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pendent non-hydrogen atoms were found with program MULTAN 
and subsequent Fourier difference syntheses. Refinement of their 
coordinates and thermal parameters, first isotropic and then 
anisotropic, led to the final R values reported in Table IV. For 
the compound 9a, the coordinates of the hydrogen atoms were 
computed and their contributions introduced in the refinement 
with thermal parameters equal to those of the atoms to which 
they were bonded. For the compound 11, the hydrogen atoms 
were not introduced into the refinement because of the large R 
and R, values; in this case, the last Fourier difference synthesis 
did not show any residual electronic density except for peaks at  
1.5 e A-3 close to the Pd or I atoms. 
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The Pd-C bond of the compound containing a six-membered palladocyclic ring [(Pd(BP)(pCl)],] (1) 
(BP = C6H4CH2C5H4N-2-(2-picolyl)phenyl) reacted with one alkyne unit (R1C=CR2 in which R1 and f or 
R2 = Me, Ph ,  or C 0 2 R  and R = Me or Et)  t o  afford regioselectively [(Pd(C(R2)=C- 

(R1)C6H4CH2C5H4N)(~-C1))2] (2a-0. The  geometry of these eight-membered ring containing complexes 
was determined by an  X-ray diffraction study of one of their corresponding monomers, [Pd(C(Ph)=C- 

(CO2Et)C6H4CH2C5H4N)(2-MeC5H4N)Cl] (3”a), obtained by reaction of 2a with 2-methylpyridine. The  
structure revealed that  the carbon and the nitrogen atom bonded to  the palladium are cis to  each other. 
It also showed that  the more electron-withdrawing group of the alkyne (R’ = C02Et)  is close to the benzyl 
ring of the B P  ligand. The  iodide-bridged derivative 1* reacted with diphenylacetylene in refluxing 
chlorobenzene to  afford a mixture of two products, 7a  and Sa, which contain the heterocyclic cation 
[C(Ph)=C(Ph)C6H4CH2C5H4N] with a Pd216 dianion or an iodide ion, respectively. Compounds 2c, 2d, 
and 2f underwent insertion of a second alkyne (R1, R2 = Me, Ph)  leading to  the series of compounds 4a-g. 
The  X-ray diffraction of 4a revealed the cyclization of two alkyne molecules with one carbon atom of the 
benzyl unit. This led to  a spiro junction between a tetraphenylcyclopentadiene and a hexadienyl ring. 
This latter is q3-bonded to  Pd. Compound 4a rearranged in refluxing chlorobenzene leading to  a ther- 
modynamically more stable isomer, 5a. The  reaction between the ionic compound [Pd(C(C02Me)=C- 
(C02Me)C6H4CH2C5H4N](MeCN)2] S03CF3 (2e**) and dimethyl acetylenedicarboxylate (DMAD) afforded 
complex 6 in which three alkyne molecules have been found per P d  atom. The  molecular structure of 6 
has been determined by means of X-ray diffraction. I t  revealed that the two alkynes that have been added 
on 2e** formed again a cyclopentadiene ring with one quaternary carbon atom. The new terdentate ligand 
is chelating the P d  atom via the nitrogen, carbon, and oxygen atoms, defining thus two metalated rings 
containing seven and  five atoms, respectively. 
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Introduction 
T h e  metal-carbon a-bond of cyclornetalated complexes 

is reactive toward various nucleophilic  reagent^.^ I n  most 

(1) Reaction of Cyclopalladated Compounds. 16. Part 15: Organo- 

(2) (a) Laboratoire de Chimie de Coordination. (b) Laboratoire de 
metalkcs, preceding paper in this issue. 

Cristallochimie. 

0276-7333 f 87 f 2306-2043$01.50/0 

cases these reactions lead to the  selective functionalization 
of the metalated chelate; thus, they might be useful for the 
purpose of organic syntheses. A few such reagents can, 
however, react with metal-carbon bonds affording stable 
organometallic compounds in which t h e  resulting new 
ligand is still interacting with the  We are mostly 

(3) Ryabov, A. D. Synthesis 1985, 233. 
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Table I. Analytical and SDectroscoDic Data for Comoounds 2a-f 
R' ,R2 

2a: R1 = C0,Et; R2 = Ph 55.19 (57.04) 3.92 (4.13) 2.09 (2.89) 82 1690 (vs, br) 8.89 (dd, 1 H, H,), 8.63 (dd, 1 H, H,),d 
4.47-4.00 (m, 2 H, CH2, 'JHA-HB = 16.5), 
3.83 (qd, 2 H, OCHJ, 0.80 (m, 3 H, CH3) 

2b: R' = C02Me; R2 = Ph 55.63 (56.18) 3.76 (3.83) 3.26 (2.98) 74 1690 (vs, br) 8.90 (dd, 1 H, H,, 35H,-H, = 6.0, 4JH,-Hp = L4), 
8.64 (dd, 1 H, H,, 3 J ~ p - ~ ,  = 5.71, 4.46-4.00 
(m, 2 H, CH2), 3.42 and 3.35 (2s, 3 H, 
OCH3) 

2 H, CH2), 1.93 and 1.91 (2s, 3 H, CH3) 
2c: R' = Me; R2 = Ph b 

2d: R' = R? = Ph b 

72 8.71 (d, 1 H, H,, 3 J ~ , - ~ ,  = 5.5), 4.44-3.93 (m, 

8.94 (dd, 1 H, H,, 3 5 ~ 0 - ~ m  = 4.3), 8.71 (dd, 1 86 
H, H,, 'JH~-H, = 4.41, 4.62-4.03 (m, 2 H, 
CH2, *JHA-HB = 15.9) 

2e: R' = R2 = C02Me 47.43 (47.79) 3.31 (3.54) 3.06 (3.09) 91 1700 (VS) 8.81 (dd, 1 H, H,), 8.60 (dd, 1 H, H,), 

2f: R' = R2 = Me b 

a Calculated values are given in parentheses. *Satisfactory analytical data could not be obtained (see text). 
H, represent the protons ortho, meta, and para to the nitrogen atom of the benzylpyridine ligand, respectively. 

4.29-4.02 (m, 2 H, CH2, 'JH,-H, = 16.31, 
3.83-3.59 (m, 6 H, OCH3) 

C 3.82 (m, 2 H, CH2), 2.19-1.67 (m, 6 H, CH3) 

Not isolated. H,, H,, and 

interested in these latter %sertion" reactions since we 
believe that they can provide important information re- 
garding the exact role of the metal during the reactions, 
e.g., carbon-carbon and carbon-nitrogen bond formations. 
In this respect we have been so far mainly concerned with 
the reactions of alkynes with cyclometalated compounds. 

We are aware of only a few independent studies that 
have been reported in the literature. For example, cy- 
clometalated triphenylphosphine complexes of Ru and 
Rh,6 containing a four-membered ring, allowed the inser- 
tion of two alkyne molecules into their M-C bonds to 
afford eight-membered rings. We, and others, have shown7 
that five-membered rings derived from metalated tertiary 
amines undergo similar reactions, and recently we have also 
demonstrated that even seven-membereds cyclopalladated 
rings may still be reactive toward alkynes. Therefore, we 
thought it of interest to  extend this study to the less 
common six-membered cyclometalated complexes in order 
to determine to what extent the size of the starting or- 
ganometallic ring determines the scope of the reaction. 
Compounds containing this type of metallocyclic unit, in 
which the donor atom is n i t r ~ g e n , ~  phosphorus,10 or oxy- 

(4) (a) van Baar, F. J.; Klerks, J. M.; Overbosch, P.; Stufkens, D. J.; 
Vrieze, K. J .  Organomet. Chem. 1976, 112, 95. (b) Yamamoto, Y.; Ya- 
mazaki, H. Inorg. Chim.  Acta 1980, 41, 229. 

(5) (a) Lindner, E.; Eberle, H.-J. J. Organomet. Chem. 1980,191, 143. 
(b) Lindner, E.; Zinsser, F.; Hiller, W.; Fawzi, R. J. Organornet. Chern. 
1985,288, 317. 

( 6 )  (a) Keim, W. J. Organomet. Chem. 1969,16, 191. (b) Ricci, J. S.; 
Ibers, J. A. J.  Organomet. Chem. 1971,27,261. (c) Bruce, M. I.; Gardner, 
R. C. F.; Stone, F. G. A. J.  Chem. Soc., Dalton Trans.  1976,81. 

(7) (a) Bahsoun, A.; Dehand, J.; Pfeffer, M.; Zinsius, M.; Bouaoud, 
%E.; Le Borgne, G. J. Chem. SOC., Dalton Trans.  1979, 547. (b) Arlen, 
C.; Pfeffer, M.; Bars, 0.; Grandjean, D. J. Chem. Soc., Dalton Trans.  
1983,1535. (c) Kalininy, V. N.; Usatov, A. V.; Zakharkin, L. I. Izu. Akad.  
Nauk .  SSSR, Ser. Khim. 1984, 7, 1646. (d) Bruce, M. I.; Goodall, B. L.; 
Stone, F. G. A. J.  Chem. SOC., Dalton Trans.  1975,1651. (e) Maassarani, 
F.; Pfeffer, M.; Le Borgne, G.; Grandjean, D. Organometallics 1986, 5, 
1511. 

