
MICROREVIEW 

The Reactivity of Complexes of Nickel(0) and Platinum(0) Containing Benzyne 
and Related Small-Ring Alkynes" 
Martin A. Bennett" and Eric Wenger 

Research School of Chemistry, Auslralian National University, 
GPO Box 414, Canberra. A. C. T. 2601, Australia 
Fax: (intcrnat.) + 61 (0)2/624%2 16 
E-mail: bennett(3rsc.anu.edu.au 

Received March 10, 1997 

Keywords: Nickel / Platinum / Aryne complexes / Cyclohexyne complexes / Insertions 

The preparation and reactivities of cyclohexyne and aryne 
complexes of platinum@) and nickel(0) are reviewed. These 
complexes undergo insertions with unsaturated molecules 
such as alkenes, alkynes, isocyanides, CO and C 0 2 .  I n  the 
case of the nickel- benzyne complexes, consecutive inser- 

tions are observed with alkynes, leading to substituted naph- 
thalenes with good regioselectivities. A possible mechanism 
for these double insertions, based on a combination of steric 
and electronic factors, is discussed in detail. 

1. Introduction erated by oxidative degradation of its Fe(CO), complex. In 
contrast to the free hydrocarbon, the complex is so stable 
that i t  will undergo typical aromatic substitution reac- 
tions'']. The general principle has been applied to obtain 
transition metal complexes of short-lived, strained cyclic al- 
kynes, such as cycloheptyne, cyclohexyne, and benzyne; de- 
tailed reviews have appear~d"-~I. In this account, we dis- 

Transient unsaturated organic compounds can often bc 
stabilized by coordination to a transition metal centre and 
their reactivity is thereby dramatically altered. One of the 
earliest and most elcgant cxaniples is the anti-aromatic hy- 
drocarbon cyclobutadieiie. which can be conveniently gen- 
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cuss recent work on the chemistry of such species wi th  
nickel(0) and platinum(0). and compare it where appropri- 
ate with that of the corresponding compounds with early 
transition metal fragments, especially bis(cyclopen tadieny1)- 
zirconium(1L) (zirconocene). 

2. Aryne and Strained Alkyne Complexes of the Early 
Transition Metals 

Benzyne complexes were first implicated as transient in- 
termediatcs in the thermal decomposition of bis(pheny1) de- 
rivatives of titanocene and zirconoccne'2,'1. The first 
isolable q2-benzyne complexes [M(qS-C5Me5)(q2- 
C6H4)Me2] (M = Ta, Nb) (1) were obtained by thermolysis 
or the organotantaluni or organoniobiuni complexes 
[M(q5-C5Mej)PhMei] (Scheme l)[5,6]. 
Scheme 1 

1 

M =Ta, Nb 

The elimination of benzene from a bis(pheny1) derivatite, 
or of methanc from a (mcthyl)(phenyl) derivative, has pro- 
ved to be a general route to q'-benzyne complexes of' most 
of the early transition elements, 1.e. titaniuml'1, zirconium[*]. 
vanadium[9], niobium['0,' 'I, tanta1umCl0 lZ.' '1, molyb- 
denum["]], tungsten[l'I and rhe~iiumr'~ 16], and also ru- 
thenium[' 71. Common co-ligands are q5-cyclopentadienyl, 
tertiary phosphanes, and q'-alkyl or q l-iiryl groups; in the 
case of niobium or tantalum. 1,3-butadienerl2J, alkylim- 
idor' '1 and the nido-carborane anion Et2C2B4H4[l3I have 
also been employed. Some examples of q'-benzyne (or 
aryne) complexes, 2-5. formed by the thermal p-hydrogcn 
elimination procedure, are shown in Schemes 2- 5 .  

Scheme 2 

PMe3 t @ PMe3 

(R = - RH Ph. Me) q&$Q 
2 

Scheme 3 

3 

Scheme 4 

L 

- PhMe 

L = PMe,, PMe,Ph 

Re(c-MeC6H4)4 - 
4 

Scheme 5 

Zirconocene complexes of cyclohexyne[lsI, 3,3-dimethyl- 
cy~lopentyne['~l. and [2.2]-para~yclophane-l-yne[~~] have 
been made similarly. 

3. Aryne and Cyclic Alkjne Complexes of Nickel(O), 
Palladium(O), and Platinum(0) 

Unfortunately these complexes cannot be made by the 
methods employed for the early transition metals because 
bis(pheny1) or (methyl)(phenyl) derivatives of Ni", PdT1, and 
Pt" do not eliminate benzene or niethanc, respcctively, on 
heating. Cycloheptyne complexes [M(PPh,)2(q2-C7Hlo)] (M 
= Pt, Pd)Lz1l and cyclohexyne complexes [ML2(q2-C6HR)] 
[M = Pt (6), Pd. 2 L = 2 PPh,["l; M = Pt, 2 L = 2 
PrBuPh?, 2 PtBu2Ph~"1; M = Ni, 2 L = 2 PPh3 (7), 2 PEt, 
(S), Cy2PCH2CH2PCy2 (9)'231) are obtained by reduction 
of the appropriate 1.2-dibromocycloalkene with 1% sodium 
amalgam in the presence of a zerovalent metal complex 
(Schemes 6 and 7); the procedure has been applied also to 
the preparation of the Pt(PPh,), complexes of 4-homoada- 
mantyne["J] and [2.2]-paracyclophane- l -y~ ie [~~] .  

Scheme 6 

possible intermediate 

n = 5, M = Pt, Pd 
n = 4, M = Pt (6), Pd 

Schemc 7 

In the case of 4-homoadamantyne, thc authors suggcst 
that the free alkyne is generated and trapped by PtO. For 
the cyclohexyne complexes, a more plausible alternative is 
that a zerovalent metal complex of 1,2-dibrornocyclohex- 
ene, [ML2(q2-l ,2-Br,C6H,)]. is generated transiently and re- 
duced rapidly. The corresponding sequence involving 
[Pt(PPh&(q2- 1 ,2-Br2C5H6)] has been established for the 
formation of the cyclopentyne complex [Pt(PPh&(q?- 
CjHg)]'Z61. 
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2.  LiCl 

An alternative, high-yield route to the Pt(PPh,), com- 
plexes of cyclohexyne and cycloheptyne IS to treat a mixture 
of the appropriate 1 -bromocycloalkene and [Pt(PPh,)?] with 
lithium diisopropylamide (LDA) (Scheme 8)[271; use of 
fBuOK instead of LDA gives mainly the Pt(PPh& complex 
of the isomeric cyclic allcne, cyclohepta-l J-diene, in the 
case of the seven-membered ring, and fails in the case of 
the six-membered ring. The reasons for these differences 
are unknown. 

