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Figure 3. MCPL (top) and total luminescence (bottom) of R~(bpy) ,~+ 
in poly(viny1 alcohol) film. The concentration was 5 X lo-' M. dissolved 
as the chloride salt. The temperatures are 120 K (-), 130 K (-e), and 
137 K (--). Other details are as in Figure 1. 

the 4:5 propionitrile/butyronitrile system occurring about 10 K 
lower in temperature. Figure 3 shows the MCPL of R ~ ( b p y ) ~ ' +  
in PVA over the same temperature range as in Figure 1. A small 
decrease in intensity of the MCPL is seen, and measurements 
taken over a wider temperature range reveal basically 1/T (C 
term) behavior. l4 

The interpretation of the MCPL data in Figures 1 and 2 is 
straightforward. The marked drop in the MCPL signal, from that 
observed in the glass phase to that observed in the liquid phase, 
is exactly the behavior we expect for a transition from a delocalized 
to a localized species. Measurements taken at higher temperatures 
reveal little further reduction in the MCPL, consistent with a 
residual B term. Figure 4 shows a comparison of the shift of the 
luminescence maximum and the MCPL strength derived from 
the data in Figure 1 for the 4:l ethanol/methanol solvent system. 
This clearly shows that the localization process occurs more quickly 
than the solvent dipole relaxation process. The relative rates of 
shift and localization, both distinct as revealed by the MCPL, 
occur a t  different rates in the two solvent systems studies. The 
details of the spectra depend slightly on the thermal history of 
the sample and the concentration of the cation used, but the basic 
phenomenon as revealed in Figures 1, 2, and 4 is repeated in each 
case. In the 4 5  propionitrile/butyronitrile system, the MCPL 
drops even more quickly compared to the shift of the luminescence 
maximum. 

We have considered the possibility that part of the reduction 
of the MCPL is due to the photoselection p r o c e s ~ ' ~  but conclude 
that only a small fraction of the reduction can arise from this 
mechanism. 

The dependence of the MCPL reduction phenomenon on the 
temperature range of the glass-fluid transition and its absence 
in PVA and single crystalls establishes that the localization is not 
intrinsic a t  100 K and must involve either solvent reorientation 
or counterion reorientation. The fact that the localization does 
not follow the solvent dipole reorientation behavior suggests that 
the driving force may be counterion reorientation, but this matter 
needs further detailed investigation. 

We are currently analyzing these data quantitatively, along with 
lifetime and time-resolved luminescence measurements, which 
along with MCPL measurements completely substantiate our 
viewpoint. The interpretation of the MCPL reduction can be put 
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Figure 4. Shift of the luminescence maximum (obtained from corrected 
spectra) of Ru(bpy)3Z+ in 4:l ethanol/methanol (Figure 1) (0 )  from its 
position at 100 K and R,,, and ratio of the peak MCPL to the peak 
luminescence (X). 

independently by using the simple qualitative arguments given. 
Acknowledgment. We thank Professor Meyer for a copy of ref 

14. 

Research School of Chemistry 
Australian National University 
Canberra, ACT 2601, Australia 

Received April 3, 1986 

James Ferguson 
Elmars Krausz* 

A Bimetallic Ruthenium Hydride Borohydride Complex 
with Unusually Short Ruthenium-Boron Distances. X-ray 
Crystal Structure of 
[ ( tripod)HRu(p,q2-BH4)RuH( tripod)]BPh4 
(tripod = MeC(CH2PPh2),) 

Sir: 
The coordination modes of the tetrahydroborate ligand BH4- 

in transition-metal complexes have k e n  shown to be quite versatile, 
adopting midentate,' bidentate,2 and tridentate2 coordination. 
Although numerous examples exist in the extant literature of BH; 
bound to a single metal, cases in which BH4- bonds to more than 
one metal are rare.3 The first example of a bimetallic group 8 
tetrahydroborate complex with a p,q'-BH; ligand is now reported! 

