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The tertiary phosphorus ligands of the series EtnP(OEt)3_n

(where Et = C2H5, n = 0-3) are all known to form high-spin pseudo-

tetrahedral complexes CoCli 2EtnP(OEt)3..n. Additional ligand

coordination in organic solvents has been demonstrated for n = 0-2

to form low-spin five-coordinate CoC12. 3EtnP(OEt)3_n complexes.

Solutions of both types of complexes react with molecular oxygen,

but at very different rates, resulting in autoxidation of the coordinated

ligand.

As a prelude to the study of autoxidation kinetics, the equi-

libr ium

CoC12. 2EtnP(OEt)3-n + EtnP(OEt)
2.

3EtnP(OEt)3-n

was investigated in nitrobenzene and t-butylbenzene and the



equilibrium constants Keq were determined by two independent

methods. This study constituted the major portion of this research.

The Evans NMR Technique was developed into a useful method

for determining K in t-butylbenzene solution by measurement of
eq

the molar susceptibility of the complexes, both individually and in

equilibrium mixtures. Rigorous application of this technique included

careful solution density measurements as a function of temperature

for the purposes of concentration correction and of inclusion of the

(d -d ) term in the Evans Equation. Molar susceptibilities of the
o s

individual complexes were measured in the temperature range

11-46° C. Curie-Weiss behavior was observed and reasonable

magnetic moments were obtained. Values of Keq,A H°, and A So

were then obtained from susceptibility measurements on solutions

containing both forms of the complexes in the same temperature

range. The results indicate that the tendency toward five-coordina-

tion decreases in the sequence EtP(OEt)
2

> Et
2
POEt >P(OEt)

3
>>PEt3'

demonstrating the influence of both electronic and steric (cone angle)

effects in determining ligand coordinative ability and tris-complex

stability.

Supplemental determinations of K
eq

in nitrobenzene and

t-butylbenzene solvents were made spectrophotometrically, employ-

ing a non-linear least squares data treatment. Results with this

method were quantitatively less satisfactory, but demonstrated that



Keq values in t -butylbenzene are at least an order of magnitude

higher than in nitrobenzene.

The demonstration that the Evans NMR Method, when applied

with full rigor, can be as good as other standard techniques for the

experimental determination of stability constants, is a major outcome

of the present research. Previous applications of the NMR method

have been semiquantitative. The difficulty with the spectrophoto-

metric method in the present work lies mainly in the peculiar solu-

bility behavior of the complexes.

The products of exhaustive autoxidation of t-butylbenzene solu-

tions of the free ligands EtnP(OEt)3_11, n = 0-2, were studied by gas

chromatography. P(OEt)
3

did not undergo autoxidation in the free

state but EtP(OEt)2 and Et2POEt both formed mixtures of products

consistent with the previously demonstrated free radical mechanism.

Autoxidation of the same ligands in the coordinated state was

observed in t-butylbenzene solutions of the dichlorotris(phosphorus

ester)cobalt(II) complexes. Calculations using the values of Keq

indicated that under the concentration conditions employed most of

the cobalt remained in the five-coordinate form and that virtually all

ligand was coordinated in these solutions. In every case autoxidation

of the complexes was rapid. The sole cobalt-containing products were

the corresponding bis phosphoryl complexes, CoC12[OPEtn(OEt)3..n]2,

They were characterized by their analyses and infrared spectra.



The remaining oxidized organophosphorus material, corresponding

to the third phosphorus ligand in the initial complex, was found to

be only the corresponding phosphoryl ester with the exception of

the ethyl diethylphosphinite system (n=2), where a mixture of prod-

ucts resulted.

Exhaustive autoxidation of nitrobenzene solutions of the bis

complexes, CoCl2. 2EtnP(OEt)3_n, n = 0-2, was attempted but product

isolation and characterization were difficult. The experimental evi-

dence suggested that thermal decomposition occurred in some cases

leading to mixtures containing Co[0
2
PEtn(OEt)2-n]2 formed by loss

of ethyl chloride.

