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Summary

The thermal decomposition of neophyltransition metal complexes has been
investigated, in particular, the products of reductive elimination and the sym-
metry aspects of this reaction. Bineophyl (1) was generally the major product
from reductive elimination. A number of other dimeric products were formed,
via routes which must involve transmetallation, a-elimination and, in a few
cases, radical formation. t-Butylbenzene is the major monomeric product. Prod-
ucts from reactions with added ligands such as carbon monoxide, ethene and
triphenylphosphine were also observed.

Introduction

Reductive elimination, particularly that invoking carbon—hydrogen bond
formation, is of synthetic and industrial interest. The synthetic usefulness of
reductive elimination involving carbon—carbon bond formation is hampered by
the numerous side reactions, e.g. §-elimination and radical cleavage (see ref. 1).

We have been particularly interested in the relative importance of reductive
elimination and radical cleavage. Some of the factors are delineated in the pre-
- vious work [2,3] and in the accompanying paper on symmetry properties [4].
The present paper is an extension to other metals of the previous study of neo-
phylnickel [2]. The decomposition products from all the first row transition
metal-neophyl complexes, including nickel, were similar, but the proportions
varied markedly with the central metal and the ligands (Table 1).

* For Part II see ref. 2.
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Among the preducts resulting from the coupling of two neophyl groups,
bineophyl (1) was generally the major product, but in some experiments with
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cobalt and iron complexes (runs 1, 2, 4, 7, 14, 15) comparable amounts of 2
were formed, evidently via partial transmetallation to give 2-t-butylphenyl-
metal complexes (40). Transmetallation is most probably involved also in the
formation of 2,2’-di-t-butylbiphenyl (4) and the compound 5 (runs 2, 15). The
“rearranged” dimers 7 and 8, indicative of the formation of free neophy! radi-
cals, were detected only in some copper promoted reactions (runs 19—23).

t-Butylbenzene was the predominant monomeric product, but substantial
amounts of the “rearranged’ monomers 10—12 were detected, mainly in exper-
iments involving copper as the central metal.

In particular when radical character was indicated by other evidence, the
products 13 and 14 from attack on the solvent were formed (runs 19—23).

. Finally, a number of products, 15—24, were detected, which originate from

reactions involving auxiliary ligands, e.g. triphenylphosphine, carbon monox-
ide, ethene and halogens.

Neophyl coupling

The true structure of the transition state for reductive elimination is, of
course, the major problem in attempts to outline a unified mechanism. An
attractive intermediate is a mononuclear dialkylmetal 25, since it is easy to
visualize direct orbital overlap between the alkyl groups. If, as is generally
assumed, reductive elimination takes place with retention at the combining car-
bon centres, it can be symmetry allowed for a cis but not for a trans complex
[4]. The present discussion deals mainly with complexes of the type 25, but
dinuclear and higher clusters will also be discussed briefly in the final part of
this paper.

For copper(l), which is a d!° system, reductive elimination from an interme-

_diate 25 is symmetry-forbidden [4]. The experimental results for neophyl-
copper(l) seem to support this.

- When the neophyl Grignard reagent and copper(I)iodide were brought into
reaction at —70° C and the mixture then allowed to warm to room temperature,
a fairly high yield of pure bineophyl was obtained. When the reactants were
mixed at 100°C, however, small amounts of the rearranged dimers 7 and 8 were
also formed. Since free neophyl radicals rearrange rapidly at 100°C but
undergo only limited rearrangement below room temperature [5c], this result
strongly indicates some radical component in the decomposition process. The
formation of the rearranged monomeric products 10—12 is further indication
of radical character, since they are characteristic of free neophyl radicals [5].

The similarity in the product patterns from the reaction of the neophyl
Grignard reagent with 1,2-dibromoethane and from the photolysis of bis(neo-
phylcarbonyl)peroxide, which are free radical reactions [6], and that from neo-
phylcopper(I) (Table 1), also suggests radical decomposition. Finally, the for-
mation of neophyltetrahydrofuran in all three reactions is indicative of radical
reactions.