(8) Maassarani, F.; Pfeffer, M.; Le Borgne, G. Organometallics pre- 
ceeding paper in this issue. 

(9) (a) Cameron, N. D.; Kilner, M. J. Chem. SOC., Chem. Commun. 
1975,687. (b) Hiraki, K.; Fuchita, Y.; Takechi, K. Inorg. Chem. 1981, 
20,4316. (c)  Fuchita, Y.; Hiraki, K.; Kage, Y. Bull. Chem. SOC. Jpn. 1982, 
55,955. (d) Fuchita, Y.; Hiraki, K.; Uchiyama, T. J. Chem. Soc., Dalton 
Trans.  1983,897. (e) Chakravarty, A. R.; Cotton, F. A.; Tocher, D. A. 
Organometallics 1985, 4, 863. 

(10) (a) Bennett, M. A.; Clark, P. W.; Robertson, G. B.; Whimp, P. 0. 
J. Organomet. Chem. 1973,63, C15. (b) Jones, C. E.; Shaw, B. L.; Turtle, 
B. L. J.  Chem. Soc., Dalton Trans.  1974,992. (c)  Bennett, M. A.; Clark, 
P. W. J .  Organomet. Chem. 1976, 110, 367. 

gen108J1 have been reported in the literature. 
Recently, Fuchita et al. described the synthesis of such 

a compound starting from 2-benzylpyridine (BP) and 
palladium(I1) acetatqgb these authors have also shown that 
its Pd-C bond had a reactivity toward alkenesgb similar 
to that of the related five-membered ring.12 Thus, this 
palladocycle is nicely suited to our purpose. 

In this paper, we report that the Pd-C bond of this type 
of metallocycle is, as expected, reactive toward alkyne 
insertion and, furthermore, that this type of starting or- 
ganometallic ring leads in fact to a very rich chemistry. 
Some aspects of this work have already been reported in 
a short comm~nication.'~ 

Results 
1. Reactivity of Cyclopalladated Benzylpyridine 

Complexes Containing Chloride Bridges. 1.1. Inser- 
tion of One Alkyne into the Pd-C Bonds of 1. The 
poorly soluble cyclopalladated complex [ (P~(BP)(P-C~))~]  
(1) reacted in refluxing CH2C12 with ethyl 3-phenyl- 
propiolate in a 1:2 stoichiometry (one alkyne per Pd atom) 
to afford a yellow solution from which compound 2a could 
be isolated in quantitative yield. Elemental analyses (C, 
H, N) are consistent with a molecule in which one alkyne 
has reacted with each palladium center. The complexity 
of the 'H NMR spectrum is an indication of the presence 
of several isomers.8 The cleavage of the chloride bridges 
by pyridine or triphenylphosphine led to the monomeric 
compounds 3a and 3'8, respectively. The lH NMR spec- 
trum of each of these two complexes reveals the presence 
of two isomers in a 97:3 ratio. We have shown previo~ly '~  
that a phosphine ligand is very unlikely to be bonded to 
Pd trans to a u-bonded carbon; therefore in 3a and 3'8, 

(11) (a) Horino, H.; Inoue, N. J.  Org. Chem. 1981,46,4416. (b) Tre- 
mont, S. J.; Rahman, H. Ur. J.  Am. Chem. SOC. 1984, 106, 5759. 

(12) (a) Holton, R. A. Tetrahedron Le t t .  1977, 355. (b) Brisdon, B. 
J.; Nair, P.; Dyke, S. F. Tetrahedron 1981, 37, 173. (c) Girling, I. R.; 
Widdowson, D. A. Tetrahedron Lett. 1982,23,4281. (d) Tsuji, J. Acc. 
Chem. Res. 1969,2, 144. (e) Chao, Ch. H.; Hart, D. W.; Bau, R.; Heck, 
R. F. J. Organomet. Chem. 1979,179,301. (0 Ryabov, A. D.; Polyakov, 
V. A.; Yatsimirsky, A. K. J.  Chem. Soc., Perkin Trans.  2 1983,1503. (g) 
Ossor, H.; Pfeffer, M. J.  Chem. Soc., Chem. Commun. 1985, 1540. 

(13) Maassarani, F.; Pfeffer, M.; Le Borgne, G. J. Chem. SOC., Chem. 
Comrnun. 1986, 488. 

(14) (a) Dehand, J.; Jordanov, J.; Pfeffer, M.; Zinsius, M. C.R. Seances 
Acad. Sci., Ser. C 1975, 281, 651. (b) Pfeffer, M.; Grandjean, D.; Le 
Borgne, G. Inorg. Chem. 1981,20, 4426. 
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Table 11. Analytical and Spectroscopic Data for Compounds 3a-f 

IR (KBr) 
%=Or 

1680 (vs) 9.32 (dd, 1 H, Ha, BP, 3J~,-~,  = 5.8), 8.08 (dd, 2 H, H,, 

anal. founda 
C H N cm-' 'H NMR (CDCl,, 8 (ppm), J (Hz)) 

3a: R1 = C02Et; R2 = Ph 59.72 (59.69) 4.45 (4.44) 4.97 (4.97) 
py, 3J~,-~,  = 6.5, 4 J ~ , - ~  = 1.6), 4.58 and 4.17 (2d, 2 H, 
CH2, ' JH,-H,  = 16.1), 3.83 (9, 2 H, OCHZ), 0.81 (t, 3 H, 
CH3) 

3b: R' = C02Me; R2 = Ph 57.37 (57.35) 4.23 (4.12) 4.96 (4.91)b 1705 (vs) 9.32 (dd, 1 H, Ha, BP, 351,-H, = 5.8, 4JH,-Hp = 1.4), 8.07 
(dd, 2 H, H,, Py, 3 J ~ 0 - ~ ,  = 6.5, 4 J ~ o - ~ p  = 1.6), 4.58 and 
4.18 (2d, 2 H, CH2, 'JH,-H, = 16.31, 3.39 (s, 3 ', OCH3) 

3c: R' = Me; R2 = Ph 61.76 (61.79) 4.37 (4.55) 5.34 (5.54) 9.40 (dd, 1 H, H,, BP, 3J~,-~,  = 7.1, 4 J ~ o - ~ p  = l.j), 8.11 
(dd, 2 H, Ha, py, 3 J ~ , - ~ ,  = 5.11, 4.47 and 4.10 (2d, 2 H, 
CHZ, 'JH,H, = 16.0), 1.94 (s, 3 H, CH3) 

(dd, 2 H, Ha, py, 3 J ~ , _ ~ ,  = 6.4, 4 J ~ , - ~ p  = 1.4), 4.61 and 
4.18 (2d, 2 H, CH2, 'JH,-H, = 16.1) 

3d: R' = R2 = Ph 64.97 (65.62) 4.16 (4.41) 4.78 (4.94) 9.24 (dd, 1 H, Ha, BP, 3 5 ~ , - ~ ,  = 5.8, 4 J ~ o - ~ p  = 1.3), 8.45 

3e: R' = R2 = C02Me 

3f R ' =  R2 = Me C 

51.65 (51.98) 3.94 (3.95) 5.16 (5.27) 1700 (vs) 9.08 (dd, 1 H, H,, BP), 8.67 (s, (br), 2 H, H , py), 8.33 
(dd, 2 H, H,, py, 3 J ~ , - ~ ,  = 5.21, 4.40 and 
CH2, 'JH,-H, = 16.8), 3.71 and 3.60 (25, 6 ':, OCH3) 

19 (2d, 2 H, 

9.28 (dd, 1 H, H,, BP, 3 J ~ , - ~ ,  = 4.6), 8.77 (dd, 2 H, Ha, 
PY, 3 J ~ , - ~ ,  = 4.91, 8.35 (dd, 1 H, H,, BP, 'JH~-H, = 5.01, 

1.74 ( 2 ~ ,  6 H, CH3) 
4.25 and 3.92 (2d, 2 H, CH2, 'JH,-H, = 16.0), 1.88 and 

aCalculated values are given in parentheses. bThe analyses have been calculated for a molecule containing 0.25 molecule of dichloro- 
methane. Not isolated. 

Table 111. Analytical Data, Reaction Conditions, and Yields for Compounds 4 and 5 
R' 

, 

anal. foundb 
C H N yield, % refluxing time, h (solv) 

4a: R" = Ph 71.3 4.34 2.08 88 18 (CHZC12) 
5a: R" = Ph 71.88 (72.08) 4.36 (4.50) 1.37 (2.10) 50 0.33 (CGH~CI) 

7OC 0.5 (C&C1) 4a*: R" = Ph 63.40 3.88 1.81 
5a*: R" = Ph 62.99 (63.38) 3.89 (3.96) 1.58 (1.84) 1 
4b: R1 = R2 = R3 Ph; R4 = Me d 
4c: R' = R2 = R4 = Ph; R3 = Me 65.05 (65.90) 4.37 (4.48) 2.12 (2.16)O 1 

48 20 (CH2C12)f 

4d: R1 = R4 = Me; RZ = R3 = Ph d 
67.91 (68.37) 5.13 (5.10) 2.41 (2.38)O 

4f R" = Me 57.43 (57.43) 5.34 (5.26) 3.34 (3.35) 
4g: R1 = R2 = Ph; R3 = R4 = Me 65.02 (64.86) 5.08 (5.02) 2.56 (2.70) 74 20 (CH2C12)f 

The spiro ligand is s3-bonded to Pd center via C1, C2, and C3 in 4 and C3, C4, and C5 in 5. 