Treatment of a yellow CH2C12 solution of RuH(BH,)(tripod) 
(1)5 with MeOH at  room temperature results in a darkening in 
color with concomitant evolution of gas. The 3iP(lH) N M R  
spectrum of the reaction mixture indicates quantitative conversion 
to a single cation, 2, showing a singlet a t  6 +39.33. Salts con- 
taining cation 2 can be isolated from MeOH solution with BF4-, 

(1) Teller, R. G.; Bau, R. Sfrucf. Bonding (Berlin) 1981, 44,  3 .  
(2) Marks, T. J.; Kolb, J. R. Chem. Rev. 1977, 77, 263 and references 

therein. 
(3) (a) Holah, D. G.; Hughes, A. N.; Maciaszek, S.; Magnuson, V. R. J .  

Chem. SOC., Chem. Commun. 1983, 1308. (b) Green, B. E.; Kennard, 
C. H. L.; Smith, G.; James, B. D.; Healy, P. C.; White, A. H. Inorg. 
Chim. Acta 1984,8J, 147. (c) Zalkin, A.; Rietz, R. R.; Templeton, D. 
H.; Edelstein, N. M. Inorg. Chem. 1978, 17, 661. 

(4) Recently, Fehlner and co-workers reported a trinuclear iron compound 
in which BH4- bonds in a p,$-manner: Vites, J.  C.; Eigenbrot, C.;  
Fehlner, T. P. J .  Am. Chem. SOC. 1984,106,4633. 

(5) Compound 1 was prepared by reaction of NaBH4 and [Ru(tripod)- 
(MeCN)3](CF3S0,)z in MeOH, which in turn was synthesized by 
treatment of [R~~(p-Cl)~(tripod)~]Cl with 4 molar equiv of AgCF3S03 
in acetonitrile. (See also: Crabtree, R. H.; Pearman, A. J. J .  Orga- 
nomef. Chem. 1978, 157, 335.) 
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Figure 1. ORTEP view of cation 2. Relevant bond lengths (A) and angles (deg): Rul-B, 2.08 (3); Ru2-B, 2.12 (3); Rul-P1, 2.341 (5); Rul-P2, 2.276 
(5); Rul-P3, 2.288 (5); Ru2-P4, 2.260 (5); Ru2-P6, 2.336 (5); Ru2-P5, 2.281 (5); Ru-Hb (av), 1.62 (11); Ru-H, (av), 1.52 (9); Rul-B-Ru2, 172.2 
(1.2); Pl-Rul-P2, 90.3 (2); PI-Rul-P3, 90.6 (2); P2-Rul-P3, 86.3 (2); P4-Ru2-P5, 89.4 (2); P4-Ru2-P6, 85.8 (2); P5-Ru2-P6, 91.3 (2). 

PF6-, and BPh4- as counterions.6 Detailed studies were carried 
out on [2]PF6. Its IH NMR spectrum was temperature-invariant 
over the range -1 15 to +80 OC and showed, besides the signals 
due to aromatic and aliphatic protons of the tripod ligand,' a broad 
doublet a t  6 -4.90. A band at  1885 cm-' (br, s) in the infrared 
spectrum (KBr, CH2C12) was assigned to a hydride stretch by 
deuterium substitution. Since the spectral data were not con- 
clusive, a crystal structure determination of [2] BPh, was un- 
dertaken.8 The geometry of cation 2 is shown in Figure 1. 

Cation 2, [(tripod)HRu(p,q2-BH4)RuH(tripod)]+, consists of 
two (RuH(tripod)}+ fragments bridged by a distorted tetrahedral 
BH4- unit. The six donor atoms around ruthenium define a 
distorted octahedron with each phosphorus trans to a hydride, 
either brid ing or terminal. Two of the Ru-P distances (average 
2.338 (3) 1) are longer than the others (average 2.276 (1 1) A), 
as expected from the difference in trans influence of the terminal 
vs. bridging  hydride^.^ 

Although the original anion X was not identified, we believe that it is 
a boron-containing anion formed from the reaction of the "missing" 
BH4- with MeOH: Kadlec, V.; Hanzlik, J. Collect. Czech. Chem. 
Commun. 1974, 39, 3200. 
The measurements over the range -1 15 "C to room temperature were 
carried out in CD2C12/CDC13, the others in 1,2-C,H4Cl2. 'H NMR 

