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Reactions of [ 2-(arylazo)phenyl] (q5-cyclopentadienyl)palladium compounds with PEt, or P-n-Bu3 in CDCl:, 
or CD2C12 solution follow two independent, competing pathways. One route reversibly produces first 
[Pd(C6H4N=NC6H4R)(q5-C5H5)(PR’3)] (2) and then ~~U~~-[P~(C~H,N=NC~H,R)(~~-C~H~)(PR’~)~! (3). 
The other route, which is favored by lower temperatures and excess PR’3, leads instead to the ionic 
cyclo entadienyl compound [Pd(C6H4N=NC6H4R) (PR’3)3]+C5HS-. At  temperatures above -40 “C, both 

At higher temperatures, further irreversible reactions with the chlorinated solvents produce trans-[Pd- 
(C6H,N=NC6H4R)C1(PR’3)2]. Although the platinum complex [Pt(C6H4N=NCsH5)(q5-C5H5)] reacts in 
a broadly similar way, [Pt(CsH4N=NC6H5)(76-C~Hd(PR’d] could not be detected in any reaction sequences. 
The mechanisms involved in the H-D exchange reactions are discussed, and complete assignments of the 
‘H and 13C(1HJ NMR spectra of the (ary1azo)phenyl compounds have been made. 

the 7 P - and vO-cyclopentadienyl complexes undergo H-D exchange with CDCl,, deuteriating the Cp rings. 

. 

Introduction 
Many cyclopentadienyl complexes of palladium and 

platinum have been described. Complexes containing 
~5-cyclopentadienyl are usually l&electron molecules, and 
many have been structurally characterized,’ whereas 7’- 
cyclopentadienyl complexes tend to be more reactive and 
fewer have been reported. Even so, a few structural de- 
terminations have been made.lbp2 In common with ?’- 
cyclopentadienyl compounds of other elements, all appear 
to be fluxional, and low-energy barriers to ring rotation 
lead to deceptively simple ‘H and 13C NMR spectra, often 
even at low temperatures. Many of the &cyclopentadienyl 
compounds of palladium and platinum are 16-electron 
compounds, with approximately square-planar geometry. 

The cyclopentadienyl complexes of palladium and 
platinum undergo a variety of reaction types, sometimes 
to produce quite complicated products, and not all are 
understood. Although examples are still not common, 
conversions between v5- and 7’-bonding modes are prob- 
ably the best understood reactions. They are usually 
promoted by ligand addition or ligand l 0 ~ ~ , ~ ~ 7 ~ 9 ~  although 
counterbalancing structure changes in other5 or equiva- 
lentlb ligands at  the same metal can produce the same 
result. Another reaction pathway is the transfer or ex- 
change of cyclopentadienyl groups (usually 7’-bonded) 
between metal atoms.4 

Other reactions of palladium or platinum cyclo- 
pentadienyls include eliminations to produce metal-metal 
bonded c ~ m p o u n d s ~ ~ ~  (though the organic byproducts are 
usually unidentified) and coupling of C5H5, either with 
itself to form coordinated CloHlo  group^'^^^ or with other 
unsaturated ligands.&’O 1,2-Proton shifts around the C5 
ring, resulting in 7’-vinylic bonded C5H5 moieties, repre- 
sents yet another reaction of 7’-cyclopentadienyls of 
platinum.s 

A few years ago we reported the reactions of tertiary 
phosphines with [Pd(C6H4N=NC6H5)(75-C5H5)] (la).” 
Reversible displacement of the coordinated nitrogen by 

, 1 
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PR’3 was observed in several solvents. Subsequent reac- 
tions were very dependent on the nature of the phosphine 
and the solvent and included hydrogen-deuterium ex- 
change between the cyclopentadienyl hydrogens and some 
deuteriated solvents (CD3CN, (CD3)2C0, CDC13, and 
CD2C12) and formation of certain zerovalent palladium 
complexes. We detected the operation of a t  least two 
separate reaction paths and suggested the involvement of 
CBH{ ions in some of the H-D exchange reactions. We 
now report a detailed NMR study of the reactions of 
[M(C,H,N=NC,H,R)(I~~-C,H~)] (M = Pd, Pt) with PES  
and P-n-Bu, in CDC13 or CD2Clz solution. A preliminary 
note has appeared.12 

Results and Discussion 
At temperatures above -50 OC, la reacts readily with 

PEt3 in CDC13 or CD2C12 solution to form [Pd(C6H4N= 
NC,H5)(qS-C5H5)(PEt3)] (2a) in near quantitative yield. 
The reaction is accompanied by a dramatic color change 
from deep blue-black to orange-brown. la reacts similarly 
with P-n-Bu3 to give [Pd(C6H4N=NC6H5)(q5-C5H5)(P-n- 

(1) (a) Minasyan, M. K.; Gubin, S. P.; Struchkov, Yu. T. J. Struct. 
Chem. (Engl. Transl.) 1966,7,843. (b) Werner, H.; Kraus, H.-J.; Schu- 
bert, U.; Akerman, K.; Hofmann, P. J. Organomet. Chem. 1983,205,517. 
(c) Adamson, G. W.; Bart, J. C. J.; Daly, J. J. J. Chem. SOC. A 1971,2616. 
(d) Cheung, K. K.; Cross, R. J.; Forrest, K. P.; Wardle, R.; Mercer, M. 
J. Chem. SOC. D 1971,875. 

(2) (a) Day, C. S.; Day, V. W.; Shaver, A.; Clark, H. C. Inorg. Chem. 
1981,20,2188. (b) Goel, A. B.; Goel, S.; Van Der Veer, D.; Clark, H. C. 
Inorg. Chim. Acta 1981,53, L117. 

