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- cobalt and -iron complexes, NMR studies of these complexés in séIution
and discussions on the mechanism of thermolysis of the alkylcobalt
and ifqn complexes. The auther hopes_thatlthe present studies will
provide some basic 1ﬁformation fegard%ﬂg stabi]ity and activation
of brganotransition metal complexes which are regared as models of
active species of catalysts in various transition metal-promoted
catalytic reaciions.
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GENERAL INTRODUCTION

Since the discovery of " ferrocen” and “Zieg1er~cata1ystL the
chemistry of organotranstion metal complexes has developed in a tremendous
rate. Beside the versatile features of the organdtransition metal complexes
which merit the academic study in their own right, the chemistry of
transition metal complexes with metal-carbon bonds invites the intensive
studies for the following reasons. (1) Species with trahsition
metal-carbon bonds have been considered as active intermediates in
various catalytic reatctions involving olefins such as isomerization,
hydrogenation, hydroformylation, po]yﬁerization, and oT{gomerization
as well as in oxidation of olefins by Wacker process and study of
complexes having transition metal-carbon bonds is of fundamental importahce»
in understanding the mechanisms of these cata]yt1c reactions. (2) Crgano-
trans1i1on metal compounds are also cons1dered as reaction intermediates
in various metal-promoted organic sytheses. Attention of organic chemists
has been recently attracted to the development of new techniques using
transition metals and their derivétives which enab1e,'in many cases,
the synthese of organic compounds in very specific manners and under
mild conditions. Acquisition of further information céncernig thg
properties of organctransition metal complexes will trigger more
useful and elegant applications in organic synthese; (3) During the
development of the chem1stry of organotrans1t1on metal compounds «
the discovery that a naturally occurring molecu1e vitamin 812 coenzyme
contains a carbon-cobalt bond stimulated the further rise of interest
among the organotransition metal chemists. The effort unveiling the

properties of the naturally occurring coenzyme has been greatly aided



by the information concerning the properties of relatively stable
model species with transition metal-carbon bond. |
Clearly, the 1nvestigafion of the isolated alky]trans%tﬁon
metal compounds will provide information in understanding mechanisms
of various important reactions promoted by transition metg]s. The fur:s:
ther systematic study on stability of metalcarbon bond and 1its activation
will be a subject of essential importance.
The prime purpose of the present study is the preparation of
new alkyltransition metal complexes and study of the properties of
these complexes. in general the metal-cabon bond can be formed by several
reaction: (1) Treatment of metal salts wifh a1ky1ating reagents such as
Grignard or alkylTithium and alkylaluminum compounds, (2) oxidative addition -
to low valent transition metal compounds, (3) insertion reactions of ¢
olefins into metal hydrogen 5onds., As many of the reports from our
laboratory éhows, employment of the prebarat{ve rouﬁe-uéihg,trahéitiénn
metal acetylacetonate and organoaluninum gompounds in combination with
stabilizing ligands such as tertiary phosphines has provéed quite useful
“in isolating novel alkyltransition metal complexes and their derivatfves.
Although most of transition meta?ea1ky1s are very unstable, employment
of stabilizing 1igands such as cyclopentadienyl, carbon monoxide,
tertiary phosphine; and ofgaﬂic nitrogen bases 1ead§ in many cases to,
successf@] isolation QF alkyltransition metal compounds. The rolé of the
stabilizing ligands has been accounted for in terms of a Tigand theory as
proposed by Chatt and Shaw or by a theory stressing the importance of the
blocking ability of the ligand hindering the low energy R -elimination

pathway as proposed by Wilkinson. However, these theories are not ‘quite



equivocal and the variety of the isolated a]kylfransition metal complexes:

is still not enough to a1jow one for advancing a general theory concernig

the nature of the transition metal-carbon bond. More exten;ive quantitative
.data for the stability of these species are c]earIy réquired.

This thesis is divided into six chapters, which consiét of the follwing
contents,_ Chapter I and II deal with the preparative methods of new types ”
of dialkylcobalt(II1I) complexes, CoRz(acac)(PR'B)z, and a methylcobalt(l)g
complex, CoCHB(dpe)Z, réspecfively. Their properties including the reactioh
with carbon monoxide are described. In chapter LII the preparative methods
of new metnyliron co&p1exes, Fe(CHS)Z(dpe)2 and Fe(CH3)(acac)2(PPhMe2)
are reported and their decomposition pathways involving the formation of
carbenoid intermediates are discussed. Chapter IV is concerned with NMR.
studies df dialkylcobalt(III) complexes including the dynamic Behavior of
these comp1exés in solution such as tertiary phosphine ligand disscciation,
_.exchange reac%ion, and replacement of tertiary phosphine Tigands with organic
nitrogen bases. In chapter V the thermal decomposition'of dialky1cdba1t(III)J
complexes and the H-D scrambling reaction of the ethyl groups in a )
specifically deuterated ethylcobalt complex, Co(CHZCDB)Z(acac)(PPhMez)é,
are investigated in detail. On the bases of the kinetic and NMR results a
reaction mechanism accounting for relevant features df the thermolysis and
the scramb]ingéreactioﬂ is‘proposed. Chapter VI deals with the prepargtive
method of ethylene-iron(0) complex, Fe(CH2=CH2)(PPhMe2)4, and olefiﬁ-coordinated
iron(0) complexes formed by the reéction of the ethyiehe—iron(O) complex with

several olefins.



Chapter 1 PREPARATION AND PROPERTIES OF CIS-DIALKYLCOBALT COMPLEX;ES,

RZCq(acac)(PR’3)2



SUMMARY

Treatment of Co(acac)3 and tertiary phosphine with AfRZ(OEt)'
in ether under nitrogen gives remarkably stable trivalent cobalt
complexes; CoRZ(acac)(PR'S)Z [R=Me, Et, n-Pr, iso-Bu, PR'3=PEt3,
P(n—Bu)S, PPhMe,, , PPh Me; acgc=acety1acetonato]. ;H, 31? and 13¢
NMR spectra show that these complexes have an octahédral bonfiguration
with two tertiary phosphine ligands in axial positions. Pyridine |
replaces a part of the phosphine ligands to give a pyridine-
coordinated complex, Co(CHS)z(acac)(Pété)(?y), whereas a bidentate
ligand 2,2'-bipyridine replaces two tertiary phosphines to yield
the bipyridine-coordinated complexes, C0R2(acac)(bipy). The isolated
complexes readily react with'carbonlnonoxide.to yield the N -

dialkyl ketone and a univalent carbonyl complex with an acetylacetonato

.ligand, Co(acéc)(CO)z(PR‘S).

. INTRODUCTION

Much effort has been paid for préeparation and study of

’ organocobalt complexes containing a macrocyclic 1igand,'part1y

" because of the importance of this class of compounds in relation
to the naturally occurring organocobalt complex, vitamine B12
coenzyme, and partly because of the belief that the macrocyclic
ring contributes to stabilization of cobalt-carbon bond. The
number of organocobalt(III) compounds of this type thus far
prepared now exceeds a thousand[l}. In contrast, only little

is known of other types of organocobalt complexes [2-5].

As part of our project to study the properties of transition



metal alkyls and hydrides we have previously studied the reaction
system consisting of cobalt acetylacetonate, alkyialumihum
compounds and triphenylphosphine [6,7] or‘diphenylphosphinoethane
[8] and obtained some univalent cobalt hydride and méthyl complexes.
This type of reactions‘is ﬁonsidered to proceed through exchange

of the acetylacetonato ligands in the cobalt acetylacetonate with
the alkyl groups of thé alkylaluminum compounds with formation

of an intermediate alkylcobalt complex having the acetylacetonato
ligand. Such intermédiate alkylation products have been in fact
isolated in the reactions of nickel [9] and iron [7] acetylacetonates.
with alkylaluminum compounds in the presence of suitable tertiary

. phosphine ligands. Ekamination of the similar reaction system
containing cobalt acetylacetonate, dialkylaluminum monoethoxiéek
and other tertiary phospﬁines than triphenylphosphine and
diphenylphosphinoethane has led to isolation of a variety of new
dialkylcébalt(III] complexes céntaining an :acetylacetonato and

two tertiary phosphine ligands. These trivalent dialkylcobalt
complexes proved to be remarkably insensitivé to air, thermally
considerably stable and quite amenable to NMR study. We have »
previously reportéd the preparation and properties of(CoRz(acac)—‘
(PR'3)2 in a preliminary form [10]. In this and following papers
we describe in detail the preparation and properties of these
dialkylcobalt complexes. A similar dimethylcobalt‘complex

vwith trimethylphosphines and an acetylacetonato ligand has

been recently prepared by the reaction of trimethyltris(trimethyl-

phosphine)cobalt (III) with acetylacetone, but isolation of the



complex in a pure form has failed due to the "instability" of
the complex [5].

Insertion of carbon monoxide into Co-C bond constitutes
one of the most important key steps in hydroformylation reaction
of olefins catalyzed by cobalt carbonyl but very few model studies
using an isolated alkylcobalt complex have been made. Né example
of CO insertion into élkylcobalt complexes with macrocyclic
ligands has been reported [1,11]. The present complekes readily
undergo the CO insertion reaction and provide some information
concerning the rea;tion path of CO insertion into an alk}icobalt

complex.

Results and discussion : .

The reaction of cobalt acetylaéetonate and dialkylaluminum
monoethoixde in the presence of suitable tertiary phosphine
ligands,when conducted under appropriate control of the reéction
temperature (see Experimental Section)}, givés dialkylcobalt(III)
complexes containing two teriary phosphines and an acetylacetonato o

ligand as shown below.

PR
Co(acac) ’ :
_ '3 :;c 0 A I PR'y = PEt, R =lMe
AR, (OEt) —— HC ( N D oo
l2 5)/ —ER IT PRY5 = PPhMe,, v
PRy Cw II. R =Me , II, = Et
CH3 L a b
3 II_ R =n-Pr, II = iso-Bu
IIT PR’y = PPhjte R = Me
IV PR 3= P(n—Bu)3



These complexes are remarkably insensitive to air, soiuble
in almost any organic solvents and can be obtained as orange
to yellow prisms. Table 1 summarizes thé analyticél data, yields’
and physical propertigs of the isolated complexes.. Most of the
complexes except for the isobutylcobalt complex,(IId)are,thermally
stable and can be handled at room temperature. The melting point
(with decomposition) of a series of dialkyl-(acetylacetonato)cobait
(III) with dimethylphenylphosphines (IIa—IId) decreases with increase
of the alkyl chaiqflength. Attempts to obtain a series of dialkyl
(acetylacetonato)cobalt complexes having other tertiary phosphine
ligands than PPhMez'have so far been unsuccessful. The reaction of
Co(acac)3 with Al(n—Pr)z(OEt) and Al(iso—Bu)Z(OEt) in the presénce_ofj
diphenylhethylphosphihex or dimethylphenylphosphine afforded only the
known hydridocobalt(I) complex COH(PPhZMe)4 (VIIa) [12] and

2)4’

electronic and steric factors in the tertiary phosphine ligand

CoH(PPhMe respectively. Apparently small differences in the

employed greatly influence the reactivity and stability of the
alkylcobalt complex formed as we observed in the preparation of
tertiary phosphine—cgordinated alkylnickel complexes [12]. When -
thé complexes having various teytiary phosphine ligands are compared,
their melting point (with decomposition) are observed to decrease

&

as PPhMez > PPh2Me > PEt, » P(n—Bu)S.

3
It may be expected that further alkylation of R2Co(acac)(PR'3)2
with alkylaluminum compounds followed by reduction via splitting

of alkyl-cobalt bonds may afford a univalent alkylcobalt complex

as we have previously obtained CHSCO(PPhS)3 and CHSCO(Pth)2
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from the reaction system of Co(acac)z, AlMez(OEt) and PPh3 [7}.
Attempts of isolating such a methylcobalt(I) complex with other
tertiary phosphines than ?Ph3 have so far been unsuccessfﬁ?.v We .
have previously obtained a dinitrogen-coordinated Eomplek,
CoH(‘Nz)(PPhS):5 from a similar reaction system by carrying out the
reaction unﬂer;dinitrogeﬁ. In none of the present reaction systems
formation of. a dinitrogen-coordinated complei was‘observedn

These dialkyl(acetylacetonato)cobalt complexes were characterized
on the basis of elemental ana1y51s, IR and NMR spectroscopy and
- chemical pfopertles 1H and P NMR spectra of (1)-(IV) support the
formulatlon of the complexes having octahedral conflguratlons with
th Cobalt—bonded alkyl groups and an acetylacetonato ligand coplanar
with cobalt which are coordinated with two tertiary phosphine iigands
in the axial positions. Table 2 summarizes the 1H NMR data for |
CoR (acac)(PR'3 )y
The two methyl groups in acac ligand in these complexes are
K magnetlcally equivalent in various aolvents and appear as a singlet
 over a wide temperature range (-78° to +20°). The methyl Tesonance:
in PPhMe2 in (II) shows pharacteristic triplet due to the v1rtua1§
coupling with two’phdsphorus nuclel in mutﬁally trans pogitions.
The two me?hyl groups bonded té cobalt in (I), (IIa), (I11) and (IV?
are magnetically equivalent_and appear‘as,a tripiet at low temperafdres
by coupllng with two phosphine 11gands énd as aA%inglet at higher
temperatures, where the phosphine ligands are partly dlssoc1ated
and exchanging rapidly with each other.

1H NMR spectrum of the ethyl groups in(Iijshows a singlet in

-10-
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toluene and acetone due to the accidental coincidence of the chemical
shifts of the methyl and methylene groups [14]. 1H NMR spectrum of
n-propyl groups in(IIJ,shows a singlet due to 5zuxir—pr0tohs of n-propyl
groups at? =8.84 and a broad multiplet due to 4 -methylene protons of
them at £=9.64. 31P~§1H§ NMR spectra of these complexes show a singlet
for (I-IV) at low temperaturesbsuggesting that two phosphorus nuclei are
magnetically equivalent. At higher temperatures the partial dissociation
and exchange of the tertiary phosphine ligands are observed.
IR spectra of these complexes shéw‘the characteristic aliphatic

VY (C-H) bands due éo the élkyl groups bonded to cobalt at 2770 - 2870
cm-l in addition to bands due to tertiary phosphines and acetylacetonato
ligand and show ) (Co-C) bands at 570 - 585 cn ..

Reactions of CoRz(acac)(PR',(_)«2 | N

When the ethyl compléx GIb)was decomposed in the solid stafe
ethane and_ethylene were liberated in a 1/; ratio with a trace amount
of n-butane. 'The thermolysis at 30° in a solution liberated ethane and
ethylene in 1/1.3 to 1/2 ratio. Acidolysis of(IIg with concentrated

H2804 liberated ethane and ethylene in a 3/1 ratio. (IL,) reacts with

»

methyl iodide to produce methane, ethane and ethylene and a trace amount

of pfopane.

Displacement of the tertiary phosphine ligands in CoRz(acac)(PR'SL2

¢

with pyridine bases.

One of the two tertiary phosphine ligands in(Ifcan be readily
displaced with pyridine to give a pyridine-coordinated complex,
CO(CHS)Z(acac)(PEts)(Py], which was isolated from this system. Similar

replacement took place with y -picoline, but not with ¢k and B -picolines.

~12-



Co(CHBJZ(acac)(PEtS)2 + Py ey Co(CHS)z(acac)(PEts)(Py) * PEt3
W)
Co(CH,) , (acac) (PEt,), + F-Pi —— Co(CHj), (acac) (PEt.) ( Y-Pi) + PEL,

Y-Pi = y-picoline (Vb)

The replacement of the tertiary phosphine 1igahd in (I) with
pyridine is also observed by NMR spectroscopy. lH NMR spectrum of (I)
in pyridine shows a doublet for the two cobalt-bonded methyl groups
coupled with one phosphorus nucleus and a multiplet due to the free
triethyiphosphine ligand which is dis;ociated from complex (I).

A bidentate 1igand, 2,2'-bipyridine, replaces two tértiary
phosphine ligands to yield 2,2'-bipyridine-coordinated complekes,

CoRz(acac)(bipy) (VIa - Vi which were isolated from the reaction of

d)’
(IIa - IT)in ether with 2,2'-bipyridine. Complex (IVb), (IVE) and(IVd)

d
are green at a low temperature (-10°) when prevared but turn to blue
violet irreversibly at room temperature. This color change from green
.to blue violet might be due to a cis-trans configurational change‘
betwéen stereochemical isomers.

Although complexTIId}is too unstable to handle at room temperatﬁfe,
(VId}is fairly stable.  Thus employment of organic nitrogen bases such
as pyridine and 2,2'-bipyridine enhances the stabilipies of these
complexes and makes the isolation of unstable complexes such as isobutyl
complex easiér. Table 1 includes the analytical data of these ba%e4"
coordinated complexes.

Similaf displacement of tertiary phosphines in complex(I)with a
bidentate tertiary phosphine, diphenylphosphinoethane, failed.

CO insertion into alkylcobalt bonds

-13-



In contrast to the reluctance of alkylcobalt complexes haying

macrocyclic ligands toward CO insertion into Co-C bond [11], the

isolated dialkylccbalt(III)‘complexes(I~IV)undergo very facile CO '

insertion. Contact of toluene or ether solutions of(I—IV)with carbon
monoxide at normal préssure causes a very facile reaction\even at -50°
and gives 1 mol equiv. of dialkylketone per cobalt and an isolable
acetylacetonatocobalt(I) complex with a composition of Co(acac)(CO)Z-
(PPhZMe) (VIT). Attempts to recrystallize the acetyiacetonatocobalt(I)
complex(VII)from acetone caused the digproportionation and recovery of
a mixture of Co(ace;c)2 and a binuclear cobalt complex having CO and
PPhZMe ligands without the acetylacetonato ligand, [Co(CO)S(PPhZMe)]Z.
The similar binuclear cocbalt carbonyl complexes [CO(CO)BP(H—Bu)g]é

[15] aﬂd [CO(CO)S(PPhS)]Z [16] have beenvprepared and the former was
characterized by X-ray analysis.

Under éimilar reaction conditions the bipy-coordinated
dimethylcobalt complex[Viasor‘EHBCOCdipy)2[17] did not react with éarbon
monoxide. These results together with the NMR information [8] that the
coordinated tertiary phosphine ligands are exchanging considerably f$s£
even at low temperatures suggest that a dissociation of a ligand at a

cis position from the alkyl group may be required to accomodate a CO

ligand which may be inserted into a Co-C bond (or mechanistiéally

speaking the alle group may migrate to the CO ligand) to form andhcyl—

alkylcobalt complex, which gives the ketone and coﬂélt(I) complex(VII)

. on reductive elimination of the alkyl and acyl groups:

~14-



¢ Co ) Co™ Co.
0’~-/—f~l~»\é L O--~~¥i-\-\»i%' | o--/-{-l—\—\c'o
L i =
y g
—EEL} RCR + Co(acac)(GO)zL- > Co(acac)2»+ [CO(CO)S(L)]Z
0 (Vvio)

In order to test the vaiidity of thiswmechanism carbon monoxide was
allowed to contact with a mixture of the ethyl complex (IIb) and the
propyl complex (IIC] in toluene at -50° in a closed éyséem and the
ketone. formed was examined, Gas chromatographic analysis indicated
that only diethyl ketone wés formed and neither di-n-propyl ketone
nox ethyl nqpropyl_ketone was detected. The result suggesfs that the
ethylcobalt compléx (IIb) is much more susceptible to CO insertion to
afford a pfopionyl ethyl complex which'liberates‘diethyl ketone by
reductive elimination and that no intefmolecular reaction is taking
place. -

For further examination of the reactivity of the possible
intermediaie, acylcobait complex, the methylcobalt complex (IIa) was
treated with carbon monoxi&e in the presénce of ethYl iodide. Acetone
was formed as the sole ketone and no methyl ethyl ketone was detected.
The resuit suggests that the reductive elimination of the acetyl and

methyl groups is taking place rapidly prior to the attack of ethyl



jodide to the acetyl group. Attempts to isolate the intermediate product
containing the alkyl and acy1 groups have been so far‘unsuccessful. We
have recently observe a facile CO insertion into methylcobalt(I) complex
with 1,Z—bis-(diphenylphosphino)ethane(dpe) ligands to give écetylcoba1t>
complex with the dpe ligands [8]. Klein [5] has observed the formation
of acetone and an acetylcobalt(I) complex in the reaction\of trimethyltris

(trimethylphosphine)cobalt with carbon monoxide,

Reaction with ng+

Methyl vitamin B 5 has been shown to methylate Hg(II) ions in &

1

simple acid-base reaction which may be one of the ways in‘which methylmercury
is produced in living systems. |
Complex (IIa) also reacted with Hg(OAc)z to produce dimethyl—mercu?y
(I1), which was detected by NMR spectroscopy. 1H NMR spectrum_of-the
reaction mixture of (IIa) and Hg(OAC)Z in toluene;dé shows the mercury-
bonded two methyl groups as a singlet (ZJ(HgCH9=102Hz) at T = 9.90 [19].‘

Co(CHs)z(acac)(PPhMe + Hg(OAc)2 e (CHS)ZHg

2)2

Similar methyl transfer reaction took place in the reaction of

.Cul(PPh and Co(CH (acac)(PEts)z (I) in ether. When the ether

3)3 3)2
solution of CuI(PPh3)3 and (I) was warmed to 30 to 35°, methane and

~ ethane were evolved with'deposition of metalic copper. This result
suggests that following reaction took place [20].

