
3914 Inorg. Chem. 1991, 30, 3914-3919 

affect the quantitative accuracy of the results, the wide-ranging 
successes of molecular mechanics methods suggest that they are 
not sources of serious error. 

The calculations of energy changes based on molecular me- 
chanics implicitly assume that the process occurs in the gas phase. 
The presence of the solvent might alter the relative energies of 
different conformations of the free ligand or in the complex, but 
the energies associated with these changes would be small. The 
major differences in AE, would arise from the fact that both the 
ligand and the Cr(CO)S fragment would be surrounded by solvent 
molecules, with which there would be weakly attractive van der 
Waals interactions. For complex formation to occur, some portion 
of this solvent sheath must be removed, to expose the fraction of 
the surface necessary to permit the Cr-P bond to form. The 
Cr(CO)s fragment is in fact a strong Lewis acid, and is known 
to bind even such weakly basic solvent molecules as hexane with 
enthalpies of interaction on the order of 10 kcal mol-'.Iob This 
term, however, is a constant for the series as the ligand varies, 
and so need not concern us in this discussion. 

The same variations in van der Waals attractive interactions 
that operate between the ligand and Cr(CO)5 as the ligand grows 
larger and more complex operate also in the interactions between 
the ligand and solvent molecules. Thus, the energy required to 
"prepare" the ligand for complex formation with Cr(CO)5, by 
exposing the binding site, should vary in the same direction as 

the attractive component of the van der Waals interaction with 
Cr(CO)S once complex formation has occurred. While the 
magnitude of the contribution from the solvent term will in general 
not be the same as for Cr(CO)s, the attractive van der Waals terms 
in the complex might be partially countered by corresponding 
terms in the ligandsolvent interaction. In this case, experimental 
measures of the enthalpies of ligand interactions with Cr(CO)S 
in solution would more strongly reflect changes in the repulsive 
van der Waals terms than do the computed values for total energy 
change. Experimental studies on both the gas-phase and solution 
systems could provide a test of this question. It should be kept 
in mind that the molecular mechanics model for a series such as 
under consideration here does not take account of variations in 
the metal-ligand bond strength occasioned by variations in ligand 
electronic properties. Thus, a comparison of the enthalpies of 
interaction of a series of phosphites with Cr(CO)5 with the cal- 
culated values of AET would not be appropriate without taking 
account of variations in the strain-free donor character of the 
phosphites. This variation should be small for the acyclic trialkyl 
phosphites. 
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Synthesis and crystal structure of a 3,3-dimethylglutarimi&te-bridged platinum complex (1) are reported. 1 is a binuclear structure 
with two 3,3-dimethylglutarimidate ligands bridging in a head-to-tail (H-T) manner. Each platinum atom is coordinated with 
two amine ligands in the cis position, a deprotonated nitrogen atom, and an oxygen atom of the 3,3-dimethylglutarimidate ligands. 
The Pt-Pt separation within the complex cation is 2.939 ( I )  A. Although the I3C spectrum of 1 i n  D 2 0  measured immediately 
after dissolution corresponds to the solid structure, the spectrum gradually changes to an unknown one, which indicates that the 
binuclear structure is not stably retained in D20. From "C and '9SPt NMR spectroscopy in  D 2 0  and DMSO-d,, it turns out 
that the solvolysis reaction occurs in solution and the binuclear complex changes to a mononuclear one. Compound 1 crystallizes 
in the monoclinic space group C2/c with a = 36.933 (7) A, b = 10.473 ( I )  A, c = 14.070 (4) A, 6 = 105.28 (2)O, V = 5249.8 
(9) A', and Z = 8. Anisotropic refinement of all nonhydrogen atoms converged to the residuals R = 0.059 and R,  = 0.045 ( w  
= l/o2(F)). 

Introduction 
Recently, amidate- or lactamate-bridged binuclear or tetra- 

nuclear platinum complexes have attracted the interest of many 
chemists because of the novel redox chemistry of these complexes 
involving the unusual Pt( 111) oxidation state. Binuclear complexes 
of the formula [Pt1I2A4L2l2+ (A is NH3 or (en)/2 and L is de- 
protonated amidate or lactamate l i g a r ~ d ) ~ - ~  are oxidized to 
[Pt1112A4L2XX']4+6* (X and X' are axial ligands such as NO3- 
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[Pt2(NH3)4(C7HlON02)21 (N03)2*H20 

Deprotonated amide nitrogen atoms, when coordinated to a metal, 
stablize higher oxidation states of the metal, which together with 
the tendency of platinum to form a Pt-Pt metal bonding at higher 
oxidation state leads to formation of the novel tetranuclear zigzag 
chain structures of platinum blues and tans. 