24 H), 2.39 (d, JpH = 7 Hz, 12 H), 1.68 (br q, JPH = 2 Hz, 6 H), -4.90 
(br d, JPH = 20 Hz, 6 H). 
Pale yellow crystals of [2]BPh4 were obtained by layering a CH2CI, 
solution with MeOH and allowing the solvents to slowly evaporate. A 
crystal of prismatic habit and of approximate dimensions 0.1 X 0.08 X 
0.06 mm was used for the data collection. Compound [2]BPh4 is 
monoclinic, space group P2,/c ,  with the following unit cell constants: 
a = 19.266 (8) A, 6 = 25.209 (12) A, c = 18.856 (16) A, B = 94.77 
(5)" (least-squares-refined values), Z = 4, V = 9126 ( I )  A), pcPlcd = 
1.21 3 g cm-). Data were collected on a CAD4 diffractometer up to a 
28,, = 36" at room temperature (Mo Ka graphite-monochromated 
radiation) using a 8/28 scan and a variable scan speed to insure constant 
statistical recision of the collected intensities (maximum scan speed 
10.5" min-? maximum counting time 55 s, scan widths calculated from 
the formula 8 = 1.00 + 0.35 tan 8). A total of 5283 independent 
reflections hh,+k,+[) were collected of which 3714 were considered 
observed having lFol 2.5t(FO)) and subsequently used for the solution 
and refinement of the structure. Data were collected for Lorentz and 
polarization and for absorption by using an empirical correction ($- 
scans); transmission factors were in the range 0.82-0.98. The structure 
was solved by standard Patterson and Fourier methods and refined by 
block diagonal least squares to the present R = 0.070, with anisotropic 
temperature factors for the Ru, B, P, and aliphatic C atoms and iso- 
tropic temperature factors for the others. The positions of the hydride 
atoms, both bridging and terminal, were located in the final Fourier 
maps and refined with fixed isotropic thermal factors (Bh = 5.5 A2). 
Upon convergence the last Fourier difference map showed no unusual 
features or evidence of disorder. 
Lehner, H.; Matt, D.; Togni, A.; Thouvenot, R.; Venanzi, L. M.; Al- 
binati, A. Inorg. Chem. 1984, 23, 4254. 

(CD2CI2, 22 "C, 250 MHz): 8 7.50 (t, 24 H), 7.14 (t, 12 H), 6.99 (t, 

It is noteworthy that Ru-B distances, 2.08 (3) and 2.12 (3) 
A, are comparable with the sum of the covalent radii of Ru and 
B (2.13 &.lo This contrasts with the case of (PPh3)2Cu- 
( ~ , V ~ - B H , ) C U ( P P ~ , ) ~ + , ~ ~  where the Cu-B distances (average 2.22 
(1) A) are longer than the sum of the covalent radii for Cu and 
B (2.15 A).1o This may be an indication of a direct Ru-B in- 
teraction in 2. 

The structural and solution data for 2 can be reconciled by 
invoking a dynamic process equilibrating the phosphorus nuclei 
and the hydrides. Such a process could involve facile fluxionality 
around the B center;" scrambling of the terminal and bridging 
hydride could be expected as a r e ~ u l t . ' ~ * ' ~  

Compound 2 does not react (1) with BH4- in MeCN or 
CH2C12/THF, (2) with LiBEt,H in CH2C12/THF, or (3) with 
nucleophiles such as NEt, or NaOMe in refluxing MeOH. The 
stabilty of 2 is noteworthy since in cases 1 and 2 compound 1 could 
have been regenerated and, in case 3, removal of BH3 would have 
yielded [(tripod)Ru(p-H),Ru(tripod)]+. This is expected to be 
stable as the analogous Fe compound is knowni4 as are the related 
compounds [(PR3)3M(p-H)3M(PR3)3]+ (M = R U , ' ~  0 ~ ' ~ ) .  
However, when 2 (in 1,2-C2H4C12) is treated with the Lewis acid 
BH3 (as its THF adduct) and then with H- (as LiBEt3H), 1 is 
regenerated." 
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Chart I 
K 