The results of these brief studies of the autoxidation of both

the free and complexed ligands are compared. Preliminary infer-

ences regarding the possible mechanism involved are discussed,

and suggestions are made for future research in this area.
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COBALT(II) COMPLEXES OF TERTIARY PHOSPHORUS ESTERS:
STUDIES OF SPIN STATE AND COORDINATION NUMBER
EQUILIBRIA, AND OF THE AUTOXIDATION REACTION

I. INTRODUCTION

The series of four compounds EtnP(OEt)3_n (n=0-3, Et=C2H5)

represents a group of Lewis bases, some properties of which are

presented in Table 1. Tolman (1970) assigned a dominant role to

the steric effect on the relative stabilities of nickel (0) complexes

of similar ligands. He developed a simple and useful measure of

the steric requirement of a coordinated phosphorus ligand; this

measure, based on a mechanical scale model, is called the cone

angle. The steric cone angle for the Etn
P(OEt) 3-n series decreases

from 132° for the phosphine to 109° for the phosphite, with inter-

mediate values for the phosphinite and phosphonite esters. Bressan

and Rigo (1975) have also assigned a dominant role to the steric

effect in the tendency for Co(II) to form five-coordinate complexes

with phosphine ligands. There is also a variation in the electro-

negativity of the subs tituents on phosphorus, which would affect its

sigma donor ability. Jen and Thomas (1976) found a monotonic in-

crease in the phosphorus 2s and 2p core electron binding energies

as ethyl groups are replaced in these ligands by ethoxy groups,

indicative of a decrease in electron density on phosphorus. The

same inductive effect would enhance the back p_i-bonding ability of



Table 1. Properties of the Tertiary Phosphorus Esters

Electron Binding Energies
Cone (eV)c NMR Data

Formula Name Angle P2s P2p 31 Pd

Et3P Triethylphosphine 132a 193. 50±. 11 135.90+. 10 +19. 5 (m)e
bEt

2
POEt Ethyl Diethyl- 124 194. 21±. 12 136. 84±. 08 -182 (m)f

phosphinite
bEtP(OEt)2 Diethyl Ethyl- 117 195. 13±. 14 137. 49±. 11 -135 (m)f

phosphonite

P(OEt)3 Triethyl 109a 195. 83±. 12 138. 28±. 09 -142g
Phosphite

1H(8)

1, 13 (m)e

1. 32 (m),
3. 94 (m)

1. 28 (m),
3. 84 (m)

1. 19
3. 85t

(a) Tolman (1970).

(b) Tolman, Seidel, and Grosser (1974).
(c) Jen and Thomas (1976).
(d) Chemical shift, ppm from H3PO4.
(e) Axtell and Yoke (1973).

(f) H. V. Studer and J. T. Yoke, unpublished results.
(g) Septet.

(h) Jones and Coskran (1971).
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phosphorus. The combination of these factors may be reflected in

the irregularity of the 31P nmr data for these ligands. Mann (1972)

found that for tertiary phosphines the 31P chemical shift is deter-

mined by both the electronegativity and the bond angles of the substitu-

ent groups.

The ligands EtnP(OEt)3_n can react with cobalt(II) chloride in

organic solvents to form bis complexes, CoC12. 2Etn
P(OEt)3-n.

These have spectral and magnetic properties typical of pseudo-

tetrahedral high-spin cobalt(II) compounds, in which the coordinate

bond may have a varying balance of sigma and pi character dependent

upon the value of n. Low-spin five-coordinate tris complexes,

CoC1
2.