76' 6 (CHzCM 

60' 1 2  (CHzClZ) 1 4e: R1 = R3 = Me; R2 = R4 = Ph 

Calculated values are given in parentheses. 
CThe yield refers to a mixture of the two isomers 4a*:5a*, 4b:4c, and 4d:4e which are present in ca. 1:l ratio (checked by 'H NMR) in the 
crude reaction product. Not isolated. e The analyses have been calculated for a molecule containing 0.5 molecule of dichloromethane (4c) 
and 0.5 molecules of toluene (4e) (the amounts of the solvents have been determined by 'H NMR). 'The reaction was run at  room tem- 
perature. 

both the pyridine and the phosphine ligands should be 
coordinated trans to the nitrogen of the eight-membered 
ring. 

PY 

1 2 

3 

Thus, the two isomers found in 3a and 3'a resulted from 
a nonregiospecificity of the insertion reaction. The relative 
positions of the phenyl and C02Et substituents in the 
major isomer have been determined by an X-ray study of 
3''a15a (vide infra). It shows that the phenyl group is lo- 
cated on the carbon atom a-bonded to Pd. This indicated 
that the orientation of the alkyne insertion (PhCG 
CC02Et) into the Pd-C bond of 1 compares well with our 
previous observations for related starting materiaha 

A view of the molecular structure and selected bond 
distances and angles are given in Figure 1 and Table V, 
respectively. This structure shows that the two nitrogen 
atoms of the pyridine rings are indeed trans to each other, 

(15) (a) Crystals suitable for single-crystal X-ray analysis could only 
be obtained by using 2-methylpyridine as a ligand (3"a). (b) See selec- 
tions of least-squares planes of compounds 3"a, 4a, and 6 which are given 
in the supplementary material (Tables 513-515). (c) The dihedral angle 
between the planes defined by Pd, C11, N1, N2, C2 and C3-C8 in 3"a 
is 61.8°.'5b 
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Table IV. 'H NMR (6 (ppm), J ( H z ) )  for the Spiro Compounds 4 and 5 in CDCl, 

4a 5.68 (9.0) 6.08 (5.5) 4.65 5.98 (6.1) 7.64 (4.2) 7.44 (7.2) { i::: (16.8) 

4a* 5.76 (8.4) 6.11 (5.7) 4.78 5.99 (5.9) 7.88 (4.2) 7.41 (7.7) { i::: (16.5) 

5a 5.35 (9.0) 6.09 (5.4) 4.86 5.81 (5.8) 8.66 (4.7) 7.77 (7.4) { i::: (16.0) 

5a* 5.40 (9.3) 6.11 (5.2) 4.98 5.82 (5.9) 8.90 (4.1) 7.72 (7.4) { 3:13 (15.9) 
4b 5.39 (9.0) 6.57 (5.7) 4.86 5.71 (ca. 5.5) 8.78 (4.2) 7.85 (7.5) 3.19 (n.o.)g 
4c 5.74 (8.7) 6.25 (5.3) 4.75 5.71 (5.5) 7.65 (5.2) 7.53 (7.7) { ::$ (16.8) 

3 40 

1.79 

1.92 

4d 5.09 (9.2) 6.14 (5.4) 5.05 6.27 (5.9) 8.75 (5.4) 7.76 (7.8) { i::: (16.3) 1.69 1.76 

4e 5.39 (9.1) 6.18 (5.6) 4.97 6.24 (5.9) 7.67 (5.2) n.0. { :::: (16.7) 1.67 1.85 

4f 4.78 (9.2) 5.99 (5.7) 4.96 6.16 (6.0) 8.69 (5.4) 6.77 (7.7) {::;E (16.2) 1.55 1.61 1.81 1.52 

4g 
3.12 5.27 (9.1) 6.17 (5.5) 4.83 5.70 (5.8) 8.72 (4.3) 7.73 (7.7) { 3.03 (15.9) 1.75 1.64 

"Doublet (d). bDoubiet of doublet (dd). 'Triplet (t). dDoublet of triplet (td). e T w ~  doublets (2d). 'Only the chemical shifts of R" = Me 
are given. gn.0. = not observed. 

Table V. Selected Bond Distances (A) and Angles (deg) for 
ComDound 3"a 

Bond Distances 
Pd-C1 2.005 (3) c9-c10 1.513 (5) 
Cl-C2 1.320 (5) C10-Nl 1.337 (4) 
C2-C3 1.501 (5) N1-Pd 2.084 (3) 
C3-C8 1.384 (5) N2-Pd 2.052 (3) 
C8-C9 1.508 (6) Cll-Pd 2.424 (1) 

Bond Angles 
Cll-Pd-C1 174.13 (9) ClO-C9-C8 119.4 (3) 
N1-Pd-N2 171.8 (1) C9-C8-C3 120.6 (3) 
Cll-Pd-N2 89.11 (8) C8-C3-C2 118.5 (3) 
N2-Pd-C1 85.6 (1) C3-CZ-Cl 119.9 (3) 
C1-Pd-N1 93.5 (1) C2-C1-Pd 119.6 (2) 
Pd-N1-C10 130.5 (2) 
Nl-ClGC9 122.0 (3) 

whereas the chlorine atom is trans to the carbon C1 of the 
new alkenyl moiety a-bonded to Pd. 

Several least-squares planes of the molecule are given 
in Table S13. They allow a comparison of the geometry 
of the new organometallic eight-membered ring with those 
of related seven-membered The main effect of 
the presence of one extra atom in the metallocycle is to 
decrease the dihedral angle between the plane of the 
phenyl ring (C3-C8) and that of the coordination plane 
of Pd15b to a value close to 60'. This dihedral angle was 
close to 90' in a related seven-membered metall~cycle.'~~~ 
Thus, it appears that in this new metalated ring one apical 
coordination site of the Pd is much more hindered than 
in the previous cases. 

Treating compound 1 with a series of alkynes (1- 
phenylprop-1-yne, diphenylacetylene, methyl 3-phenyl- 
propiolate) affords compounds 2b-e, whose formulas are 
closely related to that of 2a; i.e. one alkyne molecule has 
been inserted into the Pd-C bond of 1 leading to eight- 
membered rings. It has to be noted, however, that in the 
cases of the reactions of 1 with 1-phenylprop-1-yne and 
diphenylacetylene, which afforded 2c and 2d, respectively, 
the syntheses were difficult because these mono-inserted 
products reacted further with unreaded alkyne, even when 
a strict 1:2 stoichiometry was used. Moreover, despite all 

t 2 5  
8 

Figure 1. ORTEP view of [Pd(C(Ph)=C- 
(C02Et)CBH4CH2C6H4N)(2-MeC5H4N)Cl] (3"a). 

d 

our efforts to crystallize the products no satisfactory 
analytical data could be obtained.16 However, the for- 
mulations of 2c and 2d were ascertained by the syntheses 
of the monomers 3c and 3d, whose analytical data are 
satisfactory (see Table 11). These two monomeric species 
were obtained either by treating 212 and 2d with pyridine 
or more easily from the reaction between the monomer 
[Pd(BP)pyCl] l7 and the corresponding alkynes. 

1.2. Further Alkyne Insertion into the New Pd-C 
Bond of 2. We have already mentioned that in the case 
of the reactions between 1 and alkynes substituted by Ph 
and Me groups (e.g., diphenylacetylene, l-phenylprop-l- 
yne, and 2-butyne) it was difficult to stop the reaction at  
the stage of mono-inserted products 2c, 2d, or 2f. Indeed, 

(16) Anal. Calcd for C2&12,,C1NPd (2d): C, 63.94; H, 4.09; N, 2.86. 
Found C, 53.30; H, 3.52; N, 2.89. We cannot give a rational explanation 
for the values found for the percentage of carbon present. A similar trend 
for this analysis has however be observed in other organopalladium 
compounds: Dehand, J.; Pfeffer, M.; Zinsius, M. Inorg. Chirn. Acta 1975, 
13, 229. 

