N-end to Cl-end labilization applies as for the trans-Co-
(en)2(NH;)CI2* complex, the predicted N-end labilization
should be 2.5 X 10~4 X 5.0 or 12.5 X 104, The discrepancy,
12.5 X 1074t0 1.6 X 10~* then indicates that 87% of the time
labilization of the N-end terminates in recoordination of the
ethlenediamine and hence no net reaction. We have used our
preferred 80/20 isomer ratios in the above calculations, but
use of the middle figures of the uncertainty ranges would not
change the qualitative conclusions.

From the spectroscopic point of view, we would still suppose
the lowest excited singlet state to be essentially the same as for
Co(NH3)5C1%*, although the microsymmetry is not exactly
Cy, for the cis chloroammine complex. The position of the
absorption band maxima is the same as for the chloropen-
taammine, however, although the intensities are considerably
higher.
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Oxidative Additions of Aryl, Vinyl, and Acyl Halides
to Triethylphosphinenickel(0) Complexes
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Abstract: Aryl, vinyl, and acyl halides, but not alkyl halides, react with Ni(PEt3)2(C;H4), Ni(PEt3)2(1,5-CgH12), and Ni-
(PEt3)4 complexes to yield square-planar trans-NiX(R)(PEt;), compounds. Structure assignments are based on infrared and
NMR spectra. Carbonylation of aryl nickel compounds provides aroyl derivatives. Template, radical, and aromatic-nucleo-
philic-substitution processes are involved in the nickel-organic halide interactions.

Reactions of aryl halides with zero-valent nickel com-
plexes have attracted considerable interest in organic' and
organometallic? synthesis. Several years ago, one of us com-
municated a method for the preparation of aryl nickel com-
plexes by the reaction of aryl halides with Ni(PEt;),(C;H,),
prepared and reacted in situ (eq 1).3 Since that time, a large

Ni(acac), + 2PEt; + 15Et,AlOEt
PEt,

—> [Ni(PEty),(C,H,)] 2, RNiX (1

PEt,

number of related examples have surfaced.* This article pre-
sents details of our communicated method, and, more impor-
tantly, defines the scope of organonickel synthesis from nick-
el(0) complexes bearing triethylphosphine ligands, especially
from Ni(PEt3)2(1,5-CsH ;) and Ni(PEt3),. Our studies were
largely confined to complexes with triethylphosphine ligands,
since this ligand imparts a high reactivity to nickel(0) re-
agengs“l and good stability to the organonickel(II) prod-
ucts. ™

Results and Discussion

Reactivities of Nickel(0) Reagents. (A) Ni(PEt3)x(1,5-CgHj2).
The addition of 2 molar equiv of triethylphosphine to a yellow
solution of bis(1,5-cyclooctadiene)nickel(0) in hexane causes
the solution to turn red-brown. The color change is attributed
to the formation of Ni(PEt;)2(1,5-CsH/2) as a 1,5-cyclooc-
tadiene ligand is liberated.5® When this solution was added
to an acyl halide, vinyl halide, or perfluoroaryl halide, rapid
(sometimes exothermic) oxidative-addition reactions occurred.
Products of formula NiX(R)(PEt3), were isolated in 61-83%
yields by low temperature crystallization and filtration. When
the final isolation steps were performed in air rather than under
an inert atmosphere, the isolated yields dropped below 40%
even for moderately air-stable compounds. The best results
were always obtained when the nickel(0) reagent was added
to the organic halide, thus keeping the organic halide present
in excess at all times during the mixing process. The reaction
of Ni(PEt3),(1,5-CsH ;) with chlorobenzene, bromobenzene,
and the dichlorobenzenes required elevated temperatures
(50-60 °C) or extended reaction times (24-48 h). Elemental
nickel precipitated during these reactions and yellow-green
impure products were isolated in 6-64% yields. Recrystalli-
zation of these products yielded the yellow-brown aryl nickel

Fahey, Mahan | Oxidative Additions to Triethylphosphinenickel Complexes



2502

| | I
70 6.0 5.0 PPM

Figure 1. A portion of the '"H NMR spectrum (C¢Dg) of trans-NiCl[C-
(CH=CH1)=CH:](PEt3)>. Peak assignments are: H,, § 6.50, dd (17,
3 Hz); Hy, 5.10,dd (11, 3 Hz); H, 5.93,dd (17, 11 Hz); Hg, 5.32, brs;
He, 5.01 ppm, br s. See structural formula in text for proton labeling
scheme.

complexes. Chlorobenzene reacted much more satisfactorily
with solutions of Ni(1,5-CgH,3); containing 3 or 4 equiv of
triethylphosphine. In comparative reactions with 2, 3, and 4
equiv of triethylphosphine, the NiCl(CgHs)(PEts); yields were
50, 70, and 79%, respectively. The first two of these reactions
required gentle warming to promote the oxidative addition.

(B) Ni(PEt3)4. When Ni(PEt;)4 is dissolved in hydrocarbon
solvents, a triethylphosphine ligand dissociates, and intensely
purple solutions of Ni(PEt3); result.5:” This reagent is more
reactive than Ni(PEt3),(1,5-CgH»), and it was found to react
immediately with most aryl halides producing red to yellow-
brown solutions sometimes accompanied by small amounts of
white solids. When the solutions were cooled to low tempera-
tures, aryl nickel complexes precipitated and were isolated in
70-85% yields. When Ni(PEt3)4 was added to carboxylic acid
chlorides in hexane, copious quantities of acylphosphonium
salts were formed as flocculent precipitates. Although acyl
nickel complexes might be recoverable from this reaction, the
isolation process would be more tedious than that from
Ni(PEt3),(1,5-CsgH/,) reactions.

(C) Ni(PEt3);(C2Hy). The reaction of Ni(acac), with Al-
Et,OEt in the presence of 2 equiv of PEt; and under an eth-
ylene atmosphere has previously been shown to yield
Ni(PEt;)2(C2H4) as a yellow liquid.® In our preliminary
communication,? Ni(PEt3),(C;H,), prepared and reacted in
situ, was shown to provide organonickel compounds from
several aryl halides. Product yields were quite modest (6-19%),
but this was at least partly due to product decomposition during
column chromatography in air and possibly to too-short a re-
action time. A recent publication describes 50-65% yields with
this method but with longer reaction times and chromatogra-
phy under nitrogen.# This technique should be considered as
a rapid and relatively simple method for organonickel synthesis
from readily available starting materials.

Reactivities of Organic Halides. (A) Alkyl Halides. No alkyl
nickel products were isolated from the reactions of Ni-
(PEt3),(1,5-CgH 2) with 1-bromoadamantane, Ni(PEt3)4 with
3-chloro-2-norbornanone, and Ni(PEt;);(C;Hy) with
1,1,2,2-tetrachloroethane. A detailed examination of the 3-

chloro-2-norbornanone reaction revealed that the major
products were NiCl,(PEt;3), and 2-norbornanone.

