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T h e photo isomer i z a t i o n of trans - d i h a I og e n obis ( t r i - n - prop y I p h o s p h i n e ) pa I I ad i u m ( I I ) c o m p I e x e s h as been stud i e d 
in various solvents. The quantum yields depend strongly both on the nature of the co-ordinating halide and on 
the excitation wavelength. The photochemical results are discussed in terms of the possible mechanisms for the 
trans-cis photoisomerization of square-planar complexes. Photolysis of cis- [Pd( PPrll,),CI,] yields the chloro- 
bridged complex, [ Pd,( PPr”,,),CI,]. 

INVESTIGATIONS on pliotoisoincrizatioii of square-planar 
complexes have dealt mainly with pltltinum(rr) dcriv- 
a t i~es .~- ’  Analogous studies on palladiuiii( 11) coin- 
plexes, to our knowledge, have never been reported ; t l k  
i5 probably due to the high rcactivity o f  square-planar- 
palladiuin(1r) complescs, whicli usually rapidly acl i iwc 
isomeric equilibrium in 

We have made a preliminary rcport 10 that u . \ ~ .  
irradiation of  methanol solutioiis oi tlw complex tvans- 
[Pd(PPr~~,),Cl,] causes extensive conversion into the cis- 
isomer, equation ( l ) ,  and subsequently into tlic bri(1gcd 
compound ~Pd~(PPri*3)~C14].  In this papc.r, wv report i i i  

hv 
trans- [Yd ( PPrri3) ,C1,] cis- [E’d ( P W J  &l,] ( 1 ) 

some detail on the quantum efficiency of equation ( I ) ,  
noting especially the effect of changing the co-ordinating 
halide and the excitation wavelength. We also 
examined the influence of solvent on the composition 
of the photostationary state, to ascertain whether polar 
solvents favour the cis isomer. The effects of adding 
free halide and tri-n-yropylpliosphine were also noted. 

After liltration tlic solid was wnslied with dietliyl cthcr, 
tlrictl, ; ~ n t l  iclcntifictl as the cis isuiner by spcc’tral niethotls 
( I I 1 1 . 1 1 1  .r. ,  i .r., a l i t l  clec.tronic spectroscopy). 

l’/~o/ocfi~niicccZ /wpctvn/ion of [I’d2( J’Prl~,j),Cl,], (4) , A 

phwt l  i r i  ;L qu:irtz vc~sscl ant1 irr:uliatcd :it 280 nni for 1 0  1 1 .  
’I‘hc solvc.n t WLS rcwioved utidcr red u c t ~ l  prcwire to yicltl 
:I crutlc. rcsiduc wliicli consisted o f  a iiiistiire o f  (4) and 
1’1’1 I):,. Aftcr recryst:Lllisatiori f rom metlianol-dictliyl etlicv-, 
tlic solitl was itlentifietl ;IS t lie bridged conipountl 11 ’dq- 
(l’l’r”,),Cl,] by  coniparison with an authentic srtmple.13 No 
formation of (4) was observed at  20 “C in  the dark; instead, 
as previoiisly reportecl,‘u some conversion o f  ( lb)  to ( 1  it) 
occurred in tlie t1x-k. 

Clrewicccls. --A 11 solvcn ts wwc Mercli Spcctro materials. 
After drying mid distillation (from nioleculnr sieves or 
1>,01,,), each solvent was stored in a stoppered dark glass 
bottle . 

A ppnratus.-Irratliation a t  254 m i  was carried out with 
a HANOVIA “I 15/44 low-pressure lamp. Mono- 
chromatic liglit of 280, 313, 033, 365, and 405 nln was 
obtained from a high-pressure HANAU Q 400 mercury 
lamp arid the appropriate Bnuscli and Lotiib interference 
filters. 