 Co(CH,). (acac) (PEt,). + 2CuT (PPh,), —> [2CuCH, (PPh

302 302 3)3]

—* Cu® + CH, + CH, . | ‘

~16~



Experimental

Materials and.General Procedures.
All preparations and recrystallizations were carried oht under

deoxygénated nitrogen, argon, or in vacuo. Solvents were dried by

usual methods, distilled and stored under netrogen or argon. Cobalt

tris(acetylacetonate) and dialkylaluminum monoethoxides were prepared

by usual methods.

Triethylphosphine and tri-n-butylphosphine were ﬁsed as purchased,
dimethylphenylphosphine [21] and diphenylmethylphosphine [22] were
prepared as described in the literature. For each complex isolated, the
absence of aluminum component was confirmed by the Aluminon method after
decomposition of the complexes. Analytical data of the alkyl complexes.
are summarized in Table 1. IR spectra of the complexes were recorded on
Hitachi Model EPI-3G as KBr discs and NMR spectra were recorded with a
Japan Electron bptics Lab. JNM-PS-100 speétrometer. The miproanalysis
of carbon, hydrogen and nitrogen was performed by Mr. T. Saito of our

laboratory with a Yanagimoto CHN Autocorder Type MT-2.

1. Preparation of CoRz(acac)(PR’Slzl

a)  ColcH,) (acac) (PEt.), (1)

To a mixture of Co(acac)3 (l;OO g, 0.0028 mol) and triethyl-
phosphine (l.S'ml, 0.01 mol) in ether dimethylaluminum monoethokidé
(3 ml1) was added at room tempeiature. The reaction mixture was warmed
to 40 - 45° for a few minutes. At theAtemperature thé»reaction mixture
suddenly changes from a green to a deep yellow solution with boiling of

the solvent. As soon as the change to deep yellow set in the system was
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rapidly cooled to 0° and was stirred at the temperature untilqthe reaction
was complete. Then‘it was cooied to -78° to precipitate the yellow to
greenish yellow crystals, which were filtered and washed Qith ether and
n-hexane three or four times. The yellow crystals'thus obtained were
recrystallized from ether to give yellow prisms, (yield,IGO %) (I).
Complex(I) is insensitive to air and moisture, thermally stable at room
temperature, and decomposes at 78 - 81° liberatihg methane and ethane.
(I) is soluble in almost any organic solvents such as alcohol, n-heiane,
toluene, benzene,and ether. Acidolys%s of (I) evolved methane. On
iodolysis in benzéﬁe ethane (73 %) and methane (5 %) were liberated.
Attempts to isolate the higher homologues of CoRz(acac)(PEt3)2 or a

univalent methyl cobalt complex failed.

b) _CoR, (acac) (PPhMe?_)_é (II_-1I) (R =Me, Bt, n-Pr, iso-Bu)

p
5 (IIa) and Co\C2E (acac)(PPhMez)

Co(CHy) , (acac) (PPhite ) 152 2

(IIb) were brepared similarly to (I) descrobed abbve (a).'v

n-Propyl complex (IIC) was obtained by the reaction of Co(acac)3
(1.00g, 2.8 mmol), PPhMez (1.5 ml, 10 mmnol) and AlPrZ(OEt) in ether at
room temperature for 20 min. At thg temperature when it changed to a
- deep yellow solution, it was cooled to 0° and stirred until reaction
was éomplete. After evaporation of the solvent to one-fourth of its
volume followed by addition of acetone (2.5 ml) the mixture was stirred
at -78° untii the yellow crystalline powder was deposited. The yellow
precipitate was filtered and washed several times %ith ethér, acetone
and n-hexane and recrystallized from ethér at low temperature, (yield,
35 %).

The isobutyl complex (IId) was prepared similarly to fIIC).
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However, isolation of the pure complex was difficult, and care must

be takeﬁ to avoid decomposition of the complex by carefully cogtrolling
the reaction temperature and time. (IId) was obtained as yellow to green
ciystals, sensitive to air and thermally unstable. It deéombosed in

‘ether solution turning from green to deep red even at 0°.

g} CoH(PPhyéZQA (VII, }

When the reaction mixture of Co(acac)z, PPhMe2 and Al(isoLBu)z(OEt)
was stirred for ca. lh.at room temperaturé, a deep red solution was
obtainea. On cooling the red solut1on to -78° red crystals were deposited.
The complex thus obtained is sensitive to air but thermﬂlly stable at room
temperature under nitrogen. Its IR spectrum shows a charactefisticL)(CO-H)
at 1880 cm—l and other bands due to the coordiﬁated PPhMe2 ligands,
suggesting it to be the cobalt hydride complex, CoH(PPhMez)4&(VIIb)
(yields, 40 %) (Anal. Found C, 62.7; H, 7.9, Calcd. for CoH(PPhMe2)4 C,

62.8; H, 7.4).

d) Co(CHSlQ(acac)(PthMe)z (1I1)

Complex (IT1) was prepared similarly to (I) or (Ila) as described
above. (III) is soluble in toluene and CH2C12 but much less soluble
in ether and n-hexane. 7
e) CoH(PPh M_l4 |

Using AlPr (OEt) the reaction of Co(acac) and PPhZMe in ether at
room temperature was carried out. The reaction mixture changed ﬁrom a.
green éuspension to a deep yellow solution at 40°, After concentration
of the solvent by evaporation and addition of acetone to the residue

with stirring at -78° red crystals were deposited, which were filtered

and washed with ether and dried in vacuo (yield, 15 %). The red compiex
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+hus obtained is thermally stable and insensitive to air. Its IR
spectrum shows the characteristic Y (Co-H) band at 1955 cm*l, and other
pands due to the coordinated PPhZMe ligands but no band assignable to

the acac ligand, suggesting it to be the known compléx, CoH(PPhZMe)4 [12].

£) Co(CHSlZ(acac)[P(n-Bu)312 (1v) ‘
Complex (IV) was prepared similarly to(I)or(IIa?or(III)as described
above, (yield, 54 %).

2 3 H
2. Reaction of CoRz(acac)(PR 312

a) Ligand exchange reaction with pyridine

Pyridine (2 mls was added to complex(IY(0.1 g ) by a trap-to-trap
distillation using a vacuum line and the r;action mixture was stirred
at room temperature for 1 h. After concentration of the pyriding
solution n-héxane was added to the residue to give a pyridine-coordinated
complex as yellow crystals on cooling the mixture. The complex was
recrystalli?ed from n-hexane, (yield, 32 %). The IR spectrum of the
yellow ¢omplex(va) shows peaks'due té fhe coordinated pyridine in addition
' to the coordinated triethylphosphine and acetylacetonato ligaﬁds. The
ligand exchange reaction of (I) withy¥ -picoline was carried out simiiarly
to yield a yellow crystalline comple#, Co(CH3)2(acac)(PEt3)(r—picoline)(Vb)
The corresponding d-and g»picoline—coordinated complexes were not
obtained.

b-i) Reaction of (I) with 2,2'-bipyridine

.~ Ether was added to a solid mixture of complex(I)(O,l g) and 2,2'-
bipyridine (0.033 g) at -5°. The temperature was gradually raised to 0°
and the solution was stirred tor 2h. After color change of the solution

to dark yellow the solution was further stirred at room temperature until
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red to purple micro-crystalline powder were deposited. The complex
was filtered, washed repeatedly at low temperature with ether and
n-hexane and dried in vacuum, (yield, 40 %).

b-ii) Reaction of CoR,(acac)(PPhMe ), ( R = Me, Et, n-Pr, iso-Bu) with

B

2,2'-bipyridine

\

These reaction were carried out similarly to the reaction of (I)
with 2,2'-bipyridine described above (b-1) except that the reactions of
the ethyl, n-propyl and iso-butyl complexes were carried out at lower
temperature (—10°j. On addition of ether to the solid mixture of (ID)
and bipyridine the color of the reaction system changed f?om yellow to
deep green and a microcrystalline precipiﬁate was deposited. When there
was no precipitate deposited, concentration of the solution by evaporation
and addition of n-hexane were necessary to induce the deposit&oflthe green
" precipitate. The precipitate was washed with n-hexane and dried in vacuo.
IR spectra of fheée green complexes were similar to that ofyCo(CHB)Zj
k(acac)(bipy). The analytical values of the methyl, ethyl and n-propyl
- complexes (VI, - VI) are given in Table I. The chafacterization of the
isobutyl complex was made on the basis of its IR spectrum which is similar

to that (VIC).

312

¢) Reaction of CoR7(acac)(PR' with carbon monoxide
‘The reactions were carried out similarly for all the complexes with

a composition of CoRz(acaC)(PR' The dialkyl(acetylacetonato)mcomplex

3)2'
was dissolved in 2 ml of toluene and brought in contact at -70° with
- Carbon monoxide of an atmospheric pressure in a closed system. With

the raise of the temperature the color of the solution changed from yellow

to red. The amount of ketones formed in the reaction solutions were
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determined by VPC. Foliowing are the yields of the ketones§ acetone

from (1), 83 %; from (IIa), 84 %, from (III), 91 %. diethyl ketone from
(Ilb)’ 78 %; di-n-propyl ketone from (IIC)) 70 %. The cobélf carbonjl
compounds with a formula of Co(acac)(CO)z(PR'B) may be recovgred from

the reaction system. As an illustfative example we describe the reaction
of (IIT) with carbon monoxide. The reaction was carried out at room
temperature in ether, in which the product was less solublé and deposited
as a red microcrystalline powder. The powder was filtered off, washed
with ether and acetone cooled to -10° and dried in vacuo;yield, 65 %.;
(Anal. Found; C, Sf.O; H, 4.8. Co(acac)(CO)z(PPhZMe) (VIIi)_calcd.;‘
€,57.9; H, 4.8 %). IR(KBr): Y(CEO), 1965, 1955 and 1940 cm_l, (acac),
1584, 1510, 1400, 1265, and 765 en .

When complex (VIII) was dissolved in acetone at room temperature

dispropértionation occurred to produce a red cémplex [CO(CO)E(PthMe)}é’.
(IX) and Cotacac)z which was characterized by the measurement of IR
spectruh. IR(XBr); (acac)@nakj 1605, 1520, 1400, 1025, 935, and 770 cm—l.
{IXYwas cﬁaracterized on the basis of elemental aﬁalysis and IR spectrum
which indicates the presence of CO and PPh2M¢ ligand and absence of fhe
acac ligand. (Anal. Found; C, 55.6; H, 4.1. [CO(CO)S(PPh'ZMe)]2 {(1X)
calcd.; C, 56.0; H, 3.8 %). IR(KBr): Y (C=0), 1940 en™" (v.s.); (PPh,Me)

(max), 3045, 1470, 1435, 1000, 890, 885, 750, 735, and 695 et
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Chapter IT PREPARATION AND PROPERTIES OF METHYLBIS (DIPHENYLPHOSPHINO-
ETHANE ) COBALT(I)
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SUMMARY

Reaction bf cobalt (111} acetylacetbnate with dimethylaldminum
monoethoxide in the presence of 1,2-bis(diphenylphosphino)ethane (dpe)
gives a methylbis{1,Z—bis(difhenylphosphino)ethane]cobalt(i), CoCHS(dpe)2
(I), which was characterized by elemental analysis, chemical reactions,
IR and NMR spectra. The cobalt-carbon bond in (I) is cieaved by a
protic acid with liberation of methane. Co(I) acetylide, RCECCo(dpe)z
(R = Me, Ph) (VII)was obtained by the reaction of (I) with RCzCH.-
Insertion reaction of carbon monoxide into the cobalt-carbon bond under
mild conditions gave an acetylcobalt'complex, Co(COCHS)tCO)Z(dpe)-%{EtzO)

(IV},. The reaction of (I) with D2 liberated CH,D as a sole gaseous

3

product and afforded CoD(dpe), (III).

)2
INTRODUCTICON

A great'number of trivalent alkylcobalt complexes with macrocyclic
ligands have been synthesized and extensi&ely studied [1],vbut only a
few univalent alkylcobalt complexes are known [2]f In relation.to the
industrially important hydroformylation process of olefins using a
cobalt complex more knowledge about the properties of a univalent
alkylcobalt complexes is required for understanding the reaction méchaﬁism
and designing a new catalytic process. We have preﬁiously studied the -
reaction of cobalt tris acétylacetonatej diethylaluminum monoethoxide
and dipheﬁylphosphinoethame (dpe) and obtained CoH(dpe)2 and Co(dpe)2
[3]. Since the dpe ligand is known as a useful stabilizing ligand of
nickel [4] and iron alkyls [5], we have regxamined the alkylation

reaction of cobalt acetylacetonate in the presence of dpe using dimethyl-
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aluminum monoethoxide and obtained a new thermally stable methylcobalt
complex, COCHS(dpe)2 (I). This complex readily reacts with carbon
monoxide, dihydrogen and aétive hydrogen compounds. We report here the

.preparation and properties of the new methylcobalt(l) complex.

RESULTS AND -DISCUSSION
The reaction of Co(acac)z, Al(CHB)v(OEt) and dpe in diethyl ether
at room temperature gives COCHB(dpe)2 (I} as red prisms. Attempts to

prepare similar alkylcobalt complexes using AlEt AlEtz(OEt), Al(n—Pr)3

3%

and Al(iso—Bu)3 resulted in recovery of the knwon cobalt hydride complex,

CoH(dpe)z. Being prompted by isolation of intermediate dialkylcobalt(III)

complexes having both acetylacetonato and tertiary phosphine ligands

with a composition of CoRz(acac)(PRg')z [{6] from the reaction mixture of
35

complex with the acetylacetonato and dpe ligands but the attempts have

Co(acac)g, Ale(OEt) and PR! we tried to isolate a similar methylcobalt

been so far unsuccessful.

(I)-is soluble in ether, toluene, benzene and:pyridine, and can be
recrystallized from ether. Although sensitive to oxygen and moisture,
{(I) is thermally very stable and decamposed at 194 - 195° in the solid
stafe with liberation of methane and a trace of ethage.

IR spectrum of (I) shows the aliphatic V(C-H) bands of the ﬁethyl
group bonded%to cobalt at 2870 and 2800 cm”1 and the presence of ﬂpe.
ligands. 1H NMR spectrum of (I) in toluene at 20° shows a quintet due
to the methyl group bonded to cobalt at710.3 (BJ(P—H) = 9 Hz, 3H) and
the broad peak due to the methylene groups in the dpe ligands at T 7.6

(8H) and the complex multiplet due to the phenyl groups in the dpe
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PR

. CoCH, [P (OCH,)

ligands at © 2.6 to T3 (4OH).‘ Proton decoupled 31P NMR spectrum of (I)
in toluene shows a singlet due to the four phosphofusvnuélei in the dpe
ligands at 65.9 ppm downfield from external triphenylphoséhine reference,
Fig. 1 shows the NMR spectra of (I) in toluene at 20°. These NMR data
suggest that complex (Ij has a square pyramidal geometry in solutiqn at

room temperature with a cobalt bonded methyl group.

: = dpe ligan

(1)

Similar NMR data of a methylcobalt complex were observed with

3]4

and an analogous hydrido cobalt complexes [2b], which.
showed the fluxional behavior in solution, Acidolysis of (I) with HZSO

4
liberated one equivalent of methane for the calculated value.

In contrast to triphenylphosphine [2¢], the Eidentatehligand, dpe,
has a iafge stabilizing effect on the thermal stability ofkmethylcobalt
complex.' This enhancement of stability is presumably due to the chelate
effect of the dpe ligands. A similar chelate_effect on the stability'of
alkyltransition metal complex was observed with 2,2'-bipyridine-coordinated
complexes [7].

2. Reactions of (1)

2-1) Reactions with D, or H, ¢

The reaction of (I) with &ihydrogen in a toldéne solution at room
temperature under atmospheric pressure quantitatively produced a deep
red complex, CoH(dpe)? (IT) and liberated methane. The similar reaction

of (I) with D, released CHBD as the sole gaseous product and produced a

2
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deep red complex, CoD{dpe}, (III).
PeJy

Co(CHS)(dpe)2 + H,

——p CoH(dpe)z + CH4

5 T CoD(dpe)2 + CHsD

IR spectrum of (III) showed a ¥ (Co-D) band at 1355'cm—1 in comparison

Co(CHS)(dpe)z + D

with the ¥ {Co-H) band of (II) at 1884, the Vv (Co-H)/V¥(Co-D) ratio being
1.4. The hydrogenation reaction of alkyltransition metal complexes is of
interest in relation to the catalytic olefin hydrogenation or hydro-
formylation reaction. The facile hydrogenation observed here is one of
a few examples of hydrogenolysis of i§olated alkyltransition metal
complexes so far feported [5,8,9]7. ’

2-2) Reaction with carbon monoxide

Reports of isolation of an acylcobalt complex from the reaction of
an isotated alkylcobalt complex with carbon monoxide are still scarce
[10], although reports that reactions of cobalt carbonyl with alkyl
halides to give acylcobalt complexes have been made (11, 12, 13].

Carbon monoxide is readily inserted into cobalt—caibon bond in (I} under
mild con&itions. Contact ofv(I) with carbon monoxide under atmospheric
- pressure at room temperature in toluene solution gives a CO-coordinated

acetylcobdalt complex with a dpe ligand, Co(COCHS)(CO)z(dpe)-%-Et 0

2
(IV). A part of the dpe ligands was recovered from ?he solution. IR
spectrum of (IV) shows V(Cz0) bands due to terminal carbonyl ligandsA
bonded to coﬁalt at 1970, 1960 (sh) and 1910 en ! and a V(C=0) band due
to an acetyl group at 1640 cmf1 along with the aliphatic P(C-H) band of

the methyl group in the acetyl group at 2840 cm_l.

1H NMR spectrum of
(IV) shows a singlet due to the methyl protons of acetyl group at T 7.62

(s. 3H) and a doublet due to the methylene protons in thejdpe ligand at
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z7.66 (d, J(P-H) = 1l6Hz, 4H) and a complex multiplet due to the phenyl
groups of dpe at T2.2 - 2.7 (20H) in addition to a quartet CJ (H-H)
= 7Hz, 2H) and a triplet(?J(H~H) = 7Hz, 3H) due to the et£y1 groups
in ether at T 6.46 and T 8.54. No acetone was detected from the
resultant solution. in relation to the hydroformylétion reaction
attempts to-induce (fV) t§ reacf with hydrogen at atmospheric pressure
or high pressures were unsuccessful.  (IV) reacted with methyl iodide to
give acetone, which was detected by gas chromatography. |

These results suggest that the insertion reaction of carbon -
monoxide into cobélt—carbon bond is preceded by partial displacement of

the dpe ligand from (I) by carbon monoxide.

g ooy

CH
CH ‘ CH, i3
73 | 3 | « (=0
P\— - =P | PZ=-f===CO P—-—l»----co
CO/ P R Ne ape| &0, N % Bt 0
. . RN P
pleem- 2 P ether) Lp7.....Co g N o
S ) (Iv)

In‘contrast to the reaction of the methyl cobalt complex with
éarbon monoxide, which afforded the insertion product the hydrido cébalt
complex (II) reacted with carbon monoxide to give hydrido carbonyl .
complex, CoH(CO)2(dpe) (V) as yellow crystals, whigh’was charactérized‘
by elementai analysis and IR spectrum. |

2-3) Reactions with olefins.

Complex (I) initiates the polymerization of écrylonitrile at low
temperature. When the reaction of (I) with acrylonitrile was carried
out under carefully controlled conditions, a yellow complex was obtained

accompanied by some polymer of acrylonitrile and the liberated dpe
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ligand. Thus obtained yellow complex (VI) has a methyl groupwané
'coordinated—acrylonitrile. - IR spectrum of (VI) shows a characteristic
(Czn) bands due to the codrdinated acrylonitrile at 2175 ;nd 2170 en”}
and aliphatic ¥ (C-H) bands at 2880, 2875, and 2830 ém"llin addition to
the very weak band due to the polymer of acrylonitrilé.‘

Acidol&sis and thermolysis of (VI) liberated.small amountsvof
methane and free acrylonitrile. Formation of a similar olefin-coordi-
nated transition metal alkyl to (VI) was observed in the nickel alkyl
complex whiéh was forméa by the reacgioﬁ of NiEtz{bipy)Aand acrylo-
nitrile at -78° [14]. These olefin-coordinated alkyl complexes may be
‘regarded as models of active intermedia€es in the coordination polymeri-
zation by transition metal catalysts. Complex (I) also initiates the
polymerization of styrene, whereas hydrido complex (II) did-not react

1 i

with such vinyl compounds.

EREIE L S T R T

2-4) Reactions with RC=CH and other active hydrogen'cémpqunds4 o
Corresponding to the hfdrolysis of (I) with’Hé864 aﬁd‘HCl; Qﬁiéh

quantifativel& released methane, the cleavage of coba1£—cafbon bénd

_occurred by the reaction of (I) with active ﬁyd?ogéﬂygompounds such:as

it el

RC=CH (R = Me, Ph) producing cobalt(I) acetylides, RCECCo(dpe). (VII) and
P Lape)y Lot

liberating methane quantitatively.

CoCH,(dpe), + RCECH ———s 4RC-_‘=CC0(dpe)2~ + CH,

o
=
¢}

(VII)) : R

1

(VIIb) : R = Ph
(VIIa)‘and (VIIb) are stable in air, soluble in common organic solvents
Loy S I §

and can be recrystallized from toluene as red and brown‘cryétalline




complexes. IR spectra of (VIIé) and (VIIb) show the characteristic
Vv (CzC) bands at 2100 <:rrf1 and 2070 cmql. Table 1 shows the analytical
data for the isolated dpe;coordinafed cobalt (I) complexe; (1) - (VIID).