(B) Vinyl Halides. Vinyl bromide and chloroprene both
rapidly reacted with Ni(PEt3)2(1,5-CsH),) to afford ha-
lo(organo)bis(triethylphosphine)nickel(11) complexes. The
products are air-sensitive, but the 2-(1,3-butadienyl) complex
does survive brief exposures to air. The NiBr(CH==CH»)-
(PEt;); complex melts near room temperature and, when al-
lowed to stand as a melt at 25-30 °C, decomposes in less than
1 h. It is preferably prepared, isolated, and stored at temper-
atures below 10 °C. When the complex decomposes, it loses
its C==C stretching vibration at 1550 cm~'. The instability of
the vinyl nickel complex prevented its complete character-
ization. The trans-NiCl{C(CH=CH,)=CH;}(PEt3), com-
plex, in contrast, is stable for months at 35 °C under argon.
This compound is particularly enchanting since the nickel atom
is o-bonded to a potentially reactive diene. The diene fragment
preferentially resides in a s-trans conformation judging from
the low field 'H NMR chemical shift-of H,. Its resonance

H,
H PR
Ni—Cl
n,—4
PEt;
H,

appears at 6 6.50 (Figure 1), approximately 1.3 ppm downfield
from the corresponding proton resonance in isoprene. Only in
the s-trans conformation does H, deeply penetrate the induced
paramagnetic field associated with the nickel atom.4%* Sep-
arate resonances occur for all five protons in the 'H NMR
spectrum at ambient temperature, indicating that the complex
maintains a static g-allyl structure. The infrared spectrum of
the compound contains bands at 1592 and 1535 cm™! for the
=C stretching vibrations, similar to the corresponding in-
frared absorptions of other 2-substituted- 1,3-butadienes. 10

No organonickel product was isolated from the reaction of
Ni(PEt3),(C,H4) with hexachlorocyclopentadiene. An at-
tempt was made to prepare a chloro(l-methylene-43-al-
lyl)(triethylphosphine)nickel(1I) complex by reacting chlo-
roprene with a Ni(1,5-CgH ;)2 solution containing 1 equiv of
triethylphosphine. Again, no organonickel product was iso-
lated.

(C) Aryl Halides. With the exception of pentafluorophenyl
halides, aryl halides are less reactive than vinyl and acyl ha-
lides, and the Ni(PEt;)4 reagent proved to give the highest
yields of aryl nickel products. Mono- and dihalobenzenes react
smoothly and rapidly with Ni(PEt;3), affording high yields of
organonickel products. With increasing substitution of the
benzene ring, the reaction is no longer instantaneous and the
product yields decrease. 1,2,4-Trichlorobenzene produced only
a 49% yield of organonickel product while hexachlorobenzene
and hexabromobenzene produced none. Benzene, toluene, and
tetrahydrofuran solutions of C¢Cls were treated with
Ni(PEt3)4 and the solutions turned brown or red within an
hour. The major products were C¢ClsH and NiCl(PEt3),. An
in situ reaction of Ni(PEt3),(C,Hy) and C¢Cle did produce
a trace amount of NiCl(C¢Cl4H)(PEt;3); probably resulting
from an oxidative-addition reaction with C¢ClsH. The yield
is far too low for this latter synthesis to be of preparative value.
2-Bromo-m-xylene also resisted undergoing a normal oxidative
addition reaction with Ni(PEt3)4. Instead a slow halogen ab-
straction process occurred, and a 51% yield of NiBr(PEt;); was
isolated.

In aryl dihalides containing both chloride and bromide, the
bromide reacts preferentially. Both 2-bromochlorobenzene and
4-bromochlorobenzene yielded the NiBr(CeH4Cl)(PEt;3);
product from Ni(PEt;)4. Selectivity among the chlorides also
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occurs in the reaction of 1,2,4-trichlorobenzene with Ni(PEt;)4
as only the 2,5-dichlorophenyl nickel isomer was isolated.
These results are in agreement with those from a quantitative
study of halide selectivity in the reactions of 2-bromochloro-
benzene and 1,2,4-trichlorobenzene with Ni(PEt3)2(C,Hy)
described in the communication.?

Pentafluorophenyl chloride and bromide are very reactive:
treatment with Ni(PEt3)2(1,5-CgHj3) resulted in immediate
oxidative-addition reactions. High yields of the pentafluoro-
phenyl nickel complexes were obtained. With gentle warming,
hexafluorobenzene could also be encouraged to react with
Ni(PEt3)2( 1 ,S-CgH | 2), and a 7% yield of NiF(Cng)(PEt3)2
was obtained. This product gradually decomposed on standing
at 30 °C.

Some kinds of functionality cannot be tolerated in these
oxidative additions. 3,4-Dichloronitrobenzene readily reacted
with Ni(PEt3)(C;Hy), but no organonickel products were
isolated. Triethylphosphine oxide was formed in the reaction.
2-Chlorophenyl acrylate was immediately polymerized by
Ni(PEt3),(1,5-CsH ;). Free PEt; also induces this polymer-
ization so a reaction with Ni(PEt3)4 was not examined.'!

A medium intensity band appears at 1560 cm~! in the in-
frared spectra of the NiX(CgHs)(PEt3); complexes (and the
corresponding Pd complexes). This seems to be a typical fea-
ture of phenylnickel, -palladium, and -platinum complexes.'?
When substituents are present on the phenyl group, the in-
tensity and frequency of this band varies.

(D) Acyl Halides. Rapid exothermic oxidative additions
occurred as Ni(PEt3),(1,5-CsH|») was added to solutions
containing acyl halides. In hexane solutions, some white solids
precipitated during reactions, which, when the acyl halide was
(CH3)3CCH,COCI, was identified as (CH3);CCH,CO-
PEt3*Cl~. In diethyl ether or hexane/acetonitrile mixtures,
phosphonium salts did not precipitate. Very likely, the salts also
acylated the nickel(0) complex. When the solutions were
cooled to —72 °C, acyl nickel complexes usually precipitated
in good yields. After recrystallization, most of these compounds
were orange or yellow-brown, except those with bulky organic
groups bonded to the carbonyl carbon, i.e., fert-butyl and 1-
adamantyl (1-Ad), were red-brown. In addition to providing
acyl nickel products, 2-chlorobenzoyl chloride and pivaloyl
chloride yielded NiCl(2-CICsH4)(PEt3); and NiCly(PEt;),,
respectively. Only NiCl(CgFs)(PEt3); was isolated from
pentafluorobenzoyl chloride. The 2- and 3-chlorobenzoyl nickel
products were isolated as red-brown solids, but when these
same compounds were prepared by carbonylation reactions
(see below) they were orange. Attempts to obtain analytically
pure samples of these two compounds were thwarted by sample
decomposition during recrystallization. All three isomeric
chlorobenzoyl nickel complexes as well as the two red-brown
acyl complexes mentioned above melt with decomposition (gas
evolution). Very unstable acyl nickel products were obtained
from acetyl, acryloyl, and cinnamoyl chlorides. The isolated
acetyl nickel product appeared to be pure, and it survived long
enough at 25 °C to record its infrared spectrum. Previously,
only four examples of stable NiX(COR)(PR3), complexes
have appeared in the literature,%:!2-14 a5 most synthetic at-
tempts have given other products.42.i0.12,15

o, Pt EtP Sni T
Ni;Cl Et,P” C.
(a) (b)