(3) Cross, R. J.; Wardle, R. J.  Chem. SOC. A 1971, 2000. 
(4) Croers, R. J.; McLennan, A. J. J .  Chem. SOC., Dalton Trans. 1983, 

(5) Werner, H.; Kuhn, A.; Burschka, C. Chem. Ber. 1980, 113, 2291. 
(6) Boag, N. M.; Goodfellow, R. J.; Green, M.; Hessner, B.; Howard, 

(7) Werner, H. J.  Organomet. Chem. 1980, 200, 335 and references 

(8) Anderson, G. K. Organometallics 1986, 5, 1903. 
(9) Clark, H. C.; Shaver, A. Can. J. Chem. 1976, 54, 2068. 
(10) Hill, M. N. S.; Johnson, B. F. G.; Keating, T.; Lewis, J. J .  Chem. 

(11) Anderson, G. K.; Saum, S. E.; Cross, R. J.; Morris, S. A. Or- 

(12) Anderson, G .  K.; Cross, R. J. J .  Chem. Soc., Chem. Commun. 

359. 

J. A. K.; Stone, F. G. A. J. Chem. SOC., Dalton Trans. 1983, 2585. 

therein. 

Soc., Dalton Trans. 1975, 1197. 
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Table I. lH and IaC('HJ NMR Data (6) for Complexes of the Type 1 at 20 OC 

1 fove 
" 13c " 13c " 13c 13c 

lae l c f  1 df 

C5H6 5.88 
1 
2 7.94 (dd)b 
3 6.96 (ddd)b 
4 7.22 (ddd)* 
5 8.28 (dd)b 
6 
7 
8 7.88 (m) 
9 7.44 (m) 
10 7.42 (t) 
11 
12 
CH3 

96.60 
179.37 
140.75 
125.69 
124.30 
131.51 
161.85 
154.53 
123.42 
128.66 
130.11 

5.76 

7.92 (dd)' 
6.96 (ddd)' 
7.20 (ddd)' 
8.23 (dd)' 

7.26-7.34 (m) 
7.26-7.34 (m) 
7.26-7.34 (m) 
7.41-7.46 (m) 
2.32 

96.55 
181.04 
141.09 
125.96 
124.23 
131.59 
162.02 
156.69 
129.95 
128.69 
131.08 
126.40 
124.79 
18.46 

5.89 

7.90 (dd)d 
6.92 (ddd)d 
7.19 (ddd)d 
8.23 (dd)d 

7.66-7.73 (m) 

7.23-7.39 (m) 
7.23-7.39 (m) 
7.66-7.73 (m) 
2.47 

96.91 91.43 ( J p t c  23.8 Hz) 
165.28 ( J p t c  = 1349 Hz) 
137.39 ( J p t c  = 104 Hz) 
125.17 ( J p t c  = 58.8 Hz) 

179.98 
141.06 
125.79 
124.48 123.02 
131.36 or 131.50 129.09 (JPtc = ca. 12 Hz) 
162.14 
154.73 

161.00 ( J p t c  = 98.3 Hz) 
156.70 ( J p t c  = 106 Hz) 

123.94 124.47 
139.22 128.49 
131.36 or 131.50 128.94 
128.82 
121.32 
21.47 

"6(C&s) 5.85 (JptH = 17.7 Hz). JH2H3 = J H 4 ~ 5  = 7.8 Hz, JH3H4 = 7.2 Hz, JH2H4 = JH3H = 1.2 Hz. 'JH2H3 = J H 4 ~ 5  = 8.1 Hz, J H ~ H ~  = 7.2 Hz, 
JH2H4 = 1.0 Hz, JH3H5 = 1.6 Hz. d J ~ 2 H 3  = JH4H5 = 7.8 Hz, JH3H4 = 7.2 Hz, JH2H4 = 1.5 dz, JH3HS = 1.1 Hz. eIn CDCl,. f I n  CDZCl2. 

Table 11. 'H, laCIIHI. and 31P11HI NMR Data (6) for Comolexes of the TyDe 2 
2a 2b 2c 2d 

CDC13 
20 

5.70 (d ,  J p H  = 1.6 Hz) 

95.77 (d, Jpc = 3.8 Hz) 
147.71 (d, Jpc = 15.0 Hz) 
142.46 (d, J p c  = 5.0 Hz) 
127.49 
123.67 
115.26 
160.43 
153.03 
122.86 
128.84 
129.82 

34.1 

CDC13 CDzClz 
-60 20 

5.70 (d,  J p H  = 1.3 Hz) 5.70 (d, J p H  = 1.1 Hz) 
2.77 

25.4 

Bu,)] (2b), and IC and Id react likewise with PEt, to 
produce 2c and 2d. 'H, l3C{'H), and 31P{1H) NMR data 

l a : M = P d , R = H  \\ 

N@R:o 

c : M = P d . R = E - M e  
d : M = Pd I R =  9- Me 
f : M = P t . R = H  

20 :  M=Pd, R=H.  R'=Et 
b: M=Pd, R=H. R'Zn-Bu 
c: M=Pd.  R=E-Me. R'=Et 
d :M=Pd.  R=g-Me,R'=Et 
f :M=Pt ,R=H,  R'SEt 

for these compounds are listed in Tables I and 11. Com- 
parison of the 'H and '3c NMR parameters of compounds 
1 and 2 reveals very small differences in the chemical shifts 
of the cyclopentadienyl moiety. These observations sup- 
port the formulation of 2 as 18-electron molecules with 
v5-C5H5 and C-bonded (pheny1azo)phenyl groups rather 
than 16-electron species with q1-C5H5 and C,N-bonded 
(pheny1azo)phenyl ligands. 