The reactions of (I) with other types of‘active hydrogen compounds
such as acetaldehyde and nitromethane also liberated methane. (I
reacted with acetaldehyde in toluene for a few days releasing methane
and carbon monoxide. From the resultant solution a vellow complex was
obtained. Its IR speétrum shows the ¥ (Cz0) bands at 1965 c1rn_1 and 1910
cm'l. These results suggest the reaction proceeds through oxldative
addition of acetaldehyde to cobalt followed by decarbonylation. Since
the carbonyl complex thus obtained is very sensitive to air and is
contaminated with some polymers of acetaldehyde, its compositon could
not be determined. ) k ~

(i) reacted with hitromethaﬁe releasing methane. But the product

has not been characterized.
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Experimentai
General
All procedures were carried out under a nitrogen o£ argon atmosphere.
Solvents were dried by usual methods, distilled énd stored under nitrogen.
The isolated complexes were characterized by chemcial reactions
such as pyrolysis and hydrolysis, elemental analysis and IR and NMR
spectroscopy. IR spectra were recorded on a Hitachl model EPI-3G using
KBr discs prepared under nitrogon and NMR spectra were recorded with a
Japan-Electron Optics LaB. JNM-PS-100 spectrometer. Analysis of gases
was carried outfby mags spectrometry and gas chromatography after
collecting gases using a Toepler pump. The microanalysis of carbon,
hydrogen and nitrogen was performed by Mr. T. Saito of our laboratory
with a Yanagimoto CHN Autocorder Type MI-2. For the isolated complex,
the absence of aluminum compounds was confirmed by Aluminon test after
decomposition of the complexes. | |

1. Preparation and properties of COCHY(dpe)7 (1)

I

Cobalt(III) acetylacetonate (2.0 g, 5.6 mmol) and dpe (4.5 g, 11.3
muol) were suspended in 20 ml of diethylether and 8 ml of dimethle
aluﬁinum monoethbxide was added to the suspension at 20°. Sometimes
heating the reaction mixture to 30° for a short period was effective to
accelerate the reaction. The color of the reaction mixture changed from
green to deép yellow and then a deep red éolutioﬁ was obtained.’ A red
powder was deposited on cooling the deep red solution. The precipitate
was filtered, washed several times with ether and n-hexane and re-
crystallized from ether tb give deep réd prisms, which were dried

in vacuo at room temperature. .Yield, 82 %.
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(I) is soluble in toluene, benzene, ether, and pyridine and thermally

stable in the solid state but sensitive to air and moisture. Hydrolysis
of (I) with H2SO4 released 92 % of methane for (1). ’(I)baas AGCompdsed
by heating'under vacuum at 194 - 195° and melted at 200 - 203°, releasing
methane and a trace amount of ethane. IR(KBr): V(C~H)(CH3-C0), 2870 and
2800 cm—l; dpe (max), 1580, 1475, 1425, 1085, 735, and 695 en”t. TH R
(20°, toluene—dg) T10.3 (quintet, J(P-H) = 9Hz, 3H), T 7.6 (broad
multiplet; 8H) ¥ 2.6 - 3 (complex multiplet, 20H), 31P— H -NMR (20°,
toluene) 65.9 ppm (s) (downfield from'external triphenylphosphine).

Attempts to ébtain the‘intermediate reaction alkylation product
containing the methyl, acetylacetonato and dpe iigands such as<Co(CH3)2—
(acac) (dpe) has so far been unsuccessful.

When AlEtS, AIEtZ(OEt), Al(n~Pr]3, or Al(iso—Bu)3 was used instead
of AlMe2(OEﬁ), the known complex\CoH(dpe)z (I was obtained. The IR
spectrum of (II) shows a characteristic Y(Co-H) band at 1884 cm_l in

addition to the bands due to dpe ligands.

2. Reactions of (I)

1) With H2 or D2

Contact of (I) (0.25 g, 0.29 mmol) with D2 in toluene under atmospheric

pressure at rcom temperature caused the color change to give a red
solution and then the red crystalline complex was deposited. At the
Samé time CHéD evolved. Thus obtained red complex (III) was washéd with
ether and n-hexane, and dried in vacuo. Yield, 90 %. IR{(KBr): V (Co-D),
1355 en™', dpe(max), 3040, 1575, 1480, 1440, 1090, 740, and 695 cm-L.

The reaction of (I) with H, was carried out similarly to the

reaction with DZ'
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2) with €0

A solution of (I) 60.32 g, 0.37 mmol) in toluene‘was allowed to
contact with CO underlan atmospheric pressure at room teméerature'in a
ciosed system. The reaction mixture was stirred for 2 h. to give a
yellow solution. Free dpe was recovered on cooling the resultant yellow
solution. After evaporation of the solvent the yellow residue'was
extracted with ether and the yellpw prisms ébtained from the extract was

purified by repeated recrystallization with ether. In the reaction

0,

&\

mixture niether acetone nord -diketone was detected. Yield, 62

1

IR(KBr): V(C=0), 1970, 1960 (sh), and 1910 cm ~; Y (C=0) of CH,COCo, 1640

3
cm_l; Y (C-H) of the acetyl group, 2840 cm~1; dpe (max), 3050, 1585, 1480,
1435, 1100, 1067; 750, and 698 Cm~1. 1H NMR (CD2C12) T7.62 (s, 3H), .T 7.66’
(d, J(P-H) = 7Hz, 3H), T 2.2 - 3 (20H),T 6.46 (quart. J(H-H)= 7Hz, 2H),T
8.54 (t, J(H-H) = 7Hz, 3H).

When the similar reaction of complex (IIj, CoH(dpe)2 (0.09 g, 0.1
mmol) with carbon monoxide was carried out under the same conditions,
the color of the reaction mixture changed from red to yellow. On

cooling the solution a yellow crsytalline complex deposited, which was

purified by recfystallization from ether and characterized as (V) by

[
.

elemental analysis and IR spectrum. Yield, 67
TR(KBr): Y(Co-H), 1884 cm™1; ¥ (C20), 1978 and 1917 cm '; dpe(max),
1585, 1482, 1438, 1092, 740,and 698 cmwl. ¢

3) with olefins

Acrylenitrile (1 - 2 ml) was transferred into a Schlenk tube
containing complex (I) (0.1 g) by trap-to-trap distillation in vacuum.

At -15° - -5° the reaction mixture was stirred for 2h. to cause the color



change from deep red to yellow. When the color changed to yellow, the
reaction system was cooled to -78° to precipitate a yéllow complex. The’
precipitate was freed from acrylonitrile by evaporation. be the yellow
solution was.further stirred the polymerization of'acrylonitrile took
place.

The yellow precipitate (VI) thus obtained was washed with ether and
‘n-hexane and dried in vacuo. Its unequivocal characterization was not
possible.becauée of the contamination of the producf with some polymers
of acrylonitrile but the composition is close to Co(Cﬂsq(CH2=CHCN)(dpe)2
on the basis of eaemental analysis and some chemical reactions and IR
spectroscopy. On. acidolysis of (VI) methane and acrylonitrile.were
released. On pyrolysis at 130 - 135° the yellow solid changed to deep
red and abbve 150° it decomposed releasing methane and acrylonitrile.
(V1) reacted with methyl iodide to produce methane and a trace amount of
ethane. The gaseous products evolved in these reactions were identified
by gas chromatography. (Found; C, 74.8; H, 6.1; N, 3.4. CS6H54NCO
caled.; G, 82.7; H, 5.9, N, 1.5 %)

IR(KBr); v (CeN), 2175 and 2170 cm_l; V(C-H), 2880, 2875, and 2830
en™); dpe(max), 1585, 1482, 1435, 1097, and 699 em™ . Complex (1) did
not react with acrylonitrile even 1f it was allowed to contact with

acrylonitrile for a week.

4) with RCECH ¢

To a toluene solution of (I) (0.25 g, 0.25 mmol) PhC=CH (100xl1) was
- added by a trap-to-trap distillation and the reaction mixture was
stirred for 5 h. at room temperature. The color of the reaction mixture

changed from deep red to brown evolving a quantitative amount of methane
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(100 %) for (I) and a brown powder was obtained from the solution,
Recrystallization from a toluene-n-hexane mixture gave brown crystals

l, V (C-H) 2875 and 2825

(VII). Yield, 70 %. IR(KBr): v (CxC), 2095 cm”
em™; dpe(max), 3045, 1585, 1480, 1430, 1095, 735, and 695 cm~l)
A similar experiment with CHSCECH gave Co(CECCHS)(dpe)z (VIIa)

in a 80 % yield.

The reaction of (I) with acetaldehyde at room temperature gave a

% of methane and 74 %

pale red solution evolving a gas consisted of 26
carbon monoxide as determined by mass spectrometry. From the pale’red
solution air Sensitive yellow crystals were deposited, which were
purified by repeated recrystallization. LThe IR spectrum of the complex

shows the characteristic V(C=0) bands at 1965 and 1910 em * suggesting

that it is the carbonyl complex with dpé ligands., ~



Table I Analytical data for amm|noaxagsmﬁma Co(I) complexes

L

Complex “color d.p. anal. (%) (calcd.)

Co (CHy ) (dpe), (1) deepred  194-195 72.5(73.1) 6.0(5.9)
nonﬁanmvm. (I11) red 265~270 wm.mﬁwm.mv 5.8(5.6)
moﬁooozwvAnovmﬁgﬁmv,wmﬂmm (IV)  yellow 120-121 64.8(65.4) m.hﬂwﬁ@v
CoH(C0),, (dpe) (V) yellow - = 65.9(65.4) 5.0(4.9)
Co(C2CCHy) (dpe), JA<HMQV red 188- 74.0(73.8) 6.2(5.7)

. noAmmmmwvnammvm _ A<MMWV brown 187~ 74.7(75.3) 5.8(5.6)
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Chapter 111 PREPARATION AND PROPERTIES OF METHYLIRON COMPLEXES WITH
" TERTIARY PHOSPHINE LIGANDS AND THEIR DECOMPOSITION PATHWAYS T

THROUGH THE FORMATION OF CARBENOID INTERMEDIATES
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SUMMARY

Reaction of Fe(acac)s, AlMeZ(OEt) and 1,2—bis(diphenylphosphino)f
ethane (dpe) givés a new dimethyliron complex, Fe(CHSJZ(dpe)2 (.
Complex (I) is unstable in solution and gives a methyliron complex
containing an orthometallated ring, Fe(CHS)(dpe)fPhZPCHZCHZPPh(ofC6H4)}
(I1) with liberation of methane. On thermal decomposition and treatment
with CH2C12 (I) liberates ethylene, the formétion of which suggests the
intermediacy of carbenoid complexes. Reactions of  (I) toward H2 or Dz,
carbon dioxide, phenylacetylene yield FeHz(dpe)2 (III) or FeDz(dpe)2
V1), Fe(OOCCHS)(COZ)m(Py)n (VII) ahd FeH(CECPh)(dpe)2 (Viiny, -
respectively. T | I S A I B R PE T
(I) initiates the polymerization of acrylonitrile. Employment of PPhMe2
instead of dpe in the reaction of Fe(acac)3 andkAlMez(OEt) gave a new

methylbis(acetylacetonato)iron(III) complex, Fe(CHs)(acac)z)(PPhMeZ)

wy. (IO and (V) react with carbon monoxide to yield acetone.

Introduction E

Many alkyliron complexes having cyclopentadienyl or carbonyl
ligands are known [1], but much less is known about ‘alkyliron complexes
| having other ligands. We have previously observed a pronounced
stabilization effect of 2,2'—bipyridine [2] and a somewhat weaker
stabilizing effect of triphenylphosphine [3] and prepared various
alkyltransition metal complexes having these ligands. A bidentéte
ditertiary phosphine ligand, 1,2-bis(diphenylphosphino)ethane (dpe)
often serves as an excellent stabilizing ligand of alkyl- and hydrido-

transition metal complexes and SOmevstable alkylnickel [4,5] and -cobalt
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[6] and hydrido-cobalt [7] complexes have been isolated. We now
describe the preparation of dimethylbis[l,2-bis(diphenylphosphino)- "
ethane]iron(II), Fe(CHs)z(dpe)2 (1), by reactioh of iron(III) acetyl-
acetonate, dimethylaluminum monoethoxide and dpe. Hata et al. pre-
viously reported the preparation of an ethyleneécoordinated iron(0)
complex,"Fe(CH2=CH2)(dpe)2 by the reaction of Fe(acac)s, AlEtZOEt and
dpe [8]. The ethylene-iron complex is considéred to be derived.through ,
formation of an ethyliron intermediate obtained by alkylation with
'AlEtZOEt. The dimethyliron complex (I) is thermally stable and de-
composes on pyrolysis at elevated temperaturés and on reaction with
dichloroalkanes at room temperature forming ethylene in addition to
methane and ethane. The decomposition pathway presumably involves the
formation of.carbenoid intermediates as we reported in a preliminary
form [9]. This paper also describes other.chémical properties of (I)
such as the reactions with H2 and Dz, phenylacetylene, Qarbon monoxide
‘and carbon dioxide. R

In attempts to examine the stabilizing effect of other tertiary
~ phosphines we have isolated another methyliron complex, methylbis-
(acetylacetonato) (dimethylphenylphosphine)iron(III), FeCHs(acéc)z—
(PPhMeZ) in the reaction of Fe(acac)s, AlMez(OEt) and PPhMez. This
complex may‘be regarded as the intermediate alkylation product of
Fe(acac)3 with alkylaluminum compounds. Similar transition metal
complexes containing the alkyl, acetylacetonato and tertiary phosphine
ligands have been prepared in reaction systems using Fe(acac)3 [31,

Co(acac), [3, 10] and Ni(acac), [11].
3 2
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Result and discussion
1. Preparation and properties of methyliron complexes

The dimethyliron complex (I) was prepared as oraﬁge crystals by the

reaction of Fe(acac)s, dpe and dimethylaluminum monoethoxide or

trimethylaluminum in ether at -30° to 0° under nitrogen.

Fe(acac); + AlMe, (OEt) + dpe — Fe(CHs)z(dpejz =
(AlMe,) 7 1)

Since the ;omplex is insoluble in any common organic solvents and
decomposed in others such as pyridine and CH2C12, recrystallization and
NMR measurement were not‘feasible, but elemental analysis and chemical
characterization of (I) supported its férmulation‘as Fe(CHs)z(dpe)z.
Complex (I) is stable in air for 16 - 15 min. and decomposes slowly
releasing CH4 and C2H6‘ Acidblysis with concentrated sto4 releaéed 1.8
mol 6f CH4 per Fe. Iodolysis-inﬁbenzene liberated methane and ethane in
a 1/2.5 ratio and yielded FeIz(dpe). Complex (I)'ié stabie in the solid
state under nitrogen at room temperature and decomposes at 130 - 135°
releasing methane, ethane and ethylene in a ratio of 75/20/5, the amount
of the gas liberated accounting for 75 % of the methyl groups bonded to
ifon on assumption that the hydrocarbon source is the méthyl group
(vide infra). |

In attempts to recrystallize the complex (I) from toluene, methane
was liberated and a yellow to orange solution was obtained. On cooling
it to -70° orange crystals were deposited. IR specfrum of (II) shows

1

new bands at 1555 cm = and 730 cm—l,‘which were absent in the original

complex (I). The new band appeared at 1555 cm_1 may be assigned to the
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metallated phenylring vibration stretching,and the intense band at 730

cm—1 to the C-H out-of-plane deformation of an ortho-disubstituted

benzene ring. The recovered dpe ligand after acidolysis of (II) with
DZSO4

mass spectroscopic examination of water produced on oxidative degradation

were found to have C-D bond in the dpe ligand as revealed by the

of the dpe ligand with CuO. Evidence supporting the orthometallated
structure as shown below was also obtained by ekamination of the NMR

spectrum of (II) in CD C12._ The NMR spectrum of (II) at -20° shows a

2
broad peak due to the methyl group bonded to iron at ~¢ 10.8 (3H), two
sets of broad peaks due to the methylene groups of the dpe ljgand at

©7.8 (4H) and 8.2 (4H), the broad peaks due to H_and H ' protons in
the above structure at 4.16 (2H), the broad peaks due to Ha and Ha'
protons at 3.62 (2H), and two sets of complex multiplet atT2.5 - 3.4 dugA_
to the phenyl protons, H , H ', H, ,and H_ ' protons excluded, Acidolysissofs ‘7

(IT) gave methane.

Hb'
Ha' A Hb
. Ha
RN Ph

oo | 2
M\ i”z (11)

| Fe
ZHC\>b//l \\P<f H2
th CHg Ph,

There are many examples of orthometallatibn involving the loss of
hydrogeh from an aromatic ring of a ligand with the concomitant
formation of a metal-carbon bond as reviewed recently [12], and the
Similar crthometallafedt reactions promoted by recrystallizatioﬁ of
alkyl complexes have been demonstrated by Keim and Kaesz et al. in an

alkylrhodium [13], and an alkylmanganese complex [14], and by Hata et
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ai. in an ethylene-iron complex producing HFe(dpe)(C6H4PPhCH2CH‘Pth)
[8]. However, no precedent of this type of complek having ;ikyl group
and an orthometallated ring has been reported.

In contrast to the méthyliron complex the similar reaction of
Fe(acac)3 with AlEtz(OEt) instead of AlMez(OEt) in the presence of dpe‘
in ether gives the ethylene-coordinated complex, Fe(CH2=CH2)(dp¢)2 [8].
_ Alkylation with Al(n-Pr) and Al1(i-Bu),, on the other hand; afforded the
‘known hydride, FeHz(dpe)2 (II1) [15], which on recrystallization from
| benzene was recovered as FeHz(dpe)z‘C()H6 (IV) [8]. These results
suggest that higher alkyl homologs of FeRz(dpe)2 are less stable than.
(I) and prohe to decompose via g-elimination process affording (111).

The reaction under similar conditions using AlEt instead of AlEtz(OEt)

3
also gave the dihydride complex (IIi), but the ethylene-complex was
obtained only when the reaction was conducted by carefully controling
fhe reaction temperature and the product was contaminated with (III).
The variation of reduction product depending upoﬁ the use of either
AlEtz(OEt) or AlEt, implies that the decomposition.pathway of an
“ethyliron complex which is formed as an intermediate alkylation prodﬁct
may be influenced by the kind of the ethylating agents which exist in
‘some excess in the reaction system. We have previously observed that
alkyltransition metal complex once isolated are susceptable for further
5‘ attack by alkylaluminum compounds [16].

The intermediate alkylation product of Fe(acac)3 with‘AlMez(OEt)
was isolated as FeCHs(acac)z(PPhMez) (V) when dimethylphenylphosphine

was employed. (V) is thermally stable at room temperature under

nitrogen but sensitive to air. It is soluble in ether and other organic
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solvents and can be recrystallized as red crystals from ether,

paramagnetism of (V) precludes the NMR measurement, but its IR spectrum

jndicates the presence of the acac and PPhMe2 ligands and of an iron-bonded

‘methyl group as observed in the p (C-H) bands at 2900 and 2850 cm-l.

Complex (V) decomposés.with melting at 55 - 58° evolving methane, ethane
and ethylene in a ratio of 75/14/11, the total amount of the gas
accounting for 100 % of the iron-bonded methyl group on the assumption
that the PPhMe2 ligand is not thermolyzed at the temperaturé to produce
:7 these hydrocarbons (vide infra). Acidolysis of (V) released 0.92 mol of
methane per Fe. .Attempts to prepare a methylirpn complex ;ontainingvno
acetylacetonato ligand by further methylation of (V) did not lead to any
iéolable product.

The reaction of (I) with dihydrogeﬁ'in a toluene suspension at room

temperature liberates methane to produce FeHz(dpe)2 from the resultant

“solution. The similar reaction of (I) with 02 released CH,D as the sole

3

gaseous product and gave FéDz(dpe)z, which on recrystallization from

benzene afforded yellow crystals of composition, FeDz(dpe)z-C6H6 V)

C_H :
: : 766
Fe(CHs)z(dpe)2>+ H2 —p CH4 + FeHz(dpe)2 e FeHz(dpe)Z.C6H6
' (111) (IV)
Cetle

Fe'(CHs)z(dpe)2 + 02 e CH,D + FeDz(dpe)2 — FeDz(dpe)z-C6H6

3

e
'

The IR spectrum of the iron dideuteride complex (IV);Showed a Vy (Fe-D)

band at 1330 en! in comparison with ¥ (Fe-H) band of (IV) at 1840 cm-l,
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the V(Fe-H)/Y(Fe-D) ratio being 1.4. The presence of the single V (Fe-H)
or y (Fe-D) band suggests the trans-configuration for the dihydride and .

dideuteride complexes [15]. Similar hydrogenolysis of other methyl-

33

[13] under mild conditions to afford the deuteride complexes are known.

transition metal complexes such as CoCHs(dpe)2 [6], and RhCHB(PPh

Cqmplex (IV) showed a peculiar photochemical behavior in sunlight;
the color of the solid complei changed from yellow to red without
evolution of hydrogen upon irradiation with sunlight. The IR spectrum
of the red complex shows a new V(Fe-H) band at 1890 cm"1 and a new band
at 728 cm_1 due to the ortho metallated species. On recrystallization
of the red complex from benzene (IV) was reCovergd;

The interconversion suggests either an isomerization between trans
and cis configurations or hydrogeﬁ transfer involving the orthometallation.
The hydrogen transfer from the dpe ligand to a transition metal hydride
has precedents in Ru(dmpe)2 (dmpe = 1,2fbis(dimethylphosphino)ethane)

‘; [17] and Fe(C2H4)(dpe)2 [8]. In the latter case £he hydrogen transfer
took place on irrédiating the iron complex., The IR band at 728 cm-1
appeared on UV irradiation of the solid complex was interpreted as
indication of the occurrence of the orthometallation, together with

other supporting NMR evidence. The appearaﬁce of the IR band at 728 Cm'lv
on irradiation of the present complex is in line with the behavior of

' Fe(C2H4)(dpe)2 énd may be taken as an indiéation of the intramolecular

hydrogen transfer as shown below,

hy (solid)

FeHz(dpe)Z-C6H6 €

FéH3(CGH4PPhCH
C6H6(in‘solution)

2CHZPth)(dpe)-C6H6
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A similar hydrogen transfer involving the orthometallation has been
observed on UV irradiation of FeHZNZ(PPhZEt)3 [18].