(17) This product was obtained by reaction of 1 with 1 equiv of pyr- 
idine.gb 
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1: X=CI  
1": x =  I 

R' R 2  

2a: R1=C02Et; R 2 =  Ph 
b: R1=C02Me; R2=Ph 
c: #=Me; R2= Ph 

e: R1= R2=C02Me 
f :  R1= R2= Me 

d: R1:R2= Ph 

Chart I" 
r - 

L 

1"" 

R' R 2  

3a: R1=C02Et;R2=Ph 
b: R1:C02Me; R2=Ph 
c: R1= Me; R2=Ph 
d: R1=R2= Ph 
e: R1=R2= C02Me 
f :  R1=R2=Me 

R' 

Ph Pd-X 

5a 

8 ;  EzC02Me 

rn 

7a: R1:R2=Ph 
b: R'=C@Et; R 2 = P h  

6s: X =  I 
8'r: X = PF6 

Throughout this paper we have used the nomenclature of n 
(1-5) for the complexes in which X = C1, n * for the complexes in 
which X = I, and n** for the corresponding cationic complexes. 

treating 1 with excess of diphenylacetylene in refluxing 
CHZCIz affords quantitatively compound 4a, which has 
been shown by analytical data to contain two alkyne units 
per palladium atom. The 'H NMR spectrum of 4a reveals 
that four aromatic protons of the 2-benzylpyridine ligand 
have been dramatically shifted to higher field (see Table 
IV). The same phenomenon was observed for the corre- 

Figure 2. ORTEP view of [Pd((s3-C,H,C(Ph)=C(Ph)C(Ph)- 
=C(Ph))CH2C6H4N)C1] (4a). The phenyl groups of the cyclo- 
pentadiene unit are only represented by their ipso carbon atoms 
for clarity. 

Table VI. Selected Bond Distances (A) and Angles (deg) 
for Compound 4a 

Bond Distances 

Pd-CP 2.047 (2) C6-Cl 1.523 (3) 
Pd-C3 2.146 (2) C1-C2 1.420 (3) 
Pd-C1 2.375 (1) C2-C3 1.409 (3) 
Pd-N 2.137 (2) C3-C4 1.453 (4) 
C1-C7 1.513 (3) C4-C5 1.326 (3) 
C7-C8 1.500 (3) C5-C6 1.519 (3) 

Bond Angles 
Cl-Pd-N 104.59 (5 )  Cl-C6-C5 112.5 (2) 

N-Pd-C3 148.81 (9) C2-C1-C7 121.4 (2) 
C1-Pd-C2 40.03 (8) Cl-C7-C8 114.1 (2) 
C2-Pd-C3 39.2 (1) Cl-C2-C3 114.8 (2) 

Pd-C1 2.100 (2) C6-Cl3 1.539 (3) 

C6-Cl6 1.511 (3) 

N-Pd-C1 82.02 (7) C13-C6-C16 102.2 (2) 

Cl-Pd-C3 68.32 (9) 
C1-Pd-C1 172.06 (6) 

sponding carbon atoms in the 13C NMR spectrum. These 
observations suggest a significant change of the bonding 
mode of the 2-benzylpyridine ligand to the Pd atom. In 
order to determine unambiguously the molecular structure 
of this new molecule, an X-ray diffraction study was car- 
ried out on 4a. An ORTEP view of this complex is shown 
in Figure 2. Selected angles and distances and least- 
squares planes are given in Tables VI and S14, respectively. 
The addition of the second alkyne molecule into the Pd-C 
bond of 2d has resulted in a totally unexpected rear- 
rangement of the organometallic product compared to that 
which would be predicted according to previous related 
work.8 

The molecular structure shows indeed the formation of 
a spiro junction between a tetraphenylcyclopentadiene and 
an hexadienyl unit. The palladium atom is linked to this 
new organic fragment via the nitrogen atom and an q3- 
allylic interaction of the benzyl ring through Cl-C3. This 
latter bonding mode explains the high-field shifts observed 
in the NMR spectra and results from the dearomatization 
of the phenyl ring of the BP ligand. 

A compound similar to 4a was obtained in good yield 
by treating 1 with an excess of 2-butyne to afford 4f. The 
'H NMR spectrum is closely related to that of 4a. This 
compound proved, however, to be much less stable in so- 
lution as it decomposed at  room temperature in CHzClz 
solution after several hours. 

That 2d and 2f are intermediates in the formation of 
4a and 4f, respectively, was easily demonstrated by re- 
acting them with diphenylacetylene and 2-butyne, re- 
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spectively. Other compounds of the same series were ob- 
tained by the reaction of 2c or 2d with alkynes substituted 
by methyl and/or phenyl groups. This led to compounds 
in which the cyclopentadiene units have various combi- 
nations of methyl and phenyl substituents (see Tables I11 
and IV). 
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1 2 

R’ 

.CI (2)  

4 

We have found that 4a is not stable at high temperature; 
it isomerized in refluxing chlorobenzene to afford com- 
pound 5a, whose NMR spectra (lH, 13C) are slightly dif- 
ferent to those of 4a. We suggest that in 5a the Cl-C6 
ring is  bonded to Pd via the C3, C4, and C5 atoms. The 
driving force for this reaction could be assigned to the 
release of some steric hindrance that the 2-picolyl group 
exerts in 4a, which does not exist in 5a. 

Ph 

CeHsCl 
A 
- 

Ph 
Fil 

Ph Pd-CI (3) 

4a 5a 

This result could not be generalized to the other com- 
pounds of this series (4b-f) because they are not stable 
at high temperature. In refluxing chlorobenzene, they were 
decomposed to give metallic palladium together with other 
undetermined materials. 

It is noteworthy that the double-alkyne insertion into 
the Pd-C bond of 1 to afford spiran ligands was limitated 
to alkynes substituted by methyl or phenyl groups. We 
could not synthesize any compounds of type 4 in which 
the cyclopentadiene ring of the spiran unit is substituted 
by a t  least one COzR group. Two independent methods 
have been attempted by reacting (i) compounds 2c and 2d 
with ethyl 3-phenylpropiolate or (ii) compounds 2a, 2b, 
and 2c with diphenylacetylene or 1-phenylprop-1-yne. No 
insertion of alkyne took place in either case, the starting 
organometallic compounds being totally recovered even 
after several hours in refluxing chlorobenzene. 

2. Reactivity of Cationic Complexes of Cyclo- 
palladated Benzylpyridine. In order to overcome our 
inability to obtain spiran fundionalized by a COzR group, 
described in the previous section, we decided to investigate 
the chemistry of the cationic cyclopalladated benzyl- 
pyridine complexes. We have shown previouslye that these 
compounds, in which the palladium is made more elec- 
trophilic, displayed an increased reactivity of their Pd-C 
bonds. Moreover, the reactions carried out with such 

L J U  

Figure 3. ORTEP view of compound 6. The S03CF3 
a normal geometry and is not represented. 

anion has 

Table VII. Selected Bond Distances (A) and Angles (deg) 
for Compound 6 

Bond Distances 
Pd-016 2.124 (2) C13-Cl5 1.572 (3) 
Pd-014 2.063 (1) C15-Cl4 1.530 (3) 
Pd-N 2.010 (2) C14-014 1.229 (3) 
Pd-C13 2.040 (2) C15-Cl6 1.532 (3) 
N-C5 1.354 (3) C15-CI9 1.525 (3) 
C5-C6 1.503 (3) C15-Cl3 1.572 (3) 
C6-C7 1.510 (3) C16-Cl7 1.337 (3) 
C7-Cl2 1.397 (3) C18-CI9 1.341 (3) 
C12-Cl3 1.521 (2) 

Bond Angles 
016-Pd-C13 174.65 (8) Pd-Cl3-Cl5 105.7 (1) 
014-Pd-N 177.72 (6) C13-Cl5-Cl4 107.7 (2) 
Pd-N-C5 121.0 (1) C15-C14-014 121.0 (2) 
N-C5-C6 116.1 (2) C14-014-Pd 113.3 (1) 
C5-C6-C7 108.3 (2) C13-Cl5-Cl6 111.9 (2) 
C6-C7-C12 124.0 (2) C16-Cl5-Cl9 100.9 (2) 
C7-Cl2-Cl3 125.2 (2) C21-Cl3-Cl5 109.0 (2) 
C12-Cl3-Pd 122.2 (1) 

species led often to selective syntheses of heterocyclic 
compounds.8 

This improved reactivity of the Pd-C bond has actually 
been observed in the reaction between 2e** and dimethyl 
acetylenedicarboxylate (DMAD). It afforded a quantita- 
tive yield of the new compound 6. Unexpectedly, ana- 
lytical data indicated that the formula of this molecule 
derived from that of 2e** by addition of two DMAD units. 
Indeed, the ‘H NMR spectrum of this ionic molecule re- 
vealed the presence of six inequivalent methyl carboxylate 
groups. Since this is the first example of three alkynes 
reacting with such a palladocyclic complex, an X-ray 
diffraction study of 6 proved to be essential in determining 
its molecular geometry. 