96.08 (Jpc unresolved) 
148.38 (d, Jpc = 15.1 Hz) 
142.93 (d,  J p c  5.1 Hz) 
127.66 
123.82 
116.34 
161.30 
151.37 
137.88 
130.15 
131.44 
126.53 
115.78 
17.67 (br) 
19.02 (d,  Jpc = 28.2 Hz) 
8.14 

34.2 

CDC13 
20 

5.69 (d,  JPH = 1.5 Hz) 
2.47 

95.78 (Jpc unresolved) 
147.73 (d ,  J p c  = 15.0 Hz) 
142.45 (d ,  J p c  = 3.2 Hz) 
127.45 
123.69 
115.17 
160.35 
153.12 
123.30 
138.62 
130.60 
128.70 
120.38 
21.46 

7.93 
18.62 (d ,  Jpc = 28.4 Hz) 

34.0 

Though indefinitely stable in solution at -50 "C com- 
pounds 2 have not been isolated. Above 0 "C they react 
with the chlorinated solvent to form 1:l mixtures of 1 and 
trans-[PdC1(c6H4N=NC6H4R)(PR',),] (sa-d). The 
identities of the latter compounds were confirmed by 
comparing their NMR spectra (Table V) with those of 
authentic samples, prepared by adding the appropriate 
tertiary phosphine to [Pd(C6H4N=NC6H4R)(~-Cl)]~. 
Compound 5a was already known;', 5b-d have not been 
described previously. 5d was isolated as a representative 
example, and 5e was also prepared to aid in the inter- 
pretation of the NMR spectra of this family of compounds. 
The formation of compounds 5 from 2 in CDCl, solution 
w a ~  accompanied by the generation of significant amounts 

Compounds 2a-d react rapidly in CDC1, or CD2C12 so- 
lution with a second mole equivalent of PR', to produce 
orange-red solutions of trans- [Pd(C6H4N=NC6H4R)(v1- 
C5H5)(PR',),] ( 3 ) .  Each of the complexes 3a-d remains 
in equilibrium with its precursor 2a-d, but addition of 
excess phosphine or lowering the solution temperature to 
-50 "C displaces the equilibrium toward the bis(phosphine) 
complex almost quantitatively. 'H, 13C{'H), and 31P{1H) 

, 

of CHC13. 

(13) Cross, R. J.; Tennent, N. H. J. Organornet. Chern. 1974, 72, 21. 
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5a:M=Pd,R=H.  R'=Et 
b:M=Pd, R = H ,  R'sn-Bu 
c:M=Pd, R=8-Me.  R'=Et 
d:M=Pd, R=S-Me.  R'=Et 
e:M= Pd, R=lO-Me,R'=Et 
f :M= P t ,  R= H ,  R'=Et 

1 7  

3a: M=Pd.  R=H.R'=Et 
b: M =  Pd, R = H. R'zn- BU 
c :M=Pd.  R = 8 - M e .  R'=Et 
d: M=Pd.  R=9-Me,  R'=Et 
f :  M= P i ,  R=H,R'=Et 

NMR data for the compounds 3 are given in Table 111. 
The 31P NMR spectra indicate the two phosphines are 
equivalent, and the triplet structure of the I3C resonances 
of the a-carbons of the phosphines in 3a, 3c, and 3d in- 
dicate trans square-planar  arrangement^.'^ Thus 3 are 
the expected 16-electron molecules with fluxional 7'- 
cyclopentadienyl ligands, and not 18-electron species with 
fluxional q3-C5H5 groups. 

Compounds 3 are stable in solution at -50 "C, but they 
react with CDC1, a t  room temperature to produce 5 and 
CHCl,. I t  therefore seems likely that the formation of 
CHCI,, 5, and 1 from compounds 2 proceeds via the in- 
termediacy of 3 (1 does not react with CDCl, in the absence 
of PR',) rather than from a separate reaction of 2 with 

Allowing a CDC1, solution of 3a to warm in stages from 
-50 "C permitted the operation of two distinct processes 
to be observed. At  -20 OC, the lH cyclopentadienyl res- 
onances of 3a (and those of the small amount of 2a which 
equilibrates with it a t  this temperature) diminished to zero 
over 5 h, while the CHC13 signal increased by a comparable 
amount. During this period, however, the NMR signals 
of 3a (and 2a) remained practically unaltered, the amount 
of 5a produced being very small. When the temperature 
is raised to room temperature, 5a is produced almost 
quantitatively over a similar time span. I t  thus appears 
that the reactions producing 5 and chloroform are distinct 
(eq 1). Compounds 3c and 3d behave in a similar way, 

CDC13 

n A 

3 

5 

but in CDzClz solution both reactions are much slower and 
little H-D exchange proceeds" before formation of 5c or 
5d is complete (ca. 24 h at  ambient temperatures). 

Reactions of vl-cyclopentadienyls of nickel, palladium, 
and platinum with halogenated solvents are ~e l l -known,~J~ 
but the mechanism is not understood, and in only one case, 
that being the reaction of nickelocene with PPh, in CC14 

(14) Chisholm, M. H.; Clark, H. C.; Manzer, L. E.; Stothers, J. B.; 
Ward, J. E. H. J. Am. Chem. SOC. 1973, 95, 8574. Isobe, K.; Kai, E.; 
Nakamura, Y.; Nishimoto, K.; Miwa, T.; Kawaguchi, S.; Kinoshita, K.; 
Nakatsu, K. J. Am. Chem. SOC. 1980,102, 2475. 

