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solid was formed. Yield 223 mg of S=PMe, (2.06 mmol, 86%). 

27.81 (9). 
X-ray Structure of Cp*Rh(PMes)(SCHzS). A single crystal 

of the complex (crystal dimensions 0.15 X 0.18 X 0.75 mm) was 
mounted, and cell constants were obtained from 25 centered 
reflections with values of x between 0 and 70°. A quadrant of 
data was collected in accord with the parameters given in Table 
IV. The Molecular Structure Corporation TEXSAN analysis 
software package was used for data reduction and s01ution.l~ A 

‘H NMR (C&): 1.0482 (d, J = 13 Hz). 31P(1HJ NMR (C&): 

scheme. The qGantity minimized was x;(IFoI - lFc1)2. Source of scac 
tering factors fo, f’, f”: Cromer, D. T.; Waber, J. T. International Tables 
for X-Ray Crystallography; Kynoch Press: Birmingham, England, 1974; 
Vol. IV, Tables 2.2B and 2.3.1. 

standard Patterson map solution of the structure to locate the 
rhodium, followed by expansion of the structure with the program 
<<dmDw, revealed all non-hydrogen atoms. After isotropic re- 
finement, an absorption correction was applied using the program 
DIFABS. Full-matrix least-squares anisotropic refinement of the 
non-hydrogen atoms with hydrogens attached to carbon in 
idealized positions was carried out to convergence. Selected 
distances and angles are given in Table 111. 
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The synthesis and spectrcacopic characterization of a series of linear mono-, bi-, and trimetallic complexes 
containing (MePhzPIZNi unitrr and bridging and/or terminal fluoroaryl groups is reported. The mononickel 
complexes (MePhzP)2Ni(l,4-C6F4X)Br and (MePh2P)2Ni(l,4C6F4X)Z (X = H, F, Br) may be prepared via 
reaction of (MePhzP)zNiBrz with 1 or 2 equiv, respectively, of l,CCp4XLi. The “arene-poor” di- and trinickel 
complexes [(MePhzP)zNiBr]z(p-1,4-CsF4) and [ (MePhzP)zNi]3(p-1,4-C6F4)2Br2 are obtained via reaction 
of 1 equiv of 1,4C6F4Liz or (MePhzP)zNi( 1,4-C6F4Li)z, respectively, with 2 equiv of (MePhzP)zNiBrz, while 
[ (MePhzP~zNi]3~-l,4C$4)zC1z is obtained in an analogous reaction from (MePhzP)zNiC12 The “arene-rich” 
di- and trinickel compounds [(MePhZP)~Ni(l,4-C6F4H)]z(p-1,4-CsF4) and [(MePhzP)ZNi13(p-1,4-C6F4)2- 
(1,4-C6F4H)2 may then be prepared from the reaction of their respective “arene-poor” precursors w t h  2 
equiv of 1,4-C$,HLi. The ‘H, 19F, and 31Pl’HJ NMR spectroscopic data for each oligomer unambiguously 
establishes its chain length and repeat unit structure (trans geometry about nickel and 1,Csubstitution 
about Cp4)  and suggests that there is significant electronic communication down the oligomer backbones 
in the polymetallic complexes. Evidence is also presented which suggests that ~is-(MePh~P)~Ni(l,4Cp~Br)~ 
is a kinetic intermediate in the synthesis of the trans isomer. 

Introduction 
Over the last several years there has been growing in- 

terest in the preparation and characterization of organo- 
metallic polymers having transition metals in the polymer 
backbone. Such materials are of interest because of their 
substantial potential for practical applications in the areas 
of one-dimensional conductivity3 and nonlinear optical 
b e h a ~ i o r . ~  Complexes in which the transition-metal 
centers are joined by organic fragments capable of ?r con- 
jugat ion (e.g. -C=CC6H4C=C-, -NC4H4N-, 
-CNC6H4NC-)5,6 are expected to display these useful 

(1) One-Dimensional Organometallic Materials. 1. 
(2) Parts of this work have been presented orally: (a) Hunter, A. D.; 

Li, J.; McDonald, R.; Guo, X. 74th Canadian Chemical Conference, 
Hamilton, Ontario, June 1991; Abstr. 585 NM-H1. (b) Hunter, A. D. 
Polymers for Alberta’s Future, Edmonton, Alberta, June 14, 1991. 

(3) See, for example: (a) Carter, F. L. Molecular Electronic Devices; 
Marcel Dekker: New York, 1982. (b) Carter, F. L. Molecular Electronic 
Devices II; Marcel Dekker: New York, 1987. (c) Mort, J.; Pfister, G. 
Electronic Properties of Polymers; John Wiley & Sons: New York, 1982. 

(4) Prasad, P. N.; Williams, D. J. Introduction to  Nonlinear Optical 
Effects in Molecules and Polymers; John Wiley and Sons: New York, 
1991; pp 134-143. 

0216-7333/92/2311-0893$03.00/0 

properties due to conjugation of the *-symmetry orbitals 
on the metal centers and the organic ligands. These ma- 

~~ ~ 

(5) 6) Ogawa, H.; Onit”,K>oh, T.; Takahashi, 5.; Yammob, Y.; 
Yamazaki, H. Organometallics 1988, 7, 2257-2260. (b) T a b h i ,  S.; 
Morimoto, H.; Murata, E.; Kataoka, S.; Sonogashira, K.; Hagihara, N. J. 
Polym. Sci. Polym. Chem. Educ. 1982,20,565-573. (c) Sonogashira, K.; 
Ohga, K.; Takahashi, S.; Hagihara, N. J. Organomet. Chem. 1980,188, 
237-243. (d) Takahashi, S.; Murata, E.; Sonogashira, K.; Hagihara, N. 
J. Polym. Sci. Polym. Chem. Educ. 1980,18,661-669. (e) Takahaehi, S.; 
Ohyama, Y.; Murata, E.; Sonogashira, K.; Hagihara, N. J. Polym. Sci. 
Polym. Chem. Educ. 1980,18,349-353. (0 Takahashi, S.; Kariya, M.; 
Yatake, T.; Sonogashira, K.; Hagihara, N. Macromolecules 1978, 11, 
1063-1066. (g) Sonogashira, K.; Kataoka, S.; Takahashi, S.; Hagihara, 
N. J. Orgummet. Chem. 1978,160,319-327. (h) Chisholm, M. H. Angew. 
Chem., Int. Ed. Engl. 1991,30,673-674. (i) Davies, S. J.; Johnson, B. F. 
G.; Lewis, J.; Khan, M. S. J. Organomet. Chem. 1991,401, C43-45. (j) 
Johnson, B. F. G.; Kakkar, A. K.; Khan, M. S.; Lewis, J.; Dray, A. E.; 
Wittmann, F.; Friend, R. H. J. Mater. Chem. 1991,1,485. (k) Johnson, 
B. F. G.; W a r ,  A. K.; Khan, M. S.; Lewis, J. J. Orgammet. Chem. 1991, 
409, C12-14. (1) Davies, S. J.; Johnson, B. F. G.; Khan, M. S.; Lewis, J. 
J. Chem. SOC., Chem. Commun. 1991,187-188. (m) Fyfe, H. B.; Mlekuz, 
M.; Zargarian, D.; Taylor, N. J.; Marder, T. B. J. Chem. Soe., Chem. 
Commun. 1991,188-190. (n) Marder, T. B.; Lesley, G.; Yuan, Z.; Fyfe, 
H. B.; Chow, P.; Stringer, G.; Jobe, I. R.; Taylor, N. J.; Williams, I. D.; 
Kurtz, S. K. In Materials for Nonlinear Optics: Chemical Perspectiues; 
Marder, S. R., Sohn, J. E., Stucky, G. D., Eds.; ACS Symposium Series 
455; American Chemical Society: Washington, DC, 1991; p 605. 
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terials offer a number of potential advantages over more 
conventional *-conjugated organic polymers (e.g. poly- 
acetylene, poly@-phenylene) and polythiophene) owing to 
the introduction of the metal centers and their ancillary 
ligands into the polymer backbones. For example, it 
should prove possible to fine tune the physical properties 
of these materials which are related to polymer processa- 
bility (e.g. melting point, solubility) independently of the 
properties of interest, which are derived from the ?r con- 
jugation (e.g. nonlinear optical coefficients, intrachain 
conductivity), by the judicious choice of ancillary ligands 
(e.g. PBu3 vs PPh3).7 This is generally not possible, or 
is expected to be much more difficult, for the analogous 
organic polymers. 