Scheme 8 

n = 4 . 5  

with 1% sodium-amalgam to give [Ni(dcpe)(q’-C,H,)] 
(1 1 p .  
Scheme 10 

. .  
10 

Scheme 9 
Br 

CY2 
11 

c,/’Y /J 
P 
CY2 

n = 5  
LDA = LiN! Pr, 

The LDA reaction probably proceeds by base-promoted 
elimination of HBr from a transient intermediate Pt(PPh,), 
complex of the 1 -bromocycloalkenc. Such a species could 
be detected in the reaction of [Pt(PPh,),] with I-bromo- 
cycloheptene in the absence of LDA (Scheme 9). In the ab- 
sence of base, it isomerizes first to the LZS-  and then to the 
tran.s-(l -cycloheptenyl)platinum(l I )  complexes, which are 
unaffected by base. The Pt(PPh,), complex of I .Ldibronio- 
cyclopentene isomerkes similarly to cis- then tr-uns-(l- 
bromocyclopentenyl)platinum(JJ) 

Although nickel(0)-benzyne complexes should in prin- 
ciple be accessible from Na/Hg reduction of a mixture of a 
1,2-dibromoarene and a nickel@)-phosphane complex, in 
practice it is more satisfactory to reduce a pre-formed (2- 
halogenoaryl)nickel(II) halide complex. Thus, the first nick- 
el(0)-benzyne complex was made in two steps (Scheme 10): 
reaction of o-dibromobenzene with the ethylene complex 
[Ni(dcpe)(q2-C2H4)] (dcpe = Cy2PCE12CH2PCy2) gave, 
after treatment with C1-, the 2-bromophenylnickel(II) 
chloride [NiC1(2-BrC6H4)(dcpe)] (lo), which was reduced 

Chew Ber lRecueill997, 130, 1029 - 1042 

A more convenient route to nickel@) precursors anal- 
ogous to 10 is to reduce a mixture of the 1,2-dibromoarene 
and [NiBr2(PPh3)2] with zinc dust, giving “iBr(2-bromo- 
a r~ l ) (PPh~)~] ,  and then to replace the triphcnylphosphane 
ligands by heating with dcpe. Reaction of the 1.2-dibromo- 
arene 4,5-X,C6H2Brz with [Ni(COD)J in the presence of 
2.5 equivalents of triethylphosphane gives the nickel(I1) 
complexes [NiBr(2-Br-3,4-X,C6H,)(PEt&] [X = H (12), F 
(13)], which are reduced by lithium to the corresponding 
nickel(0) - aryne complexes wi(PEt3),( 1 ,2q-4,5-X2C6H2)] 
[x = H (14), F (15)] (Scheme 11)[29]. 

Scheme 1 I 

Ni(GOD);? + 2PEt3 + ‘aBr - ‘ a B ; ~ t 3  

“.Br 
X Br X 

Et3P 

X = H (12), F (13) 

X = H (14), F (15) 

These bis(triethy1phosphane) complexes are low melting 
solids that are much more sensitive to heat, air, and moist- 
ure than the corresponding dcpc complexes. They have been 
characterized by NMR (lH, 13C, 31P) spectroscopy and are 
monomeric as shown by FAB mass spectrometry. The low- 
melting solid obtained in 1971 by lithium reduction of 
[NiCl(2-BrC6H4)(PEt3)2], which was formulated as a di- 
meric p-o-phenylenenickel(I1) complex [Ni2(PEt3)2(p-o- 
C6H4)2][3*], is probably the monomeric benLyne complex 
[Ni(PEt3)2(i12-C6H4)] (14), although the reason for the high 
molecular weight values in the early report remains unclear. 

T h e  q’-naphthalyne complexes [NiL2(2.3q-CloH6) [L2 = 
2 PEt, (16), dcpe (17)] are prepared by similar routes from 
2,3-dibroimonaphthalene, but in this case it is necessary to 
use the stronger reducing agent 1% sodium amalgam in- 
stead of lithium for the reduction step (Schemes 12 and 
13)[3’1. 
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Scheinc 12 

1 %  NdHg - 
Ni. 

Et3P Br 
16 

Scheme 13 

Q2 
17 

Reduction of 2-chlorophenylnickel(II) halides [NiX(2- 
C1C6H4)L2] (X = CI, Br; L2 = 2 PEL,, dcpc) also rcquircs 
1% Na/Hg. indicating that the first step of the reduction 
occurs at the C-X bond. Attempts to prepare nickel(0)- 
benzyne complexes containing strongly electron-donating 
substituents such as OMe in the aromatic ring have failed 
owing to the instability of the nickel(I1) precursors. 

Alkali metal reduction of the appropriate o-halogenopyr- 
idylnickel(I1) halide complexes gives specicc that havc been 
identified tentatively on the basis of their 31P-NMR spectra 
as nickel(0) complexes of 2,3- and 3,4-pyridyne, 18 and 19 
respectively (Schcmc 14 and IS), but these were too un- 
stable thermally to be isolated or further characterized[”’. 

Scheme 14 

CY2 10 
derived from 
2,3-dichIoropyridine 

Scheme 15 

CY2 

derived from 
3,4-dibromopyridine 

The high-yicld preparation of the Pt(PPh& complexes of 
cyclohexyne and cycloheptyne from [Pt(PPh&], LDA, and 
the appropriate 1-bromocycloalkene raises the qucstion 
whcthcr a similar route could be used to generate benzyne 
complexes from aromatic halides. Benzyne itself is formed 
by deprotonation of aromatic halidcql’4-q61 and, if a non- 
nucleophihc base such as lithium 2,2,6.6-tetramethyIpiperi- 
dide (LiTMP) is used, the benzyne can be trapped either 
with typical Diels-Alder rcagcnls such as 1,3-diplicnyliso- 
benzofuran[”l or with an added nucleophile such as 
LiSPh[3b]. The idea of trapping an aryiae with a metal coin- 
plex has already been employed in the high yield prep- 
aration of the dinickel(0) complex of 1,4-bcnzdiync (1,2,4,5- 
tetradehydrobenzene) (20) shown in Scheme 16[391. 