Illctllanol sollltioll ( 2 0  cln:’, 5 s 1 0  :I 11101 (11llP) o f  ( I t ) )  w;1s 

(These various effects could be particularly important 
in many catalysis mechanisms and it is known that small 
amounts of various species poison the catalysts.) Fin- 
ally, the mechanism of the photoisomerization was 
studied in a series of solvents by 1~ and 31p n.m.r., 
electronic, and i.r. spectroscopy and by conductomctric 
met hods. 

Infrared spectra were recorded on a Perkin-Elmer 257 
instrument using 0.2-mi11 CsBr cells and, for 200-700 ciii--I, 
witl-1 paraffin mulls between CSI discs. 

Hydrogen-1 n.m.r. and 31P n.m.r. Spectra &re recorded 
a t  90 MHz (Brulter WH 90) for ca. in01  dn1-3 solutions. 

Contluctivi ty ineasurenients were performed at 18 “C 
using a ltadiorneter CDM 3 instrument adapted in-liousc 
for use during direct irradiation of the solutions. 

EXPERIMENTAL 

Preparation of t l i P  Complexes .--The complex t r a m -  
[Pd(PPr”,),Cl,], ( la), was prepared according to literature 
procec1ures.l’ Complexes trans-[Fd(l’P1-11,),rrr,], (za), and 
tvans-[Pd(P~rl’,),I~], (321) were obtained from ( la )  by 
metathetic exchange in methanol. l~ecrystallizatioris were 
carried out until the compounds were pure, according to 
i.r., lH n.m.r., and BIP n.ii1.r. spectra. 

cis-[ Pd( PPr**J 2C1,], ( 1 b) . Is iz nitromet hnne solution 
(10-2 rnol drn-,) of (la) was irradiated in a quartz reaction 
vessel using a PCQ (photochemical quartz) mercury lanip for 
2 h a t  room temperature. The trans-cis mixture was con- 
centrated with a stream of N, to minimum volume and di- 
ethyl ether was added to give n crystalline precipitate. 

Procedures.-The irradiations were perforiiied at 20 “C on 
magnetically stirred solutions, which were taken periodic- 
ally to the spectrophotonieter for optical measurements. 
The initial concentration of the reagent complex was 
selected in order to ensure the maximum light absorption 
corn yatiblc wi tli the spec trophotonie tric kiiiet ic measure- 
ments to be performed. 

All kinetic runs were carried out under zero-order experi- 
mental conditions in order to facilitate the calculation of 
quantuiii yields. The quantum yield calculation was always 
based on two actinometric measurements l4 perforined in 
the reaction cell before and after each photochemical 
run. 

l’hotolyses were carried out i n  aerated, degassed (by 
freeze-pump-thaw cycles), and oxygenated (saturated with 
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FIGLJRE 1 Elcctronic spectra of tlic conip1esc.s in JlcOl t : 
t~~ i i t .~ -~I ’d ( I ’ I ’ r ’~~)21 ,~  (---) ( 5  >; 10 5 mol t lni  3 ) :  trcrris- 
[T’d(F’I’rn,)ZC12] (- - - -) (5  x 10 inol clm 3 ) :  tra~s- j l ’ t l -  
(PI’rn:,)2Br2] (- - - - -) (5  x lW5 mol dni-R) 

oxygen through bubbling) solutions. l‘lie quantum J-it.ltls 
ol pliotoreactions were unaffected by tlie presence o f  oxygen. 

Hvclrogen- 1 ant1 31P n.m.r. spectrzi werc recorded immc- 
tliately aEter solution preparation and subsequent 
irradiation t inies to check for rearrangenicnt processcs. 

to 

KliSULI‘S 

I:’/CGtYOl%ZG .\‘/?edt‘Lt.- -’1‘11e S])CCtt.Ll Of ( la), (d i l ) ,  i l l l t l  (:lit) 

sho\vii in 1;igiu-e I and c : o i i i p i l t d  in ‘l‘ahlc I .  A11 slio\+. two 
intense bands, one ccntred a t  around 300--400 nm, 
iissignwl to a. lialogen+metal charge transfer (bantl A ) ,  
niitl OIIC c.entrc:d arouiitl 220 -2%) iim assigned to i t  phns- 
]~liorus--~iiict~il c1iiti-g~: transfer (b:inc\ 13). 11 geiic:r;tl rcr1 
shift for 1xmd :I in p i r ig  froin tlic ctiioro- to the Iiroiiio- ; m I  
to tlic iotlo-coniplescs is evident. 

