
Synthesis of the complexes [PdCIR(cod)] 
(R = benzyl, ethyl; cod = 1,s-cyclooctadiene). 
P-Elimination from [PdCIEt(cod)] to give the 
q1 ,q2, and q3 isomers of [Pd2(p=CI),(C,H1 
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Abstract: Treatment of [PdCl,(cod)] with tetrabenzyltin gives the benzylpalladium complex [PdCI(CH,Ph)(cod)] (cod = 
1.5-cyclooctadiene). la ,  whose structure has been determined by X-ray crystallography. It adopts approximate square-planar 
geometry, with the double bonds perpendicular to the square plane. The corresponding ethylpalladium derivative l b  has been 
prepared by a similar-method, but it is considerably less stable. It decomposes by p-elimination to produce ethene and a transient 
hydride complex, which either undergoes migratory insertion to give [P~,(~-CI),(~',~~-C~H~~)~], 2a, or dinuclear reductive 
elimination with a second molecule of l b  to produce ethane, [PdCl,(cod)], free cyclooctadiene, and palladium metal. Complex 
2a has also been prepared by reaction of [PdCl,(cod)] with NaBH4. At higher temperatures 2a converts to an equilibrium mixture 
with its q"allyl isomer, 2b. Reactions of [PdCl,(cod)] or K,PdC14 in the presence of cyclooctadiene in aqueous solution to 
produce 2a or 2b have also been investigated. 

Key words: palladium, diene complexes, allyl complexes, isomerization, p-elimination. 

RCsurnC : Le traitement du [PdCl,(cod)] avec le tCtrabenzylCtain conduit au complexe benzylpalladium [PdCI(CH,Ph)(cod)] 
(cod = cycloocta- l,5-dikne), la, dont on a dCterminC la structure par diffraction des rayons X. I1 adopte une gComCtrie plan carrC 
dans laquelle les doubles liaisons sont perpendiculaires au plan carre. On a prCparC le dCrivC Cthylpalladium correspondant, lb ,  
par une mCthode semblable; il est toutefois beaucoup moins stable. I1 se dCcompose par une Climination P pour former de 
I'Cthkne et un hydrure complexe transitoire qui peut donner lieu soit B une insertion migratoire conduisant au [Pd,(p-CI),(q1,q2- 
C,H,,),], 2a, soit h une Climination reductrice dinucleaire avec une deuxikme molCcule de l b  qui fournit de I'Cthane, du 
[PdCl,(cod)], du cyclooctadikne libre et du palladium mCtallique. On a aussi prCparC le complexe 2a par rkaction du [PdCl,(cod)] 
avec le NaBH,. A des tempkratures plus ClevCes, le composC 2a se transforme en un mClange B I'Cquilibre avec I'isomkre q3- 
allyle 2b. On a aussi CtudiC les rCactions du [PdCl,(cod)] ou du K,PdCI, en solution aqueuse, en prCsence de cyclooctadikne, qui 
conduisent aux produits 2a ou 2b. 

Mots elks : palladium, complexes diCniques, complexes allyliques, isomerisation, Climination P. 

[Traduit par la rCdaction] 

Introduction 

Since the first platinum complexes of the type [PtClR(cod)] 
(cod = 1,5-cyclooctadiene) were reported by Clark and Man- 
zer (I), they have served as excellent precursors to a range of 
organoplatinum species, including bis(phosphine) (2) or 
diphosphine (3) compounds, or dppm-bridged A-frames (4). 
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The corresponding palladium complexes have proved more 
elusive. The preparation of [PdClMe(cod)] was first reported 
in 1977, from the reaction of the dimethyl species with chlori- 
nated solvents or with [PdCl,(cod)], but it was found to be 
unstable (5) .  More recently, a superior synthesis from 
[PdC12(cod)] and tetramethyltin has been reported (6), and we 
have shown that [PdClMe(cod)] is a suitable precursor to a 
number of chloride-bridged methylpalladium complexes (7). 
The pentafluorophenyl complex [PdC1(C6F,)(cod)] has been 
prepared and structurally characterized, and it has been shown 
to undergo rearrangements that involve migration of the aryl 
group on to the cyclooctadiene ring (8). In this paper, we 
report the preparation and structure of [PdCl(CH,Ph)(cod)], 
la, and the difficult isolation and facile rearrangement of its 
ethyl analogue. 