The concerted formation of bineophyl from dineophylcopper(Il), a d° sys-
tem, is also symmetry-forbidden [4]. However, in this case, reductive elimina-
tion is symmetry-allowed from an excited state, which probably has low
energy. Also for copper(II) the product pattern, which is very similar to that
obtained from copper(I), indicates radical character. The amount of bineophyl
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is higher in both cases than that obtained from neophyl radicals [5,6], indicat-
ing partial concerted character in the copper promoted reactions.
R\
ML, —== R—R +ML,
R
25
25a R=neophyl

(] o
LculculRly, — LoPcull(r),
26 R=neophyl 27

e @
claFereiciRy — cigFellFel¥(ClIRy —# 2FeCl + Ry
28 R=neophyl
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29 R=X= {CHg)3CCHy -
30 R=X= (CH3)3SiCHy~
31  R=X= (CH3)3SnCHy-
32 R=PhI(CH3l,CCHy- ,X=Cl

The symmetry-allowedness of the concerted formation of two neophyl radi-
cals from dineophylcopper(1l) [4] could perhaps contribute to the ease of radi-
cal cleavage. Intramolecular one-electron oxidation of the complexed neophyl
carbanions is another possible route to neophyl radicals.

The relevance of the close similarity between the products from neophyl-
copper(I) and (II) is not clear. A possibility is that the reactive intermediate in
both cases is a copper(II) complex. Disproportionation of copper(I) to
copper(1l) and copper(0) is a well-known phenomenon. In the present case one
could even visualize a dinuclear intermediate, that is a copper(I) cuprate, which
can yield a mixed copper(0)copper(1l) complex 27 after intramolecular elec-
tron transfer. The decomposition products from a complex of the type 27 -
would be expected to be similar to those obtained from the reaction between
the neophyl! Grignard reagent and copper(II) salts (cf. ref. 20.).

In contrast to the d'° and d° systems, dialkyl complexes of the configura-
tions d%—d? have reasonable symmetry-allowed pathways to reductive elimina-
tion [4]. In accordance, the earlier study of neophylnickel and palladium spe-
cies, which are d®, indicated exclusively concerted formation of bineophyl [2].

The results of the present study of a cobalt{Il) system (d?) are also in accord
with the concerted formation of bineophyl (1). As in the nickel experiments,
the highest yield of bineophyl (66%) was obtained in the presence of phosphine
ligands. Even in decomposition at 100°C none of the rearranged dimers 7 and 8
was observed, although the yield of bineophyl was greatly decreased (Table 1).
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The yield of bineophyl was also lower in the absence of phosphine ligands (Ta-
ble 1). This is probably due to concerted side reactions rather than to radical
formation, in accordance with symmetry considerations, which predict that
reductive elimination can be symmetry-allowed for all coordination numbers
3—6 [4].

With the exception of 5-coordination this is also true for d® systems. In the
present work neophyliron(If) was investigated as a model system. The forma-
tion of bineophyl seems to be concerted as predicted, but the yields were also
low after the addition of ligands. Iron(0) inserts very efficiently into carbon—
hydrogen bonds, with hydride formation, even in the presence of phosphine
ligands [7]. In their absence, insertion into the solvent could be expected. The
major product from the iron(II) reactions, t-butylbenzene, may then be
expected to be formed from neophyliron and iron hydrides. Similar reactions
are most probably important also for the formation of monomer 9 from other
neophyhnetals.

Tron(III), a d° system, gave a high yield of bineophyl, uncontaminated by
isomers. Iron(III) is thus an efficient coupling agent, in contrast to iron(II). A
similar, though less marked, difference was noted earlier for some other alkyl
groups [8], and is also apparent from the fact that oxidation of a stable dialkyl-
iron(II) species promoted reductive elimination [9].

An unexpected finding for the iron(III) system was that the addition of
1 mol of Grignard reagent per mol of iron(III) chloride gave 76% bineophyl,
while the addition of two equivalents led to a decrease to about 45% in the
yield, based on added Grignard reagent. This result could be used as an argu-
ment for polynuclear intermediates, but a disproportionation reaction, similar
to that described for copper(I) is also possible. A reasonable intermediate
would be the dinuclear complex 28, in which iron(III) chloride would be the
strongest oxidant, perhaps capable of oxidizing a dialkyliron(III) species to
iron(IV), which would be expected to undergo facile reductive elimination.

One d3-system, prepared from chromium(III) chloride and neophylmagne-
sium chloride, was investigated. No bineophyl was formed. Since the reactant
complex is probably 6-coordinate, reductive elimination should be permitted
if a high spin product is formed and forbidden if a low spin product is formed.
A low spin product is thus indicated by the experimental result.