(15) Moberg, C.; Nilsson, M. J. Organomet. Chem. 1973, 49, 243. 

~olution, '~ has a major organic byproduct been identified. 
The H-D exchange that precedes or accompanies most of 
the reactions in the present work makes NMR identifi- 
cation of the organic products virtually impossible, though 
formation of C5H6 can be distinguished in some cases. We 
have detected C5H6 among the decomposition products of 
other v'-cyclopentadienyls4 in the past, and it does not 
appear that the sixth proton originates from the solvent. 
Further work on the present system in other solvents is 
planned to elucidate this part of the reaction sequence. 

When a CDC1, or CD2Clz solution of la is treated with 
PEt, at -50 "C, the compound [Pd(C6H4N=NC6H5)- 
(PEt,),] C5H5 (4a), which contains ionic C5H5-, is produced 
in addition to 2a and 3a. Similarly, use of P-n-Bu, leads 
to 4b, and the reaction of Id with PEt, gives 4d. NMR 
data for these compounds are given in Table IV. 

I 

4a:  M=Pd. R = H I  R'= Et 
b:M=Pd,R=H,R'=n-Bu 
d :M=Pd.R=g-Me.  R'=Et 
f :  M=Pt. R = H .  R'=Et 

The ionic character of cyclopentadienyl compounds of 
early main-group metals is well-understood, and a large 
degree of ionic character in the bonding of Mn(C5H5), is 
generally accepted.16 The generation of C5H5- from co- 
valent compounds, however, is little documented. Solu- 
tions of V(C5H5), or Cr(C5HJ2 in liquid ammonia display 
conductivity in keeping with C5H5- elimination,16 and the 
20-electron Ni(C5H& is reported to eliminate C5H5- on 
treatment with pyridine"* or with cyanide in liquid NH317b 
Elimination of CJ3, also occurs when Ni(C5H5)2 is treated 
with CHzPPh3 in benzene or toluene solution.'6 Similarly, 
loss of '17Sn and '19Sn coupling to the fluxional 7'-cyclo- 
pentadienyl in (CH3),SnC5H5 on treatment with donor 
solvents L indicates partial conversion to the ion-paired 
species [ (CH3)3SnL]C5H,.*g More recently, Casey et al. 
have described the displacement of C5Hc from rhenium 
by PMe3,20 and [Ir(dppe),]C5H5 has been prepared by the 
reaction of [Ir(dppe),]Cl with LiC5H5.21 

The formation of C5H{ in our reactions, which involve 
neither electropositive transition metals nor 20-electron 
species, suggests that cyclopentadienyl ion elimination 
should be kept in mind as a possible general reaction 
pathway of cyclopentadienyl compounds of these and other 
metals. In particular, it adds to the already complex list 
of reaction types for palladium and platinum cyclo- 
pentadienyls described in the Introduction. 

Raising the temperature of a CDC1, solution of 4a to -40 
"C causes a reduction in the intensity of the 'H NMR 

(16) Wilkinson, G.; Cotton, F. A.; Birmingham, J. M. J. Inorg. Nucl. 
Chem. 1956,2,95. 

(17) (a) Ustynyuk, Yu. A.; Voevodeskaya, T. I.; Rodionova, N. A.; 
Pribytkova, I. M.; Ustynyuk, N. A., reported as unpublished observations 
by: Perevalova, E. G.; Nikitina, T. V. Organometallic Reactions; Becker, 
E. I., Tsutaui, M., Eds.; Wiley: New York, 1972; Vol. 4, Chapter 3, (b) 
Behrens, H.; Meyer, K. Z .  Naturforsch., B: Anorg. Chem., Org. Chem. 
1966,21B, 489. 

(18) Barefield, E. K.; Krost, D. A., personal communication. 
(19) Boche, G.; Heidenhain, F.; Staudigl, B. Angew. Chem., Int. Ed. 

Engl. 1979, 18, 218. 
(20) Casey, C. P.; O'Connor, J. M.; Haller, K. J .  J.  Am. Chem. Soc. 

1985,107, 1241. 
(21) Lilga, M. A.; Sohn, Y. S.; Ibers, J .  A. Organometallics 1986,5,766. 
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Table 111. 'H, 13C{'H}, and 31P{1H} NMR Data (6) for Complexes of the Type 3 
3a 3b 3c 3d 3f 

CDC13 CDCl, 
-50 -60 

6.23 6.23 

109.46 

138.56 
128.14 
123.13 
116.37 

166.81 ( t ,  Jpc = 9.0 H z )  

157.73 
151.72 
122.86 
128.78 
130.21 

12.74 ( t ,  Jpc = 12.0 Hz)  
8.09 

9.24 -0.08 

-50 

6.15 
2.76 

109.37 
168.28 ( t ,  Jpc = ca. 6 Hz) 
138.05 
127.93 
122.75 
115.35 or 115.48 
158.08 
149.59 
138.77 
130.13 
131.08 
125.93 
115.35 or 115.48 
17.68 (br) 

7.96 

9.51 

12.73 ( t ,  Jpc = 12.6 Hz)  