Scheme 16 

CY2 CY2 CYZ 

20 

Indeed, slow treatment of an excess of chlorobenzene 
with LiTMP in the presence of [Ni(dcpe)(q2-C,H1)] does 
form the beiuyne complex [Ni(dcpe)(il’-C6H,)] (11). a5 

shown by 31P-NMR spectroscopy. The problem is that free 
benzyne also inserts rapidly into the nickel- benzyne bond 
to form the 2,2’-biphenylylnickel(ll) complex 21 (Scheme 
17). which is the main product isolated if an excess of 
LiTMP is used[“]. We have been unable to control the reac- 
tion conditions to make 11 the main product, since it is not 
formed complctcly in the presence of ~1 cquivalent of 
LiTMP. 

Scheme 17 

CY2 

19 

I dcpe = Cy2PCH,CH2PCy2 I 
Platinum( 0)- benzyne complexes [PtL2(q2-C6H4)] ( L2 = 

2 PEt3, 2 PiPr3, 2 PCy3, dcpe) can be made by reduction of 
(2-lialogenophenyl)platinu1ii(~I) complexes with 43% so- 
dium amalgam (both the 1% amalgam and lithium are inef- 
rcctive), but their chemistry has not been studied in de- 

All attempts to prepare bis(tripheny1phosphane) 
benzyne complexes of nickel(0) or platinum(0). 
[M(PPh3)2(q’-C6H4)] (M = Ni, Pt), by the reductive pro- 
cedure have been unsuccessful. 

21 

Similarly, the reaction of chlorobenzene with LiTMP and 
[Pt(PPh-J2(q’-C2H4)] at 0°C generates succc\sively the q2- 
benzyne complcx [Pt(PPh3)2(q2-C6H,)] (22), and the 2.2’- 
biphenylylplatinum(I1) complex 23 (Scheme 18). 
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Scheme 18 

23 

The benzyne complex has been identified on the basis of 
the similarity of its 3'P-NMR spectroscopic parameters to 
those of the cyclohexyne complex [Pt(PPh3)2(q2-C6H8)] (6). 
It isomerizes over a period of hours at room temperature 
by an intramolecular hydride migration to the cycloplati- 
nated q'-phenyl complex 24 (Scheme 18)C401. A similar pro- 
cess occurs for 6, though much more slowly (refluxing tolu- 
ene for several days); the product is the q I-cyclohexenyl 
complex 25 (Scheme 1 9)L4'1. 

Scheme 19 
rn 

A 

PPh3 

6 
25 

A general conclusion from all the preparative work is that 
the benzyne complexes are less easily formed and less stable 
than their cyclohexyne or cycloheptyne analogues. The suc- 
cess of the base-promoted reactions in forming the 
Pt(PPh,), complexes of cyclohexyne and cycloheptyne can 
be traced to the facts that much of the I-bromocycloalkene 
coordinates through the double bond to Pt(PPh& and that 
the resulting complex is rapidly deprotonated by LDA. In 
contrast, the aromatic halides coordinate only weakly and 
deprotonation therefore gives mostly free benzyne. Al- 
though the latter can be intercepted by the metal complex, 
it also inserts rapidly into the metal-benzyne bond of the 
resulting adduct. 

The same methodology has been used to prepare the first 
tropyne complexes of d" metals, [M(PPh3)2(q2-C7H5)]f (M 
= Pt[27,42], Pdr4'1). Reaction of a mixture of isomeric 
bromocycloheptatrienes with LDA in the presence of 
[M(PPh,)l] gives a mixture of the two possiblc cyclohep- 
tadienyne complexes 26 and 27, which are aromatized to 

Chenz. BpzlRecueill997, 130, 1029- 1042 

the corresponding tropyne complex 28 by hydride abstrac- 
tion with [Ph3C]BF4 (Scheme 20). 

Scheme 20 

M(PPh& (M = Ft, Pd) I LDA 

29 

27 

20 

In accordance with the usual trend, the platinum complex 
is stable up to 70°C, whereas the palladium analogue de- 
composes even at -35°C. In the case of platinum, use of 
tBuOK as base instead of LDA leads to the isomeric q2- 
allene complex 29 (Scheme 20, see also Scheme 8)[27,44]. 
However, tBuOK has been used successfully to prepare di- 
benzannelated didehydrotropone (30), didehydrooxepin (31) 
and didehydrocycloheptatriene (32). 

30 31 

32 33 

Complex 32 is converted into the dibenzannelated tro- 
pyne complex 33 on treatment with [Ph3C]BF4, but 32 is 
re-formed when K[Et3BH] is added to 33[451. Analogues of 
26-28 containing a Mo(CO)~ group bound to the x-elec- 
trons of the seven-membered rings have also been pre- 

4. Insertion Reactions into the Metal-Alkyne or 
Metal-Aryne Bond 

4.1. General Remarks 

The reactivity of cyclic alkyne and aryne complexes of 
transition elements is dominated by two characteristic fea- 
tures: 
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(i) cleavage of the metal-alkyne or metal-aryne bond 
by electrophiles. especially acids (sometimes even weak ac- 
ids such as water and me than~ l ) [~ ,~ ' ] ;  

(ii) insertion of molecules containing multiple bonds, 
such as alkenes, alkynes, nitriles, aldehydes, ketones, CO, 
CO2, and CS2, into the metal-alkyne or metal-aryne 
bond. 

The reactivity of a particular system depends strongly on 
the nature of the metal atom (early or late; first-, second- 
or third-row) and on the accompanying ligands. The zircon- 
ocene- benzyne and -cyclohexyne complexes seem to be 
the most reactive towards insertion, whereas the later tran- 
sition metal complexes often undergo protonation in prefer- 
ence to insertion. The similarities and differences are exem- 
plified in the reactions of 2 and 5 with methyl ketones and 
nitriles (Schemes 21 and 22). 

Scheme 21 

2 

Scheme 22 

- PMe, cp2zr4 

The rhenium-o-methylbenzyne complexes (Scheme 4) 
and the tantalum- benzyne complexes containing the nidn- 
carborane anion are remarkably inert towards insertion re- 
actions. 