The structures and solution properties of the amidate-bridged 
R( 11) binuclear complexes [R112A4L2]2+ are considerably affected 
by the nature of the bridging amidate ligands. Novel isomerization 
between head-to-head (H-H) and head-to-tail (H-T) isomers 
(Chart I) has been reported for binuclear [R112A4Lz]2+.15-'7 The 
isomerization rate in water is rather small (kf = 7.4 (2) X 
and k, = 13.9 (2) X IW5 s-I) for the complex with A = NH3 and 
L = a-pyr id~nate , '~  whereas it is fairly large and the equilibrium 
is reached almost instantaneously on dissolution when L is a- 
pyrr01idonate.I~ In the present study, the H-T 3,3-dimethyl- 
glutarimidate- (DMGI-) bridged dimer [Pt2(NH3)4(C7H10N- 
02)2] (N03)2-H20 (1) has been synthesized and the crystal 
structure was solved. A I3C and 19% NMR study was undertaken 
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3,3-dimethylglutarimidate (DMGI) 

to probe the H-T and H-H isomerization in solution; however, 
contrary to our expectation, the dimeric complex is solvolyzed into 
a monomeric complex with the coordinating amidate oxygen atom 
substituted by a solvent molecule. 
Experimental Section 

Synthesis of H-T [Pt2(NHl)4(C,HloN02)2](NO~)2~H20 (1). The 
compound was prepared as follows. To a solution of C ~ S - P ~ ( N H ~ ) ~ ( O H ~ ) ~  
( I  mmol in IO mL of H20),  which was prepared by adding 2 equiv of 
AgNOl to cis-Pt(NHl)2C12 and filtering off AgCI, was added 4 mmol 
of 3,3-dimethylglutarimide, and the pH of the solution was adjusted to 
7 with 1 M NaOH. After the solution was heated at 90 OC for 3 h, the 
color of the solution turned to yellow. I t  was cooled with ice-water for 
I h, and the unreacted ligand was precipitated and was removed by 
filtration. To the yellow filtrate was added 0.8 g of NaNO,, and the 
solution was left at room temperature for 2-3 days. Yellow plate crystals 
of 1 were obtained. 

The compound was also prepared by reacting 1 mmol of cis-Pt- 
(NHl)2CIz with 2 mmol of 3,3-dimethylglutarimide in 25 mL of HzO at 
pH 9. The solution was heated at 60 OC until all the materials were 
dissolved. After further reaction for 1 h, 2.0 mmol of AgN03 was added 
and AgCl was removed by filtration. The solution was left at room 
temperature for 24 h and was condensed to IO mL. Yellow microcrystals 
of 1 were obtained. Anal. Calcd for [Pt2(NH3),(C7HION02)2]- 
(NOl)z-HzO: C, 19.09; H, 3.89; N, 12.73. Found: C, 19.16; H, 4.02; 
N, 12.73. The yield was 30%. 

Synthesis of ~~S-[P~(NH~)~(C~H~~NO~)(DMSO)](NO~) (2). Com- 
pound 2 was obtained by drying a DMSO solution of 1 under reduced 
pressure and was recrystallized from water. Anal. Calcd for Pt- 

Found: C, 21.05; H, 4.26; N,  10.86. 
Synthesis of [Pt,(NHl)8(C7H10N02)I](N01)5~2H20 (3). The com- 

pound was prepared by heating IO mL of a HzO solution containing 1.0 
mmol of cis-Pt(NH,)zCLz and 2.0 mmol of AgNOJ at 60 OC for 2 h. 
AgCl was removed, and 4.0 mmol of 3,3-dimethylglutarimide was added 
to the filtrate. After the pH was adjusted to 7 with 1 M NaOH, the 
solution was heated at 80 OC for 2 h and then was cooled and the U P '  
reacted ligand was precipitated and removed by filtration. Nitric acid 
(0.8 mL) was added to the filtrate, and O2 was bubbled through the 
solution until it turned dark blue. The solution gave blue rectangular 
plate crystals, after it was left standing at 30 OC for 2 days. Anal. Calcd 
for [Pt4(NH3),(C,HION02)4](N03)5~2H20 C. 18.44; H, 3.73; N, 13.06. 
Found: C, 18.64; H, 3.76; N, 12.96. Compound 3 was also obtained by 
slow evaporation of the filtrate of 1 at room temperature. 

(NH~)2(C,HloNO2)(DMSO)](NO,): C, 21.21; H, 4.26; N, 11.00. 
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Table 1. Crystallographic Data for 
IPtz(NHJdDMGI)zI (NOI)YHZO 
chem formula: Pt2C14H34N8011 
fw = 880.7 
cryst syst: monoclinic 
space group: C2/c (No. 15) 
a = 36.933 ( 7 )  A 
b = 10.473 (1) A 
c = 14.070 (4) A 
6 = 105.28 (2)O 
V = 5249.8 (9) 

2 = 8 
T =  23 i 1 OC 
X = 0.71069 A 
pow = 2.23 g cm-) 
paM = 2.21 g cm-) 
p = 108.22 cm-' 
range transm factors = 1.00-0.57 
R = 0.059 
R, = 0.045 ( w  = l/u2(F)) 

O(22) 

Figure 1. ORTEP drawing of H-T [Ptz(NH34(C1HION02)2]2+. Thermal 
ellipsoids are drawn at 50% probability. 

a 

Figure 2. Crystal packing of H-T [Pt2(NHl),(C,H10N02)2](N01)2~H20 
drawn with the ORTEP program.20 

Collection and Reduction of X-ray Data. Compound 1 was subjected 
to a single-crystal X-ray study. Unit cell parameters were obtained from 
a least-squares fit of 21 reflections in the range 20° < 28 < 25' measured 
on a Rigaku AFC-5R four-circle diffractometer with graphite-mono- 
chromated Mo K a  radiation. The details of the data collections are given 
in Table 1 and in supplementary Table S1. 

