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The crystal structure and I3C and 195Pt NMR spectra of the amidate-bridged binuclear Pt(I1) complex [Pt2(NH3)4(C4H6N- 
0)2]2(PF6)3(N03)”20 show that although the complex cation is binuclear in solution, it is tetranuclear in the solid state, where 
its structure is basically identical with that of the previously reported cis-diammineplatinum a-pyrrolidonate tan cation [Pt4- 
(NH3)8(C4H6N0)4]6+. The amidate-bridged Pt-Pt distance in the present complex is 3.033 (2) A, and the central Pt-Pt distance, 
without the amidate bridge, is 3.186 (2) A. These distances are significantly longer than the corresponding ones already reported 
for the a-pyridonate complexes [Pt2(NH3)4(C5H4N0)2]$+ and [Pt2(en)2(C5H4NO)2]$+. Both I3C and 195Pt NMR spectra of 
the present complex in D20 revealed the existence of head-to-head (H-H) and head-to-tail (H-T) isomers, indicating that the H-H 
isomer very rapidly isomerizes to the H-T isomer on dissolution in water and both isomers exist in equilibrium in solution. This 
rapid isomerization contrasts to the case of the corresponding a-pyridonate complex [Pt2(en)2(C,H4NO)2]2+, whose isomerization 
equilibrium requires about 2 days to be established. 

Introduction 
A few years ago, K.M. reported a rapid and convenient method 

for preparing an a-pyrrolidonate-bridged Pt(I1) binuclear complex, 
[Pt2(NH3)4(C4H6N0)2]2+.1 The method utilizes the novel re- 
duction reaction of the tetranuclear cis-diammineplatinum a- 
pyrrolidonate tan cation [Pt4(NH3)8(C4H6N0)4]6+ with OH-. 
The resulting binuclear cation, [Pt2(NH3)4(C4H6N0)2]2+, was 
characterized by IR spectroscopy, elemental analyses, and solution 
conductivity studies, and its binuclear nature was concluded.’ 
Concerning a similar amidate-bridged binuclear Pt(I1) complex, 
a-pyridonate-bridged cis-diammineplatinum(II), [Pt2(NH3)4- 
(C5H4N0)2]2+, two isomers have been reported: head-to-head 
(H-H) and head-to-tail (H-T).3 Both isomers are prepared from 
the reactions of cis-[Pt(NH3)z(H20)](N03)2 with a-pyridone in 
water. Analogous isomers are also reported for the corresponding 
ethylenediamine complex, [Pt2(en)2(C5H4NO)2]2+, and novel 
linkage isomerization of H-H to H-T in water is observed with 
19% NMR ~pectroscopy.~ The isomerization rates of the complex 
cations are strikingly different between the two complexes. H-H 
C~~-[P~~(NH~)~(C~H~NO)~]~+ shows much slower isomerization 
than H-H [Ptz(en)z(CsH4NO)2]2’.4 The X-ray crystal structure 
of the binuclear (ethylenediamine)platinum(II) cation revealed 
pronounced torsional strain and increased metal-metal distance 
relative to the cis-diammineplatinum(I1) a n a l o g ~ e . ~ ? ~  These 
distortions seem to alter the lability of the platinum(I1)-a- 
pyridonate bonds, resulting in a dramatic enhancement in the rate 
of linkage isomerization of the bridging a-pyridonate ligands4 

In the present study, the crystal structure and 13C and Ig5Pt 
NMR spectra of another amidate-bridged binuclear platinum(I1) 
cation is reported. The amidate ligand in this study is a-pyrro- 
lidonate, and the effect of the amidate ligand on the structure and 
H-H to H-T isomerization is discussed relative to that of the 
previously reported a-pyridonate analogue. 
Experimental Section 

Preparation of the Compound. The preparation procedure of the 
compound is basically the same as reported previously’ and is as follows: 
A 50-mg sample of [Pt4(NH3)8(C4H6N0)4](N03)6.2H202~9 was dis- 
solved in 10 mL of water. After 60 mg of NaPF6 was added to the 
solution, 2.4 M NaOH was gradually added to the solution until it turned 
completely yellow. The solution was left at room temperature, and 
brownish yellow rectangular crystals were obtained after a few days. 
Anal. Calcd for [Pt2(NH,)4(C4H6N0)2]2(PF6)3(N03)-H20: C, 10.87; 
H, 2.86; N, 10.30. Found: C, 10.91; H, 2.98; N, 10.28. The yield was 
about 20%. The crop seemed uniform microscopically, and IR and 195Pt 
NMR spectra of the compound showed no difference from batch to 
batch. At least up to 20% yield, the crystals were H-H isomers. 

’ Waseda University. * Josai University. 
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Table I. Experimental Details of the X-ray Diffraction Study of 
[Pt2(”s)4(C4H6No)2l2(PF,),(N03)’H20 

(A) Crystal Parameters 
a = 18.571(3) A monoclinic 
b = 21.019(5) 8, 

@ = 122.52(1)’ 
V = 4560.0(16) A’ 
p = 12.6 mm-l 

space group C!/c 

p(calcd) = 2.60 g cm-) 
p(obsd)” = 2.62 g cm-, 
MW = 1786.0 

(B) Measurement of Intensity Data 

c = 13.854(2) 8, 2 = 4  

instrument Rigaku AFC-5 four-circle diffractometer 
radiation Mo Ka (A  = 0.7107 A), graphite 

monochromatized 

w = (1.1 + 0.5 tan 8)’ 
scan mode w-2e 

28 limit 
scan width 

scan rate 4.0°/min in w 
stds 

20 c 213 c 600 

3 reflcns measd every 100 measurements, 
showing random, statistical 
fluctuations within 1.5% 

no. of reflcns collcd 5388 
no. of reflcns 

data processing 

‘By suspension in a mixture of CHBr, and CHC13. 

