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H,. Complex 8 reacted with C O  to form the carbonyl adduct, 
[Rh(PN),(CO)]+ (9),  whereas the iridium analogue reacted with 
CO to form a complex mixture of products. The carbonyl adduct 
of 1, [Ir(PN),(CO)]+ ( 5 ) ,  however, was synthesized from Ir(P- 
N),(CO)Cl (3) with KPF6, which was synthesized from the re- 
action of [Ir(CO),Cl,]- with 2 equiv of PN. The structure of 5 
was determined to be four-coordinate with one monodentate P N  
ligand, which is surprising when compared to the five-coordinate 
structures of the diphosphine analogues [Ir(dppe),(CO)]+, [Ir- 
(d~pp)~(CO)]+,  and [Ir(dppm)2(CO)]' and the rhodium analogue 
[Rh(PN),(CO)]+ (9). The reactivity of 5 with H2 and H+ was 
also examined since compound 5 was found to be present in the 
benzaldehyde solutions of catalytic decarbonylation experiments 
using complex 1. 

Unfortunately, the P N  complexes of rhodium were not good 
catalysts for the decarbonylation of benzaldehyde: [Rh(PN),] BF4 
showed an activity for the formation of benzene of 10 turnovers/h 
at 150 "C compared to 1.1 X 10, tumovers/h for [Rh(d~pp)~]BF,. 
The opposite trend was observed for the iridium analogues; com- 
pound 1 was found to be a better catalyst for the decarbonylation 
of benzaldehyde than the iridium bis(diph0sphine)catalysts. This 
trend is consistent with the mechanism proposed for the [Rh- 
(dppp),]+ catalyst system, and the increased rate results from the 
increased lability of the Ir-N bond relative to Ir-P. Also, the most 
probable reason for the slower decarbonylation rate for 8 relative 
to [Rh(dppp),]+ is the slower rate for oxidative addition; however, 
slow Rh-N bond rupture can not be totally ruled out. 

These conclusions should be treated with some caution, however, 
since they are based on the assumption that the mechanisms of 
these two catalyst systems are identical with that postulated for 
[Rh(dppp),]+. Detailed kinetic studies have not been carried out 
for the iridium complexes. Seemingly slight changes in the 
electronic and steric properties of a complex can drastically affect 
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the activity and mechanism of a catalyst. Furthermore, the ob- 
servation of intermediates can be misleading when studying 
mechanisms of catalytic reactions. For example, in the case of 
1, it is possible that [Ir(PN),(CO)]+ (5 )  is the active catalyst and 
undergoes oxidative addition of the aldehyde without prior loss 
of CO. This is a reasonable proposal since 5 will oxidatively add 
H, at 1 atm and 25 "C to form [Ir(PN),(H),(CO)]+ (6) .  If this 
mechanism were operative for 1, then the true rate-determining 
step might be Ir-N bond rupture or oxidative addition. Clearly, 
more kinetic and chemical studies are needed to understand the 
mechanism of these reactions. 
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Platinum(1V) and platinum(I1) complexes have been investi- 
gated extensively by 195Pt N M R  spectroscopy, usually by use of 
INDOR techniques; in contrast, the amount of 195Pt N M R  data 
available on mononuclear platinum(0) complexes is limited.',, 
Data concerning the magnitudes of Pt-P coupling constants and 
Is5Pt and 31P chemical shifts for Pt(0)-phosphine complexes are 
particularly limited due to the tendency of Pt(PR3), compounds 
to dissociate in solution. By use of the chelating triphosphine 
ligand CH3C(CH2PPh2), ("tripod") a series of dissociatively stable 
Pt(tripod)PR, complexes (PR, = PMe2Ph, PMePh,, PPh3, P- 

P(OMe),Ph, P(OMe),, P(OPh),, and P(OCH,CF,),) has been 
prepared and the 19sPt{'H) and 31P(1HJ NMR data obtained. These 
data have allowed us to expand the data base available for 
platinum(0) complexes and to draw empirical relationships from 
the platinum chemical shifts and platinum-phosphorus coupling 
constants. 
Experimental Section 

All reactions and sample preparations were 
carried out by use of standard Schlenk and inert-atmosphere-box tech- 

(4-FC6H4)3, P[3,S-(CF,),C&,I 3, P(CH,CHKN),, P(OMe)Ph2, 

General Procedures. 

(1) Pregosin, P. S. Coord. Chem. Rev. 1982, 44, 247. 
(2) Pregosin, P. S. Annu. Rep. NMR Spectrosc. 1986, 17, 285. 

niques. Reagent grade solvents were dried by conventional methods' and 
distilled under argon. Distilled water and absolute ethanol were purged 
with an Ar stream for 20 min prior to use. Deuteriated THF,  all 
phosphines and phosphites (all liquids were received under Ar) and 
NaBH, were used without further purification. 