Solution and Refinement of the Structure. The coordinates of the two 
independent platinum atoms were deduced from a Patterson map, and 
a series of block-diagonal least-squares refinements followed by a Fourier 
synthesis revealed all the remaining atoms except the hydrogen atoms. 
The structure was finally refined with anisotropic temperature factors 
for all of the non-hydrogen atoms to the final discrepancy index of R = 
0.059 and R, = 0.045, where R = z:llFol - IFcll/cIFoI and R, = 
[xwi(lFoI - IF,1)2/~wilfo12]'/2 (w, = 1 /$(F)). Atomic scattering factors 
and anomalous dispersion corrections were taken from ref 18. All the 
calculations were performed with the program system U N I C S - I I I ' ~  and 
O R T E P . ~ ~  Absorption correction was made by following the method of 
Busing et aL2' No correction was made for extinction. None of the 
hydrogen atoms were located in the final difference map, and therefore 
they were not included in the calculation. 
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Table I f .  Atomic Coordinates and Equivalent Thermal Parameters 
for 1 

atom X Y z B,," A2 
Pt l l )  0.09174 (2) -0.20933 (8) 0.42033 (4) 2.79 (2) 

0.09244 (2j 
0.1239 (4) 
0.1365 (4) 
0.1 136 (4) 
0.1423 (6) 
0.1697 (6) 
0.1856 (5) 
0.1518 (6) 
0.1277 (5) 
0.2139 (7) 
0.2048 (7) 
0.1246 (4) 
0.1 374 (3) 
0.1 147 (4) 
0.1429 (5) 
0.1703 (6) 
0.1882 (6) 
0.1547 (6) 
0.1314 (5) 
0.3095 (7) 
0.2143 (7) 
0.0462 (4) 
0.0634 (4) 
0.0483 (4) 
0.0633 (4) 
0.0368 (6) 
0.0328 (5) 
0.01 59 (5) 
0.0617 (7) 
0.0309 (8) 
0.0280 (6) 
0.0625 (5) 
0.0222 (6) 
0.1053 (8) 

-0.28284 (8) 
-0.3717 (13) 
-0.3833 (1 1) 
-0.3743 (1  4) 
-0.4213 (18) 
-0.5319 (19) 
-0.5444 (20) 
-0.5434 (20) 
-0.4231 (18) 
-0.4329 (24) 
-0.6778 (25) 
-0.1214 (13) 

-0.1133 (14) 
-0.0703 (18) 

0.0363 (1 8) 
0.0514 (19) 
0.0507 (20) 

-0.0659 (1 8) 
0.1775 (20) 

-0.0612 (24) 
-0.3049 (15) 
-0.0353 (14) 
-0.1936 (14) 
-0.4538 ( 1  4) 

0.3642 (20) 
0.2495 (15) 
0.4384 (18) 
0.4153 (20) 

-0.1286 (22) 
-0.2496 (16) 
-0.0905 (19) 
-0.0955 (21) 
0.2603 (37) 

-0.1102 (11)  

0.62242 (4j 
0.4312 (IO) 
0.6002 (8) 
0.2669 (8) 
0.5203 (12) 
0.5299 (13) 
0.4411 (13) 
0.3484 (13) 
0.3435 ( 1 1 )  
0.4410 (18) 
0.4511 (17) 
0.6529 (9) 
0.5006 (8) 
0.8033 (9) 
0.5892 (1 1) 
0.6126 (13) 
0.7261 (14) 
0.7739 (14) 
0.7469 (1 2) 
0.07438 (16) 
0.7676 (18) 
0.3326 ( 1 1 )  
0.4061 (13) 
0.6555 (IO) 
0.6023 (1 1) 
0.3683 (15) 
0.3554 (1  1) 
0.3935 (13) 
0.3389 (24) 
0.1006 (20) 
0.1018 (13) 
0.1070 (16) 
0.1728 (14) 
0.5333 (22) 

2.78 (2j 
3.3 (5) 
4.4 (4) 
5.1 (5) 
3.7 (6) 
4.4 (6) 
4.7 (7) 
5.1 (7) 
3.3 (5) 
6.5 (9) 
7.8 (10) 
3.0 (4) 
3.4 (4) 
5.8 (5) 
3.3 (5) 
4.5 (7) 
4.7 (7) 
4.6 (7) 
3.7 (6) 
6.5 (9) 
6.5 (9) 
4.2 (5) 
4.7 (6) 
4.0 (5) 
4.0 (5) 
8.0 (8) 
7.1 (6) 
9.0 (8) 

15.9 (15) 
14.0 (13) 
9.7 (8) 

10.7 (9) 
11.5 (9) 
21.1 (17) 

"The equivalent isotropic displacement parameter is defined as 4/3- 
[dB11 + b2B22 + c2B33 + ab(Cos Y ) B , ~  + UC(COS B)Bl3 + bc(cos a)B23]. 