3EtnP(OEt) 3-n'
formed by addition of a third phosphorus

ligand to the bis complexes, can be isolated for only the two middle

members of the series. Hatfield and Yoke (1_962) found that dichloro-

bis(triethylphosphine)cobalt(II) did not coordinate additional triethyl-

phosphine in the solid-vapor equilibrium system, and Boschi,

Nicolini, and Turco (1966a) found the same result in organic sol-

vents. Studer (1972) prepared and isolated dichlorotris(diethyl

ethylphosphonite)cobalt(II) and dichlorotris(ethyl diethylphosphinite)-

cobalt(II). The formation of dichlorotris (triethyl phosphite)cobalt(II)

in solution was observed spectrally but the complex itself could not

be isolated. These results demonstrate the importance of both

electronic and steric effects on complex stability.
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Autoxidation of free aliphatic phosphines has been shown by

Buckler (1962) and by Floyd and Boozer (1963) to proceed by a free

radical mechanism involving intermediate phosphoranyl radicals to

give a mixture of all possible phosphine oxide, phosphinate, phospho-

nate, and phosphate products. In contrast, autoxidation of coordinated

phosphines presumably involves the formation of an intermediate

dioxygen adduct followed by dissociative oxygen insertion. Schmidt

and Yoke (i971) studied the autoxidation of dichlorobis(triethyl-

phosphine)cobalt(II) and found this to be a non-radical process with

coordinated triethylphosphine oxide as the only product. Studer (1972)

qualitatively observed that solutions of the tris complexes of

Et
n

P(OEt) 3-n with cobalt(II) chloride were extraordinarily more

reactive toward oxygen than their bis complex counterparts. The

different rates of autoxidation for the two types of complexes pre-

sumably are related to the change in spin state, complex geometry,

or both.

The primary purpose of this research is to study the nature

and to determine the equilibrium constants of the reactions,

CoC12 2EtnP(OEt)3-n + EtnP(OEt)3-'__-_-__.. CoC12. 3EtnP(OEt)3-nn

for n = 0-2, at various temperatures, in solvents appropriate for

subsequent study of the autoxidation of the complexes. Thereby, at

various conditions of concentration and temperature, the amounts

of complex and free ligand species present will be known. The
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autoxidation of free and coordinated Ligand EtnP(OEt)3-n for n = 0-2

will also be studied and compared on the basis of products and kine-

tics to help ascertain the mechanism and possible intermediates

involved. This will aid in assessing the importance of spin state

and complex geometry in catalyzed autoxidation.
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II. HISTORICAL

A. Magnetic and Structural Properties of Four- and Five-
Coordinate Cobalt(II) Complexes

Divalent cobalt forms a large number of complexes, most com-

monly of octahedral and tetrahedral stereochemistry. Since the lig-

and field stabilization energy difference between the octahedral and

tetrahedral configuration is smallest for a d7 ion, cobalt(II) forms

more tetrahedral complexes than any other first transition series

metal. Such complexes are generally formed with monodentate

anionic ligands giving rise to complexes of the type [CoX 4]-2, or

with a combination of anionic and neutral ligands to form complexes

such as CoX2L2. Visible absorption in the red part of the spectrum

accounts for the blue color typical of most tetrahedral cobalt(II)

complexes. This absorption in the 15 kK region is due to transitions

between the 4A2 ground state and 4T1 (P) excited state. The latter

can be split by spin-orbit coupling, and as transitions to neighboring

doublet states gain intensity, fine structure results.

Tetrahedral cobalt(II) complexes must be high spin regardless

of the ligand field. Despite the fact that the 4 A2 ground state has

no inherent orbital angular momentum, magnetic moments in excess

of the 3.89 B. M. spin-only value are commonly observed. Mixing

of the 4T2 state into the ground state by spin-orbit coupling
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introduces orbital angular momentum giving rise to observed mo-

ments in the range of 4. 2-5. 0 B. M.