In view of the recent growing interest on reactions of carbon
dioxide with transition metal complekes having metal-carbon [19] and
metal-hydrogen [20] bonds, (I) was treated with CO2 in‘pyridine. A ‘very
air-sensitive and thermally unstable yellow solid was obtained which was
proved to be an iron(II) acetate containihg pyridine and some coordi-
néted COé. The dpé ligands in (I) were completély displaced by pyridine
and went into the pyridine solution. We tentatively formulate the
complex as Fe(OOCCHS)Z(COZ)m(pY)n (VII). The IR spectrum of (VII) shows
the Y (0CO) bands of the acetato gfoups at 1610 and 1380 cm_1 and bandslb
‘due to the coordinatedICO2 at‘26$0, 1670, 1420, 1340,and 850 cm-1 [19]
~in addition to bands associafed with the coordinated pyridine ligands.
The formation of the ifon acetate complex (VII) by CO2 insertion into
Fe—CH3 bands has been supported by comparison of the IR’spectrum of
(VII) with that of a complex obtained by the reaction of iron(II)
acetate with CO2 in pyridine. A similar CQ2 insertion into Fe-H bond to
~ give a formate complex has been recently reported [21].

’PhenylaCetylene having an acidic hydrogen reacts with (I) evolving
methane and sméll amounts of ethane and ethylene to produce a crystalline.
.hydridoiron(ll) acetylide, FeH(CECPh)(dpe)2 (VIII), which was characterized
on the basis of elemental analysis and IR spectrum shoWing a V(Fe-H) .

‘band at 1850, Y (CSC) at 2035 and VY (Fe-C) at 560 cm L.

The hydrido-
acetylido complex (VII) is considered to be formed by oxidative addition
of PhC=CH to an intermediate which was formed during dissolution (I)

in toluene. Similar oxidative addition reactions of mono-substituted
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acetylénes with several transition metal complexes have been observed
[22].

Complex (I) reacted wifh carbon monokide‘under mild conditions to
produce acetone and an iron carbonyl comp1e§ containing dpe ligand with
a composition of Fe(CO)z(dpe)z. Since the reaction of (I) with carbon
monoxide proceeds with partial decomposition of (I), the yields of
acetone and the iron carbonyl complex were low. On the other hand, a
similar reaction of (V) with carbon monoxide gave quantitatively one
equivalent of acetone per two iron atoms accompanied by formation of
_Fe(acac),. We have p%eviously Oﬁserved é'dispr0poftionation of

'FeEt(acac)(PPhS) in acetone or tetrahydrofuran affording Fe(acac)2 [3]

3
and quantitative formation of 1 mol eQuivalent of“ketone from 1 mol of
CoRz(acac)L2 (L = tertiary phosphines) and carbon monoxide [10]. A
further example of CO insertion into transition metal-alkyl bond
producing ketone is provided by the reacfion of NiMe(acac)(PPh3)2 or
’NiEt(acac)(PPhS) with carbon monoxide to give acetone or diethyl ketone
andANi(acac)2 [23]. The present reaction probably follows the similar
pattern as shown below.
FeMe (acac) , (PPhMe.)) £ 00 - > FeMe(acac)z(cb) + PPhMe,

) |
FeMe(acac)z(CO) et Fe(COMe)(acac)2
Fe(COMe)(acac)2 + FeMe(acac)z(CO) — 2Fe(acac)2'+ MeZCO + CO or PPhMe2

or FeMe(acac)z(PPhMez)

An acyliron complex related to the proposed intermediate in the present
reaction has been obtained in the reaction of nf—CSHSFe{CO)ZR and a

tertiary phosphine [24]. Kinetic study of the CO insertion was not
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feasible in the present case since the reaction proceeded too fast even

at low temperature,

2. On thermal stability of the methyliron complex (I) and its decomposition

pathways.
The dimethyliron complex (D having the bidentate dpe ligands

‘exhibits a pronouﬁced thermal stability compared with the corresponding
ifon complex having triphenylphosphine ligands{3]. The much higher
stability of methylbis(acetylacetonato)iron comp1e¥ (V) having PPhMe2
ligand than ethyl(acetylacetonato)iron complek having PPh3 ligand [3] is
~ also noted. The role of ligands such as tertiary phosphine, cyclo-

pentadienyl, and CO for stabilization of a metal-carbon bond has been

accounted for by Wilkinson [25] and other workers [26, 27] as a blocking
agent to hinder the g-elimination to take place.l |
We have observed ourselves the effect of addition of tertiary phosphine
1igand‘s. to hinder the occurrence of thep—eliminatidn in Co (CZHS)é_
(acac)(PPhMe2)2 in solution [28]. However,vthe same reasoning cannot be .
applied to the discussion on the stability of methyl-tranéition metal
complexes. Evidence supporting the occurrence ofed -elimination from the
me@hyl—transition metal complex is still scarce [29] but its importénce
is accquiring a growing attention in connection with olefin metathesis
catalysts using transition metal halides and alkylating agents‘[SO]. We
present below some evidence supporfing the«i—eliﬁination taking place..
If thed -elimination process provides a low-energy pathway for
decomposition of methyl-transition metal complexes the tertiary phospﬁine

ligands may be regarded, at least partly, as playing the role of
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blocking agenté to prevent thed -elimination., The enhanced thermal
gtability of thé hexa-coordinated dimethyliron‘complex coordinated with
the bidentate dpe ligands compaied with the PPhS-coordinated methyliron
complex may be accounted for as such. The PPhMe, ligand in the hexa-
coordinated compléx FeCHS(acac)z(PPhMez) may also play the role as the
 b1ocking.agent, but other factors such as electronic influence of the
ligands and the oxidation state of the iron complex may be also important.
Thermolysis of the solid sample of (I) liberates methane, ethane
and ethylene (vide supra). Formation of methane may be accounted for by
hydrogen abstraction by the methyl group in thé ﬁrocess of homolysis of
‘Fe-CHS bonds from the ligand (vide supra) 6r fr9m the othg?’methyl gﬁqy?ma
and the formation of ethane may be eiplained as coupling of two methyl
groups. By the term homolysis, however, we do not intend to suggest the
formation of free methyl radicals, since some evidence against the free
?adical formation in the reductive elimination of’dialkyl transition
~metal complexes ére known [2]. The formation of ethylene may be
accounted for either by decomposition of the dpe ligands or by coupling
of a carbenoid species formed by an & -elimination of the methyl complei.
Since the formation of ethylene was also observed in thermolysis of
.Fe(CHs)(acac)z(PPhMez), which contains‘no dpe ligand and is decomposed
- at relatively low temperature (55 - 58°) and no gas was detected on
 thermolysis of’Ni(dpe)2 [31] at 240 - 245°, we regard the iron-bonded
methyl group as the source of ethylene. The insOlubilitf of (I) in
organic solvents precluded the kinetic study to decide whether the
d-elimination is a uﬁimolecular or bimdlecular process. The following

study, however, concerning the decomposition of (I} in dichloroalkanes
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lends support to the assumption of a bimolecular process involving
coupling of intermediate iron-carbenoid species.

When (I) was treated with CH Cl, at 20° the gas evolved contained a

2
larger amount of ethylene and a lesser amount of methane than in
thermolysis of (I) as shown in Table I. In order te confirm the seurce
of ethylene (I) was treated with deuterated dichloromethane. The gas
yliberatedvon treatmentiof (I) with CD2C12 ef 99 % isotopic purity
consisted of CH4, C2H6’ C2H4, CH2 2
50/25/8/14/4 as confirmed by IR and mass spectroscopy The amount of

=CD2, and CD =C02 in a ratio of -

the evolved gas w1th correction for the part of the deuterated ethylene
components accounts for ca. 90 % of the fate of the methyl groups in (I).
From the reection mixture an’off—white,ﬁowder of composition FeClé(dﬁe) .
was recovered. The abeence of deuterated methane in the gaseous product
produced on treatment of (I) with CD2C12 excludes the dichloromethane as
the hydrogen source for giving methane, indicating that this is not a
radical process. The formation of C2D4 in the reaction seggest an
intermediacy of a carbenoid species formed by Cl -abstraction by the
iron complex. Similar dehalogenation from g__fdlhalldes by transition
metal complexes to produce olefins are known [32]. The exclusive
fermation of CH2=CD2 and the absence of other deuterated ethylenes and
ethanes suggests the formation of a carbenoid species, [CHZ:Fe],
produced by thed -elimination from the iron methyl group and its self-
coupling and cross-coupling with another carbeeoid species, [CDz:Fe],

formed by dehalogenation of CD2C12.
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3 | -CH,, C.H © CH,:Fel

™ Fel, 426 CH,:Fel, ——2—— Ty CH_=CH

/ n : 2 n 2 2
CH,

CH,,=CD,

M o ~CH,, C,H, CD,,:Fel,_
2 2064 p_:F 2T -

Fel_ + CD,C1, CD,:Fel  —2—mDy CD,=CD,

cH;

" The insertion of the carbenoid entity into the Fe~CH3 bond followed by

p-elimination to afford CH2=CD seems unlikely because such a reaction

2

would accompany the formation of a deuterated ethane which was not

detected.

The nature of the '"carbenoid" species assumed as the intermediate - . -

~ may be very different from that of a "free" carbene, since addition of
olefins such as styrene, hexene-1 and cyclohexene to the reaction system

coof (I) with CH2C1 did not appreciably alter the gas composition nor the

2.

total amount of the gas produced as shown in Table I.

Complex (I) does not react with CCl, but attacks other dichloro-

4

h alkanes- and acts as a Cl, -abstracting agent. Treatment of (I) with

2

V.C1CD2CD2C1 liberated CH4, C2H6’ C2D4 and C3H5D3 in a ratio of 44/35/12/9

 but no C2H4 was detected. The reactions of (I) with CHSCHCI2

- CH ClCHZCI produced mainly methane and minor amounts of'(}zH6 and C,H_.

and

3 36
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Experimental

{
All manipulations were carried out under an atmosphere of oxgen%

S

free nitrogen. Solvents were dried in usual manner, distilled and

|

stored under nitrogen or argon. IR spectra were recorded on a Hitac?i
; P
EPI-G3 spectrometer using KBr pellets prepared under an inert atmosp@ere.*

i
Microanalyses were carried out by Mr. T. Saito of our Research Labor&tory.
!
Geses evolved during the preparation of complexes and their chemical;
! .

reactions%were analysed by gas chromatography and/or mass spectrometry
I of

after collecting the gas by a Toepler pump, by which means the volum
' | |

the gas was also measured. Deuterated ethylenes were examined by
observing the IR spectra of gas samples infroduced into a gas cell of 4
cm path. This method proved useful in checking the presence of‘
pértially deuterated ethylenes [33]. |

Tris(acetylacetonato)iron, 1,2—bis(dipheny1phosphino)éthane, (dpe)
: 1]; and‘dimethylphenylphosphine [34] were prepared according to the
literature. The several chlorinated compounds were used as purchased
from Tokyo‘Kasei Ltd. after dehydration. CD,Cl, and CD2C1CD201 were
used as purchased from Stohler Isotope Chemicals without further |

purification,

l. Preparation of Fe(CHS)Z(dpej2 (D

To an etheral suspension of Fe(acac)s‘(l g, 2.8 mmbl)‘andvz molar
equivalents of dpe (2.25 g), 6 molar equivalents of dimethylaluminum
monoethoxide or trimethylaluminum were added at -30° with Stirring; The
temperature was gradually raised. to 0° to give an orange té red
microcrystalline powder deposited. The reddish orange crystals were

filtered off and washed with ether and n-hexane several times below 0°,
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and dried in vacuo. Yield, 70 %. (Found; C, 73.8; H, 6.4, Cg He  FeP,

caled.; C, 73.5; H, 6.1 %. IR(KBr): ¥V (C-H) of Fe-CH,, 2905 and 2850

3’
en™!, dpe(max); 3030, 1585, 1483, 1430, 1090, 875, 819, 745, and 700 cm™L.
2, Preparation of Fe (CH,) (dpe) (Ph,PCH,CH,PPh(C.H,) (I1)

Complek (I) (1 g) was dissolved in toluene (iO ml) by warming

slightly. The yellow to orange filtrate was separated by filtration,
concentrated by evaporation, and cooled to -78° to produce orange
\crystals, which were,waéhed with n-hekane at room témperature and dried
in vacuo. Yield, 10 %. (Found: C, 72.9; H, 5.7, C53H50FeP4 calcd., c,
73.5; H, 5.8.) d.p.; 160.- 170°. IR(KBr):vnew peaks which are not

1

observed in (I), 1555 and 730 cm ~. NMR (CD2C1 -20°) 10.8 (br,

29
_Fe-Cﬂs, 3H),

T7.8 and 8.2 (br, dpe, 8H), T 4.1 (br, 2H), T 3.62 (br, 2H) (ortho-
mefalated phenyl group in dpe ligand), T 2.5 - 3.4 (complex multiplet,
35H). Acidolysis of (II) with HZSO4 released ﬁethane. After acidolysis
of (II) with DZSO4 the dpe ‘ligand liberéted was reﬁovered by extraction
~ with ether. The dpe_thus obtained was okidatively degradated with Cu0.
to give carbon dioxide and water and the deuterium content in the wéter
was determined by mass spectroscopy. The deuterium content in the water

was 1.9 % compared with the calculated value of 3.2 % on the assumption

that one phenyl group contains a deuterium per two dpe ligands.

3. Pteparation of FeHZ(dpe)2 (I11) and FeHz(dpe)2;p6H6_ﬁﬂﬁL

The similar reaction of Fe(acac)s, dpe, and A1Et3 or Al(n-Pr)3 or
Al(isq—Bu)3 in ether under nitrogen at -5 to 0° gave yellow crystals
which were separated by filfration and washed with ether and n-hexane.

The yellow compound was recrystallized from benzene-n-hekahe to give
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pure yellow crystals, FeHz(dpe)2 06H6 (IV), which were dried in vacuo.

(Found: C, 75.0; H, 6.4. C$8H56FeP4 caled.:.C, 74.7; H, 6.0 %) IR(KBr):

V(Fe-H), 1840 cm_l; dpe(mak), 3030, 1585, 1478, 1430, 1095, 870, 809,

740, and 690 cm”l.

4, Preparation. of Fe(CHS)(acac)Z(PPhMeZ) (V)

To an etheral solution of Fe(acac)3 (1.0 g, 2.8 mmol) and.PPhMe2

(1.4 ml, 11 mmol) dimethylaluminum monoethokide (3 ml1) was added at ~30
to -40° under hitrogen. The reaction mikture turned to a deep red
solution at -10° and on stirring the mixture for 2 h. at the temperature
red crystals appeared.

The reaction mixture was cooled to ~78° and red crystals deposited wére
filtered off, washed with ether and n—hekane at -78° and recrystallized
from ether, Yield, 50 %. (I1) is sensitive to air, thermally stable at
room ﬁemperature under nitrogen and soluble in ether. (Found: C, 55.4;
Hy 7.9. C,oHyg0,PFe caled.: C, 56.0; H, 6.9 %.) IR(KBr): V(C-H) of - -
Fe-CH,, 2000, 2850 cn” '; V (Fe-C), 550 cm”’; PPhMe,, 3050, 1435, 925,
895, 740, 690, and 580 cm'l; acac, 1570, 1510, 1390, 1270, 1050, and 790
em”t.

S.._Reaction of (1) with D2 and preparation of FeDz(dpe)2;§6§6 (v1).

Complex (I) (0.30 g, 0.34 mmol) was suspended in 5 ml of toluene and
brought in contact at -10° with-D2 of an atmospheric pressure in a
closed system. With the raise of temperature the reaction mixture
changed from the initial orange suspension to a deep yellow solution;
which.was stirred further 1 day at room temperature. The gas evolved
during the reaction was confirmed to be CH_,D. The solution on

3

recrystallization from benzene—n-hekane gave 0.3 g of yellow crystals of
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composition FeDz(dpe)z-CGH6 (V1). Yield, 90 %. (Found: C, 74.0; H, 5.8;
1

C58H56FeP4b calced.: C, 74.7; H, 6.0 %.) IR(KBr): ¥ (Fe-D), 1330 cm .
6. Reaction of (I) with carbon dioxide "
A dry CO, stream was bubbled through a pyridine suspension containing

2
(I) at -10°. After the gradual temperature raise to 0° the reaction

- mixture chahged from the initial orange-red suspension to a yellow

- solution and a yellow precipitage was deposited from the solution. The
yelloﬁ solid (VII) was seﬁarated by‘filtration from the yellow solufion;b
washed n-hexane at -10 to 0° and dried in vacuo below 0°. From the
solution dpe ligand was recovered. Because of the instability of the .

.- yellow complex‘micro—analysis Was not successful. IR(KBr):V (0CO) of

1

CHSCOOVgroups, 1610 and’1385 cm T CO2 (coordinated), 2650, 1670, 1420,

1340, and 850 cm™'; pyridine (max), 1600, 1485, 1445, 1325, 1215, 1040,
765, and 705 cm™ L.
Thermolysis of (VI) ‘at 150° released Cdzvand'pyridine and treatment of
| (VII)iin.benzene with dry HC1l gas liberated COZ»and pyridine- and treatment
of {VII)'in benzene with dry HC1 gas liberated C02 and acetic acid as
,’detected by gas chromatography.

Complex (VII) was prepared via another route by the reaction of
Fe(CHZCOO)Z(py)n and‘COQ in pyridine and was idenﬁified by comparison of
the IR spectra. '

7. Reaction of (I) with PhCsCH

To complex (I) (0.20 g, 0.25 mmol) suspended in toluene (5 ml) was
added. phenylacetylene(0.1 ml) at -30° by means of a syringe. The

reaction mixture was stirred at 0° for 20 min., and then further for 4 h.
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at room temperature. The orange suspension turned to a brown solution .

ev01v1ng CH (0.2 mmol) and small amounts of C2H4 and C2H6 The amount

of gas formed accounted for about 40 % of the calculated value for (I)
On addition of n-hexane to the brown solutlon and subsequent cooling

brown crystals were deposited, which were washed with n-hexane after

filtrationuand dried in vacuo.’ Yield, 45 %. (Found: C, 75,2; H, 5.8,
CooHlssFeP, caled.: C, 75.5; H, 5.6 %.) IR(KBr): M (CZC), 2035 cn™), y
 (Fe-H), 1850 cm™"; I (Fe-C), 560 em™l; dpe(max), 3050, 1480, 1435, 1090
and 690 cm 1.

8.  Reactions of (I} and (V) with carbon monoride

a) A dry CO stream was bubbled through a toluene solution containing
(I) (0.28 g, 0.32 mmol) at room temperature for 0:5 h. After bubbling
of CO the system was closed under CO and was further stirred at room
temperature for 1 day. The system changed from an orange suspension to a
yellow solution. The amount of acetoﬁe formed in the reaction mixture
was determlned by VPC as 30 % per iron. An iron carbonyl compound was
recovered from the resultant solution as yellow crystals. (Found:C,
70.8; H, 5.5. C54 48° 2PeP4 caled. C, 71.4; H, 5.3.%). IR(KBr): Y(CO),
1985, 1915 (sh), 1895, and 1835 ¢m 1; dpe, 3060, 1588, 1490, 1440, 1090,
740, and 698 em™t, |

b) Complex (V) was dissolved in 2 ml of toluehe and brought in contact
with carbon monoride‘of an atmospheric pressure‘at -70° in a closed
system. At the temperature the color of the system changed from red to
green, This color change took place reversibiy. With rising the

temperature the green solution changed to a brownlsh yellow solution.

At room temperature the system was stlrred for 3 h The amount of
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acetone formed in the reaction solution was determined by VPC as 90 %.
Erbm the resultant solution an oragne to brown cohplex Fe(acac)2 was
vobtained; Its IR spectrum sheQé the presence of only acetylacetonato
ligands [3]. IR(KBr) : acac(mak), 1575, 1525, 1360, 1275, 1020, and 930
em”l. |

9. Reactions .of (I) with a few vinyl compounds.

Acrylonltrlle (2 g) was distllled into a flask conta1n1ng complex
(1) (0.1 g) in vacuum, As soon as the temperature was raised to 0°
‘polymerization of acrylonitrile took place suddenly and poly(acrylo-
nitrile) was obtained in 80 % yield. No reaction of (i) with styrene
'was observed.