Since polymeric materials are generally more difficult 
to prepare and, especially, to structurally characterize than 
are discrete complexes, a common approach to developing 
transition-metal-containing polymers has involved the 
initial syntheses and characterization of low molecular 
weight species having the same structures as the repeat 
units in the target  polymer^.^^^^^ One theme of current 
research in this area has been directed toward the study 
of polymers in which the bridging groups have aromatic 
cores. The subclass of such materials that we have chosen 
to investigate is that in which the metal centers are bridged 
by aromatic ligands via direct metal-arene u bonds. Our 
initial studies in this area have focused on bi- and tri- 
metallic complexes of iron and manganese (e.g. 1,4-C6F,Fp2 
and 1,3,5-C6H3(Mn(C0)6)3, where Fp = (v5-C,H,)Fe(C0)Jg 
including those in which the arene bridge is K bound to 
chromium-, molybdenum-, and tungsten-containing frag- 
ments (e.g. (v6-1,4-C6H,Fp2)Cr(co)3).'o These studies 

McDonald et al. 

have demonstrated that such aromatic linkages produce 
relatively strong electronic interactions between the ad- 
jacent metal centers and have suggested that they occur 
primarily via *-symmetry overlap between filled metal- 
centered orbitals and the arene A* o r b i t a l ~ . ~ J ~  

More recently, we have begun to  prepare a series of 
model oligomers of fluorinated arene-bridged Ni(PRJ2 
units, i.e. 

(6) (a) Hanack, M.; Seelig, F. F.; Strihle, J. 2. Naturforsch., A 1979, 
34, 983-985. (b) Seelig, F. F. Z. Naturforsch., A 1979,34,986-992. (c) 
Collman, J. P.; McDevitt, J. T.; Leidner, C. R.; Yee, G. T.; Torrance, J. 
B.; Little, W. A. J. Am. Chem. Soc. 1987, 109, 4606-4614. (d) Fein- 
stein-Jaffe, I.; Maisuls, S. E. J. Organomet. Chem. 1987,326, C97-ClOO. 
(e) Feinstein-Jaffe, I.; Frowlow, F.; Wackerle, L.; Goldman, A.; Efraty, 
A. J. Chem. Soc., Dalton Trans. 1988,469-476. (0 Kobel, W.; Hanack, 
M. Inorg. Chem. 1986,25, 103-107. 

(7) I t  has been well established that the steric, electronic, and chemical 
(e.g. solubility, crystallizability) properties of metal phosphine complexes 
can be varied independently of one another; see: Tolman, C. A. Chem. 
Reu. 1977, 77, 313-348. 

(8) See, for example: (a) Jutzi, P.; Siemeling, U.; Muller, A.; Bogge, 
H. Organometallics 1989,41744-1750. (b) Lockmeyer, J. R.; Rauchfuss, 
T. B.; Rheingold, A. L. J. Am. Chem. Soc. 1989, 111, 5733-5738. (c) 
Woitellier, S.; Launay, J. P.; Spangler, C. W. Inorg. Chem. 1989, 28, 
758-762. (d) Bowyer, W. J.; Geiger, W. E.; Boekelheide, V. Organo- 
metallics 1984, 3, 1079-1086. (e) Richardson, D. E.; Taube, H. Inorg. 
Chem. 1981,20,1278-1285. (0 Crentz, C.; Taube, H. J. Am. Chem. SOC. 
1973, 95, 1086-1094. (9) Felix, F.; Ludi, A. Inorg. Chem. 1978, 17, 
1782-1784. (h) Van Order, N.; Geiger, W. E.; Bitterwolf, T. E.; Rheingold, 
A. L. J. Am. Chem. SOC. 1987, 109, 5680-5690. (i) Cayton, R. H.; 
Chisholm, M. H. J. Am. Chem. SOC. 1989,111,8921-8923. (j) Rommel, 
J. S.; Weinrach, J. B.; Grubisha, D. S.; Bennett, D. W. Inorg. Chem. 1988, 
27,2945-2949. (k) Gross, R.; Kaim, W. Inorg. Chem. 1986,25,498-506. 
(1) Zulu, M. M.; Lees, A. J. Inorg. Chem. 1988,27, 1139-1145. (m) Lay, 
P. A.; Magnuson, R. H.; Taube, H. Inorg. Chem. 1988,27,2364-2371. (n) 
Zulu, M. M.; Lees, A. J. Organometallics 1989,8,955-960. (0) Zulu, M. 
M.; Lees, A. J. Inorg. Chem. 1989,28,85-89. (p) Albinati, A.; Isaia, F.; 
Kaufmann, W.; Sorato, C.; Venanzi, L. M. Inorg. Chem. 1989, 28, 
1112-1122. (9) Ernst, S. D.; Kaim, W. Inorg. Chem. 1989,28,1520-1528. 

(9) (a) Hunter, A. D.; Szigety, A. B. Organometallics 1989, 8, 
267C-2679. (b) Chukwu, R.; Hunter, A. D.; Santarsiero, B. D. Organo- 
metallics 1991,10,2141-2152. (c) Chukwu, R.; Hunter, A. D.; Santarsiero, 
B. D.; Bott, S. G.; Atwood, J.  L.; Chassaignac, J. Organometallics, in 
press. 

(10) (a) Hunter, A. D. Organometallics 1989, 8, 1118-1120. (b) 
Hunter, A. D.; McLernon, J. L. Organometallics 1989,8,2679-2688. (c) 
Richter-Addo, G. B.; Hunter, A. D. Inorg. Chem. 1989,28,4063-4065. (d) 
Richter-Addo, G. B.; Hunter, A. D.; Wichrowska, N. Can. J. Chem. 1990, 
68, 41-48. 

1 

These studies have four goals, namely, to optimize syn- 
thetic routes for the preparation of such polymetallic 
linkages, to ascertain how such materials are best char- 
acterized (particularly, how 'H, 19F, and 31P NMR spec- 
troscopy can be used to establish oligmer/polymer repeat 
unit structure and chain length), to  estimate the degree 
of conjugation down the backbones of these materials, and 
to prepare "monomers" for eventual polymer syntheses. 
In this paper, we present the complete results of these 
initial studies, including the preparation of a series of 
mono-, bi-, and trimetallic nickel complexes having p -  
tetrafluorophenylene bridging groups and methyldi- 
phenylphosphine (PMePhJ as the ancillary phosphine 
ligands on nickel. 

Experimental Section 
Unless otherwise noted, all reactions and subsequent manip- 

ulations were performed by conventional techniques for the 
manipulation of air-sensitive compounds as described previous- 
ly.Nb Thus, anaerobic and anhydrous conditions were maintained 
by using a prepurified argon or dinitrogen atmosphere using 
vacuum-line and inert-atmosphere glovebox techniques.lla The 
reagents used were purchased from commercial suppliers or were 
prepared according to the published procedures. The chemicals 
used were of reagent grade or comparable purity, and where 
necessary, they were purified before use and their purity ascer- 
tained by elemental analyses and/or other suitable methods.llb 
Thus, (Ph3P)2NiBr2, (MePh2P)2NiBr2, and (MePh2P)2NiC12 were 
prepared via reaction of NiBr2 or NiC12.6H20 with PPh3 or 
PMePh2 in 1-butanol,l2 and the nominally 2.5 M n-BuLi/hexanea 
solution was standardized reg~lar1y.l~ Solvents used were dried 
and deaerated by standard procedures and stored under N2 or 
Ar.'lb Thus, THF and EhO were distilled from sodium-benzo- 
phenone ketal under an inert atmosphere. Unless specified 
otherwise, the reactions and any subsequent manipulations de- 
scribed below were effected at ambient temperatures ( ~ 2 3  "C). 

Nuclear magnetic resonance spectra were recorded using a 
Bruker AM-400 spectrometer on CD2C12 solutions and employing 
a deuterated solvent lock. The 'H, leF, and 31P(1HJ NMR chemical 
shifts are reported in parts per million downfield from external 
Me4Si, CFC13, and 85% &Pod, respectively. Elemental analyses 
were performed by D. Mahlow and A. Dunn of this department. 

Preparation of Compounds. (a) (MePh2P)2Ni( 1,4- 
Cf14H)Br. To a solution of 1,2,4,5tetxafluorobenzene (0.25 mL, 
0.34 g, 2.2 mmol) in THF (10 mL) that had been cooled in a dry 
ice/acetone bath to -78 "C was added n-butyllithium (0.65 mL, 
2.5 M n-Bulilhexanes; 1.6 mmol n-BuLi).13 The colorless sus- 
pension of 1,4-C6F4HLi thus formed14 was stirred at -78 "C for 

(11) (a) Shriver, D. F.; Drezdzon, M. A. The Manipulation of Air- 
Sensitive Compounds, 2nd ed.; John Wiley and Sons: New York, 1986. 
(b) Perrin, D. D.; Armarego, W. L. F.; Perrin, D. R. Purification of 
Laboratory Chemicals, 2nd ed.; Pergamon: New York, 1980. 