Five-coordinate cobalt(II) complexes can be high- or low-spin

in both trigonal bipyramidal and square pyramidal geometries. While

examples are known of all four of these conditions in complexes with

five monodentate ligands, the majority of known five-coordinate

cobalt(II) complexes have chelating ligands. These complexes have

been extensively reviewed by Morassi, Bertini, and Sacconi (1973)

and by others. According to Sacconi (1968), and Orioli (1971), the

factors that determine five-coordinate geometry include electrostatic

ligand repulsion, nature of the metal-ligand bonds, the crystal field

stabilization energy, and the shape of the ligand molecules, Thus,

following Gillespie's (1963) valence shell repulsion arguments, a

trigonal bipyramidal structure is expected when the interaction be-

tween ligand electron pairs dominates over their interaction with non-

bonding metal d-electrons. The resulting coordinate bonds are

generally sigma-covalent in this case. Furlani (1968), however,

stresses that the total possibility of pi-bond formation in a square

pyramid is more effective than in a trigonal bipyramid because the

former has better pi-function of the metal d-orbitals. Although the

crystal field stabilization energy favors a square pyramidal configu-

ration, Campolini (1966) has shown that in some cases a trigonal

bipyramidal configuration may be more stable than a square
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pyramidal one under steric strain. The geometric preference de-

pends, of course, upon the steric requirements and denticity of the

ligands. Bidentate and linear open-chain or macrocyclic tetradentate

ligands tend to form square pyramidal complexes while tripod-like

tetradentate ligands are well adapted to form complexes of trigonal

bipyramidal geometry.

Factors which determine the spin multiplicity of five-coordinate

cobalt complexes are discussed by Sacconi (1972). It was shown that

the resulting spin state is determined not only by the strength of the

ligand field but also by the nephelauxetic reduction. The latter is

a function of the electronic delocalization on the ligand and the co-

valency of the metal-ligand bond; both properties relate to the softness

and pi-bonding ability of the donor atoms. Thus, Sacconi used the

"overall nucleophilicity" of Basolo and Pearson (1967) and the "overall

electronegativity" to determine the spin state crossover point. Exper-

imentally, it is found that the low-spin complexes are formed with

low electronegative donor atoms such as carbon, sulfur, phosphorus,

and arsenic which are often involved in strong pi-bond formation.

High spin complexes are formed with highly electronegative donor

atoms, such as nitrogen and oxygen, capable of forming strong

sigma-bonds with the metal.

The spectra of five-coordinate cobalt(II) complexes are re-

viewed by Ciampolini (1969). Both high- and low-spin complexes
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have a series of strong bands in the 15-20 kK region, with those of

the low-spin complexes generally the more intense. Low-spin square

pyramidal complexes exhibit a characteristic peak at 22-25 kK with

log E of 2 - 3. Although tetrahedral complexes may also exhibit an

observable spin-forbidden transition in this region, it is significantly

weaker.

B. Cobalt(II) Complexes of EtnP(OEt)3-n

Dichlorobis(triethylph.osphine)cobalt(II) was first prepared by

Jensen (1936). The associated magnetic and spectral properties were

studied by Hatfield and Yoke (1962), Jensen and JOrgensen (1965),

Nicolini, Pecile, and Turco (1965), and Schmidt and Yoke (1971).

The available data indicate that this complex is monomeric both in

solution and in the solid state. It is a typical pseudo-tetrahedral

cobalt(II) complex. Higher coordination with additional phosphine

was not achieved. However, in the analogous triethylphosphine-

cobalt(II) thiocyanate system, Nicolini, Pecile, and Turco (1965)

obtained magnetic and spectral data indicative of a monomeric tetra-

hedral (high spin) -"-_,dimeric pentacoordinate (low spin) equilibrium

in solution and a polymeric solid state structure. Boschi, Nicolini,

and Turco (1966a) found that with an excess of triethylphosphine in

dichloroethane solution the monomeric low spin five-coordinate
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complex Co(SCN)2- 3PEt3 is formed but could not be isolated. How-

ever, Co(NCO)
2

2PEt
3

showed no tendency to coordinate additional

phosphine. In the tri-n-propylphosphine-cobalt(II) thiocyanate sys-

tem the monomeric five-coordinate complex was the only one to

exist even when the amount of phosphine was less than stoichiometric.

