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Summary

The oxidative addition of aryl halides RX, (R =2,3-, 2,6-, or 3,5-C;H,Cl,, Ph,
2-MeC,H,; X =1, Br) to [NiBr(PPh,),] has been studied. The reaction of the
iododichlorobenzenes give the organometallics [NiXR(PPh,),]. The reactivity of the
aryl halides decreases from RI to RBr; with RCl no reaction is observed. An
aromatic nucleophilic substitution process may be involved in the reaction between
nickel and the polychloroaryl halide.

The presence of RH may be due to a mechanism involving the formation of RX~
species. The greater lability of PPh; with respect to PMe, Ph or PEt, may explain the
fact that no RH is observed in the reaction of halopolychlorobenzenes with com-
plexes of nickel(0) or nickel(I) containing PPh,.

Introduction

The reactions of aryl halides with nickel(0) complexes have received much
attention, both from the point of view of the mechanism [1,2], and with respect to
the organometallic synthesis [3—5). The standard reaction of the organic halide with
nickel(0) complexes gives the organometal [NiXRL,] but often also nickel(I) species
[2,6]. The proposed mechanism involves displacement of the halide by a metallic
nucleophile (eq. 1) [5,7] and a non-chain free radical mechanism (eq. 2) [2,8] that
may be initiated by electron transfer to the aryl halide

ML, +RX - [L,MR] "X~ > [MXRL,] (1)
ML, + RX - [L,M] "[RX*]” - [MXRL,] )

The mechanism clearly depends on the metal substrate, the organic halide and the
reaction conditions, but the role of the intermediate oxidation state of nickel in the
reaction is not clear, nor is there much information on the behaviour of organic
halides towards the compounds [NiXL,]. Morvillo and Turco [9] have observed that
in the addition of methyl and ethyl halides to [NiX(PEt,);] complexes, the reaction
is 10-20 slower than that to nickel(0) complexes but the product distribution is
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analogous. Tsou and Kochi [2] indicate that the reaction of the aryl halides with
[NiX(PEt;),] gives [NiX,(PEt;),] and the R« radical which by abstraction of the
hydrogen of the solvent produces RH. We have previously studied the oxidative
addition of halopolychlorobenzenes on [Ni(PPh,),] [S], which can be interpreted in
terms of a nucleophilic displacement on the aryl halide. Following this line, we now
report a study of the reaction of the same aryl halides with the complexes
[NiX(PPh,),]. The organometallic complexes [NiXR(PPh,),] are obtained, with
only minor amounts of RH or R—R. The reaction is considerably slower than the
oxidative addition to nickel(0) complexes, but the bonding of the aryl radical to the
metal may be the same in the both cases.

Experimental

General

The solvents used were purified by standard methods and distilled before use. All
reactions were carried out under carefully deoxygenated nitrogen. The polychloro-
halobenzenes were purchased and used as received, or prepared by diazotization of
the appropriate polychloroanilines, and were monitored by GLC. The GLC analyses
were performed on a Hewlett-Packard 5710A instrument using a 2 m 5% SE-30 on
Chromosorb Q column coupled to a Hewlett-Packard 3390 integrator.

Preparation of [NiBr(PPh,),]

[NiC1,(PPh;),] (0.64 g, 1 mmol) and PPh; (0.52 g, 2 mmol) were suspended in
THF (10 ml) at room temperature and the mixture was treated with 8§ ml of a
solution of ethylmagnesium bromide prepared from 1 ml of ethyl bromide and 0.5 g
of Mg in 20 ml of THF. The solution, which turned red, was stirred for 15 min and
treated with 5 ml of absolute ethanol to destroy any excess of ethylmagnesium
bromide. To this solution, [NiCl,(PPh,),] (0.64 g, 1 mmol) and 15 ml of absolute
ethanol were added, and the mixture stirred for 1 h. The yellow precipitate which
formed was filtered off under a N, atmosphere, dried in vacuo, and stored under N,.
Yield about 70%. Anal. Found (caled.) C 68.0 (70.08); H 4.9 (4.90)%.