10, Thermoly51s and CH, Cl2 treatment of (I)

i

' On thermolysis of‘(I) (0.18 g, 0.21 mmol) in the solid state at
‘130 - 135° CH4 (4.2 ml STP), C2H6 (i.3 ml) and C2H4 (0.3 ml) were"
evolved. The total amount of gas liberated was equivalent to 75 % of
the methyl groups bonded to iron, Table 1 shows the compesition of
gases evolved on treatment of (I) with CH C12.e A typicalgproceduref

is described below. CH ,Cl, (1 ml) was added to complex (1) (0.15 g,

O 17 mmol) by a trap-to-trap dlstlllatlon using a vacuum line and the
reaction mixture was stirred at room temperature for 1 day. The initial
orange suspension turned to a dark red solution and a white precipitate
was deposited. The gas evolved in the process was examined by means of
mass'spectroscopy and VPC. Using CD2C12 (isotopic purity 99 %) a
~similar treatment of (I) (0.23 g, 0.27 mmol) was carried out under the
same conditions and fhe gas composition was determined. CH4, C2H6’

CH.,=CH,, CH.=CD,, CD,=CD

2 2, 2=CD,» CD,=CD, in a ratio of 50/2{/8/14/4 were produced.
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Neither cis- or trans-CHD=CHD nor CH3D or CD HCHsfwas detected.

2
From the resultant solution free dpe ligand and an off-white compound

with an‘approiimate composition of FeClz(dpe) were recovered. (Found:

C, 61.1; H, 5.2;.C1, 12.5, C26H24CIZFeP4 caled.: C, 59.51; H, 4.6; C1

13.5 %.)

11. Treatment of (I) with severa rinated compound
Treatment of (I) with several chlorinated compounds such as

Cl, CH ClCHZCl,‘CH

2 2 3
similarly to that of (I) with CH,C1, as described above. |

1 CDZCiCD CHCICHZCI, and CHSCHC12 were carried out
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Chapter IV NMR STUDIES OF DYNAMIC BEHAVIOR OF DIALKYL-COBALT(III) COMPLEXES
IN SOLUTION | K ' |
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Introduction

In the previous paper we have reported the preparation and a brief
description of NMR spectra of a series of gigfdialkyl(acetylacetonéto)*
bis(tertiary phosphine)cobalt(III) complexes (I)-(IV) having the Structure
as shown below[l]. - Since most of these alkyléobalt complexes afé
thermally stable, insensitive to air, and soluble in many orgénic
\
solvents; they provide rather rare opportunity, among usually unstable
alkyltransition.metal complexes, for stu&ying the behavior of these
complexes in solution. Information regarding the partial dissociation of
these coordinativély'saturated complexes in solution aécommodating a.
vacant site for a decomposition pathway is desirable for understandingv
the mechanism of thermolysis of these alkyltransition metal complexes as
will be discussed in the ensuing paper. The importance of partial
dissociation of the ligénd from a coordinatively saturated cbmplex
providing a coordination site for a substrate to be activated has béen

demonstrated in various transition metal catalyzed reactions of .olefins

[2,3].

Results and discussion
General ,

The NMR spectra of the aialkylcobalt complexes (I)-(IV) are .
compatible with the octahedral structure with two cobalt-bonded alkyl
groups and an acetylaqetonaté ligand coplanar with cobalt which is
coordinated with two tertiary phosphine ligands in the axial positioné. B

' Fig. 1 shbwsvrepresentative spectra of Co(CHS)z(acac)(PPhMeZJ2 (IIa) in

toluene at various temperatures. The methyl groups bonded with cobalt
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appear as a triplet below 35° due to coupling with two phoéphine ligands
in axial positions (°J(P-H) = 8Hz) at T 10.16. Other'complexes (D)-(1V)
show similar 3J(P-H) values of 4-8 Hz as observed in various methyL-
itransition metal complexes having tertiary phosphines at cis positions
from the methyl group. With temperature increase thektriplét coalesces
to a singlet indicating dissociation of the phosphine ligands from the
complex. The methyl resonance of the PPhMe2 ligands in (IIa) appears as
a triplet (J(P-H) = SHz) by virtual coupling with two hosphorus nuclei

in mutually trans positions, although the spectrum-is somewhat pbscured

by the methyl resonance of the acetyiacetonato ligand. The triplet also

coalesces to a singlet on raising the temperature, . i

Fig. 2 shows the lH and 13C spectra of the ethyl complex (IIb).
The proton methyl resonance of the PPhMe2 ligands appears as a triplet
at a higher field than that of the corresponding methyl complex IIa -
clearly separated fromvthe CH3 resonance of the acetylacetonato ligand.
The shift to the higher field may be caused by increase of the electron
dehsity on cobalt by substitution of the methyl gréups by more electron
releasing ethyl groups. A similar behaviour was observed with the |
resonance of acac ligand. The methyl resonance Gf'the acac ligand is
also shifted to a higher field than that of (IIa) but the effect is
smaller than for the PPhM_e2 ligands which are directly bonded with
cobalt, The 1H resonance of the cobalt-bonded ethyl groups is observed
as a somewhat broadened singlet. This is considered to be due to the
coincidence of the chemical shifts of the methyl and methylene protons
in the ethyl groups. Tﬁe splitting due to the phosphine ligands may be

included in the envelope of the signal., In order to confirm the
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coincidence of the proton chemical shifts of the methyl and methylene

groups 13C NMR of (IIb) in a mixture of C6HSBr and C6DG was observed

at -20° .and compared with those of Co(CHs)z(aéac)(PPhMe
13

2)2 and Ni(CZHS)-'

(acac)(PPhs) [4]. The "“C NMR spectrum of (IIb) shows that the methyl
and‘methylene carbon signals of the ethyl groups appear separately at
16.3 and -4.3 ppm (referred to TMS, downfield positive), respectively.
The methylene resonance is observed as a broad singlet at a higher field
than the methyl resonance because of the shielding effect of cobalt.
The‘broadéning may be caused by coupling with phosphorus atoms and
possibily with Co (I = 7/2) nﬁcleus. The assignments of other resonances
are included in Fig. 3b and Table 1, which also inciudes the resonances _

of II_ and NiEt(acac) (PPh;) [4]. The 13

C NMR signal of the methyl
groups in PPhMe2 ligands are observed as a triplet due to the virtual
coupling (J(P-C) = 9.2Hz). In order to further substantiate the
assignments an off-resonance spectrum of (IIb) was recordgd (Fig. 2¢).
The peaks in Fig. 2¢ show the expected splitting 6r the absence of
splitting. vTﬁé singlet of the methyl group at 16.3 ppm splits to a
quartet whereas the broad singlet of the cobalt bonded methylene group
at -4.3 ppm splits to a complex multiplet. The c§mp1ex splitting may be
due to couplings with protons and phosphorus. The multiplet may also
contain the contribution of coupliﬂg with Co (I = 7/2). These results
reveal that the somewhat broad singlet of the cobalt-bonded ethyl groups
in the 1H NMR spectrum of (IIb) is clearly due to the very small
difference between the chemical shifts of the methyl and methylene

1

groups. It is also noted that the methylene signal in the 3C NMR of

II, appears at a considerably higher field than that in Ni(CZHS)(acac)—

b
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(PPh,}, presumably reflecting higher electron density on cobalt in (11,)
3 ' b

~ owing to the coordination of more electron releasing PPhMe2 ligands in

(IIb) than in Ni(CZH (acac)(Pth) having more electron-attracting

5)
ligand, PPhS.

The 1H NMR spectrum of the propyl complex IIc also shows the
" cobalt-bonded methylene resonance at higher field (t‘9.64) than the
p-methylene and r-methyl groups which are oﬁserved at T 8.84.as a
singlet. |

For further examining the effect of the tertiary phosphine ligands
on the‘shape of the lﬁ NMR signal of the cobalt-boﬁded ethyl groups the
1H NMR spectrum of a spécifically deuterated complex Co(CHZCDS)(acac)é.
(PPhMeZ)2 [5] was observed. It clearly shows the triplet (SJ(P—H) = . |
10Hz) at -20° in toiuené due to the coupling with two phosphorus nuclei “
at axial positions. The somewhat broad singlet observed in the 1H NMR ' E
spectrum of the non-deuterated ethyl groupsbmay have arisen as the
overlap of the>trip1et with the resonances of the methyl and methylene
gréups, the chemical shifts of which are very close each other but not
cdmpletely coincide.

Dissociation of tertiary phosphine ligands from the alkylcobalt complexes

As demonstrated by the change of the 1H NMR spectrum on variation
of temperature as shown in Fig. 1, the coordinated tertiary phosphine
ligands are liberated into solution as expressed by Eq. (1) and they

exchange each other,.

‘ k
) 1 1. v
CoRz(acac)(PRS')2 + S ——;———bCoRz(acac)(PR3 )-S + PRSV (1)
-1

S = solvent
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The colldpse of ghe triplet NMR signal of the cobalt bonded-methyl

~ groups on temperature increase to a singlet and reappearance of the
triplet on addition of an excess amount of the pﬁpsphine ligands support
the assumption of the equilibrium. The coaiescehce temperature of the
methyl ¢omplexes having different phosphine 1igands (Complexes (I),
(IIa),and?(IV)) decreases in the order of PPhMezﬁ» PEté) P(n-Bu)s‘ The
order suggests that the dissociation takes place more easily when the
complex contains mo¥e bésic-iigands.

The presence of the equilibrium as represented by Eq. (1) can be

observed more directly by means of 31P NMR spectroscopy. Fig. 3 shows

the 31P NMR spectra of the PEt, -coordinated compleX (I) observed in .

3

CH2C12 at various temperatures in the presence and absence of added

PEtS. In- the absence of the added PEt3

coordinated PEts iigands is observed at 26 ppm downfield from external

reference of triphenylphosphine at -80°. On raising the temperature the

a somewhat broad singlet of the

singlét becomes broader and shifts to higher field simultaneously. The
broadness of the singlet at‘~80° suggests that the complex is slightly
dissociated even at -80° and a slow exchange reaction between the coordinated
and liberated phosphine ligands are taking place. In the presence of

the about equimélar amount of the added phosphiné two broad singlets of

about equal peak area are observed at 26 ppm and -15.4 ppm referred to

the external standard of triphen&lphosphine; theAformer signal is due to

the coordinated PEt, and the chemical shift of the latter is the same

3

with that of free PEtS. On raising the temperature two resonances
_approach each other with simultaneous broadening. A crude analysis of

the shapes of the resonances in the presence and absence of the added-
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PEt, suggests that addition of triethjlphosphine to the system'does‘not |

3

~markedly affect the ekchange rate betWeen the coordinated and free
ligands.

In the presence of about equimolar amount of added triethylphosphine

31

to the solution containing (IIa)’ broad P NMR signals of the coordinated

PPhMe andafree PEt3 are observed at -70°. On raising the temperature

2

to -40° they coalesce to a broad singlet indicating the exchange occurring

between the coordinated PPhMe, and added PEt. ligands. Approximate rate

2 3
constants for the liberation of the coordinated PPhMe2 from (IIa) or -

31

(I1,) were estimated by measuring the half widths of the “'P NMR signals
b .

and the rate constant for dissociation of PPhMe

2
was (2.6 * 0.2) x 10% sec™!. The approkimate activation energies of the

at -40° thus estimated

ligand disspciation forS(IIa) and (IIb) weré estiﬁated as‘lﬁft 3 kcal/mol

and 8 * 3 kcal/mol, respectively. |
From observation of the mean chemical shift value of the exchanging

system-in the absence of an added phosphine one céh estimaie the

~ equilibrium constant K for Eq. (1) if each éhemical éhift value of

CoRz(acac)(PRs')2 and CoRz(acac)(PRs’)-S is known. Thus we estimated

the équilibrium constants for the following equilibrium at vafious

temperatures and obtained thermodynamic parameter§ (See Ekperiﬁental for

details and required assumptions).

2)2 + 8§ e CoEtz(acac)(PPhMez)-S + PPhMe2 (2)

CoEtz(acac)(PPhMe

Table 2 shows the equilibrium constants K evaluated at various temperatures
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Table 2  Equilibrium Constants and thermodynamic Parameters for the Reaction:

. x . - <
oomﬁmﬁmomnVﬁvv:mevm 4+ toluene — nomﬂmﬁmomnvﬁvvszmmv.m + vnszmm
(1Ib) | |
temp.  10%/T ke SRR R
‘ -72° 498 C0.46
- A 4.57 102
-4g° 444 1.25 -

-35° 4.20 1.99

a): solvent = toluene , [IIb] = 0.10 mol/1
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and thermodynamic parameters for the above -equilibrium. For illustration

of the degree of the dissociation of I, in toluene the K value of 9.6 X

104 at 15° with the concentration of 0.10 M means. that 24 £ 2 % of IT,

is dissociated in toluene.

Displacement of the tertiary phosphine ligands by pyridine bases from

the alkylcobalt complexes

As we have previously observed [1], the tertiary phosphine ligand(s)
in the alkylcobalt complekes (I)-(IV) can be readily displaced by
pyridine and its analogs; More basic tertiary phosphines such as PEt3
and P(n-Bu)3 can be disﬁlaéed more readily by pyridihe bases such as
pyridine (py), r-picoline (r-pi) and 2,2'-bipyridine (bipy) than alkyl-
cobalt complekes containing less basic phosphines such as PPhMez. In
the cases of frialkylphosphine—coordinated alkylcobalt complexes a parf
or all of the tertiary phosphines are displaced by pyridines and the
alkylcobalt complekes containing the pyridine base§ suchkastoMez-_
(acac)(PEts)(py) (Va), CoMez(acac)(PEtS)(r-Pi] (Vb), and CoMeZ(acac)-
(bipy) (VI) were actuaiiy isolated. Failure of isolation of¢t—“and

B-picoline-coordinated complexes may be an indication that a steric |

factor has a considerable contribution in the following equilibrium:

PR’3 PR’3

0"-+“--;-R 0"-}-~1--R
,l’ \ /‘/ . K ’/ \ /," .
J 2 + py ‘-W-————-———-p ; Co ”: + PR93
. ’ \ ’
0%%-mempee R ER
PR? ' Ly
3 (I1) (11°)
The above equilibrium can be conveniently monitored by means of 1H and
3

1PnNMR spectroscopy. On displacement of one of the two tertiary

phosphines by pyridine a part of the triplet 1H NMR signal of the
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cobalt-bonded methyl groups is converted to a doublet, depending on the
temperature and the»kind of‘the tertiary phosphine. Fig. 4A demonstrates
the typical change of the cobalt-bonded methyl resonance observed in
pyridine at variéus temperatures. It can be seen that the doublét due

to the cobalt-bonded methyl groups in CoMez(acac)(PPhMgz)(py) increases
in its integrated peak area in proportion to the corresponding decrease
of the triplet due to qoMez(acac)(PPhMez)2 on raisiﬁg the temperature. |
A similar spectral change can be seen in Fig. 4B and 4C which illustrate
‘the change of the cobéit;bonded alkyl resonance of CoEtz(acac)(PPhMez)2
(IIb) and Co(n-Pr)z(acac)(PPhMeZ)2 (IIC) in pyridine on raising the
 temperature. The signal of the ethylwg?oups of (};b? appears as a
singlet at -35° in pyfidine as ih toluéné, but a broad singlet which may
be assigned to the.methyl groups of ethyl groups in CoEtz(acac)(PPhMez)—
‘(py) (IIb') develops on increasing the temperature to -20°. FurtherA-
increase of the temperature cauées overlapping of the broad singlet and
: the sipglet dué to the complek IIb to a broad singlet at -5°, Finally
at 10° the ethyl signal of (IIb) completely vanishes and a triplet at
T9.2 (SJ(PfH)=7Hz) which may be due to the methyl protons of ethyl |
groups in CoEtz(agac)(PPhMez)(py)(IIb') dominates. The signal of the
methylene protonsvin.(IIb) is observed at T 8.7 being obscured on the
slope of the methyl iesonahce of PPhMez; The signél of n-propyl groups
of (IIc) are observed at T ca. 8.5 - 9.3 being overlapped with PPhMe2
ligands. The methyl fesonances of acac ligand of (IIC) in pyridine
appearvas two singlets at T 8.42 and T 8.54. A singlet at T 8.42 which
may be assigned to the methyl groups of acac ligand in Co(n-Pr)Z(acac)—

(PPhMez)(py)(II'c) develops on increasing the temperature (Fig. 4c).
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The spectral change is infriguing in several aspects. (1) It suggests
the presence of the equilibrium as shown in Eq. (3); (2} Since the
chemical shift difference bétween the methyl and methylene groups
reflects the electronegativety of the entity‘bonded with the ethyl group
[6], appearance of the methyl and methylene resonances in (IIb') on

displacement of one of the PPhMe, ligands in (IIb) by pyridine suggests

2
that the electronegativity of the entity bonded with the ethyl was
increased by coordination with pyridine. This fact implies thét ,
pyridine is in fact plafing the role of”;-acid compared with PPhMe2 in
Eq. (3) (vide infra). (3) As the difference between Fig. 4A, 4B and 4C
shows, the cobalt—bonded alkyl groups eiért a marked effect on the
equilibria of pyridine displacement reactions. Displacement by pyridine
is much more favored in the propylcobalt complek than in the methyl-
cobalt complex. |

From the peak areas of CoRz(acac)(PPhMez)2 and CoRz(acac)(PPhMez)(py)

as shown in Fig. 4 we have calculated the equilibrium constants

[CoRz(acac)(PPhMez)(py)][PPhMez]
[CoRz(acac)(PPhMez)Z][py]

K =

for a series of dialkylcobalt complexes and plotted the 1n K values vs
the reciprocal tempefatures in Fig. 5. The equilibrium constants and
thermodynamic parameters are summarized in Table 3. It can be seen from
Table 3 that increase in the alkyl chain length makes the ‘enthalpy
change for Eq. (3) more favoréble but the effect is compensated by the
entroby change. For illustration of the degree of dissociation of (IIb)

in pyridine the K value of 0.018 at 15° with the concentration of 0.11 M
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Thermodynamic Parameters for

K

noxmﬁmnmnVAvnrzmmvm + v«xdamam ||||«ooxmamnwnvﬁvwsszVAukv ;.vw:zmm

o

(kcal/mol) (kcal/mol) (e.u.)

CH, 45 55 2.8 10.3
CoM 8.4 4.6 2.5 8.0
c

w:w | 4.0 - 4.1 2.9 4.6
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means that 70 X 2 % of (IIb) is dissociated in pyridine whereas the
degree of diséociation of (IIa) in pyridine at the same temperature is
a5 k2%, | " |

We examined further the 1H NMR spectra of the isolated alkylcobélt
complexes containing pyridine bases in toluene and CD2C12. Table 4
summarizes the NMR data. The pyridine-coordinated complex (Va) and
T-picoline-coordinated complex (Vb) show the spectra which can be
accounted for by assuming the configuration having gié;dimethfl groups
and an acetylacetonato ligand coplanar with cobalt coordinated with PEts :
and pyridine or y-picoline in axial positions. The cobalt-bonded methyl
groups give rise to a doublet due to coupling with PEt3 and the methyl
groups in the acetylacetonato ligand are eduivalent. It is noted that

the ¢ -protons in the coordinated pyridine and y-picoline are very much

“deshielded. In the bipyridine-coordinated dimethylcobalt complex both

cobalt-bonded and acac-CH3 groups are observed as non-equivalent singlets,
supportlng the ‘cis- conflguratlon (VI) shown below; A |
QH(b) CH§>——-(§H3 = acac ligand
(a)cH{{ ------ N N = bipyridine
N‘-{--C--Br{ @) Vla , R= Me
L (v1) VIb , R= Et

The bipy-coordinated ethyl complex shows two sets of resonances dﬁe to
CH3 andeH2 groups bonded to cobalt as clearly separated triplets and
quartets. The chemical‘shift‘differences between CH3 and CH2 groups in
two sets are fairly large indicating the net electron-attracting property

of the bipyridine ligand as am-acid. Since the dimethylcobalt and

diethylcobalt complexes show two methyl and two sets of the ethyl
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resonances, a question remains concerning the assignments of these
resonances in the configuration of (VI). Although‘no'direcf evidence is
available, it seems likely that the signal.of the methyl group in trans
position from one of the oxygens of the acetylacetonato ligand will
appear at approximately same field as in the pyridine-cobrdinated ‘
complex (Va} in which the methyl groups are situated at trans pésitions
from oxygen atoms of the acetylacetonato ligand. The other methyl |
resonance obsér&ed at. considerably 1ower'fie1d in the spectrum of (VIa)
is then ascribed to the methyl group in trans position from the nitrogen
of the bipyridine ligand. The two sets of ethyl resonances are assigned
in a similar manner. The set‘of ethyl resonance at higherkfield is |
assigned to the ethyl group at trans position from one oxygen atom of
the acac ligand aﬁd the other set at lower field to the ethyl group at
trans position from the nitrogen atom of the bipyridine ligand. The’
assignment is coﬁsistent with our assumption of regarding pyridine

analogs as mt-acids. Extension of similar argument leads to a tentative

(a)
3

(®) as labelled in the illustrated structure of

assignment of the lower field methyl signal of the acac ligand to CH

and the higher one to CHS

(VI). Table 5 shows the chemical shift differences between resonances

of the CH3 and CH2 groups in Complex IIb, IIb' and VIb. The difference

between‘t(CHS) and‘t(CHz) in the spectra of these complexes increases
with increasing by replacement of the phosphine ligands in (IIb) by
pyridine and bipyridine, the latter exerting the more pronounced effect

particularly when it is at the trans position from the?ethyl group.
‘ ;

This result suggests that them®-acidity of the ligandsfiﬁcreases in the

H
&

j
:
{
i
!

order of PPhMe2 < pyridine « bipyridine (vide supra).

i
i

%
i
|
5
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. h ‘Table 5 Chemical shift differences between ﬂﬁn:wv m:a.dﬁnzmv

chemical shift

Complex w , solvent nzm
ooﬁnmzmvmﬁmomnVAnvrzmmvm pyridine 9.50(s)
(11,)
| noﬁnm:mvmﬁmnwnvAvvrszVAnkv "o ~ 8.70(m)
(11,")
noAnNImVNAmnmnVAaﬁukv ncmnﬂm 8.85(q)
(V1) | 7.55(q)

9.50(s)

9.34(t)

10.20(t)

9.27(t)

kwﬁnzw-nzmv
~0
0.64

1.352

1.72°

a and b For assignments see the illustration of the structure of A<Hav
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We consider next the exchange of the coordinated pyridine in
CoMez(acac)(PEts)(py) (Va) with free\pyfidine. Table 6 shows the
temperature dependence of the 1H NMR spectrum of (Va) in foluene. The
spectrum at -40° shows the doublet at T 9;26 which is assigned to the

cobalt bonded methyl group coupled with PEt, ligand, and& -, g~ and r-

3
protons of the coordinated pyridine at T 1.22, 3.50 and 3.25 respectively.
The fact that the«i—protonsvappear at particularly low field is noticeable.
On raising the temperature the doublet of cobalt-bonded methyl groups

collapses to a singlet at 20° due to dissociation of PEt. as we already

3
discussed. The signals of the coordinated pyridines show a peculiar
behavior. The signal due to &-protons shifts markedly'to lower field,
whereas those due to #- and r -protons shift slightly to opposite
directions each other. The result seems to indicéte that exchange of

the coordinatea,pyridine is also taking place.