Finally, the neophyl complexes of titanium(III), d*, and titanium(IV), d°,
were studied. Reductive elimination should be permitted for the titanium(III)
complex provided that low spin d* products are obtained [4]. The lack of
bineophyl formation indicates that this is not the case.

In contrast, a fair yield of bineophyl was formed in the reaction of neophyl-
magnesium chloride with titanium(IV) chloride (Table 1, run 26). Since none
of the rearranged products were formed, a radical reaction is unlikely. The
result is surprising since concerted reductive elimination should not be per-
mitted for a d° dialkylmetal. The exclusive formation of methane from dimeth-
yltitanium(IV) dichloride [12] is thus in accordance with the symmetry rules
[4]. The actual mechanism ix this case is uncertain but an «-elimination, fol-
lowed by reductive elimination of methane is an attractive route. In principle,
reductive elimination of hydrogen and methyl should also be symmetry-for-
bidden. This reaction, however, may not be a simple reductive elimination since
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it proceeds much more readily than hydrogen—hydrogen and alkyl—alkyl cou-
pling [13]. Since hydrogen bound to metal frequently has some proton charac-
ter, the alkyl—hydrogen coupling could perhaps be regarded as an intramolec-
ular protonation of a metal-bound carbanion. With the exception of the com-
pound 31 most titanium(IV) polyalkyls R, TiX,, _4, n = 2, yield RH as the ma-
Jjor product. Some further examples are the compounds 29 and 30. The forma-
tion of R, from 31 could perhaps be explained by radical formation. This
explanation is also possitle for the formation of ethane from methyltitani-
um(IV) trichloride but less likely for the bineophyl formation from neophyl-
titanium trichloride. Charge transfer is also conceivable but the most attractive
explanation is cluster formation. For symmetry reasons a dinuclear intermedi-
ate is insufficient since two electrons in the product 34 must occupy an anti-

- symmetric orbital which is metal—metal antibonding and may have a fairly high
energy. However, for a large cluster this antisymmetric orbital may even
become bonding. For instance, with a mixed titanium(IV)-titanium(III) cluster
35 reductive elimination yields alkane and a titanium(III) complex in which the
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four odd titanium electrons can occupy two metal—metal bonding orbitals. Of
these the b, orbital as depicted in 36 correlates with the &, combination of the
metal—alkyl orbitals as desired. This reaction is consequently symmetry-
allowed. The results clearly show that cluster formation might be expected to
facilitate reductive elimination and related reactions.

Other dimers
In the copper promoted reactions, the dimers 7 and 8 are formed via rear-
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ranged neophyl groups. Such rearrangement could in principle go via free radi-
cals, carbonium ions or via some type of metal promoted rearrangement. The
radical mode seems most likely since no products indicative of this type of
rearrangement are formed from iron, cobalt or titanium, where both carbonium
ions and transmetallations are at least as possible as in the copper promoted
reactions. The total product distribution in the copper reactions also is qualita-
tively similar to that obtained in radical reactions [5,6].

The dimer 2 is among the reaction products from the decomposition of neo-
phyliron(Il) and cobalt(Il). This product probably stems from transmetallation
followed by coupling. Again, there are several possible routes to the aryl com-
plex 40, which has only been detected for nickel [2], but, which is probably
the intermediate. An attractive route goes via the carbene complex 39 but a
(IV)-valent intermediate or transition state 41 is also possible. For cobalt(II),

I H
MEX Vo
Ln /M:H

L, X

37 M=Ni.Co,Fe 38

_Hxn

- H - [

— —
M-X M{I,_ MO
H n .
L, La
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H H
£ 62

a radical attack on the aromatic nucleus is also conceivable. The olefinic dimer
3 and the acetylenic dimer 6 are probably formed via carbene; e.g. 38 or 39,
and carbyne complexes as has been suggested in the nickel promoted reaction
studied previously [2].

Monomeric products.

The formation of monomer, mainly t-butylbenzene (9), is the other major
reaction of the neophylmetals investigated. In some cases rearranged monomers
(10—12) were detected. They are probably formed by disproportionation of
rearranged radicals. However, most of the reactions yielded pure t-butylben-
zene. The major route to this compound should be reductive elimination of
neophyl and hydrogen, a reaction type that is evidently very facile [18]. There
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are three reasonable sources of hydride, the solvent, ligands such as triphenyl-
phosphine, and a-elimination. Earlier work has shown that a-elimination, or the
alternative acid-base reaction [10,11}, is the most important one for titanium
complexes. For iron and cobalt, the main route is probably insertion into the
solvent and the ligands. Reactions like ortho-metallation of coordinated phos-
phine to produce a metal hydride have been shown to be very facile with
iron{0) {71, the product from a primary reductive elimination. Also cobalt(0)
would be expected to insert quite readily. Transfer of hydrogen to a neophyl-
metal halide by halogen—hydride exchange would yield the required alkyl-
hydride complex.