General oxidative addition reaction (example)

C.H;Cl,I (0.205 g, 0.75 mmol) dissolved in 15 ml of a 1:1 deoxygenated
benzene-alkanes mixture was heated in an inert atmosphere to reflux. Then
[NiBr(PPh,);] (0.235 g, 0.25 mmol) was added and the reflux maintained for 1 h.
After cooling to room temperature, the mixture was washed with 1 M HClI (10 ml)
and three times with water. The remaining solution was dried, concentrated by
evaporation to 3-5 ml and then diluted with 10 ml of methanol. The yellow
precipitate of [NiBr(C,H,Cl, )}(PPh,),] was collected (yield in Table 1). The solution
and the evaporated solvent were tested by GLC for the aryl derivatives remaining in
the solution.

Oxidative addition reaction on [NiX(PMe,Ph),]

A solution (8 ml) of ethylmagnesium bromide (prepared from 1 ml of ethyl
bromide and 0.5 g of Mg in 20 ml of THF) was added to a mixture of
[NiCl,(PMe, Ph),] (0.405 g, 1 mmol) and PMe,Ph (0.280 g, 2 mmol) in 10 ml of
THF. The solution turned yellow, and after 10 min, first 20 ml of absolute ethanol
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and then [NiCl,(PMe,Ph),] (0.405 g, 1 mmol) were added. The yellow-green
solution was treated with 2,3-C;H,Cl1,1 (0.6 g, 1 mmol) whereupon, in a period of 30
min, the solution turned dark green. Then it was concentrated under reduced
pressure to half of the original volume and left at —20°C overnight. A dark green
residue was filtered off, the solution was concentrated under reduced pressure, and
15 ml of CH,Cl, were added. The solution was washed with 1 M HCI and with
water, concentrated almost to dryness and treated with methanol. A yellow precipi-
tate was collected in very low yield after 2 h at —30°C (see Table 2).

Results and discussion

The yellow compound [NiBr(PPh,),] has been prepared by reaction of the
equivalent amounts of solutions of [Ni(PPh,),] and [NiCl,(PPh;),] with a great
excess of bromide ion. This compounds can also be prepared by reduction of
[NiX,(PPh,),] with NaBH, [10]. [NiBr(PPh,),] is extremely sensitive to oxygen,
especially in solution, and must be used inmediately after its preparation, otherwise,
as observed experimentally, the nickel(I) content of the starting material gradually
decreases.

The oxidative addition reactions of aryl halides on [NiBr(PPh,),] have been
carried out in mixtures of benzene and alkanes in order to reach a compromise
between the required solubility for a fast reaction and the greatest possible stabiliza-
tion. The presence of free phosphine increases the stability of the nickel(1) solutions
but its effect on the rate of the addition reaction has not been examined. The
product distribution was monitored by gas chromatography. The solvents were
separated by vacuum distillation, recovered in cold traps and tested by GLC.
Sometimes the product distribution control was supplemented with DMG gravime-
tries to confirm the amount of Ni remaining as free nickel(Il) in the different
washing solutions.

The results obtained in the reaction between [NiBr(PPh,),] and iodopolychloro-

TABLE 1
REACTION OF RX WITH [NiBr(PPh,),} IN BENZENE /HEXANE SOLUTION “

RX [RX]/[Ni']  [NiBrR(PPh;),}*(%)  Observations
2,3-CH,Cl,1 1 20
2 40
2 47 With free PPh,:(PPh, /Ni')=1/1)
3 46 ¢
3 20 5% Duroquinone with respect to RX #
3 8 10% Duroquinone with respect to RX ¢
2,3-C,H,;Cl,Br 3 12¢ 1% R-R*
1,2,3-C,H,Cl, 3 -
2,6-CoH,CL,1 3 34¢
3 32 Reaction in the dark
3 - Reaction at room temperature
3,5-CH,Cl,1 3 5¢ 5% R-Rand 1% R-H*

4 At 60°C unless otherwise stated. ” Yield based on starting Nil. ¢ Mean value of four or more reactions.
4 Less than 1% in R-R and RH based on starting RX. ¢ Weight% based on starting RX observed in the
solution after separation of [NiXRL,].
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benzenes are given in Table 1. This reaction gives organometallic derivatives of
nickel(IT) (analogously to the addition reaction of the nickel(0) species) with almost
total conversion.

