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The synthesis of several n-allylmonothio-p-diketonatopalladium(I1) complexes and their diene insertion products is reported 
1,3-Butadiene inserts into the allyl-palladium bond to give a new fluxional allylic product in which the terminal 2-methyl- 
1-butenyl group is situated trans to the sulfur atom at low temperatures in solution. Norbornadiene inserts into the 
palladium-allyl bond to give a complex containing both a coordinated olefin and a metal-carbon u bond. In solution, the 
palladium-carbon u bond is situated cis to the sulfur atom, as evidenced by its pmr spectrum, and the complex undergoes 
an intermolecular exchange with n-allylpalladium complexes that is slow on the pmr time scale. The molecular structure 
of the insertion product monothiodibenzoylmethanato-l-norbornenyl-2-methyla~ylpa~adium(II) was determined by single- 
crystal X-ray diffraction. The complex crystallizes in the monoclinic space group P2,/c with four molecules per unit cell 
and cell constants a = 6.480 (2) A, b = 15.814 (5) A, c = 22.426 (8) A, and p = 108.21 (3)". Refinement converged at final 
values for the discrepency indicesR = 0.064 and R, = 0.081. There is essentially square geometry about the palladium at- 
om with the coordinated olefin trans to sulfur. The long palladium-olefin bond length of 2.13 (1) A, as well as the long 
palladium-oxygen bond of 2.10 (1) A, is attributed to the trans influence of the sulfur and u-bonded carbon atoms, respec- 
tively. The palladium-carbon o-bond distance of 2.05 (2) A is comparable to the values found in several asymmetric 
palladium-allyl complexes. 

Introduction 
Allylic palladium complexes have been known for some 

time and have been extensively characterized. Only recently, 
however, have reactions on allyls that lead to coordinated 
products been investigated.'-' So far, reactions with dienes 
that produce insertion products have been carried out only 
on complexes containing identical donor atoms where the 
allyl attachment is symmetric. When any asymmetry oc- 
curred, it resulted from an inherent asymmetry of the allyl 
group itself because of the nature or placement of substituent 
groups. The presence of these groups could direct the attack 
of inserting dienes to give stereoselective product formation. 
It was of interest to see whether asymmetry in the allylic at- 
tachment generated by the presence of different donor atoms 
could also alter its reaction with dienes, causing different 
rates of reaction or stereospecific reaction products. 

complexes containing sulfur and oxygen donor atoms were 
synthesized and characteri~ed.~?'  The insertion of dienes 
into these and related n-allylic monothio-o-diketonatopalla- 
dium(I1) complexes was studied in order to assess the effect 
of the asymmetry on the products formed. The solid-state 
structure of the norbornadiene insertion product of mono- 
thiodibenzoylmethanato-n-methallylpalladium(I1) has also 
been determined. 

Experimental Procedure 
Methods and Materials. All complexes were prepared using com- 

mercially available starting materials. Di-M-chloro-di(n-ally1)dipalla- 
dium(I1) and the 2-methallyl and crotyl derivatives were prepared by 
the method of Dent, Long, and Wilkinson.' l,l,l-Trifluoro-4-mer- 

In previous work from this laboratory, asymmetric n-allylic 
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captopent-3-en-2-one, 1,l ,l-trifluoro-4-mercapto-4-(2-thienyl)but-3- 
en-2-one and their lead salts were prepared by a modification of the 
procedures described by Ho, Livingston, and Lockyer and by Berg 
and  reed.'^'^ 3-Thio-l,3-diphenylprop-2-en-l-one-n-methallylpalla- 
dium(I1) was prepared in a manner similar to that described by 
Lippard and Morehouse for the n-allyl analog." 

corresponding 2-methallyl derivative were prepared by stirring 1 .O 
mmol of the chloride-bridged allylic dimer with 2.0 mmol of the 
thallium(1) salt of the appropriate ligand in 30-40 ml of benzene. 
The TlCl was filtered off and the benzene evaporated under reduced 
pressure at room temperature. The complexes were crystallized 
from petroleum ether (bp 37-47") and identified by their pmr spec- 
tra. (n-C,H,)Pd(TTA) pmr spectrum (CDCl,, 39"): H-1 and H-4, 
6 4.06; H-2 and H-3,6 3.05; H-5, 6 5.62; H-7, 6 6.29; thienyl, 6 7.0- 
7.7; J I , ,  = 6.5;J2,, = 12.5. (n-C,H,)Pd(TTA) pmr spectrum (CDCl,, 
39'): H-1 and H-4, 6 3.85; H-2 and H-3,S 2.91; CH,, 6 2.25; H-7, S 
6.28; thienyl, 6 7.0-7.7. Norbornadiene was allowed to  react with 
these complexes and the insertion products were identified by their 
pmr spectra; pertinent chemical shifts are cited in the text. 

Molecular weights were determined on a Mechrolab 301A vapor 
pressure osmometer calibrated with benzil; all measurements were 
performed in chloroform solution at 37' with an estimated accuracy 
of ~ 2 % .  Ir spectra were recorded on a Perkin-Elmer 621 grating 
spectrometer and calibrated with polystyrene; KBr disks and Nujol 
mulls between KBr plates were employed. Pmr spectra were recorded 
on Varian A-60A and HA100 spectrometers equipped with a variable- 
temperature probe calibrated with methanol and ethylene glycol for 
low and high temperature ranges, respectively. Chemical shifts are 
given as 6 (ppm) from the internal standard, tetramethylsilane; cou- 
pling constants, J ,  are in Hz. Protons are labeled as described in ref 
11 or Figure 1 .  Analyses were performed by Galbraith Laboratories, 
Knoxville, Tenn., and by Schwarzkopf Laboratories, New York, New 
York. Results of the microchemical analyses are summarized in 
Table I." 

n-Allylic Monothio-P-diketonatopalladium(I1) Complexes. l , l , l-  
Trifluoro~4-thiolopent-3-en-2-one-n-allylpalladium(II), (n-C,H,)Pd- 
(TFAS). A 1.0-mmol sample of Pb(TFAS), was added to a solution 
of 1 .O mmol of di-p-chloro-di(n-allyl)dipalladium(II) in approximately 
30 ml of methylene chloride or benzene and stirred for 5-10 min. 

(9) R. K. Y.  Ho, S.  E. Livingston, and T. N. Lockyer, Aust. J .  

