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Abstract: Both ~ , ( d ~ ~ r n ) , ~ O ~ +  clusters (M = Pd, Pt) photoreact with chlorocarbons (Cl-R; R = CCl,, CHCl,, CH2C1, C6H5, 
ClOHl5 (adamant~l)) and chloride ion (slowly) to produce the oxidized mononuclear species M(dppm)Cl, as a sole isolated M- 
coordinated inorganic product. Such reactions do not proceed in the dark, except for R = CH2C6H5. Among the organic products, 
the coupling compound R-R (R = C6H5) is observed along with many phosphine compounds such as P(C6H5),. In an attempt to 
elucidate the photoinduced mechanism at the early stage of the phototransformations, the following have been investigated : the 
ground state binding constants (K,, for M = Pd in methanol), the photochemical quantum yields of cluster disappearance (Qdis 
for M = Pd) as a function of substrates, substrate concentrations, excitation wavelengths, solvents (ethanol vs toluene), and 
presence of CO, and the emission lifetimes (7, for M = Pt) at 77 K as a function of substrate concentrations (CH,Cl, and CHCI,) 
in ethanol and toluene. Some of the experimental conclusions have also been corroborated theoretically using density functional 
theory. Geometry optimization calculations have been performed for the model compounds P~,(PH,)~co~+-.c~-, Pd3(PH3)62+, 
P ~ , ( P H , ) ~ C ~ ~ + . C ~ ~ ,  P~,(PH,)~CO~+~-CI-CH,, and P~,(PH,)~co~+ in their ground states. 

Key words: atom abstraction, photochemistry, C-C1 bond, clusters, host-guest. 

RCsumC : Les agrCgats ~ , ( d ~ ~ r n ) , ~ 0 ~ +  (M = Pd, Pt) photorkagissent tous les deux avec les chlorocarbones (Cl-R; CCI,, CHCl,, 
CH2C1, C6H5, ClOHl6 (adamantyle)) et avec l'ion chlorure (lentement) pour conduire B des espkces mononuclCaires oxydCes 
M(dppm)Cl, qui correspondent au seul produit inorganique M-coordinC B Ctre isole. Ces reactions ne se produisent pas B la 
noirceur, except6 pour le composC R = CH2C6H5. Parmi les composCs organiques, on observe le composC de couplage R-R (R = 
C6H5) ainsi que plusieurs phosphines telle que la P(C6H5),. Dans le but d'Clucider le mCcanisme photoinduit dans 1'Ctape initiale 
des phototransfonnations, on a examink les caractCristiques suivantes : les constantes d'association dans 1'Ctat fondamental (K,,, 
pour M = Pd dans le methanol), les rendements quantiques photochimiques pour la disparition des agrCgats (Qdis pour M = Pd) 
en fonction des substrats, des concentrations de substrat, des longueurs d'onde d'excitation, des solvants (Cthanol vs. tolukne) et 
de la presence de CO et les durCes de vie d'Cmissions (7, pour M = Pt), B 77 K, en fonction des concentrations de substrat (CH2C1, 
et CHCI,) dans I'Cthanol et le tolukne. Un certain nombre de conclusions expCrimentales ont aussi Ctt corroborCes d'une f a ~ o n  
thCorique en faisant appel B la thCorie de la densit6 fonctionnelle. On a effectuC des calculs d'optimisation de gComCtrie pour les 
composCs modkles P~,(PH,)~co~+...c~-, Pd,(Ph3)62+, P~ , (PH,)~CO~+- .CI~ ,  P~,(PH,)~co~+-.cI-cH, et P~,(PH,)~co~+ dans 
leurs Ctats fondamentaux. 

Mots cle's : enli5vement d'atome, photochimie, liaison C-C1; agrCgats, h6te-invite. 

[Traduit par la rCdaction] 

Introduction the excited complex to the substrate, and the atom transfer 

The photoinduced oxidation of bi- and polynuclear organo- 
metallic complexes has been a topic of long term interest (1). 
The two possible mechanisms are the electron transfer from 
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from the substrate to the excited complex (1). These key pro- 
cesses occur in the early stage of the transformations, and 
the elucidation of which mechanism is proceeding requires 
carefully designed experiments. In metal-metal bonded 
complexes, another pathway is possible, and involves photo- 
induced homolytic metal-metal bond scission in the excited 
states (I), generating radical species that exhibit redox and 
atom transfer properties that are different from those of the 
ground state metal-metal bonded species. Relevant to this 
study are recent photochemical and spectroscopic studies 
reported by our group (2, 3) and others (4, 5) on low-valent 
Pd-Pd bonded isocyanide complexes, and which have demon- 
strated the rich photochemistry that these species offer and the 
diversity of primary photoinduced processes that have been 
observed. More recently, our group has been interested in the 
photoactivation of small molecules, notably 02(g) by the low- 
valent ~ d , ( d ~ ~ m ) , ~ 0 ~ +  cluster (dppm = ((C6H5)2P)2CH2) (6). 
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The observed product was the ~d,(d~~m),(0,) ,2+ species, 
which was formed with a quantum yield efficiency of about 
3% (at A,,, -500 nm). This work extends the photochemistry 
of the M3(dppm),co2+ clusters (M = Pd, Pt) towards the acti- 
vation of chlorocarbon molecules, and provides a series of 
experiments that help elucidate the possible mechanisms 
responsible for the phototransformations at the early stage of 
the-photoinduced ptocesses. Density functional theory is also 
used in order to corroborate some of the experimental findings 
by the means of geometry optimization computations of some 
proposed intermediate species. This work will provide exper- 
imental evidence for a double- pathway mechanism, one 
involving a photoinduced C1 atom abstraction followed by a 
degradation of the cluster, and another involving a fragmenta- 
tion followed by subsequent reaction with the chlorocarbon 
molecules. 

Experimental 

Materials 
[Pd,(d~pm)~COl(Y = CF3C02,PF6), (7) and [Pt3(dppm),COl- 
(PF6)2 (8) were prepared according to literature procedures. 
Methanol (BDH), dichloromethane (BDH), chloroform 
(BDH), carbon tetrachloride (Anachemia), sodium chloride 
(Fisher), benzyl chloride (Aldrich Chem. Co.), chlorobenzene 
(BDH), and 1-chloroadamantane (1-C1-ada; Aldrich Chem. 
Co.) were purchased at the highest purity grade possible (eg., 
spectrograde) and were used as received. Ethanol (Les alcools 
de commerces, 95%) and toluene (BDH) were dried over 
Na(s) and distilled by fractionation. The formation of a glass at 
77 K, with no sign of cracking, was used as the test of solvent 
dryness. 