Table IV. 'H, "C('H}, and 31P11H} NMR Data (6) for 
Complexes of the Type 4 
4a 4b 4d 4f 

solv CDC13 CDC13 CDCl, CDzClz 
temp, "C -50 -60 -50 -50 
'H 

13c 

31P 

C5H6- 6.07 6.13 6.10 5.63 
CH3 2.42 

C5H5- 103.25 103.46 103.01 

6(P)tranatoc 2.08 (t) 3.90 (t) 2.24 (t) -0.14 (t, Jptp = 
1786 Hz) 

6(P)transmp 9.66 (d) 2.04 (d) 9.13 (d) 3.81 (d, Jptp = 

'Jpp, HZ 36.3 35.0 35.8 22.0 
2535 Hz) 

signal due to the C5H5- anion, with a corresponding in- 
crease in the intensity of the CHC1, resonance, whereas 
the 31P NMR signals of the [Pd(C6H,N=NC6H5)(PEt3)3]+ 
cation remain unchanged. This indicates that H-D ex- 
change has occurred between C,H,- and CDC1,. Reaction 
with the solvent to liberate C1- does not occur a t  this 
temperature, since independent experiments have shown 
that Cl- reacts with the tris(phosphine) cation to produce 
5a. As the temperature is raised further to -20 "C, how- 
ever, reaction to produce 5a does occur. 

Similar reactions of C5H5- involving H-D exchange with 
acidic so1vents,20,22 and decomposition in chlorinated hy- 
drocarbons,21 have been reported. The slow rate of H-D 
exchange reported in CD3CNZ0 is unexpected in view of 
the solvent dependence previously found by us.ll It is 
probable, however, that this reaction is critically affected 
by traces of moisture in the solvent." Though the present 
reactions were performed under an argon atmosphere, no 
special precautions were taken to dry the CDC1, or CD2C12 
solvents. 

We have been unable to convert [Pd(C6H4N= 
NC6H5) (T~-C,H,)(PE~~)] (2a) to the tris(phosphine) com- 
pound 4a, even on treatment with an 11-fold excess of PEt3 
at  low temperature. I t  is apparent, therefore, that a di- 
vergent pathway must operate from 1. The routes involved 

(22) Anderson, G. K.; Cross, R. J.; Phillips, I. G. J. Chern. Soc., Chern. 
Comrnun. 1978, 709. 

-50 -30 

6.21 
2.46 

6.12 ( J p t ~  = 21.4 Hz)  

109.49 
166.92 ( t ,  Jpc = 4.9 H z )  

112.72 (Jptc = 37.6 H z )  

138.58 
128.07 
123.10 
116.27 
157.57 
151.78 
122.20 
138.52 
130.94 
128.57 
121.32 
21.42 
12.70 ( t ,  Jpc = 12.6 Hz) 
8.08 

9.45 

Pd 
\N 

cW 

1 

Pd 
NnC/ 'PR; 

NnC PRQ 
\Pd' 

R j P /  

3 \ 

Scheme I 

B 

t / P %  

L 

4 

4-65 
"3' CI 

5 

are summarized in Scheme I. Intermediates A and B must 
be involved between 1 and 4, but we have identified neither 
with certainty, so they must react very rapidly. The 
amount of 4 produced from 1 increases when the reaction 
is performed at lower temperatures and when excess PR3 
is used. This suggests the establishment of an initial rapid 
equilibrium between 1 and A, with the equilibrium position 
favoring 1. Reaction with more PR'3 then produces 2 
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Table V. 'H, l3CI1HJ, and 31Pl'HJ NMR Data (5) for Complexes of the Type 5 at 20 "C 

Ead 5bd 5ce 5dd 5ed 5fd 
13c 13c 13c " 13c 13c 13c 

1 156.60 (t, Jpc 157.00 br 159.24 (t, J p c  = 6.0 156.77 (t, Jpc = 6.0 156.23 (t, Jpc = 6.0 143.52 (t, Jpc = 9.0 
= 6.0 Hz) Hz) Hz) Hz) Hz, Jptc = 979 

Hz) 

unresolved) Hz) Hz) Hz) Hz) Hz) 
2 137.77 (Jpc 137.68 (t, Jpc = 3.2 138.08 (t, Jpc = 7.0 7.56 (br d)" 137.70 (t, Jpc = 3.5 137.69 (t, Jpc = 4.5 138.76 = 25.5 

3 128.93 128.85 128.89 7.02 (dd)" 128.74 128.74 129.02 
4 123.33 123.20 123.43 7.00 (dd)" 123.26 123.28 122.83 
5 120.37 120.54 116.93 7.51 (d)" 119.71 120.14 116.44 (Jptc = 42.3 

6 156.86 (t, Jpc 157.09 (br) 157.87 (Jpc 156.83 (Jpc 156.76 (Jpc 157.04 (JPc, J P ~ C  

7 152.48 152.56 150.86 152.57 150.61 152.76 
8 123.01 123.03 138.11 7.82 122.57 122.96 122.83 
9 128.93 128.93 130.56 138.70 129.58 128.86 
10 130.33 130.20 131.44 7.86 131.09 140.72 129.97 
11 126.49 7.34 (dd)" 128.74 
12 115.97 7.21 (d)" 121.13 
CH3 
PCH2CH3 br 14.75 (t, Jpc = 

PCHzCH3 br 8.19 7.98 7.93 7.72 
31P 

Hz) 

= 2.0 Hz) unresolved) unresolved) unresolved) unresolved) 

17.74 (brIb 2.41 21.31 21.44' 
14.41 (t, Jpc = 14.38 (t, Jpc = 13.78 (t, Jpc = 

13.0 Hz) 12.6 Hz) 13.6 Hz) 16.6 Hz) 

6(P) 12.51 3.87 13.58 12.67 12.37 13.48 (Jptp = 2756 
Hz) 

'JH2H8 = 7.5 Hz, J H 3 H 4  = 8 Hz, J H g H 5  = 7.2 Hz, J H ~ ~ H , ~  = 6.9 Hz, J H , ~ H ~ ~  = 7.5 Hz. b6(CHJ 2.76. 'b(CH3) 2.39. CDC13. 'In CDzCIZ. 