Qualitative proof for the validity of assigning to the products
acyl nickel halide structures (a) as opposed to simple nickel-
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Table I. Selected Infrared Absorptions (cm~') of
trans-NiX(R)(PEt3); Compounds

R X vc=0 UNi—X  PNi-P

[C(CH=CH,)= Cl 330
CH;]

C¢Hs Cl 355 237
2-CICe¢Hy4 Cl 327 230
3-CIC¢Hy4 Cl 353 235
4-CICe¢Hy4 Cl 337 228
2,5-Cl,Ce¢H3 Cl 358 224
CeFs Cl 373 228
COC¢H; F 1605 a a
COC¢H; Cl 1610 357 235
COC¢H; Br 1608 3417
CO-2-CIC¢H, Cl 1600 377 227
CO-3-CIC¢H4 Cl 1605, 1637 360 219
CO-4-CICcH4 Cl 1607 362 221
COCH; Cl 1640 a a
COCH,C(CH3)3 Cl 1638,1660,1705 360
COC(CH3)3 Cl 1635,1660, 1725 a a
CO-1-Ad Cl 1620, 1642, 1665 350

@ Low frequency region not examined.

(acyl halide) w-type complexes (b) was obtained with the Ni-
CI(COCg¢Hs)(PEt3); complex. After heating this complex in
ethanol, a GLC analysis of the solution showed the presence
of ethyl benzoate. Both (a) and (b) are expected to produce this
result. Degradation of the complex by anhydrous HCI in
hexane yielded benzaldehyde, a result only expected from (a).
Finally, the '"H NMR spectrum of this complex shows sub-
stantial deshielding of the ortho proton resonances of the aryl
group. Only in (a) would the ortho protons be strongly affected
by the paramagnetic anisotropy of the nickel atom.’

Low temperature (—40 to —50 °C) crystallization of Ni-
CI(COC¢H;)(PEt3); from solutions containing acetonitrile
afforded a highly crystalline solid. As the crystals were warmed
to 25 °C, they melted and formed a mobile solution. Subjecting
this solution to a high vacuum caused it to resolidify. Appar-
ently a low-melting crystalline acetonitrile complex or solvate
is formed at low temperatures. This behavior was not observed
with diethyl ether, tetrahydrofuran, hexane, or toluene.

The IR spectra of the acyl nickel complexes all contain
strong absorptions between 1600-1725 and 850-900 cm~! (see
Table 1). The spectra of several of the acyl complexes displayed
two or even three C=0 stretching vibrations. This was unex-
pected, so the 1-adamantylcarbonyl complex, which had C=0
absorptions at 1665 m, 1642 s, and 1620 s cm~!, was chosen
for further study. Repeated recrystallizations of the complex
failed to alter the relative intensities of the three peak array.
Essentially the same spectrum was observed in Nujol, KBr,
hexane, and acetonitrile media. A molecular weight determi-
nation showed the complex to be monomeric in solution. The
'H NMR spectrum is consistent with a structurally rigid trans
square-planar configuration about nickel (see below). The IR
spectrum remains puzzling, and in the absence of other likely
explanations, we suggest that the multiple C=0 vibrations
might be due to conformational isomerism in the meshing of
the adamanty! group with the triethylphosphine ligands.

Organonickel Carbonylation. Solutions of both
NiCl(Ce¢Hs)(PEt3), and NiCl(3-CIC¢H4)(PEt;); rapidly
absorbed carbon monoxide at 1-2 atm and 25 °C to yield the
benzoyl and 3-chlorobenzoyl nickel complexes, respectively,
in high yields. The 2-chlorophenyl nickel complex was inert
under these conditions, but could be forced to carbonylate at
15 atm of carbon monoxide. The orange 2- and 3-chloroben-
zoylnickel products were isolated in higher purity than those
obtained by the oxidative-addition reactions, but they still
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decarbonylated on attempted recrystallization. The IR spectra
of the aroyl nickel complexes between 200 and 4000 cm™! were
independent of the method of preparation, The 2-(1,3-buta-
dienyl)nickel complex absorbed carbon monoxide under a few
atmospheres pressure but did not yield an acyl nickel complex.
A pale yellow water-soluble solid precipitated, while the hy-
drocarbon-soluble products had an IR spectrum consistent with
a mixture of Ni(CO);,(PEt;),!¢ and Ni(CO);PEt;.!7 We were
unable to identify the water-soluble product.!8

Structure/Spectra Correlations. All known NiX(R)(PR3);
complexes have adopted trans square-planar configurations
about the nickel atom.2 It is therefore reasonable to assume
that all the complexes with this formula described here also
possess this geometry. Direct rigorous proof for this assignment
is, however, most desirable. In favorable cases, e.g,, Ni-
CI(CO-1-Ad)(PEt3),, the methyl proton resonances of the
PEt; ligands appear as a pseudo 1:4:6:4:1 quintet in the 'H
NMR spectra. This pattern is characteristic?2 of frans-
NiX(Y)(PEt;); complexes, and the structural assignment is
therefore confirmed. In most cases, ¢.g., NiCl(2-CIC¢Hy,)-
(PEt3),, the methyl and methylene proton resonances of the
PEt; groups overlap and structural conclusions cannot be
drawn from the spectra. It is possible to separate the methyl
and methylene proton resonances by recording the spectra in
the presence of the NMR shift reagent Eu(fod);. Three Ni-
Cl(aryl)(PEt3), complexes were examined and the downfield
shifts induced by Eu(fod); increased in the order 2,5-dichlo-
rophenyl < 2-chlorophenyl < mesityl. The mesityl complex
was on hand from other work. In all cases, pseudo-quintets
were apparent for the PEt; methyl proton resonances, although
the resonance of a tert-butyl group in Eu(fod); now overlapped
different portions of each quintet. In the mesityl compound,
the magnitude of deshielding for each type of proton decreased
in the order PCH;, > ortho-CH3 > PCH,CH3 > meta-H >
para-CH3;. The ortho and para protons in NiCl(2,5-
Cl,C¢H3)(PEt3); are each coupled to two equal P nuclei fur-
ther confirming its trans structure. The pseudo-quintets can
be observed in the spectra of the acyl nickel complexes without
applying a shift reagent. However shift reagent studies were
performed to ascertain the point of greatest Lewis basicity
toward the reagent. For NiCI[COCH,C(CHj3);3](PEts),, the
deshielding effect on the proton resonances decreased in the
order COCH» > PCH, ~ C(CH3)3; > PCH,CHj. This order
indicates that the acyl oxygen interacts more strongly with
Eu(fod); than does chlorine bound to nickel. All the acyl nickel
complexes gradually decomposed in the presence of Eu-
(fod)s.