The complex [Pd3(dppm)3(CO)(N2C6H4NEt2)](CF3C02)2- 
(BF,) was prepared via a direct reaction between 
[Pd3(dppm)3CO](CF3C02)2 and the diazonium salt [para- 
N2C6H4NEt2](BF4) (Aldrich Chem. Co) in methanol in a 1:l 
stoichiometric ratio fo52-3 h. The complex has been charac- 
terized by IR (v(N=N) = 2162 cm-I, v(C0) = 1830 cm-I 
(solid state)); 'H NMR (~ (CH~H~P, ) :  4.75 and 4.98 ppm (AB 
quartet; 2 ~ ( ~ a ~ b )  = 15 HZ in (CD,),CO)), and UV visible 
spectroscopy (A,,, = 464 (br), 380, and 308 nm). The complex 
[Pd3(dppm)3(CO)(C1)]BF4.2CH2C12 was prepared from day- 
light irradiation of [Pd3(dppm)3(CO)N2C6H4NEt2](CF3C02)2- 
(BF,) in neat CH2C12. This reaction does not proceed in the 
dark. The product was characterized by X-ray crystallography 
using single crystals formed during the photoreaction as 
CH2C12 solvate. Its report is appropriate at this time for the 
purpose of this work (supplementary material, see footnote 4). 
The full characterization and investigation of the diazonium 
adducts will be reported in due course. 

Instrumentation 
The emission spectra were measured on a PTI LS 100 spec- 
troflurometer. The emission lifetimes (7,) were measured on 
the same instrument fitted with a tungsten EG & G model FX- 
280 microsecond flash-lamp source (-1 ps fwhm) and a 
phosphorimeter component. To obtain data that are of suffi- 
cient quality for this work, multi-scanning and pulsing tech- 
niques were employed. 

Photochemical studies 
The photochemical reactions were performed with a home- 

made immersion cell using an Ace Hanovia Hg-Xe 200-W 
lamp. The photoreactions proceeded with broadband irradia- 
tion using a uranium sleeve glass filter -340 nm). For 
the quantum yield measurements, femoxalate actionometry 
was employed (9-1 1). The actinometer excitation slits were 
set at 0.5 mm, and excitation was set at 488 nm for all samples 
and standards unless stated otherwise. The excitation wave- 
length was selected using a Aminco-Bomem monochromator, 
also equipped with a Hg-Xe 200-W lamp. The absorbance of 
the complex and standard solutions was adjusted to a value of 
-0.4-0.5 at A,,, -487 nm for M = Pd and at A,,, -380 nm 
for M = Pt prior the measurements. Typical concentrations 
range from 1.5 x to 2.0 x M. The calibrations of the 
standard ferrioxalate actinometric solutions were performed 
carefully in the dark. The absorbance change at a given irradi- 
ation time was followed by UV-visible spectroscopy 
(Hewlett-Packard 8452A) at a value of A,,, that varied 
between 466 and 490 nm depending upon the nature of the sol- 
vent mixture. All measurements and calibration experiments 
were performed at least 3 times and before 10% photoconver- 
sion. 

Binding Constant Measurements 
The K1 measurements were performed by UV-visible spec- 
troscopy (12) at room temperature, and were extracted by plot- 
ting the Benesi-Hildebrand graphs (-llAA vs. l/[substrate] 
with AA as the absorbance change upon the increase in sub- 
strate concentration). The ratio interceptlslope in this plot 
gives K, ,. As a counter check, the K,, values were also evalu- 
ated using Scatchard and Scott plots (-AAl[substrate] vs. 
-AA, K,, = -slope (Scatchard); -[substrate]lAA vs. [sub- 
strate], KI1 = slopelintercept (Scott)). The measured K,, val- 
ues are all found to be the same within the experimental 
uncertainties, generally + 10% based upon the maximum and 
minimum values obtained, except for the C1- ion, which turned 
out to be irreproducible (see text below). Typically between 6 
and 10 data points were acquired for each measurement, which 
was repeated three times. Details on the methodology 
employed can be found in ref. 13. 

Computational details 
The reported density functional calculations were all carried 
out utilizing the program called Amsterdam Density Func- 
tional that was developed by Baerends et al. (14, 15) and vec- 
torized by Raveneck (16). The numerical integration 
procedure applied for the calculations was developed by 
te Velde and co-workers (17). The geometry optimization pro- 
cedure was based on the method developed by Versluis and 
Ziegler (18). The electronic configurations of the molecular 
systems were described by an uncontracted double-2; basis set 
(19) on palladium for 4s, 4p, and 5s, and triple-2; for 5d. Dou- 
ble- 2; ST0 basis sets (20) were used for chloride (3s, 3p), 
phosphorus (3s, 3p), oxygen (2s, 2p), carbon (2s, 2p), and 
hydrogen (Is), augmented with a single 4d polarization func- 
tion for C1 and P, a single 3d one for 0 ,  and C, and a 2p func- 
tion for H. No olarization function was used for palladium. 2' The ls2 2s2 2p 3s2 3dI0 configuration on palladium, the ls2 
2s2 configuration on chloride and on phosphorus, and the ls2 
configurations on oxygen, carbon, and nitrogen were treated 
by the frozen-core approximation (15). A set of auxiliary (21) 
s, p, d,f, and g ST0 functions, centered on all nuclei, was used 
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in order to fit the molecular density and present Coulomb and 
exchange potentials accurately in each SCF cycle. Energy dif- 
ferences were calculated by including the local exchange-cor- 
relation potential by Vosko et al. (22). No nonlocal exchange 
and correlation corrections were made for the geometry opti- 
mizations. 