For further clarifyiﬁg the exchange of the coordinatgd pyridine we
examined the temperature change of the y-picoline-coordinated complex
(Vb) in toluene in the presence of an added excess amount of pyridine as
shown in Fig. 6. The spectrum at -40° shows the peaks due to the
coordinated ¥ -picoline as marked with small arrows in Fig. 6. On
raising the temperature to 0° the peaks of the coordinated pyridine
and r-picoline coalesce indicating that the coordinated r-picoline
exchanges rapidly with pyridine at 0° where fhe exchange of the phosphine
ligand is slow. On further increase of the temperature to 70° in
pyridine the sharp singlet due to the cobalt-bonded methyl group in (I)

starts again broadening. The effect may be accounted for by displacement.

of the remaining PE, by pyridine as shown in Eq.(4). Attempts to isolate a
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Table 6 The temperature dependence of the chemical shifts of ovoIwVNAmnmnVAwmﬁwVAukv

in toluene :
" acac E  pyridine
temp. CH.-Co CHy (6H) CH(TH) o-H(2H)  A-H(2H)  7-H(1H)
40° 9.47(s) 8.24(s)  5.08(s) 0.15(br)  3.26(t)  3.49(t)
20° 9.44(br.s) w.mwﬁwv | m.omﬂmv‘ 0.70(br) 3.36(br.s)
0° oywmﬁav 8.20(s) 5.08(s) 1.30(br) 3.38(br.m)
-20° 9.30(d) 8.18(s)  5.08(s) d.wmAax.av 3.49(t) 3.25(t)
-40° S 9.26(d) - 8.16(s) 5.08(s) 1.22(d) 3.50(t) 3.25(t)

Abbreviation: ,mw singlet; d, doublet; t,triplet; br.s, broad singlet; br.m; broad a:dﬁmuimﬁ
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bis-pyridine coordinated.cbmplex failed, but bipy-coordinated complex

was readily obtained.

PR’

N
/\R

Py

+ py

¢ \1/

+ PR’

/,/’ 3

Py

We have neglected so far the discussion concerning the exchange of

the acetylacetonato ligand.

"The 1H methyl peak of the acac ligand in

every alkylcobalt complex (I)-(V) is observed as a sharp singlet, whose

width does not vary on temperature change over a wide range (-78 to

20°). Althdugh it is likely that the acac ligand is not exchanging on

NMR time scale, the possibility that the methyl groups in the acac

ligand is rapidly exchanging even at low temperatures can not be

excluded.

(VI) as two sharp singlets, which do not coalesce on raising the

The observation of the methyl groups in the acac ligand of

temperature, eleminates the possibility that a rapid exchange reaction

is taking place, at least in the case of the bipyridine-coordinated

complexes, and the exchange of the acac ligand in (I) - (V) as we

observed in the related alkyl(acetylacetonato) (triphenylphosphine)-

nickel (II) complexes is highly unlikely [7].

It should be added further

that the latter complexes undergo rapid disproportionation reaction

giving Ni(acac) and a PPh,-coordinated Ni(0) complex in pyridine
2 3 ,

presumably by a process involving the partial dissociation of the

bidentate acac ligand to a unidentate form.

On the other hand the

present cobalt complexes have been found quite stable in pyridine and

its analogs.
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Experimental ' -
Materials

CoRz(acac)(PRz')2 was ﬁrepared according to the previous report and -
“the pyridine base-coordinated complexes were prepared by the reaction of ﬂ
CoRz(acac)(PRS')2 with the bases [1]. Deuterated solvents were used as
purchased from Merck ahd Co., Inc. The solvents were used after

purification by usual methods,

‘Spectroscopic Measurements

1H NMR spectra were recorded on a Japan Electron Optics Laboratory
PS5-100 -spectrometer. 31P and 13C—NMR were obtained in the pulsed
Fourier transform mode at 40.50 and 25.15 MHz, respectively. The
solvent was added to an NMR tube containing dialk&i cdbalt complexesAby
a trap-to-trap distillation in vacuum, and the NMR tube was sealed. The
temperature calibrations for the variable temperature spectra were -
_obtained with ethylene glycol standards and are expected to be accurate

1 13

tot 2°. 'H and C-NMR chemical shifts are referred to internal TMS.

1

'~ When the signal of complexes are overlapped with TMS, "H NMR chemical

shifts are referred to an internal protonic impurity in deuterated

solvents., 31P~NMR signals are referred to external triphenylphosphine

(downfield positive). | |
In order to estimate the equilibrium constants and thermodynamic

31P NMR spectra the information about

parameters for Eq. (2) from the
the 31P limiting spectra of CoEtz(acac)(PPhMez)2 (IIb) and CoEtz(acac)-
(PPhMe,)- S is required. Although the >'P NWR spectrum of (I1) still

shows some brbadening enen at -78° and the limiting 31P NMR spectrum for

,CoEtz(acac)(PPhMez)z was not observable, we can safely assume that the
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limiting spectrum of (IIb) is in the range between 28.5 and 29.0
downfield from the external PPh3 reference, judging from the way of
convergence of the spectruﬁ as lowering the temperature{ fhe chemical
shift of fhe dissociated épecies qf (IIb) in toluené, on the other hand, , é

was not available and ‘it was necessary to estimate :indirectly from the

31

P chemical: shift difference of CoMez(acac)(PEt and CoMez(acac)—

3)2
(PEtS)(py) which showed 31P signals of both undissociated and dissociated

species at 27 and 38.4 ppm, the difference being 11.4 ppm. On the
" assumption that the 31? chemical shift difference between the undissociated

and dissociated species will be largest on replacement of the phosphine

31

by pyridine, we assessed that the P chemical shift difference between

CoEtz(acac)(PPhMe and CoEtz(acac)(PPhMez)(tqluene) will be ca. 10

2)2
ppm. Thus the limiting 31P chemical shift of CoEtz(acac)(PPhMez)—

(toluene) was estimated as ca. 39 ppm. Using these estimated limiting‘

chemical shift values for CoEtz(acac)(PPhMe 2 {29.0 ppm) and CoEt,-

2) 2

o (acac)(PPhMez)(toluene) (39 ppm) and that of free PPhMe2 (-42.5 ppm) we

can evaiuate the degree of dissociation x for Eq. (2) from the observed
chemical shift value f of an partially dissociated and exchanging .

.

system. “The value of f can be expressed on these assumptions as

2(1-x)(29.0) + 39x - 42,5x

£= 2(1-x) + x + X

which leads to the equation

e ;£§§_:2£2_h‘”. : i
= 7815 ‘ :

The degree of disSociatioh.was thus calculated with the equation.
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Chapter V MECHANISM OF THERMAL DECOMPOSITION OF DIALKYL-COBALT(ILI)
COMPLEXES |
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Introdﬁction
The problem concerning the stgbility of métal¥to-carbona4-bond in

organotransition metal compounds represents one of the central theme§ in
organotransition metal chemistry. After some period when the transition
metal-to-carbon bond was regarded intrinsically weak, the utility of
stabilizihg*ligands such as cyclopentadienyl, carbon monoxide, tertiary
‘phosphines and bidentate organic nitrogen bases has been recognized with
the resultant rapid increase in the successful isolation of a numbef of
alkyltransition metal complékes. The role of the stabilizing ligand has
been accounted for in kerms of the ligand field theory by Chatt and Shaw
who proposed that the presence of the stabilizing ligand causes the
increase of the energy gap required for an electronic promotioﬁ,fromia
filled d-orbital to an anti-bonding M-C orbital or from a bonding M-C
orbital to an unoccupied d-orbital [1]. Later, a theory which stresses
the importance of a low energy thermolysis pathway,rparticularly

g -eliminationi has been proposed[2] and it paved a route to successful
isolation of many '"p-elimination stabilized" alkyl traﬁsition metal
complexes [3]. However, the variety of isolated alkyltransition metai
complexes is still not enough to allow one for,advancing a general
theory‘cohcerning the nature of the transition‘metal-to—carbon bond and
the discussion to eXplain why some alkyltransition metal complexes are
stable while others are not still remains somewhat conjectural. More

- extensive quahtitative data are clearly required. Recent thermochemical

studies have provided considerable information concerning the M-C bond

strength revealing that the transition-carbon bonds in some complexes

are as strong as in organometalllc compounds of main group elements.



Reports of kinetic studies on thermolysis of alkyltransiéion metal
complexes are still scarce, being restricted to stable alkylplétinum
complekes [4]. The detaileﬁ kinetic studies are ekpected to provide
important information supplementing the therm@chemical data concerning
the stability of alkyltransition metal complexes and their decomposition
pathways. As extension of our previous efforts on kinetic studies
concerning the thermolysis of -alkyl-nickel and copper complekes [S],‘we
have studied the kinetics of thermolysis of recently isolated cis-
dialkyl(acetylacetonato)bis(tertiary phosphinejcobalt(III) and their
analogous compleies.‘ | | .

The kinetic study using these alkylcbbalt complexes has the following
advantages.' (1) A series of alkylcobalt complexes containing a variety
of ligands can be easily prepared and the effects of the cobalt-bénded
alkyl group ah& the ligands on the thermal stability of the complexes
can be examined. (2) Most of the complekes are fhérmally stable at room
temperature, insensitive to air and soluble in ordinary soivents, thus
making the handling and kinetic measurements very easy. (3) They are
diamagnetic and amenable to NMR ‘'study concerning the ligand dissociation
which is temperature dependent. (4) Deuterium labelling of the ethyl
groups is feasible thus making the study of the fate of the deuterated
ethyl groups and the isotope effect in the thermolysis accessible.

Preparation and some properties of the dialkylcobalt complexes have

been previOUSly reported in a preliminary form [6].
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Results

Properties of cis-dialkyl(acetylacetonato)bis(tertiary phosphine)

cobalt(I1II) and related cobalt (I1I) complexes

Preparations, chemical properties and dynamic behavior of the title
complexes have been reported separately [7] and we describe here only
their properties peftinent to the discussion of thermolysis mechanism,
as well as the preparation of specifically deuterated diethyicobalt
complex. | i

NMR studies of CoRz(acac)(PR‘S)2 type complexes established their

structures in solution as shown below. The coordinated tertiary

phosphine ligands are partly released in solution and an exchange

between the liberated and the coordinated phosphines takes place, slé&ii‘h

at low temperature and rapidly at higher temperature. The degree of

dissociation and the rate of exchange can be observed by means of

PR'3 S
o o
ll " + 1
o".._/_.-.\ "/ N Ry (1)
| . :
PR 3 PR'3
S = solvent

31P and 1H NMR spectroscopy. The eichange of the acetylacetonato

ligand was not observed The exchange of the tertiary phosphine 11gands
in the dimethylcobalt complexes can be monltored by following the H NMR
spectral change of the triplet of the cobalt-bonded methyl groups, which
are. coupled with two phosphorus nuclei in the tertiary phosphine ligands
coordinated with cobalt at low temperatures, coalescing to a singlet at

higher temperatures. Addition of a tertiary phosphine to the system
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causes the shift of Eq} (1) to the left with the consequence that’the
triplet mefhyl signal can be observed in the presence of free tertiary -
phosphine even at high temperatures where otherwise the singlet is
observed. |

The coalescence temperatures,‘obserVed in thé absence of the added
phosphine, of the dimethylcobalt complexes coordinated with various
tertiary phosphine ligands decreased in the order of PPhMe2 > PEt3 >
P(n—Bu)S. The rates of the exchange reactions of thg PPhMe2 ligands
coordinated with the methyl and ethyl comple%es can be roﬁghly estimated
by observing the variable temperature 31P NMR. The activation energy
for the ligand ekchange of the methyl complei was evaluated higher (102
3 kcal/mol) than that of the ethyl complei (8 * 3”kca1/mol). These ‘
effects of the alkyl groups and tertiary phosphine ligands suggest that
the more basic the cobalt complei or the tertigry phosphine is, the
coordinated tertiary phosphine ligands tend to be liberated to the
greater. extent into solution.

The phosphine ligand(s) in the methylcobalt complexes can be
readily displaced with pyridine bases to give pyridine base-coordinated

complexes CoRz(acac)(PEtS)(py) and CoRz(acac)(bipy), where»py is pyridine

or 4 -methylpyridine and bipy is 2,2'-bipyridine.

’

! Co\ ! + PR'3 (2)

LN Y- 0-Toeemr- R

PR'3 PR'

| by
(/,’\ e . (,\ P

3

The equilibrium and exchange can be monitored by observing the 1H NMR
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signal of the cobalt-bonded methyl groups to coalesce from a doublet at
lower temperature to a singlet at higher temperature.

Relationship between the Co-Cstretching vibrations and decomposition

temperatures of the dialkylcobalt complexés.

The IR spectra of the isolated dialkylcobalt complexes show a
medium band. in the rénge between 550 and 595 cﬁq which disappear on
heating the solid sample. We tentatively assign the band to the ¥ (Co-C)

vibration. Table 1 shows the ¥ (€Co-C) band and decomposition temperatures

——— e

together with pKé values of the conjugated acids of the tertiary

phosphine ligands. With increase of the alkylchaih length the decompositidn
temperaturé of the alkylcobalt complex having PPhMe2 and bipy ligands
falls in the order of CH3 > C2H5 > n—C3H7 > iso-C4H9 with simultaneous
decrease of Fhe V(Co-C) frequency. A similar trend of decrease of the
decomposition femperature with increase of the alkylchain length was
observed ih,tﬁérmolysis of NiR, (bipy) [Sé], FeR, (bipy), [5al, CrRClé'
(THF)3 [8] an@;’CrRClé(’py)3 [9] but not in CﬁR(PPhS)2 [Sb].

On thevother hand, when compared among the methyl complekes having
varioué tertiary phosphine ligands, increase of the V(Co-C) frequency
with the decrease of the basicity of the tertiary phosphine ligand is
obser&ed. The result suggests the strengthening of the Co-C bond by
cdordination of less basic ligands. However, the corfelation between

the basicity and the decomposition temperature is less clear. Substitution

of one of the alkyl groups in trialkylphosphine ligands by the phenyl
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Tab]é 1. IR data and Decomposition point of CoRZ(acac)L2

R L pKa of L YCo-C (em™ ') d.p. (°C)
CH, 2 PEt, 8.69 573 78-81
CHy 2 P(n-Bu), 8.43 578 © 64-81
CHy 2 PPhMe, 6.50 580 116-119
C,M W ) 578 " 67-68
CoHy ) " 570 49-50
C4H9 " " 574 unstable at r.t. "’
CHy- 2 PPh,Me 4.6 585 89-92
CH, PEt,, py 580 100-105
CHy - Dbipy 595 139-140
CoHe y . 585 125-126
C4f, S 550 - 45-47

CORZ(acac)Lz: L= py,pyridine; bipy,2,2'-bipyridine.
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group seems to enhance the decomposition poinf but further phenyl
substitution causes the fall of the decomposition temperature,
presumably due to the steric effect. |

Replacement of the tertiary phosphine ligand(s) with pyridines
causes enhancement of the decomposition temperaturé of the methylcobalt
complex with simultaneous increase of the ¥ (Co-C) frequency. The
pyridine ligands may not be acting as simple electfon donors but the
contribution of back-donation from cobalt to the coordinated pyridine
may be significant for stabilization of the alkyl-cobalt(III) bonds.
This assumption is in iine with the NMR observation concerning Eq. (2)
that pyridine replaces trialkylphosphines more easily from CoRz(acac)~
(PPhMez)z.

Analysis of thermolysis products of CoRg(acac)(PR'Z)2 in the solid

state and in solutions.

Table 2 shows the thermolysis products of various dialkyl(acetyl-
acetonato)cobalt complexes coordinated with PPhMe2 in the solid state

and in CH2C12'and toluene solutions. The thermolysis conditions do

- s i e e e e .

e A -

not markedly affect the cqmpositions of thermolysis products; thermolysis
of the dimethylcobalt complex gives the coupling product of the methyl
groups wheréés éialkylcobalt complekes of longer alkyl chains give the
disproportionétion products of the alkyl groups in a 1/1 ratio. The-
resulfs are similar to but somewhat different from the thermolysis of

dialkyl (bipyridyl)nickel which produced coupling products from methyl
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and ethyl cqmplexes whereas the disproﬁortionation products from
n-propyl- and isobutyl complexes. We have also observedAthat thermolysis
of diethylbis(bipyridyl)iron(II) afforded ethane‘and ethylene and
dimethylbis(bipyridyl)iron(II) gave mainly methane [10].

. These results are not compatible with a free radical mechanism but
suggest an intramolecular process. For further substantiating the |
assumption the thermolysis of Co(CZHS)z(acac)(PPhMez)2 was carried out
in C6D6 and ethane and ethylene evolved were examined. The result
indicated that there was no detuerium incorporation into ethane excluding
the hydrogen abstraétion from the solvent in the thermolysis experiment.

In order to obtain further information concerning the thermolysis
mechanism we have prepared a specifically deutera£ed ethyl complex,
Co(CHZCDS)Z(acac)(PPhMe2)2 (see Experimental for preparation) and its
thermolysis pfoduct was examined. Table 3 summarizes the product
2)2

thermolyzed under various conditions. It is seen that the thermolysis

distribution of the evolved gases from Co(CHZCDs)z(acac)(PPhMe

is accompaniedhby H-D scrambling under certain conditions (vide iﬁfra)
but slow thermolysis in toluene below 5° gave cleanly CH2=CD2 and
CHZDCD3 in a 1/1 ratio without contamination by cis- and trans-CHD=CHD.

Rapid thermoiysis of the solid sample at 70° also gave CH =CD2 and

2
CHZDCD3 predbminantly with a trace amount of cis-and trans-CHD=CHD.
These results clearly demonstrate the occurrence of g-elimination

process as thé'principal thermolysis pathway,

Kinetics

The kinetics of thermolysis of CoRz(acac)(PPhMez)2 in toluene
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solution was studied by measuring the volume of gases evolved at a fixed
 temperature. The kinetic study of the thermolysis of solid samples was

not feasible because they melted with decomposition over narrow temperature
ranges. In thermolysis of alkyl compleies in solution the reaction

followed first-order kinetics as shown in Figure 1.
—d[CoRz(acac)(PPhMez]/dtb= k[CoRz(acac)(PPhMez)z]

The decomposition temperature of the methyl complex (IIa) was too high
for this type of kinetic measurement in solution. The first-order rate
constants of thermolysis of the ethyl and n-propyl complexes at various

temperature are shown in Table 4.

- o . - . -

The diisobutyl cobalt qomplek was too unstable for the kinetic measurement.
From the Arrhenius plot of 1n k vs 1/T as shown in Fig 2 the
activation energy for the spiitting of C2H5~Co bonds was estimated as

as 25.5 kcal/mbl.

30.6 kcal/mol, and that for Co(C,H,),(acac)(PPhMe,),

v e - -

The addition of diﬁethylphenylphosphine to the solution of (IIb) in
toluene strongly ihhibits its thermal decomposition, although decomposition
still follows‘the first-order kinetics.  The activation energy for
thermolysis of of (IIb) in the presence of PPhMe2 (0.03 M) was found to

be 33.7 kcal/mol and in the presence of PPhMe2 (0.70 M) 34.7 kcal/mol,
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The apparent activation energy increased with increasing the concentration

of added PPhMe, approaching its limiting value of ca. 35 kcal/mol.

2
Table 5 summarizes the Eyring parameters for thermolysis of ethyl and
propyl complekes in toluene and pyridine in the presence and absence of

the added PPhMeZ.‘

Further kinetic studies were made to examine various factors
influencing the thermolysis précess. Fig. 3 illustrates the linear
depen&ence of the reciﬁrocal of the first or&er rate constant of
‘thermolysis of CoEtz(acac)(PPhMez)2 at 15° on the concentration of added
PPhMeZ. Addition of trialkylphosphines to the toluene solution of

CoEtz(acac)(PPhMez) causes weaker inhibition effect than that of PPhMez.

2

_________________

-

Table 6 compares the thermolysis rate constansts of CoEtz(acac)(PPhMez)2

(0.18 M) at 16.0° in the presence of 0.17 M each of various phosphines.

Table 6.