The '"H NMR spectra of many of these complexes show the
effect of the paramagnetic anisotropy® of the metal. Useful
structural conclusions can be deduced from this phenomenon
such as was done with the 2-(1,3-butadienyl)nickel complex
(vide supra). The structure assignments for the benzoylnickel
complexes are strongly supported by this effect. Particularly
illustrative is a comparison of the spectrym of the 4-chloro-
phenylnickel complex with that of the 4-chlorobenzoyl deriv-
ative. For the 4-chlorophenyl compound, the resonances of the
protons ortho to nickel appear at 6 7.23 ppm as a doublet,

H Cl

Cl Ni—Cl H/

"U\

broadened by coupling with the phosphorus nuclei. In the 4-
chlorobenzoyl complex, the doublet resonance for the corre-

sponding protons is sharp and is shifted downfield to § 8.44
ppm. The structure of the benzoyl complex allows the ortho
H atoms to more closely approach the nickel atom above the
bonding plane of the complex.

In Table I, infrared absorptions assigned as nickel-chloride
stretching vibrations are given for most of the organonickel
complexes. These frequencies fall between 325 and 380 cm™!
and do not show the traditional influence from the trans or-
ganic ligands. Table I also contains a listing of asymmetric
nickel-phosphorus stretching vibrations assigned to strong
absorptions observed between 215 and 235 ¢cm™! for most of
the NiCI(R)(PEt;); complexes. When this vibration was not
observed, we presume it fell outside the capability of our in-
strument (i.e., below 200 cm~!).

It would be desirable to assign cis vs. trans configurations
to these complexes simply on the basis of their infrared spectra.
After examining the spectra of more than 40 nickel complexes
hearing two PEts ligands, the only consistent differences we
observed between cis and trans complexes were the relative
intensities of three PEt3 absorptions falling between 770 and
710 em~!, For cis complexes, the bands typically appear at 763
s, 743 ms, and 720 s cm~! while for trans complexes they
typically appear at 765 s, 727 ms, and 713 w em~! (Figure 2).
In a few cases, vibrations of other ligands on nickel also occur
in this region and mask this empirical correlation. The multi-
plicity of the 6ccp vibration of the triethylphosphine ligands
that occurs between 412 and 442 cm™' should not be consid-
ered as a reliable method to diagnose cis vs. trans stereo-
chemistry,?2 since a few trans complexes have now been en-
countered with more than one absorption in this region.

Mechanism. The combination of radical, template, and
nucleophilic-substitution mechanisms previously outlined by
Osborn!® for oxidative additions of organic halides to other
low-valent metal complexes can also readily explain the results
described herein. Alkyl halides appear to react by a radical
process (likely initiated by a single electron transfer from Ni
to RX) (eq 2) to form nickel(I) complexes of the type

solvent RH
/ solvent
Ni(PEt;), + RX — NiX(PEt,;), + R* (2)

NE%, NiCI(PEL); + R-

NiX(PR3)3. In some cases the nickel(I) complex can be iso-
lated,20 or it might react with another alkyl halide to form a
NiX,(PR3); complex as in the 3-chloro-2-norbornanone ex-
periment. The alkyl radicals produced likely decay by hydrogen
atom abstractions from the solvent or PR3 groups. This was
confirmed in the 3-chloro-2-norbornanone experiment. Pre-
vious reports of reactions of other nickel(0) complexes with
alkyl halides have also described the formation of nickel(1)
complexes,>?! except in one case where the alkyl nickel com-
plexes could be isolated.4d

The acyl and vinyl halides probably react via a template!®
mechanism (eq 3 and 4), i.e., coordination of the = system to

PEt;

EtP O
Ni(PEt,), + RCOX — Ni\l -a» XNiCOR (3)
- l
Et,P Ce.
\ ‘R PEt,
X
Ni(PEt,), + RCH=CHX
Et:; CHR PEt
N 7 ey
N cl -+ XNiCH=CHR (4)
\\H PEt,
X
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nickel followed by a rearrangement to the final product. Al-
though the intermediate = complexes have not been isolated
for these reactions, numerous generically related examples are
known to exist.? The rearrangement step presumably occurs
by an ionic process resembling nucleophilic substitution and
not via radicals.22 This has been strongly supported by the
observation of retention of stereochemistry in the oxidative
addition of trans-8-bromostyrene to a nickel(0) complex* and
by the isolation of high yields of acyl nickel complexes in the
oxidative additions of pivaloyl chloride and 1-adamantylcar-
bonyl chloride reported here. A radical process would certainly
allow double-bond isomerization in the bromostyrene experi-
ment, while the two acid chlorides mentioned would be sus-
ceptible to decarbonylation in a radical reaction.2? The earlier
failures to isolate acyl nickel products from acyl halides and
nickel(0) complexes most likely are a consequence of product
instability (stability is dependent on both the acyl and phos-
phine groups chosen) or an unsatisfactory synthetic procedure
and were not caused by interference from an unproductive
mechanism.

PEt3

Nl(PEtQ
1—X

PEta
Ni(PEt,), @—- (5)

NlX(PEtJ)J elvent,

Two competing mechanisms complicate aryl halide oxida-
tive additions (eq 5). When the aryl halide is activated by
electron-withdrawing substituents, an aromatic nucleo-
philic-substitution mechanism is dominant. This regime was
first inferred from the dramatic selectivities observed between
halogens in reactions of multihalobenzenes?® and has now been
confirmed by a rigorous kinetic study.?? Sterically crowded
and unactivated aryl halides appear to react by a radical pro-
cess (probably initiated by single electron transfer to the aro-
matic system).2* Both mechanisms can provide the aryl nickel
product, but collapse of the radical pair is unfavorable for
sterically hindered aryl radicals. Thus 2-bromo-m-xylene and
hexachlorobenzene did not produce aryl nickel products even
though the expected 2,6-dimethylphenyl- and pentachloro-
phenylnickel products would be exceptionally stable. Radical
intermediates can also explain the formation of the cyclized
organic products obtained in the reaction of Ni(PPh;)4 with
2-chlorophenyl acrylate.25:2¢ It is probable that both mecha-
nisms occur simultaneously in the oxidative additions of several
of the aryl halides. The isolation of only trans complexes from
these reactions is probably a thermodynamic consequence and
therefore has no mechanistic relevance. The high stability of
nickel(1) complexes compared to those of palladium and
platinum likely makes radical reactions even more attractive
for nickel than for palladium and platinum.'®