I ’ I ~ o t ~ l y s i s  ( ~ f  ( la), (Ya), and (:!a) .- So t 1ierni;il isoiiitbriz- 
atioii o f  ( I A ) ,  (h), or (3a) to tlie cis forms \v;ts observctl to  

so 
tlicrina.1 reactioii (isoinerizatic~ii o r  t 1 c v x ) i i i i ) o s i  t i on)  \\’;Ls 
observed i n  solution after srveral (lays in  t Iic prcwmx of 
S- (Cl, lh-, or I )  or free l’l’rl13. 

On irradiation ( A  - 254, 313, 333, 365, or 405 nm) of 
methanol solutions of ( I a), a gradual spectral change is 
observed (Figure 2 ) .  ?‘he absorption a t  the maximum a t  
314 nm decreases antl a new absorption band appears witli 
a pronounced maximum a t  254 nm;  the spectra show a n  
isosbestic point a t  288 nni. The observed spectral vnri- 
ations can be assigned to a trans - cis isonierization for 
the following reasons : (i) by maintaining the irradiated 
solutions in the dark, the original U.V. absorption spectrum 
of (la) is re-established; (ii) the change in the 31P n.m.r. 

c)(‘cIIr over sevcral \veel<s a t  roo111 t ~ n l ~ ~ ~ ~ r a t ~ l r ~ ~  ( 2 0  Y.). 

303 
spectrum of ( la) which accompanies the spectral change 
upon irradiation is characteristic (see 31P n.1n.r. results) : 
and (iii) by applying the procedure outlined by Fischer,l* 
tlie U.V.  absorption spectruni of cZ’s-[Pd(PPrn3),C1,], ( lb ) ,  
was obtained from the absorption spectrum of tlie trans 
isomer ( la )  and the spectrum of the photostationary 
equilibrium, as obtained froin irradiation a t  31 3 nin in 
XleOH. The spectrum of ( lb)  obtained by this procedure 
matched that of pure ( lb)  prepared by our photochemical 
method l2 (Figure 2) .  

Phosphorus-3 1 ILT.fiI.R. Measurements.-A 3 li irradiation 
( h  = 254 nm) of ( l a )  (5 x 10-2 mol dr11-~ in CII2Cl2) gave tlie 
following 311) n.1ii.r. changes: original solution, - ! ) . O O  
13.p.m. (relative to H,FO,) ; irradiated solution, reduced 
intensity a t  -9.00 p.p.ni., new peak a t  -23.3 p.p.ni. l’lie 
observed don-nfield shift of the resonance is the same as 
found in the tvans cis isomerization of  similar coni- 
plexes.9 A 31 1’ 1i.ni.r. profile of the pliotoreaction indicated 
tlie absence o f  the free-ligand 311’ resonance a t  33 p . ~ . n i . * ~  
’l‘hc elec troiiic and 31 1 ’ 11. ni . r. esperinientrtl resiilts trclwn 
togetlicr intlicate that the sole photochemical reaction 
nliic*li occurs is reaction (2).  

h 1’ 
tvu,zs- 1, I’d ( 1’1 ’P3) .c 1 2 ]  ---f cis-1 l’tl ( 1’1 ’1 )I3) ;c‘ I,] ( 2) 

(14 ( 11’) 