3544 unique reflcns for which lFol > 3u1FnI 

Lorentz-polarization and abs cor 
used for calcn 

Collection and Reduction of X-ray Data. The single crystal of the 
compound used for intensity measurement was approximately 0.2 X 0.2 
X 0.1 mm. Unit cell parameters were obtained from a least-squares fit 
of 27 reflections in the range of 28O C 28 C 33’ measured on a Rigaku 
AFC-5 four-circle diffractometer using graphite-monochromated Mo Ka 
radiation. The details of the data collection are presented in Table I. 

Solution and Refinement of the Structure. The coordinates of the two 
platinum atoms were found from a Patterson map, and a series of 
block-diagonal least-squares refinements followed by Fourier-synthesis 
revealed all the remaining atoms except hydrogen atoms. The structure 
was finally refined with anisotropic temperature factors for all the atoms 
except hydrogen atoms to the final discrepancy indexes R1 = 0.104 and 
R ,  = 0.084, where R1 = CIIF,J - ~ F c ~ ~ / ~ ~ F o ~  and R2 = [CwillFol - 
IFcI12/~w,lFn12]1/2 (wi = (a2 + 0.021Fn12)1/2). Calculated hydrogen pos- 

(1) Matsumoto, K.; Matoba, N. Inorg. Chim. Acta 1986, 120, L1. 
(2) Matsumoto, K.; Fuwa, K. J .  Am. Chem. SOC. 1982, 104, 897. 
( 3 )  Hollis, L. S.; Lippard, S.  J. J .  Am. Chem. Soc. 1983, 105, 3494. 
(4) O’Halloran, T. V.; Lippard, S. J. J .  Am. Chem. SOC. 1983,105, 3341. 
( 5 )  Hollis, L. S.; Lippard, S.  J. Inorg. Chem. 1983, 22, 2600. 
(6) International Tables for X-ray Crystallography; Kynoch Press: Bir- 

mingham, England, 1974; Vol. IV. 
(7) Sakurai, T.; Kobayashi, K. Rikagoku Kenkyusho Hokoku 1979,55,69. 
( 8 )  Johnson, C. K. Report ORNL-3794 (revised); Oak Ridge National 

Laboratory: Oak Ridge, TN, 1976. 
(9) Matsumoto, K.; Takahashi, H.; Fuwa, K. Inorg. Chem. 1983,22,4086. 
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Figure 1. Molecular structure of [Pt2(NH3)4(C4H6N0)2]t+ observed from two different angles. The molecule has an inversion center at the midpoint 
of the Pt(1)-Pt(1’) vector. Thermal ellipsoids are drawn at 50% probability. 

itions for the ligands were included in the final structure factor calcula- 
tion. No additional hydrogen atoms were included in the lattice. Atomic 
scattering factors were taken from ref 7. All the calculations were 
performed with the program systems UNICS-111’ and ORTEP.* 

The final positional and thermal parameters are listed in Table 11. 
The observed and calculated structure factors (Table S l )  and anisotropic 
temperature factors (Table S2) are available as supplementary material. 

I3C and Ig5Pt NMR Measurements. The Ig5Pt NMR spectrum was 
acquired on a JEOL FX90A spectrometer. The measurement was per- 
formed at 19.21 MHz. Since the 90’ pulse was 16 ps, a 25’ pulse (4 
ps) was adopted for accumulation. I3C NMR spectra were aquired on 
both a Bruker AC2OOP and a JEOL FX90A spectrometer, at 50.3 and 
22.5 MHz, respectively. 

NMR measurements were performed both for a saturated solution of 
H-H [Pt2(”3)4(C4H6N0)2]2(PF6)3(No3)-H20 in D 2 0  and for a satu- 
rated solution in situ prepared by dissolving [Pt4(NH3)8(C4H6N0)2]- 
(N03)6.2H20 in D20 and reducing it with 2.4 M NaOH. All the sample 
dissolutions were carried out at room temperature. Both solutions gave 
identical 13C and IgsPt NMR spectra; however, the S /N  ratio was better 
for the latter solution due to higher solubility of the compound. All the 
spectra reported in this paper are for the latter solution. Chemical shift 
data for 13C NMR spectroscopy are reported relative to TMS, which is 
set in a sealed coaxial capillary tube in a 5-mm sample tube, whereas a 
saturated solution of PtC162- in D20 was used as an external reference 
for Ig5Pt chemical shift data. All chemical shifts are expressed in ppm, 
and coupling constants, in Hz. Sample temperature was regulated on a 
Bruker AC2OOP spectrometer at 25 “C by using a variable-temperature 
controller. 

Results and Discussion 
Description of the Structure. As shown in Figure 1, the cation 

exists as a tetranuclear complex composed of two binuclear, a- 
pyrrolidonate-bridged moieties related through a crystallographic 
inversion center that lies a t  the midpoint of the Pt( 1)-Pt( 1’) vector. 
The tetranuclear structure is basically identical with those of the 
so far reported a-pyrrolidone tan,2,9 green,I0 and violet com- 
plexes,11-12 the difference between them being the average platinum 
oxidation state. The distance between the a-pyrrolidonate-bridged 
platinum atoms Pt(1) and Pt(2) of 3.029 (2) A is 0.155 8, shorter 
than the  inner Pt(1)-Pt(1’) distance of 3.184 (2) A. Table 111 

(10) Matsumoto, K.; Takahashi, H.; Fuwa, K. J.  Am. Chem. SOC. 1984,106, 
2049. 