Crystal structure of [Pd,(dppm),(p-CO)(p- 
CI)](BF4)~CH2C12 

Intensity data were collected at 190 K on an Enraf-Nonius 
CAD-4 automatic diffractometer using graphite monochro- 
mated MoKa radiation. The NRCCAD (23a) programs were 
used for centering, indexing, and data collection. The unit cell 
dimensions were obtained by least-squares fit of 24 centered 
reflections in the range of 30" 5 20 5 36". During data collec- 
tion, the intensities of two standard reflections were monitored 
every 60 min. No significant decay was observed. The struc- 
ture was solved by the application of direct methods using the 
NRCVAX (23b) program and refined by least squares. The 
atomic scattering factors in stored NRCVAX are from Cromer 
and Waber (International tables for X-ray crystallography, Vol 
IV). Hydrogen atoms were geometrically placed at idealized 
position and not refined. At convergence the final discrepancy 
indices were R = 0.063, wR = 0.066, and SC = 1.55. The resid- 
ual positive and negative electron densities in the final maps 
were 1.27 and - 1.67 e/A3 and were located in the vicinity of 
the BF4- anion. The C=O bond distance was fixed at 1.15 A in 
the refinement. The ORTEP (23c) diagram was generated from 
NRCVAX. The crystal has one solvent molecule (CH,Cl,). The 
BF4- molecule is disordered and was treated as a B atom sur- 
rounded by two interlocking ideal tetrahedra of F atoms (all Uij 
restrained to be equal) with B---F distances restrained to 1.36 ~ A; a 63:37 occupancy ratio is observed. Only the higher occu- 
pancy site was retained. Restrain refinement was used on U,j to 
be all equal for C1 to C6 atoms because of thermal motion 
leading to large U parameters. 

Results and discussion 

1. Photoreactions 
The ~ ~ ( d p p m ) ~ ~ ~ ~ '  clusters undergo photooxidative degra- 
dation in the presence of chlorocarbons either as a neat solvent 
or in acetonitrile solutions, and also in the presence of C1- ions. 
These photoinduced chemical processes form the known cor- 
responding M(dppm)C12 complexes as sole isolated metal- 
coordinated inorganic products (for M = Pd, Pt) as identified 
from comparison of 'H and 3 1 ~  NMR spectra with authentic 
samples (eq. [I]). 

The reactions do not proceed in the dark. To establish the 
mechanistic step of the ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ ~  photoconversion to 
Pd(dppm)Cl,, the model system P ~ , ( ~ ~ ~ ~ ) ~ ( C O ) ( Y ) ~ +  (Y = 
N2C6H4NEt2) (13) was investigated. This compound is pre- 
pared from the binding of ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ ~  with 
[N,C6H4NEt2]+ (as the BFC salt) (13). This complex is sur- 
prisingly unstable to light in the presence of CH,Cl, to slowly 
form [Pd3(dppm)3(CO)(C1)]BF4 as identified by X-ray crystal- 
lography (as a CH,Cl, solvate). This cationic cluster is essen- 
tially identical to that reported by Puddephatt and co-workers 

(24) and the bulk of the data have been deposited as supple- 
mentary material.4 Only minor structural differences have 
been noticed such as the absence of disorder between the C1- 
ion and CO group, and minor changes in bond lengths and 
angles. Further light irradiation of the cluster also forms 
Pd(dppm)Cl,. This later photoreaction is significantly slower. 
Based upon these observations, it is believed that this C1- 
adduct species may be one of the intermediate products prior 
to the formation of the final oxidized mononuclear 
M(dppm)Cl, complex. 

By GC-MS, one of the organic products was identified as 
biphenyl for the chlorobenzene substrate. Possibly due to vol- 
atility problems, the expected ethylene and acetylene products 
for dichloromethane and chloroform were not observed under 
the same experimental conditions. The presence of biphenyl 
indicates the formation of the highly reactive radical phenyl 
group. Numerous other organics (for M = Pd) are also unse- 
lectively photoproduced, but their identity is not known at this 
time. This was not the purpose of this work. By GC-MS, the 
molecular weights of the fragments indicate that large organic 
molecules have been generated, along with various phos- 
phine-containing compounds such as P(C6H5)3. For the Cl- 
substrates, the photolyses are very slow and only Pd(dppm)Cl, 
and dppm decomposition products are observed (as expected). 
There was no evidence of acetonitrile solvent participation in 
the products. 

2. Thermodynamics 
The emission spectra of the ~ ~ ( d ~ ~ m ) ~ ~ 0 ~ +  clusters reveal 
that the triplet energies (ET) are determined from emission 
band maxima, located at 1.76 eV (14 200 cm-', M = Pd) and 
1.91 eV (16 100 cm-', M = Pt) (25). From cyclic voltammetry, 
both clusters exhibit an irreversible electrochemical oxidation 
wave at +1.38 V and +1.05 V vs. SCE for the ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ +  
and pt3(dppm)co2+, respectively, both as PF6- salts, in 
degassed acetonitrile solutions containing 0.1 M tetrabutylam- 
monium hexafluorophosphate. The coulometric experiments 
establish that the electrochemical process is a multielectron 
process, which places an upper limit for the one-electron oxi- 
dation of the clusters (i.e., 5+1.38 V (M = Pd) and 5+1.05 V 
(M = Pt) vs. SCE). The excited state driving forces in the low- 
est energy triplet excited state (,??If) would then be evaluated 
to be in the order of 0.38 V and 0.86 V vs. SCE for M = Pd and 
Pt, respectively. These values are not great enough to sponta- 
neously reduce most simple chlorocarbons such as C6H5Cl 
(I?" = -2.32 V vs. NHE), CH2C12 (PI- = -2.23 V VS. NHE), 
CHC13 (I?'- = - 1.67 V vs. NHE), and CH3C1 (PI- = -2.23 V 
vs. NHE) (26). In these cases, the photoinduced electron trans- 
fer mechanism from the ~ ~ ( d ~ ~ m ) ~ ~ 0 ~ ~  cluster in their low- 
est energy 3 ~ 2  states to the chlorocarbon molecules is clearly 
thermodynamically unfavorable. This is obviously also true 
for the cluster oxidation in the presence of the C1- anion. Con- 

Copies of material on deposit may be purchased from: The 
Depository of Unpublished Data, Document Delivery, CISTI, 
National Research Council Canada, Ottawa, Canada KIA OS2. 
These data, with the exemption of anisotropic thermal parameters 
and torsion angles, have also been deposited with the Cambridge 
Crystallograhic Data Centre, and can be obtained on request from 
The Director, Cambridge Crystallograhic Data Centre, University 
Chemical Laboratory, 12 Union Road, Cambridge, CB2 lEZ, 
U.K. 
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Fig. 1. Typical UV-visible spectroscopic changes when 
additions of CHC1, are made to a solution of ~ d , ( d p p m ) , ~ 0 ~ +  in 
methanol at 298 K ([cluster] -1 x lo-' M). 