Figure 3 shows an ORTW view of the cationic part of this 
molecule. It consists of a new terdentate ligand which is 
linked to Pd via the nitrogen atom of the benzylpyridine 
unit, the carbon C13, and the oxygen 014 of one carbox- 
ylate group. The fourth coordination site is occupied by 
a water molecule. This defines two metallocycles con- 
taining seven and five atoms, respectively. The carbon 
atom C15 that was a-bonded to Pd in 2e** has now become 
a spiro junction between a cyclopentadiene ring, formed 
with the two incoming DMAD molecules, and the five- 
membered metallocycle Pd-C 11-C 15-C 14-0 14. There- 
fore, this structure is somewhat related to that found for 
compound 4a. Interestingly, the bond distance C13-Cl5 
(1.572 (3) A) is typical for a C-C single bond, whereas 
C16-Cl7 (1.337 (3) A) and C18-Cl9 (1.341 (3) A) have 
values usually assigned to C-C double bonds (Table VII). 
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C5 -0.0483 (2) 0.1048 (7) 0.5998 (3) 7.2 (2) 
C6 -0.0503 (2) 0.1977 (8) 0.6447 (3) 7.5 (2) 
C7 -0.0163 (2) 0.3057 (7) 0.6667 (2) 6.2 (1) 
C8 0.0216 (2) 0.3219 (6) 0.6459 (2) 4.6 (1) 
C9 0.0545 (2) 0.4533 (5) 0.6645 (2) 5.0 (1) 
C10 0.0973 (2) 0.4481 (5) 0.7216 (2) 4.1 (1) 
C11 0.1094 (2) 0.5782 (6) 0.7531 (2) 5.3 (1) 
C12 0.1490 (2) 0.5861 (6) 0.8028 (3) 6.1 (1) 
C13 0.1763 (2) 0.4588 (7) 0.8228 (3) 6.1 (1) 
C14 0.1624 (2) 0.3340 (6) 0.7898 (2) 4.7 (1) 
C15 0.1557 (2) 0.2213 (5) 0.6052 (2) 3.88 (9) 

SO3CF3 (4) 

-e] / Pd, 

1 OH2 / Y  
- - 
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Table X. Positional Parameters and Their Estimated 
Standard Deviations for Compound 4a0 

atom X Y 2 B, A2 
Pd 0.58769 (2) 0.09145 (1) 0.52522 (2) 3.099 (4) 
C1 0.68525 (7) 0.04718 (5) 0.29393 (7) 4.35 (1) 
N 0.7004 (2) -0.0024 (1) 0.6621 (2) 2.96 (4) 
C1 0.4954 (2) 0.1486 (2) 0.7229 (3) 2.89 (5) 
C2 0.4093 (2) 0.1459 (2) 0.6025 (3) 3.50 (5) 
C3 0.4163 (3) 0.1953 (2) 0.4906 (3) 4.01 (6) 
C4 0.4510 (3) 0.2757 (2) 0.5285 (3) 3.98 (6) 
C5 0.4917 (2) 0.2982 (2) 0.6629 (3) 3.58 (5) 
C6 0.5111 (2) 0.2383 (2) 0.7817 (3) 2.97 (5) 
C7 0.5294 (2) 0.0793 (2) 0.8268 (3) 3.26 (5) 
C8 0.6522 (2) 0.0079 (2) 0.7959 (3) 3.01 (5) 
C9 0.7141 (3) -0.0480 (2) 0.8990 (3) 3.99 (6) 
C10 0.8223 (3) -0.1150 (2) 0.8622 (3) 4.53 (6) 
C11 0.8705 (3) -0.1257 (3) 0.7241 (4) 4.36 (6) 
C12 0.8070 (2) -0.0675 (2) 0.6286 (3) 3.61 (5) 
C13 0.4097 (2) 0.2886 (2) 0.8944 (3) 3.10 (5) 
C14 0.4657 (2) 0.3161 (2) 1.0193 (3) 3.11 (5) 
C15 0.6036 (2) 0.2836 (2) 1.0029 (3) 3.08 (5) 
C16 0.6312 (2) 0.2351 (2) 0.8698 (3) 2.97 (5) 
C17 0.2741 (2) 0.3114 (2) 0.8545 (3) 3.32 (5) 
C18 0.2109 (3) 0.2500 (2) 0.8429 (3) 3.91 (6) 
C19 0.0835 (3) 0.2729 (2) 0.8047 (4) 4.92 (7) 
C20 0.0200 (3) 0.3553 (3) 0.7762 (5) 6.02 (9) 
C21 0.0818 (4) 0.4171 (2) 0.7852 (6) 7.7 (1) 
C22 0.2066 (3) 0.3959 (2) 0.8254 (5) 5.82 (8) 
C23 0.3968 (2) 0.3718 (2) 1.1479 (3) 3.47 (5) 
C24 0.2961 (3) 0.3530 (2) 1.1995 (3) 3.98 (6) 
C25 0.2285 (3) 0.4061 (2) 1.3159 (3) 4.92 (7) 
C26 0.2604 (3) 0.4775 (2) 1.3857 (4) 5.67 (8) 
C27 0.3600 (4) 0.4959 (2) 1.3391 (4) 5.93 (9) 
C28 0.4281 (3) 0.4445 (2) 1.2195 (4) 4.81 (7) 
C29 0.6979 (2) 0.3035 (2) 1.1114 (3) 3.09 (5) 
C30 0.7045 (3) 0.2863 (2) 1.2559 (3) 3.80 (6) 
C31 0.7949 (3) 0.3058 (2) 1.3524 (3) 4.52 (7) 
C32 0.8801 (3) 0.3409 (2) 1.3071 (4) 4.63 (6) 
C33 0.8750 (3) 0.3576 (2) 1.1655 (4) 4.81 (7) 
C34 0.7832 (3) 0.3400 (2) 1.0682 (3) 4.11 (6) 
C35 0.7553 (2) 0.1827 (2) 0.8115 (3) 3.04 (5) 
C36 0.8462 (2) 0.1290 (2) 0.8987 (3) 3.45 (5) 
C37 0.9586 (2) 0.0751 (2) 0.8411 (3) 3.94 (6) 
C38 0.9842 (3) 0.0720 (2) 0.6949 (4) 4.21 (6) 
C39 0.8962 (3) 0.1253 (2) 0.6085 (3) 4.13 (6) 
C40 0.7833 (2) 0.1802 (2) 0.6658 (3) 3.57 (5) 

Anisotropically refined atoms are given in the form of the iso- 
tropic equivalent thermal parameter defined as (4/a)[a2B(l,l) + 
b2B(2,2) + c2B(3,3) + ab(cos y)B(1,2) + ac(cos @)B(1,3) + bc(cos 
a)B(2,3)1. 

cation. However, the purification of this material could 
not be achieved. 

Another alternative method that we have discovered to 
promote the formation of C-N bonds from the reaction 
of cyclopalladated compound and alkynes was to use such 
complexes that contained iodide.s 

When compound 1* was allowed to react with 2 equiv 
of diphenylacetylene in refluxing chlorobenzene, no or- 
ganometallic compound such as 2d* could be detected. 
Instead, we obtained a mixture of two products, 7a and 
8a. Analytical and spectroscopic data indicated that these 
two compounds contain the same cationic organic moiety, 
associated with the Pd& dianion in 7a and an iodide in 
8a.19 

According to previous results8 in the related reactions 
of such compounds, we suggest that the cationic part in 
these molecules consists of a heterocyclic compound having 
a seven-membered ring. This should have been formed 
by the insertion of one alkyne into the Pd-C bond of 1* 

(19) Treating Sa with hot H20 and then addition of solid NH4PF6 to 
the resulting solution afford low yields of compound 8'a containing the 
PFG anion: IR (KBr) vpF 835 (vs) cm-', 'H NMR (CDC13) 4.66 and 4.49 
ppm (2d, 2 H, CH2, 2JH,-HB = 13.9 Hz). 

1" 7a 

Ph, I- 

Ba 

followed by the depalladation reaction of the resulting 
eight-membered metallocycle 2d* leading to a C-N bond 
formation via a reductive elimination process.8 

Similar behavior was observed in the case of the un- 
symmetrical alkyne ethyl 3-phenylpropiolate. On this 
occasion, the reaction was carried out starting with 2a* 
(obtained from 2a by the chloride for iodide metathesis). 
Nevertheless, only the heterocyclic cation associated with 
Pd21, dianion, 7b, was obtained in low yield. R C 0 2 E t  

7b 

If the reaction of 1* with C2Ph2 is carried out in a 1:4 
stoichiometry only trace amounts of the heterocyclic com- 
pound 7a has been obtained; we observed an almost 
quantitative formation of a mixture of the compounds 4a* 
and 5a*,20 containing the spiro ligand as described above. 

Discussion 
This study is a supplementary illustration that the re- 

activity of cyclometalated complexes is not directly related 
to the steric strain existing in the metallocycle. Indeed, 
the M-C bond of six- or eight-membered rings might well 
be reactive toward alkyne insertion. However, when the 
chemistry of the complexes studied in this manuscript are 
compared with that of the corresponding compounds 
having one less atom in their metallocycle,8 it appeared 
that the nature of the products formed are dramatically 
dependent of the size of the ring. 