(10) E. W. Berg and K. P. Reed, Anal. Chim. Acta, 36, 372 (1966). 
(1 1) S. J .  Lippard and S .  M. Morehouse, J.  Amer. Chem. SOC., 94, 

(12) Abbreviations: 

2-Thenoyltri~uoroacetylacetonato-n-allylpalladium(II) and the 

Chem., 19, 1179 (1966). 

6949 (1972). 
TFAS, anion of l,l,l-trifluoro-4-mercapto- 

pent-3-en-2-one; STTA, anion of 1, l  ,l-trifluoro-4-mercapto-4-(2- 
thienyl)but-3-en-2-one; DM BS, anion of monothiodibenzoylmethane; 
TFA, anion of 1 ,l,l-trifluoroacetylacetone; TTA, anion of 2-thenoyl- 
trifluoroacetylacetone; DBM, anion of dibenzoylmethane; n-meth- 
allyl and n-crotyl, allyls with a methyl substituent at the 2 and 1 
positions, respectively. 
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Table I. Analytical Results 

Janet A. Sadownick and Stephen J. Lippard 

Complexa 
Elemental 
for mula 

70 calcd 70 found 
C H S 

(n-allyl)Pd(TF AS) C,H,OSF,Pd 
(n-methallyl)Pd(TF AS) C,HllOSF,Pd 
(n-crotyl)Pd(TF AS) C, HI , OSF ,Pd 
(n-allyl)Pd( STTA) C, , H, OS, F ,Pd 
(n-methallyl)Pd(STT A) C , 2 H 1  i o S 2  F3Pd 
(n-crotyl)Pd(STT.4) 
(1 -norbornenyl-2-methylallyl)Pd(DBMS) C,,H,,OSPd 
(1 -norb ornenyl-2-methylallyl)Pd( STTA) 
(n-syn-l-(2-methyl-l-butenyl)allyl)Pd(DBMS) C,,H,,OSPd 

c L 2 H 11 os, F 3 Pd 

c ,,HI, os2 F, Pd 

a See ref 12 for abbreviations. 

(?Ti- a1 I y i  1 Pd i T F A S i  Complexes  

R 1 =  H R S =  H 

R I C H  R 5  = CH3 

R I  = CH3 R S  = H 

iT-01 l y l  I Pd i S T l A )  Complexes 

R I = H  R 5  = H 

ti7 R I =  H R 5  = CH, 

R I = C H 3  R 5  = H 

F3 R 1  

Figure 1. 

A 120-ml amount of petroleum ether (bp 37-47") was added, the 
PbCl, filtered off, and the filtrate evaporated to dryness under re- 
duced pressure at room temperature. The complex was extracted 
with petroleum ether and filtered. The filtrate was concentrated and 
chromatographed on silica gel, eluting with petroleum ether. The 
first fraction was collected, concentrated, and kept at 0" to give 
orange needles. The same procedure was followed for the n-methallyl 
and n-crotyl derivatives. Pmr spectrum (CDCl,, -58"): H- l ,4 .66;  

J3,j = 12.0;J4,, =6.0;J l , ,  = 1 .5 ; J2 , ,  = 12.5;J1, ,  =7 .0 .  

(n-C,H,)Pd(TFAS). Orange needles were produced, prepared as 
above. Pmr spectrum (CDCl,, -58'): H-1, 4.47; H-2, 3.58; H-3, 

1 , l  ,l-Trifluoro-4-thiolopent-3-en-2-one-n-crotylpalladium(II), 
(n-C,H,)Pd(TFAS). Yellow needles were produced, prepared as 
above. Pmr ~ p e c t r u m ' ~  (CDCl,, -60'): R-1, 1.66 (1.44); H-2,4.42; 

6.0. 

dium(Il), (n-C,H,)Pd(STTA). A 1.0-mmol sample of Pb(STTA), 
was added to a solution of 1 .O mmol of di-p-chloro-di(n-ally1)dipalla- 
dium(I1) in approximately 40 ml of benzene or methylene chloride 
and stirred for 10 min. The PbC1, was filtered off and the filtrate 
evaporated to dryness at room temperature under reduced pressure. 
The complex was extracted with petroleum ether (bp 37-47') and 
filtered. The filtrate was evaporated, the complex was redissolved in 
a small quantity of benzene and chromatographed on silica gel, and 
the first fraction was collected. Recrystallization from petroleum 
ether gave orange needles. The same procedure was followed for the 
n-methauyl and n-crotyl derivatives. Mol wt: calcd for CllH,OS,- 
F,Pd, 386; found, 381. Pmr spectrum (C,H,Cl, -20"): H-l ,4.02; 
H-2, 3.08;H-3, 2.31;H-4,3.15;H-5,5.03;Jl,,  = 6 . 0 ; J 3 , , =  12.0; 
Jq,* = 6.0;J, , ,  = 12.0. 

1 , I  ,l-Trifluoro-4-thiolo-4-(2-thienyl)but-3-en-2~ne-n-methallyl- 
palladium(II), (n-C,H,)Pd(STTA). Orange needles were produced, 
prepared as above. Mol wt: calcd for Cl,HllOS,F,Pd, 399; found, 
403. Pmr spectrum (C,H,Cl, -23"): H-1, 3.91; H-2, 3.03; H-3, 

H-2. 3.73; H-3, 2.82; H-4, 3.67; H-5, 5.73; H-7, 6.82; R-8, 2.65; 

1 , I ,  l-Trifluoro-4-thiolopent-3-en-2-one-n-methailylpalladium(il), 

2.75; H-4, 3.50; R-5, 2.20; H-7,6.83; H-8, 2.65. 

H-3, 2.63; H-4, 3.49; H-5, 5.42; H-7, 6.73;R-8, 2 .60;J4 , ,  = 6.0;J1, ,  = 

1 , 1 , l-Trifluoro-4-thiolo-4-(2-thienyl)but-3-en-2-one~-ailylpalla- 

2.28; H-4, 3.02; R-5, 1.57. 

(13) The value in parentheses is that of the lesser isomer. Exten- 
sive overlap of the other resonances prevented the complete assign- 
ment of this isomer. 