Table 111. Interatomic Distances (A) 

Pt( I)-N( 1) 
Pt( I )-N(5) 
Pt(2)-0( I I )  
Pt( 2)-N (7) 

N(1)-C(II) 
O( 1 I )-C(I I )  
C( 1 1 )-C( 12) 
C( 1 3 ) C (  14) 
C( 13)-C( 17) 
N(2)-C(2 I ) 
O(21 )-C(2I) 
C( 2 1 )-C( 22) 
C( 23)-C( 24) 
C(23)-C(27) 

Metal-Metal 
Pt(l)-Pt(2) 2.939 ( I )  

Coordination Bond 
2.06 ( I )  Pt(l)-0(21) 
2.07 ( I )  Pt(l)-N(6) 
2.03 ( I )  Pt(2)-N(2) 
2.04 (2) Pt(2)-N(8) 

Ligand Geometry 
1.36 (2) N(I)-C(I5) 
1.26 (2) O( 12)-C( 15) 
I .52 (3) C( 12)-C( 13) 
1.55 (2) C(13)-C(16) 
1.56 (3) C(14)-C(15) 
1.37 (2) N(2)-C(25) 
1.28 (2) 0(22)-C(25) 
1.46 (3) C(22)-C(23) 
1.55 (3) C(23)-C(26) 
1.54 (3) C(24)-C(25) 

2.05 ( I )  
2.09 (2) 
2.05 ( I )  
2.07 ( I )  

1.39 (2) 
1.18 (2) 
1.52 (3) 
1.57 (3) 
1.53 (3) 
1.41 (2) 
1.23 (3) 
1.57 (2) 
1.52 (3) 
1.49 (3) 

Anion Geometry 
N(3)-0(31) 1.22 (3) N(3)-O(32) 1.21 (3) 
N(3)-0(33) 1.22 (4) N(4)-0(41) 1.27 (3) 
N(4)-O(42) 1.21 (3) N(4)-O(43) 1.19 (4) 

The final positional and thermal parameters are listed in Table 11. 
The anisotropic temperature factors (Table S2) and the observed and 
calculated structure factors (Table S3) are available as supplementary 
material. 

NMR Measurements. "C N M R  spectra were measured on a Bruker 
AC2OP spectometer at 50.3 MHz, whereas I9?t spectra were obtained 
on a Bruker AC300P spectrometer at 64.03 MHz. DMSO-d, solutions 
were prepared and measured at 25 'C. I3C chemical shift data are 
reported referenced to TMS, which is set in a sealed coaxial capillary 
tube in a 5-mm sample tube. For '95Pt chemical shift data, H,PtCI, in  
D 2 0  was used as the reference. All of the chemical shifts are expressed 

(a 1 

c=o 
-6- 1 

I I ' I ' 1 ' 1 . 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1  

220 200 180 160 140 120 100 80 60 40 20 0 
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c.0 

f ' , ' , ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' l ' ~  

220 200 180 160 140 120 100 80 60 40 20 0 

Figure 3. I3C NMR spectra of H-T [Pt2(NHI),(C.IHION02)2](N- 
03)2.H20 in D20: (a) spectrum immediately after dissolution; (b) 
spectrum 48 h after dissolution. The accumulation times were 3650 for 
spectrum a and 16 000 for spectrum b. 

-1770 -2008 

- 1700 -1800 -1900 -2 ax, 
PPm 

Figure 4. 195Pt NMR spectrum of H-T [Pt2(NH3)4(C7HloN02)2](N- 
03)2.H20 in D20.  The spectrum was measured immediately after dis- 
solution with an accumulation time of 81 981. 

in ppm, and coupling constants, in Hz. Since the 90' pulse for 19% was 
16 ps, a 25' pulse (4 p s )  was adopted for accumulation. 

Electrochemical Measurements. Cyclic voltammetry of 1 in 0.5 M 
H2S0, was performed on a Fuso 315A potentiostat with a glassy- 
carbon-disk working electrode and a platinum-wire counter electrode. All 
the measurements were performed with a three-electrode system by using 
a SCE as the reference electrode. 

Results 
T h e  s t ructure  of H-T [Pt2- 

(NH3)4(C7HloN02)2].2+ is depicted in Figure 1. T h e  crystal 
packing is shown in Figure 2. The  selected bond distances and  
angles a re  listed in Tables 111 and IV, respectively. T h e  two 
platinum atoms in I are  bridged by two DMGI ligands in a H-T 
manner. Amidate-bridged H-T binuclear Pt( 11) complexes similar 
to 1 a r e  also reported for a-pyridonate2v4 as bridging ligands. 
NMR Spectra  of 1. I3C spectra of 1 in D 2 0  measured im- 

mediately af ter  dissolution and 48 h af ter  dissolution a re  shown 
in Figure 3. Although the spectrum of a freshly prepared solution 
(Figure 3a)  is consistent with the H-T dimeric structure, the 

Structure  of Compound 1. 
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Table IV. Interatomic Angles (deg) 
Coordination Bond 