Pt(bpy)(en) + L ___L Pt(bpy)(en) .... L 

L AMP GMP CMP UMP 

Base adenine guanine cytosine uracil 

Spectroscopic Evidence for Stacking and Electrostatic 
Interactions between Nucleoside 5’-Monophosphates and a 
Platinum DNA Intercalator, 
(2,Z’-Bipyridine)(ethylenediamine)platinum(II), in Dilute 
Aqueous Solution 
Sir: 

Intercalative DNA binding by metal complexes involving planar 
aromatic rings is now well recognized and receives considerable 
attention in view of its relevance to the antitumor activity of drugs 
and usefulness for probing nucleic acid structures.’ Lippard et 
al.’” found t h a t  the platinum(I1) complexes of aromatic amines 
such as [Pt (terpy)Cl] +, [ Pt(phen) ( en)I2+, and [ Pt (bpy)(en)] 2+ 
bind to DNA by intercalation, whereas the complex of an aliphatic 
amine [Pt(en)2]2+ and the nonplanar complex [Pt(py)2(en)]2+ do 
not.4 The X-ray diffraction patterns of intercalator-DNA 
c ~ m p l e x e s ~ ~ ~  and the crystal s t ruc ture  analyses of model inter- 
calative complexes of AMP with [Pt(ter~y)Cl]+~ and double- 
helical deoxycytidylyl-(3’-5’)-deoxyguanosine with [Pt(terpy)- 
(SCH2CH20H)]+’ revealed the existence and modes of the in- 
tercalative interactions. Intercalative binding is a crucial step for 
the sequencespecific DNA binding, and a number of investigations 
have been reported for various metal complex-DNA interactions, 
such as stereoselective intercalations by chiral complexes,8 se- 
quence-specific binding and cleavage by Fe(I1)-bleomycin? Fe- 
(11)-EDTA linked t o  DNA-binding distamycin1° or methidium” 
or cis-[Pt(en)Cl,] linked to acridine orange,12 and cleavage by 

(a) Lippard, S.  J .  Acc. Chem. Res. 1978, 11, 211-217. (b) Barton, J. 
K.; Lippard, S .  J .  Nucleic Acid-Metal Ion Interactions; Spiro, T. G., 
Ed.; Wiley-Interscience: New York, 1980; pp 31-1 13. 
Jennette, K. W.; Lippard, S. J.; Vassiliades, G. A.; Bauer, W. R. Proc. 
Natl. Acad. Sci. U.S.A. 1974, 71, 3839-3843. 
Lippard, S.  J.; Bond, P. J.; Wu, K. C.; Bauer, W. R. Science (Wash- 
ingron, D.C.) 1976, 194, 726-728. 
The following abbreviations were used: terpy, 2,2’,2”-terpyridine; phen, 
I ,  10-phenanthroline; bpy, 2,2’-bipyridine; en, ethylenediamine; py, 
pyridine; AMP, adenosine S’-monophosphate; GMP, guanosine 5’- 
monophosphate; CMP, cytidine S’-monophosphate; UMP, uridine 5’- 
monophosphate. 
Bond, P. J.; Langridge, R.; Jennette, K. W.; Lippard, S.  J. Proc. Nail. 
Acad. Sci. U.S.A. 1975, 72, 4825-4829. 
Wong, Y.-S.; Lippard, S. J. J. Chem. SOC., Chem. Commun. 1977, 