30.35 
32.69 
32.69 
34.25 
36.15 
36.15 
63.35 
46.49 
60.73 

2.87 
3.35 
3.35 
2.61 
2.78 
2.78 
5.32 
3.90 
5.32 

10.13 
9.70 
9.70 

16.63 
16.08 
16.08 
6.50 

13.06 
7.05 

C 
30.24 
32.08 
32.98 
34.38 
36.04 
36.72 
63.79 
47.09 
61.01 

H S 
2.85 10.11 
3.39 9.74 
3.40 9.30 
2.42 17.05 
3.02 15.30 
3.02 15.97 
5.22 6.26 
4.18 12.96 
5.27 7.29 

1,1,1-Trifluoro-4-thiolo-4-(2-thienyl)but-3-en-2-one-n-crotylpalla- 
dium(II), (n-C,H,)Pd(STTA). Yellow needles were produced, pre- 
pared as above. Mol wt: calcd for C,,H,10S2F,Pd, 399; found, 402. 
Pmr spectmml3 (CDCl,, -60"): R-1, 1.63 (1.45); H-2, 4.43; H-3, 
2.70;H-4, 3.56;H-5,5.43;H-7-R-8, 7.0-7.8;J3, ,  = 11 .5 ; J l , ,=6 .0 .  

Diene Insertion Products. 3-Thio-1,3-diphenylprop-2-en-l-one-l- 
norbornenyl-2-methylallylpalladium(lI), (C, ]HI ,)Pd(DBMS). .4n 
excess of norbornadiene was added to a solution of 0.25 g of (n- 
methallyl)Pd(DBMS) in 50 ml of benzene and maintained at 39-40' 
in an oil bath for 4 days. After concentration under reduced pressure, 
the solution was absorbed on a small quantity of silica gel and allowed 
to dry in air. The mixturc was packed into a silica gel column and 
eluted with carbon tetrachloride; the first fraction was collected. The 
solution was evaporated under reduced pressure at room temperature 
and the complex recrystallized as yellow needles from benzene at 6". 

2-methylallylpalladium(II), (C, ;H,,)Pd(STTA). An excess of nor- 
bornadiene was added to a solution of 0.25 g of (n-methally1)Pd- 
(STTA) in 50 ml of benzene and maintained at 37" in an oil bath for 
3 days. The solution was concentrated and chromatogxaphed on 
silica gel eluting with benzene, and the first fraction was collected. 
Orange pyramids were obtained after recrystallization at 0" from 
petroleum ether (bp 37-47"). Pmr spectrum (CDCl,, 39"): H-1, 
4.55 (s); H-2, 4.67 (s); CH,, 2.09 (s); H-7-H-8, 6.02 (t); thienyl, 7.00- 
7.80 (m). 

3-Thio-l,3-diphenylprop-2-en-l -one-n-syn.l.(2-methyl-l-butenyl)- 
allylpalladium(II), (n-C,H,,)Pd(DBMS). A solution of 0,45 g of (n- 
methallyl)Pd(DBMS) in 50 ml of benzene was saturated with 1,3- 
butadiene and maintained at 35" in an oil bath for 3 days. After 
concentration under reduced pressure, the solution was added to a 
small quantity of silica gel, sufficient for absorption, and allowed to 
dry at room temperature. The mixture was placed on a silica gel 
column and eluted with a 4 : l  mixture of carbon tetrachloride- 
petroleum ether (bp 37-47"). The second fraction (orange-yellow) 
was collected, concentrated under reduced pressure at room tem- 
perature, and kept at 0". At this temperature, a semicrystalline 
orange powder precipitated. The complex turns to a gum at room 
temperature. Pmr spectrum (CDCl,, -20'): H-2, 4.39 (m); H-3, 
2.65 (d); H-4, 3.43 (d); H-5, 5.46 (m); H-6-H-7, 2.41 (m); CH,, 1.78 

Collection and Reduction of X-Ray Data 
All work was done at 24" using Ni-filtered Cu Kol radiation ( h  

1.5418 A). Crystals of 3-thio-l,3-diphenylprop-2-en-l-one-l-nor- 
bornenyl-2-methallylpalladium(II), prepared as described above, 
were mounted on a glass fiber with clear nail polish. Precession pho- 
tographs showed 2/m h u e  symmetry and revealed the extinctions 
h01, I # 2n, and OkO, k # 2n, indicative of the space group P ~ , / c . ' ~  
The angular settings x, 4, and 28 of 30 reflections, centered on a 
Picker full-circle automated diffractometer, were refined by a least- 
squares technique. The refinement converged giving cell constants 
a = 6.480 (2) A, b = 15.814 (5) A,  c = 22.426 (8) A, and p = 108.21 
(3)'. Assuming four molecules per unit cell, the calculated cell 
volume of 2183 A3 requires a density of 1.50 g cm-, which compares 
to the observed density of 1.49 (1) g cm-, determined by suspension 
of a single crystal in aqueous KI. The linear absorption coefficient 
p was calculated to be 80.3 cm-'. 

A crystal of approximate dimensions 0.065 X 0.071 X 0.245 mm, 
with the longest dimension along the a axis, was chosen and mounted 
along the a* axis. The mosiac spread was checked for several reflec- 
tions by an w scan and found to be satisfactory. Integrated intensities 

1,1,l-Trifluoro-4-thiolo-4-(2-thienyl)but-3-en-2~ne-l~norbornenyl~ 

(s); H-9, 4.78 ( s ) ; J , , ,  = l1.O;J4, ,  = 6.0. 

(14) "International Tables for X-Ray Crystallography," Vol. I ,  
3rd ed ,  Kynoch Press, Birmingham, England, 1969, p 99. 
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were measured by the 8-28 scan method to (sin Bma,)/h = 0.486 in 
the automated mode with the pulse height analyzer set to accept 95% 
of the peak. Copper foil was used to attenuate reflections above 
10,000 counts sec-I the detector was a scintillation counter employ- 
ing a thallium-activated sodium iodide crystal. The symmetrically 
variable receiving aperature, located 23 cm from the crystal, was set 
at an opening of 4.5 X 4.5 mm to reduce extraneous background. 
Data were takenI5 with a takeoff angle of 2.0°, a scan rate of 1" 
min" , and a symmetric scan range of 1.25" in 20 for 20 < 40" and 
1.50" in 28 for 28 > 40", plus an allowance for the Ka, -Ka, separa- 
tion. In order to monitor the crystal alignment and instrument stabili- 
ty, four moderately strong reflections were chosen as standards and 
measured after every 100 reflections. Their intensities, showing no 
systematic variation during data collection, had a mean random varia- 
tion on  the order of i2.3%. 