4.2. Cyclic Alkyne Complexes of Platinum(0) and Nickel@) 

In general, the platinum(0) -cyclohexyne complexes are 
less reactive than zirconocene-cyclohexyne towards the in- 
sertion of alkenes and alkynes. Thus, [Pt(PPh3)2(q2-C6H8)] 
reacts slowly on heating with the electrophilic olefins methyl 
vinyl ketone, acrolein, methyl acrylate, and acrylonitrile to 
give the corresponding platinacyclopentenes 34-37 
(Scheme 23)u4'1. 

In contrast, the disubstituted alkenes RCH=CR'R" (R 
= H, R'  = Me, R" = CHO, CO2Me; R = Me, R'  = H, R 
= CHO, C0,Me) give [Pt(PPh3)2(q2-alkene)] as the only 
identifiable organometallic product; the fate of the cyclo- 
hexyne has not been determined. A similar reaction occurs 
slowly with a large excess of styrene. 

The strained alkene norbornene gives mainly the inser- 
tion product 38, in addition to small amounts of 
[Pt(PPh3)2(q2-norbornene)] (39), the cycloplatinated com- 
plex 25 and a mixture of isomers of organic compound 40 
probably derived from coupling of cyclohexyne with two 

Scheme 23 
r 1 

- mR 
Ph3P PPh, 

R = COMe(34),CHO(35), 
C02Me (36), CN (37) 

molecules of norbornene (Scheme 24). Dimethyl maleate 
and dimethyl fumarate also give mixtures of the corre- 
sponding isomeric insertion products with the 
[Pt(PPh3)2(q2-olefin)] complexe~[~'1. 

Scheme 24 

()-piPPh3 PPh3 

6 

The regioselectivity observed in the formation of the pla- 
tinacyclopentenes (Scheme 23) is consistent with attack of 
the electron-rich coordinated cyclic alkyne on the electron- 
deficient carbon atom of the alkene. The reactions are in- 
hibited by free PPh3, so they probably proceed by initial 
dissociation of one PPh3 ligand and formation of a cyclic 
alkyne-alkene intermediate (Scheme 23). In agreement, the 
alkenes do not undergo insertion reactions with 
[Pt(R2PCH2CH2PR2)(q2-C6Hs)] (R = Ph, Cy), although 
the corresponding insertion products can be obtained by 
displacement of PPh3 from 34 with the chelate ligand. 
Treatment of 34 with the chiral ditertiary phosphane (S,s>- 
O - C ~ H ~ ( P M ~ P ~ ) ~  immediately gives a 2:l mixture of the 
two possible diastereomers. This observation shows that the 
(R)- and (S)-configurations of the carbon atom bearing the 
acyl group in 34 are in rapid equilibrium, probably owing 
to keto-enol ta~tomerism[~']. 

The cyclohexyne and dibenzannelated didehydrotropone 
complexes, [Pt(PPh3)2(q2-C6H8)] (6) and [Pt(PPh3)2{q2- 
C2(CbH4j2C0}] (30), react with TCNE to give 
[Pt(PPh&(q'-TCNE)]; in the latter case the acetylene is re- 
leased and isolated in the form of an aromatic cyclotrimer. 
Surprisingly, treatment of [Pt(PPh3), {q2-C,(C6H4),O}] (31) 
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with TCNE gives a mono-insertion product 41 (Scheme 
25)[45]. 
Scheme 25 

31 41 

The complexes [PtL2(q2-C6H8)] (L2 = 2 PPh3 (6j, 
dppe)Lz11, and the dibenzannelated cycloheptadieneyne 
complexes 30-3314s1 do not react with diphenylacetylene, 
but in view of the result with activated olefins, it is surpris- 
ing that 6 reacts neither with electrophilic alkynes such as 
methyl propiolate and dimethyl acetylenedicarboxylate 
(DMAD) nor with CS2, all of which could have been ex- 
pected to displace PPh3 from platinum(0). Complexes 
[PtL2(q2-C6Hg)] containing more strongly basic bidentate 
ditertiary phosphanes [L, = Me2PCH2CH2PMe2 (dmpe), 
Et2PCH2CH2PEt2 (depe), Cy2PCH2CH2PCy2 (dcpe)], do 
however, give the expected insertion products with DMAD, 
CS2, and C02 (Scheme 26). In contrast to the reactions of 
olefins with 6, these insertions evidently do not require 
prior dissociation of tertiary phoshane; they may proceed 
through highly polar intermediates or transition states. 

Scheme 26 
C0,Me 

U 
R = Me, Et, Cy 

Alkynes such as but-2-yne, 1-phenylprop- 1 -yne, bis(tri- 
methylsilyl)acetylene, or di-tert-butylacetylene do not react 
with [PtL2(q2-C6Hs)][471. The complex [Pt(dcpe)(q2-C6H8)] 
is protonated by methyl propiolate to give an acetylide com- 
plex, [Pt(q1-C6H9)(q '-C=CCO2Me)(dcpe)] (Scheme 26), 
rather than giving the expected insertion product[4R]. 

The cyclohexyne-nickel(0) complexes [NiL2(q2-C&)] 
[L2 = 2 PPh3 (7), 2 PEt, (Sj, dcpe (9j] are much more reac- 
tive than the platinum(0) complexes towards unsaturated 

They react readily with ethylene to give 
[NiL2(q2-C2H4)] and with alkynes (hex-3-yne, DMAD) to 
give the corresponding alkyne complexes. These reactions 
may be double or multiple insertions similar to those of 
[Pt(PPh&(q2-C6H,)1 with norbornene and of the 

benzyne-nickel(0) complexes with acetylenes (see below), 
but the organic products have not been identified. Insertion 
products also could not be isolated from the rapid reactions 
of 7 and 8 with C02 and CS2, although it was established 
that cyclohexyne was not released. In contrast, 9 reach with 
C02 to give the expected insertion product 42. the nickel- 
aryl bond of which undergoes insertion with DMAD to 
give 43 containing a seven-membered chelate ring (Scheme 
27). 

Scheme 27 

42 R = C02Me (43) 

4.3. Aryne Complexes of Nickel(0) 

The nickel(0) complexes of benzynes and 2,3-naph- 
thalyne are much more reactive than the platinum@) com- 
plexes of cyclohexyne towards alkenes and alkynes, and 
show a more marked tendency to undergo sequential inser- 
tions. For example, slow addition of DMAD to the benzyne 
complex [Ni(dcpe)(q2-C6H4)] (11) gives the isolable nickel- 
aindene complex 45[281. which readily reacts with more 
DMAD to give, after reductive elimination of Ni(dcpe), the 
tetrasubstituted naphthalene 1,2,3,4-(COzMe)4C10H4 (47) 
(Scheme 28). 

