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CYCLOMETALLATION 

V. MOI,ECULAR STRUCTURES OF ACETATE-BRIDGED DIMERS OF A 
2-ARYLPYRIDINE AND A 2,6-DIARYLPYRIDINE CYCLOMETALLATED 
BY PALLADIUM(I1) 
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(Rwrwed July 7th. 1982) 

Summary 

The crystal and molecular structures of dimeric cyclopalladated acetato(OAc)- 
bridged complcxcs of a 2-arylpyridine (1) and a 2.6-diarylpyridine (2). (Pd(l)OAc], 
(3) and [Pd(Z)OAc], (4) have been determined by X-ray diffraction. In each, two 
planar acetates, neaily perpendicular to each other. c/s-bridge two Pd” atoms. while 
the other two square planar sites on each metal are occupied by the cyclometallated 
aryl-substituted pyridine. The two metal coordination planes are in near parallel 
registry with one another. giving a “boat” molecule shape of exact (3) or near (4) 
two-fold symmetry. The non-bonding Pd. . Pd distance (6) strongly correlates with 
the angle (n) subtended by the metal coordination planes. which in turn seems 
related to the steric requirements of the non-bridging ligands. In 3. with the planar 
nitrophenylpyridine ligand, a 25.7” and 6 2.822(6) k. the shortest Pd . . . Pd distance 
yet observed in dimers of this type. The Pd-C lengths. 1.94 A in 3 and 1.944 k in 4. 

are significantly shorter than the calculated Icngth. 2.05 A. suggesting partial 
multiple bond character in these shortest Pd C (aryl) bonds so far observed. Pd K 
bond lengths are near expected single bond lengths. Failure of rrrms-dimctallation to 
occur in 4. analogous to that recently observed with certain 2,6_dialkylpyridines or 
to the tridentate behavior of terpyridine in [Pd terpy X] + compounds. appears due 
to a combination of the shortened Pd-C bond in the first-formed mctallated ring 
and the larger constraining angles (near 120” for sp’ carbons) in the remaining 
(unmetallated) ring. 

Introduction 

A one page report [1] of the molecular structure of r-allyl palladium acetate 
pictured it as an acetate-bridged dimer and suggested that the Pd. . . Pd distance of 
2.94 k (0.3-0.4 A shorter than in [Pd(NH,),][PdX,]. with X = Cl . Rr -. or SCN ) 
represented a metal-metal bond. A decade later the structure of a second acctato- 
bridged palladium-(II) dimer. di+-acetato-bis[(2-methvlallyl-3-norbornyt) pal- 
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respectively, and “are regarded as nonbonding”. It is interesting that in each 
compound the cyclometallation involves N. C bonding. rather than the other 

possibilities of S, C and 0, C. respectively. The ~~~z~.~-lengthening infhicnce of a 
bonded aryl carbon relative to that of a coordinated nitrogen is clearly illustrated by 
the Pd 0 lengths trans to these atoms (e.g.. 2.139 vs. 2.049 A and 2.129 vs. 2.052 A. 
in the two compounds). 

We prepared and studied by IR and NMR a number of cyclopalladated com- 
pounds of 2-arylpyridines [6,7) and 2.6-diarylpyridines [8] and we determined 191 by 

X-ray diffraction the structure of [Rh(l),Cl],. 
We now report the X-ray crystal structures of two dimeric acetato-bridged 

cyclopalladated complexes: 
bis(p-acetate-O : O’)-bis[4’-nitro-2’-(2-pyridyl)phcnyl-jV]dipalladium(II). 3. and 

bis( p-acetate-0 : O’)-bis[5’-chloro-2’-{6-(4”-chlorophenyl)-2-pyridyl}-phcnyl-,~]di- 
palladium(l1). 4; and discuss the relevance of these structures to those mentioned 
above (both Pd” and Rh”‘) and to some questions concerning metal- ligand bonding 
in cyclometallated compounds. The existancc of planar palladium( II)-terpy com- 
pounds. where terpy = 2,4-di(2’-pyridyl)pyridine. and in particular the crystal struc- 
ture [IO] of [Pd terpy Cl] Cl which proves coordination via all three nitrogens, was 
the impetus to see if the structurally related 2.6-diarylpyridine (2) could likewise 
serve to ~~~~?~-dimetallate. The only previous success [ 1 I] at tmns-dimetallation 

produced compounds such as 5. in which the mctallating carbons are .sp’. Efforts [X] 
to metallate the second ring in 4 were unsuccessful and so it was of interest to see if 
the detailed structure of the monometallated product (4) could help explain this 
failure. 