The observed intensities were corrected for background, use of 
attenuators, and Lorentz, polarization, and absorption effects. Back- 
ground was estimated by recording the counts for 1 0  sec at each end 
of the 28 scan range and multiplying the mean counts per second by 
the time required to scan that peak. The transmission factors, rang- 
ing from 0.408 to 0.632, were checked by comparing the observed 
intensity variation of two axial reflections at x = 90" for different 4 
values. No corrections were made for secondary extinction effects. 
Each reflection was assigned a standard deviation, .(I),'' based on I ,  
the integrated intensity corrected for background and attenuators. 
u(I) was obtained from the expression u(T) = (E t ( T E / ~ T B ) ' ( ~ ,  t 
5,) t (EI)~)"'  where E equals the peak and background counts ob- 
served for a time T E ,  5, and B ,  are the background counts observed 
for a time TB at  each end of the scan, and e is the ignorance factor 
set at 0.04 to prevenr excessive weight being given to the strong reflec- 
tions. Equivalent Okl reflections were_ averaged; the R value for 
averaging was found to be 0.045. The data were then put on an 
approximately absolute scale by means of a Wilson plot which pro- 
duced values for IFo I and IFo I used in subsequent calculations; the 
estimated mean value for 5, the isotropic temperature factor, was 
4.2 A'. Scattering factors for neutral" Pd, S, 0, C, and HI8 atoms 
were used along with corrections for anomalous d i s p e r s i ~ n ' ~  for the 
Pd and S atoms. Of the 2108 independent reflections collected, only 
those for which I > 3 o Q  were included in the refinement, a total of 
1411 data points. Each accepted reflection was given a weight, w = 
lj;2(Fo), equivalent to w = 4Foz/uZ(Fo2). The standard deviation of 
Fo , u(F,'), was obtained from u(I) after corrections for absorption 
and Lorentz and polarization effects, u(Fo2) = (LpT)- 'u(I) .  

Solution and Refinement of the Structure 

dium atom and subsequent cycles of isotropic refinement on F fol- 
lowed by difference Fourier maps revealed all the nonhydrogen at- 
oms. Residual electron density suggested a shift to anisotropic re- 
finement was necessary. The anisotropic thermal parameters took 
the form exp[-(p,,h2 + Pz2kZ + p 3 J 2  + 2p,,hk t 2p,,hl t 2 P 2 , W l .  
Owing to the small number of accepted reflections, the carbon atoms 
in the phenyl rings were subsequently refined isotropically as members 
of rigid groups;2o this decreased the number of independently variable 
parameters to 178 for the overall scale factor and positional and 
thermal parameters. An empirical weighting scheme was determined 
in the later stages of refinement in order to improve the constancy of 

A sharpened Patterson map revealed the coordinates of the palla- 

(15) Programs for the IBM 360-91 computer include the fol- 
lowing: 
orientation, and cell constant refinement program; GSET, the 
Prewitt diffractometer setting program; ACAC-3, a revised version of 
the Prewitt absorption correction and data reduction program; 
XDATA, the Brookhaven Wilson plot and scaling program; FORDAP, 
the Zalkin Fourier program; BUGLS, the Brown University version of 
ORFLS (the Busing-Martin-Levy structure factor calculation and 
least-squares refinement program) equipped to handle refinement of 
rigid groups; ORFFE, the Busing-Martin-Levy molecular geometry 
and error function program; ORTEP, the Johnson thermal ellipsoid 

MODE-1, the Brookhaven diffractometer setting, crystal 

. -  
plotting program. 

(16) P. W. R. Corfield, R. J. Doedens, and J. A. Ibers, Inorg. 
Chem., 6 ,  197 (1967). 

(17) H. P. Hanson, F. Herman, J .  D. Lea, and S. Skillman, Acta 

(18) R. F. Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. 
CrptUllOgr., 17, 1040 (1964). 

Phvs.. 42. 3175 (1965). 
' (19) D. T. Cr'omer'and D. Lieberman, J.  Chem. Phys., 53 ,  1891 

(1970). 
~ 

S. J. La Placa and J .  A. Ibers, J .  Amer. Chem. Soc., 87, 2581 (1965); 
S. J .  La Placa and J .  A. Ibers, Acta Cvystullogr., 18,  511 (1965). We 
thank Professor R. Eisenberg and Dr. C. G. Pierpont, Jr., for kindly 
providing the group refinement program. 

(20) R. Eisenberg and J .  A. Ibers, Inorg. Chem., 4, 773 (1965); 

wAz over the various classes" of reflections. The weights were set 
e q u a l t o w =  1/u2 whereu2=29.0-0.9591FoI t 0.01171Fol' Tho 
refinement converged to give values of R = 0.064 and R ,  = 0.081 for 
the discrepency indices R = E llFo I - IF, ll/C IFo I and R ,  = (E w( IFo - 
IFcl)'/~wIFo12)1'2. The value R = [Ew(IF,I- IF,I)Z/(NO - NV)]'", 
where NO is the number of accepted reflecaons and NV is the num- 
ber of independently variable parameters, was 1.002. A final dif- 
ference Fourier map revealed no peaks above 0.8 e .K3 on a scale 
where a carbon atom is approximately 4 e A-'. .4dditional peaks of 
about 0 6-0.5 e at positions expected for hydrogen atoms could 
be seen, however, they were neither refined nor included in the struc- 
ture 
more than 0.05% of their estimated standard deviations. 

Results and Discussion 
Synthesis and Solution Properties. Allylic palladium com- 

plexes containing the sulfur-oxygen ligand 1 ,I  ,1 -trjfluoro-4- 
thiolopent-3-en-2-one or 1,1,1 -trifluoro-4-thiolo-4-(2-thienyl)- 
but-3-en-2-one were synthesized and are shown in Figure 1. 
The complexes are orange crystalline solids,*monomeric in 
solution, and undergo a temperature-dependent proton site 
exchange as evidenced by pmr studies. The complexes ex- 
hibit a concentration-dependent cis-trans exchange (res- 
onance pairs H-1 -H-4 and H-2-H-3 average) as well as an 
underlying syn-anti exchange (causing enhanced collapse of 
resonances H-3 and H-4) with increasing temperature. This 
behavior parallels that observed for monothiodibenzoyl- 
methanato-n-allylpalladium(I1) complexes." 

