): 3596 sh, 3435

groups (metallochromism). This same cyanide/metal cation VS:P; 2100 m, 2062 sh, 2046 vs, 202 9sh, 1631 w, 1400 s, 1181

interaction allows for the ready formation of cyanide-bridged
coordination networks with other metal cations (herefNa

w, 1025 w, 837 w, 752 w, 530 w. Positive-ion ESM8Yz 523,
{Nag[Os(bpym)(CN)J}t, 100%. Negative-ion ESMSm/z 428,

The photophysical properties of heteronuclear assemblles,(13) Lee, S.-M.; Kowallick, R.; Marcaccio, M. McCleverty, J. A.: Ward,

in which [Os(phen)(CNJ?~ chromophores are combined
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[Os(bipy)(CN)]2~ and Its Relatves

[Os(bpym)(CN)]}, 10%; 454, [Os(bpym)(CN)}, 30%; 477, H, 5.4, N, 6.4. Calcd for (PPMOs(Busbipy)(CN)]-4H,0: C,
{Na[Os(bpym)(CNj]} ~, 20%. Anal. Found: C, 24.4; H, 2.2; N, 66.0; H, 5.4; N, 6.6.

18.7. Calcd for NgOs(bpym)(CN)]-5H,O: C, 24.5; H, 2.7; N, X-ray Crystallography. X-ray quality crystals of NdOs(bipy)-
19.0. (CN)4]-4H,0, Ng[Os(phen)(CNjJ-5H,0, Na[Os(bpym)(CN)]-

The above Na salts were converted to their organic-soluble 4H,0, and Na[Os(bpym)(CN)]-8H,O were grown by the slow
(PPN} salts by adding a concentrated aqueous solution of tHe Na evaporation of aqueous solutions of the complexes. Crystals of
salt to a warm aqueous solution containing an excess of PPNCI, (PPN)[Os(Bu;bipy)(CN)]-2H,0-(Me,CO) were grown by diffu-
according to the method of Evju and MathThe resulting sion of hexane vapor into a solution of the complex in acetone.
precipitates were filtered off, dried, and recrystallized by diffusion In all of the cases, a suitable crystal was mounted on a Bruker
of hexane vapor into an acetone solution of the complex. The cation ApEX-2 diffractometer equipped with graphite-monochromatized
metatheses gave yields of 780% yields of the (PPN) salts. Mo Ko radiation. Details of selected structural parameters are
Characterization data are as follows. collected in Tables 1; details of the crystal, data collection, and

(PPN)[Os(bpy)(CN)4]. IR (KBr pellet): 3412 br,vs, 2090 m,  refinement parameters are in Table 2. After integration of the raw
2038 's, 2026 sh, 1637 m, 1619 sh, 1588 sh, 1482 w, 1467 w, 1438data and merging of equivalent reflections, an empirical absorption
m, 1384 w, 1297 sh, 1261 s, 1116 s, 1025 w, 998 w, 802 w, 769 correction was applied based on the comparison of multiple
sh, 724 s, 695 s, 550 s, 532 s, 499 m. Positive-ion ESME symmetry-equivalent measuremektdhe structures were solved
538, (PPN}, 100%. Negative-ion ESMS1z 425, [Os(bpy)(CNJ~, by direct methods and refined by full-matrix least-squares on
100%; 9894 (PPN)[Os(bpy)(CNjj} ~, 10%. Anal. Found: C, 62.6;  weightedF 2 values for all of the reflections using tSHELXsuite
H, 5.0; N, 6.6. Calcd for (PPM)Os(bpy)(CN)]-5.5H0: C, 63.5; of programsté None of the refinements presented any significant
H, 4.9; N, 6.9. problems. For coordinated and lattice water molecules, hydrogen

(PPN)[Os(phen)(CN)]. IR (KBr pellet): 3405 br,vs, 3077w,  atoms were added only when both of them showed up clearly in a
3058 w, 2091 m, 2044 vs, 2025 sh, 1707 m, 1635 m, 1587 m, refinement using only low-angle data; they were then fixed in
1482 m, 1438 s, 1407 w, 1384 w, 1297 sh, 1262 vs, 1180 sh, 1116position with O-H distances of 0.85 A. In all of the cases, there
vs, 1025 w, 998 m, 845 m, 802 m, 754 sh, 747 m, 723 vs, 696 Vs, gre numerous lattice water molecules, which were refined with
551 vs, 532 vs, 499 s. Positive-ion ESM&(z538, (PPN}, 100%. either 50 or 100% site occupancy, as required to generate reasonable
Negative-ion ESMSm/z 476, [Os(phen)(CNH]~, (100%). Anal. thermal displacement parameters.

Found: 66.1; H, 4.6; N, 6.6. Calcd for (PPA)s(phen)(CN)]-
2H,0-(acetone): 66.4; H, 4. 8; N, 6.8. Acknowledgment. We thank the European Commission
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Anal. Found: C, 59.2; H, 5.0, N, 8.1. Calcd for (PR[Ds(bpm)- ’
(CN)4-10HO: C, 59.0; H, 5.1; N, 8.2. Supporting Information Available: CIF files of crystal

(PPN)[Os(Buzbipy)(CN)4]. IR (KBr pellet): 3409 vs,br, 3077 structures. This material is available free of charge via the Internet
W, 2956 m, 2090 m, 2047 VS, 2038 Sh, 1632 m, 1588 Sh, 1482 m, at http://pubslacs_org.

1438's, 1410 w, 1384 w, 1364 w, 1297 sh, 1259 vs, 1180 w, 1116
vs, 1025 w, 997 m, 852 w, 801 w, 747 m, 724 vs, 695 s, 552 s, 1C701169C
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p - . . the Siemens SMART Systeniversity of Gdtingen: Gitingen,
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(16) SHELXTL Program System Version 5Bruker Analytical X-ray
(14) Evju, J. K.; Mann, K. RChem. Mater1999 11, 1425. Instruments Inc.: Madison, WI, 1998.

Inorganic Chemistry, Vol. 46, No. 23, 2007 9789