Scheme 28 

X = H (ll), F (44) X = H (a), F (46) 

X$ Me 

X C02Me 
CO2Me 

X = H (47), F (48) 

A similar sequence takes place with the 4,5-difluoro- 
benzyne complex [Ni(dcpe)( 1 ,2q-C6H,F2)] (44); in this case, 
the intermediate nickelaindene 46 can only be detected 
spe~troscopically[~~1. In general, the PEt3 complexes are 
more reactive than their dcpe analogues, which suggests 
that one PEt, ligand must dissociate before the acetylene 
coordinates. Thus, the 2,3q-naphthalyne complex [Ni- 
(PEt&q2-CI0H6)] (16) reacts with diphenylacetylene to 

Chem. Be% 1 Reciieil 1997, 130, I029 - 1042 103.5 



MICROREVIEW M.A. Bennett, E. Wenger 

give 1,2,3,4-tetraphenylanthracene, whereas the dcpe ana- 
logue 17 fails to reactL3'I. The bis(triethy1phosphane) com- 
plex [Ni(PEt3l2( 1 ,2q-4,5-F2C6H2)] (15) reacts with hex-3- 
yne at -25°C to give 1,2,3,4-tetraethyl-6,7-difluoronaph- 
thalene in good yield, whereas the dcpe analogue 44 re- 
quires 16 h at room temperature[29]. 

As illustrated for benzyne complexes in Scheme 29, these 
insertions are supposed to proceed by reversible dis- 
sociation of one phosphane ligand and formation of a nick- 
elaindene (observed only for 45 and its difluoro analogue 
46). 

Scheme 29 

? R 

(I 
? R  

- NIL2 

d 

MR R 

R 

In principle, the second molecule of acetylene could in- 
sert either into the nickel-vinyl bond or the nickel-aryl 
bond of this intermediate, leading to isomeric benzonickela- 
cycloheptatrienes. Finally. reductive elimination of NiL2 
from either of these compounds gives the tetrasubstituted 
naphthalene. 

Double insertions of this type occur also with unsym- 
metrical acetylenes, often with surprisingly good regioselec- 
tivities (Scheme 30). 

We have studied these reactions in some detail because of 
their obvious relationship to the well-known but still poorly 
understood oligomerisation (especially cyclotrimerisation) 
of acetylenes catalysed by a variety of transition metal- 
based  system^[^^-^^]. The results are summarised in Table 1. 
Thus, tert-butylacetylene reacts with the benzyne -nickel(O) 
coinplexes 14 and 15 to give exclusively the 1,3-disubsti- 
tuted naphthalenes 49 and 50. 

Trimethylsilylacetylene behaves similarly to tert-butyl- 
acetylene with 14, giving a 6:l mixture of the 1,3- and 2.3- 
bis(trimethylsily1)naphthalenes 51 and 52. In contrast, 
double insertion of methyl 2-butynoate with 15 gives di- 
methyl 1,4-dimethyl-6,7-difluoronaphthalenc-2,3-dicar- 
boxylate (53) in 57% yield as the only naphthalene-contain- 
ing product Reaction of methyl propiolate with 15 gives 
the 1,3- and 2,3-dicarboxylates 1 ,3-(C02Me)2-6,7-F2C10H4 
(54) and 2,3-(C02Me)2-6,7-F2CloH4 (55) in a ratio of ca. I 
to 1.5, although in this case the yield was only 33% owing 
to fast competing cyclotrimerisation of the alkyne catdysed 
by the NiL2 fragment forined by reductive elimination. This 

Scheme 30 
t 6" 

X = H (49), F (50) 

SiMe3 

SiMe, 
52 

,PEt3 MeC2C02Me X 

X PEt3 
- 

X = H (14), F (15) 

I 
Me 

53 

\HCZCO,Me 54 
( X = F )  + 

:mco2Me C0,Me 

55 

Table 1 .  Isomer distributions for the reaction of 14 and 15 with 
unsymmetrical acetylenes 

R' 

.. 

A 0 X = H (14), F (15) 

Entrv 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Comdex 

14 
15 
14 
14 
15 
15 
15 
15 
14 
14 

Added 
PR? R1 

no fBu 
no ~ B u  
no SiMe3 
PPh3 SiMe3 
no COzMe 
no COzMe 
PEt3 C02Me 
PPh3 COzMe 
PPh3 COzMe 
PPhi COztBu 

R2 

H 
H 
H 
H 
Me 
H 
H 
H 
H 
H 

Isomeric Ratio 
(%) 

A B 

100 0 
loo 0 
86 14 
85 15 
0 loo 
39 61 
26 14 
20 80 
23 I1 
62 38 

Yield 

56% 
45 % 
50% 
55% 
51% 
33% 
56 % 
66 % 
81% 
13 % 

process, which is always a problem with the activated acety- 
lenes, can be largely though not completely suppressed by 
addition of free tertiary phosphane to trap NiL2. A similar 
observation was made by Carmona et al.[53] in their study 
of the insertion of acetylenes into the nickelaindane com- 
plex [Ni(CH2CMe2-o-(&H4)(PMe3>21 to give 1 ,Zdihydro- 
naphthalenes. Thus, reaction of methyl propiolale with 15 

1036 Chem. BerlRecueill997, 130, 1029- 1042 



Complexes of Nickel(0) and Platinum(0) Containing Beiizyne and Small-Ring Alkynes MICROREVIEW 
in the presence of PEt, (2 equivalents) at -30°C gave a 
1:2.8 mixture of 54 and 55 in 56% yield; under the same 
conditions: use of two equivalents of PPh3 instead of PEL3 
gave a 1 :4 ratio of 54 and 55 in 66% yield. Similarly, methyl 
propiolate reacted with 14 in the presence of PPh3 (two 
equivalents) to give the dimethyl 1,3- and 2,3-naphthalcne- 
dicarboxylatcs, in a 1 to 3.3 ratio and 81% yield. The corre- 
sponding reaction of rert-butyl propiolate with 14 under the 
same conditions also gave a high yield of the di-lerr-butyl 
compounds 1.3- and 2,3-(C02-tB~~)2CloH,, but the pro- 
portion of 1,3-isomer had increased markedly (mol ratio 
1.6:l). In all cases, some aromatic cyclotrimer was also 
formed (3 to 20% based on the  acetylene^):^^]. 