(11)  Matsumoto, K.; Fuwa, K. Chem. Lett. 1984, 569. 
(12) Matsurnoto, K. Bull. Chem. SOC. Jpn. 1985, 58, 65. 
(13) Laurent, J.-P.; Lepage, P.; Dahan, F. J .  Am. Chem. SOC. 1982, 104, 

7335. 
(14) Barton, J. K.; Szalda, D. J.; Rabinowitz, H. N.; Waszczak, J. V.; 

Lippard, S.  J.  J .  Am. Chem. SOC. 1979, 101, 1434. 

Table 11. Atomic Parameters’ 
atom X Y z Bpnv 

Pt(1) 2325 (1) 1833 (0) 382 (1) 3.06 (0.04) 
Pt(2) 2173 (1) 877 (1) 1899 (1) 3.63 (0.04) 
P(A) 5000 203 (6) 7500 5.57 (0.56) 
P(B) 1223 (5) 1500 (4) -4047 (7) 4.52 (0.34) 
N(O) 0 298 (15) -2500 11.41 (2.53) 
O(N1) -504 (18) 470 (16) -3361 (22) 13.98 (1.72) 
O(N2) 0 -80 (23) -2500 21.34 (3.47) 
N(l)  2865 (14) 1389 (11) -345 (18) 4.93 (1.14) 
N(2) 1174 (12) 1829 (10) -1135 (15) 3.94 (0.81) 
N(3) 917 (12) 550 (10) 785 (19) 5.06 (1.01) 
N(4) 2668 (13) 25 (10) 1599 (22) 5.89 (1.21) 
O(A) 1762 (11) 2367 (8) 1010 (14) 4.18 (0.82) 
N(A) 1730 (13) 1673 (12) 2247 (19) 5.35 (1.10) 
C(AI) 1623 (14) 2243 (11) 1742 (19) 3.30 (0.98) 
C(A2) 1222 (18) 2709 (13) 2178 (25) 5.09 (1.48) 
C(A3) 1323 (21) 2356 (17) 3228 (26) 6.73 (1.75) 
C(A4) 1552 (20) 1657 (18) 3117 (23) 7.54 (1.68) 
O(B) 3495 (10) 1889 (8) 1791 (13) 4.10 (0.70) 
N(B) 3366 (13) 1179 (9) 2954 (17) 4.10 (0.96) 
C(B1) 3781 (14) 1579 (11) 2731 (19) 2.95 (0.94) 
C(B2) 4675 (15) 1670 (10) 3729 (20) 3.92 (1.01) 
C(B3) 4757 (18) 1234 (15) 4598 (23) 6.40 (1.31) 
C(B4) 3879 (15) 978 (12) 4164 (20) 3.85 (1.06) 
W(l)  2222 (15) -20 (11) 4101 (20) 8.43 (1.32) 
F(A1) 4305 (15) 696 (11) 6681 (19) 11.33 (1.41) 
F(A2) 5385 (12) 193 (10) 6731 (15) 8.42 (1.07) 
F(A3) 4364 (13) -345 (10) 6767 (20) 11.57 (1.35) 
F(B1) 456 (14) 1617 (10) -3900 (21) 10.61 (1.52) 
F(B2) 1415 (17) 2156 (11) -3975 (38) 21.27 (2.97) 
F(B3) 1951 (14) 1367 (12) -4241 (20) 10.71 (1.42) 
F(B4) 1856 (16) 1403 (17) -2828 (16) 16.49 (1.61) 
F(B5) 583 (17) 1591 (16) -5296 (20) 15.48 (1.58) 
F(B6) 967 (13) 810 (9) -4218 (29) 16.01 (2.05) 
H(A1) 55 280 150 7.5 
H(A2) 156 317 239 7.5 
H(A3) 72 240 321 7.5 
H(A4) 181 260 402 7.5 
H(A5) 102 134 292 7.5 
H(A6) 210 150 395 7.5 
H(B1) 477 216 40 1 7.0 
H(B2) 512 156 347 7.0 
H(B3) 503 149 54 1 7.0 
H(B4) 521 86 473 7.0 
H(B5) 365 118 468 7 .O 
H(B6) 391 46 427 7 .O 

a Positional Parameters are multiplied by lo4. Thermal parameters 
are given by the equivalent temeprature factors (A2). 