Complexes 3 and 4 were prepared as previously described [6.g]. A red-orange 
crystal of 3 was mounted in air on a glass fiber and mounted in random orientation 
on an Enraf-Nonius CAD4 automated diffractometer. Crystalline lattice characteri- 
zation and data collection were as described in detail elsewhere [ 121 except that an 
empirical ($-scan) absorption correction was applied to each reflection. The relevant 
crystal data are listed in Table I. 

A total of 1644 observed reflections were used to calculate the Patterson and 
successive Fourier difference maps, from which all 20 non-hydrogen atoms in 
onc-half of the tvvo-fold symmetric molecule were located. In addition. all hydrogen 
atoms except those of the methyl group were located; the methyl hydrogen positions 
were calculated assuming sp’ hybridization. and were held fixed relative to the 

methyl carbon position. In the weighted full matrix least squares refinement, all 
non-hydrogen atoms were treated anisotropically. hydrogen atoms were treated 
isotropically. For the final structural model (K = 0.029) no parameter shifted more 
than 0.30. and no residual electron density greater than 0.5 eA ” was observed on a 

difference map. 
Data were also collected for 4. A yellow crystal of 4 containing 50 molR 

chloroform molecules of salvation. was sealed in a thin walled glass capillary under 
an atmosphere of chloroform. Data were collected and treated as for 3. However. 
because of the nearly orthorhombic lattice. and also because of the symmetry of the 
molecule itself (vide infra) special care was taken to characterize the lattice and 
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AT0hIIC‘ POSITIONAL PARAMETERS AND ISOTROPIC THERMAL PARAMETERS FOR 

(Pd(‘,,H,,NO,CI,),.CHCI, 

Pd( 1) 
P&2) 
(‘l(l) 

Cl(Z) 

U(3) 

Cl{41 

Cl(S) 

Cl(b) 

Cl( 7) 

OfI) 

O(2) 

(J(3) 

O(4) 

N(l) 

N(2) 

C(l) 

C(2) 

C(3) 

C(4) 

f‘(5) 

C(6) 

C(7) 

C(8) 

09) 

C( IO) 

C(lIJ 

C( 12) 

<713) 

C( 14) 

C( 15) 

C(lb) 

C‘( 17) 

Cl 18) 

C(l9) 

C( 20) 

C(2l) 

C(22) 

C( 23) 

~(24) 

Ct25) 

c‘(26) 

C( 27) 

C(2X) 

C(29) 

Cf30) 

C(31) 

(~(32) 

C(33) 

C(34) 

C(35) 

C(36) 

C(37) 

(‘(3X) 

C(39) 

0 
-. 0.0 1543( 5 ) 

0.0662(3) 

0.0268( 3) 

-0.38143) 

0.4620( 2) 

0.X627( 3) 

O.7743(4) 

0.802114) 

0.0643(4) 

0.1650(4) 

0.1626(4) 

0.0358(4~ 

-0.1653(5) 

-0.0822(S) 

- 0.045 l(6) 

O.O236(7) 

- 0.0229(7) 

- 0.1362( 8) 

- 0.2068(8) 

- 0.1622(h) 

- 0.2287(6) 

-0.343X(X) 

- 0.3988( 8) 

-0.3361(X) 

-0.2190(7) 

-0.151X(b) 

- 0.0646(7) 

-0.01 l9(8) 

- 0.0430(7) 

- 0.1268( 8) 

-0.1837(7) 

0.0690(b) 

0.1178(8) 

0.2 lO4(?) 

0.3357(S) 

- 0.1739(6) 

- 0.2 134(7) 

-0.3289(8) 

-0.4066(8) 

- 0.3663(8) 

- 0.2488(?) 