Scheme 1. 

versely, substrates such as C~H,CH,CI (EO'- = - 1 .O v vs. SCE 
(27)) and CCl, (I?- = -0.78 and - 1.67 V) offer the possibil- 
ity that such a photoinduced process occurs for 
~t , (dppm),c0~+.  For CCl,, the presence of a fourth C1 atom 
renders the molecule an excellent electron scavenger. For 
C6H,CH2Cl, scission of the reduced species generates the C1- 
ion and the benzyl radical (C6H,.CH2), which is stabilized by 
resonance. In these cases, electron transfer could also be con- 
sidered. 

3. Binding studies 
From a thermodynamic standpoint, a photoinduced atom 
abstraction mechanism must be considered. In such a mecha- 
nism, the substrate R-Cl must physically approach the 
excited M3,+ center. Recently published flash photolysis mea- 
surements indicate that the excited state lifetimes range from 
25 (M = Pd) to a few hundred picoseconds (M = Pt) (25), 
which are not long enough to allow a diffusion of the 
~ , ( d p ~ m ) , ~ 0 ~ + *  ( 3 ~ 2 )  species to the substrates. The photo- 
process (atom abstraction) must be unimolecular, involving a 
ground state preassembling of the clusters and the substrates. 
Since the chromophoric unsaturated M? center is located at 
the bottom of a cavity formed by six dppm-phenyl groups, the 
substrate must act as a guest molecule in this pocket. 

This section addresses the ground state host-guest behavior 
of the ~ , ( d ~ p r n ) , ~ 0 ~ + ~ h l o r o c a r b o n  systems. The cluster of 
choice is ~ d , ( d ~ ~ m ) , ~ 0 ~ +  since its absorption spectrum 
exhibits a well-defined absorption band at around 480 nm, 
where isosbestic points can be clearly observed upon associa- 
tion with a substrate (13). Methanol was chosen as solvent 
since previous studies established that this solvent interacts the 
least with the cavity (13), and offers good solubility for the 
cluster and substrates. 

Figure 1 shows UV-visible spectra changes upon addition 
of chloroform. Clear isosbestic points are evident at -479 and 
-398 nm, indicating a 1:l stoichiometric ratio (Scheme I). 

Fig. 2. Typical Benesi-Hildebrand, Scatchard, and Scott plots 
associated with the addition of CHC1, to a solution of 
~ d , ( d ~ p m ) , C O ~ +  in methanol at 298 K. 

The K,, values extracted from the Benesi-Hildebrand plots 
(Fig. 2) are listed in Table 1. These constants have also been 
verified by also extracting them from the Scatchard and Scott 
plots (Fig. 2). Except for C1-, reversibility can be observed 
from the displacement of the substrate by adding a second sub- 
strate monitoring the progression by UV-visible spectroscopy 
(each substrate exhibits its own A,,,). In the C1- case, the 
binding constant is very large (>lo 000 M-') and somewhat 
hard to obtain with precision. There is no obvious trend 
between the molecular dimension and K,, (Table 1). How- 
ever, some rationalization can be made. Chloride is the small- 
est substrate of this series and is charged (Cl-. . .~d,,+); it is the 
most efficient guest of the series. C6H,C1 compares structur- 
ally to toluene, which was investigated earlier (K1, = 0.08 + 
0.02 M-I (13)). The slight increase in K,, here (Kll = 0.16 2 
0.01 M-') could be associated with some extra binding 
between the C1 atom and the Pd, center. Furthermore, adding 
extra C1 atoms on a given substrate should then slightly 
increase K, if the substrate is not too sterically demanding. 
This is indeed observed for CH,Cl, (0.25 + 0.03 M-') and 
CHCl, (4.9 + 0.5 M-I). However, a slight decrease is 
observed for CCl, (3.4 + 0.1 M-I), which could be due to the 
slight increase in molecular dimensions. 

Two unexpected results come from l-C1-ada (35 2 5 M-') 
and C6H,CH2Cl (7.320.1 M-'), which were used for their 
bulkiness (l-C1-ada), and low bond dissociation energy and 
reduction potential (C6H,CH2Cl), respectively. The increase 
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Table 1. Comparison of K , ,  values and substrate sizes. 

Can. J. Chem. Vol. 74, 1996 

Substrate K,  ,/M-la Dimensionsb 

C van der Waals diam. = 3.6 A, ionic diam. = 3.4 A 
Not measured Average diameter -4.7 A 
0.25 + 0.03 Average diameter -5.2 A 
4.9 + 0.5 Average diameter -5.7 A 
3.4 + 0.1 Average diameter -6.1 A 
35 + 5 Average diameter -6.5 A 

0.16 + 0.1 Assuming a rectangular shape -8.7 x 3.6 x 6.9 A 
7.3 + 0.1 Assuming a rectangular shape -9.4 x 3.6 x 6.9 A 

"The uncertainties are defined by the difference between the average value and the 
maximum and minimum values measured. 

bThe average diameters have been calculated by averaging the four dimensions (diameters) 
of the four tetrahedral axes. These tetrahedral dimensions have been calculated using r,,, (H) 
= 1.30 A and r,,, (Cl) = 1.80 A, and bond length extracted from the PC MODEL computer 
software. 

Wot accurate since the system is not reversible. However, the few data extracted from the 
Benesi-Hildebrand plots indicate that K , ,  is very large (>lo 000 M-'). 

dA slow thermal reaction has been observed at high concentrations. At low concentrations 
(-lo-' M in C6H5CH2CI for M in cluster) no reaction is observed. 

Table 2. Comparison of ad, with E(C-41) and I?''-. 