(12) Hayter, R. G.; Humiec, F. S. Inorg. Chem. 1965, 4, 1701-1706. 
(13) Gilman, H.; Cartledge, F. K. J. Organomet. Chem. 1964, 2, 

447-454. 
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Table I. NMR Data for the Complexes (6 in ppm)' 
NMR data 

comdex 31P11HI 18F 'H . .  
(MePh2P)2Ni(l,4-C6F4H)Br 9.17 (8 )  

( MePhzP)zNi(C~F5)Br 8.91 ( 8 )  

-119.41 (m, 2 F), -142.28 (m, 2 F) 

-117.47 (m, 2 F), -162.80 (m, 1 F), 
-163.96 (m. 2 F) (AA'MXX') 

7.58 (m, 8 H), 7.35 (t, 4 H), 7.29 (t, 8 H), 5.92 (m, 1 H, Hx), 

7.56 (m, 8 H), 7.36 (t. 4 H), 7.29 (t. 8 HI. 2.06 (t. 6 H. 
(AA'MM'X) 2.00 (t, 6 H, 3 J ~ - p  = 7.6 H z ) ~  

(MePhzP)zNi(l,4-C6F4Br)Br 8.74 (9) -116.15 (mi 2'F), -136.95 (m, 2 F) 

(MePh2P)zNi(l,4-C6F4H)z 10.51 ( 8 )  -117.64 (m, 4F), -142.50 (m, 4 F) 

(MePh2P)2Ni(C6F5)~ 9.63 ( 8 )  

(MePh2P)2Ni(l,4-C6F4Br)z 9.40 ( 8 )  

( AA'XX') 

(AA'MM'X) 
-115.77 (m, 4 F), -161.93 (m, 2 F), 

-163.95 (m, 4 F), (AA'MXX') 
-114.38 (m, 4 F), -137.12 (m, 4 F) 

( AA'XX') 
[(MePh2P)zNiBr]z(p-l,4-C6F4) 5.52 (9) -118.96 (9) 

7.46 ym, 8 H), 7.32 (t, 4 H), 7.24 (t, 8 H), 6.16 (m, 2 H, Hx), 
1.61 (t, 6 H, 3Jw-p = 7.2 H z ) ~  

7.46 (m, 8 H), 7.38 (m, 4 H), 7.26 (m, 8 H), 1.65 (t, 6 H, 

7.46 (m, 8 H), 7.33 (m, 4 H), 7.26 (m, 8 H), 1.66 (t, 6 H, 

7.72 (m, 16 H), 7.48 (m, 8 H), 7.38 (m, 16 H), 1.07 (t, 12 H, 

3 J ~ - p  = 7.2 HZ)b 

3 J ~ - p  = 7.2 HZ)b 

3 J ~ - ~  % 8 HZ)b 
[(MePh2P)zNiBr](p1,4-C6F4)- 10.28 (s), 

[(MePh2P)zNi(l,4-C6F4H)] 6.42 (9) 

-115.95 (m, 2 F), -118.39 (m, 2 F), 7.7&?.-17 (m, br, 40 H), 1.56 (t, 6 H, 3JH-p = 20 H z ) , ~  0.82 
-120.82 (m, 2 F), -143.09 (m, 2 F) 
( AA'EE'MM'RR'X) 

(t, 6 H, 3 J ~ - p  5 18 

[(MePhzP)2Ni(l,4-C~F4H)]~- 10.38 (9) 

[ (MePh2P)zNi13- 

[ (MePhZP),Nil3- 

-117.98 (9, 4 F), -118.'14 (m, 4 F), 

-116.34 (m, 4 F), -120.59 (m, 4 F) 

7.36 (m, 16 H), 7.23 (t, 8 H), 7.15 (t, 16 H), 5.87 (m, 2 H, 

7.67 (d, 16 H), 7.44 (t, 8 H), 7.39 (d, 8 H), 7.35 (m, 16 H), 

7.67 (d, 16 HI, 7.47 (d, 8 H), 7.41 (m, 8 H), 7.37 (m, 16 H\ 

0.70 (t, 12 H, 3 J p - ~  
7.34 (m, 16 H), 7.24 (m, 16 H), 7.15 (m, 16 H), 7.08 (t, 4 H), 

6.94 (t, 8 H), 5.80 (m, 2 H), 1.20 (t, 12 H, 3 J ~ - p  z 7 H z ) , ~  
0.74 (t, 6 H, 3H_p z 7 H z ) ~  

(p-1,4-C6F4) 

(fi-1,4-C~F4)&12 4.93 (s, 4 P) (AA'XX') 

-143.25 (m, 4 F) (AA'MM'X) Hx), 1.30 (t, 12 H, 3 J ~ - p  % 8 H z ) ~  

7.24 (t, 4 H), 7.14 (t, 8 H), 1.02 (t, 6 H, 3 J ~ - p  % 8 H z ) , ~  
0.69 (t, 12 H, 3 J ~ - p  % 8 HZ)* 

8.78 (8 ,  2 P), 

8.64 (s, 2 P), -116.11 (m, 4 F), -120.86 (m, 4 F) 
( . u . ~ , ~ - C ~ F ~ ) ~ B ~ ~  6.11 (s, 4 P) (AA'XX') 7.24 (m, 4 H), 7.14 (t, 8 H), 1.07 (t, 6 H, 3JH-p 8 Hz), 

8 HZ)b 
[(MePh2P)zNi]3(p-1,4-C6F4)2- 11.09 (E, 4 P), -118.0 (m, 6 F), -143.36 (m, 2 F) 

(1 ,4-C88)2  9.28 (s, 2 P) (AA'EE'MM'RR'X) 

"NMR data were recorded as CDzClz solutions, a t  161.978 MHz for 31P(1H), at 376.503 MHz for l9F, and at 400.135 MHz for 'H spectra. bThe 3 J ~ - p  
coupling constants are approximated by the difference between the chemical shifts of the two external lines of these virtual triplets; see ref 19 in text. 

15 min and then transferred via cannula into a solution of 
(MePh2P)2NiBr2'2 (1.00 g, 1.62 mmol) in THF (10 mL) that had 
been cooled in an ice water bath to =O "C, resulting in a color 
change of the solution from brown-purple to deep orange. The 
mixture was stirred at 4 "C for 1 h and then at room temperature 
for 3 h, after which the volume was reduced under vacuum to 41 
mL. Degassed methanol (15 mL) was added, resulting in the 
formation of an orange-brown precipitate. The resulting mixture 
was stirred in ice for 15 min and allowed to settle, and the su- 
pernatant liquid was drawn off by cannulation. The solid was 
then washed with methanol (2 X 10 mL) and then dried under 
a stream of N2. After further drying in vacuo, (MePh2P)2Ni- 
(1,4-C6F4H)Br was obtained as an orange-brown powder (0.84 g, 
1.22 mmol) in 76% yield. Anal. Calcd for C32H27BrF4NiP2: C, 
55.86; H, 3.95; Br, 11.61. Found: C, 55.72; H, 3.88; 11.58. 

The compounds (MePh2P)zNi(C6F5)Br15 and (MePh2P)2Ni- 
(1,4-C6F4Br)Br16 were prepared using a procedure similar to that 
described above (substituting C$$r or 1,4-Ca4Br2, respectively, 
for 1,2,4,5-C6F4H2) and were isolated in 39% and 85% yields, 
respectively. The 31P('HJ, 19F, and 'H NMR spectroscopic data 

(14) (a) Cohen, S. C. J .  Chem. Soc., Dalton Tram. 1973,553-555. (b) 
Chivers, T. J .  Organomet. Chem. 1969, 19, 75-80. (c) Cohen, S. C.; 
Reddy, M. L. N.; Roe, D. M.; Tomlinson, A. J.; Massey, A. G .  J .  Orga- 
nomet. Chem. 1968,14,241-251. (d) De Pasquale, R. J.; Tamborski, C. 
J.  Organomet. Chem. 1968, 13, 273-282. (e) Cohen, S. C.; Moore, D.; 
Price, R.; Massey, A. G. J .  Organomet. Chem. 1968, 12, P37-P38. (f) 
Fearon, F. W. G.; Gilman, H. J .  Organomet. Chem. 1967,10,535-537. (9) 
Cohen, S. C.; Massey, A. G .  J .  Organomet. Chem. 1967,10,471-481. (h) 
Tamborski, C.; Burton, W. H.; Breed, L. W. J .  Org. Chem. 1966, 31, 
4229-4230. (i) Tamborski, C.; Soloski, E. J. J .  Org. Chem. 1966, 31, 
746-749. (i) Tamborski, C.; Soloski, E. J. J .  Org. Chem. 1966,31,743-745. 
(k) Holland, D. G.; Tamborski, C. J .  Org. Chem. 1966, 31, 28C-283. (1) 
Cohen, S. C.; Fenton, D. E.; Tomlinson, A. J.; Massey, A. G .  J .  Organo- 
met. Chem. 1966,6,301-305. (m) Cohen, S. C.; Massey, A. G. Tetrahe- 
dron Lett .  1966,4393-4394. (n) Harper, R. J., Jr.; Soloski, E. J.; Tam- 
borski, C. J .  Org. Chem. 1964,29, 2385-2389. (0 )  Skancke, A. In Fluo- 
rine-Containing Molecules: Structure, Reactiuity, Synthesis, and Ap- 
plications; Liebman, J. F.; Greenberg, A.; Dolbier, W. R., Jr., Eds.; VCH 
Publishers: New York, 1988; pp 43-64. 