Results and discussion 

I ' Author to whom correspondence may be addressed. The synthesis of [PdCl(CH,Ph)(cod)], la, is similar to that of 
Telephone: (3 14) 516-531 1. Fax: (314) 516-5342. its methyl analogue (6,7), except that a longer reaction time is 
E-mail: ganderson@umsl.edu required. Thus, refluxing a dichloromethane solution of 
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Stockland et al. 

Fig. 1. Projection view of the n~olecular structure of [PdCI(CH,Ph)(cod)], la ,  
showing the atom-labeling scheme. 

[PdC12(cod)] with a slight excess of tetrabenzyltin for 7.5 h, 
followed by purification, ave the product as a yellow solid in 
good yield. Its 'H and 'C['H} NMR spectra exhibit the 
expected resonances. The 'H NMR spectrum displays a singlet 
at 3.59 ppm due to the benzyl CH2 hydrogens, and two multip- 
lets at 4.87 and 5.89 ppm due to the coordinated alkene hydro- 
gens trans to C1 and CH2Ph, respectively, in addition to 
multiplets due to the cyclooctadiene CH2 groups and the aro- 
matic hydrogens. The significant difference between the 
two =CH chemical shifts is due to the difference in trans 
influence between the C1 and CH2Ph groups, the benzyl group 
weakening the Pd-alkene interaction trans to itself and mak- 
ing it more like a free alkene. Consistently, the I3c[ 'H} NMR 
spectrum contains two signals due to the nonequivalent alkene 
moieties, two signals assigned to the aliphatic carbons of 
cyclooctadiene, a benzylic carbon resonance at 35.8 ppm, and 
four aromatic signals. 

The crystal structure of l a  belongs to the space group 
P2,2,2,, and its molecular structure is shown in Fig. 1. Bond 
distances and angles are given in Table 1. The structure exhib- 
its approximate square planar geometry about palladium, the 
metal center being coordinated by the two alkene groups of the 
diene, the benzyl CH2 group and C1. The double bonds lie 
approximately perpendicular to the square plane. The C-C 
distance for the alkene lying trans to the benzyl group is 
1.334(10) A, close to that expected for the free diene, whereas 
the other C-C bond is lengthened slightly (1.379(10) A), 
indicating a stronger alkene-metal interaction trans to C1. Tke 
Pd-C and Pd-Cl distances are 2.051(7) and 2.336(2) A, 
respectively. 

When compared with the few related organopalladium 
complexes that have been reported previously, namely, 
[PdClR(cod)l (R = C6F5 (8), CH2S02Ph (9)) and the 
[PdCl[CH(SiMe3)PMe2Ph}(cod)]+ cation (lo), the present 
complex displays the longest Pd--C(alkene) bonds trans to 
the organic fragment and the longest Pd-Cl distance. These 
features suggest that the benzyl group exhibits the greatest 

Table 1. Bond lengths (A) and angles (deg) for la .  
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trc~ns influence among these organic groups. Within the diene 
ligand a weaker Pd-C(a1kene) interaction trczns to the benzyl 
group may induce a stronger Pd-C(a1kene) interaction trczns 
to C1 which, in turn, results in weakening of the Pd-Cl bond. 

Whereas [PdCIMe(cod)] reacted with carbon monoxide to 
produce the corresponding acetyl complex (7), we found that 
treatment of the benzyl complex with CO (1 atm (101.3 kPa)) 

I 

at ambient temperature resulted in rapid decomposition. 
The reaction of [PdCl,(cod)] with tetraethyltin proved to be 

more complicated. When the reaction was performed at tem- 
peratures above 20°C extensive decomposition took place in 
addition to formation of dimeric species (vide infra), and long 
reaction times at ambient temperature also led to decomposi- 
tion and the formation of palladium mirrors. On the other 
hand, at 0°C or below the reaction was extremely slow. Excess 
Et,Sn also promoted decomposition. We have found that by 
use of a deficiency of Et,Sn (ca. 0.6 mol-equiv. per Pd) and 
relatively short reaction times (ca. 4 h) at 20°C we can isolate 
[PdClEt(cod)], Lb, in pure form, albeit in low yield. Since 
much of the [PdCl,(cod)] is recovered unchanged (and able to 
be used again), however, the yield of the ethylpalladium com- 
plex is 78% based on the amount of [PdC12(cod)] actually con- 
sumed. Longer reaction times result in further reaction of 
[PdClEt(cod)] and lower isolated yields. The 'H and '"CH) 

I NMR spectra of [PdClEt(cod)] are unsurprising, resonances 
due to the ethyl group being observed in addition to the signals 
for coordinated cyclooctadiene. 