C1- -1.5 x - - 

0.86 M (in ethanol) 
Neat C6H5CI 0.00044 f 0.00010 95 (CRC) -2.32 
Neat CH2C12 0.00051 f 0.00023 82.8 (JPC) -2.23 
Neat CHCI, 0.0030 f 0.0005 79.2 (JPC) -1.67 
Neat CCI, 0.00080 f 0.00015 70.3 (JPC) -0.78, -1.71 
1 -CI-ada 0.000048 f 0.000010 d 

3.43 M (in toluene) 
Neat C6H5CH2CI Thermal 69 (CRC) -1.0 (vs. 
SCE)' 

"1 kcal = 4.18 kJ. From ref. 37. 
75% dioxane vs. NHE (unless stated otherwise) from ref. 26. 

T h e  E(C-XI) for CH,CH2CI is 81 kcal mol-I (CRC handbook). 
dl?- for ~hlorobicycl0[7,1~~~]heptane is -1.99 V. It is highly suspected that for 1-CI-ada 

is also --2 V. 
'From ref. 27. 

by at least one order of magnitude on oing from CI-CH2Cl 
(0.25 M-I) to C6H5-CH2Cl (-7.3 M-') is not unprecedented. 
The K,, increases from acetate to benzoate, nitroethane to 
nitrobenzene, and acetonitrile to benzonitrile are also all 
around an order of magnitude (13). Cooperation between the 
binding of the C1 atom with the Pd, center, and the binding of 
the hydrophobic phenyl group and the cavity dppm-phenyl 
groups, appears to be responsible for this phenomenon. 
Finally, the unexpectedly large Kll value for 1-C1-ada can only 
be explained by a binding involving only the hydrophobic por- 
tions of the host-guest pair. In this case the multiple hydropho- 
bic intermolecular contacts could lead to a large Kll value. No 
attempt was made to further investigate this phenomenon. 

4. Quantum Yields 
The photochemical quantum yields (@) were measured by fer- 

rioxalate actinometry following the rate of ~ d , ( d ~ ~ m ) , ~ 0 ~ +  
consumption by UV-visible spectroscopy (A,,, - 480 nm). 
First, ~ d , ( d ~ ~ m ) , ~ 0 ~ +  was investigated in neat solvents 
(Table 2). We noticed that in neat C6H5CH2Cl, 
~ d , ( d ~ ~ r n ) , ~ 0 ~ +  reacted slowly (thermally) at room tempera- 
ture, so no @ value could be measured. However, at [R-XI] - 10" M (typical concentration range for K, , measurements), 
no detectable reaction was noticed. This reactivity is tenta- 
tively attributed to the relatively high stability of the benzyl 
radical (C6H5CH2'); and it is concluded that the homolytic 
C - C l  bond cleavage by ~ d , ( d ~ ~ m ) , ~ 0 ~ +  is facile in this 
case. For C6H5Cl, CH2C12, and CHCl,, @ increases with both 
the decrease in E(C-Cl)  and @I- values. Surprisingly, @ 
decreases for CCl, while E(C-Cl) and @I- continue to 
decrease in this series. This result further supports the conclu- 
sion that the primary process in the mechanism cannot be an 
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Harvey et al: 1 

Fig. 3. Graph of @ , , , ( ~ d ~ ( d p p m ) ~ ~ 0 ~ + )  vs. % CHC1, (V:V) in 
toluene (top) and ethanol (bottom). 

decrease in this series. This result further supports the conclu- 
sion that the primary process in the mechanism cannot be an 
outer-sphere electron transfer. On the other hand, an atom 
transfer mechanism is not ruled out since "steric consider- 
ations" can also affect the rates of reaction. One has to note 
that the Kll  data also arise from measurements that also con- 
sider the steric effects in the complex stability. By ignoring the 
experimental uncertainties, varies as C6H5Cl < CH,Cl, < 
CCl, < CHCl, in neat solvents, which parallels the trend in 
Kl l .  For the chloride substrate, at [Cl-] = 0.86 M (as Bu4N+ 
salt) in ethanol, - 1.5 x (extremely weak)! Again no 
reaction is observed in the dark. One has to note that the C1- 
ion is very strongly bonded to the ~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ +  cluster, so 
no direct comparison of the values can be made. The 
extremely low @ value indicates that the photodecomposition 
is slow. This is indeed observed during the bulk photolysis 
reactions for Pd,(dppm),(CO)(Cl)+ (i.e., the photoproduct of 
the P~~(~~~~)~(co)(N,c~H,NE~,)~+ photodecomposition in 
CH,Cl,, believed to be one of the intermediates). 

For comparison purposes, @'s for the photochemical reac- 
tions between ~ t , ( d ~ ~ m ) , ~ 0 ~ +  and CHC13, and CH,Cl, (neat) 
were also measured. As expected, the @ value is greater for M 
= Pt with CHCl, ( a  = 0.0041 + 0.0005 at X = 380nm) than that 
of ~ d , ( d ~ ~ m ) , ~ 0 ~ +  (0.0030 + 0.0005). For CH,Cl,, is 
about the same for both clusters, considering the uncertainties. 
Both the triplet energy and the excited state driving forces are 
greater for ~ t , ( d ~ ~ m ) ~ ~ 0 ~ + .  These experiments did not pro- 
vide any evidence of one mechanism or another. 

Based upon the hypothesis that an atom transfer mechanism 
involves a physical approach of the R-Cl molecule towards the 
M3 center, should be sensitive to the presence of a compet- 
itive molecule (solvent). Figure 3 shows the relationship of 
for the P ~ ~ ( ~ ~ ~ ~ ) ~ C O ~ + - C H C ~ ,  photoreactions as a function 
of the % (VN)  for two different solvents (toluene and etha- 
nol). The toluene graph shows an upward curvature, while the 

Scheme 2. 

ethanol graph shows a downward curvature, with the increase 
in %(VN), in CHC13, confirming the expected difference. 
Except for CH,Cl,, the other substrates were not investigated 
as a function of %(VN) substrate and solvent. For CH,Cl,, 
increases (slightly) with % (VN)  CH2C12, but the large uncer- 
tainties prevent us from determining the curvature trend. 
Based upon the K l l  measurements reported elsewhere (13), 
ethanol appears to be a better binder than toluene with 
~ d ~ ( d ~ ~ m ) , ~ 0 ~ + .  Figure 3 indicates that ethanol inhibits the 
increase in values with the increase in [CHC13]. On the other 
hand, the sharp increase in a ' s  in the toluene graph at low 
[CHCl,] indicates that toluene does not efficiently inhibit the 
photoreactions. These results are also consistent with this sub- 
strate-cavity model where toluene does not compete as effi- 
ciently as ethanol for the cavity. 