Pt(Z)-Pt(l)-N(I) 81.6 (4) Pt(l)-Pt(2)-0(ll) 
Pt(2)-Pt(l)-0(21) 78.7 (3) Pt(l)-Pt(S)-N(Z) 
Pt(2)-Pt(l)-N(S) 104.4 (4) Pt(l)-Pt(2)-N(7) 
Pt(Z)-Pt(l)-N(6) 101.4 ( 5 )  Pt(l)-Pt(2)-N(8) 
N(l)-Pt(l)-0(2l) 90.1 ( 5 )  O(II)-Pt(Z)-N(2) 
N(I)-Pt(1)-N(S) 90.5 (6) O(ll)-Pt(2)-N(7) 
N( 1 )-Pt( l)-N(6) 1 74.5 (7) O( 1 l)-Pt(2)-N(8) 
0(21)-Pt(l)-N(S) 176.9 (6) N(Z)-Pt(Z)-N(7) 
0(2I)-R(l)-N(6) 86.0 ( 5 )  N(2)-Pt(Z)-N(8) 
N(5)-Pt(l)-N(6) 93.2 (6) N(7)-Pt(2)-N(8) 

77.8 (3) 
80.9 (4) 
107.3 (4) 
102.8 ( 5 )  
90.8 (6) 
174.5 ( 5 )  
86.5 (6) 
91.6 (6) 
174.8 ( 5 )  
90.5 (6) 

Pt(l)-N(l)-C(I 1) 
Pt( I)-N( I)-C(1S) 
C(l1)-N(l)-C(lS) 
Pt(2)-0( 1 1 )-C( 1 1) 
N(I)-C(I 1) -0 (11 )  
N(l)-C( 1 I)<(  12) 
O( 1 I ) < (  1 I)%( 12) 
C(l l)-C(12)-C(l3) 
C(12)-C(13)-C(14) 
C( 12)C( l3)-C( 16) 
C( 12)-C( 13)-C( 17) 
C( 14)-C( 13)-C( 16) 
C( 14)-C( 13)-C( 17) 
C(16)-C(13)-C(17) 
C( 13)-C( 14)-C( 15) 
N(I)-C(l5)-0(12) 
N(I)-C(lS)-C(14) 
O( I2)-c( I S)-C( 14) 

Ligand Geometry 
122 ( I )  Pt(2)-N(2)-C(21) 
117 ( I )  Pt(Z)-N(Z)-C(25) 
122 ( I )  C(21)-N(2)-C(25) 
129 ( I )  Pt(l)-0(2l)-C(21) 
123 (2) N(2)-C(21)-0(21) 
122 (2) N(2)-C(21)-C(22) 

116 (2) C(21)-C(22)-C(23) 
107 (2) C(22)<(23)-C(24) 
1 IO (2) C(22)4(23)<(26) 
106 (2) C(22)4(23)-C(27) 
113 (2) C(24)-C(23)-C(26) 
109 (2) C(24)4(23)-C(27) 
112 (2) C(26)4(23)-C(27) 
112 (2) C(23)-C(24)<(25) 
121 (2) N(2)-C(25)-0(22) 
118 ( I )  N(2)-C(ZS)-C(24) 
121 (2) 0(22)4(25)-C(24) 

115 ( I )  0(21)-c(21)-c(22) 

123 ( I )  
119 ( I )  
117 (1) 
127 ( I )  
122 (2) 
125 (1) 
117 (2) 
112 (2) 
106 (2) 
108 (2) 
1 1 1  (2) 
112 (2) 
109 (2) 
1 1 1  (2) 
112 (2) 
116 (2) 
122 (2) 
122 (2) 

Anion Geometry 
0(31)-N(3)-0(32) 128 (2) 0(41)-N(4)-0(42) 114 (3) 
0(31)-N(3)-0(33) 117 (2) 0(41)-N(4)-0(43) 104 (3) 
0(32)-N(3)-0(33) 114 (2) 0(42)-N(4)-0(43) 108 (2) 

spectrum is changed after 48 h to an unknown one (Figure 3b). 
The 19sPt N M R  spectrum in D 2 0  shown in Figure 4 also does 
not correspond to a simple H-T dimeric structure, indicating the 
H-T dimer is converted to other species. When the H-T dimer 
solution is allowed to stand for a long time, the Ig5Pt signal a t  
-1770 ppm gradually decreases, and after sufficient time (more 
than 2 days) the spectrum clearly shows only one signal a t  -2008 
ppm. The signal a t  -1770 ppm is, as mentioned later in the 
Discussion, due to the H-T dimer (I), whereas the peak at -2008 
ppm corresponds to the final product, cis-[Pt(NH3)2- 
(C7HloN02)(D20)]+. The I3C spectrum of a freshly prepared 
DMSO-d, solution (Figure Sa) also differs from what is expected 
for a H-T structure, and the spectrum rather resembles the 
spectrum of a D 2 0  solution measured 48 h after dissolution; Le., 
both spectra show only a single carbonyl carbon. The I 9 P t  N M R  
spectrum in DMSO-d, shows a single peak at -31 33 ppm. Tables 
V and VI summarize the I3C chemical shifts and their assignments 
in D 2 0  and DMSO-d,, respectively. 
Discussion 