The ring expansion by insertion of one single alkyne into 
the Pd-C bond of 1 led to stable eight-membered rings in 
which the carbon atom a-bonded to Pd and the coordi- 
nated nitrogen atom are still cis to each other. The in- 
sertion of an unsymmetrical alkyne occurred with high 
regioseleckivity. Moreover, the orientation of the reaction 
is similar to that observed previouslys since the more 
electron-withdrawing substituent of the alkyne (C02R vs. 
Ph) is found on the carbon closest to the benzyl unit. 
Interestingly, it has been possible, on this occasion, to 
isolate the products resulting from the mono-insertion of 
diphenylacetylene and 1-phenylprop-1-yne, this being im- 
possible to achieve for the cyclometalated complexes 
studied p r e v i o ~ s l y . ~ ~ , ~ * ~ ~  

(20) We obtained a mixture of the two spiro isomers 4a* and 5a* (see 
Tables I11 and IV) because this reaction was performed in refluxing 
chlorobenzene. 
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Table XI. Positional Parameters and Their Estimated 
Standard Deviations for Compound 6 O  

atom X Y z B,  A2 
Pd 0.35290 (1) 0.30450 (1) 0.14435 (2) 2.631 (4) 
014 0.3358 (2) 0.4287 (1) 0.0610 (2) 3.19 (4) 
016 0.4088 (2) 0.4076 (2) 0.3129 (2) 5.10 (5) 
N 0.3744 (2) 0.1813 (2) 0.2218 (2) 2.92 (4) 
S 0.29466 (6) 0.62505 (7) 0.54590 (8) 4.69 (2) 
01 0.2987 (2) 0.5700 (2) 0.4246 (3) 6.94 (7) 
0 2  0.2810 (2) 0.7375 (2) 0.5599 (3) 6.97 (8) 
0 3  0.3745 (2) 0.5948 (3) 0.6305 (3) 7.76 (8) 
0 4  0.4698 (1) 0.2774 (1) -0.0835 (2) 3.42 (4) 
0 5  0.4780 (1) 0.1235 (1) -0.0252 (2) 3.06 (4) 
0 6  -0.0219 (2) 0.2877 (2) 0.0284 (2) 4.64 (5) 
0 7  0.1215 (2) 0.3952 (2) 0.1054 (2) 4.22 (4) 

0 9  -0.1093 (2) 0.2944 (2) -0.2232 (2) 4.50 (5) 
010 0.1801 (2) 0.1721 (3) -0.4842 (2) 8.64 (9) 
011 0.0139 (2) 0.1656 (3) -0.4425 (2) 6.33 (7) 
012 0.3909 (2) 0.1539 (2) -0.3239 (2) 4.51 (5) 
013 0.3690 (2) 0.3265 (2) -0.3209 (2) 4.31 (4) 
015 0.2755 (2) 0.4646 (1) -0.1124 (2) 4.21 (5) 
C1 0.4733 (2) 0.1643 (2) 0.2735 (3) 3.58 (6) 
C2 0.4907 (3) 0.0885 (3) 0.3373 (3) 4.41 (7) 
C3 0.4041 (3) 0.0293 (3) 0.3510 (3) 4.67 (7) 
C4 0.3026 (3) 0.0455 (2) 0.2979 (3) 3.87 (6) 
C5 0.2892 (2) 0.1204 (2) 0.2311 (2) 3.02 (5) 
C6 0.1846 (2) 0.1340 (2) 0.1577 (2) 3.09 (5) 
C7 0.1907 (2) 0.0717 (2) 0.0307 (2) 2.63 (5) 
C8 0.1384 (2) -0.0292 (2) -0.0058 (2) 3.17 (5) 
C9 0.1493 (2) -0.0980 (2) -0.1144 (3) 3.51 (6) 

C11 0.2649 (2) 0.0314 (2) -0.1560 (2) 2.82 (5) 
C12 0.2536 (2) 0.1032 (2) -0.0470 (2) 2.38 (4) 
C13 0.3101 (2) 0.2119 (2) -0.0239 (2) 2.37 (4) 
C14 0.2911 (2) 0.4012 (2) -0.0421 (2) 2.95 (5) 
C15 0.2457 (2) 0.2872 (2) -0.0943 (2) 2.48 (5) 
C16 0.1239 (2) 0.2838 (2) -0.0854 (2) 2.55 (5) 

08 -0.0785 (2) 0.1205 (2) -0.2337 (2) 4.59 (5) 

C10 0.2139 (2) -0.0687 (2) -0.1897 (2) 3.29 (5) 

C17 0.0703 (2) 0.2426 (2) -0.1934 (2) 2.71 (5) 
C18 0.1460 (2) 0.2225 (2) -0.2831 (2) 2.92 (5) 
C19 0.2468 (2) 0.2492 (2) -0.2290 (2) 2.76 (5) 
C20 0.3222 (4) 0.5723 (3) -0.0706 (4) 7.6 (1) 
C21 0.4266 (2) 0.2079 (2) -0.0499 (2) 2.62 (5) 
C22 0.5916 (2) 0.1197 (2) -0.0374 (3) 4.20 (7) 
C23 0.0661 (2) 0.3209 (2) 0.0216 (2) 2.93 (5) 
C24 0.0702 (3) 0.4382 (3) 0.2122 (3) 5.69 (8) 
C25 -0.0474 (2) 0.2107 (2) -0.2194 (2) 3.19 (5) 
C26 -0.2250 (3) 0.2708 (4) -0.2441 (4) 6.7 (1) 
C27 0.1182 (2) 0.1830 (2) -0.4139 (2) 3.88 (6) 
C28 -0.0252 (4) 0.1267 (4) -0.5676 (3) 7.6 (1) 
C29 0.3447 (2) 0.2364 (2) -0.2959 (2) 3.13 (5) 
C30 0.4612 (3) 0.3235 (3) -0.3866 (4) 7.20 (9) 
C31 0.1702 (4) 0.5784 (5) 0.5793 (5) 8.0 (1) 
F1 0.0869 (2) 0.5963 (3) 0.5088 (3) 10.6 (1) 
F2 0.1698 (3) 0.4789 (3) 0.5743 (5) 16.0 (1) 
F3 0.1523 (3) 0.6346 (4) 0.6904 (3) 13.0 (1) 

Anisotropically refined atoms are given in the form of the iso- 
tropic equivalent thermal parameter defined as (4/3)[a2B(l,l) + 
b2B(2,2) + c2B(3,3) + ab(cos y)B(1,2) + ac(cos @)B(1,3) + bc(cos 
a)B(2,3)1. 

Another analogy between the behavior of the BP-con- 
taining compounds and that of the complexes seen pre- 
viouslyS resides in the possibility of decreasing the thermal 
stability of the mono-inserted products. Indeed, the de- 
palladation reaction affording heterocyclic compounds 
occurred also in the case of such iodide substituted cy- 
clopalladated complexes! It is, however, important to note 
that, contrary to our observations in the preceding paper, 
the cationic heterocycle associated with an iodide ion was 
not decomposed during the reaction. Indeed only relatively 
small amounts of the heterocycle having Pd216 as a dianion 
were formed. 

The most important feature that this six-membered 
cyclopalladated ring displays in the reactions with two 
alkynes per Pd atom resides in the formation of unprec- 

Scheme I. Proposed Intermediates in the Formation of 
Compound 6 (S = CH8CN or H,O; E = C0,Me) 

E E  l2 

1 
edented spiro compounds. Although the expected ten- 
membered organopalladium ring that should have been 
formed by insertion of two alkynes moieties into the Pd-C 
bond of 1 has never been observed, we believe that it is 
the most likely intermediate in the synthesis of the new 
ligand. A likely mechanism for the formation of the spiro 
unit from this hypothetical ten-membered ring has been 
proposed re~ent1y.l~ It involves a nucleophilic attack of 
the carbon a-bonded to Pd in this intermediate on the 
ortho carbon atom of the benzyl ring of the BP ligand. It 
is worth mentioning that other spiro compounds have 
already been synthesized via organopalladium routes.21 In 
these cases, it was shown that the spirocyclization occurred 
similarly through an intramolecular nucleophilic attack 
which took place at a carbon atom that was part of an allyl 
unit v3-bonded to Pd. 

For the first time in the chemistry of such cyclo- 
metalated amines, the use of a palladated benzylpyridine 
derivative has allowed us to insert three alkyne units into 
its Pd-C bond. Indeed, a stoichiometric reaction has oc- 
curred when we reacted the cationic complex 2e** with two 
molecules of DMAD to afford quantitatively compound 
6.22 The formation of this latter compound can be ra- 
tionalized by the formation of a 12-membered metallocycle 
in an early step of the reaction. This intermediate is shown 
in Scheme I. 

The vinylic carbon-carbon double bond that is now 
7r-bonded to Pd should be the one linked to the benzyl ring. 
This hypothesis is based on symmetry considerations 
within the 12-membered metallocyclic intermediate and 
also because it explains why the nucleophilic attack of the 
carbon a-bonded to Pd occurs precisely at this position.23 
The existence of a carboxylate group at  the carbon p to 
the Pd atom, which is then able to coordinate to the metal 
via the oxygen atom of the carbonyl group, must play an 

(21) (a) Godleski, S. A.; Meinhart, J. D.; Miller, D. J.; van Wallendael, 
S. Tetrahedron Lett. 1981,22, 2247. (b) Godleski, S. A.; Valpey, R. S. 
J. Org. Chem. 1982,47,381. (c) Godleski, S. A.; Heacock, D. J.; Meinhart, 
J. D.; van Wallendael, S. J. Org. Chem. 1984, 48, 2101. (d) Stanton, S. 
A.; Felman, S. W.; Parkhurst, C. S.; Godleski, S. A. J. Am. Chem. SOC. 
1983,105, 1964. 