These results demonstrate the importance of both electronic and

steric factors in determining complex stability. Rigo, Bressan,

and Turco (1968), in their study of Co(CN)2. 3PR3 complexes, as-

cribed the tendency toward five-coordination to the nature of the

anionic ligand since analogous halide complexes did not form the

tris complexes. In a later study by Bressan and Rigo (1975) steric

effects were assigned a dominant role in the stability of CoX 2. 3PR
3

complexes whereas the electronic effects related to the organic

substituents on the phosphine were assigned a secondary role. The

authors pointed out, however, that the pi-acceptor capacity of the

ligand is an important factor when comparing ligands of similar size.

Studer (1972) and Yoke and Studer (1971) prepared and charac-

terized the pure complexes dichlorobis(triethyl phosphite)cobalt(II),

dichlorobis- and tris(diethyl ethylphosphonite)cobalt(II) and dichloro-

bis- and tris(ethyl diethylphosphinite)cobalt(II). The existence of

dichlorotris(triethyl phosphite)cobalt(II) was inferred from spectral

data on solutions containing an excess of the ligand. Although the

solution spectra and cyroscopic data characterized the phosphonite
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and phosphinite bis-complexes as monomeric pseudo-tetrahedral in

solution, magnetic moment measurements on the pure compounds

suggest possible association in the condensed state.

Other examples of cobalt(II) complexes of dialkyl alkyl-

phosphonites and alkyl dialkylphosphinites are rare. Troitskaya

and coworkers (1972) reported that Co[PhC(S)C(S)Ph]2 reacts with

P(OEt)3, EtP(OEt)2, and Et
2

POEt. Their EPR studies were claimed

to indicate that first one phosphorus ligand coordinates in the axial

position followed by a second trans to the first. The complex was

then thought to rearrange to the cis-configuration.

The triethyl phosphite- cobalt(II) chloride system has been

investigated by several workers. Arbuzov and Zoroastrova (1952)

were unsuccessful in isolating a specific cobalt(II) halide complex of

triethyl phosphite. Naumova and Troitskaya (1965) spectrophotome-

trically studied this system in ethanol and claimed to have observed

[Co(P(OEt)
3

)
6
IC12 on the basis of conductivity measurements. In

further studies, the same workers (1967) claimed that CoC1
2.

2P(OEt)
3

and CoCI
2.

3P(OEt)
3

were present in ethanol solution, with

CoC1
2.

4P(OEt)
3

formed in the presence of a large excess of ligand.

However, in benzene solution the final product was said to be always

CoCl2. 3P(OEt)3. In still another paper, Zgadzai, Naumova, and

Troitskaya (1967) assigned a tetrahedral structure to CoC12. 2P(OEt)3

in alcohol solution. A decrease in the magnetic moment was observed
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as the Co +2 concentration increased indicating possible polymeriza-

tion.

The triethyl phosphite-cobalt(II) chloride system is unstable

under certain conditions resulting in disproportionation of the divalent

cobalt to cobalt(I) and cobalt(III). Vol'pin and Kolomnikov (1966),

idem (1967), prepared Co Cl 3P(OEt)3 and Co Cl 4P(OEt)3 from

cobalt(II) chloride and triethyl phosphite in the presence of the base

triethylamine. The tris-complex was found to be paramagnetic and

the tetrakis-complex diamagnetic. Both absorb H2 and CO and can

act as homogeneous hydrogenation catalysts. With nitrate and

perchlorate anions, Coskran and coworkers (1967) found that the

triethyl phosphite-cobalt(II) system spontaneously disproportionated

in acetone solution to [Co(P(OEt)3)1 and [Co(P(OEt)3)61+3.