Neophy! halides
A low yield of neophyl halide was formed from iron(IIl) and titanium(IV)

and a slightly higher yield from copper(I) and copper(II). For the correspond-
ing cobalt and nickel [2] reactions, no such products were detected. Several
routes are possible for their formation. Nucleophilic displacement at saturated
carbon, which is the main route for palladium [14a] and cobalt [14b], is un-
likely for steric reasons. Radical displacement, as suggested by Kochi [15], is
probably important for copper, but for iron and titanium there is no indication
of radical formation, the most probable reaction is in fact reductive elimina-
tion, although there is little precedent for such reactions with halogens. (The
formation of iodobenzene from phenylplatinum(IV)iodide [16] may be an
exemple.) The lack of halide formation from nickel [2] can perhaps be taken as
support for the assumption, since reductive elimination involving halogen—car-
bon coupling is not facile with nickel [17].

Products from reactions with ligands

In the high temperature (100° C) experiments with the cobalt(II) triphenyl-
phosphine complex, small amounts of neophylbenzene were formed, possibly
via the attack or the Grignard reagent on the coordinated phosphine (cf. ref. 2).

Carbon monoxide participated in the reactions of cobalt and iron neophyl
complexes and gave rise to moderate to good yields of dineophylketone (17)
and small amounts of the diketone 18. Similar results were obtained earlier
with nickel {2]. As might have been expected from the efficiency of the hydro-
formylation reaction, cobalt give the highest yields of the ketones (Table 1).

An electron rich olefin, ethyl vinyl ether, was added in a number of experi-
ments but generally had no effect on the decomposition of the neophylmetals.
An exception is the reaction with copper(1l) bromide, which gave a low yield
of the adduct 22. This compound is most probably formed via bromination of
the viny! ether by the copper(II) bromide, followed by attack of some neophyl-
metal species. Control experiments with brominated vinyl ether showed that
the Grignard reagent alone gave only trace amounts of 22.

Finally, some exploratory experiments involving addition of ethene were
performed. No adducts were observed with iron(1I) and (1I1), but neophyl-
cobalt(Il) yielded small amounts (1%) of the insertion product 23. In addition
fair amounts (10%) of a compound was formed which most probably is
2-t-butylstyrene (24). The insertion of ethene into the neophyl—metal bond is
evidently inefficient, perhaps for steric reasons.
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Conclusion

It is difficult to present a unified picture of reductive elimination from alkyl-
metals. The reason is that there are evidently several competing, metal-depen-
dent processes with approximately the same activation energy. Rather small
changes of the reaction conditions will thus have a profound influence on the
relative yields of the reaction products. Nonetheless, some generalizations are
possible. Symmetry strongly influences the importance of reductive elimina-
tion. When the reaction is symmetry-forbidden, as for copper(I) and (II), at
least partial homolytic decomposition is indicated by the products. A high
formal oxidation state on the metal seems to promote reductive elimination.
Here, charge transfer and also recoupling of the metal d-electrons [3], may be
involved. Electron transfer reactions may be important in the formation of
these states with high formal charge on the metal, as also indicated by earlier
studies on chemical {9] and electrochemical {171 oxidation of dialkylmetals.

Finally, cluster formation may be important, since the symmetry restric-
tions imposed upon simple dialkylmetals and even dinuciear ciusters may be
relieved for higher clusters.

Experimental

The general experimental procedures and the analytical methods were the
same as those reported for neophyl nickel [2] except that the gas chromatog-
raphy of the monomeric substances was performed on a PYE GCV apparatus
with 1% SF96 and OV225 on chromosorb W columns. NMR spectra were
recorded on a Varian EM 360 instrument with TMS as the internal standard.
The chemical shifts are reported as § values (ppm) downfield from TMS. IR
spectra were recorded on a Perkin-Elmer 257 instrument, and the mass spectra

on an LKB 9000 instrument.