In the case of unsymnietrical acetylenes, the substitution 
pattern of the final napththalene is determined by the re- 
gioselectivity of the successive insertions. Two argumcnts 
lead us to believe that, in the first step of insertion of tert- 
butylacetylene, the Ni-C bond of 14 and 15 initially at- 
tacks the sterically less hindered carbon atom of the coordi- 
natcd acctylcne to give a metallaindene in which the teri- 
butyl substituent is adjacent to nickel (Scheme 31). 

Scheme 31 

H 

t Bu 

t B U  

t Bu t B" 

First, we studied the reaction of 14 with a mixture of 
rert-butylacetylcnc and hex-3-yne in a 1 :3  ratio, the former 
being known to react faster with a nickel-benzyne complex 
than the latter["]. The product is a mixture of I ,2,3.4-tctra- 
methylnaphthalene, formed by double insertion of hex-3- 
yne, and 1,2-diethyl-3-rc.ut-butylnaphthalene, formed by 
sequcntial insertion of [cut-butylacctylene and hex-3-yne 
(Scheme 32); the large excess of hex-3-yne suppresses the 
formation of 1,3-di-tert-butylnaphthalene. 
Scheme 32 

0 1 - N i  PEts Et 
14 Et3P' PEt3 Et 

PEt3 t B G H t  a tBu EtC,Et_ V t B U  

Second, the same regioselectivity is observed in the inser- 
tion of phenylpropyne and other unsymmetrical acetylenes 
into the nickel-methyl bonds of miMe(acac)(PPh3)]1"J 
and [NiC1Me(PMe3)2]1"], in which the methyl group attacks 
the less hindered carbon atom of the acetylene to give a q'- 
vinyl complex having the more bulky substituent next to 
the metal. 

The insertion of the second molecule of tert-butylacety- 
lene could occur either into the nickel-vinyl or the nickel- 
-aryl bond. Since the regioselectivity of this step is likely 
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to be the same as that of the first, the exclusive formation 
of 1,3-di-lert-butylnaphthalene is best explained if the 
acetylene inserts into the nickel-vinyl bond (Scheme 31). 

For the first insertion of methyl propiolate, teut-butylpro- 
piolatc or methyl '-butynoatc, the same direction of ad- 
dition as postulated for tert-butylacetylene could result 
from electronic as well as steric control, i.e. the Ni-C bond 
of 14 and 15 could preferentially attack the electron-poor 
b-carbon atom of the acetylenic ester. The second insertion 
in the case of methyl 2-butynoate may proceed under elec- 
tronic control by attack on the electrophilic carbon atom of 
the nickelaindene by the coordinated alkyne in its allenol 
resonance form (analogous to the one drawn for methyl 
propiolalc in Scheme 33). The resulting benzonickelacy- 
cloheptatriene contains adjacent ester groups. hence rc- 
ductive elimination of NiLz leads to the naphthalene-2,3-di- 
carboxylate. 

Presumably, for methyl and tert-butyl propiolates, both 
steric and electronic effects operate in the second insertion 
step, hence both 2.3- and 1 ,3-isomers are formed. The for- 
mer is favoured for methyl propiolate. the latter for tcrt- 
butyl propiolate. This trend is likely to occur as a result of 
steric repulsion between the tert-butyl groups in the path- 
way leading to the 2,3-isomer. The competing electronically 
and stcrically controlled pathways are illustrated for the re- 
action of methyl propiolate with 15 in Scheme 33. 

The increase in proportion of the 2,3-isomer in the pres- 
ence of PPh3 (entries 8 and 9 of Table 1) may be a conse- 
quence of steric hindrance between the more bulky ligand 
(which can exchange with the coordinatcd PEt,) and the 
cster group of the incoming acetylene, thus fdvouring the 
pathway leading to the 2,3-isomer. 

A case in which the second alkyne insertion is under pu- 
rely electronic control is that of the reaction of the nicke- 
laindene 45 with mcthyl propiolate; which gives trimethyl 
1,2,3-naphthalenetricarboxylate but none of the 1,2,4-iso- 
mer (Scheme 34). Presumably the two ester groups in 45 
make the nickel-bound carbon atom highly electrophilic, 
thus driving the reaction along the electronically controlled 
pathway (Schcmc 33). 

It is of interest that an excess of octa-1,7-diyne reacts 
with 14 to give 1,2,3,4-tetrahydroanthracene, isolated in 
48?4 yield, as the only product or double insertionls41. This 
observation can be accounted for as shown in Scheme 35. 

The first insertion, as usual, forms the nickelaindene 56 
in which the substituted carbon is attached to the mctal. 
The carbon chain carrying the second triple bond is too 
short to allow insertion into the nickel-aryl bond; hence, 
in this case, thc alkyne has no alternative but to insert into 
the nickel -vinyl bond, forming the observed product via 
the benzonickelacyclohcptatrienc 57. The direction of this 
second insertion, however, is opposite to that occuring with 
rert-butylacetylene, sincc thc length of the carbon chain 
docs not allow the substituted carbon to be adjacent to 
nickel. 

The regioselcclivity of the acetylene insertions into the 
metal-benzyne bonds of 14 and 15 can be compared with 
that of the corresponding reactions with the nickelaindane 
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Scheme 33 

L = PEt3 4 
-1 

/ 
C02Me 

1 - NIL, 

c_ 

L ‘ i  H F ‘TCozMe C0,Me 

: ~ c o 2 M e  - NiL2 

C02Me 

Scheme 34 Scheme 36 

d r : 2 M e  - HC2C02Me 

CY2PbPCY 2 

45 1 - Nl(dcpe) a Me 

C0,Me 

Scheme 35 

Et3P“ .ipEt, 

57 

I 
Me3P bMea R’ 

58 
59: R’ = H, R2 = C02Me 
60: R‘ = Me, R2 = C02Me 

R‘ = Me, R2 = Ph 
61: R’ = H, R*= ~ B U  
62: R’ = t Bu, R2 = H 

In this case, the alkyne inserts exclusively into the nickel 
--phenyl bond, apparently because the PMe3 ligand trans 
to the Ni-C(sp3) bond is more labile than that trans to the 
Ni-C(sp2) bond, hence the alkyne enters the coordination 
sphere cis to the nickel-phenyl bond. The stereospecificity 
of the reactions with methyl propiolale and methyl but-2- 
ynoate to give 59 and 60, respectively, are the same as those 
of 14 and 15 with the latter acetylene, and presumably both 
reactions are under electronic control. On the other hand, 
tert-butylacetylene gives a 2.2 to 1 mixture of 61 and 62 In 
this case, the preference for the nickel-phenyl bond to at- 
tack the sterically less hindered alkyne carbon atom seems 
less marked than in the case of 14 and 15, although an 
alternative pathway where tert-butylacetylene, for steric re- 
asons, also inserts with the expected regioselectivity into the 
Ni-CH, bond cannot be ruled out; such insertions have 
been observed for f~rmaldehydel~~] or COrS81. 