The low-temperature limiting spectra of the n-crotyl com- 
plexes indicates the presence of two isomers, with the syn 
methyl group being either trans or cis to sulfur. The latter 
isomer constitutes approximately 30% of the mixture. These 
complexes all undergo intermolecular exchange with their 
dioxygen analogs that is slow on the pmr time scale. 

were found to be similar to those of symmetric allylic palla- 
dium complexes containing a dioxygen ligand or bridging 
chloride 
isomers exists, however. 1,3-Butadiene inserts into the 
palladium-allyl bond to  give a new allylic complex containing 
a 1-butenyl-2-methyl substituent at the 1 position of the 
allyl. The insertion product with monothiodibenzoyl- 
methanato-n-methallylpalladium(II), shown in Figure 2, is 
fluxional at ambient temperatures. The predominant isomer 
was assigned to  have the butenyl group in the syn position 
trans to the sulfur on the basis of its coupling constants and 
chemical shifts." s Z 2  For hexafluordacetylacetonato-n-syn- 
1-(2-methyl-l -butenyl)allylpalladium(II),3 the H-2 resonance 
occurs at 6 4.06 (m) and the H-3 and H-4 resonances are at 6 
3.12 (d) and 4.15 (d), respectively. The low-temperature 
limiting spectrum (Figure 2) of 3-thio-l,3-diphenylprop-2-en- 
1-one-n-syn- 1 -(2-methyl-1 -butenyl)allylpalladium(II) shows 
the H-2 resonance is shifted downfield to 6 4.39 (m) and 
resonances H-3 and H-4 are shifted upfield to 6 2.65 (d) and 
3.43 (d), respectively. These results indicate that in solution 
the butenyl group occupies a position mainly trans to s u l f ~ r . ' ~  

Norbornadiene reacts with these complexes to give an in- 
sertion product containing a palladium-carbon u bond and 
a palladium-carbon n bond. The pmr spectrum of the addi- 
tion product of (n-methallyl)Pd(STTA), given in Figure 3,  
indicates that one olefinic bond of norbornadiene inserts 
while the other bond remains uncoordinated in solution. 

In the last cycle of refinement, the parameters varied by no 

The reactions of these sulfur-oxygen complexes with dienes 

Here the possibility of additional 

(21) D. W. J .  Cruickshank, "Computing Methods of 
Crystallography," 3. S. Rollet, Ed., Pergamon Press, New York, N. Y. ,  
1965,pp  112-115. 

Organometul. Chem., 3 ,  71 (1965). 

Organometul. Chem.,  29,433 (1971). See also ref 11. 

(22) M.  L. Maddox, S. L. Stafford, and H. D. Kaesz, Aduun. 

(23) P. W. N. M. van Leeuwen, A. P. Pratt, and M. van Diepen, J. 
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Figure 2. The 1 00-MHz proton nmr spectrum of 3-thio-l,3-diphen~lprop-2-en-l-one-n-syn-l-(2-meth~l-l-buten~l)all~1~alladium(II) in CDC1, 
at -20" 

H 

1 

/ I  

I " " '  " " " " "  
I , ,  1 1 1 

8 0  6 0  4 0  2 3  31 

Figure 3. The 1 00-MHz proton nmr spectrum of 1,1,1-trifluoro-4-thiolo-4-(2-thienyl)but-3-en-2-one-l-norbornenyl-2-methylailylpaliadium(II) 
in CDCl, a t  ambient probe temperature. See text for partial assignment. 

The coordinated olefinic resonances, occurring at 6 4.55 and 
4.67, exhibit a significant downfield shift from the values of 
6 3.95 and 4.11 found for the coordinated olefinic resonances 
of the addition product of norbornadiene with (n-methally1)- 
Pd(TTA) (see Experimental Section). In addition, resonance 
H- 10 of (1 -norbornenyl-2-methylallyl)Pd(STTA) is shifted 
sufficiently upfield so that it occurs in the region of the 
other saturated proton resonances. Both of these results 

indicate that in solution the sulfur and o-bonded carbon at- 
oms are cis to one another.23 The assignment of resonances 
H-1 and H-2 was by analogy to  the norbornadiene insertion 
product of (n-allyl)Pd(TTA) (see Experimental Section). In 
this complex, substitution of a hydrogen atom for the methyl 
group at the 2 position makes assignment possible on the 
basis of syn and anti olefinic coupling constants; resonances 
H-1 (6 4.17) and H-2 (6 4.42) are coupled to the other 



n-Allylpalladium(I1) Olefin Insertions 

Table 11. Final Positional and Thermal Parameters for the Atomsu8b 
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Pd 
S 
0 
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c 1 0  
c11 
c 1 2  
C13 
C14 
CA1 
CA2 
CA3 
CA4 
CA5 
CA6 
CB1 
CB2 
CB 3 
CB4 
CB5 
CB6 

0.2192 (2) 
0.2538 (6) 

0.229 (3) 
0.147 (3) 
0.281 (3) 

0.516 (3) 
0.624 (3) 
0.857 (3) 
0.869 (3) 
0.635 (3) 
0.523 (3) 
0.538 (3) 
0.023 (2) 

-0.0914 (2) 

-0.096 (3) 

-0.163 (2) 
-0.213 (2) 
-0.820 (1) 
-0.802 (2) 
-0.605 (2) 
-0.426 (1) 
-0.444 (2) 
-0.641 (2) 

-0.145 (1) 
-0.150 (1) 

0.046 (2) 

0.037 (2) 
0.228 (1) 
0.232 (1) 

0.22416 (7) 
0.3350 (3) 
0.2616 (7) 
0.1330 (9) 
0.0923 (9) 
0.0453 (9) 
0.073 (1) 
0.079 (1) 
0.058 (1) 
0.084 (1) 
0.168 (1) 
0.201 (1) 
0.179 (1) 
0.134 (1) 
0.3979 (8) 
0.3874 (9) 
0.322 (1) 
0.332 (1) 
0.367 (1) 
0.3631 (7) 
0.325 (1) 
0.2897 (9) 
0.2933 (8) 
0.6219 (6) 
0.5753 (7) 
0.5019 (6) 
0.4750 (5) 
0.5215 (7) 
0.5950 (7) 