The Pt(tripod)PR3 complexes (PR, = 
PPhMe,, PPh2Me, PPh,, P(4-FC6H4),, and P(CH,CH,CN),) were 
synthesized according to a published p r o c e d ~ r e . ~  The analogous phos- 
phite complexes, Pt(tripod)P(OR), (P(OR), = P(OMe)3, P(OPh),, and 
P(OCH,CF,),) were prepared by the same procedure; one must be 
careful to substitute the corresponding alcohol or T H F  for ethanol as the 
reaction solvent to prevent exchange of alkoxide groups. The complexes 
Pt(tripod)P(OMe)Ph, and Pt(tripod)P(OMe),Ph were prepared in an 
N M R  tube by adding the appropriate ligand (P(OMe)Ph, or P- 
(OMe),Ph) to Pt(tripod)PPh2Me to displace PPh2Me. The other com- 
plex, Pt(trip0d)P[3,5-(CF~)zC~H~]~, was prepared by refluxing a solution 
containing 0.2499 g (0.2806 mmol) of PtCl,(tripod) and 0.1885 g (0.2812 
mmol) of P[3,5-(CF3)2C6H3]35 in 35 mL of T H F  for 1 h. The resultant 
solution was concentrated to half its initial volume in vacuo; then 0.0341 
g (0.830 mmol) of NaBH4 dissolved in 10 mL of distilled water was 
added dropwise. The solvent was removed from the resulting orange 
slurry, and 20 mL of absolute ethanol and 10 mL of distilled water were 
added to the orange paste. The resultant orange solid was collected on 
a Schlenk frit, washed with 2 X 5 mL aliquots of distilled water, and 
dried in vacuo. Yield: 0.30 g. 

Instrumentation. The '95Pt{'HJ and "P(lH) N M R  spectra were re- 
corded at 296 K on a Bruker MSL-300 spectrometer operating at 64.386 
and 121.497 MHz, respectively. The "P( 'H) N M R  spectra are refer- 
enced to external 85% H,P04, and the 195Pt(1H) N M R  spectra are ref- 
erenced to external H,PtC16 in D,O/HCI with a correction made for the 

(3) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of Lab- 
oratory Chemicals; Pergamon: New York, 1966. 

(4) Chatt, J.; Mason, R.; Meek, D. W. J .  Am. Chem. SOC. 1975, 97, 3826. 
( 5 )  Green, L. M. Ph.D. Dissertation, The Ohio State University, 1987. 

Synthesis of Complexes. 
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Table I. 31P('H) and IssPt('H) N M R  Data for the Pt(tripod)PR3 Complexes" 

cone Pt( tripod)PR, 

no. PR3 6(P1) b(P3) 6(Pt) 'J(Pt-PI) 'J(Pt-P3) 2J(P1-P3) Exi angled u* 

1 PMe,Ph -29.5 -14.2 -4809 5388 3070 51 9.5 122 0.6 
2 PMePh2 -2.8 -14.5 -4810 5388 3080 
3 PPh, 26.9 -14.3 -4781 5342 3099 
4 P(4-FC6H4)lb 24.0 -13.8 -4791 5456 3069 
5 P(CHzCH2CN),b 13.9 -15.5 -4997 5486 2949 
6 P[3,5-(CF3)&H,], 25.1 -15.5 -4898 5727 3001 
7 P(OMe)Ph2 121.0 -19.1 -4974 6300 2880 
8 P(OMe)2Ph 155.1 -16.0 -5060 7381 2865 
9 P(OMe)3 150.4 -18.1 -5273 8445 2885 

10 P(OCHZCF3)3 148.5 -16.5 -5372 8785 2805 
11 P(OPh)3 116.4 -17.2 -5254 9128 2887 

OChemical shifts are in ppm; coupling constants are in Hz. bSaturated solutions, less than 0.05 M.  

THF-d8 solvent. The chemical shifts obtained from the Is5Pt N M R  
spectra are accurate to fO.1 ppm, and the coupling constants are accu- 
rate to *5 Hz; for the "P('H) N M R  spectra the chemical shifts are 
accurate to fO.O1 ppm, and the coupling constants are accurate to f 2  
Hz. The samples were prepared in a 25/75 THF-d8/THF solvent mix- 
ture as 0.05 M solutions, and spectra were recorded on samples in IO-" 
N M R  tubes fit with vortex plugs. 
Discussion 

IssPt and ,'P Chemical Shifts. The Fourier transform 31P('HJ 
N M R  spectra for the Pt(tripod)PR, complexes are first-order 
spectra as expected for an A3MX spin system; they consist of a 
doublet with the corresponding I S S P t  satellites and a quartet with 
the corresponding ISSPt satellites ( I  = for 195Pt, 33.7% natural 
abundance). The 195Pt('HI N M R  spectra consist of a doublet of 
quartets. The data are compiled in Table I. 