Conclusion

The oxidative-addition reaction of aryl, acyl, and vinyl ha-
lides is an excellent practical method for the synthesis of many
organonickel compounds of the type trans-NiX(R)(PR’3),.
When radical processes are favored by steric or electronic
considerations, the oxidative-addition reaction may not provide
the expected organonickel product. The formation of benzoyl
nickel complexes by carbonylation of phenylnickel complexes
supports the intervention of these species in the nickel-cata-
lyzed carbonylation of aryl halides.1®

2505

| | Al

200 750 700 cm-l

Figure 2. Examples of infrared spectra (700-800-cm™! region) for nickel
complexes bearing cis (upper) and trans (lower) PEt; ligands.

Experimental Section

Unless otherwise specified, all manipulations of air-sensitive
compounds were performed under argon, usually in a Vacuum-
Atmospheres, Inc. recirculating-atmosphere drybox. Solvents and
some reagents were dried and distilled, and all were purged with argon
before use. Literature procedures were used to prepare Ni(l,5-
CsH12),?7 and Ni(PEt;)4.5 Melting points were determined in open
capillary tubes in the drybox. Most infrared spectra were run on KBr
or Csl pellets, but very air-sensitive compounds required Nujol mulls
pressed tightly between salt plates to avoid oxidation. Instruments used
were Perkin-Elmer Models 137 and 621 infrared spectrophotometers,
a Varian Associates T-60 NMR spectrometer, and a Hewlett-Packard
Model 5750 gas chromatograph. Elemental analyses were performed
by Dr. T. V. Irons at Phillips Research Center, except very air-sensitive
compounds which were analyzed by Schwarzkopf Microanalytical
Laboratory of Woodside, N.Y. Table II presents physical properties
and elemental analyses of all new compounds prepared. Some of the
samples gradually decomposed at ambient temperatures under argon
and could not be satisfactorily analyzed. In spite of this, some analyses
were attempted, and the results are given in Table H. A complete
tabulation of infrared and NMR data for most of the compounds re-
ported is given in Tables 11 and IV, (See paragraph at end of paper
regarding supplementary material.)

In Situ Reactions with Ni(PEt3)(C2Hy). (a) With 1,2-Dichloro-
benzene, Complete details are given only for one example. A mixture
of 2.57 g (10 mmol) of Ni(acac),, 2.36 g (20 mmol) of PEts, and 50
mL of ether was stirred under an ethylene atmosphere at 0 °C, and
10 ml of a 25% solution of Et,AlOEt in isopentane was slowly added.
The product from this reaction has been shown to be Ni-
(PEt3)2(C,H4).% The mixture was stored overnight at —78 °C. The
solution was then warmed to 0 °C, and 3.0 mL of 1-butanol and 3.9
g (27 mmol) of 1,2-dichlorobenzene were added. The mixture was
warmed to 35 °C and stirred until gas evolution ceased. The reaction
was quenched with dilute aqueous HCI, and the organic phase was
concentrated to a yellow-brown oil under vacuum. The concentrate
was chromatographed on a column of acid-washed alumina, and a
yellow-brown oil was eluted with 1:1 ether-pentane. Crystallization
of the oil from methanol afforded 0.83 g (19%) of yellow trans-
chloro(2-chlorophenyl)bis(triethylphosphine)nickel(I1): mp 91-92
°C.
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Table II. Properties and Analyses of New Compounds

Calcd (Found) Analyses

Compound Mp, °C Color % C % H % Ni
trans-NiBr(CH=CH;)(PEt;); ~32 Yellow-brown
trans-NiCl[C(CH=CH1)=CH,](PEt;), 68-68.5 Yellow-brown  50.10 (50.35) 9.19 (9.16)
trans-NiCI(C¢Hs)(PEt;)2 75-75.5 Yellow-brown 53.08 (53.39) 8.60 (8.87) 14.4]1 (14.14)
trans-NiBr(CeHs)(PEt3)2 85-86 Brown 47.82 (47.92) 7.81 (7.86) 12.99 (13.27)
trans-NiCl(2-CIC¢H4)(PEt;3); 91-92 Yellow-brown  48.91 (48.81) 7.75(7.93)
trans-NiBr(2-CIC¢H4)(PEt3)> 109-110 Yellow-brown 44,44 (44.35) 7.04 (6.82)
trans-NiCl(3-CIC¢H4)(PEt;), 94-95 Yellow-brown  48.91 (49.05) 7.75(7.51) 13.28 (13.58)
trans-NiCl(4-CIC¢H4) (PEt;3), 86-87.5 Yellow-brown  48.91 (48.86) 7.75 (7.89) 13.28 (13.50)
trans-NiBr(4-CIC¢H4)(PEt3); 118-120dec  Brown 44.44 (45.25) 7.04 (6.80)
trans-NiCl(2,5-C1,C¢H3)(PEt3); 101-102 Yellow 45.37 (45.18) 6.98 (6.64)
trans-NiF(CeF3)(PEt;), 64-66 Yellow 44,94 (44.51) 6.29 (6.71) 12.20 (12.7)
trans-NiCI(COCH;)(PEt;), <30 Orange
trans-NiCl[COCH,C(CH;);](PEt3)2 100-101 Orange 50.32 (51.36) 9.62 (10.11) 13.67 (13.80)
trans-NiCl[COC(CH3)3](PEts), 73-74 dec Red-brown 49.13 (49.39) 9.46 (9.76) 14.13 (14.43)
trans-NiCl(CO-1-Ad)(PEt;),? 148-149 dec  Red-brown 55.95(56.35) 9.19 (9.34) 11.89 (11.4)
trans-NiF(COC¢Hs)(PEts); 55.5-57 Yellow-brown
trans-NiCl(COC¢H;s)(PEt;3),¢ 73.5-75 Orange 52.39 (52.58) 8.10 (8.34)
trans-NiBr(COC¢Hs)(PEt;), 77-80 Yellow-brown 47.54 (48.28) 7.35(7.25)
trans-NiCl(CO-2-CIC¢H 4)(PEt;3),4 84-86.5dec  Orange 48.55 (49.75) 7.29 (7.96) 12.49 (12.71)
trans-NiCl(CO-3-CIC¢H4)(PEt;3),¢ 84-86 Orange 48.55 (49.20) 7.29 (7.85) 12.49 (12.89)
trans-NiCl(CO-4-CIC¢H4)(PEt3), 101-110 dec  Orange 48.55 (48.56) 7.29 (7.34)

@ Cl: caled 8.70 (found 8.90). P: caled 15.21 (found 14.92). Mol wt: calcd 494 (found 493). < Mol wt: calcd 436 (found 417). ¢ Cl: caled

15.09 (found 15.38). ¢ Cl: caled 15.09 (found 15.64).