0.3777 (2) 
0.2526 (5) 
0.2343 (8) 
0.2753 (9) 
0.3347 (8) 
0.2560 (9) 
0.3588 (7) 
0.4294 (9) 
0.4410 (8) 
0.4386 (8) 
0.4255 (9) 
0.3563 (8) 
0.4600 (9) 
0.3517 (7) 
0.3025 (7) 
0.2572 (7) 
0.1097 (5) 
0.1681 ( 6 )  
0.2162 (4) 
0.2060 (4) 
0.1476 (5) 
0.0995 (4) 
0.4617 (5) 
0.4397 (5) 
0.4052 (5) 
0.3926 (5) 
0.4146 (5) 
0.4491 (5) 

30 (1) 
39 (4) 
38 (6) 
33 (6) 
43 (7) 
31 (6) 
31 (6) 
38 (7) 
42 (7) 
35 (6) 
33 (6) 
46 (7) 
49 (7) 
30 (5) 
25 (5) 
28 (5) 

6.3 (4) 
6.4 (4) 
4.8 (3) 
4.6 (3) 
5.0 (3) 
6.2 (4) 
6.0 (4) 
5.6 (4) 
4.4 (3) 
4.2 (3) 
5.0 (4) 
6.0 (4) 

Atom X Y Z P l l C  Pz 2 P 3 3  P I 2  6 1 3  P 2 3  

2.89 (8) -0.40 (4) 0.30972 (6) 29.9 (4) 3.15 (6) 
4.0 (2) 
4.8 (6) 
3.2 (7) 
2.7 (7) 
2.6 (7) 
5.0 (9) 
3.8 (8) 
6 (1) 
6 (1) 
7 (1) 
6 (1) 
4.9 (9) 
7 (1) 
2.4 (7) 
3.1 (7) 
3.8 (8) 

3.1 (1) 
3.3 (3) 
2.9 (5) 
4.0 ( 6 )  
3.0 (5) 
4.2 (6) 
2.6 (5) 
3.3 ( 6 )  
3.1 (6) 
3.1 (6) 
3.4 (5) 
3.1 (5) 
3.5 (6) 
2.6 (4) 
2.3 (4) 
2.2 (4) 

a Atoms are labeled as indicated in Figure 4. b Standard deviations, in parentheses, occur in the last significant figure for each parameter. 
C Atoms Pd through C14 were refined anisotropically and values reported for pj i  are X lo3.  The form of the anisotropic ellipsoid is given in the 
text. Atoms CA1 through CB6 were refined isotropically as members of rigid rings in the group refinement program; here, p , ,  represents B,  the 
isotropic temperature factor. 

Table 111. Root-Mean-Square Amplitudes of 
Thermal Vibration, A % b  

Atom Min Intermed Max 
Pd 
S 
0 
c1 
c 2  
c 3  
c 4  
c 5  
C6 
C7 
C8 
c 9  
c 1 0  
c11 
c 1 2  
C13 
C14 

0.190 (2) 
0.203 (6) 
0.18 (2) 
0.18 (2) 
0.16 (3) 
0.16 (3) 
0.23 (2) 
0.20 (2) 
0.24 (2) 
0.26 (2) 
0.26 (2) 
0.23 (2) 
0.21 (2) 
0.24 (3) 
0.17 (2) 
0.18 (2) 
0.17 (3) 

0.243 (1) 
0.236 (5) 
0.27 (1) 
0.25 (2) 
0.25 (2) 
0.27 (2) 
0.24 (2) 
0.25 (2) 
0.28 (2) 
0.28 (3) 
0.26 (2) 
0.26 (2) 
0.27 (2) 
0.29 (2) 
0.21 (2) 
0.21 (2) 
0.24 (2) 

0.265 (2) 
0.300 (6) 
0.33 (1) 
0.28 (2) 
0.31 (2) 
0.30 (2) 
0.32 (2) 
0.26 (2) 
0.29 (2) 
0.29 (3) 
0.30 (3) 
0.32 (3) 
0.31 (2) 
0.34 (3) 
0.26 (2) 
0.25 (2) 
0.27 (2) 

a Taken along the principal axes of the thermal elhpsoids. The 
relative orientation of these axes may be seen from Figure 4. b See 
footnotes a and b.  Table 11. 

olefinic proton withJvalues of 15 and 9.5 Hz, respectively. 
The insertion products undergo an intermolecular exchange 

that is slow on the pmr time scale. For instance, when 0.142 
mmol of (1 -norbornenyl-2-methaIlyl)Pd(DBMS) is added to 
0.172 mmol of (2-methallyl)Pd(TTA) in chloroform at 39", 
there is intermolecular exchange and all four possible prod- 
ucts are seen in the pmr spectrum. 
(n-methallyl)Pd(TTA) + (l-norbornenyl-2-methylallyl)Pd(DBMS) f 

I I1 
(n-methallyl)Pd(DBMS) + (l-norbornenyl-2-methylallyl)Pd(TTA) 

I11 IV 

Two protons, clearly distinguishable at 6 6.18 and 6.28 in 

Table IV. Intramolecular Geometrya 

Pd-S 
Pd-0 
Pd-C1 
Pd-C2 
Pd-C1 0 
c 1 4 2  
C2-C3 
C2-C4 
c3-c5 
C5-C6 
C6<7 
C7-C8 
C8-C9 

S-Pd-0 
S-Pd-C 1 0 
0-Pd-C1 
0 - P d C 2  
C 1 -Pd-C2 
C 1 -Pd-C 10 
C2-Pd-Cl O 
Pd-Cl-C2 
PdC2-Cl 
c1 -c2-c3 
Cl-C2-C4 
c3-c2-c4 
C2-C3-C5 
C3-C5-C6 
C3-CS-ClO 
C6-C5-C 10 
C5-C6-C7 
C5-C6-Cll 
C 7 4 6 C l l  

Bond Lengths A 
2.287 (4) C9-C10 
2.10 (1) C10-C5 

Cll-C6 2.24 (2) 
2.22 (1) c11-c9 
2.05 (2) 5-c12 
1.36 (2) C12-C 13 
1.54 (2) C13-Cl4 
1.53 (2) C14-0 

C12-CB4 
1.55 (2) C14-CA4 
1.54 (2) 