PhotoLpzs of cis-[-l’d( I’I’rll:,).&*lJ, (11~).---lrratliation (254 
nm) o f  incth;inolic ( lb)  gave no photocheniicd isomerization 
t o  ( l a )  ; tlic only product isolittetl \vas [Pd,( 1’1’r113)2C‘1J (4) 
ivliich has been formulated as the cliloro-bridged derivative 
(111 the basis o f  elemental aiialysis antl spertroscopic pro- 
perties. The ‘H n.ii1.r. spectruin ( [2HHkjMeOH) slio\vs bands 
attributablc to the niethylene groups a t  1.95 11 p 111. 2tnd 
1.80 p.p.ni. and to the methyl group a t  1.27 11 1’ m l‘lie 
intcgrate(1 absorption of the proton resonant t’s vir t ua l lv  
iii;ttchetl t h t  expectctl for compound (4). 

The trans structure of tlie bridged p~tllatliuni t liloro- 
coiuplcx (4) was verified by thc skeletal stretching fre- 
qiienc+s 2O in tlic 200-500 c ~ i i - ~  region 7Gz , 440, 418. 355 
( 1  ’(1-C1 terniinal stretching), :300 (l’(l-C,l, bridging trniis to 
C1 stretcliiiig). ant1 251 (l+l-C‘l, bridging tvans to t’l’r”,) . 
,111 ‘€1  n.m.i-. profile o f  pliotoreac.tioii indicated a gi adud  
foriliation of free 1’1’1-’I3. 

I;ICURE 2 J’hotochcniically induccd 11.v. spectral changes o f  
tvans-[Yd(E’I’rn,),C1,I (6.75 x in01 ~ I r n - ~ ) :  ( a ) ,  initial 
spectrum ; ( b ) ,  spectrum of authentic cis-[Pd(PPrn,),C1,]. 
Numbers refer to  the irradiation time in minutes; ?Lirr. = 313 
nm 
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These results indicate the occurrence of pliotoreaction 

hv 
(3) * 
2 ~is-[Pd(PPr~,),C1,] [Pd,(PPrn,),Cld + 2 P P r n 3  (3) 

Photolysis of trans-[Pd(PPrn,),X,] [X = Br, (2a) ; X = I,  
(3a)] .-Deaerated methanol solutions of (2a) and (3a) were 
irradiated with 264-450 nm light in order to examine 
any variation in reaction pattern as compared to the chloro- 
complex (la). Both spectral profiles showed an isosbestic 
point a t  336 nni characteristic of the trans-cis isomeriz- 
ation. The absorbance data plotted accoi-ding to the 
method of Coleman et aZ.,l gave straight lines passing 
through the origin, confirming the presence of only two 
absorbing species during pliotolysis. Phosphorus-31 n.1n.r. 
and electronic studies of irradiated solutions of (2a) ;tnd 
(3a) gave spectral changes identical to those obtained for 
( la) .  These experimental results inclicatc the occurrence 
of reaction (2) for (2a) and (3a) as well. 

Quantum YieZrls.-Quantitative measurements were per- 
formed under various experimental conditions. The 
presence of X- and/or free PPrIl, affects neither the band 
positions in tlie electronic spectra nor the course of photo- 
reactions for ( la),  (2a), and (33).  Quantum yields for the 
photoreactions as a function of irradiation are given in 
Table 2. 

The data collected in Table 2 show three significant 
features : (i) the quantum yields sliow a wavelength depen- 
dence when < 313 niii ; (ii) the order: <DlhOll,. (la) -> 
@ihom. (2a ) > @,son,. (3a) ; (iii) tlie quantum yields are virtu- 
ally independent of the presence of X- and/or P1W3. 