The main contribution to the net nuclear magnetic shielding 
(a) of a heavy nucleus, up, defined by Ramsey, can be expressed 
as6,' 
up = -e2/(2mzc2) C (En - E,)-'((olCl,,ln)(nlCrk-31,klo) + 

n # O  I k 
(olCr;3L,b)  (nlCl,klo) I (1) 

k 

where e is the charge on an electron, m is the mass, c is the speed 
of light, o and n are the wave functions of the ground and excited 
states and E,  and En are the corresponding energies, I ,  is the 
angular momentum operator for the j t h  electron and rk is the 
distance of the kth electron from the nucleus under study. Thus, 
the ISsPt chemical shift is affected by (1) the asymmetry of the 
electronic distribution within the 5d orbital of the platinum atom, 
(2) the mean inverse cube of the distance between these electrons 
and the platinum nucleus (r-3), and (3) the inverse energy sepa- 
rations between the ground and excited states for these electrons 

The results of X-ray structural studies show that the tripod 
ligand appears to constrict the P-Pt-P angles to the range 93- 
99°;9-12 hence, the Pt(tripod)PR, complexes possess pseudotet- 
rahedral geometries. From the three factors listed above that 
affect the 'SsPt chemical shift, both the symmetry of the electronic 
distribution within the 5d orbitial and the mean inverse cube of 
the distance between these electrons and the platinum nucleus 
should remain fairly constant as the monodentate phosphine ligand 
is varied. Therefore, the 195Pt chemical shifts should depend on 
the lowest available electronic excitation energy. In fact, the 
Pt(tripod)PR, complexes show a large chemical shift variation 
(range = 591 ppm) as the monophosphine ligand is varied. 

A rough linear correlation (p = -0.905) is observed between 
the ls5Pt chemical shift and the sum of the substituent contri- 

( [ E ,  - 
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Figure 1. Plot of the sum of Tolman's substituent effect, Ex,, vs 6(Pt). 
The numbers on the plot correspond to the PR, ligands listed in Table 
I. 

butions   EX^)'^ of the groups bound to the monodentate phosphine 
ligand (Figure 1). The linear expression is given in eq 2. As 

Cxj = -2.97 X lO-'(J(Pt)) - 130 (2) 
the substituents bound to phosphorus become more electron 
withdrawing (larger Cx,) and the donor-acceptor ratioI4 of the 
PR, ligands decrease, 6(Pt) moves upfield; the apparent shielding 
becomes greater. This trend can be explained on the basis of a 
stronger Pt-P bond as the monodentate phosphine ligands become 
better n-acceptors. It should be noted that Cx, takes into account 
only the electronic effect of the monophosphine ligand; however, 
the platinum resonance shifts downfield as the steric requirements 
of a phosphine ligand increases.' Therefore, a good correlation 
is not observed. A linear correlation, given in eq 3 with p = -0.949, 

(3) 
is also observed between 6(Pt) and the one-bond, platinum- 
phosphorus coupling constant, 'J(Pt-Pl). The magnitude of the 
Pt-P1 coupling constant depends primarily on the percent s 
character present in the orbital containing the lone pair of electrons 
on phosphorus, a z, and the valence s electron density at the 
nucleus, 1J/3s(0)1.2361'5 The upfield shift of J(Pt) with an increase 
in the magnitude of 'J(Pt-Pl) reflects a greater s character in 
the phosphorus orbital used for bonding to platinum. 

The chemical shift values of Pt(I1) complexes generally occur 
a t  higher fields than those of Pt(1V) complexes of comparable 
ligands, a n d  the 6 values of  Pt(0)  complexes have been reported 
in the same region as those for Pt(I1) complexes.' However, if 
one combines older N M R  data on Pt(0) c ~ m p l e x e s ~ ~ ' ~ ~ ' ~  with the 

'J(Pt-PI) = -6.75(6(Pt)) - 2.72 X lo4 

(13) Tolman, C. A. Chem. Reu. 1977, 77, 313. 
(14) Bodner, G. M.; May, M. P.; McKinney, L. E. Inorg. Chem. 1980, 29, 

1951. 
(15) AI-Ohaly, A,; Nixon, J. F. Inorg. Chim. Acta 1980, 47, 105. 
(16) Goggin, L.; Goodfellow, R. J.; Haddock, S. R.; Taylor, B. F.; Marshall, 

R. H. J .  Chem. SOC., Dalton Trans. 1976, 459. 
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data obtained in this study and those from recent published reports 
of Pt(0) chemical we conclude that Pt(0) resonances 
generally occur a t  higher fields than those for Pt(I1) complexes. 
Although Pt(I1) complexes have I g 5 P t  resonances as high as -5500 
ppm' (range for Pt(I1) complexes: -1600 to -5500 ppm), the 
resonances of Pt(0) complexes occur as high as -6596 ppm23 for 
Pt[P(i-Pr)3]218 (range for Pt(0) complexes: -4500 to -6600 ppm). 