Identification of preducts

All compounds 1—20 and 23 were identified by GC-MS comparison with
authentic samples [2,6]. The neophyl iodide 21 and the vinyl ether adduct 22
were identified by comparison with samples prepared by independent syn-
theses. ‘

2-Methyl-2-phenylphenyl iodide (21)

This compound was prepared in 60% yield from neophylmagnesium chloride
and iodide in THF.

B.p. 82°C/0.5 mm. Mass spectrum (m/e): molecular ion not visible; 132
(M — HI, base peak); 117 (M — HI — CH,). NMR (CCl,): 7.2 (m, 5H, aromatic
protons); 3.35 (s, 2H, methylene protons); 1.45 (s, 6H, gem-dimethyl group),
the NMR values are in agreement with reported values [18].

1-Bromo-2-ethoxy-4-methyl-4-phenylpentane (22)

This compound was prepared by the oxymercuration of 4-methyl-4-phenyl-
1-pentene with Hg(OAc), in ethanol, followed by replacement of an acetoxy
group on mercury with bromide by the aid of potassium bromide and subse-



57

quent bromodemercuration with bromine. The procedure used was essentially
that described by Carter and West [19]. The desired product was obtained in
about 40% over all yield after column chromatography on Al,O; with light
petroleum as the eluant.

IR (cm™!), neat: 3000—3100, 1600 (aromatic); 2000—1600 and 695, 760
(monosubstituted aromatic); 1090 (ether). NMR (CCl,): 7.3—6.9 (m, 5H,
aromatic protons); 3.9—2.8 (6H, complicated region. The ethoxy methylene
group can be observed as a quartet centered at 3.22. The CH,—Br and the
methine protons occupy the rest of the region. The fact that the CH,Br protons
are unequivalent makes it difficult to assign any shift values); 2.0—1.8 (2H,
somewhat distorted AB part of an ABX spectrum, homobenzylic methylene
group); 1.36 and 1.28 (two s, 3H each, two nonequivalent methyl groups);
1.04—0.90 (t, 3H, the methyl group of the ethoxy function). Mass spectrum
(m/e): Molecular ion not visible; 204 (M™ — HBr — CH,); 151 and 153 (BrCH,-
CHOELt"); 119 base peak, (CsHsC(CH,),"); 85 (EtOC(CH,)CH,"). It should be
noted that the corresponding methoxy compound, which we have also synthe-
sized, shows a well defined molecular ion.

Indentification of the neophyl iodide (21), the vinyl ether adduct (22) and the
2-t-butyl styrene (24)

The neophyl iodide was identified by GC-MS comparison with the. synthetlc
compound.

The vinyl ether adduct was isolated from the product mixture from the
CuBr,/neophyl-Grignard reaction by crystallisation of the major part of the
bineophyl from ethanol and subsequent chromatography of the evaporated
mother liquor on SiO, with 6% ether in light petroleum as the eluant. The spec-
troscopic data (IR, NMR, mass spectrum) of the isolated product were identical
to the data of the synthetic compound.

The 2-t-butyl styrene was isolated from the CoCl,/ethene/neophyl-Grignard
product mixture by preparative GC on a 20% Apiezon L + KOH on Cromosorb
W at 190°C.

IR (cm™!) in CCl,s: 3100—3000 (aromatic and olefinic C—H); 1950, 1920,
1835, and 1815 (C—H, suggested 1,2 disubstituted benzene); 1622 (alkene);
1365 (t-butyl group). Mass spectrum (m/e): 160 (M"); 145 (M™ — CH,, base
peak). NMR (CCl,): 7.6—6.8 (m, 5H); 5.5—5.0 (m, 2H); 1.43 (s, 9H, t-butyl
group).

Due to the steric bulk and probable anisotropy effect of the t-butyl group it
is very likely that the appearance of the vinyl group would be distorted. The
=CH—Ph proton probably appears in the aromatic region, which should explain
in the integrated relative areas. In order to confirm the identity of the sub-
stance, we carried out hydrogenation with Pd/C in methanol at room tempera-
ture and 1 atm. of H, for 3 h to yield 1-t-butyl-2-ethylbenzene. NMR (CCl,):
7.8—6.9 (m, 4H, aromatic protons); 2.84 (q, 2H, benzylic protons); 1.4 (s, 9H,

t-butyl group); 1 27 (t, 3H, methyl group, partly obscured by the t- butyl

group).
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