TABLE 2 
Quantum yields for tlie photoisomerizatictn prwxss o f  the 

cornplex tmns-[Pd(PZ'rn,),X,] (X =3 C1, Br, or I) in 
methanol a t  several wavelengtlis of irradiation 

Airr./nm c1 Br I 
254 0.45 0.18 
313 0.19 0.11 0.02 

0.18 
0.19h 

333 0.18 0.12 0.02 
365 (1.19 0.12 0.03 
405 0.19 0.11 0.02 

In the presence of C1- (10P niol dn1P). In the presence of 
small amounts of tri-n-propylyhosphine. Estiniated error 
i 5 0 .  

1)ISCUSSION 

The systematic pattern of electronic and 31P n.1n.r. 
changes shows that the only photoproduct which is 
formed upon irradiation of ( la)  is the cis complex, ( lb) .  
The quantum yields for (la)-( lb)  conversion show a 
wavelength dependence, and clearly the large quantum 
yield resulting from photolysis of ( la)  at 254 nm [irradi- 
ation in the region of the CTTM (charge transfer to metal) 
band, P -+ Pd] leads to population of a reactive state 
inaccessible to 313 nm radiation ; moreover this state does 
not deactivate efficiently to the lower energy states of 
band B and the L F  (ligand-field) transitions. The same 
trend of weak internal conversion between CTTM and 
LF excited states was observed previously for square- 
planar platinum(I1) complexes.22 

The electronic character of the excited states of 
palladium(I1) complexes, vix. opdn - opd* -+ 

xpd* + opd* for LF states, x p -  ( T ~ ~ I *  and xs - 
opd* for the CTTM states, is suggestive of ligand lability 
owing to weakening of metal-ligand (PPrn,, X-) bonds. 
However, a direct correlation between bond weakening 
and ligand lability is implicit only for a dissociative 
mechanism. The absence of any effect of X- and free 
PPrn, on the quantum yields, 31P n.m.r. and conducto- 
metric results are inconsistent with a consecutive dis- 
sociative mechanism for the trans -+ cis isomerization. 
If a dissociative mechanism is inoperable, possible 
distortion of the CTTM (P -+ Pd) excited states away 
from square-planar geometry would explain the higher 
quantum yield observed for 254-nm irradiation. 
Evidence that the distortions relate to the conform- 
ations around phosphorus comes from the crystal 
structure l2 of the cis form, (Ib).  

The structural results show in fact that the major 
steric effect is on the P-Pd-P angle, which is increased to 
l05O 76' from the 90" of the square-planar geometry. 
There is also a considerable increase in one Pd-P-C 
angle on each phosphorus to not less than 121". These 
results and the facts that tram-to-cis photoisomerization 
of ( la)  occurs with high efficiency but the corresponding 
cis-to-trans photoprocess does not occur suggest that  
the thermally equilibrated excited state responsible for 
isomerization is ' cisoid '. That is, although the lowest 
energy configuration of the excited state could have a 
tetrahedral-like c~nfiguration,~ it is distorted toward the 
cis geometry. Non-radiative deactivation of the ' cisoid 
excited state ' would give a cisoid vibrationally excited 
ground state that relaxes to the cis isomer. 

From the data of Table 2 it can be seen that the quan- 
tum yields of the trans-cis isomerization decrease along 
the series C1- to I-. This decrease may be attributed to 
an enhanced stability of the Pd-P bonds as the halogen 
increases in atomic number.23 A comparison of the 
force constants of the Pd-P bond in the complexes 
[PdL2X2] (L = tertiary phosphines, X = C1-, Br-, or 
I-) shows that the Pd-P bond strength increases in the 
series [PdL21,] > [PdL2Br2] > [PdL2C12]. The occur- 
rence of this behaviour may be taken as further evidence 
for an excited state with a distorted configuration around 
the P atom. 

The remaining source of kinetic information on iso- 
merizat ion of the halogeno-phosphine complexes of 
Pd[I is the lack of influence on the quantum yields of 
either X- or PPrll,. This means that the photochemical 
isomerization suffers no mass law retardation. Addi- 
tionally, it was observed that in all cases the conducti- 
vity of the irradiated solutions never reached that of a 
1 : 1 electrolyte even when an excess of PPrn3 was added. 
The results of conductometric studies and the indepen- 
dence of the quantum yields of added X -  and PPrn, 
are therefore complementary and both indicate the 
absence of an ionic pathway for the photoinduced 
isomerization. 