Synthesis of 1 and Chemical Species in the Reaction Solution. 
Although the present synthetic procedures described in the Ex- 
perimental Section selectively affords 1, the filtrate of 1 becomes 
dark blue after 48 h of reaction at  room temperature. This 
coloring reaction is not reproducible; sometimes, the filtrate re- 
mains pale yellow even after 1 week. Effects of pH and AgNO, 
amount were examined; however, no definite reason was found 
for the lack of reproducibility. Dark blue crystals of 3 were 
obtained after addition of nitric acid to the blue filtrate. The 
elemental analysis and the dark blue color (A,,, = 752.8 nm, 
= 5010 M-' cm-', and A,, = 491.8 nm, c = 570 in 0.5 M H2S04) 
undoubtedly show that platinum bluee" is produced in the so- 
lution. Since platinum blue is formed through oxidation of a H-H 
Pt(1l) complex, (Pt2(NH3)4(L)2]2+,8~17 the present experiment 
shows that, in the filtrate of 1, the H-H dimer is present, which 
is gradually oxidized to a tetranuclear platinum blue. Although 
the N M R  study of 1 indicates, as mentioned in the following 
paragraphs, no evidence of H-T to H-H isomerization in solution, 

( a )  

c.0 

(b)  

c.0 

I I  I I ' I  1 . 1  I 1 ' 1  I 1 
Mo 183 160 140 120 100 80 60 Lo 20 0 

Figure 5. (a) I3C NMR spectrum of H-T [Pt2(NH3),(C7H,~N02)2](N- 
03)2-H20 (1) in DMSO immediately after dissolution. (b) I3C NMR 
spectrum of ~~S-[P~(NH~)~(C~H,~NO~)(DMSO)](NO~) (2) in 40. The 
small peak at 38.8 ppm is free DMSO contained in the sample as im- 
purity. The accumulation times were I171 for spectrum a and 3702 for 
spectrum b. 

which other amidate-bridged dimeric Pt(I1) complexes s h o ~ , ~ ~ ' ~  
the H-H isomer of 1 seems to exist in the reaction solution. It 
is rather improbable that the H-T isomer directly becomes tet- 
ranuclear platinum blue on oxidation with simultaneous H-T to 
H-H isomerization. An aqueous acidic solution of 1 does not 
become dark blue even after a week of standing a t  room tem- 
perature. Several attempts were made to isolate the H-H isomer 
of 1; however, all the efforts were in vain, and only the biue 
complex 3 was obtained. 

Crystal Structure of 1. A comparison of the geometric features 
of thus far reported amidate-bridged H-T binuclear Pt(I1) com- 
plexes is given in Table VII. The Pt-Pt distance (2.929 (1) A) 
in the present complex is among the normal range for this class 
of complexes. Although the ligands of the previously reported 
complexes in Table VI1 all have aromatic rings and have shorter 
C-C distances compared with those in DMGI, the C-N and C-0 
distances and the 0 - N  bite distances in coordination spheres (2.28 
(2), 2.28 (2) A) of the bridging DMGI and others are almost the 
same and there are no significant differences in the coordination 
distances around Pt atoms of these complexes. The dihedral angles 
and torsion angles in Table VI1 seem approximately a function 
of the Pt-Pt distances and both are larger as the Pt-Pt distance 
is longer. A stronger trans influence of the heterocyclic nitrogen 
atom compared to that of the carbonyl oxygen atom is manifested 
as longer Pt-N(ammine) distances trans to the heterocyclic ni- 
trogen atoms (Pt(l)-N(6) (2.09 (2) A > Pt(1)-N(5) (2.07 (I) 
A) and Pt(2)-N(8) (2.07 ( I )  A) > Pt(2)-N(7) (2.04 (2) A). All 
of the coordination angles around each platinum atom are almost 
90° with the deviations less than 4'. The deviations of the 
platinum atoms from their coordination planes, determined by 
least-squares refinement of the positions of the four coordination 
atoms, are comparable (Pt(l), 0.072 (8) A; Pt (2), 0.079 (2) A), 
and the direction of the displacement is toward the adjacent Pt 
atom in the complex. 

All of the non-hydrogen atoms in DMGI, except the quaternary 
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Table V. 13C NMR Data for [Ptz(NH3)4(C7HloN0z)z](NO~)~~H20 Complexes and 3,3-Dimethylglutarimide in DzO 
chem shift, ppm 

compound c1 c 2  c 4  c 5  c 3  C6,7 
H-T 3,3-DMGI dimer (1) immediately after dissolution 190.9 183.4 45.5 45.4 30.0 26.832 

H-T 3,3-DMGI dimer (1) 48 h after dissolution 
3,3-dimethyIglu tarimide 

chem shift (ppm) 
comwund C1.2 C4.5 C3 C6.7 DMSO 

H-T 3,3-DMG1 dimer (1) 178.6 46.2 29.9 27.8 
in DMSO 27.3 

3,3-dimethylglutarimide in 172.7 44.8 29.5 27.0 
DMSO 

[Pt(NH,)2(3,3-DMGI)- 183.9 45.8 30.2 26.9 44.3 
(DMSO)](NO,) (2) in DzO 26.8 

3,3-dimethylglutarimide in DzO 176.9 44.3 29.8 26.6 

NH3 O h  ,Me 

(sol v = H20,DMSO 1 
Figure 6. Solvolysis reaction of H-T [Ptz(NH~)4(C,H10NOz)I](N- 
03)z'Hz0. 

carbon and the two methyl groups bound to it, are coplanar. The 
DMGI rings are bent a t  the quaternary carbon, and the bending 
occurs in the direction so that the two quaternary carbon atoms 
of the two DMGI rings near each other when the complex is 
viewed along the Pt-Pt axis. The free carbonyl oxygen atom that 
does not participate in the platinum coordination lies above the 
platinum coordination plane and does not block the vacant axial 
position of the platinum atom. 