[NiBr(PPh, ),] + C4H;Cl,1 - [NiX(C,H,Cl, )(PPh,),| + [NiX,(PPh,),]

The formation of the organometallic complexes [NiX(C H,Cl, )} PPh,),], previ-
ously reported [5], was monitored by IR spectroscopy. For most of them X = Br but
in some cases X = I and, if the washing with HCl is repeated several times or if the
concentration of this acid is high, the compound with X = Cl can be detected. The
only stable compound of the type [NiX,(PPh;),] under the reaction conditions used
is [Nil,(PPh,),], which is the cause of the brown colour observed during and after
the end of the reaction. The addition of HCl decomposes the compound giving
nickel(II) salts. The visible spectra of the solutions before being washed show
(among others) a maximum at 465 nm, confirming [Nil,(PPh;),].

As a whole, the products of the reaction correspond to an oxidative addition with
an overall one-electron change at each nickel atom. The presence of increasing
amounts of duroquinone, which can act as a free radical inhibitor, leads to a gradual
decrease in the yield of the organometallic. On the other hand, [NiBr(PPh,),]
decomposes readily in the presence of duroquinone.

The resulting solutions do not contain significant amounts of R—H similarly to
that observed in the oxidative addition reactions of [Ni(PPh,),] [5]. R—H does not
form by decomposition of the [NiXR(PPh,),] solution since the compounds with
ortho-substituents are stable in the reaction conditions, and in any case they would
give R-R [5]. For 3,5-C,H,Cl,I, an overall yield of about 20% is obtained. Only in
this last case is some R~H detected.

The study of the addition reactions of halopolychlorobenzenes on [Ni(PPh,),]
and [NiBr(PPh;);] shows the greater ease of oxidation of nickel(0) with respect to
nickel(I). The reactions involving nickel(0) were carried out at room temperature but
those with nickel(I) were carried out under heating,.

The reaction of 1,2,3-CiH,Cl, with nickel(0) is fast and leads to [NiXR(PPh,),]
with good yield, but no reaction takes place with nickel(I). This difference indicates
that these addition reactions on nickel(I) do not take place with the previous
disproportionation step:

[NiBr(PPh,),] & [Ni(PPh,),] + [NiBr, (PPh,),]

It may also be pointed out that the formation of nickel(I) species in the oxidative
additions at room temperature in the reaction with [Ni(PPh,),] would be detected
since in this conditions no further addition take place.

The ease of oxidation increases markedly as the nature of the aryl halide changes
in the order RCl < RBr < RI. This is also the order of decrease of the C—X bond
energy. Furthermore, one-electron reductions of the aryl halides are favoured for the
iodo derivatives, as indicated by the values of the half-wave potentials (£, ;)
obtained by polarography [2.4].

As a rule, the ease of aromatic nucleophilic substitution in the RX compounds
increases in the order F > Cl > Br > 1. This order is not related to the C-X bond
energy and the rate determining step of the process is considered to occur previous
to the breaking of the bond. The oxidative addition reaction of aryl halides activated
by electron-withdrawing substituents, on [Ni(PPh,),} [5] or [NiBr(PPh,),] may be
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considered as an aromatic nucleophilic substitution, but the main step must be
related to the electron transfer from nickel to the aryl halide as well as to the
dissociation of the C~X bond.

The small differences between the amounts transformed of 2,3-C;H,Cl,I and
2,6-C,H,Cl,1 may be related to the greater steric difficulty for the approach of a
group with ortho chlorine atoms. The slightly lower conversion of 3,5-C,H,Cl,]I
could be due to a lower ability of the group, which does not posses ortho-chlorine
atoms, to stabilize an intermediate with negative charge on the ring. In any case the
sterical effects for this reaction are not important.

The occurrence of RX ™ cannot be accepted given the non-existence of RH in the
resulting solutions. Furthermore, the lower mean life of those species is that of the
iodo-derivative [2] and therefore the aryl iodide should give the highest proportion of
RH. Another factor which may favour the immediate formation of the Ni—R bond,
even when it is not possible to propose in which step it occurs, is the greater ease of
displacement of PPh; with respect to other less bulky phosphines.