The most surprising result is the non-zero value at 0% quan- 
tity of CHCl, (-0.0005), indicating that ~ d , ( d ~ ~ m ) , ~ 0 ~ +  is 
photo-consumed even in the absence of chlorocarbons. We 
note that these values are even greater than that of the C1- sub- 
strate stated above. This observation clearly indicates the pres- 
ence of a second photochemical pathway since with short 
periods of time in the dark, this instability does not occur. This 
pathway is clearly inefficient with such low quantum yields, 
but cannot be neglected for the CH2C12, CCl,, 1-C1-ada, and 
C6H5Cl substrates. The design of experiments in order to elu- 
cidate this second pathway is not obvious. Two proposed 
mechanisms can be anticipated: (i) photolabilisation of the CO 
group (Scheme 2) as observed in many organometallic poly- 
nuclear complexes (1) followed by a breakdown of the cluster, 
and (ii) photoinduced fragmentation of the cluster according 
to eq. [2]: 

hv 
[21 pd3(dppm)3c02+ 4 "~d(dppm)" dark 

+ " P ~ ~ ( ~ ~ ~ ~ ) ~ ( c o ) ( s ) ~ ~ + "  + products 

where S is a two-electron donor (counter anion or solvent mol- 
ecule). This second reaction is essentially the last step prior to 
the synthesis of the ~ d ~ ( d ~ p m ) , ~ 0 ~ +  cluster as demonstrated 
by Puddephatt and co-workers (7, 8). The following experi- 
ments are performed: (i) measurements of in the presence of 
CO(g), and (ii) measurements of for the P F 6  and CF3C02- 
salts. The first set of experiments ( a  vs. CO(g)) demonstrates 
that is independent (within the experimental uncertainties) 
in the presence of 1 atm of CO(g) (1 atm = 101.3 kPa). The 
synthesis of ~ d , ( d ~ ~ m ) ~ ~ 0 ~ +  does not require high pressures 
of CO (7). This experiment was attempted in order to slow 
down the CO loss, if any. The most revealing experiments are 
the measurements of for ~ d , ( d ~ ~ m ) , ~ 0 ~ +  as a PF6- and as a 
CF3C02- salt. Using different solvents (ethanol and acetoni- 
trile) and atmospheres (Ar, CO,, O,, CO, and H,), we find that 
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Scheme 3. 

A 12+ 
P S P  

6 1" 
I / \ I  '; t l  F; 

P - - P ~ ~ P ~ - P  y P - P ~ + ' P ~ - P  

CpkEpCp_] i;- L P B t $ P J  
S = solvent 

d S 

. . 

"Pdddpp~)dCO)(S):' + other products 

is a better binder than PF6- (1 3) which should indicate that the 
cavity is competitively blocked by the carboxylate molecule, if 
one assumes the host-guest mechanism. However, this result 
is consistent with eq. [2] shifting the reaction to the right when 
S is a better two-electron donor. Interestingly we find (eth- 
anol) > (toluene) (at [substrate] = 0, see Fig. 3), where eth- 
anol is a two-electron donor. The next question is whether or 
not the formation of ~ d , ( d ~ ~ m ) , ~ +  (first scenario: Scheme 2) 
can lead to an efficient subsequent fragmentation of the cluster. 
Theory predicts that it cannot (see section below), corroborat- 
ing the experimental results ( a  vs. CO(g)). Then, will the 
intermediates generated in eq. [2] subsequently react with R- 
C1 to produce the final observed products? Previous studies 
strongly indicate that it is indeed possible. The highly reactive 
"Pd(dppm)" species is expected to be thermally active towards 
R-C1 based upon the known chemistry for 
"Pd(R,PCH CH,PR,)" where R = C6H1, (28). For the CO 
bridged 8-3 proposed intermediates (eq. [2]), a recent work 
on an isoelectronic CNR bridged "Pd,(dppm)," 8-8 com- 
pound demonstrated that this complex was efficiently photo- 
converted to Pd(dppm)Cl, in the presence of CH2C12 (29). 
Thus, experimental and literature results favor scenario (ii) for 
the second pathway of R-Cl activation. The overall proposed 
pathways are summarized in Scheme 3. The C-Cl homolytic 
bond cleavage involves the formation of the Pd,(dppm),- 
(co)(c~)~+ intermediate, which represents one of the mecha- 
nistic steps of the photoinduced photodegradation of the 
cluster. 

Considering the Kll measured for 1-C1-ada, one would 
expect to be large. However, the binding does not necessar- 
ily involve the C-Cl bond oriented inside the cavity. Indeed, 
@(l-C1-ada) = 0.000048 2 0.000010 for [1-C1-ada] = 3.43 M 
in toluene. This value is by far the smallest one (excluding the 
C1- case). Further, the CPK models demonstrate that the 
bulkiness of 1-C1-ada precludes strong R X I . . P ~ ~ ~ +  interac- 
tions, confirming that homolytic bond cleavage by 
~ d , ( d ~ ~ m ) , ~ 0 ~ + *  (,A,) is not anticipated to be efficient. 

5. Emission lifetimes 
This section addresses the first proposed pathway (host-guest 
chemistry). Perturbation studies of the photophysical proper- 
ties of the M , ( ~ ~ ~ ~ ) , C O ~ +  complexes indicate that the pres- 
ence of a substrate in the cavity always induces a decrease in 
excited state lifetimes (25). This general behavior has also 
been observed for metal complexes of calix[4]arene deriva- 
tives for which a metal atom is located at the lower rim acting 
either as a luminescent probe (Ir(1); ref. 30) or a strong Lewis 
acid (W = 0 (31)), and the recently investigated 
~ u , ( d p p m ) , 0 ~ ~ +  cluster (32). This phenomenon is attribut- 
able to the "loose bolt effect" (for small perturbations) or to 
the formation of an "exciplex" (for larger change in lifetimes) 
(33). For ~ t , ( d ~ ~ m ) , ~ 0 ~ +  both 298 K flash photolysis and 77 
K emission lifetime measurements established that toluene as 
a pure solvent provided the shortest lifetimes among the sol- 
vent molecules investigated (25). The hypothesis is that tolu- 
ene binds more strongly to ~ t , ( d ~ ~ r n ) , ~ 0 ~ +  than do most 
common solvents. This difference with ~ d ~ ( d ~ ~ r n ) , ~ 0 ~ +  is 
not understood at this time. 