An a-Pyrrolidonate-Bridged Pt(I1) Complex Inorganic Chemistry, Vol. 28, No. 15, 1989 2961 

Table 111. Geometric ComDarison of Amidate-Bridged Tetranuclear Platinum Complexes 
compd av Pt oxidn state Pt-Pt, A T,' deg w,' deg Pt-Pt-Pt, deg ref 

a-pyrrolidonate (yellow) +2.0 3.033 (2)d 35.9 17.9 157.85 (8) b 
[Pt2("3)4(C4H6N0)21 (PF6)3(N03)'2H20 3.186 (2) 

[Pt2("3)4(C4HSN202)21 2(N03)4"20 3.204 

[Pt2("3)4(CSH4N0)212(N03)4 3.1294 (4) 

[Pt2(en)2(CSH4N0)2l2(N03)4 3.236 (1) 
a-pyridonate (blue) +2.25 2.7445 (4)d 27.4 22.8 164.60 (2) 14 
[Ptd"MCsH4N0)41 (N0,)5*H@ 2.8770 (9) 
a-pyridonate (blue) +2.25 2.8296 ( 5 ) d  32.1 24.3 164.33 (3) 15 
[Pt4(en)4(CsH4N0)41 (NO3)s.H20 2.9158 ( 5 )  

[ P ~ ~ ( " ~ ) s ( C ~ H ~ N O ) ~ I  (N03)6*2H20 2.710 (5) 21.2 5.1 168.8 (1) 

1 -methylhydantoinate (yellow) +2.0 3.131d C C 160.5 13 

a-pyridonate (yellow) +2.0 2.8767 (7)d 30.0 20.3 158.40 (3) 3 

a-pyridonate (yellow) +2.0 2.992 39.6 24.9 160.58 (3) 5 

a-pyrrolidonate (tan) +2.5 2.702 18.7 4.3 170.4 ( I )  9 

2.705 (6)d 

T is the tilt angle between adjacent Pt-coordination planes in the ligand bridging unit, and w is the torsion angle about the Pt-Pt vector. bThis 
work. cValue not reported. dBridged Pt-Pt distance. 

I 

Figure 2. Crystal structure of [Pt2(NH3)4(C4H6N0)2]2(PF6)3(N03).H20 viewed along the c* axis. 

summarizes geometric comparisons of related tetranuclear com- 
plexes. The two Pt-Pt distances in the present complex are 0.3-0.4 
A longer than the corresponding ones in the cis-diammineplatinum 
a-pyrrolidonate tan cation with platinum in the +2.5 average 
oxidation state. The relation that the Pt-Pt distance increases 
with decreasing average platinum oxidation state is widely observed 
in this class of compounds.1° The two Pt-Pt distances in the 
present complex are even longer (ca. 0.16 A) than those in the 
corresponding (a-pyridonato)platinum(II) complex, but shorter 
than those reported for the (1-methylhydantoinato)platinum(II) 
complex (Table 111). The angle between the Pt(2)-Pt(l) and 
Pt(1)-Pt(1') vectors in the four-atom zigzag chain is 157.85 (8)O. 
Both coordination planes around Pt(1) and Pt(2) intersect with 
the Pt(1)-Pt(2) vector at  angles of 69.8 and 74.3O, respectively. 
The coordination plane of Pt(  1) is almost perpendicular to the 
Pt(1)-Pt( 1') vector (87.2O). Bond distances and angles shown 
in Table IV within the platinum coordination planes compare 
favorably with values found in related a-pyridonate- or a-pyr- 
rolidonate-bridged tetranuclear c o m p l e ~ e s ~ ~ ~ ~ ~ ~ ' ~  of platinum in 
the +2, +2.25, or +2.5 average oxidation state. The Pt-N(amine) 
distances trans to the pyrrolidonate nitrogen atoms are slightly 
longer (0.1 A) than those trans to the pyrrolidonate oxygen atoms. 
The same tendency is observed in reported amidate-bridged 
tetranuclear complexes and indicates a larger trans influence of 
the heterocyclic nitrogen atom than of the oxygen atom in amidate 
ligands.I5 A recent SCF-Xa calculation on cis-diammineplatinum 

(15) OHalloran, T. V.; Mascharak, P. K.; Williams, I. D.; Roberts, M. M.; 
Lippard, S. J. Inorg. Chem. 1987, 26, 1261. 

a-pyridone blue revealed that the trans influence originates in a 
more extensive a-overlap of the Pt-N(heterocyc1e) bond relative 
to the Pt-O(amidate) bond.I6 

Both platinum coordination spheres are planar with four-atom 
root-mean-square deviations of 0.01 A for the Pt(1) plane and 
0.02 A for the Pt(2) plane. As observed in all the platinum blue 
complexes regardless of the platinum oxidation state, the platinum 
atoms are slightly dis laced out of the coordination planes toward 

of the bond lengths and angles within the two a-pyrrolidonate rings 
shows that both rings are equivalent and have the usual geometries, 
compared to the a-pyrrolidonate tetranuclear complex of platinum 
in the +2.5 average oxidation ~ t a t e . ~ . ~  

Hydrogen bonds connecting the two binuclear subunits across 
the inversion center occur a t  N(l)-O(A') and N(2)-O(B'). The 
crystal packing of the cations and anions is shown in Figure 2. 
The tetranuclear units are  further linked through a network of 
hydrogen bonds between the amine ligands and nitrate anions. 
Oxygen atom W ( l )  of the crystal water is 3.54 (3) A from Pt(2) 
at the end of the tetranuclear Pt4 chain. All P-F bond distances 
within the PF6- anions are  normal. 