C. Autoxidation of Free EtnP(OEt)3-n

The autoxidation of trialkylphosphines was studied in detail by

Buckler (1962) who found the corresponding phosphine oxides and

phosphinate esters to be the major products with phosphonates and

phosphates being formed in lesser amounts. The nature of the

solvent and presence of inhibitors affected both the autoxidation rate

and product distribution. From these results Buckler proposed the

free radical mechanism shown in Figure 1. According to this
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Reaction
no.

(1) Initiation (spontaneous
or initiator added):

(2)

(3)

(4a)

(4b)

(5)

(6a)

(6b)

(7)

(8a)

(8b)

(9)

(10)

R
3
P Reactions:

Chemical reaction

> R RO. , RO

R + 02 > RO
2

R
3
P + RO. > R 31.2)00R

2

R3P + RO.

R
2
POR Reactions:

R2 POR + RO

> R3POR

> R
3

PO + RO.

R3P0 + R.

R2POR + R

> R
2
(OR)POOR -> R2P(0)(OR) + RO.

R
2
P(0)(0R) + R

R2POR + RO. > (RO)2PR2

RP(OR)2 + R
RP(OR)2 Reactions:

RP(OR)2 + ROZ >R(OR)2100R --> RP(0)(OR)2 + RO.

RP(0)(OR)2 + R

RP(OR)2 + RP(OR)3

P(OR)3 Reactions:

P(OR)
3

+RO.
2

> ROOP(OR)3

P(OR)3 + RO. > ROP(OR)3

P(OR)3 + R

> (RO)3P(0) + RO.

> (RO)3P(0) + R

Figure 1. Mechanism of Autoxidation of Free Trialkylphosphines
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mechanism, trialkylphosphines react with peroxy or alkoxy radicals

formed either by intentional initiation or by reaction of accidental

alkyl radicals with molecular oxygen. The resulting phosphoranyl-

peroxy radical decomposes to form the phosphine oxide and an alkoxy

radical. The phosphoranyl radical, however, can decompose in

either one of two ways, forming phosphine oxide or phosphinite ester.

The latter, still containing a tervalent phosphorus atom, can react

further with peroxy or alkoxy radicals in the same manner to continue

the chain mechanism. This accounts for both the observed product

distribution and the effects of solvent polarity and of a radical inhibi-

tor on the rate.

Floyd and Boozer (1963) confirmed Bucker's results and further

noted the effect of azobisisobutyronitrile initiator on the autoxidation

kinetics. From their results the reactivity toward alkoxy and peroxy

radicals was inferred to be PR3 >R2POR >RP(OR)2 > P(OR)3. Simi-

lar studies by Plumb and Griffin (1963), and by Ogata and Yamashita

(1972) on the autoxidation of tertiary phosphites further demonstrated

the applicability of the free radical mechanism.

Although Walling and Rabinowitz (1959) introduced the concept

of phosphoranyl and phosphoranylperoxy radicals in the autoxidation

reaction, only recently have these intermediates been observed.

Using EPR, Davies et al. (1972) and Krusic et al. (1972) observed

the phosphoranyl and alkyl radicals formed during the photolysis of
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PEt3, Et
2
POEt, EtP(OEt)

2
and P(OEt)

3
with di-t-butyl peroxide.

Trigonal bipyramidal orbital hybridization was inferred for the

phosphoranyl intermediate. The first direct observation of phosphor-

anylperoxy radicals formed during autoxidation was made by Watts

and Ingo ld (1972). These investigators suggested that, in addition

to Buckler's mechanism, phosphoranyl radicals can themselves

react with molecular oxygen to form phosphoranylperoxy radicals

at conditions of low temperature and/or high oxygen concentration.