To further understand the difference between the photo- 
chemical quantum yield behavior in toluene and ethanol, 
the emission decay traces for ~ t , ( d ~ ~ m ) , ~ 0 ~ +  at 77 K in 
the presence of CH2C12 and CHC1, were investigated. 
~ t , ( d ~ ~ r n ) , ~ 0 ~ +  was selected because of its greater emission 
quantum yield at 77 K (34). At such a temperature, cluster 
degradation is not anticipated to be an inefficient mechanism 
for the excited state deactivation; solely the Pt,2+.. .~1-~ 
interactions are governing the changes in T, with [Cl-R]. In 
pure solvent, the emission decays are rigorously monoexpo- 
nential(7, = 10.2 ? 0.5 ~ s ,  toluene; T, = 18.0 + 0.1 ~ s ,  etha- 
nol). In the presence of CHC13 or CH2C12, the carefully 
measured decays become biexponential (Fig. 4). The biexpo- 
nential behavior is demonstrated from deconvolution decay 
analysis. The emission spectra exhibit no band shift but show 
a gradual decrease in intensity with chlorocarbon concentra- 
tion. The long component exhibits a T, value of 10.2 or 18.0 ~s 
characteristic of the solvent, and does not change (within 20.5 
~ s )  with an increase in chlorocarbon concentration up to 40% 
(VN). Such a result further rules out the possibility of an 
outer-sphere electron transfer in the excited state in these 
cases (CHCl,, CH,Cl,), since generally the emission decay 
traces exhibit monoexponential behaviors with lifetimes 
decreasing with the substrate concentration. The short compo- 
nent exhibits a lifetime of 450 ? 150 ns for both CH2C12 and 
CHCl,. The relative intensity ratio for short component/long 
component after deconvolution increases proportionally with 
the chlorocarbonlsolvent ratio (VN). This experiment demon- 
strates that the short and long components are associated with 
the luminescence of ~ t , ( d ~ ~ r n ) , ~ 0 ~ +  interacting (or hosting) a 
chlorocarbon and a solvent molecule, respectively. The very 
short lifetimes in the ~ t , ( d ~ ~ m ) , ~ 0 ~ +  chlorocarbon cases 
strongly indicate the formation of exciplexes. The exciplex 
emissions appear to be weak since the emission intensity of 
the mixture steadily decreases with the increase in chlorocar- 
bon concentration. Also these emissions are anticipated to be 
located very close to the ~ t , ( d ~ ~ m ) , ~ 0 ~ + . . .  solvent emissions, 
since no change in A,,, emission was observed in all the 
experiments. The most important finding is that the short com- 
ponent/long component intensity ratio always differs greatly 
between the two solvents (ethanol, toluene) at a given chloro- 
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Harvey et al: 1 

Fig. 4. Typical emission decay traces for the ~ t , ( d p p m ) , ~ 0 ~ +  
clusters at 77 K. Top: in toluene containing 30% CH2C12 (V:V) 
Bottom: in ethanol containing 3% CH2C12 (V:V). The peaks 
marked with an X are instrumental artifacts. The double arrow 
markings indicate the short-lived components (-18% of the total 
intensity). 

carbon/solvent ratio. As a typical example, Fig. 4 compares 
two 77 K emission decays of ~ t ~ ( d ~ ~ m ) ~ ~ 0 ~ + :  the first in tol- 
uene containing 30% CH2C12, and the second in ethanol con- 
taining 3% CH2C12. Both decays exhibit the same short 
component/long component ratio (-18%). This result indi- 
cates that the halocarbon molecule competes relatively more 
efficiently to occupy the ~ t , ( d ~ ~ m ) , ~ 0 ~ +  cavity in ethanol. 
Essentially, this confirms that ethanol is a weaker binder for 
~ t ~ ( d ~ ~ m ) ~ ~ 0 ~ +  than toluene and further supports the above 
hypothesis. 

6. Geometry optimizations 
Density functional theory was used to optimize geometries in 
the ground state of some proposed intermediates in order to 
explain and corroborate some experimental results. For 
~ d ~ ( d ~ ~ m ) ~ ~ 0 ~ +  in its ground ('A,) and lowest energy triplet 
excited states (,A,, (TI), 3 ~ 2  (T2)), the geometry compounds 
have already been computed (35). The computations com- 
pared very favorably with the experimental data, particularly 
for the Pd-Pd bond lengths. For comparison purposes, these 
data are reported in Table 3. The geometry of the model 
Pd3(PH3)6(CO)(C1)+ cluster has also been optimized (Table 3 
and Fig. 5) in order to address the weak interactions between 
the ~ d ~ ~ +  center and the substrate. The comparison of the Pd- 
Pd bond lengths is also excellent, but some differences are 
noted for the covalent Pd-P and Pd-C bonds. These differ- 
ences can be up to 0.055 A. For the more ionic Pd.--Cl inter- 
actions, the computed Pd...Cl distance is significantly shorter 

Fig. 5. Optimized ground state geometry of the model compound 
P~,(PH,)~(CO)(CI)+. The geometry for pd,(~H,),(CO)(cl)~+ is 
the same except that some distances and angles have changed 
(see details in Table 4). 

Fig. 6. Optimized geometry of the model association complex 
P~,(PH,)~(co)~+.-c~cH~ in the ground state. 

than that of the crystal structures. The differences are up to 
0.23-0.26 A from the average X-ray values. Steric effects with 
the H-dppm atoms and the nature of the theoretical methods 
employed are likely to be at the origin of these differences. 
Investigations should concentrate mainly on the metal-metal 
bonds. 