PP PEc, P(n-Bu); PPhMe, PPhMe PPh,Et
pka 8.69 8.43 6.50  4.61  2.62
kx10° | 1.7 1.5 0.02  0.20  0.26
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Fig.33 The .«:7 dependence of 1/k on th conc. of added PPhMe,
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The fact that the less basic phosphine such as PPhMe2 has higher inhibitipn_
effect than the more basic trialkylphosphines suggests that the inhibition
effect is associated with coordination of the added phosphine to shift

Eq. (1) to the left, the fact in line with NMR evidence [8]. The less

f

marked inhibition effect of diphenylalkylphosphines than that of PPhM82~h¢u”,=husy
may be due to the steric effects of the former ligands which are in | ;
somewhat less favorable situation than PPhMe, for coordination to cobalt
[11].

The kind of solvent used for the thermolysis experiment also has a
considerable effect on the thermolysis rate. The first order rate
constant ‘of thermolysis of (IIb) observed at 15.0° in various solvents
decreased in the ordér: acetone.(relative rate constant ='1.6) > toluene
(1) > N,N'-dimethyl formamide (0.44) > pyridine (0.17} Although the
activation enefgy for thermolysis of‘(IIb) in pyridine was found to be
sﬁaller (27.4 kcal/mol ) than in toluene reflecting the smaller entropy -
of activation in thermolysis in pyridine as shown in Table 4 (vide infra).

Comparison of the relative rates of thermolysis-of Co(CZHS)Zf |

(acac) (PPhMe and CQ(CHZCDS)Z(acac)(PPhMez)2 (isotopic purity 84 %)

2)2
revealed the presence of a considerable isotope effect (kH/kD = 2,30%
0.05) indicating the involvement of B-elimination process in the rate-

determining step of thermolysis.

H-D Scrambling in the thermolysis of Co(CHZQQSlQCacac)(PPhMez)2 W)
Although the deuterium labbled complex decomposes cleanly by
p-elimination process evolving CH2=CD2 and CH,DCD, when the thermolysis

was carried out slowly at low temperature (below 5°) or rapidly by o

heating the solid sample at 70°, considerable scrambling does occur when /

/
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the complex is allowed to stand in benzene at somewhat higher temperature
then 5° as shown in Table 3. Infrared spectroscopy proves quite useful
in analyzing various isotopic mixtures of dueterated ethylenes. Fig. 4
demonstrates some of the typical results. It is seen that absorption

bands of each deuterated ethylene appear separately without being masked

- - .

by absorptions of déuterated ethanes owing to the small absorption’
coefficients of the ehtanes in the region between 700 and 1000 cmhl.
Following observations also give cludes concerning the scrambling
mechanism. (i) Contact of non-deuterated diethylcobalt complex with
déuterated ethylenes, C2D4 and CH2=CD2 at 28° caused no deuterium
incorporation into the ethylene evolved. This observation indicates
that thé scrambling rate is mu;h faster than the possible ekchange of
free efhylene with the cobalt ethyl groups by the process which would
occur via g-elimination and ekchange of the eliminated ethylene with the

23

the scrambling reaction suggests the simultaneous involvement of two

ethyl groups in the scrambling process. pg-Elimination and ethylene re-

free ethylene. (ii) The formation of a significant amount of C_H.D in

insertion involving a single CDSCHZ_CO entity would not produce CZHSD'

(iii) Quenching experiment by cooling and treating the reaction system
with conc. H2804 after allowing the deuterated ethyl complex to stand at

28° in benzeﬁe for.1 day liberated mainly CHSCD3 and no C2H2D4 was
detected in the ethane evolved. The result suggests that the scrambling

takes place only during the decomposition process and the remaining
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ethyl group undergoes no scrambling. The result is in contrast with the
result of H-D sérambling in Ni(CHZCDS)(acac)(PPhS) in toluene and acetone
where H-D scrambling occurred without appreciable thermolysis of the

deuterated ethylnickl complekes[fz].

~-117-



Discussion
On the basis of these experimental results we propose the following
mechanism for thermolysis of CoEtZ(acac)(PR's)z‘type complexes, The

thermolysis mechanisms of propyl and butylcobalt complexes may be quite

similar.
. : K - |
CoEtz(acac)(PRS’)2 e CoEtz(acac)(PRS')-S + PR'3 | (3)
' S = solvent
. k2
CoEtz(acac)(PR's)-S --+vCoEt(C2H4)H(acac)(PR'3) + 8 , (4)
CoEt (C,H, )H(acac) (PR' ) LI, ¢ H, + CH, * Co(I) complex (5)

Assumption of the rate-determining step for Eq. (4) and of the condition,

[Etzco(III)]total = [cOEtZ(a¢ac)(pR'3)oS]'+ [CoEt,, (acac) (PR' ;) ,]

_leadé to the following rate expression,

d
T [EtzCO(I;D]

total = Kg[CoBt,(acac) (PR' ;) 5]
) [Et,Co(TII) ]y hay
=k, - [PR' j o
1+ 3
K[S]
= k[Et,Co(ITI) ] raqs ©)
| - k, | ‘
Where k = [PR'S] ] ' (7)
bt xmET

We have followed the decrease of the total concentration of diethyl~-.
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cobalt (III) complex by following the volume of évblVed’ethane and
ethylene, finding the thermolyéis reaction is first order in [Et2C0~
(III)]total in agreement with Eq. (6). |
The inhibition effect of the thermolysis of the diethylcobalt(III)
complex by addition of the tertiary phosphine ligand as illustrated by

Fig. 3 is consistent with the proposed mechanism, since the reciprocal

~of Eq. (7) gives Eq. (8)

[PR'S]' T

] NEU ,, | (8)
kT KXST T K, ,

which represents the feature of Fig. 3, where the intercept corresponds
to 1/k2 and the slope to l/sz[S]. The value of K at 15° obtained from
the slope of the line in Fig. 3 using qu_(S)‘was 0.0024. At the

" concentration of [Co(III)] ='0,03 M this value indicates that ca.

total
20 3 % of CoEtz(acac)(PPhMez)2 is dissociated liberating the tertiary.
phosphine ligand.’ Estimation of the degree of dissociation for Eq. (1)
by means of,?lP NMR spectroscopy gave the value of 24 f 2 in approximate
agreement with ‘éhe value obtained from analyzing Fig. 3. The aH’ value
for Eq. (1) was estimated by NMR spectroscopy as 4;2 kcal/mol. The
activation ‘energy for the exchange of the tertiary phosphine_ligands was
evaluated also by NMR spectroscopy as 8 ¥ 3 kcal/mol.

Observation of the occurrence of clear g-elimination process at 5°
as substént;a;ed by evolution of CH,=CD, and CH,DCD, from Co(CH,CD;),~

(acac)(PPhMéé) and of the isotope effect in the thermolysis, kH/kD

2
being 2.30 * 0.05 at 15°, strongly suggests that p-elimihation is

intimately associated with_the'rate-determining.process. Conclusions of
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previous workers vary on this matter. Whitesides et al. observed no
isotope effect in thermolysis of PtBuz(PPhs)z, and its p-dideuterated
analog, whose thermolysis is accompanied by H-D scrambling, and concluded

that the dissociation of PPh, constitutes the rate-determining step

3
followed by the the scrambling processes [4a]. Schwartz and coworkers
récently reported the kH/kD value of 2.28 X 0.20, which is close to the
value obtained in the present study, for p—elimination of an alkyl-
iridiﬁm(I) compiexes_[ls].

As the schematical representation of the reaction profile Fig. 5
accounts for various features of the thermolysis reactions observed in
the present étudy. Some kinetic data obtained in the présent study and
the thermodynamic data for.Eq. (1) evaluated by the NMR study [8] are
included in Fig. 5, Comprehensive study of these data provides several
important‘conclusions regarding the thermolysis mechanism of the
dialkylcobalt(III) complexes.

First, the dissogiation of the’tertiary phosphine ligaﬁd from

CoRz(acac)(PR ')2fdoes_not constitute the rate-determining step. The

3
value of the activation energy for dissociation of the tertiary phosphine
ligand is much smaller than the overall activation energy for the
thermolysis. Althoﬁgh addition of tertiary phosphine does suppress the
thermolysis as observed by Whitesides [43], the effect should be

ascribed to the consequenée of the shift of equilibrium represented by
Eq. (1) to hinder the dissociation of CoRz(acac)(PRS')2 as revealed by.
NMR éxaminatioﬁ of the equilibrium in the presence of the added phosphine
ligands [8]. In the presence of excess added PPhMe2 the overall

. activation energy for thermolysis increase to ca. 35 kcal/mol from the

-120-



;m»nr@ouu

a0\ N [5-d9)]

9’y

sutptufd ur

{ oG Moloq

Amgspm;maEmp
WwooJ4 dA0ge

uorgeutmgs ¥ /.
aAL3ONpaU “ uoL3oea3Sqe-H

Buy | queass

2USN|03 40 DUIZUIQ U]

B[ L404d u0oLIOROL SLSA|OWIBY]

< LOu/|edY

-121-



value of 30.6 kcal/mol observed in the absence of the ligand. The
increase is considered to reflect thé equilibrium shift to the
undissociated side of Eq. (1). On the other hand, the thérmolysis
activation energy observed in pyridine was lower (Ea = 27.4 kcal/mol)
than in toluene; The difference may be related with the shift of Eq.

" (2) to the right, if one assumes the pyridine coordination does not
merkedly affect the rate-determining process. TheaH® value of 4.6
kcal/mol for Eq. (2) observed from NMR measurements roughly corresponds
to the difference between the.thermolysis activation energies in toluene
and pyridine. It is alsorobserved that the first-order rate constant for
thermolysis in pyridine at 15° is smaller than in toluene. . This is due
to the smaller entropy 6f activation for thermdiygis in pyridine thén in
toluene (Table 5). Presumably the system containing the alkylcobalt
complex in pyridine may have already gained some entropy, liberating the
PPhMe2 ligand, than in toluene and the entropy gain required for reaching
the activation state is less than that in toluene,

The effécts of addition éf various tertiary phosphines on the
thermolysis tTable 6) ‘may be also accounted for by assuming the shift of
Eq. (1) thﬁs hindering the thermolysis. Less pronounced inhibition
effgcts of thermolysis by more basic trialkylphosphine than less basic
PPhMe2 may be due to smaller shift‘of Eq. (1) to the left. The smaller
inhibition effects of diphenylalkylphosphines may be due to the less
favorabievsituation in coordination of these bulky ligands to the
alkylcobait‘cqmplex.

The second important conclusion we draw is that the thermolysis

processes such as p-elimination ensue the metal-to-carbon activation and
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that B-elimination is not the prerequisite for the thermolysis to take
place. As the presence of the considerable isotope éffect shows, the
activation state for thermolysis is associated with the B-elimination
process for the thermolysisvof higher hbmologs of the dialkylcobalt
complex than tﬁe ethyl complex. (The dimethylcobalt complexes decompose
_ via reductive elimination process). However, we regard the g-elimination
_ as the conseguence'of thermal activation 6f metél-alkyl bohd and the
hydrogen abstraction‘from the g -carbon takes place immediately after the
alkylcobalt complex reached the activated state. An alkyltransition
metal complex may be thermally activated with the loosening of the
metal-to-alkyl bond and it may be decomposed via one of the available
pathways among ¢-elimination, reductive elimination, p—elimination etc.
Our previous observation of lower activation energy for fhermolysis of
CH3Cu(PPh3)2 than that for its higher homologs'[Sb] réveaied that B-
elimination does not necessarily provide the lowest energy thermolysis
pathway of alkyltransition metai complexes. The thermal decomposition
of diethyl(bipyridyl)ﬁickel(II) liberating butane and of dipropyl- and
dibutyl(bipyridyl)nickel(II) liberating 1/1 molar ratio of alkanes ahd
alkenes illuStrates the delicate feature of the thermolysis pathways but
nevertheless indicates that the ﬁ-elimiﬁation-is not always the lowest
energy pathway.

Thirdly, the analysis of thermolysis prodgct of Co(CHZCDS)Z(acac)-
(PPhMéé)Z (Y) reveals that there are some alternative pathways after the
activation state as reflected by the evidence showing that thermolysis
pathways depend on experimental conditions in such ways that slow

thermolysis of (V) below 5° in benzene or toluene, and the thermolysis
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at room temperature in pyridine as well as and the rapid thermolysis of
the solid sample liberate CH2=CD2, the p-elimination product, predominantly,
whereas the H-D scrambling occurred above room temperature in benzene

or toluene solution, Analysis of the deuterated ethylenes produced by
thermolysis of (V) also reveals some interesting features of the
scrambling process accompanying the thermolysis. Since examination of |
the remaining complex (V), which liberated some amount of scrambled
ethylenes and ethaneé, revealed that the remaining ethyl groups were
intact and not subjected{tO“the H-D scrambling, the scrambling process
chould be situated after the transition state. The fact that C HBD and
C D H were formed in comparable amounts can not be explained by
p-elimination prccess taking place w1th involvement of only one of the
two ethyl groups, but rather simultaneous participation of two ethyl
groups in the H-D scrambling process with minor isotope effect.

_Although we did not attempt to measure the activation energy for the
scrambling, the process is certainly accelerated by applying heat to the
systenm.

Exclusion of the B-elimination process as the prerequisite for
thermolysis, at least in the present case, requires other reasoning than
"f-elimination stabilization" for explaining the stabilify‘of M-C bond.
We consider that the reason for stability shﬁuld be sought in the '
intrinsic bond strength rather than circumstantial effect as g-elimination
andvits\stability is connecfed with electronic factors. The théory
stressing the importance of electronic promotion [1, 5a] may be valid
for accounting photochemical reactions but has some drawbacks in.

explaining thermal reactions. The energetic considerations [1, 5a]
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should be understood at most as the first approximation related with
thermal process, but nevertheless they may have some important bearing
on the theory to ekplain the thermal stability.

The diethylcobalt complex (IIb) had a higher activation energy than
the dipropylcobalt‘complek (IIC). Unfortunétely the kinetics of
thermolysis of the methyl and isobutyl complexes could not be investigated
by the technique used in thebpresent study, but we observed the
decomposition point ofvthe dialkyl cqmplékes décreases in the order: Me >
Et > n-Pr > iso-Bu. Although it is not justified to correlate‘a
decomposition point with an activation energy for thermolysis, as we
" experienced in thefmolysis of alkylcoppef complexeé [5b], it seems to be
safe to extrapolate the trend observed between the ethyl and propyl
complexes to the methyl and isobutyl complexes and to assume the order
of the activation energy decreasing as follows, Me» Et ) n-Pr ) iso-Bu,
the same order as Yamamoto et al. observed inANiRz(bipy) [Sa]. The
presenf'complexes and NiRz(bipy) have some similarities in that both are
diamagnetic and have spin-pairéd filled d-orbitals and vacant ﬁpper
lying d-orbitals. The previous argument by Yamamoto et al. taking ihté
consideration of the energy difference between the vacant d-orbital and
bonding metal-to-carbon orbitals appears to have more relevance to the
present case as a very approximate measure to correlate with stability
of a}kyltransition metal complexes than arguments based on propensity

to B-elimination of alkyl transition metal complexes.
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'.Experihental
~ General procedures

A1l synthetic expériménts were carriéd out under,deox?genated argon
or nitrogen atmosphere, or in vacuum. Solvents were dried by usual
procedures, distilled and stored under argon or nitrogen. 1H NMR
spectré‘Were recorded with a Jaﬁan‘Eléctron Optics Lab. JNM-PS-100
spectrometer., IR spectra of the solid samples were recorded on a
' Hitachi Model EPI-G3 using KBr discs prepared under nitrogen. Analysis
of gas, evolyed in thermblysis of the éomplexes and in H-D scrambling
reactions, was carried out by means of mass spectrometry and gas chromato-
graphy. Identification qf the deuterated gaseous products evolved during
the H-D scrambling was carried out by IR spectroscopy, after collecting
the gas into a gas cell.

Synthesis
cis—Dialkyl(acétylacetonato)bis(teftiary phosphihe)cobalt(III);(I) - 1V)

were prepared according to the method described in previous report [6].

Di(ethyl—2,2,2~d$)(acetylacetonato)bis(dimethylphenylphosphine)cobalt(III) (V)
Complex (V) was preﬁared by the reaction of cobélt tris(acetylacetonate),

Al (CH CDS) (OEt) and dlmethylphenylphosphlne fhe deuterated diethyl-
alumlnum monoethox1de was prepared by the following route:

CLiAlH, PBr

CD,C00D, —r——> CDCH)OH ——3 CDCH Br  — s CDSCH MgBr |
e} Al(CH 3) —-~——-~9 Al(CH CDS) (OEt) The isotopic purity
of Al(CHZCDg)Q(OEt) wa&;determinedbe~NMR,speptroscppyvto,be,99}%,

' To a, mixture of Co(acac)y (1.00,g; 2.8 mmol). and dimethylphenyl-

phosphinﬁu(l;S;ml;hlohmmol) in ether AL(CH,CD,),(OEt): (2.ml) was added

| . i . v + Lo s rory
DU I S 2 S [ i Vil L AR S S S A SO O S Lo bt b
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at room temperature. The reaction mixture was warmed to 30° for a few
minutes. At the temperature the reaction mikturg suddenly changes. from
a green suspension to a deep yellow solution. As soon as the change to
deep yellow started, the system was rapidly cooled to 0° and was stirred
at the temperature until the reaction was complete. Then it was cooled
to -78° to precipitate the yellow crystals, which were filtered and
washed with ether., The yellow crystals thus obtained were recrystallized
immediately from ether to give yellow prisms (V),yield, 60 %.  IR(KBr):¥ -
(C-H), 2840 cml; v(C-D), 2190, 2160, 2095 and 2050 cim'; ¥ (Co-C), 578
“enl; (acac), 1585, 1515, 1395, 1260 cm .

Determination of the isotopic purity of Co(CﬁéCDs)z(acac)(PPhMeZ)2
by 1H NMR spectroscoby was not feasible because of the coincidence of
the methylene and methyl resonances of cobalt-bonded ethyl groups.

Therefore the isotopic purity was examined by converting the ethyl

groups to diethylketone by reaction of the diethyl complex with carbon

monoxide. The diethylcobalt complex in CDSCOCD3 was allowed to contact
with carbon monoxide at 40°, CDSCHZCOCH-ZCD3 formed in the reaction was
separated and the isotopic purity of CDSCHZCOCHZCD3 was determined to be

95 % by NMR spectroscopy.

Analysis of gaseous thermolysis products of CoRz(acac)(PR':Sl_2

A Schlenk tube containing ca. 0.1 g of an alkylcobalt complex in
the solid state or its solution was heated in an oil bath.

Evolyed gas was collected using a Toepler pump, by which the volume
of the gas was'measuréd, and analyzed by VPC and mass spectrometry.
Table 2 shows the compositions of gaseous products evolved on thermolysis

of these complexes in the solid state and in solutions.
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Kinetic studies General methods.

A sample of 0.10 - 0.15 g was weighed in air and placed in a Schlenk
tube having a side arm, connected with a reservoir for the solvent,
and a jacket to circulate water of a constant temperature around the
Schlenk tube. .The tﬁbe was connected to a vacuum line equipped with a
mercury manometer and was evacuated. The solvent was poured by rotating
the side arm connected with the solvent reservoir and the sample was
quickly dissolved in the solvent by stirring it with a magnetic stirrer.
The rate constant for thermal decomposition of the complex was obtained
by measuring the volume of the gas evolved at the temperature. It'Was
confirmed in most cases that the composition of the gas evolved on
vthermolysis did not vary. In the thermolysis of the propyl complex the
amount of the solvent was restricted to minimum to avoid diséolutiqn of
the evolved gas into the solvent over the permissible extent for the

kinetic measurement. Typical data obtained are plotted in Fig. 2.

H-D scrambling reaction of (V) in benzene
The scrambling reaction of (V) in benzene was carried out by the

following procedure. |

- To a sample of 0.1 - 0.15 g benzene (1 ml) was‘added at 30 - 40°
and the system was evacuated. The Schlenk tgbe containing the sample
was immersed in a water bath maintained af a constant temperature. At
the end of the reaction the Schlenk tube was cooled to -30 - -40°, and
the gas-evolved during the reaction was collected using theiToépler pump
for analysis by mass spectrometry. The deuterated ethylenes were
identified by means of IR épectrOSCOpy using a gas cell. In the IR

range of 1000 to 700 Cm-l the absorption bands of deuterated ethylenes
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were observed clearly separated without disturbénce>by-bands of
deuterated ethanes because of the very small absorption coefficients of

the ethanes in the region [14].
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Chapter VI OLEFIN-COORDINATED IRON(0) COMPLEXES WITH DIMETHYLPHENYL~
PHOSPHINE LIGANDS |
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SUMMARY

Reaction of Fe(acéc)s, AlEtz(OEt) and dimethylphenylphosphihe,
(PPhMez) gives a new air-sensitive ethylene-coordinated complex, “'v7:l, -
FeTCH£=CH2)(PPhMe2)4 (n.

(1) reacts with a few olefins such as butadiene, propylene, styrene,

alkyl methacrylate to produce olefin-coordinated complexes,‘Fe(olefin)(PPhMez)s

or 4.

Introduction

Information concerning the interaction of olefins with transition
metals in vital in understanding the mechanisms of olefin catalyses.
Many studies have been made in this lihe [1], and a variety of olefin-
coordinated transition metal complexes have been isolated and characterized
[2]. However, rather limited and sporadic. studies have be made concerning
the olefin-coordinated iron(0) complexes, most of which contain carbonyl
and cyclopenﬁadienyl ligands and there has beeﬁ reported, to our knowledge,
only one ethylene-coordinated iron complex without these ligands [3].