(15) (a) Rausch, M. D.; Tibbetta, F. E. Inorg. Chem. 1970,9,512-516. 
(b) Churchill, M. R.; Kalra, K. L.; Veidis, M. V. Inorg. Chem. 1973,12, 

(16) This complex was not obtained in an analytically pure form but 
was characterized in detail by 'H, I9F, and 31P(1HJ NMR spectroscopy. 
These studies indicated that the isolated materials contained only the 
single organometallic species described. 

1656-1662. 

for these compounds and those reported subsequently are found 
in Table I. Anal. Calcd for C32H26Br2F4NiP2: C, 50.11; H, 3.42; 
Br, 20.84. Found: C, 48.71; H, 3.40; Br, 20.83. 

(b) (MePh2P)2Ni( l,4-C6F4H)2. To a solution of 1,2,4,5- 
tetrafluorobenzene (0.90 mL, 1.21 g, 8.06 mmol) in THF (25 mL) 
that had been cooled in a dry ice/acetone bath to -78 "C was 
added n-butyllithium (2.60 mL, 2.5 M n-Bulilhexanes; 6.50 mmol 
n-BuLi). The colorless suspension of 1,4-C6F4HLi thus formed14 
was stirred at -78 "C for 20 min and then transferred via cannula 
to a solution of (MePh2P),NiBr2 (2.00 g, 3.23 mmol) in THF (15 
mL) that had been cooled in an ice water bath to =O "C, causing 
the solution to change from deep brown-purple to deep orange. 
The resulting mixture was stirred at =O "C for 1 h, during which 
time it lightened to yellow and a flocculent pale yellow precipitate 
was formed. An additional 15 mL of THF was added and the 
mixture stirred at room temperature for 2 days, after which the 
volume was reduced under vacuum to 210 mL, followed by ad- 
dition of deaerated methanol (50 mL) to complete precipitation. 
The solid was allowed to settle, and the supernatant liquid was 
drawn off by cannulation. The solid was then washed with 
methanol (2 X 15 mL) and dried under a stream of N2 followed 
by vacuum. The pale yellow solid thus obtained was recrystallized 
from THF/hexanes (40 mL/50 mL) to give 2.14 g (2.82 mmol, 
88% yield) of (MePh2P)2Ni(l,4-C6F4H)2 as a pale yellow powder. 
Anal. Calcd for C3HBF&P2: C, 60.27; H, 3.73. Found C, 59.90; 
H, 3.66. 

The compounds (MePh2P)2Ni(C6F5)2'5 and (MePhzP)zNi(l,l- 
C$4Br)2 were prepared in a similar manner (substituting Cg&r 
or 1,4-C$4Br2, respectively, for 1,2,4,&C$&) and were obtained 
in 27% and 72% yields, respectively. Anal. Calcd for 
C38H26Br2F8NiP2: C, 49.88; H, 2.86; Br, 17.46. Found: C, 49.88; 
H, 2.82; Br, 17.22. 

(c) [ (MePh2P)2NiBr]2(p-1,4-C6F4). To a solution of 1,4-di- 
bromotetrafluorobenzene (0.497 g, 1.61 mmol) in THF (30 mL) 
that had been cooled in a dry ice/acetone bath to =-78 "C was 
added n-butyllithium (1.30 mL, 2.5 M n-Bulilhexanes; 3.25 mmol 
n-BuLi).13 The colorless suspension of 1,4-C6F4Li2 thus formed14 
was stirred at -78 "C for 20 min and then transferred via cannula 
to a solution of (MePhZP),NiBr2 (2.00 g, 3.23 mmol) in THF (15 
mL) that had been cooled in an ice water bath to =O "C. This 
caused a change in color from deep brown-purple to deep or- 
ange-brown. The resulting solution was stirred at =O "C for 2 
h, during which time a yellow-orange precipitate formed. The 
mixture was then stirred at room temperature overnight and 
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reduced in volume to =lo mL. Deaerated methanol (50 mL) was 
slowly added to the resulting thick brown suspension producing 
an orange precipitate that was then cooled in an ice water bath 
to =O "C and stirred for 30 min. The solid was then filtered out 
in air, washed with methanol (2 X 20 mL) and diethyl ether (2 
X 20 mL), and dried under vacuum to yield 
[ (MePhzP)zNiBr]z(fi-l,4-C6F4) as an orange powder (1.26 g, 1.03 
mmol) in 64% yield. Anal. Calcd for C58H52Br2F4Ni2P4: C, 56.82; 
H, 4.27; Br, 13.03. Found: C, 56.42; H, 4.09; Br, 12.85. 

(a) [ (MePhzP)zNi]3(~-l,4-C6F4)2Br2. To a suspension of 
(MePhzP)zNi(l,4-C6F4H)z (1.00 g, 1.32 mmol) in THF (20 mL) 
that had been cooled in an ice water bath to =O "C was added 
n-butyllithium (1.30 mL, 2.5 M n-BuLilhexanes; 3.25 mmol 
n-BuLi),13 causing a slight darkening of the mixture to yellow- 
orange. The resulting slurry was stirred at =O "C for 15 min and 
then tranferred via cannula to a solution of (MePhzP)zNiBrz (2.00 
g, 3.23 "01) in THF (15 mL) that had been cooled in an ice water 
bath to =O "C. This resulted in a change of color from deep 
brown-purple to deep orange. The mixture was stirred at EO OC 
for 1 h, during which time an orange solid was formed, and then 
at room temperature for 3 h. The volume was reduced in vacuo 
to =lo mL, and precipitation was completed by the addition of 
degassed methanol (40 mL). The mixture was stirred at =O "C 
for 15 min and then allowed to settle, after which the supernatant 
liquid was drawn off and the solid was washed with methanol (20 
mL) and then dried under a stream of Nz followed by vacuum. 
The product was recrystallized from THF/hexanes (30 mL/50 
mL) to give an 83% yield (2.01 g, 1.10 mmol) of 
[(MePhzP)zNi]3(fi-l,4-C6F4)2Br2 as a medium orange powder. 
Anal. Calcd CgOH7J3r2FJVi3P6: C, 58.96; H, 4.29; Br, 8.72. Found: 
C, 58.72; H, 4.50; Br, 8.35. 

The compound [(MePhzP)zNi]3(fi-1,4-CsF4)zC1z was prepared 
using a procedure analogous to that above (using (MePhzP)zNiC1z 
in place of (MePhzP)zNiBrz) and was obtained in 47% yield.16 
Anal. Calcd for CwH78C12F8Ni3P6: C, 61.97; H, 4.51; C1, 4.06. 
Found: C, 60.82; H, 4.55; C1, 4.27. 

(e) [(MePhzP)zNi(1,4-C6F4H)]z(~-1,4-C6F4). To a solution 
of 1,2,4,5-tetrafluorobenzene (0.20 mL, 0.27 g, 1.8 mmol) in THF 
(10 mL) that had been cooled in a dry ice/acetone bath to -78 
"C was added n-butyllithium (0.40 mL, 2.5 M n-BuLilhexanes; 
1.00 mmol n-BuLi).13 The resulting colorless suspension of 1,4- 
C6F4HLi thus formed14 was stirred at -78 "C for 15 min and 
then was transferred via cannula to a suspension of 
[(MePhzP)zNiBr]z(fi-1,4-C6F4) (0.500 g, 0.408 mmol) in THF (5 
mL) that had been cooled to =O "C in an ice water bath. The 
mixture was stirred at =O "C for 1 h, during which time the 
suspension changed from light orange to medium yellow, and then 
at room temperature for 3 h. The volume was reduced to 4 mL 
in vacuo and degassed methanol (15 mL) was added, resulting 
in formation of a light orange solid. This mixture was stirred at 
=O "C for 15 min and allowed to settle, and then the supernatant 
liquid was drawn off by cannula. The remaining solid was washed 
with methanol (10 mL) and then dried under a stream of Nz and 
then in vacuo. The product, [ (MePhzP),Ni(l,4-C6F4H)]z(~-l,4- 
C6F4), was thus obtained as a pale orange powder (0.13 g, 0.095 
mmol) in 23% yield. Anal. Calcd for C70H51F12Ni2P4: C, 61.62; 
H, 3.99. Found: C, 61.80; H, 4.00. 