The first optimization considered is the ground state inter- 
actions between P ~ , ( P H ~ ) ~ c o ~ +  and chloromethane (Fig. 6). 
The number of atoms is kept low in order to reduce the com- 
puter time, and the optimization was performed under the 
restricted C3" symmetry. The results of the computations are 
compared in Table 4. The first and most important prediction 
is that the Pd..Cl interactions are expected to be very weak as 
the computed Pd--C1 distances are in the order of 2.83 A. This 
distance compares to average distances of the X-ray results 
reported for Pd3(dppm),(CO)(C1)+ (Table 3), but is in fact 
larger than that of the Pd3(PH3)6(CO)(Cl)+ computed distance 
(2.628 A). This result may be due to the lack of electrostatic 
interaction between ~ d , ~ +  and neutral ClCH,. The calculated 
Pd-Pd bond length (2.63 A) compares favorably to that of 
most " ~ d , ( d ~ ~ m ) , ~ 0 ~ + "  complexes reported so far (see ref. 
36 for examples). The r(Pd-P), r(C=O), and r(Pd--C) cal- 
culated values also compare with the Pd3(PH3)6(CO)(Cl)' and 
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P ~ ~ ( P H ~ ) ~ ( c o ) ~ +  data. We conclude that the interactions 
between the C1 atom of R-C1 and the Pd3" center is very 
weak, causing little perturbation to the host skeleton. The fol- 
lowing set of calculations addresses the possibility of the pho- 
toinduced labilization of CO (Scheme 2). The optimized 
geometry of P~,(PH,)~> was calculated and the results at con- 
vergence (Table 4) indicate that the Pd-Pd and Pd-P dis- 
tances under o practically no, or very little, perturbation 1 (within 0.03 ). If the Pd-Pd bond length had significantly 
increased, one may have suspected that fragmentation would 
occur. This is not the case. 

To shed light on the steps following the homolytic C-Cl 
bond cleavage, the geometries of the model compounds 
P~,(PH,),co~+ and P~,(PH,),(co)(c~)~+ were also investi- 
gated. The question is, what may happen after the C1' radical 
starts interacting with the Pd? center? One hypothesis is an 
intramolecular electron transfer from the P d P  center to the 
strongly oxidant C1' radical. To test this hypothesis, the struc- 
ture of the P~,(PH,),co~+ compound is optimized (Table 4). 
While the r(Pd-P), r(C'O), and r(Pd-C) data resemble the 
rest of the data reported in Table 4, the calculated Pd-Pd dis- 
tance has significantly increased to -2.73 A. This distance is 
very close to the limit of a formal Pd-Pd single bond (see 
data reported in ref. 3). It is also close to the distance found 
experimentally in the ~ d , ( d ~ ~ m ) , ~ ~ ' +  cluster in its lowest 
energy triplet excited state ( A,; -2.78 A) (35). If a formal 
electron is indeed transferred from the Pd3,+ to the C1' center 
to form the Pd3,+ and C1- species, then the calculated Pd-Pd 
bond length in P~,(PH,),(CO)(C~)~+ should be close to 2.73 A 
also. This is not quite the case as the computed distance con- 
verges to 2.68 A, indicating that the structure is an intermedi- 
ate between the two forms (Pd,'+...Cl' and ~d,~+.. .Cl-).  The 
r(Pd-P), r(Pd-C), and r(C=O) data are also "normal" 
(Table 4), but the Pd...Cl distance has significantly decreased, 
down to -2.54 A. This increase in interactions may appear to 
be due to an increase in electrostatic interactions (i.e., 
~d ,~+ . . .C l -  form). Nonetheless, with a distance of -2.68 A 
typical for a Pd-Pd dppm bridged single bond, the homolytic 
scission of the Pd-Pd bond after the C1 abstraction does not 
seem obvious at this point. However, the electrochemical 
cyclic voltammograms recorded for both ~ ~ ( d ~ ~ r n ) ~ ~ 0 ' +  
clusters (M = Pd,Pt) exhibit irreversible oxidation waves, sug- 
gesting that further events are obviously takin place after the 
transfer of the first electron ( P d P  + P d F  + le-). The 
intramolecular electron transfer between the Pd? and C1' 
centers forming ~ d ~ ~ +  and C1-, which subsequently degrade 
into products, still appears as a possible mechanism of photo- 
induced fragmentation. 

Final remarks 
The photoinduced degradation of ~ , ( d ~ ~ r n ) , ~ 0 ~ +  in the pres- 
ence of chlorocarbons and chloride ion proceeds via very 
complicated pathways. This work has addressed only a frac- 
tion of them, notably for the primary steps. There is no evi- 
dence of an electron transfer mechanism involving the excited 
clusters in their ,A, states and the R - 4 1  and C1- substrates. 
On the other hand, the series of measurements performed were 
all consistent with an atom abstraction mechanism. The well- 
established host-guest behavior of the cluster was used to con- 
firm this mechanism in the ,A2 states. To our knowledge such 
a strategy does not seem to have been employed before. 
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Table 4. Comparison of the calculated structures for Pd, clusters (bond lengths in A)." 

"Data for Pd,(PH,),(CO)(CI)' are also compared In Table 3, and data for Pd,(PH,),(CO)" are from ref. 35. All calculat~ons were performed under a C,, 
restricted geometry. 

One very important observation is clearly the very low pho- 
tochemical quantum yields, demonstrating the rather ineffi- 
cient capacity of the clusters to photoactivate the C-C1 bond. 
For stronger C-X bonds (such as C-H), this observation 
allows us to predict that the cleavage of this C-X bond will 
simply not occur, but rather the second pathway (primary pho- 
toinduced fragmentation of the cluster) may become dominant 
in order to promote reactivity in these cases. Thus cluster deg- 
radation and decomposition should be observed. This is con- 
sistent with the nature of the organic photoproducts observed 
with the chloride substrate, which are all phosphine deriva- 
tives (issued from the coordinated dppm). This decomposition 
mechanism is complex since high molecular weight fragments 
are observed (higher than dppm in some cases), indicating that 
the processes involved formation of free radicals. The very 
low photochemical quantum yields ( a )  have been commented 
on in one of our studies on 0, activation (6). There are many 
possible explanations for the low values: (i) the excited state 
lifetimes are found to be extremely short (7, < 40 ps, M = Pd; 
7, < 40 ps, 70 < 7, < 400 ns, intensity ratio for T ~ / T ~  = 9515, M 
= Pt; (ref. 25)); (ii) access to the lumophore is sterically hin- 
dered by another interacting substrate in the ground and 
excited states; and (iii) the biradical-type excited state is delo- 
calized over three metal centers, not localized as in the case of 
the M2(CO),o dimers (2 x M(CO),; M = Mn, Re; ((ref. la)). 
Further studies in this area are in progress. 
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