Coupling Constants 'J(Pt-Pl), 'J(Pt-P3), and 2J(P1-P3). 
Variation in the magnitudes of the Pt-P coupling constants for 
the tripod ligand, 'J(Pt-P3), is relatively small as the monodentate 
phosphine ligand changes from PMe2Ph to P(OPh),; however, the 
magnitude of the Pt-P coupling constant for the monodentate 
phosphine ligands, IJ(Pt-Pl), increases dramatically from 5342 
to 9128 Hz. In addition, the magnitudes of 'J(Pt-P3) are smaller 
than those observed for Pt(PR3)4 These changes 
reflect the increased p character of the Pt-P3 bonds to the tripod 
ligand due to the constricted P3-Pt-P3 bond angles (93-99O). 
This constrained C3, geometry of the tripod ligand allows a larger 
s character in the Pt-PI bond; consequently, the P1 coupling 
constants are larger than for ''T,,'! Pt(0) complexes. As mentioned 
previously, the magnitude of the one-bond phosphorus coupling 
constant depends primarly on ai: and 1$3s(P)12. A change of the 
groups on one of the coupled phosphorus atoms (Le., P1) can have 
a large effect on ai: and l$3s(0)12 for that atom; however, it 
apparently has only a small effect on the corresponding terms of 
another phosphorus atom (Le., P3).27 

The magnitudes of 'J(Pt-P) and 2J(P-P) coupling constants 
for Pt(I1) complexes are affected by the electronegativity of the 
phosphorus substituents.28 This effect is observed also for the 
Pt(tripod)PR3 complexes. A linear correlation (p = 0.978) is 
observed between 2J(P1-P3) and Taft's constant2g 

U* = 1.57 X 10-'(2J(P1-P3)) - 7.10 (4) 
A similar relationship has been observed for the one-bond, 
metal-phosphorus coupling constants, IJ(Pt-Pl), in related Pt- 
(tripod)PR3 complexes.Is This similarity between 2J(P1-P3) and 
'J(Pt-Pl) is not surprising, since the two-bond, phosphorus- 
phosphorus coupling constants are transmitted through the metal 
center. In fact, a linear correlation (p = 0.993) exists between 
2J(P1-P3) and 'J(Pt-Pl) for the Pt(tripod)PR, complexes. 

2J(P1-P3) = 9.02 X 10-2(1J(Pt-P1)) + 3.85 (5) 
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Paramagnetic water-soluble metalloporphyrins are being ex- 
plored as tissue contrast agents in magnetic resonance imaging 
studies.Is2 The tumor-concentrating ability3s4 of tetrakis(4- 
sulfonatopheny1)porphyrin (H2TPPS) combined with the f' con- 
figuration of gadolinium(II1) provides an impetus for the study 
of GdTPPS. Aside from reconstitution of Yb-mesoporphyrin into 
myoglobins and applications as N M R  shift reagents: most work 
on the lanthanide derivatives has involved water-insoluble por- 
phyrins.'-" We report the kinetics of displacement of Gd3+ from 
GdTPPS by EDTA. This appears to be the first example of metal 
removal from a porphyrin by a chelating ligand.I2 The results 
parallel the kinetics of anion addition to certain cobalt(II1) 
porphyrins. 

Experimental Section 
Gadolinium(II1) was incorporated into H2TPPS by the imidazole melt 

method, which we later found was similar to that described by Horrocks.6 
Two hundred milligrams (0.16 mM) of the sodium salt of H2TPPS. 
12H20 was combined with 240 mg (0.65 mM) of GdCI3.6H20 and 5.0 
g of imidazole. The mixture under N2(g) was placed in an oil bath at  
200 OC. Samples of the melt were periodically withdrawn, dissolved in 
water, and the spectrum monitored, when the 637-nm free-base peak 
disappeared, the porphyrin was removed from the oil bath, the bath 
temperature was lowered to 120 OC, and the bulk of the imidazole was 
sublimed away. The sample was cooled, washed with CH2C12, dissolved 
in a minimum amount of methanol containing 1% water, and precipitated 
by the addition of acetone. After three such precipitations, the compound 
in methanol was spotted on S i c l s  Baker TLC plates, and developed with 
90% methanol in water. Any free-base H2TPPS moves with the solvent 
front, and GdTPPS has R, 0.9. This band was cut from the plates, 
recovered in MeOH, evaporated under the hood, and finally dried at  40 
"C. Anal. Calcd for GdC,N4S4012H24Na,~20H20: Gd, 10.3; C, 34.88; 
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