The compound [(MePhzP)zNi]3(fi-1,4-~6F4)z~l,4-~~~4H)~ was 
prepared using a procedure analogous to that above (substitutmg 
[ (MePhzP)zNi] 3(.p- 1 ,4-C$,),BrZ for [ (MePh,P),NiBr] ,4-C$4)) 
and was obtained in 24% yield.16 

Preparation of Cis/Trans Isomer Mixtures of 
(MePhzP)zNi(l,4-C6F4Br)2. The same method was used as was 
employed to synthesize pure tr~ns-(MePh~P)~Ni(l,4-C$~Br)~ (see 
part b above) with the exception that the total reaction time (i.e. 
starting with the addition of C6F4BrLi to the (MePh2P),NiBr2 
solution and terminating with the addition of methanol to the 
product mixture) was limited to ea. 4 h. The yellow solids obtained 
were shown via 31P{1H) and 19F NMR spectroscopy to consist of 
20-50% of C~~-(M~P~~P)~N~(~,~-CQF,B~),, with the balance being 
the trans isomer. 

Prepara t ion  of [(MePhzP)zNiBr](cl-l,4-C6F4)- 
[(MePhzP~zNi(l,4-C~F4H~1/[(MePhzP)zNil3(~-l,4-C6F4~zBrz 
Mixture. When the preparation of [(MePh,P)zNi]3(fi-1,4- 
C6F4)2Br2 was attempted as described in part d, above, using a 
sample of (MePhzP)zNi(l,4-C6F4H)z which had not been re- 

McDonald et al. 

crystallized (i.e. the material isolated as in part b, above, after 
precipitation by the addition of methanol), the reaction product 
was found to be somewhat lighter in color than pure 
[ (MePh,P),Ni]3(/1.1,4-C6F4)2Br2 and was shown via 31P(1H) and 
19F NMR spectroscopy to contain a significant proportion 
(20-80%) of [ (MePh,P),NiBr] (w-1,4-C6F4) [ (MePh,P),Ni( 1,4- 
C&F4H)]. Although this material was never entirely separated from 
[(MePhzP)2Ni]3(fi-1,4-C6F4)2Br2, its 31P{'H), 19F, and some of its 
'H NMR spectroscopic resonances could be discerned and are 
reported in Table I. 

Results and Discussion 
As was stated in the Introduction, we are interested in 

the preparation of polymeric materials containing re- 
peating units composed of square-planar trans-bis(phos- 
phinehickel centers bridged by fluoroaryl groups. Initial 
investigations within this laboratory were concerned with 
the chemistry of triphenylphosphine-containing complexes 
(the best studied, least costly, and easiest to handle 
phosphine). A series of mononuclear mono- and diary1 
complexes was prepared, either via oxidative-addition re- 
actions with Ni(PPh3),, e.g. 
Ni(PPh3)4 + 1,4-C6F4Br, - 

(Ph3P),Ni(l,4-C6F4Br)Br + 2PPh3 (1) 
or via metathesis reactions between (Ph3P),NiBrz and 
aryllithium reagents, e.g. 
(Ph3P),NiBr, + C6F5Li - (Ph3P),Ni(C6F5)Br + LiBr 

(2) 
(Ph3P),NiBr, + 2C6F5Li - (Ph3P)2Ni(C6F5), + 2LiBr 

(3) 
However, the syntheses of complexes of higher nuclearity 
were unsuccessful. Thus, the reactions of 2 equiv of Ni- 
(PPh3), with l equiv of various p-dibromobenzenes, in 
which we were attempting to produce arene-bridged com- 
plexes, e.g. 
2Ni(PPh3), + 1,4-CGF4Brz ++ 

[(Ph3P)zNiBr]z(ll-l,4-C6F4) + 4PPh3 (4) 
yielded only mixtures of starting material and mono- 
metallic monoaryl complexes, e.g. 
2Ni(PPh3), + l14-C6F4Br~ - 

(Ph3P),Ni( 1,4-C6F4Br)Br + Ni(PPh3), + 2PPh3 (5) 
Qualitative simulations of the molecular geometries of the 
desired polynuclear complexes containing p-phenylene- 
bridged (Ph,P),Ni unitd7 were carried out using the pro- 
gram Chem3D Plus (Cambridge Scientific Computing) and 
showed significant steric interactions to be present between 
the phenyl rings of Ph3P groups attached to adjacent nickel 
centers. This interaction was the result of the relatively 
short Ni-Ni distances in these species ( ~ 6 . 6  A) and the 
relatively large cone angle of PPh3 (~145O) .~  These 
qualitative models suggested that these adverse interfer- 
ences could be decreased if the bridging p-phenylene rings 
were replaced by other aromatic groups, which would 
produce larger Ni-Ni separations (e.g. 4,4'-biphenyl), or 
if the cone angle of the phosphine ligand were reduced. 
Consequently, we redirected our efforts toward the syn- 
thesis of the PMePh,-containing nickel monomers and 
oligomers, since this phosphine ligand has a sufficiently 
small cone angle ( ~ 1 3 6 ~ ) ~  that no inter-phosphine steric 
interactions were observed in our molecular modeling 

(17) Metrical parameters for the individual (R3P),NiAr2 and p-1,4- 
C6Fl fragments were approximated from thme reported for the related 
monometallic complexes.'sbJ8 

(18) Churchill, M. R.; Veidis, M. V. J. Chem. SOC., Dalton Trans, 1972, 
670-675. 
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Linear Nickel Complexes 

studies and because its methyl group is useful for estab- 
lishing the geometry around the nickel center as either cis 
or trans (by NMR spec t ros~opy) .~~ 

As can be seen from the results presented in the Ex- 
perimental Section, the preparations of these complexes 
are, in principle, relatively straightforward. However, 
particular care must be taken in controlling the rate of 
addition of n-butyllithium during the generation of the 
aryllithium reagents,14 especially in the case of 1,4- 
C&?4HLi, where formation of unwanted 1,4-C6F4Liz can 
occur, i.e.l4vZ0 
1,4-C6F4Hz + n-BuLi - 
1,4-C6F4Brz + n-BuLi - 

(1 - 2n)l,4-C6F4BrLi + n 1,4-C6F4Liz + n-BuBr (7) 
The amount of 1,4-C6F4Liz formed as a byproduct in these 
reactions can be minimized through use of an excess of the 
parent fluoroaryl compound and by slow addition of n- 
BuLi at  low temperatures (-78 OCL2' In the synthesis 
of [ ( MePhZP),NiBr] Jp- 1 ,4-C6F4), i.e. 
2(MePh2P)2NiBrz + 1,4-C6F4Liz - 

[(MePhzP)zNiBr]z(p-1,4-C6F4) + 2LiBr (8) 
where 1,4-C6F4Li2 is the desired reagent, i.e.'l 
1,4-C6F4Brz + 2n-BuLi - 1,4-C6F4Liz + 2n-BuBr (9) 
it is important to avoid the presence of excess n-butyl- 
lithium in the reaction mixture, since formation and de- 
composition of unstable alkylnickel species can result,22 
e.g. 
(MePhzP)zNiBrz + n-BuLi - 

(1 - 2?~)1,4-C6F.&Li + n 1,4-C6F&iz + C4H10 (6) 

(MePhzP)2Ni(n-Bu)Br + LiBr (10) 
(MePh,P),Ni(n-Bu)Br - decomposition (11) 

No special efforts were made to optimize the yields of the 
organometallic products described below. However, NMR 
spectroscopic monitoring of the reactions indicated that 
they proceed essentially quantitatively and that any par- 
ticularly low isolated yields may be due to the relative 
inefficiency of the particular isolation procedures em- 
ployed. 

The reaction of (MePhzP),NiBr2 with 1 or 2 equiv of 
1,4-C&?4XLi (X = H, F, Br) yields the respective monoaryl 
(MePhzP)zNi(l,4-C6F4X)Br and diary1 (MePh2P)zNi(l,4- 
C6F4X)2 nickel complexes, i.e. 
(MePhZP),NiBr2 + 1,4-C6F4XLi - 

(MePhzP)zNi(l,4-C6F4x)Br + LiBr (12) 
(MePh2P)zNiBr2 + 2 1,4-C6F4XLi - 

(MePh2P)zNi(1,4-C6F4X)z + 2LiBr (13) 
Although the mono- and bis(pentafluoropheny1) com- 
pounds had been previously prepared15 and have been 
structurally ~haracterized, '~~J* we were interested in the 
NMR spectroscopic parameters of the series of complexes, 
including the effects of substitution a t  the 4-position of 
the coordinated fluoraryl group. Within the series of 
monoaryl complexes it can be seen (Table I) that a change 
of substituent a t  the 4-position from H to F to Br results 

(19) (a) Harris, R. K. Can. J. Chem. 1964,42,2275-2281. (b) Hunter, 
A. D.; Legzdins, P. Inorg. Chem. 1984,23,4198-4204. (c) Hunter, A. D.; 
Legzdins, P. Organmetallics 1986,5, 1001-1009. 