Thus, the oxidative addition reaction of polychloroaryl halides on [NiBr(PPh,),]
may be interpreted as a nucleophilic attack of nickel(I) on the aryl halide:

x  Cln
[NBrePhy) ] + XR ----- = (PPhy) BrNIK DD -oooe- = [NiBrRePPRy), ] + x-

Xo + [N|B|"(PPh3)3:| ----- = [NnBrxiPny), ] + PPhy

However, it is also compatible with a two electron addition reaction:

R
|
[NBr(PPh3) ] + XR ----- = (PPh3)n|TJ|—Br
x ]
Pt [niBr(PPhy), ]
[N.BrR(PPh3)2] + [NixBr(PPhy), ] —-------- 4

To distinguish between the two possible pathways is difficult since it has not been
possible to show the existence of radicals X « ; besides, in the reaction with an excess
of RX the argument reduces to considering the possibility of formation of nickel(III)
species. Compounds of this class, [NiBr, R(P),], have been reported for P = PMe, Ph
and when R is a highly electronegative group, such as ~CCI=CCl, or —-C,Cl [11].
Red products may also be obtained on treating [NiXR(PPh,),] with N-bromosuc-
cinimide when R = C,Cl; or 2,6-C;H;Cl, [12]. These products decompose rapidly
giving the starting organometallic compound.

The nickel(I)-nickel(IIT) mechanism has been proposed in some other cases [13].
The formation of organometallic compounds such as the bromo-derivative cannot be
considered as conclusive evidence for the nucleophilic substitution. The similarity
with the addition reactions of [Ni(PPh;),] and [NiBr(PPh,),] suggests that the
process may probably occurs via nucleophilic substitution.

Several oxidative addition reactions with halobenzenes and o-tolyl halides were
examined in order to assess the effect of the decrease of electronegativity of R (Table
2). The reaction with nickel(I) shows the same behaviour and only the iodo-deriva-
tive reacts in significant amounts. When R = Ph the organometallic compound
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TABLE 2
REACTION OF RX WITH [NiBrL,] IN BENZENE-HEXANE SOLUTION “

RX [RX]/[Ni'] L [NiXRL,]”(%) Observations

0-CoH ,Mel 3 PPh, 12 5% o-PhMeBr <

0-C¢H ;MeBr 3 PPh, - 0.8% R-R*, a nickel murror 15 formed
Phl 3 PPh, 17% R-R“ ¢
PhBr 3 PPh, 5% R-R“ ¢

23-CH,ClL,I 1 PMe, Ph 5 7% R-R and 3% RH ¢

“ At 60°C. " Yield based on starting Ni'. < Weight% based on starting RX observed 1n the solution after
separation of [NiXRL,]. ¢ Less than 0.5% of R—R. ¢ The amount of Ph-Ph in the reaction mixture
changes with the time, even at room temperature; therefore other processes must be involved [16].

decomposes and only biphenyl is observed. The oxidative addition proceeds to a
much smaller extent with a decrease in electronegativity of R. When the reaction is
carried out with o-iodotoluene, o-bromotoluene is formed. The halogen exchange
between aryl halide and halide ion catalyzed by nickel(I) species has been studied
previously by Tsou and Kochi [14].

The reaction of 2,3-C;H;Cl,I with a solution of equimolar amounts of
[Ni(PMe, Ph},] and [NiCl,(PMe,Ph),] was also examined. The results indicate the
formation of an organometallic complex (difficult to isolate in the solid state by
precipitation due to its solubility) which decomposes thermally giving R—R. Some
R-H is aiso formed. The yield in the formation of the organometallic [NiBr(2,3-
C,H,Cl,)PMe,Ph), ], including the amount decomposed and detected as R-R. is
about 15%, which is less than that observed with PPh, under the same conditions.

The reducing capacity of [NiBrL,] is likely to be higher when L = PMe,Ph than
when L = PPh,, in accord with the order observed in the cyclic voltammetries of
[NiL,] (L = PPh,, PEt;) [15]. Therefore the lower extent of the reaction could be
related to differences in the phosphine lability, which must affect in some way the
formation of the intermediate or, its further evolution, since the nickel atom looses a
phosphine ligand during the process of formation of the organometallic. The
appearance of R—H indicates the possible existence of free [RX +]™. in accord with
the greater difficulty of the aryl halide to coordinate to the central atom on changing
the nature of the phosphine ligand.
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