(which is relatively stable) from 1, or B (which must react 
further very rapidly) from A. The additional PR', or lower 
temperature would displace the first equilibrium toward 
A, producing the observed effect. 

The inability to convert 2 or 3 to 4 means that the H-D 
exchange observed between 3 and the solvent cannot 
proceed via reversible formation of 4 and thus presumably 
does not involve C,HL formation. A second H-D exchange 
route applicable to these systems proceeds via formation 
of the zerovalent complexes Pd(PR'J4,11 but we have found 
no evidence for its operation in the CDC1, or CD2ClZ 
solvents used here. Clearly a third route must also apply 
to these systems operating via compound 3. One possi- 
bility could involve reversible H migration between C5H5 
and Pd, previously suggested by us." 

A number of experiments was performed on [Pd- 
(C6H4N=NC6H#v5-C5D5)]2z (la-d,). Addition of P-n-Bu, 
to a CHC1, solution of la-d5 at  room temperature resulted 
in formation of 2b-d5 (in reality it was observed by 'H 
NMR spectroscopy as the 20% d4 material resulting from 
the preparationzz), but as the reaction proceeded, the 'H 
cyclopentadienyl signal of regenerated la grew progres- 
sively, in keeping with the discovered reversibility of all 
the reaction steps until production of 5a (Scheme I). 
Samples of lad, stirred with T1C5H5 in CDCl,, CD2C12, 
or toluene-d, showed no evidence of reaction when exam- 
ined by NMR spectroscopy. Addition of 1 mol equiv of 
P-n-Bu, to the mixtures resulted in exchange of C5D5 for 
C5H6, however. In toluene-d, and CD2Clz, the signal from 
2b increased rapidly over 30 min, converting to la after 
3 days, as expected from our previous studies.'l Although 
in CDC1, no increase in the cyclopentadienyl proton signals 
was observed, the signal due to CHCl, grew dramatically, 
so presumably in this solvent also exchange of C5D5 for 
C5H5 has proceeded, but equally rapid H-D exchange re- 
converted the protonated material to its deuteriated 
analogue. 

The dark red platinum complex [Pt(C6H4N=NC6H5)- 
(v5-C5H5)] ( l f )  displays some curious differences in its 
reactions with PE5. At  room temperature, it reacts readily 
with either 1 or 2 mol equiv of PEt, in CDCl, solution to 

7 

1 

, 

produce trans-[Pt(C6H4N=NC6H5)cl(PEt3)23 (50 along 
with significant quantities of CHC1,. At -50 "C, the re- 
action with PEt, is extremely slow, but warming to -30 "C 
allows steady formation of trans-[Pt(C6H4N= 
NC6H5)(a'-C5H,)(PEt3),] (3f) and [Pt(C6H4N=NC61f5)- 
(PEt3),]C5H5 (4f). When a CD2C12 solution of If to which 
2 mol equiv of PEt, had been added was maintained a t  
-30 "C for 18 h, the major species in solution was 4f. The 
'H NMR signal assigned to C5Hf in 4f is shifted upfield, 
relative to those of the ionic palladium compounds, 
whereas the 13C shift is very similar to those for 4a and 
4d. No coupling to Ig5Pt or 31P is detected in either case, 
supporting the formulation of 4f as an ionic species. We 
have not observed a platinum compound of type 2 under 
any conditions, nor any of the likely intermediates between 
If and 3f or 4f. We conclude that either a platinum 
compound of type 2 is not formed or it is extremely re- 
active toward PEt,. 

Even at  the lowest temperatures at  which they are 
formed, 3f and 4f react slowly with CDzCl, or CDC1,. 
Above -30 "C the reactions proceed more rapidly, forming 
3f-d5 and 4f-d, by H-D exchange with the solvent, whereas 
above 0 "C both complexes are converted largely to 5f. 

In order to gain more information about the formation 
of 2 and to attempt to synthesize a platinum analogue, we 
have examined the reactions of cyclopentadienylthallium 
with [~d(C6H4N=NC6H5)Cl(PEt3)] (6a) and [Px 
(c6H4N=Nc6H,)c1(PEt,)] (6f) (Table VI). These were 
prepared by the sequences shown in eq 2 and 3, since 
reactions of [M(C6H4N=NC6H5)(c(-C1)12 with PEt3 result 
only in 5a or 5f.z3 The CO cleavage used for the platinum 
complexz4 is inappropriate for palladium because insertion 
is l i k e l ~ . ~ ~ ~ , ' ~  

The reaction of 6a with TlC,H, in diethyl ether solution 
does not produce 2a, but an equimolar mixture of la and 

, I 

(23) (a) Dehand, J.; Fischer, J.; Pfeffer, M.; Mitachler, A.; Zinsius, M. 
Inorg. Chem. 1976,15,2675. (b) Cross, R. J.; Tennent, N. H., unpublished 
observations. 

(24) Cross, R. J.; Tennent, N. H.; Warden, G. J .  Chem. SOC., Dalton 
Trans.  1985, 1059. 