(20) It is therefore particularly important to regularly standardize the 
solutions of n-BuLi to be used.13 

(21) Care must also be taken to avoid allowing solutions of these 
reagents to warm to ambient temperature in the absence of suitable 
reactants, since LiF elimination and consequent benzyne formation can 
result." 

(22) Jolly! P. W.; Wilke, G. The Organic Chemistry of Nickel (Volume 
I Organonickel Complexes); Academic: New York, 1974; p 151. 
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in increased shielding of the coordinated phosphorus 
nuclei, as observed in the shift to higher field of the 31P(1H) 
NMR signals for the respective compounds. The opposite 
trend is seen for the fluorine nuclei in the ortho positions 
relative to the nickel center, which for the full series of 
compounds discussed in this paper are characteristically 
observed in the 19F NMR spectra at  shifts between -114 
and -121 ppm, while the fluorine atoms a t  the positions 
meta- or para-substituted to Ni occur a t  chemical shifts 
closer to those for the free fluoraryl precursors (Le. -136 
to -164 ~ p m ) . ~ ~  The 'H NMR chemical shifts of the 
protons of the PMePhz ligands appear to be relatively 
insensitive to such changes in substituents on the fluoro- 
aryl ring. The 1H(31Pj NMR spectra of these compounds 
indicate that the phosphine phenyl protons ortho-sub- 
stituted to the phosphorus nuclei resonate at  lower field 
than the para- and meta-substituted protons and that the 
phosphine methyl protons show no other couplings than 
those to the phosphorus atoms. The appearance of the 
phosphine methyl resonances in the 'H NMR spectra in- 
dicates that the phosphorus atoms and methyl protons are 
behaving as an AAX3X3' spin system with a strong virtual 
couplinglg between the methyl protons of one phosphine 
ligand and the phosphorus nucleus of the other. Such 
coupling gives these methyl resonances of each of the 
products isolated the appearance of a 1:2:1 triplet in the 
'H NMR spectrum, typically occurring between 1.5 and 
2.1 ppm. 

Although the (MePhzP)2Ni(l,4-C6F4X)2 (X = H, F, Br) 
complexes are synthesized in a manner similar to that used 
for the monoaryl species, significantly longer reaction times 
are required to produce spectroscopically pure products. 
If, for example, the reaction of (MePh,P),NiBr, with 2 
equiv of 1,4-C$4BrLi is stopped after only 4 h, the isolated 
material is a mixture of the trans and cis isomers of 
(MePhzP),Ni(l,4-C6F4Br)z, with the latter being present 
in varying but substantial proportions (10-50%), i.e. 

?Mephi- FA 

F4 PMePh2 F4 MePhzP -Ni 

Br - & i i a B r  

PMePhz 

rir 

2 3 

Thus, the 31P(1H) NMR chemical shift of the cis complex 
(6.98 ppm) is significantly upfield of that for the trans 
species. The 19F NMR resonances for the cis compounds 
are similar in chemical shift (but not overlapping) and 
appearance to those of the trans isomers, indicating that 
the coordinated aryl rings retain their para-substitution 
geometries. The strongest indicator of the coordination 
geometry of the cis complexes is the appearance of the 
phosphine methyl protons' resonances in the 'H NMR 
spectra, which, for the cis isomers, are shielded by ap- 
proximately 0.24 ppm compared to their trans analogues. 
For ~is-(MePh~P)~Ni(l,4-C~F~Br)~, this signal is again a 
pseudotriplet characteristic of an AA'X3X{ spin system, 
but the central line is of lower intensity and broader than 
the two external lines. The appearance of this resonance 
suggests that the zJp-p coupling is significantly smaller than 
in the related complex that contains trans-phosphine lig- 
ands and is consistent with a cis disposition of the PMePh, 

(23) For the fluorinated arenes 1,2,4,5-CBF4H2 and 1,4-CP4Br the '@F 
NMR chemical shifts are -140.07 and -132.00 ppm, respecthy,  in 
CD2Cl2 solution; for C6F5Br the shifts are -133.02 (Foltha), -154.87 (F-), 
and -160.91 ppm (Fme,J 
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 group^.'^ Although the cis isomers appear to be stable in 
the solid state, we find that for cis-(MePh,P),Ni(l,4- 
C6F4Br)2 complete conversion to the trans isomer occurs 
over several days in THF solution, i.e. 
ci~-(MePh~P)~Ni(l,4-C~F~Br)~ - 

trans-(MePh,P),Ni(l,4-c6F4Br)z (14) 
The trends in chemical shifts in the 31P{’H), 19F, and ‘H 

NMR spectra within the series of diarylnickel complexes 
mirror those for the monoaryl series, but the differences 
between the  (MePh2P),Ni(  l ,4-C6F4X),  and  
(MePhzP),Ni(l,4-C6F4X)Br complexes containing the same 
aryl group are also worthy of note. In all cases the 31P{1H) 
NMR resonances for the diaryl complexes are shifted 
downfield (by at  least 0.66 ppm) from the positions of their 
monoaryl counterparts (e.g. 8.74 ppm for (MePhZP),Ni- 
(1,4-C6F4Br)Br, 9.40 ppm for (MePh2P)2Ni(l,4-C6F4Br)z). 
The 19F NMR signals for the fluorine nuclei ortho-sub- 
stituted to the nickel center are, in each diaryl complex, 
shifted downfield by approximately 1.75 ppm compared 
to the same peaks for the monoaryl compounds (e.g. 
-119.41 ppm for (MePhzP)2Ni(l,4-C6F4H)Br, -117.64 for 
(MePh2P)zNi(l,4-C6F4H)2), while the fluorine atoms 
meta-substituted to Ni are not as significantly affected, 
showing a t  most an upfield shift of 0.22 ppm. The signal 
due to the fluorine atoms para-substituted to Ni in 
(MePhzP)zNi(C6F5)z is moderately shifted, occurring 0.87 
ppm downfield of the corresponding resonance for 
(MePh2P)2Ni(CJ?5)Br. Of the ‘H NMR resonances for the 
phosphine phenyl protons of the diaryl complexes, only 
those due to the protons ortho-substituted to phosphorus 
are affected, being shifted approximately 0.1 ppm upfield. 
A more noticeable change occurs in the position of the 
phosphine methyl protons’ signals, which resonate between 
2.06 and 2.00 ppm for the monoaryl complexes and be- 
tween 1.66 and 1.61 ppm for the diaryl species. The 
protons on the fluoroaryl ring which are para-substituted 
to Ni give rise to a signal in (MePh,P),Ni(l,4-C6F4H)z that 
is 0.24 ppm upfield of that due to the corresponding proton 
in (MePhzP),Ni(l,4-C6F4H)Br. 

As stated earlier, we anticipated that an advantage of 
using the methyldiphenylphosphine ligand in these com- 
pounds instead of triphenylphosphine would be that the 
decreased spatial requirements of PMePh, would allow 
extended linear chains of arene-bridged nickel centers to 
be constructed. Our initial results indicate that this should 
be possible, as we have successfully synthesized several 
linear bi- and trimetallic complexes of the formula 
[(MePhzP)2Ni].(p-l,4-C6F4)yX2 ( x  = 2, y = 1, X = Br, 
1,4-C6F4H; x = 3, y = 2, X = C1, Br, 1,4-C6F4H; Figure 1). 
The synthetic routes to the bimetallic monoaryl 
[ (MePh2P)zNiBr]z(p-l,4-C6F4) and the trimetallic diaryl 
[ (MePh2P)zNi]3(p-1,4-c6F4)zBrz complexes are quite sim- 
ilar, involving reactions of 2 equiv of (MePhzP)zNiBrz with 
1 equiv of 1,4-CsF&iz or (MePh2P),Ni( l,4-C6F4Li),, re- 
spectively, i.e. 
2(MePh2P),NiBr2 + 1,4-C6F4Li2 - 

[(MePh2P)2NiBr]2(p-1,4-C6F4) + 2LiBr (15) 
2(MePh2P)2NiBr2 + (MePh2P)2Ni(l,4-C6F4Li)z - 

[(MePhzP)zNi]3(p-1,4-C6F4)2Br2 + 2LiBr (16) 
with the latter reagent being prepared from the reaction 
of (MePh2P)zNi(l,4-C6F4H)z with n-butyllithium, i.e. 
(MePhzP)zNi(l,4-C6F4H)2 + 2n-BuLi - 

(MePhzP)zNi(l,4-C6F4Li)z + 2C4H10 (17) 
In turn, the bimetallic triaryl [ (MePhzP),Ni(l,4- 
C6F4H)z]2(/.(-1,4-C6F4) and trimetallic tetraaryl 
[ (MePhzP)2Ni]3(~-1,4-~6F~)2(l,4-c6F4H)z species may be 

McDonald et al. 