When a CpD, solution of [PdClEt(cod)l, lb,  was allowed to 
stand at ambient temperature a precipitate formed, along with 
some palladium metal. Analysis of the remaining solution by 
'H NMR spectroscopy revealed the presence of the dimeric 
complex [Pd,(p cl),(-q',-q2-c,H,,),], 2a. Signals due to 
ethene (5.19 ppm) and ethane (0.80 ppm), as well as free 1,5- 
cyclooctadiene, were also observed. The precipitate was iden- 

I tified as [PdCl,(cod)], which is sparingly soluble in benzene, 
I by its 'H NMR spectrum in CDCl solution. The structure of 1 2a was determined from its 'H and ,c{ 'H)  NMR spectra (see 

Experimental), peak assignments being made from 'H-'H and 
I3c-'H correlation spectra. The 'H NMR spectrum shows the 
expected two olefinic resonances, and the signal due to H1 
appears as a multiplet at 3.90 ppm. The resonances for one 
hydrogen on each of the carbons adjacent to the site of meta- 
lation, i.e., C2 and C8, appear at an unusually low frequency 
(0.40 and 0.60 ppm, respectively), whereas the remaining 
hydrogens resonate between 1.1 and 2.1 ppm. 

The disappearance of [PdClEt(cod)], lb,  in benzene solu- 
tion may be accounted for by the sequence of reactions shown 
in Scheme 1. P-Hydride elimination from l b  produces ethene 

I and [PdClH(cod)] (although the latter has not been detected). 
The hydride complex may follow either of two competing 
pathways, namely, rearrangement and dimerization to give 2a, 
or dinuclear reductive elimination with a molecule of l b  to 
produce ethane, [PdCl,(cod)], cyclooctadiene, and palladium 

Fig. 2. Plot of the disappearance of l b  with time (a)  in 
dichloromethane, (0) in benzene, ( c )  in benzene in the presence 
of 0. I mol-equiv. of Et,Sn, (4 in benzene in the presence of 
1.0 mol-equiv. of Et,Sn. 

Time (rnin) 

metal. It might be anticipated that in the early stages of the 
reaction, when l b  is present in relatively high concentration, 
reaction of [PdClH(cod)] with l b  would be favored, but this is 
difficult to ascertain because [PdCl,(cod)] precipitates from 
solution. 

When monitored in C6D6 solution, the disappearance of l b  
(which initially contained 10% 2a) displayed a half-life of 70 
min. The reaction occurred more slowly in CD,Cl, solution 
(Fig. 2), with a half-life of 150 min. Reaction in dichlo- 
romethane also resulted in greater conversion to 2a (ca. 60%). 
In contrast, when dissolved in CD,CN l b  reacted completely 
within 25 min to produce [PdCl,(cod)] and palladium metal, 
as well as free cyclooctadiene, ethene, and ethane, with no 
dimer being detected at all. Integration of the olefinic signals 
due to [PdCl,(cod)] and cyclooctadiene in the 'H NMR spec- 
trum indicated that they were formed in equal amounts. When 
1 mol-equiv. of Et,Sn was added to l b  in C6D6 solution 
decomposition took place much more rapidly (Fig. 2) to give 
[PdCl,(cod)] and palladium metal, as well as C2H4 and C2H6, 
but 2a was not formed. With 0.1 mol. equiv. of Et4Sn the dis- 
appearance of l b  was rapid initially (presumably until the 
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Scheme 1. 

Et4Sn was exhausted), then the rate of decomposition 
decreased to that of l b  alone in benzene solution. 