Structural Comparisons among Amidate-Bridged Tetranuclear 
Platinum Complexes. Table 111 lists structural features of platinum 
blue (Pt2.25+ average oxidation state), yellow (Pt2.0+ average ox- 
idation state), and tan complexes (Ptz.5+ average oxidation state) 
with a-pyridonate or a-pyrrolidonate ligands. While the distances 

(16) Ginsberg, A. P.; O'Halloran, T. V.; Fanwick, P.; Hollis, L. S.; Lippard, 
S. J. J. Am. Chem. SOC. 1984, 106, 5430. 

one another, by 0.10 w for Pt(1) and 0.2 A for Pt(2). Comparison 
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Table IV. Bond Distances (,&I and Angles (dea)" 
(A) [(Pt2(NH3)4(C4H6NO)2]2'+ Cation 

Pt( 1)-Pt(2) 3.029 (2) Pt(1)-Pt(1') 3.184 (2) 
Pt(l)-N(l) 2.00 13) Pt(2)-N(3) 2.10 (2) 
~ t ( i  j - ~ ( s j  
Pt( 1 )-O(A) 
Wl)-O(B) 
O(A)-C(A1) 
N(A)-C(A1) 
N(A)-C(A4) 
C(Al)-C(A2) 
C(A2)-C(A3) 
C(A3)-C(A4) 

Pt(2)-Pt( 1)-Pt( 1') 
Pt(2)-Pt( 1)-N( 1) 
Pt(2)-Pt( 1)-N(2) 
Pt(2)-Pt( 1)-O(A) 
Pt(2)-Pt( l)-O(B) 
Pt( 1 ')-Pt( 1 )-N( 1) 
Pt( 1')-Pt( 1)-O(A) 
N( l)-Pt(l)-N(2) 
N( 1)-Pt( 1)-O(A) 
N( 1)-Pt(l)-O(B) 
N( 2)-Pt( 1 )-O(A) 
N(2)-Pt( 1 )-O( B) 
O(A)-Pt ( 1 )-O( B) 
Pt( l)-O(A)-C(A1) 
Pt(2)-N(A)-C(Al) 
Pt(Z)-N(A)-C(A4) 
C(Al)-N(A)-C(A4) 
O(A)-C(A1)-N(A) 
N(A)-C(A1)-C(A2) 
C(Al)-C(A2)-C(A3) 
C(A2)-C(A3)-C(A4) 
N(A)-C(A4)-C(A3) 

P(A)-F(A1) 
P(A)-F(A2) 
P( A)-F(A3) 

N(O)-O(NI) 
N(O)-O(N2) . 

F(A1)-P(A)-F(A2) 
F(Al)-P(A)-F(A3) 
F(A 1 )-P(A)-F(A1") 
F(A 1 )-P(A)-F(A2") 
F(Al)-P(A)-F(A3") 
F(A2)-P(A)-F(A3) 
F(A2)-P(A)-F(A2") 
F(AZ)-P(A)-F(A3") 
F(A3)-P(A)-F(A3") 

O(N1 )-N(O)-O(N2) 

2.04 (1 j 
2.02 (2) 
2.00 (1) 
1.20 (4) 
1.34 (3) 
1.41 (5) 
1.54 (5) 
1.55 (5) 
1.56 (5) 

157.94 (5) 
107.4 (7) 
106.0 (7) 
78.9 (5) 
79.6 (6) 
89.8 (7) 
84.3 (6) 
90.6 (8) 
73.7 (9) 
86.7 (8) 
87.0 (8) 
74.4 (9) 

30 (2) 
95.2 (7) 

25 (2) 

~ t ( ~ j - ~ ( 4 j  
Pt(2)-N(A) 
Pt(2)-N(B) 
O(B)-C(B1) 
N(B)-C(B1) 
N(B)-C(B4) 
C(B 1)-C(B2) 
C(B2)-C(B3) 
C(B3)-C(B4) 

Pt( l)-Pt(2)-N(3) 
Pt( 1)-Pt(2)-N(4) 
Pt( l)-Pt(2)-N(A) 
Pt( 1 )-Pt( 2)-N( B) 
Pt( li)-Pt(l)-N(2) 
Pt( 1 ')-Pt( 1)-O(B) 
N(3)-Pt(2)-N(4) 
N(3)-Pt(2)-N(A) 
N( 3)-Pt(2)-N( B) 
N(4)-Pt(2)-N(A) 
N(4)-Pt(2)-N(B) 
N(A)-Pt (2)-N(B) 
Pt( 1 )-O(B)-C(B 1) 
Pt(Z)-N(B)-C(Bl) 

2.15 (2j 
2.03 (3) 
1.99 (2) 
1.29 (3) 
1.28 (4) 
1.48 (3) 
1.50 (3) 
1.45 (4) 
1.50 (4) 

100.8 (7) 
102.1 (8) 
79.5 (8) 
79.4 (7) 
87.1 (6) 
88.0 (5) 
90.4 (8) 

179.5 (8) 
177.8 (io) 

89.8 (8) 

90.7 (9) 

89.2 (8) 

127 (2) 
127 (2) 

120 (2j P ~ ( z ~ - N ( B ~ - c ( B ~ ~  122 (2j 
115 (3) C(Bl)-N(B)-C(B4) 111 (2) 
126 (3) O(B)-C(Bl)-N(B) 127 (2) 
109 (3) N(B)-C(Bl)-C(B2) 112 (2) 
103 (2) C(Bl)-C(BZ)-C(B3) 105 (2) 
105 (3) C(B2)-C(B3)-C(B4) 107 (2) 
105 (3) N(B)-C(B4)-C(B3) 104 (2) 

PF6- and NO3- Anions 
1.56 (2) P(B)-F(B1) 1.56 (3) 
1.57 (3) P(B)-F(B2) 1.42 (2) 
1.57 (2) P(B)-F(B3) 1.54 (3) 

P(B)-F(B4) 1.46 (2) 
1.11 (2) P(B)-F(B5) 1.49 (2) 
0.79 (6) P(B)-F(B6) 1.50 (2) 