(b) With 1,2,4-Trichlorobenzene. A similar reaction with 1,2,4-
trichlorobenzene produced a 6% yield of trans-chloro(2,5-dichloro-
phenyl)bis(triethylphosphine)nickel(11), mp 101-102 °C. Protonolysis
of this recrystallized product by HCl in benzene yielded p-dichloro-
benzene, a trace of m-dichlorobenzene, and no o-dichlorobenzene (by
GLC analysis).

(¢) With 2-Bromochlorobenzene. A similar reaction with 2-bro-
mochlorobenzene produced a 9% yield of trans-bromo(2-chlorophe-
nyl)bis(triethylphosphine)nickel(I1): mp 108-109 °C.

(d) With Bromopentafluorobenzene. A similar reaction with
bromopentafluorobenzene produced an 11% yield of trans-bromo-
(pentafluorophenyl)bis(triethylphosphine)nickel(Il): mp 130-131
°C (lit.2¥ mp 130-131 °C).

(e) With Other Organic Compounds. Similar reactions with hexa-
chlorobenzene and hexabromobenzene yielded small amounts of te-
trahalophenylnickel compounds which were not thoroughly charac-
terized. 1,1,2,2-Tetrachloroethane, hexachlorocyclopentadiene,
1,2-dichloro-4-nitrobenzene, and tetracyanoethylene did not yield
organonickel products with this procedure.

In Situ Reactions with Ni(PEt3)2(1,5-CgH12). (a) With Chloropen-
tafluorobenzene, Complete details are given for one example only. A
solution of Ni(PEt3),(1,5-CgH ;) was prepared by stirring 1.10 g
(4.01 mmol) of Ni(1,5-CgH3), and 0.94 g (8.0 mmol) of PEt3in 3
mL of hexane. The homogeneous yellow-brown solution was then
slowly added to a stirred solution of 0.83 g (4.10 mmol) of chlo-
ropentafluorobenzene in 5 mL of hexane at 25 °C. The solution be-
came very warm. After the addition was complete, the brown solution
was cooled to =72 °C, and a yellow solid precipitated. The solid was
collected by suction filtration and was washed with hexane to yield
1.58 g (79%) of trans-chloro(pentafluorophenyl)bis(triethylphos-
phine)nickel(I1). Recrystallization of the solid from ether afforded
yellow platelets: mp 113-114 °C (lit.22 mp 112-113 °C).

(b) With Bromopentafluorobenzene. A similar reaction with
bromopentafluorobenzene produced a 77% yield of trans-bromo-
(pentafluorophenyl)bis(triethylphosphine)nickel(1l), mp 127-129
°C.

(¢) With Hexafluorobenzene. A similar reaction with hexafluo-
robenzene was allowed to stand at 30-35 °C for several days. The
mixture was filtered and cooled to =72 °C which induced the for-
mation of yellow-brown crystals. The mother liquor was removed by
syringe and the crystals were dried on a clay plate affording a 7% yield
of trans-fluoro(pentaflucrophenyl)bis(triethylphosphine)nickel(I1),
mp 60-61.5 °C. The compound gradually decomposed on standing
at 30 °C under argon. The IR spectrum of this product is nearly

identical with that of the chloro and bromo analogues (see Table
.

(d) With Other Aryl Halides. Similar reactions with chlorobenzene,
bromobenzene, o-, m-, and p-dichlorobenzene, and 1,2,4-trichloro-
benzene required 40-60 °C temperatures over several hours to several
days to react. The expected organonickel products were obtained in
very impure forms in 6-64% yields. Recrystallizations from ether
afforded low yields of pure products. Organonickel products were not
isolated from hexachlorobenzene or hexabromobenzene with this
procedure. 2-Chlorophenyl acrylate was polymerized by Ni-
(PEt3),(1,5-CgH 2).

(e) With Vinyl Bromide. Vinyl bromide (0.50 g, 4.7 mmol) was
added to a solution of 4.0 mmol of Ni(PEt3),(1,5-CgH,;) in SmL of
hexane at —50 °C. The solution turned brown and was cooled to —~72
°C. No precipitate formed, so the solution was gradually warmed to
10 °C and then was again cooled to —72 °C. Brown crystals formed
which were suction filtered, washed with hexane, and vacuum dried
at temperatures below —25 °C yielding 1.23 g (76%) of trans-bro-
mo(vinyl)bis(triethylphosphine)nickel(I1), mp 32-37 °C. The product
rapidly decomposes at 30 °C under argon. Attempts to recrystallize
the product were unsuccessful.

(f) With 2-Chloro-1,3-butadiene. From the reaction of 20 mmol of
Ni(PEt3)5(1,5-CsH;2) and 23 mmol of triply distilled 2-chloro-
1,3-butadiene in 20 mL of ether was obtained 6.35 g (83%) of trans-
chloro[2-(1,3-butadienyl)]bis(triethylphosphine)nickel(I11}, mp
68-68.5 °C,

(g) With 1-Bromoadamantane. A reaction similar to (a) was per-
formed with 1-bromoadamantane in 20 mL of hexane-benzene. The
solution turned brown-black, but no crystals formed on cooling to 5-10
°C. The mixture was taken to dryness under vacuum, and the residue
was treated with 5-10 mL of hexane. The solution was decanted from
some black solids and cooled to —55 °C. Crystal formation could not
be induced.

(h) With Acetyl Chloride. A reaction similar to (a) was performed
with 2.0 mmol of acetyl chloride and 2.0 mmol of Ni(PEt3),(1,5-
CgH\2). Orange-brown crystals of trans-chloro(acetyl)bis(triethyl-
phosphine)nickel(II) precipitated at —72 °C and were collected by
suction filtration at low temperature. When warmed to 25 °C, the
product melted and gradually decomposed. The yield was not deter-
mined.

(i) With tert-Butylacetyl Chloride. A reaction similar to (h) was
performed with 2.0 mmol of terz-butylacetyl chloride. A white solid
immediately precipitated which was removed by filtration. The solid
was identified as (CH3)3CCH>COPEt;+Cl— (10% yield). The filtrate
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yielded 0.60 g (70%) of dark orange trans-chloro(zert-butylacetyl)-
bis(triethylphosphine)nickel(Il), mp 100-101 °C.