PMePhz F~ PMePhz F~ PMePhz 
x - N i e y + V - x  I -/ I -/ I 

I ‘ I  

F~ PMePh2 F~ PMePhz F~ PMePhz F~ 

H e j i - @ i i G j i a H  

PMePh2 PMePhz PMePhz 

Figure 1. Structures of the linear bi- and trimetallic complexes 
(X = Br, Cl). 

obtained via reaction of the “arene-poor” compounds with 
2 equiv of 1,4-C6F4HLi, i.e. 
[ (MePhzP)zNiBr]z(p-1,4-C6F4) + 2 1,4-C6F4HLi - 
[(MePh2P)zNi(l,4-C6F4H)]z(p-l,4-c6F4) + 2LiBr (18) 

[(MePhzP)zNi]3(p-l,4-C6F4)zBr2 + 2 1,4-C6F4HLi - 
[(MePhzP)zNi]3(p-l,4-C6F4)z(l,4-C6F4H)z + 2LiBr (19) 

The structures of each of these new air- and thermally- 
stable bi- and trimetallic complexes (see Figure 1) were 
unambiguously established by their 31P(1H1, 19F, and ‘H 
NMR spectra (Table I), which were found to vary signif- 
icantly as a function of oligomer chain length and end 
group. 

For the bimetallic complexes, the NMR data are all 
consistent with the proposed linear structures having a 
single type of (MePh2P),Ni center (Figure 1 and Table I). 
However, it is found that the 31P(1H) NMR resonance for 
[(MePhzP)zNiBr]z(p-1,4-C6F4) is shifted to higher field by 
~3.2-3.7 ppm compared to the monoaryl complexes (Table 
I) even though all contain (MePhzP)zNi(l,4-C6F4X)Br 
units. Similarly, the phosphine phenyl protons’ ‘H NMR 
resonances on this bimetallic complex occur a t  =0.1-0.2 
ppm lower field, while their methyl resonances occur a t  
~ 1 . 0  ppm higher field than do the corresponding peaks for 
(MePhzP)zNi(l,4-C6F4X)Br compounds. Substitution of 
the Br ligands in [(MePhzP)zNiBr]z(p-l,4-C6F4) by 1,4- 
C6F4H produces an even more dramatic downfield shift 
of the 31P{1H) NMR resonance (Le. =5 ppm) than when 
the analogous replacement is done for the (MePh2P)zNi- 
(1,4-C6F4X)Br complexes (Le. 0.7-1.3 ppm). Similarly, the 
addition of the 1,4-CP4H groups causes the 19F resonance 
due to the p-1,4-C6F4 fluorine nuclei to be deshielded by 
0.98 ppm and ‘H resonances of the phosphine ligands to 
be shielded for the phenyl protons and to be deshielded 
by 0.23 ppm for the methyl protons. 

For the trimetallic complexes, the NMR data are all 
consistent with the proposed linear structures having two 
different types of (MePhzP)2Ni centers (Figure 1 and Table 
I). For example, the 31P(1HJ NMR spectrum of 
[ (MePh2P),Ni]3(p-l,4-C6F4)2Br2 (Figure 2) shows two sig- 
nals in 2:l relative intensity, corresponding to the phos- 
phorus atoms coordinated to the terminal and central 
nickel nuclei, respectively. The chemical shift for the 
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31P{1H) 

, . . .  I 
8 . 0  6 . 0  

ppn  

I , . . . ) .  

-116.0 -116.5 
p p n  

! . . . . I , , ,  

-120.5 -121.0 
ppn 

I . . . . I  
7 . 5  7.0 

PPM 

I . . , . ,  

1 .0 . 5  
PPM 

Figure 2. ‘H, 19F, and 31P(1H} NMR spectra of 
[ (MePh2P)2Ni]3(p-1,4-CsF4)zBrz. 

terminal nickels’ phosphine nuclei is deshielded by e0.6 
ppm compared to those in [(MePhzP)zNiBr12(p-1,4-C6F4), 
while the resonance due to the central nickel’s phosphlnes 
is shielded by ~0 .8-1 .9  ppm compared to  the 
(MePh2P)2Ni(1,4-C6F4X)2 complexes. The ‘H NMR sig- 
nals for the methyl protons of this “sene-poor” trimetallic 
oligomer are shielded by ~0.4-0.6 ppm compared to the 
related mono- and bimetallic species (i.e. (MePhzP)zNi- 
(1,4-C,$& and [ (MePhzP)2NiBr]z(p-l,4-C6F4), respec- 
tively) and are observed in the expected 2:l ratio. Re- 
placement of the terminal bromide ligands of 
[ (MePh2P)2Ni]3(p-l,4-C6F4)2Br2 by 1,4-C6F4H groups to 
give the “arene-rich” trimetallic results in a shift of the 
terminal phosphines’ 31P(1H) NMR resonance to almost 5 
ppm lower field, as is observed for the analogous substi- 
tution with the bimetallic species. In addition, the signal 
due to the central phosphine atoms of [(MePh,P),Ni],(p- 
1,4-C6F4)2(1,4-C6F4H)z is shifted by 0.64 ppm downfield 
of the corresponding resonance in the “arene-poor” tri- 
metallic oligomer. A moderate shift in the ‘H NMR res- 
onances of the phosphine phenyl Hs  to higher field is also 
observed on the addition of the terminal aryl groups, but 
more noticeable is the change in the relative positions of 
the phosphines’ methyl protons. Thus, those located on 
the PMePhz groups coordinated to the terminal nickel 
centers undergo a downfield shift of 0.50 ppm upon re- 
placement of Br by 1,4C6F4H (a displacement in the same 
direction as, but of greater magnitude than, the shift for 
the bimetallic complexes), while the signal due to the Me 
protons of the  central  (MePhzP)2Ni uni t  of 

[(MePhzP)zNi]3(p-l,4-C6F4)2(l,4-C6F4H)z is observed a t  
0.33 ppm upfield of the analogous peak for the “arene- 
poor” trimetallic oligomer. 

Occasionally during the synthesis of [ (MePh,P),Ni],- 
(p-1,4-C6F4)zBr2, NMR evidence for the synthesis of an 
unsymmetrical bimetallic byproduct, which we have ten- 
tatively identified as [ (MePhzP),NiBr] (p-1,4-C6F4)- 
[ (MePhzP)zNi(l,4-C6F4H)], was observed. The 31P(1H} 
NMR spectrum of this unsymmetrical complex shows 
resonances a t  10.28 and 6.42 ppm; the former is close to 
that of [(MePhzP)zNi(l,4-C6F4H)z]z(p-l,4-C6F4), while the 
latter is similar to that for [ (MePhzP)zNiBr]2(p-1,4-C6F4) 
and [(MePhzP)zNi]B(p-1,4-C6F4)zBrz (Table I). The 19F 
NMR spectrum shows four resonances due to this complex, 
three of which are a t  chemical shifts characteristic of 
fluorine nuclei that are ortho-substituted to nickel (i.e. 
-115.95, -118.39, and -120.82 ppm) and one of which is 
consistent with the fluorine atoms that are meta-substi- 
tuted to nickel on a terminal 1,4-C6F4H group (Le. -143.09 
ppm). Finally, the Phosphines’ methyl protons give rise 
to two virtual triplets at  1.56 and 0.82 ppm, which can be 
tentatively assigned to the (MePh2P)zNi(l,4-C,F,H)(p- 
1,4-C6F4) and (MePh2P)zNiBr(p-1,4-C6F4) fragments, re- 
spectively. Although the origin of this novel species is not 
entirely certain, it seems to arise from incomplete depro- 
tonation of the monometallic starting material, i.e. 
(MePhzP)2Ni(l,4-C6F4H)z + n-BuLi - 
(MePhZP),Ni( 1,4-C6F4H) ( 1,4-C6F4Li) + 

(MePh2P),NiBr2 - 
[ (MePhzP)2NiBr] (p-1,4-C6F4) [ (MePhzP)zNi(l,4-C6F4H)] 

(21) 
due to the consumption of some of the n-BuLi added by 
methanol and/or water occluded in the (MePh2P),Ni- 
(l,4-C6F4H)2 used. 

Our electrochemical studies of bimetallic complexes such 
as 1,4-C6F4Fp2 (where Fp = (s5-C5H5)Fe(C0),) have une- 
quivocally indicated that the 1,4-tetrafluorophenylene 
ligand is an excellent electronic bridging group between 
adjacent 18-electron iron centemgc I t  is therefore not 
surprising that the ‘H, I9F, and ,‘P NMR data discussed 
above suggest that the same is true for the 16-electron 
nickel centers in these linear bi- and trimetallic complexes. 
In particular, the observation that the chemical shifts of 
the phosphine ligands and perfluorophenylene bridging 
groups show a substantial dependence on the identity of 
the oligomer end groups and on the oligomer chain lengths 
strongly suggests that there is significant conjugation down 
the oligomer backbones. This is very promising in terms 
of the potential utilities of these novel materials and their 
higher oligomers for practical applications which depend 
on their nonlinear optical and electrical properties. 