The origin of the observed rate difference in benzene and 
dichloromethane is uncertain. Acetonitrile may be a suffi- 
ciently good nucleophile for palladium to displace cycloocta- 
diene, and the resulting [PdC1Et(CD3CN),] may decompose 
rapidly to give C2H4 and [PdC1H(CD3CN),]. Further reaction 
with l b  would produce C2H6 and [PdCl,(cod)] and Pd metal, 
thereby accounting for the observed products. Rapid decom- 
position in the presence of Et4Sn is consistent with our obser- 
vations regarding the synthesis of lb.  Excess Et,Sn is likely to 
result in formation of [PdEt,(cod)], which would decompose 
by P-hydride elimination followed by reductive elimination of 
ethane. The dimethyl analogue was also reported to be unsta- 
ble (5), although it would be susceptible only to Pd-C bond 
cleavage or reductive elimination. When the reaction of 
[PdCl,(cod)] with Et4Sn was monitored by " 9 ~ n  NMR, spec- 
troscopy signals due to Et,Sn and Et3SnC1 only were observed, 
indicating that only one ethyl group is transferred to palla- 
dium. Even with only 1 mol-equiv. of Et4Sn, however, it is 
likely that some [PdEt,(cod)] is formed (leaving some 
[PdCl,(cod)] unreacted), which would decompose readily. 

Complex 2a underwent no further reaction in benzene or 
dichloromethane solution at ambient temperature, but when a 
C6D6 solution of 2a was heated to 70°C rearrangement to its 
allyl isomer [P~~(~-C~),(~~-C,H,~),], 2b, occurred. The con- 
version was 60% complete after 5 h, but then the reaction 
appeared to reach equilibrium, and further heating caused 

+ Pd metal 

decomposition. Complex 2b was identified by its 'H and 
' 3 ~ { ' ~ )  NMR spectra. It exhibits triplet and quartet reso- 
nances for the allyl functionality in its 'H NMR spectrum, and 
the expected five resonances in its 1 3 ~ { ' ~ }  NMR spectrum 
(see Experimental). That an equilibrium between 2a and 2b 
was indeed established was demonstrated by heating a tolu- 
ene-d8 solution of 2b to 100°C for 30 min. Analysis of the 
solution revealed the presence of 2a and 2b in a 1 :2 ratio, con- 
sistent with that found starting from 2a. 

Espinet and co-workers have shown (8) that 
[PdC1(C6F5)(cod)] undergoes a slow rearrangement in solu- 
tion at ambient temperature to give a mixture of [Pd,(k- 
~ l ) 2 ( ~  1,r12-~8H12.~fjF5)2~ and [Pd2(~-C1)2(r13-~8H12'C6F5)21> 
the ratio of which was found to depend on the solvent 
employed. Interconversion of the two isomers was not 
detected at ambient temperature, and only 20% of [Pd, (p  
C~),(~~,~~-C~H~,.C~F~),] was converted to its r13-a11y1 isomer 
after refluxing in chloroform for 80 h. They interpreted this to 
indicate that [P~,(~-CI)~(~',~~-C~H~~~C~F,),I is not an inter- 
mediate in the formation of the ally1 complex, but that both are 
formed from a common intermediate [~d,(~-cl) ,(-q '-  
C8H1,~C6F5),], in which the remaining double bond is uncoor- 
dinated (8). In our work 2b is not formed at 25°C so 2a could 
be an intermediate in its formation, but a common intermedi- 
ate of the type [ P ~ , ( ~ - C ~ ) , ( ~ ' - C ~ H , ~ ) , ]  is also possible with 
coordination of the free double bond being much faster than 
rearrangement to the allyl form at ambient temperature. Equil- 
ibration of 2a and 2b occurs relatively easily at higher temper- 
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atures, suggesting that there is a lower activation barrier than 
in the pentafluorophenyl-substituted system. Espinet and co- 
workers pointed out the significance of slow isomerization of 
rl',r12- to r13-allyl species and its relevance to organic s nthesis Y via allylmetal complexes (1 1, 12). Related slow q',rl-- to r13- 
allyl rearrangements have been observed previously (13, 14). 

Although 2a alone does not convert to 2b at ambient tem- 
perature, we found that addition of free chloride ion (in the 
form of bis(tripheny1phosphine)iminium chloride) to a CD,Cl, 
solution of 2a resulted in complete conversion to 2b within 12 
h. In contrast, addition of sodium acetate had no such effect. 
Addition of chloride to 2a may result in bridge opening to 
form a species of the type [ P ~ c ~ , ( ~ ' , ~ ~ - c ~ H , ~ ) ] - ,  in which 
rearrangement to the $ f o r m  occurs more readily. The rear- 
rangement is likely to occur by a series of reversible p-elimi- 
nations, and this should be enhanced by the increased electron 
density on the palladium center in an anionic species. Since 
acetate is a weaker nucleophile for palladium, the addition of 
NaOAc resulted in no rate enhancement. 