- 0.1984(b) 

- 0.2592(7) 

-0.2047(Y) 

- 0.0887(8) 

- 0.0293(6) 

0.0942(7) 

0.1450(6) 

0.2569(8) 

0.3 1996-J) 

0.2743( 8) 

0.1608(7) 

0.7719(8) 

0.461 l9(5) 

0.07695(b) 

0.4827( 5 ) 
0.6X83(4) 

0.0654( -5) 

- 0.1X98(4) 

0.5239(4) 

0.205X(5) 

0.2241(5) 

&4018(bf 

0.4179(7) 

0.12?1(7) 

0.1116(7) 

0.5338(7~ 

0.0230(X) 

0.4X98(9) 

0.4746( 10) 

0.4’).52( I I) 
0.5257( 13) 
0.538% I 1 f 
O.S215( IO) 

0.5383(9) 

0.5548( 12) 

0.5726( 12) 

0.5792( 12) 

0.559q IO) 

0.5796(9) 

0.705 I( 10) 

0.7417(11) 

0.6490( I I ) 
0.5207( 12) 

0.4915( I I) 
0.255X(X) 

0.2444( 1 I ) 
0.2670(Y) 

0.2599( 1 I) 
0.0566(X) 

0.0b61(10) 

O.ObOl( 12) 

O.O506( 13) 

0.0467( 12) 

0.04xq IO) 

0.0338(Y) 

0.0337(11) 

0.0149( 14) 

- O.O022( 13) 

O.OOOS( IO) 

- 0.0396( IO) 

-0.1615(10) 

- 0.2095( I I) 

-0.13lq12) 

- O.O057( 13) 

0.0405( IO) 

0.3436( 12) 

0 

0.00618(3) 

- 0.2493( 1) 

0.2950(I) 

0.1691(l) 

-0.1529(l) 

-’ 0.3(x)3( I ) 

- 0.4457(2) 

- 0.320212) 

~.0893(2) 

- 0.02% 2) 

-0.0154(2) 

0.0930(2) 

O.Oi37(2) 

- 0.0762(3) 

--0.0X26(3) 

-0.1320(4) 

-O.IXX~I) 

- 0.3978(43 

-0.3483(4) 

-0.0916(3) 

- 0.0368(3) 

- 0.0363(3) 

O.O17l(4) 

0.0683(4) 

0.0668(3) 

0.1224(3) 

0. I256( 3) 

0.17X1(4) 

U.2281(4) 

0.2265(4) 

0.1724(4) 

O.I138(3) 

0.1761(4) 

-O&256(3) 

- 0.0415(4) 

O.U295(3) 

0.0879(4) 

0.0’)70(4) 

0.0501(4) 

- 0.#67(4) 

-0.016X(3) 

- 0.0765(3) 

-0.12X7(4) 

- O.l82q4) 

- 0.1820(4) 

-0.1278(3) 

-0.131 l(3) 

- 0.093?( 3) 

-0.loOq4) 

-0.1442(4) 

-O.I81S(4) 

-0.1742(3) 

- O.3837(4) 

2.901(7)” 

3.119(8)” 

7.1X(?)“ 

7.33(h) “ 

X.16(7)” 

7.20(b) ” 

7.34( 7) c1 

10.03( IO) “ 

9.4X( 9) IJ 

3.8219) 

4.05(Y) 

3.YS(9) 

4.20(9) 

3.19(O) 

3.5(l) 

3.3( I) 
4.0( I ) 
4.5(I) 

5.3(2) 

4.812) 

3.6( 1) 
3.6(I) 

5.2(2) 

5.5(2) 

5.3(2) 

3.9( I ) 
3.4(l) 

4.ofl) 

4.X(2) 

4.5( I ) 

5.212) 

4.4(I) 

3.3( I) 
4.8( 2) 

3.6( 1 f 
4.9(2) 

3.2( I) 

4.3(l) 

5.0(2) 

5.4(2) 

5.1~2) 

3.9( I ) 

3.7( I ) 

4.7( 2) 

5.6(2) 

5.1(2) 

3.X( I) 

3.8( 1) 

4.0( 1) 

4.6( I ) 

4.7(2) 

5.1(2) 

4.1(l) 

5.2(2) 

” Equivalent isotropic temperature factor: International Tablrs for X-Ray Crystallography. Vol. 4. p. 316. 
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(O(1). ..C(20) 3.16 A, 0(1)-H 2.20 A, O(l)-H-C(20) 145O). Chloroform-oxygen 
hydrogen bonding is a well established phenomenon in the solid state [ 17,181. 

Details of the geometries of 3 and 4 are set forth below. It is interesting to note 
that, while the dimer 3 is of exact (crystallographic) two-fold symmetry. the dimer 4 
deviates from two-fold symmetry. most notably in the orientation of the free 

parachlorophenyl ring. probably to accommodate packing forces and a chloroform 
molecule. 

Metal coordination 
3: All four coordinated atoms. 0( 1). O(2). N(1) and C(I), lie within one e.s.d. of 

the basal plane of a pyramid, at the apex of which is the I’d atom 0.05 I( I) A above 
the plane toward the adjacent Pd atom. 