(22) While this paper was being prepared, a similar result was pub- 
lished concerning a cationic derivative of cyclopalladated 8-methyl- 
quinoline and 3-hexyne: Wu, G.; Rheingold, A. L.; Heck, R. F. Organo- 
metallics 1986, 5, 1922. 

bonds see: Maitlis, P. M. J. Organomet. Chem. 1980, 200, 767. 
(23) For related tris-insertion reactions of alkynes into Pd-C or P-C1 
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important role in the stabilization of the resulting molecule. 
The behavior of the cyclopdadated complexes described 

in this paper allows us to define more precisely the limi- 
tation of the syntheses of heterocycles through the reac- 
tions of alkynes with these organometallic compounds. We 
have indeed shown here that the 10- or 12-membered 
metallocyclic units that were proposed as intermediates 
do not lead to carbon-nitrogen bond formation in oppo- 
sition to smaller such moieties because they rearrange, to 
afford stable organometallic compounds, through intra- 
molecular carbon-carbon bond formations. We therefore 
suggest, according to the preceding paper,s that the limit 
size of the intermediate organometallic rings that might 
lead to heterocyclic compounds should not exceed nine 
atoms. 

Maassarani et al. 

Experimental Section 
Details of the experimental procedure used throughout this 

work including reagents and physical measurements have been 
described in the preceding paper.8 

Syntheses. All solvents were dried and distilled under nitrogen 
prior to use; cyclopalladated compound 1, formed from 2- 
benzylpyridine, is prepared by the published method.gb The 
iodocyclopalladated complexes were obtained by metathesis of 
the chloro products with an excess of sodium iodide in acetone.s 

To  
suspensions of [{Pd(BP)(p-Cl)J2] (1) (0.31 g, 0.5 mmol) in CH2C1, 
(60 mL) were added stoichiometric quantities of R'C=CR2 (1.0 
mmol) (R', R2 = Me, Ph, C02R). The mixtures were stirred a t  
reflux temperature until the solid dissolved. The yellow solutions 
were taken to dryness, and the residues were washed with pentane 
and then dissolved in the minimum amounts of CH2C12 (ca. 10-20 
mL). Addition of pentane (50 mL) afforded 2a-e as yellow bright 
solids which crystallized from CH2Clz/pentane a t  -20 "C. Ana- 
lytical and spectroscopic data are given in Table I. 

[Pd[C(R2)=C(R')C6H4CH2C5H4N}(C5H5N)C1] (3a-e). An 
excess of pyridine (1.5 mmol) was added dropwise to the stirred 
solutions of 2a-e (0.5 mmol) in CHzClz (25 mL). Instantaneously 
the color of the yellow solutions changed intensities. The solvent 
was evaporated to dryness, and the residues were washed with 
pentane (2 X 10 mL). The monomers 3a-e were precipitated 
quantitatively with pentane, as yellow solids, from their corre- 
sponding concentrated solutions in CH2C12 (ca. 10 mL). Com- 
pounds 3a-e could be crystallized at -20 "C from CH2C12/pentane 
solutions. Their analytical and spectroscopic data are reported 
in Table 11. 

1 

[ (Pd( C( R2)=C (R')C6H4CH2C5H4N) (w-Cl) 12] (2a.-e). 

, . 

[ Pd( ( q3-C6H4C( R')=C ( R2)C (R3),C ( R4))CH2C5H4N1C1] (4 
or 5). A mixture of [{Pd(BP)(p-Cl)J,] (1) (0.40 g, 0.64 mmol) and 
diphenylacetylene (0.69 g, 3.87 mmol) in CH2C12 (45 mL) was 
refluxed for 39 h. The orange solution obtained was evaporated 
in vacuo, and the residue was washed with pentane (3 X 10 mL). 
The remaining solid was dissolved in the minimum amount of 
CH2C12 and precipitated with pentane affording 4a (0.73 g, 88%) 
as an orange powder. From a CH,Cl,/pentane solution, 4a could 
be crystallized, a t  room temperature, as orange square crystals 
(50%). 

The spiro compound 4a (R" = Ph) can be also synthesized from 
2d and C2Ph2 in refluxing CH2C12 (18 h). Analogous complexes 
4b-f were obtained by using a similar procedure. Reaction 
conditions and analytical data are reported in Table 111, and 
spectroscopic data are given in Table IV. 

Another isomer of 4a was formed when diphenylacetylene (0.22 
g, 1.23 mmol) was reacted with 2d (0.48 g, 0.5 mmol) in refluxing 
chlorobenzene for 20 min. Traces of metallic palladium were 
removed by fitration on a Celite column ( I  = 4 cm). After workup, 
similar to that used for 4a, 5a was obtained as an orange solid 
(0.30 g, 50%) and crystallized a t  room temperature from a 
CH2Cl,/pentane solution. 

I3C NMR (CDCI,): 4a, 124.8 and 121.8 (C4 or C5), 102.8 (C2), 
72.7 (C6), 59.0 (C3), 43.4 ppm (CH,); 5a, 101.4 (C4), 66.0 (Cs), 59.9 
(C3),43.4 ppm (CH,). For other characteristic data see Tables 
I11 and IV. 

[ Pd(C(C02Me)=C(C02Me)C6H4CH2C5H4N] ( MeCN ) , ]  - 
S03CF3 (2e**). A solution of [(Pd(BPMe02CC=CC02Me)(p- 
Cl)},] (2e) (0.35 g, 0.38 mmol) in CH2C12 (15 mL) was added to 
a solution of AgS03CF3 (0.20 g, 0.77 mmol) in CH,Cl,/MeCN (10 
mL/1.5 mL). The solution was then immediately filtered on a 
Celite column ( 1  = 3 cm) to remove the AgCl formed. The pale 
yellow solution thus obtained was concentrated under reduced 
pressure (to 2 mL); pentane (20 mL) was added, and the mixture 
was vigorously stirred until a cream solid precipitated. This solid 
was washed with pentane (20 mL) affording compound 2e** (0.44 
g, 87%). This was not purified further and contained one molecule 
of water: its presence in 2e** could result from the fact that 
AgS03CF3 was weighed in air without precaution. 

Compound 2e**: 'H NMR (CDCl,) 8.81 (dd, 1 H, H,, 3Jh-Hm 
= 4.4 Hz), 7.79 (td, 1 H, H,, ,JH,-H, = 7.7), 4.26 and 4.11 (2d, 2 
H, CH2, 'JH~-H,, = 16.1 Hz), 3.74 and 3.68 (25, 6 H, OCH,), 2.25 
and 2.02 (2s, 6 H, CH3CN), 1.88 ppm (s (br), 2 H, HzO). 
[Pd(C(C02Me)(C(C02Me)C(C02Me)=C(C02Me)C(C02- , I 

1 

Me)=C(CO2Me))C6H,CH2C5H4N}(H2O)]SO3CF, (6). To a 
solution of IPd(BPMeO,CC=CCO,Me)(MeCN),lSOICF1 (2e**) 
(0.44 g, 0.67'&01) in chiorobenzene (40 mL) w i a d d d  dimethyi 
acetylenedicarboxylate (DMAD) (0.23 g, 1.63 mmol). The reaction 
mixture was heated (at 126 "C) for 0.5 h; the light orange solution 
thus obtained was allowed to cool to room temperature. The 
volume of the solvent was reduced under vacuum (to 1 mL). 
Addition of hexane (2 X 10 mL) leads to a quantitative formation 
of a yellow solid (6) which was collected by filtration and washed 
with hexane (2 X 10 mL). Compound 6 was isolated in pure form 
(checked by 'H NMR) (0.58 g, >99%). At  room temperature, 
from a CH2C12/pentane solution, complex 6 could be obtained 
as yellow crystals. 

Compound 6 IR (KBr) v c d  1725 (br), vCF 1250 (br) cm-'; 

1 H, H,, 3 J ~  -H, = 7.6 Hz), 5.95 and 4.04 (2d, 2 H, CH2, 'JHA-HB 
= 12.9 Hz), 8.12, 4.01, 3.90, 3.73, 3.68, and 3.65 (65, 18 H, OCH,), 
1.74 ppm (s, 2 H, H20). Anal. Calcd for C31H3,$3N016PdS: C, 
42.89; H, 3.48; N, 1.61. Found: C, 43.03; H, 3.13; N, 1.53. 