The formation of 2a from [PtClEt(cod)], and its rearrange- 
ment to 2b, prompted us to investigate alternative methods for 
the preparation of these dimeric complexes. It had been 
reported (15) that treatment of PdCl, with 2.3 equivalents of 
1,5-cyclooctadiene in aqueous acetone for 20 h at ambient 
temperature produced 2a in high yield. This was shown to 
occur by Wacker oxidation of one equivalent of cyclooctadi- 
ene to cycloocten-5-one, and addition of the HPdCl moiety 
thus formed to a second cyclooctadiene was proposed to 
account for the formation of 2a (15). We have also obtained 2a 
by this method. In addition, we found that 2a can be prepared 
by treatment of [PdCl,(cod)] with 1.2 mol-equiv. of NaBH, in 
CH2C12-MeOH solution. When the reaction is carried out at 

H20HOAc 
[ I ]  [PdCl,(cod)] + cod i'oOc * />..< 

5 min 

ambient temperature extensive decomposition occurs, but if 
the reaction is performed at -60°C 2a is formed cleanly and, 
although some decomposition to palladium metal occurs dur- 
ing the isolation procedure, the complex can be obtained in 
good yield. Complex 2b has been prepared previously, by 
reaction of [Pd(q~C,H,3)(cod)]C104 with excess LiCl (16). 
The corresponding bromide-bridged complex was also pro- 
duced by passing CO through an ethanol solution of PdC1, and 
NaCl in the presence of excess 3-bromocyclooctene (17). 

Since [PdCl,(cod)] is formed rapidly from cyclooctadiene 
and palladium(I1) chloride or a tetrachloropalladate(I1) salt, it 
seemed likely that it would be an intermediate in the formation 
of 2a from PdC1, and 1,5-cyclooctadiene (15). Thus, we stud- 
ied the reactions of [PdCl,(cod)] with free cyclooctadiene 
under a variety of conditions. When [PdCl,(cod)] alone was 
heated to 70°C for 5 min in water or in aqueous acetone a com- 
plex mixture of products was obtained, but when heated with 1 
equivalent of cyclooctadiene in water conversion to 2a 
occurred within 5 min, although considerable decomposition 
also took place. Decomposition was inhibited by addition of 
acetic acid. Thus, heating an aqueous acetic acid solution of 
[PdCl,(cod)] with free cyclooctadiene to 70°C for 5 min 
resulted in very little decomposition to palladium metal, and a 
mixture of 2a and 2b was obtained (eq. [ I  I). Heating to 100°C 
gave 2b only. Whereas the presence of acetic acid appeared to 
stabilize the system (and promote allyl formation), reaction of 
[PdCl,(cod)] was inhibited by addition of hydrochloric acid. 
Heating a solution of the complex with 1 or 10 equivalents of 
cyclooctadiene in 6 M HCl resulted in quantitative recovery of 
[PdCl,(cod)]. Similarly, heating an aqueous solution of 
[PdCl,(cod)] with free cyclooctadiene in the presence of 100 
equivalents of sodium chloride produced no reaction. 

Reactions involving K2PdC14 gave similar results. When an 
aqueous solution of the salt containing 2 equivalents of 
cyclooctadiene was heated to 70°C for 5 min a mixture of 
[PdCl,(cod)] and 2a was obtained, but considerable decompo- 
sition occurred. Addition of acetic acid again stabilized the 
system against decomposition. Prolonged heating to 70°C of 
an aqueous acetic acid solution of K,PdCI, with cyclooctadi- 
ene produced a mixture of 2a and 2b, whereas heating of the 
mixture to 100°C gave the allyl complex 2b as the sole prod- 
uct. Reaction of K,PdCl, with cyclooctadiene was inhibited 
by excess HC1, only a small amount of [PdCl,(cod)] being 
formed after 35 min at 70°C, and neither of the dimeric com- 
plexes 2a or 2b was observed. 