Finally, an interesting paper by Bentrude and coworkers (1973)

discusses the factors which determine whether a phosphoranyl rad-

ical decomposes to the phosphoryl or phosphine ester analog as

shown below:

RO>X ---> 0=PX YZ + R
RO + PXYZ --> ROP/Yp_s_x

> ROPYZ + X
Z

(X, Y, Z = R, OR)

The dominant decomposition pathway was seen to be determined by

the relative strengths of the R-0 and PX bonds and the steric con-

figurational stability of the phosphoranyl radical as influenced by the

substituents around the phosphorus.

D. Autoxidation of Coordinated Tertiary Phosphines

Of the several ways by which transition metal compounds may

function as catalysts in autoxidation reactions (Sheldon and Kochi,
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1973), one is the formation of intermediate dioxygen complexes.

These are usually formed by the reaction of d 7,
d

8, or d 10 complexes

with molecular oxygen in solution. These reactions can be described

as oxidative additions and, therefore, the formal oxidation state of

the metal increases and that of the dioxygen ligand is somewhat

reduced. Most complexes which bind molecular oxygen do so irre-

versibly on account of subsequent metal or ligand oxidation. How-

ever, a review by Wilkins (1971) discusses complexes, many of

biochemical significance, in which dioxygen is reversibly bound.

The structure and bonding in mononuclear transition metal

dioxygen complexes have been extensively reviewed by Valentine

(1973); two types have been demonstrated:

0/
M M-0\

\O
I II

Class I compounds are diamagnetic 1:1 adducts of dioxygen with

Group VIII transition metals of low oxidation states. Notable among

these are triphenylphosphine complexes of ruthenium, rhodium,

iridium, nickel, palladium, and platinum. The d 8 cobalt(I) complex

bis (P, P, P', P' -tetraphenylacetylenediphosphine)cobalt(I) tetrafluoro-

borate forms a dioxygen adduct of this type, whose structure has

been determined by Terry, Amma, and Vaska (1972). According
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to Choy and O' Conner (1972) the dioxygen compounds of this class

exhibit a characteristic 0-0 stretch at 800-900 cm-1. Their effec-

tiveness as autoxidation catalysts is due in part to the similarity of

the coordinated dioxygen to singlet dioxygen as indicated by the long

0-0 bond length and diamagnetic character usually observed. This

effectively reduces the high activation energy normally encountered

between singlet molecules and free (triplet) dioxygen because of the

problem of spin conservation. There is a single example of a para-

magnetic adduct thought to be of Class I structurally, and formally

containing singlet dioxygen pi-bonded to high-spin d7 cobalt(II)

(Willis, 1974).

Class II compounds are the paramagnetic 1:1 dioxygen adducts of

cobalt(II) complexes, typically of amino acids, dipeptides, and Schiff

bases. For low spin cobalt(II) Schiff base compounds, a strongly

coordinating axial ligand, e. g. , pyridine, is necessary in order to

enable these compounds to become oxygenated in solution. According

to a review by Henrici-Olive (1974) this is because the additional

ligand alters the orbital geometry of the complex bringing the unpaired

cobalt electron into an axial orbital and hence making it available for

bonding interaction with oxygen. The bent structure of Type II has

been confirmed by the X-ray structure determinations of Rod ley and

Robinson (1972), Calligaris, Nardin, Ramdaccio, and Tauzher (1973),

and Brown and Raymond (1975). The 0-0 distance in the resulting 1:1
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dioxygen adducts approximates that of a superoxide anion, and the

complexes formally contain low-spin cobalt(III) and a superoxide

ligand. This assignment has been confirmed by the EPR studies of

Hoffman, Diemente, and Basolo (1970).

The different dioxygen bonding modes involved in the two classes

can be explained by orbital symmetry considerations. According to

Mingos (1971) cobalt(II) complexes typically assume the bent bonding

mode because the highest occupied metal orbital has a symmetry

different from that of the oxygen acceptor orbital. The latter is a

pi-orbital whereas in the cobalt complexes the donating orbital (d
z

2)

has a sigma symmetry. The square planar complexes which typically

form class I compounds with dioxygen have the highest occupied

orbital (d ) of pi-symmetry with the resulting bonding interactionxy

involving both oxygen atoms. Here the 0-0 bond length and complex

stability respond to changes in the metal valance orbital energies.