In the course of our study for preparation of alkyliron complekés
by the reaction of iron acetylacetonate, organoaluminum compounds and
tertiary phosphine ligandsvwe have isolated a new, ethylene-coordinated
complex, Fé{CH2=CH2)(PPhMe2)4 (I). This complex proved to Be very
reactive toward other olefin and to provide a convenient starting material
for prepar1ng various olefin- coordlnated 1ron(0) complexes by displacement
of the coordlnated ethylene w1th other olefins:. We now descrlbe the
preparation and properties of (1) and other olefin-coordinated complexes

derived from it.
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Results and discussion
The ethylene-coordinated iron complex (1) wasprepared by the reaction

of Fe(acac)z, PPhMe,, and dimethylaluminum monoethoxide in ether at -10°

2

under nitrogen.
Fe(acac), + PPhMe, + AlEtz(OEt)-—-—————bFe(CH2=CH2)(PPhMe2)4
» N (D

Probably complex (I) was formed through an intermgdiate ethyliron
complex which on splitting of the ethyl-iron bond may produce ethane and
~ ethylene, the latter of which coordinated with a zerovalent iron complex
giving (I). It is known that the similar reaction of Fe(acac)s, AlEtZGJEt),
and 1,2-bis (diphenylphosphino)ethane (dpe) gives Fe(CH2=CH2)(dpe)2 [3].

(I) is sensitive to air and moisture but thermally stable at room tem-
perature under nitrogen. (I) is soluble in ether, toluene, and acetone at
low temperature, and can be recrystallized from ether to give yellow crystals,
In solution (I)‘is'unstable and decomposes evolving ethylene even at 0°.
Thermolysis of (I) at ca. 50° released 100% of ethylene per Fe. Acidolysis
of (I) with concentrated sto4 released ethylene and ethéne in a l/l‘molar
ratio, the latter‘presumably being formed by the reaction 6f the evolved
ethylene with HéSO4. The amount of the gas liberated accounted fof 81 %t of

‘the ethylene coordinated with iron. IR spectrum of (I) shows a V(C:H) band

dué to the efhylene coordinated with iron at 3015 cm"1 and V(C=C) band of
the coordinated ethylene at 1475 en™l,  The frequency of V(C=C) at 1475 em!
is smaller than thpse of othef transition metal-ethylene complexes. The
previously ABsérved V(C=C) bands of ethylene-coordinated complexes are’1487
en”! for nickel [2e], 1526«.'<;m—1 for platinum [4], and 1524 en”! for rhodium

1 . R
[5]. “H'NMR spectrum of (I) at -30° shows a broad peak due to the ethylene
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coordinated with iron at T7.5 (4H). The known Fe(CH2=CH2)(CO)4 complex

! rer.

for (I) than that of

shows the ethylene signal atT7.5 and a V(C=C) band at 1510 cm™
Observation of the lower Y(C=C) band at 1475 cm‘1
Fe(CH2=CH2)(CO)4 suggests that the PPhMez—coordinaﬁed ?omplex has a higher
basicity and hence the-ability for greater béck donation than the €O0-cr -
containing complex. ‘ | |

Complex (I) reacts with several olefins to give the olefin-coordinated

complexes liberating ethylene. Table 1 summarizes the IR data of olefin-

. coordinated compléxes comparing with those of the known olefin-iron carbonyls.

The frequencies of the Y (C=C) bands of the isolated olefin-iron complexes
with PPhMe2 ligands‘afe lower than those of the olefin-iron carbonyls.

In contrast to the Fe(CH2=CH2)'(dpe)2 complex (I) shows considersble reacti.
ivities toward some olefins and is suitable as a starting material for
Preparing. .theu olefin-coordinated iron(0) complekes containing tertiary
phosphine. The.reactions of (I) with several olefins are descrived below.

a) Formation of a butddiene-coordinatled complex

Complex (I) reacted with butadiene at room temperature to give a yellow
complex, Fe(C4H6)(PPHMe2)3 (I1). Complex (II) is more stable than the ¢
Starting ethylene complex (I). R speétrum of (Ii) shows a V(C=C)band of
the butadiene coordinated with iron at 1470 cmml; The lliNMR spectrum of
(11) shows two péaks of equal intensities atT5.6(m,2E) and T 9.5(d,2H).

By comparison with other butaﬁiene cémplexés.of es£ab1ished structure such
as;Fe(C4Eé)(CO)3 [7] the multiplet at T 5.6 has been assigned to the two
equivalent prdtons on central carbon atoms and the doublet at T9.5 is

assigned to the two of four terminal protons. Other two terminal protons

seem to be overlapped with methyl protons of-PPhMe2 ligands as judged by
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comparison-of the peak areas of the methyl protons with other signals.

b) Formation of a styrene-coordinated complex

Complex (I) reacted with styrene to give a deep brown complex, which
was recrystallized from styrene as brown crystals of a composition

Fe(CH2=CHC6H (PPhMe2)4 (III). No polymer was formed. Complex (II1) is

5)
sensitive to air but thermally stable under nitrogen at room temperature.
Because of its instabiliﬁy in solution énd low solubility in common organic.
solvents the'measurement of MR spectrum of (III) was.unsuccessful. IR
spectrum of (III) shows a characteristic band due to the phenyl group of
styrene‘coordlnated with iron at 1595 cm~ and a V(C=C) band due to the

vinylic entity in styrene bonded to iron at 1470 cm -1 as shown in Table 1.

c¢) Redction of (I) with acrylonitrile (AN)

Complek (I) initiates the polymerization of acrylonitrile(AN).

The reaction system of AN and (I) changed the colér £rom initial yellow

to red and then polymerization occufred suddenly even at -40°. When the
reaction of (I) with AN was conducted below -30° and free AN was removed
before the start of polymerization a red complex whlch is contamlnated with
a small amount of polyacrylonitrile was obtained. The IR spectrum of the
red complék shows the characteristic D(CEN)—bandyéf A& coordinated with i
iron through the double bond at 2150 cm_1 in addition to bands due to the
polymer of AN. The unequivocal characterization of this cbmp}éx could not'

be performed because of contamination with acrylonitrile polymers.

d) [ Readtions of (I) with other olefins. such as Alle'methacrylate and

propylene
Ethyl methacrylate (BMA) and methyl methacrylate( (MMA) reacted with

complex (I) releasing ethylene to give red crystalline compleies. these
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complexes are,soluble in several solvents and the MMA complex melts at roém
temperature. The instability:of the alkyl ﬁethacfylaté complexeé hindered
vfurther characterization.

Propylene reacted with (I) to give a yellow'qomplek, which can be re-
crystallized from n—hekane as yellow crystals. This complex is very sensitive
to air and melts at room temperature. Because of its instability its
complete characterization .: could not be performed. Thermolysis of the
propylene-coordinated éomplei liberates propylene{ Analogy with the parent

ethylene complek suggests the composition of Fé(CzHe)(PPhMe2)4.

-137-



Expermental

All reactions were carried 'out under nitrogen atmosphere.
Solvents ahd olefins were purified by usual methods and stored under
nitrogen before use. .Liquid olefins were introduced by a trap-to-trap.
distillation in a vaccum line into a reaction tube containipgtthe ethylene
complek (I). Gaseous olefins were broughtin contact with ether solution
of (I) |

Analysis of gasgs produced during the reaction was carried out by
mass spectrometry and gas chromatography after collectlng the gas u51ng
a Toepler pump, by which the volume of the gas’ was measured. IR and MMR
spectra were measured by a Hitachi-BPI—SG spectrometer and a JEOL JNM-PS- 170
100 spectrometer. The microanalysis of carbon, hydrogen, and nltrogen was ‘
performed by Mr. T Saito of our laboratory with a Yanaglmoto CHN

Autocorder Type MT-2.

Preparation of (ethylene)tetrakis(dimethylphenylphosphine)iron(0) (D

To a solution of Fe(acac)s(l,Og, 070028 mol) and dimethylphenyl-
phosphine (Zml,“0.0ls mol) in ether diethylaluminum monoethoiide with
gradual raise of tempereture to -10°. When the color of the reaction mixture
changed from red teedeep yellow at the temperature, the solution was
cooled to -78° to precipitate the yellow compound which Was sepafated by
filtration and washed with ether, acetone, and n- hexane The yellow compound
thus obtained was recrystalllzed from ether to give yellow crystals. Yield,
20 %. Complexv(I) is very sensitive to air but thermally stable at room
temperature. It decomposes at 40-50° liberating 100% of ethylene calculated

for (I). Acidolysis of (I) with concentrated Héso4vevqlved ethylene and
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ethane in a 1/1 ratio. The microanalysis of (I) was not feasible due to
its instability. IR(KBr):V (C=C), 1475 cm'l; V(C-H) of the coordinated .

ethyiene, 3015 cm_l; PPhMe2 (max), 3050, 2985, 2910, 1490, 1438, 930, 890,

740, and 700 cm™ 1. NMR (CDCD, at -30°) :%7.5(m, 4H,.CH2$CH2) (Found!:

F.e,8.2;,C36H50FeP4, calcd., Fe,8.8%)

a) Reaction of (I) with butadiene

Butadiene was brought in contact with COmp1e£ (D (Q,OQ g, 0.14 mmol)
in ether (2 ml) in a closed system for 5h. at -10° with stirring to give
a yellow solution. The“yellow‘solution was further stirred at room temperature
for 5 h. VIn the gas phase ethylene was recovered. After evaporation of
solvent the residue was extracted with n-hexane. On éooling the n-hexane
extract to -70° a yellow compound was obtained. It was recrystallized from
ether-n-hexane syﬁtem as'yellow crystals which were separated, washed with
n-hekane, and dried in vacuo. Yield, 45% (Found: C,63.8: H,8.0. C28H39Fe1>3

caled.; C, 64.2: H, 7.5%) IR(KBr): ) (C=C) of the coordinated butadiene

1

1470 cm—;;PPhMez,.3042, 2960, 2900, 1585, 1435, 1190, 930, 900, 885, 740,

and 695 cm_l.

NMR(CDscOCDS): C4'H6 coordinated with iron,‘tS.6(m,2H),‘t9.5

d, 2H). -

b) Reaction of (I) with styrene

Styrene ‘was condensed int0ua‘Schlehkpthbe;contAinipg compleki(l)iin<
ether solution by a frap-to-trap distillation. The reaction mixture was
stirred at -30° till the coldr changed from yelloﬁ to deep brown. The -
system was further stirred at room temperature for 1 h. Cooling the solution
caused precipitatioric of a deep brown compound which was separated
by filtration. The brown compound thus obtained was recrystallized from

styrene as deep brown crystals (IIIJ . Yield, 40%. Complei (III) is sensitive

1 o
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to air but thermally stable at room temprerature. (Found: C, 69.8; H, 7.7.

C40H52F'eP4 caled.: C, 67.4; H, 7.3 %). IR(KBr) : V(C=C) of the coordinated
1 :

styrene, 1470 cm .

¢) Reaction of (I)/with #cpyloniﬁrile

Acrylonitrile (AN) was condensed into a Schlénk tube containing a
solid sample of (I) by a trap-to-trap distillation. When the color of
the reaction mixture changed from yellow to red at -40--30° the system was
.rapidlykcooled to -70° and fhe free AN wasvevaporated to give the red ¢
complex. The red‘complex thus obtained was washed with n-hexane and dried
in_vacuo. IR spectrum of the red cdmplex shows the characteristic y%téhn
band due to the AN coordinated to iron at 2150 cm'l_in addition to the bands

due to polymers of AN.

d) Reactions of (I) with other olefins suCh'as-alkyl,methacrylates and
propylene. - | |

The reaétions‘of (Ij with alkyl methacfylatES were carried dut in a.
similar manner to thevreéction with styrene. Since the red complexes thus
‘obtained melt at room temperature, the complete charagterization could not
be performed.

The reaction of (I) with propylene was carried oﬁt in a similar manner
as described abdve‘énd yéllow air-sensitivevcrystals which melt at room -
temperature were obtained. Because of its instability sufficient
characterization could not be performed. It‘decomposeé in solution libera-

-ting propylené.
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Table 1 IR data of olefin-coordinated iron(0) complexes

v(c=C) or V(C=N)

Fe(C2H4)(PPhMe2)4 v(C=C) 1475 1510 ” FQ(C2H4)(C0)4
: Fe(C4H6)(PPhM¢2)3 .. v(C=C) 1470 }226 Fe(C4H6)(CO)3
Fe(.C3H6)(PPhMe2)4 : v(C=C) - 11493 Fe(C3H6)(CO)4Fe(C0)5

Fe(CHzCHCGHs)(PPhMe2)4 v(C=C) 1470 1505 Fe(CHzCHCGHS)(CO)4 |

2210 Fe(CH,CHCN) (C0),

i ae ——— ———— — - - — "

Fe(CHZCHCN)(PPhMez)n v(C=N) 2150
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CONCLUSION

This thesis is concerning with the synthesis of new types of
organo-cobalt and -iron complexes in Chapter I,II,11I,and VI, their properties
in solution in Chaptef IV and a thermolysis mechanism of the alyklicobalt
complexes in Chapter V. |

Most of the organotransition metal complexes reported in this thesis
have been prepared by treatment of organoaluminum compounds in combination
with: transition metal acetylacetonates in the presence of stabilizing
ligands such as tertiary phosphines and 2,2'-bipyridine. The number of new
comp]exes prepared in the present study exceeds 35.

Chapter I: The reaction of Co(acac)3 and some tertiary phosphines with
;A1R (OEt) gave remarkab]y stable trivalent cobalt alkyls, CoRz(acac)(PR 3)2
- (A, B, C, and D) R—Me, Et, n-Pr, iso- -Bu; PR -PEtB,P(n Bu)3, PPhMe,, , PthMe,
acac= acetylacetonato]. These comp1exes are considered as the reaction i
1ntermed1ates in the reaction of Co(acac)3 with A1R (OEt) in the presence
of stab111z1ng 11gands to Tow va1ent alkyl complexes. These complexes proved
to be quite suitable as model compounds for studying the properties of &ik
alkylcobalt complexes for the following reasons. ~ (1) Most of them are #;e
thermal]y stab]e_at room temperature, insensitive to air and so]uble
in ordinary solvents. (2) They are diamagnetic and amenable to NMR
study con;érning the 1igand exchange reéctions. (3) A series of alyklcabalt
complexes containing a variety of Tigands can be easily prepared. The
pyridiﬁe base-coordinated complexes, CoRz(acaC)(PR'3)(py) (E) and CoRz(acac)é
(bipy) (F) were prepared by the replacement of tertiary'ﬁhosphine Tigands
with thé organic nitrogen bases such as pyridine(py) and 2,2'-bipyridine

(bipy). The isolated complexes readily reacted with CO to yield| the
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dialkyl ketons and a carbonyl complex, Co(acac)(CO)z(PR'3) (G).

Chapter II: The reaction of Co(acac)3 and AﬂMez(OEt) in the presence
of 1,2-(diphenyliphosphino)ethane (dpe) 1igand instead of monodentate -
tertiary phosphines(PR'3) gave a univalent methylcobalt complex, Co(CH3)(dpe)2
(H); In this casevdlkylcobalt complex containing the acetylacetonato 1igand
was: not obtained. Thié complex reacts with €O and H,cor D, to give CO
insertion product, Co(COCH3)(CO)Z(dpe):1/2(Et20) (I) and a hydride,CoH(dpé)2
(J)or'CbD(dpe)2 (K), respectively. Complex . (H) feaété with RCZCH to give a
cobalt(1I) acetyh’de,'RCECCo(dpe)2 (L) (R=Me,Ph), and reacts with acry]onitri]e
to give a new type of o1efin-coordinated methylcobalt cOmp]ex,CoCH3(CHé=CHCN)—
(dpe), (M). o ,. T

Chapter III : The reaction of Fe(acac), with A]Mez(OEt) in the presence

of dpe and PPhMe, gdve new methyliron comp]exes,‘Fe(CH3)2(dpe)2 (N) and
Fe(CHs)(acac)Z(PPhMpz) (0), respectively. vCompTex (N) is thermally stable
but insoluble in any organic solvents. On recrystallization of (N) from
to]ueﬁe a new type of ortﬁbmeté]lated‘methy]iron(II) complex, Fe(CH3)-
(CgH4PPhCH2CH2PPh2)(dpe) (P), which is the first example of the :orthometallated
comp1éx'§ontaining an alky? ligand, was obtained. Complex (N) and (0)
,react with CO to yield acetone. Complex(N) reacts with Dz,‘PhCECH and

€0, to give FeDz(dpe)2 (Q), FeH(CsCPh)(dpe)2 (R) and Fe(OZCCHB)(COZ)m(py)n
($), respectively. Thermal decomposition of (N) and (0) and treatment of

(N) with CH2C12 liberated ethylene, the formation of which“suggests the
intermediacy of a carbenoid complex invélved in decomposition of the
methyliron'cdmp1éx. Treatment of (N) with CD2012 released C2H4, CDZ=CH2,
C2D4, CoHe> and‘CH4 in a ratio of 8/14/4/24/50/. These results also suggest
the formgtion aﬁgFe:CHz and Fe:CD2 type intermediates and their coupling

v

-144-




reactions taking place. This behavior is considered as one example of
- elimination of methyl group bonded to metal.
- _Chapter IV : The NMR studies of complex (A)=(F) led to the following

results. (I) These complexes have an octahedral configuration-as shown below.

e o
HC/ v~ ”’) L= PR'4, pyridine

(2) The coordinated tertiary phosphine 1igands are partly released in solution
and an exchange reaction between the liberated and the coordinated
phosphines takes place.

| . |
CoR,(acac) (PR'3), + S — CoR, (acac) (PR!,)-5 + PR!

31

3) 3
From observation of “ P NMR spectra several kinetic and thermodynamip data
for exchaﬁgeireactiqns of tertiary phosphines were obtained. (3) It was
found that one of the phosphine ligands in CoRz(acac)(PR'B)2 can be readily
displaced with pyridine bases to give pyridine-coordinated complexes (E) .
. ) i 4 . » 1 k N t "

-CoRz(acac)(PR )2 - py Kz CoRz(acac)(PR 3)(py) - PR
"The equ111br1um constants K2 of the above equ11ibr1um were measured by
1

3

means of "H NMR spectrascopy and the thermodynam1c parameters were estimated
by studying the temperature dependence of K2' The increase in alkyl chain
length makes the enthalpy change for the equilibvium more favorable but the
effect is compensated by the entropy change. These NMR studies suggest

the 1igand dissociation and exchange reaction takihg piace more easily

when the complexes become more basic by coerdinatéqn of more basic

Tigands or by bonding of cobalt with alkyl groups of longer chain length.
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Chapter V : The thermal stability of a series of (C) decreac. . in

the.order: CH >CZH5>C3H7>C4H9. Thermal decdmposifionAof (C) in toluene

soTution_is first order with respect to (C) and activation energies for

pyrolysis of ethylcobalt and propylcobalt complexes are 30.6.and 25.5
kcal/mol, respectiVe]y. Addition of free PPhMe2 to the solution of the ct
ethylcobalt complex strong]y inhibits its therma1 decomposition and the
activation energy increases with ﬁncreasing the concentration of added
PPhMe2 approaching its limiting value of ca. 35 kcal/mol. Comparison of. the
relative rates of therﬁo1ysis of Co(Csz)Z(acac)(PPhMez)2 and Co(CHZCDB)z-
(acac)(PPhMez)2 (T) revealed the presence of a considerable isotope effect
(kH/kD= 2.30%0.05) indicating the involvement of p-elimination process in
the rate determining step of thermolysis. The analysis of thermo]ysié

- product of (T) revealed the following features. (1) The sTow thermolysis
of (T) below 5° in benzene or toluene as well as the thermolysis at room
temperafuré in pyr{dine'and the rapid thermolysis of the solid sample
predominant]yilibefate CHZ=CD2 and CHZDCDB, the B-elimination products, . :
whereas the H-D scrambling occurred above room temperature in benzene
solution. (é)vThe fact that'CZH3D and CZD3H were formed in comparab]é
amounts with ea¢h,other suggests that the gp-elimination process is téking
place with the simultaneous participation of two ethyl groups in the

H-D scrambling process with a neg11gib1e isotope effect. (3) The remaihing.
ethyl grqups'after treatment of (T) above room temperature in benzene were
not subjected to the H-D scramb]ing. Although we did not measure the 1
activation energy for the scrambling, these suggest the activated state
for scrambling reaction is close to the higheétvactivation state. The

fo]lpwing reaction profile was proposed to described the decomposition
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pathways of thermolysis.

H-abstraction

?-Dscrambling'

35kcal/mol vreductlve elimination

above room temperature
.ca.l0kcal/mo . :

below 5° in toluene or benzene,
in pyridine at room temperature

\ \ :
| (Co'le ca.4.5keal/mol) |
| N

Chapter VI: The ethylene-coordinated iron complex, Fe(CHzﬁCH

)(PPhMe2)4

2
(U), was prepared by the reaction of Fé(acac)3, AEt,(OEt) and PPhMe,.
Complex (U) is $ensitivé toair’bui has good reactivities toward several - %
olefins. Complex (U) reacts with butadiene, styrene, to give Fe(C4H6)-
(PPhMeZ)3 (V) and'Fe(CH2=CHC6H5)(PPhMe2)4 (W), respectively. Complex (U) -
also reacts with other olefins such as alkyl methacrylate, acrylonitrile

énd} propylene to produce the 01efin4coordinated_comp1exes.
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