A number of points emerge from these studies. When 
[PdCl,(cod)] or K2PdC14 was heated to 70°C in aqueous solu- 
tion in the presence of excess cyclooctadiene a mixture of 2a 

and 2b. was obtained within a few minutes. Thus, 2b was 
formed much more rapidly than when 2a was heated to the 
same temperature in benzene. At 100°C 2b was formed as the 
exclusive product, suggesting that the equilibrium position 
between the two isomers considerably favors the r13-allyl form 
at this temperature in aqueous solution. The role of acetic acid 
in preventing decomposition is unclear. On the other hand, the 
presence of excess HC1 inhibited reaction of [PdCl,(cod)] to 
form 2a and 2b. If, as suggested by Stille and James (15), oxi- 
dation of cyclooctadiene proceeds by initial attack of water on 
the coordinated diene of [PdCl,(cod)] followed by loss of 
HCl, it would be expected that this process should be sup- 
pressed by the presence of HCl. 

The observation that excess HCl also inhibits the formation 
of [PdCl,(cod)] from K2PdC14 and cyclooctadiene is interest- 
ing. The reason for this may simply be that in the presence of a 
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Table 2. Crystal data and structure refinement for la .  

Emperical fomula C,,H,,ClPd 
Formula weight 341.15 
Temperature 293(2) K 
Wavelength 0.7 1073 
Crystal system Orthorhombic 
Space group p212121 
Unlt cell dimensions a = 8.0378(12) A, cr = 90" 

0 = 10.7825(10) A, = 90" 
c = 15.756(3) A, y = 90" 

Volume, Z 1365.6(4) A', 4 
Density (calclulated) 1.659 ~ g l m '  
Absorption coeffic~ent 1.530 mm-' 
F(OO0) 688 
Crystal size 0.4 x 0.1 x 0.06 mm 
0 range for data collection 2.29"-27.50" 
Limiting indices -10 2 h I 10, -14 5 k 5 14, -20 5 15 20 
Reflections collected 6024 
Independent reflections 3 135 (R,,, = 0.09 15) 
Absorption correction Semi-empirical from v-scans 
Max. and min. transmission 0.7957 and 0.7393 
Refinement method Full-matrix least squares on F' 
Datalrestraintslparameters 3 134101154 
Goodness-of-fit on F' 0.999 
Final R indices [I > 2o(1)] R1 = 0.05 18, wR2 = 0.0798 
R indices (all data) R1 = 0.0997, wR2 = 0.09 18 
Absolute structure parameter -0.09(8) 
Largest diff. peak and hole 0.583 and -0.498 e A-3 

high concentration of free chloride, dissociation of C1- from 
, ~d~1:- is suppressed, thereby preventing coordination of the 

diene. This is significant in that reported procedures for the 
preparation of [PdCl,(cod)] often involve the use of HC1. 
Whereas the initial report of the synthesis of the complex 
involved reaction of Na,PdCl, with cyclooctadiene in metha- 
nol or acetone solution (1 8), more recent methods involve the 
use of a dilute solution of HCl in ethanol (19,20). 'The concen- 
tration of HCl employed in these cases is considerably lower 
than that used here, but it should be pointed out that the pres- 
ence of a high concentration of HCl could have a detrimental 
effect on the yield of [PdCl,(cod)] prepared by this method. 

Experimental 

All reactions were carried out under an atmosphere of argon. 
Solvents were dried and distilled immediately prior to use. 
Tetraethyltin was obtained from Aldrich. Tetraphenyltin and 
tetrabenzyltin were prepared from SnCl, and the appropriate 
Grignard reagent. [PdCl,(cod)] was prepared according to the 
method of Chatt et al. (18). NMR spectra were recorded on a 
Varian XL-300, Varian Unity plus 300, or Bmker ARX-500 
spectrometer. 'H and I3c chemical shifts are relative to the 
residual solvent resonance. Microanalyses were performed by 
Atlantic Microlab, Inc, Norcross, Ga. 

Preparation of [PdCl(CH,Ph)(cod)], l a  
To a dichloromethane solution of [PdCl,(cod)] (0.50 g, 1.8 
mmol) was added Sn(CH,Ph), (1.2 g, 2.4 mmol). The yellow 

solution was refluxed for 7 h. The resulting black mixture was 
passed through a Hyflo Supercel column to remove palladium 
metal, then the solvent was evaporated. The residue was dis- 
solved in a 80:20 mixture of CH,Cl,/hexane, and the solution 
was passed through a 14 x 1 cm silica column. The column 
was eluted with a total of 1 L of solvent, and the yellow frac- 
tion was collected. The solvents were evaporated, leaving the 
product as a yellow powder that was dried in vacuo (0.39 g, 
66%). 'H NMR (CDCI,), 6(H): 2.39 m (CH,), 3.59 s (CH,Ph), 
4.87 m, 5.89 m (=cH), 7.14 m, 7.43 m (C6H5). ' 3 ~ { 1 ~ )  