(25) Takahashi, H.; Tsuji, J. J .  Organornet. Chem. 1967, 10, 511. 
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NHp-n-Bu 

60 

8f 

5a. Although in principle these products could result from 
disproportionation of 6a to give [Pd(C6H4N=NC6H5)(p- 
C1)I2 (which reacts with T1C5H5 to form la) and 5a (which 
we have established does not react readily with TlC5H5), 
this is not the case because disproportionation does not 
proceed in any solvent we have tried. Since the reverse 
reaction does not proceed,23 any disproportionation would 
be evident. We therefore propose Scheme I1 to account 
for the products; 2a is formed slowly, but it equilibrates 
with la and free PEt3. The latter reacts readily with 6a 
to give 5a. 

The reaction of 6f with T1C5H5 is more difficult to in- 
terpret. In ether, CDCl,, or toluene-d8 solution the reaction 
is slow, and the only phosphorus-containing product is 
trans-[Pt(CGH4N=NC6H5)C1(PEt3),] (50.  The 'H NMR 
spectra of the soluble residues revealed no singlet C5H5 
resonances but complicated signals in the vinyl region 
(5.5-7.0 ppm). Again we find no evidence for dispropor- 
tionation of 6f, and neither TlC&, nor TlCl catalyzes such 
a process. 
NMR Spectra. All of the compounds have been 

characterized by NMR spectroscopy, and the progress of 
the reactions of compounds of the type 1 with tertiary 
phosphines was monitored spectroscopically. I t  was not 
possible to obtain complete l3C(lH] NMR spectra for 
compounds of the type 4, because they were always pro- 
duced as minor components of mixtures with 2 and 3. 

The 'H and 13C chemical shifts are quite indicative of 
the mode of bonding of the cyclopentadienyl moiety. 

I i 

Table VI. 'H, L3C{'HJ, and 31P11H] NMR Data (6)  for 
Complexes of the Type 6 at 20 OC in CDCL 

6F 
" 1% 1% 

6ab 

156.22 (d, Jpc = 4.0 Hz) 143.41 (d. JDP = 7.8 1 

2 7.27 (dd)" 135.06 (d, Jpc = 6.0 Hz) 

3 7.21 (dd)" 132.11 (d, Jpc = 5.0 Hz) 

4 7.27 (dd)" 125.65 
5 8.03 (br d)" 131.56 

6 165.65 

7 151.74 (d, Jpc = 4.5 Hz) 

8 7.89 (br d)" 124.31 
9 7.45 (dd) 127.88 

10 7.42 (t) 130.30 

. I . V  

Hz, J p t C  = 1111 Hz) 

Hz, J p t ~  = 109 Hz) 
133.65 (d, Jpc = 1.7 

134.04 ( J p t ~  = 60.4 
Hz) 

124.40 
131.38 (JPtC = 16.8 
Hz) 

164.70 (d, Jpc = 3.4 

151.17 (d, Jpc = 5.0 
Hz, Jptc = 28.2 Hz) 

Hz, Jptc = 55.0 Hz) 
124.40 
127.60 
129.60 

JpHz = JHzHB = JHsH4 = J H I H s  = 7 Hz; H5 and H8 resonances 
NMR 6 31.5. c31P broadened due to coupling to phosphorus. 

NMR 6 8.2 (Jpp = 3858 Hz). 

Scheme I1 

Et3P CI 
\ /  

6a II 

Na 
2a 

Et3P. ,CI 

l a  

5a 

Conversion of 1 to 2 causes a small upfield shift of both 
the 'H and 13C resonances, and the doublet structures 
reveal that coordination of one phosphine occurs. The 
addition of a second phosphine, and q5 - 7' rearrangement 
of the ring, results in a significant downfield shift of both 
resonances, and the larger JPtH and JPtC values in 3f 
(relative to If) are typical of a (7'-cyclopentadieny1)plat- 
inum c o m p l e ~ . ~ , ~  Neither the 'H nor I3C resonance shows 
coupling to 31P, but the resonances due to C1 and the 
methylene carbons of the PEt, ligands in 3a, 3c, and 3d 
appear as triplets, indicating the presence of two phos- 
phines in a trans square-planar ~0nfiguration.l~ The 'H 
and 13C shifts due to C6H, are intermediate between those 
of the q5- and +bonded rings. 

The lH resonances due to the ring methyl in Id, 2d, 3d, 
and 5d shift little, whereas the 8-methyl group exhibits 
considerable deshielding when the nitrogen is not coor- 
dinated to palladium. On the other hand, the methyl 
carbon resonances in 2c, 3c, and 5c appear at higher field 
than that in IC. 

The 'H and 13C resonances due to the substituted azo- 
benzene moieties have been assigned by using 'H-lH 
shift-correlated (COSY) and 13C-lH shift-correlated 
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(HETCOR) two-dimensional NMR spectra in certain 
cases, by comparison with published data,13,26,27 and by 
extrapolation between compounds in this study. For the 
platinum compounds, assignments are aided by the ob- 
servation of coupling to platinum in certain cases; par- 
ticularly instrumental in this regard is the large magnitude 
of VptC for the metalated carbon. 

The metalated carbon C1 exhibits a particularly large 
downfield shift, especially in the case of palladium. The 
two nitrogen-bearing carbons C6 and C7 also appear at low 
field. The former is deshielded by 4-13 ppm compared 
with the quaternary carbon in azobenzene,26 and C2, which 
is also adjacent to the metalated carbon, exhibits a sig- 
nificant downfield shift as well. Somewhat surprisingly, 
significant changes in the 13C chemical shifts for the 
non-metalated ring do not occur between complexes con- 
taining coordinated and uncoordinated nitrogen, the 
largest effects being seen for the 8-methyl compounds for 
which steric factors will be important. For the unsub- 
stituted compounds la-6a, the chemical shifts of C,, which 
might be expected to show the largest effect of N-coor- 
dination, varies by only 3 ppm and is very close to that 
in azobenzene. Thus 13C chemical shifts of the azobenzenyl 
moiety do not provide a satisfactory means of determining 
whether the substituted azobenzene acts as a mono- or 
bidentate ligand. 