The most significant changes in the geometry of the DMGI 
ring that accompany coordination occur in the bonds and angles 
a t  atoms adjacent to the Pt binding sites. A comparison of the 
bond angles of free DMGI to those in 1 shows a significant 
increase in the O( 1 I)<( 1 I)-N( 1) angle, from 119.4 ( I )  to 123 
(2)0,andintheN(1)-C(11)<(12)angle,from 117.3(1) to 122 
(2)'. These angle increases are accompanied by a decrease in 
the0(11)-C(11)<(12) angle, from 123.4 (2) to 115 ( 1 ) O .  The 
increase in the O( Il)-C( 1 I)-N( 1) angle would be a result of 
bridging the large Pt-Pt distance, 2.939 (1) A. The coordinating 
carbonyl C( 1 I)*( 1 1) distance, 1.24 (2) A, is significantly longer 
than those of the free ligand (1.225 (2) and 1.219 (2) A), whereas 
the distance of the carbonyl C( 15)-0( 12) that does not participate 
in coordination is significantly shorter than those of the free ligand. 
The ring N (  1)-C( 1 I )  distance is shorter than that of the free 

185.1 
176.9 

25.258 
45.8 29.9 29.6 
44.3 29.8 26.6 

Table VII. Comparison of Geometric Prooerties of Related Platinum H-T Dimers 

ligand, which is due to the multiplicity of the N (  I ) -C(I l )  bond. 
The above-mentioned tendency in the changes of bond angles and 
distances on coordination to the platinum atoms also applies to 
the other DMGI ligand in 1. 

The geometry of the nitrate anions is normal (Table 111) and 
they link the binuclear cations through hydrogen bonds (Table 
S4). 

NMR Spectra and Solution Behavior of 1. The 13C and IgsPt 
spectral changes of 1 after dissolution are explained by a solvolysis 
reaction of the H-T binuclear structure into a monomeric complex 
as shown in Figure 6. The more loosely coordinated exocyclic 
oxygen atom of the bridging DMGI in 1 is easily displaced by 
a solvent molecule and the monomeric complex cis- [Pt(NH,),- 
(DMGI)(solv)]+ is produced. Figure 4 corresponds therefore to 
a 1:l mixture of 1 (-1770 ppm) and the solvolysis product cis- 
[Pt(NH3)2(DMGI)(D20)]+ (-2008 ppm). The reaction is much 
more rapid in DMSO than in H 2 0 ,  and the 13C and IgsPt spectra 
in DMSO (Figure 5a) indicate only the monomeric reaction 
product, even though the spectra are measured just after disso- 
lution. The DMSO-coordinated monomeric complex 2 was iso- 
lated by dissolving I in non-deuterated DMSO as in the manner 
described in the Experimental Section. The I3C N M R  spectrum 
of 2 was measured in D 2 0  and is shown in Figure 5b. The 
spectrum is identical with Figure 5a, except that coordinated 
DMSO is observed in D 2 0  at  44.3 ppm with *J(Pt-C) = 28.34 
Hz. The spectrum in Figure 5a is therefore that of 2 in DMSO. 
The coordinated DMSO is not observed in DMSO-& probably 
due to the exchange with the solvent and/or the weak intensity 
due to the multiple splitting of the coordinated DMSO-d6 mol- 
ecule. 

From the fact that a single carbonyl peak and two DMGI 
methyl peaks are observed in Figure Sa, the DMGI ligand in the 
monomeric complex 2 is coordinated to the platinum atom at the 
endocyclic nitrogen atom and the amidate ligand is not rotated 
around the Pt-N bond. The two carbonyl groups are in the plane 
perpendicular to the platinum coordination plane, and thus the 
two carbonyl groups are equivalent. From Figure 5b it is evident 
that the DMSO molecule in 2 coordinates to the platinum atom 
by the sulfur atom and that the vector connecting the two methyl 
groups is perpendicular to the platinum coordination plane or the 
DMSO molecule is rotated around the Pt-S bond. In either case, 
the two methyl groups of DMSO are equivalent and appear as 
a single peak in Figure 5b. The evidence for the sulfur coordi- 
nation of DMSO is also provided by the Ig5Pt chemical shfit of 
2 (-3133 ppm). Comparison of the IssPt chemical shifts of 
cis- [ Pt( N H3)2( H20)2 ]  2+ (- 1 593 and cis- [ Pt ( NH3)*- 

ref 
this work 

4 

22 

23 

24 

" 7  is the tilt angle between adjacent platinum coordination planes in the binuclear unit, and w is the average torsion angle about the Pt-Pt vector. 



Inorg. Chem. 1991, 30, 3919-3927 3919 

Table VIII. 195Pt NMR Chemical Shifts (ppm) of H-T 
Amidate-Bridged Dimer and Monomer Complexes 

coord chem 
sohere shift. oom ref 

I .. 
-1770 
-2008 
-1810 
-201 5 
-1940 

this work 
this work 
4 
4 
17 

cis-[~(NH3)~~DMGI)(DMSOjjz+ (2) N;S -3133 this work 

cis-(Pt('5NH3)z(DMSO)(HzO)]z+ N20S -2813 25 

(DMS0)(H2O)l2+ (-2813 ~ p m ) ~ ~  (Table VIII) indicates that 
substitution of a coordinated oxygen atom by a sulfur atom greatly 
displaces the chemical shift about -1300 ppm to higher field. The 
large high-field shift observed also in 2 strongly supports the sulfur 
coordination in 2. 