1.51 (3) C-C av over 
1.34 (2) norbornenyl 
1.54 (2) moiety 

Bond Angles, Deg 
93.9 (3) C6-C7-C8 
92.9 (5) C7-C8-C9 
88.0 (5) C8-C9-C10 
89.5 (5) C8-Cg-Cll 
35.5 (5) c1o-c9-c11 
84.8 (6) C5-ClO-Cg 
85.0 (6) C6-Cll-C9 
71.6 (9) Pd-ClO-C5 
72.9 (9) Pd-ClO-C9 

125 (1) Pd-S-C12 
119 (2) Pd-0-C14 
114 (1) S-Cl2-Cl3 
112 (1) C12-C13<14 
112 (1) O-Cl4-Cl3 
111 (1) SC12-CB4 
103 (1) C13-Cl2-CB4 
103 (1) O-Cl4-CA4 
101 (1) C13-Cl4-CA4 
101 (2) 

1.54 (2) 
1.59 (2) 
1.56 (2) 
1.56 (3) 
1.74 (2) 
1.37 (2) 
1.42 (2) 
1.27 (2) 
1.51 (2) 
1.50 (2) 
1.55 

109 (2) 
106 (2) 
104 (1) 
102 (1) 
102 (1) 
102 (1) 
93  (1) 

110 (1) 
121 (1) 
108.7 (5) 
131.5 (9) 
131 (1) 
128 (1) 
127 (1) 
112.2 (6) 
117 (1) 
114 (1) 
118.6 (9) 

See footnotesa and b,  Table 11. 

the ratio of 1.375 : 1, correspond to the y protons of TTA for 
complexes IV and I ,  respectively. The same two resonances 
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Table V. Group Refinement Parameters, Best Planes, and Dihedral Angles 

Janet A. Sadownick and Stephen J. Lippard 

Orientation of the Phenyl Ringsa 

Basis y Basis z @ 6 P Group Basis x 

CR2 0.041 (I)  0.5484 (5) 0.4272 (2) -1.438 (6) 2.909 (6) 2.541 (7) 
CR 1 -0.623 (1) 0.3282 (4) 0.1579 (3) -2.43 (1) 2.256 (6) -0.88 (1) 

Plane through atoms Pd, S ,  0, C12, C13, C14: 4 .0  (3)X + 8.7 ( 6 ) Y  - 16 (1)Z -+ 2.2 (1) = 0 
Distance of atoms from plane, A: Pd, 0.000 (1); S, -0.006 (5); 0, 0.00 (1); C12, 0.04 ( t ) ;  C13, 0.00 (1); C14, -0.03 (2) 

Plane through atomsC1, C2, C3, C4: -1.6 (3)X t 1 3  (2)Y t 1 2  (2)Z- 4.3 (7) = 0 
Distance of atoms from plane, A :  C1, -0.03 (2);  CZ, 0.07 (1); C3, -0,02 ( l ) ,  C4. -0.03 (2)  

Dihedral angle between planes defined by atoms Pd, S, 0 and C12, C13, C14: 1 .8  (8)" 
Dihedral angle between planes defined by atoms Pd, S, 0 and Pd, C1, C2: 88 (1)' 

Dihedral angle between planes defined by atoms Pd, S, 0 and Pd, S, C10: 178.0 (6)O 
Angle between Cl-C2 bond axis and coordination plane defined by Pd, S, and 0 along the Pd-olefin bond: 85" 
Distance of Pd to midpoint of Cl-C2 bond: 2.13 X 
Distance of C1 to coordination plane defined by Pd, S,  and 0: 0.50 A 
Distance of C2 to coordination plane defined by Pd, S,  and 0: 0.86 A 

a x ,  y ,  and z are the fractional coordinates of the center of gravity of the rigid-body constrained phenyl rings, and @, 6 ,  and p are the orienta- 
tional angles given in radians. These parameters are defined in ref 20. 

are also seen when the reaction of (2-methallyl)Pd(TTA) with 
norbornadiene is followed by pmr; here, the spectra indicated 
the presence of both reacted and unreacted complex. The 
equilibrium constant for the above exchange reaction was 
estimated at K,, = 3.3. This value indicates preferential 
formation of the (1 -norbornenyl-2-methylallyl)Pd(TTA) com- 
plex, where there is no competition between two strong 
trans labilizers, sulfur and a-bonded carbon, in the same 
molecule. The exchange may involve partial dissociation of 
the sulfur-oxygen ligand, formation of a sulfur-bridged inter- 
mediate, and subsequent interchange of the sulfur-oxygen 
and dioxygen ligands. l1  

When chloroform solutions of norbornadiene and (n-allyl)- 
Pd(STTA) or (n-allyl)Pd(TTA) are mixed, broadening of the 
allylic resonances occurs followed by decrease in the intensity 
of the free diene resonances and the emergence of new res- 
onances attributable to the diene insertion product. The 
immediate broadening of the resonances, before insertion is 
observed, supports the theory that the rate-determining step 
is actually insertion of the diene rather than initial coordina- 
t i ~ n . ' ~  Although initial coordination may occur more 
readily with the sulfur-oxygen complex, resulting in total 
collapse of allylic resonances, the rate of insertion into the 
two complexes is of the same order of magnitude. When 
equal concentrations, 0.325 M ,  of norbornadiene and (n- 
allyl)Pd(STTA) or (r-allyl)Pd(TTA) are mixed at  39" in 
chloroform, the decrease of the free diene resonances may 
be observed by pmr. Assuming the absence of other reac- 
tions in competition for the free diene, the data initially fit 
the second-order rate equation -dA/dt = k(A2) for equal 
concentrations, A ,  of reactants. Second-order rate constants 
for product formation were estimated at k = 0.044 and 0.02 1 
1. mol-' min-' for (n-allyl)Pd(STTh) and (n-allyl)Pd(TTA), 
respectively. 

diphenylprop-2-en- 1 -one- 1 -norbornenyl-2-methylallylpalla- 
dium(Il), the norbornadiene insertion product of (n-meth- 
allyl)Pd(DBMS), was determined by single-crystal X-ray dif- 
fraction in order to  assess the trans effects of sulfur and u- 
bonded carbon atoms in the same molecule and to establish 
the overall geometry. The results are summarized in Tables 
11-V and Figures 4 and 5 .25 

X-Ray Structural Results. The structure of 3-thio-l,3- 

(24) R. P. Hughes and J .  Powell, Chem. C ~ i n m ~ n . ,  275 (1971). 
( 2 5 )  See paragraph at end of paper regarding supplementary 

material. 

hl  

Cl 

Figure 4. Molecular geometry of 3-thio-1,3-diphenylprop-2-en-l- 
one-1 -norbornenpl-2-methylallylpalladium(II) showing the 40% 
probability thermal ellipsoids and the atom-labeling scheme. 