Conclusions 
In this study, we have developed a relatively simple 

methodology for synthesizing the requisite bimetallic 
linkages in a series of linear mono-, bi-, and trimetallic 
complexes containing (MePh2P)zNi units and bridging 
and/or terminal fluoroaryl groups. These oligomers have 
been found to be amenable to characterization via mul- 
tinuclear (31P(1H), 19F, ‘H) NMR spectroscopy, such that 
the number of nickel centers present in the compounds 
and the coordination geometry around the nickel atoms 
can be easily determined. The NMR data also suggest that 
there is significant electronic interaction between the ad- 
jacent metal centers in the oligomers. The success of the 
synthetic studies indicates that the syntheses of oligomers 

(MePhzP)2Ni(l ,4-C6F4H) (1 ,4-C6F4Li) (20) 
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and polymers of higher nuclearity might be expected to 
proceed analogously (i.e. via the stepwise methodology used 
to prepare the trimetallic derivatives or via convergent 
syntheses in which “arene-poor” complexes are reacted 
with dilithiated “arene-rich” reagents). Indeed, such 
studies are currently underway in our group. 
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Addition of preformed carbamate anions RR’NHC02-+HBase, generated from various primary and 
secondary amines and carbon dioxide, to (norbornadiene)paJladium dichloride at -78 “C followed by addition 
of DIPHOS (bis(dipheny1phosphino)ethane) and then reductive cleavage at 0 “C with sodium borohydride 
gave nortricyclo carbamate esters (la-d) in good yields (75-100% by GC). Cleavage with anhydrous hydrogen 
chloride also gave nortricyclo carbamate esters. Addition of (dicyc1opentadiene)palladium dichloride to 
the carbamate anion at 0 “C gave the corresponding carbamate esters (2a-i) in good yields (53-100% by 
GC) after reductive cleavage with either sodium borohydride or dihydrogen. Addition of BuNHC02+H3NBu 
to 1,4-(cyclooctadiene)palladium dichloride at -35 “C followed by reductive cleavage with sodium borohydride 
gave cyclooct-4-enyl-1 N-butylcarbamate (3) in 16% isolated yield. An indication of the nucleophilicity 
of the carbamate anion was obtained by direct competition studies with the acetate anion on attack on 
(dicyc1opentadiene)palladium dichloride at 0 “C. The relative rate of reaction of BuNHC02-+H3NBu vs 
AcO-+H,NBu was determined to be 1:2.66. 

Introduction 
Urethane and polyurethane materials find many im- 

portant applications. These materials are historically made 
by the addition of an alcohol to an isocyanate (eq l ) . I  The 
isocyanate in turn is constructed by the addition of 

(1) 
RNH2 + COClz - RN=C=O + 2HC1 (2) 

phosgene to an amine with elimination of 2 equivalents 
of hydrogen chloride (eq 2). This method for the pro- 
duction of urethane compounds has the major drawback 
of using highly toxic raw materials, phosgene and iso- 
cyanates. Several publications and patents have dealt with 
either making isocyanates without the use of phosgene or 
constructing urethanes without the use of either phosgene 
01 ‘jocyanates.2 These published results have found only 
limited success. 

The utilization of carbon dioxide in the construction of 
useful moieties has drawn considerable a t t e n t i ~ n . ~  One 
strategy for carbon dioxide activation is the addition of 
either a primary or secondary amine, as shown in eq 3, 
giving a carbamate salt.4 Once carbon dioxide has been 
activated by the amine, the carbamate salt can then be 
used in further steps to give stable  product^.^ 

RN=C=O + R’OH -+ RNHCOZR’ 

(1) For a discussion of urethane chemistry see: Oertel, G. Poly- 
urethane Handbood; Hanser: Munich, 1985. 

(2) One recent example appears in US. Patent 4713476 issued to 
Bayer which generates urethanes from amines, alcohols, and urea. 

(3) See for example: Inoue, S.; Yamazaki, N. Organic and Bio-organic 
Chemistry of Carbon Dioxide; Kodansha: Tokyo, 1982. Darensbourg, 
D. J.; Kudaroski, R. A. Adu. Organomet. Chem. 1983, 22, 129. Aresta, 
A.; Forti, G. Carbon Dioxide as a Source of Carbon; NATO AS1 Series 
C; Reidel: Dordrecht, The Netherlands, 1987; Vol. 206. 

(4) Fichter, R.; Becker, B. Chem. Ber. 1911,44, 3481-3485. Jensen, 
A,; Christensen, R.; Faurholt, C. Acta Chem. Scand. 1952,6,1086-1089 
and references therein. Lallau, J. P.; Masson, J.; Guerin, H.; Roger, M.-F. 
Bull. SOC. Chim. Fr. 1972. 3111-3112. 

0276-7333/92/2311-0900$03.00/0 

2RR’NH + C02 + RRJNC02-+H2NRR’ (3) 
The use of the carbamate anion as a nucleophile has 

been investigated, but with only limited success. The 
carbamate anion has been reported to give two major types 
of products when used as a nucleophilic agent. The desired 
product is that which results from oxygen attack on 
electrophiles giving urethane compounds while the other 
major reaction mode results from nitrogen attack giving 
amine products. It is not clear whether the nitrogen attack 
results from free amine (as a result of the equilibrium 
established from the reaction of the amine with carbon 
dioxide, eq 3) or directly from attack at  the nitrogen of the 
carbamate anione6 An illustration of this multiple re- 

(5) (a) Toda, T. Chem. Lett. 1977,957-958. (b) Asano, T.; Saito, N.; 
Ito, S.; Hatakeda, K.; Toda, T. Ibid. 1978,311-312. (c) Toda, T.; Kita- 
gawa, Y. Angew. Chem., Int. Ed., Engl. 1987,26,334-335. (d) Yoshida, 
Y.; Inoue, S. Bull. Chem. SOC. Jpn. 1978,51,559-560. (e) Yoshida, Y.; 
Inoue, S. C h m .  Lett. 1978,139-140. (f) Yoshida, Y.; Inoue, S. J. Chem. 
SOC., Perkin Trans. 1 1979,3146-3150. (g) Yoshida, Y.; Inoue, S. Polym. 
J.  1980,12,763-766. (h) Yoehida, Y.; Ishii, S.; Yamashita, T. Chem. Lett. 
1984, 1571-1572. (i) Yoshida, Y.; Ishii, S.; Kawato, A.; Yamashita, T.; 
Yano, M.; Inoue, S. Bull. Chem. SOC. Jpn. 1988,61,2913-2916. 6) Ishii, 
S.; Nakayama, H.; Yoshida, Y.; Yamashita, T. Ibid. 1989,62,455-458. (k) 
Yoshida, Y.; Ishii, S.; Watanabe, M.; Yamashita, T. Bull. Chem. SOC. Jpn. 
1989,62,1534-1538. (1) Sasaki, Y.; Dixneuf, P. H. J. Chem. SOC., Chem. 
Commun. 1986,790-791. (m) Dixneuf, P. H.; Mahe, R. TetrahedronLett. 
1986,27,6333-6336. (n) Sasaki, Y.; Dixneuf, P. H. J. Org. Chem. 1987, 
52, 315-316. (0) Sasaki, Y.; Dixneuf, P. H. J. Org. Chem. 1987, 52, 
4389-4391. (p) Bruneau, C.; Dixneuf, P. H.; Lecolier, S. J. Mol. Catal. 
1988,44,175-178. (4) Mahe, R.; Sasaki, Y.; Bruneau, C.; Dixneuf, P. H. 
J. Org. Chem. 1989,54,1518-1523. (r) Fournier, J.; Bruneau, C.; Dixneuf, 
P. H.; Lecolier, S. J. Org. Chem. 1991,56,4456-4458. ( 8 )  Mitaudo, T.-A.; 
Hori, Y.; Yamakawa, Y.; Watanabe, Y. Tetrahedron Lett .  1987, 28, 
4417-4418. (t) Tsuda, T.; Washita, H.; Watanabe, K.; Miwa, M.; Saegusa, 
T. J. Chem. SOC., Chem. Commun. 1978, 815-816. (u) Belforte, A.; 
Calderazzo, F. J. Chem. SOC., Dalton Trans. 1989,1007-1009. (v) Haynes, 
P.; Slaugh, L. H.; Kohnle, J. F. Tetrahedron Lett. 1970,5365-368. (w) 
Schreiner, S.; Yu, Y.; Vaska, L. J. Chem. SOC., Chem. Commun. 1988, 
602-603. (x) Hori, Y.; Nagano, Y.; Nakao, J.; Fukuoka, T.; Taniguchi, 
H. Chem. Express 1986,1, 224-227. 
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