In D20,  a similar solvolysis reaction occurs and a monomeric 
cis- [Pt(NH3)2(C,HloN02)(H20))+ is produced. However, unlike 
the case of DMSO, the coordinated DMGI rotates rapidly about 
the Pt-N bond, since only a single methyl 13C peak is observed 
in Figure 3b. The difference of the rotational movement of the 
coordinated DMGI in DMSO and in DzO seems to stem from 
the difference of the bulkiness of the coordinated DMSO and DzO 
molecules. A DMSO molecule is considerably larger and therefore 
would hinder the free rotation of the adjacent DMGI molecule. 

In other analogous amidate-bridged binuclear Pt complexes, 
I3C and 195Pt N M R  measurements exhibit H-T and H-H isom- 
erization in ~ o l u t i o n . ~ ~ - ~ ~  The present complex (1) does not un- 
dergo such isomerization; instead, it is solvolyzed to a monomer 
complex. The ease of the solvolysis reaction observed for 1 is 

[ P ~ ( N H M M ~ z ~ O ) I ~ +  N$ -3224 25 
cis- [ Pt( "NH3)2( H20)2] '+ Nz02 -1593 25 

(25) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord. Chem. Rw. 1973, 
IO, 335. 

probably due to the existence of the noncoordinating carbonyl 
group, which withdraws electrons from the amidate nitrogen atom 
and reduces electron density a t  the exocyclic oxygen atom co- 
ordinating to the Pt atom. Therefore, the coordinating oxygen 
atom becomes more easily displaced by other ligands, such as a 
solvent molecule. In a-pyridonate and a-pyrrolidonate ligands, 
whose analogous Pt(I1) dimeric complexes exhibit only H-H to 
H-T isomerizaton, no such noncoordinating oxygen atom exists, 
and therefore the coordinating exocyclic oxygen atom would be 
more negatively charged and thus more favorable for coordination. 
This difference of the electron density and of the coordination 
ability of the carbonyl oxygen atoms in amidate ligands would 
be the cause of the different solution behaviors of amidate-bridged 
R(I1) dimeric complexes. The cyclic voltammogram of 1 exhibits 
a quasi-reversible single redox wave at  0.665 V ( = ( E ,  + E )/2) 
vs SCE (Eps = 0.69 V and E = 0.64 V), which was confPfmed 
by coulometry to corresponrto a two-electron process, [PtI1I2- 
(NH3)4(C7HION02)zLZ]rrc + 2e- + 1 (L is a solvent molecule or 
a counteranion). This potential is considerably higher than those 
of the previously reported analogous complexes with a a-pyri- 
donate6 or a a-pyrr~l idonate '~ bridging ligand and is considered 
to reflect the fact that the electron-donating ability of the present 
ligand to a platinum atom is much decreased due to the elec- 
tron-withdrawing nature of the noncoordinating oxygen atom. 
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The electronic structure of two- and three-coordinate boron cations has been investigated with ab initio Hartree-Fock methods. 
The calculations successfully reproduce known boron cation molecular structures and can be used to predict reasonable geometries 
for cations that have not been characterized crystallographically. Substituent effects in both normal covalent and dative bonds 
were studied via calculated hydrogenation and dissociation reaction energies along with standard charge distribution analysis. The 
relative importance of u and i~ effects in covalent bonding is dependent upon overall molecular coordination number and charge, 
with two-coordinate borinium cations relying most heavily on ligand *-donor ability, three-coordinate neutral boranes dominated 
by the ligand electronegativity (u-donor capability), and three-coordinate borenium cations representing a compromise between 
these two. Dative bonding in the borenium cations is controlled by completely different effects; borinium cations are hard acids 
and thus bond strongly to hard bases and weakly to soft bases. 

The structural chemistry of mononuclear boron is similar to 
that of traditional transition-metal coordination compounds. The 
bonding in the latter is typically characterized in terms of a 
two-electron dative donation from a formally neutral or anionic 
ligand to a central metal atom. A similar analysis is possible for 
boron compounds. For instance, the distribution of electrons in 
a neutral homoleptic three-coordinate boron compound can be 
represented as B3+(R-)3, in which three anionic R groups donate 
two electrons each to the central cation to form three dative R-B 
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(3) University of Munich. 
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u bonds.4 This complete charge separation does not accurately 
represent the bonding in either transition-metal or boron com- 
pounds, but it is suggestive of their reactivity and of possible 
variability in the coordination sphere. As with the transition-metal 
elements, we can envision a series of boron "coordination 
compounds" BR,,L,,,(>")+ that contain a variable number of neutral 
and anionic ligands (but with boron restricted to the +3 oxidation 
state). Such a coordination chemistry has been demonstrated for 
four-coordinate boron, for which all species ranging from BL43+ 

(4) Throughout this paper we will use R to denote a formally anionic 
two-electron donor, such as an alkyl, alkoxide, or amide, and L to denote 
a neutral two-electron donor, such as an amine, ether, or phosphine. 
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