NMR (CDCl,); 6(C): 27.5, 30.9 (CH,), 35.8 (CH,Ph), 104.5, 
123.7 ( = a ) ,  125.7, 128.6, 129.5, 143.9 (C6H5). Anal. calcd 
for C,,H,,ClPd: C 52.81, H 5.61; found: C 52.81, H 5.66. 

Preparation of [PdClEt(cod)], l b  
Tetraethyltin (0.307 mL, 1.55 mmol) was added by syringe to 
a CH,Cl, (40 mL) solution of [PdCl,(cod)] (0.772 g, 2.71 
mmol). The system was protected from light, and stirred for 4 
h at 20°C, then cooled in an ice bath. The solvent was evapo- 
rated at 0°C. The residue was washed with hexane to remove 
the tin compounds, then extracted with three 15 mL portions 
of benzene. The benzene extract was frozen in an ice bath, and 
the benzene was removed in vacuo, leaving the product as a 
yellow solid (0.156 g, 36% yield based on Et4Sn used). 'H 
NMR (CD,Cl,), 6(H): 1.26 t (CH,), 1.57 m, 1.75 m (CH,), 
2.24 q (CH2CH3), 4.98 m, 5.72 m (=CH). 1 3 ~ { ' ~ )  NMR 
(CD,Cl,), 6(C): 17.7 (CH,), 27.3 (CH,), 30.2 (CH,CH,), 30.7 
(CH,), 10 1 .O, 123.6 (=CH). The benzene-insoluble material 
was identified as unreacted [PdCl,(cod)] (0.567 g). 
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Table 3. Atomic coordinates ( ~ 1 0 " )  and equivalent isotropic 
displacement parameters (A' x lo3) for la. U(eq) is defined as 
one third of the trace of the orthogonalizede U,; tensor. 

Atom 

Preparation of [~d~(p-~l)~(~',q~-~~~,~)~], 2a 

(a) From [PdC12(cod)] and Et4Sn 
To a CH,Cl, solution of [PdCl,(cod)] (0.30 g, 1.05 mmol) was 
added tetraethyltin (0.30 mL, 1.5 mmol) by syringe. The solu- 
tion was stirred at ambient temperature for 15 h, during which 
time a mirror was deposited on the inside of the flask. The 
resulting.so1ution was passed through a Hyflo Supercel col- 
umn, and the solvent was evaporated. The yellow residue was 
washed with hexane, then extracted with benzene. The ben- 
zene solution was filtered to remove unreacted [PdCl,(cod)], 
then evaporated to dryness to leave the product as a yellow 
powder (0.12 g, 46%). 'H NMR (C,D6), 6(H): 0.40 (m) H2; 
0.60 (dd, 6.2 and 14.4 Hz) H8; 1.45 (dt, 10.8 and 4.4 Hz) H3, 
H3'; 1.55 (m) H7, H7'; 1.70 (m) H2', H4; 1.92 (m) H4'; 2.13 
(m) H8'; 3.90 (m) H1; 5.60 (m) H5; 5.88 (dt, 6.7 and 8.3 Hz) 
H6. 1 3 ~ ( ' ~ ]  NMR (C6D6), 6(C): 26.3 (C7), 27.0 (C3), 28.7 
(C4), 35.7 (C2), 40.2 (C8), 56.0 (C 1 ), 100.7 (CS), 105.2 (C6). 
Anal. calcd. for C16H26C12Pd2: C 38.27, H 5.22; found: C 
38.31. H 5.16. 

(6) From [PdC12(cod)] and NaBH, 
[PdCl,(cod)] (0.20 g, 0.70 mmol) was dissolved in CH2C12 (60 
mL), and NaBH4 (0.032 g, 0.85 mmol) was added. The mix- 
ture was cooled to -60°C and methanol (1 mL), previously 
cooled to -78"C, was added. After 24 h the solvents were 
removed in vacuo and the residue was extracted with CH,Cl,. 
After passing through a Hyflo Supercel column, the CH,Cl, 
was evaporated to leave the product as a light yellow powder, 
which was washed with hexane and dried (0.134 g, 76%). 