Another important result is that the amount of the cis 
isomer, ( lb) ,  increases as the dipole moment of the solvent 
increases (Table 3). The results of Table 3 show that if 
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TABLE 3 

Tsonierization of t r ~ ~ i s - [ ~ ~ d ( P P r ~ ~ , ) , C l ~ ]  in various solvents 
(20 "C), A,,, = 313 nm 

Solvent v "ID Percent of cis isomer b 

N itromethanc 4.39 72 
Dimethy1form;imitle 3.85 64 
Acetone 3.11 58 
1,2-1_)ichloroethane 2.94 
Dichloromethane 1.80 
Chloroform 1.10 
Ikuteriochloroform 1.01 

48 
32 
18 
1 6 

ICthanol 
hlethanol 
Propan- 1-01 

6.89 45 
2.87 40 
I .66 25 

Dipole nionient (Debye units; 1 11 3.336 x 10 3n C m) : 
A .  I,. McClcllan, ' Tables of Esptriniental Dipole Moments,' 
W. 14. l'rcctnan and Co., Sail l;rancisco, 1963. Estimated from 
signal height o f  31P n.m.r. rcsonaiice. Irradiation time 2 11. 
Concentration of tvnns isonwr 5 x 10 niol dni-:'. 

t lie solvents are ordcred according to dipole moment into 
three separate groups (liydroxylic solvents ; clilorinated 
livdrocarbonr; nitromethane, acetone, and climetliyl- 
formamide) three distinct linear regions are evident 
wliere the amount of ( lb )  generally increases as the 
solvent dipole niomcnt increases. That the solvents 
iised have scparate correlation lines is not surprising in 
view of a probable difference in nature of tlie complex- 
solvmt interaction.R Thus it appears that the solvent 
dipole moment is tlie most important factor in deter- 
mining the yield of tlie cis isomer ( lb) ,  but also that 
during the course of the isoriierizat ion process thc solvent 
achieves intiinate contacts with the cis forms of palla- 
dium(11) complexes. This is in agreement with previous 
 argument^ regarding sonic platinum(1r) phosphine 
complexes for which it was suggested that solvent 
interaction is greater for the cis complexes than for the 
trans isomers .24 

Tlie cis-I Pd(PPr~~,),Cl,] complex (lb) undergoes ther- 
mal isonierization lo to the trans complex; the rate of 
reversion o f  cis to t r a m  followed by 31P n.1n.r. spectro- 
scopy is extremely temperature-sensitive, with a very 
large encrgy requirement to achieve the transition 
state.lo However the cis complex ( lb)  undergoes wave- 
length-dependent photodecomposition when irradiated. 
The photoprocess is associated with low-wavelength 
photolysis (A 313 nm), and apparently the principal 
reaction involves dissociation of a Pd-PPrn, bond. The 
photodissociative process was confirmed both by direct 
observation of free PPr*l, in 31P r1.m.r. measurements in 
the first stages of photolysis and by the more quantit- 

ative method of isolation of [Pd,(PPrn,),CI,]. The 
labi-lity of PPrn, in a P+Pd charge-transfer state, but 
not the ground state of the cis complex ( lb) ,  can be 
explained on the basis of excited-state geometry. 
Interpretation of both the observed wavelength depen- 
dence for the photolysis of (lb) and the crystal-structure 
analysis leads to the conclusion that the P-Pd excited 
states could be considerably distorted toward a tetra- 
hedral-like geometry. In such a configuration, x 
backbonding from PdC1 to YPrll, should be reduced 
compared to that in the square-planar geometry, a 
perturbation leading to greater ligand lability of the PPr*l, 
ligand. 
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