91 (5) F(B1)-P(B)-F(B2) 93 (2) 
89 (1) F(Bl)-P(B)-F(B3) 177 (1) 

F(Bl)-P(B)-F(B4) 95 (2) 
F(B1)-P(B)-F(B5) 85 (2) 
F(Bl)-P(B)-F(B6) 87 (2) 

91 (1) F(BZ)-P(B)-F(B3) 89 (2) 
F(BZ)-P(B)-F(B4) 92 (2) 
F(B2)-P(B)-F(B5) 88 (2) 
F(BZ)-P(B)-F(B6) 176 (2) 
F(B3)-P(B)-F(B4) 87 (2) 

109 (2) F(B3)-P(B)-F(B5) 93 (2) 
O(N1 j-N(Oj-O(Nlii') 142 (4) F(B3)-P(B)-F(B6) 92 (2) 

F(B4)-P(B)-F(B5) 179 (2) 
F(B4)-P(B)-F(B6) 92 (2) 
F(BS)-P(B)-F(B6) 87 (2) 

"Symmetry operations: (i) - x, ' I 2  - y, -2; (ii) 1 - x, y, 3/2 - z ;  (iii) 
-x, y ,  - ' I2 - z .  

and angles within the coordination planes are comparable in both 
a-pyridonate and a-pyrrolidonate complexes of Pt2."+, the present 
complex diplays significantly longer Pt-Pt distances. Especially 
the outer Pt(1)-Pt(2) distance of 3.033 (2) 8, is remarkably longer 
than the a-pyridonate-bridged Pt-Pt distance found in tetranuclear 
complexes of Pt2."+. Another example of an amidate bridged Pt-Pt 
distance in a Pt(I1) complex is 3.131 8, in the hydantoinate 
c0mp1ex.I~ The tilt angle (7) between the Pt(1) and Pt(2) co- 
ordination planes increases as the Pt-Pt distance increases, as 
observed from the comparison of the pairs a-pyrrolidonate-tan 
and -yellow and a-pyridonate-blue and -yellow. The relationship 
between the tilt angle (7) and the Pt-Pt distance among similar 
amidate-bridged complexes has been already reportedI5 and is 
understood on the basis of simple geometric arguments that since 
the N- - -0 bite distance in amide ligands is invariable regardless 
of the Pt-Pt distance, the tilt angle is increased as the Pt-Pt 
distance increases. 
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Figure 3. I3C NMR spectrum of [Pt2(NH)4(C4H6N0)2]2+ in D20, 
measured on a JEOL FX90A spectrometer. 

S ppm 13c 

The larger tilt angle (7) is also reflected in the smaller Pt-Pt-Pt 
zigzag chain angle. From the comparison of the tilt angles and 
the zigzag chain angles in Table 111, it is obvious that as the tilt 
angle is increased, the zigzag chain angle is decreased in a pair 
of identical amide ligand complexes with different platinum ox- 
idation states. This relation is also expressed in another way by 
saying that the tilt angle is decreased with increasing platinum 
average oxidation state. 

13C and Is5Pt NMR Studies. The 13C N M R  spectrum of the 
present compound in D 2 0  obtained on a JEOL FX90A spec- 
trometer shows four peaks, the assignment of each signal being 
shown in Figure 3. Although four peaks seemingly appear in 
Figure 3, enlargement of the spectrum revealed that each peak 
consists actually of two closely lying peaks with almost equivalent 
intensities (C l ,  21.76 and 21.62 ppm; C2, 31.21 and 31.17 ppm; 
C3, 55.40 and 55.17 ppm; C4, 182.55 and 182.28 ppm) (Figure 
4, upper peaks). This fact demonstrates that the complex is 
composed of two similar species a t  a nearly 1 : 1 abundance ratio. 
These four peaks were also measured on a Bruker AC2OOP 
spectrometer in order to obtain information on the differences 
between the two components (Figure 4, lower peaks). Every signal 
broadens at  its foot, showing possible splitting, and among them, 
the C2 peak is almost illustrative of a triplet with an approximate 
intensity ratio of 1:3:1: (theoretical ratio 1:4:1), which is due to 
the coupling with Is5Pt ( I  = 1/2, natural abundance = 33.7%). 
The coupling constant of 33.6 H z  for 3J('95Pt-13C) is obtained. 
Some Is5Pt satellites also appear for other carbon atoms, but they 
are less clearly resolved especially in the case of 50.3 M H z  
(AC200P) than 22.5 M H z  (FX90A). This satellite broadness 
is due to CSA relaxation of the lssPt nucleus.'' As pointed out 
already,I8 Is5Pt relaxation becomes faster a t  higher fields of the 
observed frequency, which results in the broadness of the line width 
of Is5Pt satellite signals. 