Dihuptn-benzyne complexes of earlier transition el- 
ements, either isolated or generated in situ, generally un- 
dergo mono-insertion of disubstituted alkynes to give iso- 
lable metallaindenes, but these apparently resist further in- 
sertion, presumably because there is no readily available co- 
ordination site for an additional acetylene molecule. A 

[I%(CH2CMx6H4)(PMe3),] (58), which give dihydro- 
naphthalenes after reductive elimination of the Ni(PMe3), 
fragment (Scheme 3 6)[533571, 
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possible exception is provided by the reactions of triphenyl- 
chromium(II1) with but-2-yne or tolane, which give 1,2,3,4- 
tetramethylnaphthalene or 1,2,3,4-tetraphenylnaphthalene, 
respectively, in addition to the cyclotrimcr of the acety- 
lene[59-62]. These products have been suggested to arise by 
reaction of the acetylene with an intermediate benzyne- 
chromium species formed from triphenylchromium, al- 
though alternative mechanisms have been p r ~ p o s e d l ~ ~ l .  

In contrast with acetylenes, olefins do not appear to un- 
dergo sequential insertions into nickel- benzyne complexes. 
Thus, [Ni(dcpe)(q2-C6H4)] (11) reacts with ethylene (3 

and with methyl acrylate[64] to give the nickelain- 
dane complexes 63 and 64 (Scheme 37), the regiospecificity 
in the latter case being the same as that of the reaction with 
[Pt(PPh&(q’-C,H,)] (Scheme 23). 

Scheme 37 

11 U 

X = H (63), C02Me (64) 

Similarly, the more electrophilic olefin tetrafluoroethyl- 
ene reacts readily with 11 and with its 2,3q-naphthalyne 
analogue [Ni(dcpe)(q2-CloH6)] (17) to form the very stable 
tetrafluoronickelainddnes 65 and 66 (Scheme 38)[65!. 

These compounds are unreactive towards alkenes and 
most alkynes, although DMAD inserts slowly into the nick- 
el-aryl bonds (not the Ni-CF? bonds) to give the seven- 
membered nickelacycles 67 and 68. Complex 65 also reacts 
slowly with CO to form 2,2,3,3-tetrafluoroindanone (69). 
This reaction occurs by CO insertion into the nickel-aryl 
bond of 65 to give a spectroscopically detectable intermedi- 
ate acyl complex 70 which, under CO, undergoes reductive 
elimination of the Ni(dcpe) fragment with formation of 69. 
In the presence of oxygen, 70 forms the stable carboxylato 
complex 71. The preference of CO and DMAD to insert 
into the Ni-aryl rather than the Ni-CF2 bond is in accord 
with the well-known reluctance of fluoroalkyl (and, more 
generally. electron-withdrawing alkyl) groups attached to 
transition metals to undergo insertion of COr66]. 

The triethylphosphane complexes [Ni(PEt3)r(q2-C6H4)] 
(14) and [Ni(PEt3)2(2,3q-CLOH6)] (16) also insert C2F4, but 
the resulting nickelaindanes 72 and 73 are much more reac- 
tive than their dcpe analogues owing to the tendency of 
PEt3 to dissociate (Scheme 39)Lhs1. Thus: in the presence of 
oxygen, one PEt, Iigaiid is removed irreversibly in the form 
of triethylphosphane oxide and an oxygen atom inserts into 
the nickel- aryl bond to form the dimeric p-aryloxonickel 
complexes 74 and 75. Structurally similar p-alkoxo com- 
pounds have been obtained by Carniona and coworkers[s7] 
from the insertion of formaldehyde into the Ni-CH2 bond 
of ~ ~ H ~ M < ~ - ~ 6 H ~ ) ( P M e 3 ) 2 ]  (58). 

Complexes 72 and 73 also react with acetylenes. For ex- 
ample, tert-butylacetylene with 72 gives, after chromatogra- 
phy on silica gel, 1,2-difluoro-4-trvt-butylnaphthalene (76), 

Chern. BeulRecurill997, 130, 1029- 1042 

Scheme 38 

X = H (ll), 
2X = C4H4 (17) 

1 c2F4 

x&F X 

X = l i ( 6 5 ) ,  
2X = C4H4 (66) 

(X = H) I co 

0 

70 

3 bars I co 

& 
0 

69 

Scheme 39 

PEt, CzF4 X 

X PEt, 
Dl-Ni; - 
X = H (14), 
2X = C4H4 (16) 

dcpe = CyzPCHzCH,PCyz 

C4H4 = -CH=CHCH=CH- 

DMAD 
__f 

Me0,C 

X = H (67), 
2X = C4H4 (68) 

0 2  - 
lI 
0 
71 

F 

(X = H) 
f Bu 

X = H (72), 
2X = C4H4 (73) 

76 

\ Me02CC2H (excess) 0 2  / 

X = H (74), 
2X = C4H4 (75) 

Me0,C’ 
77 

C4H4 = -CH=CHCH=CH- 

which presumably arises by insertion of the acetylene and 
subsequent aromatisation on work-up (Scheme 39). It 
should be pointed out that, if the acetylene insertion occurs 
at the nickel-aryl bond rather than the Ni-CF? bond 
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(which seems likely but is not proven), then the regioselec- 
tivity is opposite to that found in  the sequential acctylene 
insertions discussed previously. The reasons for this reversal 
are not known at present. An excess of methyl propiolatc 
apparently undergoes double insertion into the nickel- aryl 
bond of 72. The product isolated is the 1,2-disubstituted 
aromatic compound 77, which presumably arises by pro- 
tonation of the intermediate insertion product. 