(j) With Pivaloyl Chloride. A reaction similar to (h) was performed
with 2.0 mmol of pivaloyl chloride. The solution yielded 0.55 g (66%)
of red-brown platelets of trans-chloro(pivaloyl)bis(triethylphos-
phine)nickel(11), mp 73-74 °C dec. The filtrate was allowed to stand
at 40 °C for 30 h. On cooling to —72 °C, the solution precipitated 0.12
g (17%) of red trans-dichlorobis(triethylphosphine)nickel(11).

(k) With 1-Adamantanecarbonyl Chloride. A reaction similar to (h)
was performed with 2.0 mmol of 1-adamantanecarbonyl chloride. The
solution yielded 0.75 g (76%) of red-brown trans-chloro(1-adaman-
tanecarbonyl)bis(triethylphosphine)nickel(1l), mp 148-149 °C
dec.

(1) With Benzoyl Chloride. A 20-mL solution containing 20 mmol
of Ni(PEt3)(1,5-CgH3) was slowly added to 20 mmol of benzoyl
chloride in 50 mL of hexane. A white precipitate formed but redis-
solved when 5-10 mL of acetonitrile was added. Cooling the solution
to —72 °C caused orange crystals to precipitate and these were col-
lected by suction filtration. On warming to room temperature the
crystals began to melt. They resolidified when subjected to a high
vacuum affording 6.83 g (78%) of trans-chloro(benzoyl)bis(trieth-
ylphosphine)nickel(1l). The melting of the crystals on warming to
room temperature was unexpected and is believed to be caused by the
formation of a low-melting acetonitrile solvated complex. Recrys-
tallization from acetonitrile containing solvents reproduced the same
behavior. Recrystallization from ether gave orange crystals, mp
73.5-75°C.

(m) With Benzoyl Bromide. From 4.0 mmol of Ni(PEt3),(1,5-
CsH\2) and 4.0 mmol of benzoyl bromide was obtained 0.66 g (34%)
of trans-bromo(benzoyl)bis(triethylphosphine)nickel(Il). Recrys-
tallization from ether afforded yellow-brown crystals: mp 77-80
°C.

(n) With Benzoyl Fluoride. From 4.0 mmol of Ni(PEt3)»(1,5-CgH 3)
and 4.1 mmol of benzoyl fluoride was obtained 1.15 g (69%) of brown
trans-fluoro(benzoyl)bis(triethylphosphine)nickel(l1), mp 55.5-57
°C. The complex decomposed on standing.

(0) With 2-Chlorobenzoy! Chloride. From 2.0 mmol of Ni(PEt;),-
(1,5-CsH,) and 2.0 mmol of 2-chlorobenzoyl chloride was obtained
0.62 g (66%) of impure (unsatisfactory C, H analyses) red-brown
trans-chloro(2-chlorobenzoyl)bis(triethylphosphine)nickel (1), mp
78-80 °C dec. The filtrate yielded 0.06 g (7%) of trans-chloro(2-
chlorophenyl)bis(triethylphosphine)nickel(11).

(p) With 3-Chlorobenzoyl Chloride. From 2.0 mmol of Ni-
(PEt3)2(1,5-CsH,2) and 2.0 mmol of 3-chlorobenzoyl chloride was
obtained 0.57 g of impure orange-brown trans-chloro(3-chloroben-
zoyl)bis(triethylphosphine)nickel(11). Recrystallization from ether
produced orange crystals of the product that were still impure (un-
satisfactory C analysis), mp 80-86 °C.

(q) With 4-Chlorobenzoyl Chloride, From 2.0 mmol of Ni-
(PEt3)2(1,5-CgH12) and 2.0 mmol of 4-chlorobenzoyl chloride was
obtained 0.67 g (71%) of orange trans-chloro(4-chlorobenzoyl)bis-
(triethylphosphine)nickel(1I), mp 101-110 °C dec.

(r) With Pentafluorobenzoyl Chloride. From 2.0 mmol of Ni-
(PEt3)»(1,5-CsH2) and 2.0 mmol of pentafluorobenzoyl chloride was
obtained 0.26 g (26%) of yellow trans-chloro(pentafluorophenyl)-
bis(triethylphosphine)nickel(I1}, mp 110-111.5 °C.

(s) With Acryloyl and Cinnamoy! Chlorides. The products from these
reactions appeared to be very unstable and no well-defined solid nickel
complexes were obtained.

Reactions of Ni(PEt3),. (a) With Chlorobenzene.2” Complete details
are given for this example only. A purple solution of 1.06 g (2.0 mmol)
of Ni(PEt3)4in 5 mL of hexane was slowly added to a stirred solution
of 0.23 g (2.0 mmol) of chlorobenzene in 2 mL of hexane. The re-
sulting red-brown solution was stirred for a few minutes and then
cooled to —~72 °C. Yellow-brown crystals formed that were collected
by suction filtration, washed with cold hexane, and dried under vac-
uum. Some additional product was recovered from the filtrate yielding
a total of 0.69 g (85%) of trans-chloro(phenyl)bis(triethylphos-
phine)nickel(I1), mp 64-65 °C. Recrystallization of the sample from
ether gave a pure product, mp 75-75.5 °C.

(b) With Bromobenzene. From 2.0 mmol of Ni(PEt;)4 and 0.32 g
(2.0 mmol) of bromobenzene was obtained 0.65 g (72%) of brown
trans-bromo(phenyl)bis(triethylphosphine)nickel(11), mp 85-86 °C
(lit.'"" mp 82-83 °C dec).

(c) With 1,2-Dichlorobenzene. From 2.0 mmol of Ni(PEt3)4 and
0.59 g (4.0 mmol) of 1,2-dichlorobenzene was obtained 0.62 g (70%)
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of yellow-brown trans-chloro(2-chlorophenyl)bis(triethylphos-
phine)nickel(II), mp 89-90 °C.

(d) With 1,3-Dichlorobenzene. From 2.0 mmol of Ni(PEt;)4 and
0.59 g (4.0 mmol) of 1,3-dichlorobenzene was obtained 0.67 g (76%)
of yellow-brown trans-chloro(3-chlorophenyl)bis(triethylphos-
phine)nickel(Il), mp 94-95 °C.

(e) With 1,4-Dichlorobenzene. A solution of 2.0 mmol of Ni(PEt1)4
in 5 mL of hexane was slowly added to a stirred solution of 0.30 g (2.0
mmol) of 1,4-dichlorobenzene in 2 mL of hexane. Some white solids
precipitated which were filtered off. Cooling the brown filtrate to ~72
°C afforded 0.73 g (83%) of trans-chloro(4-chlorophenyl)bis-
(triethylphosphine)nickel(11), mp 80-83 °C. Recrystallization of the
sample from ether gave a pure product, mp 86-87.5 °C.