The IssPt N M R  spectrum in D20 shows three peaks a t  -1 396, 
-1940, and -2446 ppm (Figure 5). The three peaks are  not a 
splitting due to I s 5 P t ,  considering the wide separation of the outer 
two peaks (a. 19 350 Hz). Recent N M R  studies on a similar 
amide-bridged Pt (11) binuclear complex, [ C5H4NO),] 2+ 
(C5H4NO- is deprotonated a-pyridone), shows that the complex 
is binuclear in solution, although it is tetranuclear in crystal. 
Further remarkable behavior of the complex in an aqueous solution 
is that although the dimer is head-to-head immediately after 
dissolution in water, it is gradually converted to the head-to-tail 
isomer and the two isomers coexist in equilibrium after sufficient 
time.4 

Considering the isomerization and the similar appearance of 
the three peaks of both complexes in 6(ls5Pt) values, the three 
peaks in Figure 5 also show similar isomerization and the outer 
two peaks belong to the head-to-head isomer. The low- and 
high-field resonances of the head-to-head isomer are assigned to 
the NzOz- and N4-coordinated platinum atoms, respectively, on 
the basis of established I s 5 P t  chemical shift trends.I9J0 The notable 

(17) Lallemand, J.; Soulit, J.; Chottard, J. J .  Chem. SOC., Chem. Commun. 
1980, 436. 

(18) Ankh, C.; Pregosin, P. S.  Mugn. Reson. Chem. 1985, 23, 671. 
(19) Lippard, S.  J. Science (Washington, D.C.) 1982, 228, 1075. 
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Figure 4. Enlargement of the four "C NMR peaks in Figure 3 (JEOL FX90A, at 22.5 MHz, upper four peaks) and the same peaks measured on 
a Bruker ACZOOP spectrometer, at 50.3 MHz (lower four peaks). The two closely lying peaks for each carbon show the existence of H-H and H-T 
isomers. 
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Figure 5. lssPt NMR spectrum of [Pt2(NH3)4(C4H6N0)2]2+ in D20, 
showing the existence of H-H and H-T isomers. 

difference between the present a-pyrrolidonate Pt(I1) dimer and 
the a-pyridonate Pt(I1) dimer is that the isomerization equilibrium 
seems to be established rapidly after dissolution for the former, 
whereas for the latter complex, [Pt2(en)2(C5H4N0)2]2+, equi- 
librium requires about 2 days to be e~ tab l i shed .~  These obser- 
vations are thoroughly consistent with the results of the I3C N M R  
spectrum. The IssPt measurement of the present compound was 
repeated twice with different ellapsed times, immediately and 2 
weeks after dissolution of the H-H dimer, but the peak intensity 
ratios of the central to the outer two peaks were the same. Also, 
the intensity ratios were compared for a solution prepared by 
dissolution of the H-H dimer and a solution in situ prepared by 
reducing [Pt4(NH3)8(C4H6N0)4](N03)6.2HZ0 with OH-. N o  
difference was observed in the peak positions and the signal in- 
tensity ratios. Therefore, it seems that H-H to H-T isomerization 
occurs very rapidly on addition of OH- to [Pt4(NH,),- 

(20) Kerrison, S. J. S.; Sadler, P. J. J .  Mugn. Reson. 1978, 31, 321. 
(21) Pregosin, P. S. Annu. Rep. NMR Spectrosc. 1986, 17, 295. 
(22) Matsumoto, K.; Watanabe, T. J .  Am. Chem. SOC. 1986, 108, 1308. 
(23) Matsumoto, K.; Matoba, N. Inorg. Chim. Acta 1988, 142, 59. 

(C4H6N0)4]6+. On slow evaporation of the solution after addition 
of NaPF6, the H-H isomer crystallizes first because of its lower 
solubility. Since in M e 2 S 0  the isomerization is reported to be 
very much retarded,4 a 195Pt N M R  measurement of the present 
complex in Me2S0 was attempted; however, it was not successful 
due to the sparing solubility of the complex. 

Very rapid isomerization of the present complex might be rather 
surprising, compared to the previously reported gradual one for 
the a-pyridonate Pt(I1) dimer." The difference may result from 
the difference in the keto-enol equilibria between a-pyrrolidone 
and a-pyridone. It seems the equilibrium lies more toward an 
enol form in a-pyridone, as shown by the existence of mononuclear 
Pt(I1) complexes of 2 -hydro~ypyr id ine ,~~  and therefore the co- 
ordinating ability of the deprotonated oxygen in a-pyridonate 
would be larger than that of a-pyrrolidonate. This difference 
might a t  least partly be responsible for the marked difference in 
the isomerization rates of the two complexes. 

Although Figure 4 is the first observation of H-H and H-T 
isomers with 13C N M R  spectroscopy, the assignment of each peak 
in the each pair to either isomer is still uncertain. One may think, 
from the splitting intensity difference and the J( 195Pt-13C) coupling 
constants for C1 and C3, that, since the higher peak always 
associates with smaller coupling constants in both C1 and C3, the 
higher peak is H-T and the lower peak is H-H. This statement 
is based on the theory that a coupling constant is in proportion 
to the square of the electron densities at  both nuclei2' and, com- 
paring H-H and H-T isomers, electron density a t  platinum would 
be higher for the N4-coordinated platinum atom in the H-H isomer 
than for the N,O-coordinated platinum atom in the H-T isomer. 
However, more evidence is necessary to make definite assignments 
of the two isomers in the 13C N M R  spectra. Several attempts 
were made to resolve Ig5Pt satellites for C4; however, no further 
improvement was obtained. 