Wang, A. H. J.; Nathans, J.; van der Marel, G.; van Boom, J. H.; Rich, 
A. Nature (London) 1978, 276, 471-474. 
(a) Barton, J. K.; Dannenberg, J. J.; Raphael, A. L. J.  Am. Chem. SOC. 
1982, 104,4967-4969. (b) Barton, J. K.; Danishefsky, A. T.; Goldberg, 
J. M. J .  Am. Chem. SOC. 1984, 106, 2172-2176. (c) Barton, J. K.; 
Basile, L. A.; Danishefsky, A.; Alexandrescu, A. Proc. Nail. Acad. Sci. 
U.S.A. 1984,81, 1961-1965. (d) Barton, J. K.; Raphael, A. L. J. Am. 
Chem. SOC. 1984, 106, 2466-2468. (e) Kumar, C. V.; Barton, J. K.; 
Turro, N. J. J.  Am. Chem. SOC. 1985, 107, 5518-5523. 
(a) Sugiura, Y.; Takita, T.; Umezawa, H. Met. Ions Biol. Sysi. 1985, 
19, 81-108. (b) Fischer, L. M.; Kuroda, R.; Sakai, T. T. Biochemistry 
1985, 24, 3199-3207 and references cited therein. 
(a) Schultz, P. G.; Dervan, P. B. Proc. Natl. Acad. Sci. U.S.A. 1983, 
80, 6834-6837. (b) Taylor, J. S.; Schultz, P. G.; Dervan, P. B. Ter- 
rahedron 1984, 40, 457-465. (c) Youngquist, R. S.; Dervan, P. B. J .  
Am. Chem. SOC. 1985, 107, 5528-5529. 
(a) Hertzberg, R. P.; Dervan, P. B. J .  Am. Chem. SOC. 1982, 104, 
313-315. (b) Van Dyke, M. W.; Dervan, P. B. Biochemistry 1983,22, 
2373-2377. (c) Hertzberg, R. P.; Dervan, P. B. Biochemistry 1984, 23, 
3934-3945. 

824-825. 

Table I. CD Spectral Data for Pt(bpy)(en)-L Systems in Water a t  
2300 nm ([Pt(bpy)(en)] = 0.5 mM) 

AMP 0.5 
2.5 
5.0 
5.0 

G M P  0.5 
2.5 
5.0 
5.0 

adenosine 0.5 
5.0 
5.0 

7.0 
7.0 
2.0 
7.0 
7.0 
7.0 
2.0 
7.0 
7 .O 
7.0 

10.0 

314 (+0.31) 
319 (+0.92) 

319 (+1.14) 
320 (+0.26) 
319 (+0.50) 
319 (+0.12) 
3 19 (+0.69) 

326 (+0.15) 
326 (+0.12) 

1 1 

- 0.5 B 
300 350 

Wavelength/nm 
Figure 1. Ionic strength dependence of the CD spectrum due to the 
Pt(bpy)(en)-AMP interaction. The spectra were measured at  room 
temperature with a JASCO J-500C spectropolarimeter for aqueous so- 
lutions (pH 6.8-7.7) containing 0.5 mM Pt(bpy)(en) and 5.0 mM AMP 
(disodium salt) at the following concentrations (M) of added NaCIO,: 
curve 1, 0; curve 2, 0.01; curve 3, 0.1; curve 4, 0.5; curve 5, 1.0; curve 
6, baseline. The A€ values are based on the concentration of Pt(bpy)(en). 

the Cu(1)-phenanthroline c0mp1ex.I~ 
Although these investigations reasonably indicate  the impor- 

tance of the stacking between t h e  planar aromatic rings of DNA 
and the intercalators, information on the interact ion with mo- 
nonucleotides as DNA constituents would offer a fur ther  insight 
into the intercalator-DNA bond, where t h e  base  specificity, if 

(12) Bowler, B. E.; Hollis, L. S.; Lippard, S .  J .  J. Am. Chem. Soc. 1984, 106, 
6 102-61 04. 

(13) (a) Sigman, D. S.; Graham, D. R.; D’Aurora, V.; Stern, A. M. J. Biol. 
Chem. 1979,254, 12269-12272. (b) Que, B. G.; Downey, K. M.; So, 
A. G. Biochemistry 1980,19,5987-5991. (c) Graham, D. R.; Marshall, 
L. E.; Reich, K. A.; Sigman, D. S. J .  Am. Chem. SOC. 1980, 102, 
5419-5421. (d) Marshall, L. E.; Graham, D. R.; Reich, K. A,; Sigman, 
D. S. Biochemistry 1981, 20,244-250. (e) Reich, K. A,; Marshall, L. 
E.; Graham, D. R.; Sigman, D. S.  J. Am. Chem. SOC. 1981, 103, 
3582-3584. 
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