4: Each independent metal atom lies in a mean plane. and the coordinated atoms 
arc situated an average of 0.086(6) A alternately above and below this plant such 
that trans-coordinated atoms are displaced on the same side of the plane. This “.S,” 

C('3'1- 

Fig. 2. Schematic diagram of (PdC,,H,,,NzO,,)z (3) distances and angles. 
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distortion is in marked contrast to the “(;, *’ distortion in 3. The Pd C bond . 
lengths. 1.94 k in 3 and 1.944 ,& in 4. are significantly shorter than the calculated 

single bond length of 2.05 A (based on the covalent radius of I’d” 1.31 k [ 19) and 
C(.S/,‘)-C(.F~‘) I.537 i\ and C(.S~~)-~‘(.S~~) I.510 A 1191). suggesting partial multiple 

bond character in the Pd-C (aryl) linkages. ‘I‘hcsc appear to be the shortest I’d-C‘ 
(aryl) bonds thus far observed (S.ZO]. and coupled with proton NMR shift data [6.X]. 
the evidence is strong for palladium-to-aryl 7 back-bonding. While some of the 
shortening of the metal carbon distance might bc anticipated in the cyclomctallated 
ring. the 0.1 ,& shortening in the Pd C bonds may bc compared to the 0.05 A 

shortening found in the Rh “I -C(arvl) bond in the r&ted [Rh(l),Cl], 191. In the ~ 
latter, with only lzs electrons. no n back-bonding is expected. although some 
ligand-to-metal n-electron flow is possible. 

A combination of factors may account for the failure of I’d” to dimetallate with 

2.6-diarylpyridines. For example. the metal-nitrogen bonds Iruns to each other in 
[I’d tcrpy CI]CI are slightly longer than single bond length (2.044 and 2.104 A vs. a 

calculated 2.01 A) [lo]. Lvhcreas in 4 the shortened metal--carbon bond (vide supra) 
implies multiple bonding. Perhaps after this first Pd-<’ bond forms. and pulls the Pd 
atom away from the other ring (where ortho carbons are now at 2.427 and 2.252 /i). 
cffcctive mctallation is prevented. Furthermore. note that in 5 (R = CO~(‘~lt,) the 

cyclometallatcd (mean) ring angles Pd-C-- c‘ and c’ (’ -(‘. involving S/J carbons. are 
102.2 and 110.X”. respectively [I I]. whercas the corresponding ring angles in 4. 
in\,ol\ ing .sp’ carbons. are 114.7 and 114.6”. These latter angles plus the approximate 
120” angles (e.g.. C( 1 I)-C( 14) -C( 19). Fig. 4) which constrain the unmetallatcd 
aromatic ring system. coupled with the shortened Pd (‘ (aryl) bond. must all 
combine to prevent dimctallation. 

The Pd 0 distances mnr.r to the carbons arc 2.14 k in 3 and 2.192 A in 4, 
whcrcaa the Pd-0 distances grows to the nitrogens are 2.03 A in 3 and 2.054 A in 4. 
Although some asymmetry in the acetate bridge is cxpccted on other grounds (vidc 
supra). the substantial differences in the Pd- 0 distances surely also reflect the 
stronger frurwlengthcning influence of an aromatic carbon compared to an aromatic 
nitrogen. Finally. the Pd-Ii lengths. 2.02 k in 3 and 2.047 A in 4. are only slightI) 
longer than the calculated single bond value of 2.01 A (based upon Pd” 1.31 A 1201 
and K(.sp’) 0.70 A [21]. In the analogous rhodium compound. [Rh(l),Cl], a slight 
lengthening of Rh-N (by 0.05 A) is found [Xl. 

3: The four independent non-hydrogen atoms of the acetate group lie in a plane. 
and the two acetate planes subtend an angle of X1.6”. The c‘( 12) acetate plane is 
skewed with respect to the basal planes of the metal coordination polyhedra: 86.4 
(Pd) and 76.8’ (Pd’). 

4: The two independent acetates are planar and subtend an angle of 79.9”. The 
equivalent skewed angles to the mean planes of the two mcral coordination poly- 
hedra are: X8. I “/X6.9’ and 76.2’/75.5”. 

Three rings compose this ligand system: the five-member metallocyclic ring (I). 
the phenyl ring (C( I)-C(6))(II). and the pyridinc ring (Ill). 3: All three rings are 
individually planar (within experimental error) and mutually co-planar to within 3”. 
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