Figure 5. A stereoscopic view of the packing in the unit cell. 

There is approximately square coordination about the palla- 
dium atom with the pailadiuni-carbon u bond situated in a 
position cis to sulfur (Figure 4). The alternation of the bond 
lengths C12-Cl3 and C13-Cl4 suggest greater participation 
of the ene-thiol form in the DBMS ligand.7 The palladium- 
olefin bond length is significantly longer than that found for 
the complex di-p-acetato-bis(2-methylallyl-3-norbornyl)di- 
palladium(II)26 and shows the increased ability of sulfur vs. 
oxygen to  lengthen the bond trans to  it.  The palladium- 
carbon u bonds, in both cases trans to  oxygen atoms, are 
comparable. The value of the Pd-C cr bond in the present 
case, 2.05 (2) 8, is similar to values found in several related 
palladium compounds having an asymmetric n-allyl attach- 
n ~ e n t . ~ , ~  

The plane defined by Pd-Cl-C2 makes an angle of 88 (1)" 
with the coordination plane defined by Pd, S, and 0. The 
olefinic bond axis makes an angle of 85" with this plane, and 
the coordination plane passes closer to  C l  than to  C2. In 
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the acetate complex,26 the olefinic bond axis was found to  
make an angle of 72" with the coordination plane. Perhaps 
the lengthened palladium-olefin bond length found for the 
DBMS complex relieves some of the strain in the carbon 
chain allowing the olefin to  adopt a more natural configura- 
tion. The palladium-oxygen bond is longer than that found 
for the allylic complexes6>' (n-methallyl)Pd(DBMS), 2.067 
(6) 8, and (n-syn-1 -tert-butyl-2-methallyl)Pd(DBMS), 2.047 
(7) A, reflecting the increased trans effect of o-bonded car- 
bon over allylic-bonded carbon. The palladium-sulfur bond 
lengths are all very similar for the three complexes. 

The olefin bond of the norbornenyl group remains uncoor- 
dinated in the solid state, the packing of the molecule being 
influenced chiefly by van der Waals forces (Figure 5 ) .  There 
are no unusually short nonbonded interatomic distances. 

Summary and Conclusions 
Allylic palladium complexes containing sulfur-oxygen 

ligands undergo reactions with dienes similar to those of 
their dioxygen analogs. This behavior suggests the possibility 
of many other reactions" in which such a substitution is 
feasible.*' Intra- and intermolecular exchange in solution 
prevents determination of the presence of any stereoselective 
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(26) M. Zocchi, G. Tieghi, and A. Albinati, J. Organometal. Chem., 
33, C47 (1971). Corresponding bond distances: Pd-Cl, 2.16 (1) A ;  
Pd-CZ, 2.17 (1) A;  Pd-C10, 2.04 (1) A.  

(27) D. A. White, J.  Chem. SOC. A ,  145 (1971). 
(28) In like manner, a sulfur-oxygen ligand may be substituted 

for the dioxygen ligand in the formation of cationic complexes of 
the type (1,5-cyclooctadiene)PdCI2 + AgBF, + HDBMS -+ [(1,5- 
cyclooctadiene)Pd(DBMS)] *BF;: J. A. Sadownick, unpublished 
results. 

insertion, however, since it cannot be ascertained whether 
the final product obtained undergoes rearrangement to  reach 
the thermodynamically more stable form. The conformation 
expected, considering the relative trans-directing abilities of 
sulfur and oxygen atoms, was realized as evidenced by the 
low-temperature limiting spectrum of the 1,3-butadiene 
insertion product as well as the pmr spectrum and solid-state 
structure of the norbornadiene adduct. 
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The structure of 1-oxa-4-telluracyclohexane 4,4-diiodide, C,H, OTeI,, has been determined by use of three-dimensional data 
collected on an automated X-ray diffractometer with Mo Ka radiation. The space group symmetry is P 2 , / c  with four 
molecules in the unit cell for which a = 8.738 (2) A, b = 7.973 (2) A, c = 14.353 (3) A, and p = 110.35 (1)'. The measured 
density is 3.20 g cm-3 while that calculated from the X-ray data is 3.213 (1) g 
based on 1661 observed reflections converged to a conventional R index of 3.1%. The molecule closely approximates 
mirror symmetry through the 1, Te, and 0 atoms with the six-membered ring in the chair form. The bonding about telluri- 
um is octahedral. There are two Te-C bonds at 2.15 (1) and 2.17 (1) A which make a C-Te-C angle of 94.1 (4)". Approxi- 
mately perpendicular to the C-Te-C plane, tellurium forms axial bonds with I(1) a t  2.886 (1)  A and I(2) at 2.938 (1) A, 
with an I-Te-I angle of 177.08 (4)". The octahedron about Te is completed through formation of weak intermolecular 
bonds with an I(1) atom in a second molecule at 3.814 ( 1 )  A and an I(2) atom in a third molecule at 3.692 (1) A .  Other 
observed distances and angles of interest are as follows: 0-C, 1.41 (1) and 1.41 (1) A ;  C-C, 1.52 (2) and 1.52 (2) A;  C-H 
(average), 0.96 (12) A;  C-0-C, 114.2 (8)"; 0-C-C, 113.5 (9) and 114.0 (9)"; Te-C-C, 112.8 (6) and 113.5 (7)". 

Full-matrix least-squares refinement 

Introduction 

oxatellurane) and several of its derivatives were reported 
almost 30 years ago,3 no structural study involving this 
interesting ring system has been published. Such a study has 

been the main objective of the present research, but an im- 
portant second objective has been an investigation of the 
intermolecular bonding between the heavy atoms which 
usually occurs in organochalcogen halides4-* 

Although the syntheses of l-oxa-4-telluracyclohexane (1,4- 

(4) C. Knobler and I .  D. McCullough, Inorg. Chem., 11, 3026 
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Paper K-9. 

(6) C. Knobler, J. D. McCullough, and H. Hope, Inovg. Chem. 9 ,  
797 (1970). 
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(3) W. V. Farrar and J .  M. Gulland, J .  Chem. SOC., 11 (1945). 
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