Preparation of [P~,(~-CI),(~~-C~H~~)~], 2b 
K2PdC14 (0.10 g, 0.31 mmol) was dissolved in a mixture of 
water (25 mL) and acetic acid (25 mL). The solution was 
heated to 100°C, then 1,s-cyclooctadiene (0.37 mL, 3.0 mmol) 
was introduced. The solution changed immediately from red to 

yellow, then to black. The mixture was maintained at this tem- 
perature for 20 min, then cooled in an ice bath, and extracted 
with CH,Cl, (50 mL). The CH2C12 solution was washed with 
water (200 mL), then the solvent was evaporated to leave the 
product as a light yellow powder (0.043 g, 49%). 'H NMR 
(CDCI,), 6(H): 1.45 m, 6H (CH,), 1.85 m, 2H (CH,), 2.35 m, 
2H (CH,), 4.75 q, 2H (CH), 5.30 t, 1H (CH). 6(C): 23.2 (lC), 
25.1 (2C), 3 1.1 (2C), 78.6 (2C), 105.0 (1C). Anal. calcd for 
C,,H,,Cl,Pd,: C 38.27, H 5.22; found: C 38.57, H 5.13. 

Decomposition of l b  
The conversion of [PdClEt(cod)], lb, to [Pd2(p-C1)2(T',r12- 
C8H13),], 2a, under various conditions was monitored by 'H 
NMR spectroscopy using a Varian Unity plus 300 spectrome- 
ter. A 0.08 M solution of lb, containing about 10% 2a, to 
which 0.01 M anisole was added as a standard, was prepared. 
A spectrum was recorded (using either a 1 s or 15 s delay 
between pulses) at ambient temperature approximately every 
15 min. The olefinic signals due to the reactant and product 
were integrated relative to the anisole signal (3H) at 6.8 ppm. 

X-ray structure determination 
Light yellow colored rectangular plates were obtained by slow 
evaporation of a benzeneltoluene (1 : 1) solution of 
[PdCl(CH,Ph)(cod)] at 0°C. A crystal of dimensions 0.4 x 0.1 
x 0.06 mm was mounted on a glass fiber in random orientation 
and was coated with Superglue. Preliminary examination and 
data collection were performed using a Siemens P4RA auto- 
mated single crystal X-ray diffractometer usin8 monochro- 
mated Mo Ka  radiation (A = 0.71073 A) at 22°C. 
Autoindexing of 10 centered reflections from the rotation pho- 
tograph indicated an orthorhombic lattice. Equivalent reflec- 
tions were checked to confirm the Laue symmetry and a 
fractional index search was conducted to confirm the cell 
lengths. Final cell constants and orientation matrix for data 
collection were calculated by least-squares refinement of the 
setting angles for 35 reflections (12" < 20 < 25"). Intensity 
data were collected using o scans with fixed scan speed. 
Friedel pairs were collected to confirm the absolute structure. 
Three representative reflections measured every 97 reflections 
showed 13.2% variation during data collection. Crystal data 
and intensity data collection parameters are listed in Table 2. 

Data reduction was carried out using XSCANS and structure 
solution and refinement were carried out using the SHELXTL- 

PLUS (5.03) software (21). An absorption correction was 
applied to the data using equivalent reflections and $ scan 
reflections. The structure was solved by the Patterson method 
and refined successfully in the space group P2'2'2'. Full- 
matrix least-squares refinement was carried out by minimiz- 
ing Zo(F: - Fc2),. The non-hydrogen atoms were refined 
using the appropriate riding model AFIX = m3. The final 
residual values were R(F) = 5.18% for 2042 observed reflec- 
tions (I > 2 4 0 )  and WR(F,) = 9.18%; s = 1.0 for all data. The 
absolute structure was confirmed by the Flack method (x  = 
-0.09(8)). Structure refinement parameters are listed in Table 
2. The atomic coordinates for the non-hydrogen atom are 
listed in Table 3. A projection view of the molecule, showing 
the atom labeling, is presented in Fig. 1 (non-hydrogen atoms 
are represented by 50% probability ellipsoids). 

Complete listings of anisotropic displacements for the non- 
hydrogen atoms, and of positional and isotropic displacement 
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coefficients for the hydrogen atoms, have been submitted a s  
supplementary material.' 
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