(f) With 1,2,4-Trichlorobenzene. From 2.0 mmol of Ni(PEt3), and
0.37 g (2.0 mmol) of 1,2,4-trichlorobenzene was obtained 0.47 g (49%)
of yellow trans-chloro(2,5-dichlorophenyl)bis(triethylphosphine)-
nickel(1I). Recrystallization of the sample from ether gave a pure
product, mp 98-100 °C.

(g) With 2-Bromochlorobenzene. From 2.0 mmol of Ni(PEt;)s and
0.38 g (2.0 mmol) of 2-bromochlorobenzene was obtained 0.78 g
(80%) of yellow-brown trans-bromo(2-chlorophenyl)bis(triethyl-
phosphine)nickel(I1). Recrystallization of the sample from ether gave
a pure product, mp 109-110 °C.

(h) With 4-Bromochlorobenzene. From 2.0 mmol of Ni(PEt3)4 and
0.38 g (2.0 mmol) of 4-bromochlorobenzene was obtained 0.82 g
(84%) of brown trans-bromo(4-chlorophenyl)bis(triethyvlphos-
phine)nickel(11). Recrystallization of the sample from toluene/ether
gave a pure product, mp 118-120 °C dec.

(i) With 2-Bromo-m-xylene. A solution of 2.0 mmol of Ni(PEt3)4
and 0.40 g (2.2 mmol) of 2-bromo-mi-xylene in 7 mL of hexane was
stirred overnight at 25 °C. The color gradually turned from purple
to brown. Some white solids were removed by filtration, and the filtrate
was cooled to —72 °C. Yellow-brown platelets precipitated which were
collected by suction filtration to yield 0.50 g (51%) of NiBr(PEt1)s:
mp 46-48 °C; IR (Nujol) 2930 vs, 1460 vs, 1420 m, 1380, 1250 w,
1055w, 1030, 1000 w, 980 w, 763 s, 752 ms, 727 ms, 707 ms, 678 m
cm™l,

Anal. Calcd for C1gH4sBrNiP3: C, 43.85; H, 9.20; Br, 16.20; Ni,
11.91. Found: C, 43.53; H, 9.08; Br, 15.78; Ni, 11.32.

(j) With Hexachlorobenzene. From 2.0 mmol of Ni(PEts3), and 0.57
g (2.0 mmol) of hexachlorobenzene in 10 mL of toluene was obtained
0.34 g of a mixture of red and white crystals. An IR spectrum of this
sample identified it as a mixture of pentachlorobenzene and trans-
NiCly(PEt3),. Repeating the reaction in 50 mL of tetrahydrofuran
yielded 0.15 g of the same mixture.

(k) With 3-Chloro-2-norbornanone, A solution of 0.75 g (1.4 mmol)
of Ni(PEt3)4 and 1.5 g (10 mmol) of 3-chloro-2-norbornanone were
stirred in 20 mL of ether. After the slightly exothermic reaction had
subsided, the solution was stored overnight at —25 °C. Suction fil-
tration of the solution produced 0.40 g (79%) of trans-NiCl(PEt;);
which was identified by its IR spectrum and satisfactory C, H, Ni, P
analyses. The mother liquor was filtered through alumina, and the
filtrate was evaporated to an oil. GLC analysis of the oil was per-
formed on a 0.25 in. X 5 ft column packed with 10% Apiezon L on
60/80 Chromosorb G temperature programmed from 100 to 250 °C.
In addition to unreacted 3-chloro-2-norbornanone, one predominant
and several minor products were detected. The major product was
isolated by preparative GLC and was found to be identical with au-
thentic 2-norbornanone.

Carbonylations. (a) Of trans-NiCl(C¢Hs)(PEt3)2. A 21-mL glass
pressure tube containing 0.81 g (2.0 mmol) of trans-NiCl(C¢Hjs)-
(PEt3); in 5 mL of hexane was flushed with carbon monoxide and then
pressured to 15 psig with carbon monoxide and allowed to stand at
25 °C. Orange crystals formed overnight, and the tube was cooled to
—72 °C. The crystals were collected by suction filtration, were washed
with cold ether, and were dried under vacuum to yield 0.70 g (80%)
of orange trans-chloro(benzoyl)bis(triethylphosphine)nickel(11), mp
73-75 °C. Its IR spectrum is identical with the benzoyl nickel complex
prepared by oxidative addition.

(b) Of trans-NiCl(2-CICcH4XPEts)2. An experiment identical with
(a) with 0.44 g (1.0 mmol) of trans-NiCl(2-CIC¢H4)(PEt;3) resulted
in the recovery of 0.39 g (89%) of starting material. Repeating the
experiment with 1.05 g (2.38 mmol) of trans-NiCl(2-CIC¢H4)(PEt;3)»
and 10 mL of hexane in an aerosol compatibility bottle at 2 0 psig of
carbon monoxide led to a rapid but small pressure drop and some or-
ange crystal precipitation. After standing overnight, the excess CO
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was vented and the mixture was cooled to —20 °C and suction filtered.
Orange crystals contaminated with black and green impurities were
collected (0.80 g). The product was dissolved in ether and filtered. The
solution evolved CO during this process. The filtrate was resubjected
to a 200 psig pressure of CO, cooled to —72 °C, and suction filtered
to yield 0.10 g (9%) of orange trans-chloro(2-chlorobenzoyl)bis-
(triethylphosphine)nickel(11), mp 84-86.5 °C dec.

(¢) Of trans-NiCl(3-CIC¢H4)PEt3)z. An experiment similar to (a)
with 0.44 g (1.0 mmol) of trans-NiCl(3-CIC¢H4)(PEt;), was per-
formed. When the tube was pressured to 16 psig with carbon mon-
oxide, rapid stirring caused the pressure to fall to 3 psig in a few
minutes. The reaction produced 0.43 g (92%) of orange trans-
chloro(3-chlorobenzoyl)bis(triethylphosphine)nickel (11}, mp 83-88
°C. Recrystallization of the sample from ether at low temperature
gave a purer product, mp 84-86 °C.

(d) Of trans-NiCl[C(CH=CH,)=CH,](PEt3);. An aerosol com-
patibility tube containing 2.0 g (5.2. mmol) of trans-NiCl[C-
(CH=CH;)=CH,](PEt3); in 8 mL of hexane was pressured to 50
psig with carbon monoxide. After 0.5 h, the pressure had fallen to 14
psig and a yellow solid had formed. The solution was filtered and 1.22
g of an unidentified water-soluble yellow solid was collected. The
filtrate was evaporated to dryness and the yellow-brown oil residue
exhibited IR absorptions at 2030's, 2000 vs, and 1925 ms cm~! plus
PEt; absorptions suggesting the oil is a mixture of Ni(CO),(PEt;3),
complexes. A weak absorption was also present at 1800 cm™!.
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