In the square-planar complexes 3,5, and 6 the chemical 
shift of C1 is indicative of the nature of the trans ligand; 
when trans to q1-CsH5 the chemical shift is 10 ppm greater 
than when C1 lies trans to C1. The non-square-planar 
compounds 1 and 2 exhibit the largest and smallest C1 
chemical shifts, respectively, of the compounds we have 
studied, so magnitudes of S(Cl) do not provide an indica- 
tion of compound geometry. 

Experimental Section 
NMR spectra were recorded on Varian XL-100 and XL-300 

and Bruker WPSOOSY spectrometers operating in the Fourier 
transform mode. 'H and 13C chemical shifts are relative to tet- 
ramethylsilane, and 31P shifts are relative to  external H3P04, 
positive shifts representing deshielding. In some cases 'H and 

NMR peak assignments were made by using 'HJH shift- 
correlated (COSY) and 13C-'H shift-correlated (HETCOR) 2D 
spectra. Samples were maintained under atmospheres of dry 
nitrogen or argon. Microanalyses were performed at  the University 
of Glasgow. 

The preparations of [Pt(C6H4N=NCGH5)(175-C,H,)] (If)" and 
[Pd(C6H4N=NC6H5)(95-CgD5)] (lad5)" have been described 
previously. Compound laz8 was prepared from [Pd- 

L . 
, 1 

7 

Anderson e t  al. 

(26) Lycka, A. Collect. Czech. Chem. Commun. 1982, 47, 1112. 
(27) Bruce, M. I.; Goodall, B. L.; Stone, F. G. A. J. Chem. SOC., Dalton 

Trans. 1978, 687. 

(C6H4N=NC6H5)(/r-Cl)]~ and T1C5H, in a manner similar to its 
deuteriated analogue.22 Compound I d  was prepared in similar 
fashion from [Pd(C6H4N=NC6H4Me)(/r-Cl)l2 and TlC,H,; this 
material has been prepared p r e v i o u ~ l y , ~ ~  but not isolated. Anal. 
Calcd for Cl8Hl6N2Pd: C, 58.95; H ,  4.4; N, 7.6. Found: C, 58.8; 
H, 4.4; N, 7.9. 

Prepara t ion  of [Pd(C6H4N=NC6H5)Cl(PEt3)] (6a). To a 

suspension of [Pd(C6H4N=NCBH5)(/r-C1)], (0.50 g, 0.77 mmol) 
in toluene (60 mL) was added n-butylamine (0.113 g, 1.55 mmol) 
under nitrogen. After the solution was stirred for 1 h, all the 
material dissolved, and PEt, (0.182 g, 1.54 mmol) in toluene (12 
mL) was added dropwise. Removal of the solvent under vacuum, 
and recrystallization from ether/pentane gave the product as 
orange crystals (0.461 g, 63%). Anal. Calcd for Cl8H2,C1N2PPd: 
C, 49.0; H ,  5.5; N, 6.35. Found: C, 49.0; H, 5.5; N, 6.3. 

, , 

, I . 

Preparation of [Pt(C6H4N=NCsH5)Cl(PEt3)] (6f). Carbon 
monoxide was bubbled through a suspension of [Pt- 
(C6H4N=NC6H5)(/r-C1)] (0.213 g, 0.259 mmol) in toluene (400 
mL) for 1 h, during which time the material dissolved to produce 
an orange solution.24 A solution of PEt, (0.061 g, 0.52 mmol) in 
toluene (2 mL) was added dropwise, and the color changed to 
maroon. Removal of the solvent under vacuum, and recrystal- 
lization from ether/pentane gave the product as dark red crystals 
(0.208 g, 76%). Anal. Calcd for C18H24C1N2PPt: C, 40.8; H,  4.6; 
N, 5.3. Found: C, 40.1; H, 4.4; N, 5.1. 

Preparation of trans -[Pd(C6H4N=NC6H4Me-9)Cl(PEt3)2] 
(5d). To a toluene suspension of [Pd(C6H4N=NC6H4Me-9) (p-  
C1)I2 was added 4 mol equiv of PEt,. After solvent removal and 
recrystallization from hexane, the product was obtained as 
brick-red crystals. Anal. Calcd for C25H41ClN2PzPd: C, 52.4; H, 
7.2; N, 4.9. Found: C, 52.2; H, 7.4; N, 4.8. trans-[Pd(C6H4N= 
NC6H,Me-10)C1(PEt3),] (5d) was prepared similarly. Found: C, 
52.1; H, 7.3; N, 4.8. 

NMR Studies. In a typical experiment, complex 1 (ca. 20 mg) 
was loaded into a 5-mm NMR tube fitted with a rubber septum. 
The tube was evacuated and then fded with argon, and the solvent 
(ca. 0.3 mL) was introduced by syringe. After dissolution of the 
complex, the appropriate tertiary phosphine was added by syringe. 
Low-temperature reactions were performed by immersing the tube 
in a slush bath maintained a t  -50 "C for several minutes prior 
to addition of the phosphine. 
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I 

(28) Heck, R. F. J. Am. Chem. SOC. 1968, 90, 313. 
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