The nickel(0) complexes of benzyne arid 4,5-difluoro- 
benzyne, [Ni(dcpe)(l,3rl-4,5-XzC,H,)] [X = H (ll), F (42)] 
react readily with CO, but the nature of the products de- 
pends on conditions, especially the concentration of COL6’]. 
The only organonietallic product that has been isolated un- 
der all conditions is [Ni(CO)2(dcpe)]. As shown in Scheme 
40, the first step is believed to be insertion of one CO, giv- 
ing a highly reactive and so far unobserved benzonickelacy- 
clobutenone 78. A second molecule of CO inserts into the 
nickel-aryl bond of 78 to give a phthaloylnickel(I1) com- 
plex 79, which has been detected by 31P- and 19F-NMR 
spectroscopy for X F. Complex 79 reversibly eliminates 
[Ni(CO)2(dcpe)] to form thc bcnzocyclobutcnc-l,2-dione 80 
and is oxidized irreversibly in the presence of air to give the 
phthalatonickel(l1) complex 81. Under low CO concen- 
trations, the second insertion of CO is very slow, so 78 re- 
acts with its precursor to form the fluorenone 82. again 
with elimination of [Ni(CO)2(dcpe)]. 

However, the regioselectivity for the insertion of a second 
~BLLNC: molecule in thc Pt-CSHE 5ystcm d i k s  from that 
of a second CO molecule in the Ni-ChH4 system, as is 
clear from Scheme 42[471. 

Schenie 42. 
R., Nt Bu 

u 

R = Me, Et 

Scheme 43 
0 

Ph3P‘ ‘PPh, 

84 

Scheme 40 
0 

low conc 
co 

X 
82 

X 
x ~ ~ ~ p f ? )  - N~(Co)~(dcpe) * 

co I I-Ni(dcpe) - xx) X X 

X = H (‘!I), F (44) 78 

dcpe = Cy2PCH2CH2PCy2 I 
- Ni(CO),(dcpe) 

x e o N i ( d c p e )  X - d - 0 2  ’*\i(dcpe) X 0 ~ + Ni(CO),(dcpe) 

U 

81 
79 80 

Although mono-carboxylato complexes can be made by 
direct insertion of C02 into the nickel-benzyne and 
-naphthalyne bonds of cmplcxcs 11 and 17, insertion of a 
second molecule of C 0 2  to form complexes analogous to 
81 does not o ~ c u r ~ * ~ ~ ~ ~ 1 .  

Support for the proposed benzonickelacyclobutenone 78 
as an intermediate in Scheme 40 is provided by thc isolation 
of an analogous complex containing a four-membered ring 
from the reaction of tert-butyl isocyanide with 
[Pt(PPh3)2(q2-C6HX)] (6)  (Scheme 41)1211. 

Scheme 41 

A closely related difference, which i y  probably thermo- 
dynamic in origin, is evident from a comparison of the be- 
haviour of benzocyclobutene-1 ,Zdione with the nickel(0) 
complex [Ni(CO)2(bipy)] and with the platinum(0) complex 
[Pt(PPh&] (Scheme 43). In the first case, the CO-CO bond 
is cleaved, giving the phthaloylnickel(I1) complex 8316xl. 
whereas i n  the second case a phenyl-CO bond is cleaved 
giving the u-ketoacyl complex 84[691. 

5. Conclusions 

Free benzyne and cyclohexyne behave as strongly electro- 
philic alkynes, which charactei-istically undergo nucleophilic 
additions, Diels-Alder reactions with dienes, and [2 + 21- 
cycloaddition Thc formation of stable 
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benzyne- and cyclohexyne-complexes with low-valent, elec- 
tron-rich metal systcnis can be regarded as a particular ex- 
ample of the electrophilicity of these strained alkynes. The 
reactivity of the nickel(0) and platinum(0) complexes is, 
therefore, very different from that of the free alkynes, but 
their nucleophilic behaviour is characteristic of o-bonded 
complexes of nickel(T1) and platinum(I1) in which the metal- 
-carbon 0-bonds are highly strained. In many respects, 
therefore, a bcnzyne complex is best regarded as a benzome- 
tallacyclopropene. The sequential insertion of acetylenes 
into the nickel- benzyne bond to give substituted naphtha- 
lenes is closely related to the well-known metal-catalysed 
cyclotrimerisation of acetylenes to arenes, its regioselectiv- 
ity being governed by a delicate combination of steric and 
electronic effects. The step that controls the regioselectivity 
of these processes seems to be the second insertion into the 
nickelaindene or nickelaindane resulting from the first in- 
sertion of an alkyne or alkene, respectively. The nature of 
the different nickel-carbon bonds present in the five-mem- 
bered nickelacycles is also crucial. From our observations, 
together with those of Carmona et al.[53], the relative reac- 
tivities of NiII-C bonds towards insertion of an alkyne 
seem to follow the order Ni-vinyl > h'i-aryl > Ni-CH2 
> Ni-CF2. Preliminary calculations on the model com- 
plexes [Ni(PH3),(CH3>R] and Ni(PH3)(C2H2)(CH3)R (R = 

CH3. CF3, C2H3) suggest that the ordering of the Ni-R 
bond strengths (CF3 = C2H3 > CH3) alone is not respon- 
sible for the regioselectivity of the insertions. However, 
computation of the energies released upon CzH2 insertion 
into the Ni-R bonds (energy for R = CzH3 > CH3 > CF3) 
reveals a trend consistent with the observed reacti~ities[~~]. 

The nickel-benzyne complexes are in some respects less 
reactive than the zirconocene analogues, e.g. they do not 
undergo insertion with nitriles or ketones, probably because 
nickel is less electrophilic than zirconium, and they are less 
reactive towards olefins, possibly because of steric hin- 
drance by the coordinated tertiary phosphanes. However, 
the presence of a tertiary phosphane, which could be chiral, 
could be turned to advantage in controlling the stereoselec- 
tivity of insertions of substituted alkenes. It is important for 
further development of this fascinating class of compounds 
that more versatile syntheses be developed, starting from 
monohalogenoarenes or even arenes rather than the rela- 
tively inaccessible 1,2-dihalogenoarenes, so that a wider 
range of functionality can be introduced into the aromatic 
ring. 

* Dedicated to Professor Wotfqang Beck, Institut fur Anorgani- 
sche Chemie, Universitat Munchen, on the occasion of his 
65th birthday. 
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