'H NMR (CDClJ 8.59 (dd, 1 H, Ha, ,JH,", = 5.4 Hz), 7.64 (td, 

. I 

[(C(Ph)=C(Ph)C6H4CH2C5H4N12]Pd216 (7a) and [C(Ph)- 
=C(Ph)C6H4CH2C5H4N]I (Sa). A slight excess of diphenyl- 
acetylene (0.14 g, 0.77 mmol) was reacted with [{Pd(BP)(p-I)],] 
(1) (0.24 g, 0.30 mmol) in refluxing chlorobenzene (40 mL) for 
0.5 h. The black solution thus obtained was filtered on a Celite 
column (1 = 4 cm) to remove the metallic palladium. The solvent 
was removed, and the purple residue was washed with pentane 
(2 X 10 mL). From a CH2C12 (15 mL) solution, compound 7a 
crystallized as deep purple crystals (0.06 g, 36% based on iodine) 
by slow diffusion of pentane (10 mL) after 24 h a t  room tem- 
perature. The mother liquor was reduced in volume under 
vacuum, and Sa was then precipitated with pentane as an orange 
solid (0.08 g, 43%). Compound Sa could be crystallized from 
CHzC12/pentane solution (0.05 g, 25%). 

Compound 7a: 'H NMR (CD3CN) 8.54 (dd, 1 H, Ho, 3 J ~ o - ~ ,  

(2 d, 2 H, CH2, 2 J ~ A - ~ B  = 13.8). Anal. Calcd for C26H2013NPd: 
C, 37.46; H, 2.42; N, 1.68. Found: C, 37.81; H, 2.41; N, 1.84. 

Compound Sa: 'H NMR (CDC1,) 8.81 (dd, 1 H, Ha, ,JH,-H, 
= 6.6, 4JK-H = 1.1 Hz), 8.73 (dd, 1 H, H,, ,JH,CH = 8.1, 4J~mr-~, 
= 1.2 Hz), 8.59 (M, 1 H, H,, ~JH,,-H, = 7.8 Hz), 5.06 and 4.47 ppm 
(2d, 2 H, CH2, 'JHA-H = 13.5 Hz). Anal. Calcd for C2s.4H,,81NCb,8 
(Sa + 0.4CH2C1,): e, 62.49; H, 4.10; N, 2.76. Found: C, 62.21; 
H, 4.19; N, 2.78. (The amount of CH2Clz vs. 8a has been de- 
termined by 'H NMR.) 

= 5.4 Hz), 8.42 (td, 1 H, H,, 3 J ~ p - ~ ,  = 7.9, 4 J ~ p - ~ ,  = 1.4 Hz), 8.17 
(dd, 1 H, Hm,, 'JH,,-H, = 7.9, 'JJH,,-H, = 1.1 Hz), 4.70 and 4.59 ppm 

[(~(Ph)=C(C02Et)C6H4CH2C5H4N}2]PdzIs (7b). A solu- 
tion of 2a* (derived from 2a by metathesis of chloride by iodide) 
(0.37 g, 0.32 mmol) in chlorobenzene (35 mL) was refluxed for 
0.5 h. The dark solution was filtered through a Celite column, 
and the deep green-red solution was pumped dry. The remaining 
solid was washed with pentane (2 X 5 mL). The residue thus 
obtained was dissolved in a minimum amount of CH2C12, which 
with pentane gave, a t  room temperature, 7b as deep purple crystals 
(0.07 g, 42% based on iodine). An unidentified green solid could 
be precipitated by addition of pentane to the mother liquor. 
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Compound 7b: IR (KBr) YC+ 1715 (vs) cm-’; ‘H NMR 
(CD3CN) 8.49 (td, 1 H, H,, 3 J ~  -H, = 9.3 Hz), 8.33 (dd, 1 H, H,, 
3 J ~ o - ~ ,  = 6.8 HZ), 8.19 (d, 1 3JH,~-H = 8.3 Hz), 4.68 and 
4.23 (2d, 2 H, CH2, 2 J ~ A - ~ B  = 1.38 Hz), 4.06 (m, 2 H, OCH2, AB 
X3 spin system), 0.92 ppm (t, 3 H, CH3). Anal. Calcd for 
C23H2013N02Pd: C, 33.30; H, 2.43; N, 1.69. Found C, 33.45; H, 
2.06; N, 1.63. 

Collection of X-ray Data  and  S t ruc tu re  Determination. 
Cell constants and other pertinent data are presented in Table 
VI11 for compounds 3”a, 4a, and 6. Intensity data were collected 
on a Nonius CAD4 diffractometer. Corrections for Lorentz and 
polarization effects were applied but not for absorption, owing 
to the low value of the linear absorption coefficient. 

The structures were solved on a PDP 11-60 computer with the 
Enraf-Nonius package? The atomic positions of the independent 
atoms of the molecules were found with program MULTAN and 
subsequent Fourier difference synthesis. 

For compounds 4a and 6, after the refinement of the coordinates 
and thermal parameters, first isotropic and then anisotropic of 
the non-hydrogen atoms, the positions of the hydrogen atoms were 
calculated. Their introduction into the refinement with fixed 
coordinates and isotropic thermal parameters of 5 A2 was sig- 
nificant, leading to the R and R, values given in Table VI11 after 
the two last cycles of refinement of coordinates and anisotropic 
thermal parameters of the non-hydrogen atoms. 

For compound 3”a, after the refinement of coordinates and 
isotropic thermal parameters a Fourier difference synthesis re- 
vealed residual peaks assigned to two molecules of solvent, di- 

related by an inversion center a t  3/4,  ‘ I2  giving only five 
independent carbon atoms: C31 and C33 with occupancy factors 
of 1 and C32, C34, and C35 with occupancy factors of 0.5. Because 
of this order the hydrogen atoms were not introduced into the 
refinement. Refinement of the coordinates and thermal param- 
eters (anisotropic for the 37 atoms of compound 3“a including 
C12 and C30 and isotropic for C31 to C35) led to the final values 
of R and R, given in Table VIII. 
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C12 was placed in general position 8f of the space group C2/c 
and C30, with an occupancy factor of 0.5, in particular position 
4e. The toluene molecule is statistically distributed over two sites 

Supplementary Material Available: Tables of thermal 
parameters, bond distances and angles including all atoms, and 
least-squares planes for 3”a, 4a, and 6 (17 pages); listings of 
observed and calculated structure factors for 3”a, 4a, and 6 (87 
pages). Ordering information is given on any current masthead 
page. 
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Reactions of the permethylyttrocene compounds Cp*2YCH(SiMe3)2 (1) and Cp*,YMe.THF (2) with a 
variety of active hydrogen-containing substrates are reported. With HC1 the known complexes (Cp*2YC1)2 
and Cp*2YC1.THF are formed. Reaction with 2,4-pentadione gives Cp*,Y(acac) (3). Alcoholysis of 1 in 
EtzO gives alkoxides Cp*,YOR.0Et2 (4, R = Me; 5, R = Et; 6, R = i-Pr). In  the reactions with a-alkynes 
alkynyl complexes Cp*2YC=CR.0Et2 (7a, R = Me; 8, R = Ph; 9, R = SiMeJ are formed. When 2 reacts 
with propyne, Cp*,YC=CMe.THF (7b) is isolated. Reaction of 1 with excess of a-alkynes in nonpolar 
solvents shows a regioselective, catalytic dimerization to 1-en-3-ynes. Both 1 and 2 metalate pyridines 
a t  the a-position to  give Cp*,Y(&NC5H4) (13) from 1 and Cp*,Y(q2-NC5H4).THF (14) and Cp*2Y(v2- 
NC5H3,6-Me) (15) from 2. Thermolysis of 1 in mesitylene gives the complex Cp*,YDMB’ (16), which reacts 
with THF to  form CP*~YDMB-THF (17). The  hydrides (CP*~YH), (18) and Cp*,YH.THF (19) are 
synthesized by hydrogenolysis of 1 and 2, respectively. The hydride 19 is a catalyst in H / D  exchange reactions 
between sp3-CH and sp2-CD bonds. 

Introduction 
T h e  last decade has shown a dramat ic  a n d  interesting 

development  of t h e  organometallic chemistry of group 3 
and 4f elements., 

We recently reported t h e  synthesis of t h e  new monom- 
eric permethylyttrocenesl Cp*,YCH(SiMe3)2 ( 1)3 a n d  
Cp*,YMe.THF (2).4 T h e  main objective of these synthetic 

(1) In this paper the following abbreviations are used: Cp = q5-C5H . 
Cp’ = q6-C5H4Me; Cp* = q5-CsMe5; Fv* = q1,q5-C6Me4CH2; DMB = $1 
3,5-dimethylbenzyl. 

0276-7333/87/2306-2053$01.50/0 

(2) For recent reviews see, for example: (a) Schumann, H. Angew. 
Chem. 1984,96,493. (b) Evans, W. J. Adu. Organomet. Chem. 1985,24. 
(c )  Watson, P. L.; Parshal, G. W. Acc. Chem. Res. 1985, 18, 51. 

(3) Den Haan, K. H.; de Boer, J. L.; Teuben, J. H.; Spek, A. L.; 
Kojic-Prodie, B.; Hays, G. R.; Huis, R. Organometallics 1986, 5, 1726. 
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