The cyclic voltammogram of the present H-H complex in 4.5 
M H2SO4 shows a single redox wave at  E,  = 0.53 V vs S C E  (E,  
= (Epa + E , ) / 2 ) ,  which is completely similar to the voltammo- 
gram reported for [Pt2(NH3)4(C4H6N0)2]2+ in ref 1. In bulk 

(24) Hollis, L. S.; Lippard, S. J.  Inorg. Chem. 1983, 22, 2708. 
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oxidative electrolysis of the solution a t  0.8 V, the initially yellow 
solution turned blue, then gradually dark red, and finally yellow. 
This color change corresponds to the oxidation of yellow [Pt2- 
(NH3)4(C4H6N0)2]2+ to blue [Pt4("3)8(C4H6N0)4]s+ and dark 
red [Pt4(NH3)8(C4H6N0)4]6+ and finally to yellow [Pt4- 
("3)8(C4H6N0)4]8+,22 which was confirmed by UV-visible 
absorption spectra. Bulk coulometry of the solution shows that 
the single wave at  0.53 V corresponds to a 4-electron redox process 
as a whole. The peak separation between EF and Em in the cyclic 
voltammogram could not be decreased less than 0.07 V a t  any 
scan rate from 0.001 to 0.5 V s-'. A separate electrochemical 
study of [Pt4("3)8(c41-&No)4]H shows the cation also undergoes 
a single redox process a t  0.53 V.23 These facts, together with the 
color change during the bulk electrolysis of [Pt2(NH3)4- 
(c4H6No)2]2+ and the very rapid isomerization from H-H to H-T, 
suggest that the redox reaction of [Pt2("3)4(C4H6N0)2]2+ a t  
0.53 V is irreversible and consists actually of two or more very 
closely lying processes. The appearance of blue color in the bulk 
oxidative electrolysis signifies that at least the first oxidative step 
would be a 1- or 2-electron process 

-e- 
[Pt2("3)4(C4H6N0)2I2+ - [Pt2(NH3)4(C4H6N0)213+ 

or 
- 2 i  

[Pt2("3)4(C4H6N0)2I2+ - [ P ~ z ( N H ~ ) ~ ( C ~ H ~ N ~ ) Z ~ ~ +  

have very close or almost identical redox potentials or oxidation 
of either isomer triggers very rapid isomerization and the oxidation 
proceeds almost exclusively via either one of the isomers. It also 
seems that some isomerization occurs following oxidation of the 
compound, since the cyclic voltammogram becomes less reversible 
with the peak separation between E ,  and E ,  being increased, 
though the E,  potential is retained, as the acidity of the solution 
is decreased. 

Conclusion 
Lippard et al. reported a possible relationship between structural 

features, such as the Pt-Pt distance and the torsional angle about 
the Pt-Pt vector, and the ease of linkage i~omerization.~ The long 
Pt-Pt distance in the present complex may result in the rapid 
isomerization of the complex. However, the torsional angle in 
this complex is not so large; therefore, it seems that rapid isom- 
erization does not always result from strong torsional strain. The 
isomerization seems also to be related to the nature of the amide 
ligand. The relative contributions of the keto and enol forms of 
the amidate ligand influence the relative degrees of the coordi- 
nating abilities of amidate oxygen and nitrogen atoms and thus 
affect the isomerization rate. 

The present study clarified the solid and solution structures of 
a cis-diammineplatinum(I1) a-pyrrolidonate complex, which was 
synthesized by the reduction of the tetranuclear Pt(I1) and Pt(II1) 
mixed-valent complex [Pt4(NH3)8(C4H6N0)4]6+. 

The blue [Pt4(NH3)8(C4H6N0)4]s+ cation would be formed by 
either one of the two following reactions: 
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[Pt2(NH3)4(C4H6N0)214+ + 3 [Pt2(NH3)4(C4H6N0)212+ - 
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It seems that H-H and H-T [Pt2("3)4(C4H6N0)2]2+ isomers 
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The complexes RUL,~', where L is a 3,3'-polymethylene-2,2'-bipyridine ligand containing one to four bridging methylene units, 
were studied by using resonance-enhanced Raman spectroscopy. Lifetimes and emission spectra were measured at room tem- 
perature and at 77 K. Complexes with the monomethylene-bridged ligand show results distinctly different from those of the 
dimethylene-, trimethylene-, and tetramethylene-bridged ligand complexes, which form a series showing systematic variations in 
the resonance Raman and emission spectra that correlate with the degree to which the polymethylene bridge distorts the planarity 
of 2,2'-bipyridine. As the bridge length increases, the relative quantum yield for emission at 25 OC drops. Twisting about the 
2,2'-bond may result in a weakening of the ligand field leading to lower lying ligand field states, which provide a route for more 
facile radiationless deactivation. Both the relative intensity pattern in the resonance Raman spectra and the intensities of the 
low-energy shoulders in the 77 K emission spectra suggest an increase in the number of ligand normal modes capable of efficiently 
coupling ground and excited states as the number of methylene units increases from 2 to 4. This is consistent with increased rates 
for nonradiative deexcitation, most likely through these same high-frequency 'acceptor" modes. 

Introduction 
The effect of varying steric and electronic factors in diimine 

type ligands on the properties of their ruthenium(I1) complexes 
remains an active area of investigation.' Because of the capability 
of R ~ ( b p y ) , ~ +  (bpy = 2,2'-bipyridine) to act as an  excited-state 
redox reagent: the degree to which ligand properties can influence 
the excited-state properties of these complexes is of considerable 
interest. 

Queens College. 
'University of Houston. 

Recently reported3 NMR and X-ray data concerning the ru- 
thenium(I1) complexes of a series of 3,3'-polymethylene-bridged 

(1 )  (a) Thummel, R. P.; Lefoulon, F. Inorg. Chem. 1987, 26, 675. (b) 
Thummel, R. P.; Decloitre, Y.; Lefoulon, F .  Inorg. Chim. Acta 1987, 
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