For example, McGinnety, Payne, and Ibers (1969) found that for 02

adducts of the Vaska complexes, IrX(C0)(PPh3)2(02), the 0-0 bond

distance and the tendency to bind dioxygen both increase as the ligand

X becomes more basic. Vaska and Chen (1971) further noted that the

rate of oxygen addition to the complex IrCl(C0)(R3P)2 and the stability

of the resulting dioxygen adduct increased with increasing electron

donating ability of the substituent R.

Autoxidation of coordinated tertiary phosphines presumably
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proceeds by coordination of dioxygen to form an intermediate dioxygen

adduct followed by dissociative metal-assisted oxygen insertion. Free

radical initiators and inhibitors do not affect the rate of these reac-

tions. Birk, Halpern, and Pickard (1968) discussed this mechanism

for the platinum complex autoxidation catalysis of triphenylphosphine.

The intermediates were observed spectrophotometrically and the

proposed reaction sequence is as follows:

PtL3 + 02----> O2PtL2 + L (L=PPh
3)

/OL
NPt L LPt+ > -->

L/ N .' O NOL

PtL(OL)
2

+ 2L--->PtL
3

+ 201_,

Halpern and Pickard (1970) later found additional support for this

mechanism with kinetic oxygen uptake experiments.

Schmidt and Yoke (1971 ) have studied the autoxidation of co-

ordinated triethylphosphine. Dichlorobis(triethylphosphine)cobalt(II)

gave dichlorobis (triethylphosphine oxide)cobalt(II) stoichiometrically.

The reaction was first order in the starting complex and in oxygen,

and was not subject to free radical initiation or inhibition. Moreover,

the formation of triethylphosphine oxide as the sole organophosphorus

oxidation product proves that the triethylphosphine ligands remained

coordinated during the reaction. The following mechanism was
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suggested by the kinetic results:

CoC1
2.

2PEt
3

+ 02 ---> [0
2

CoC1
2 2PEt 3]

[0
2
CoC1

2.
2PEt 3] --->CoC1 (OPEt 3)2'

Although no direct evidence for the existence of the dioxygen inter-

mediate was obtained, the final oxygen insertion step assumed was

the same as that proposed by Halpern. Since a mixed triethyl-

phosphine-triethylphosphine oxide complex was observed spectro-

photometrically in partially autoxidized solutions an additional mech-

anism was proposed, i. e. ,

2CoCI 2 PEt
3.

OPEt
3

+ 02> 0
2
[CoC1

2
PEt

3' OPEt 3]2

02[CoC1
2

PEt
3

OPEt
3

] 2-->2C0C1 2*
20PEt

3

The formation of the oxygen bridged binuclear complex accounts for

the subsequent deviation from the pseudo-first order kinetics which

were observed in the first stages of autoxidation.

Many examples of oxygen bridged dinuclear cobalt complexes

exist. These 1:2 dioxygen adducts of cobalt(II) complexes have long

been known. Formally, they contain a peroxide ion bridging two

cobalt(III) centers, and may undergo one-electron oxidation to give

a bridging superoxy group. These complexes have been reviewed

by Sykes and Weil (1970), and Rohm and Nyman (1970) discuss

their structural and chemical properties.

Halpern and coworkers (1975) have recently examined the
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catalytic autoxidation of dimethylphenylphosphine where a binuclear

cobalt cyanide intermediate is involved. The mechanism proposed

was:

2Co(CN)
2'

3L + 0
2
--[Co

2
(CN)

4
L5(02)] + L (L =PMe2Ph)

[Co2(CN)4L5(02)] + 3L>2Co(CN)2' 3L + 20L.

The binuclear intermediate in this case is unusual in that the cobalt

atoms are bridged by cyanide anions rather than by dioxygen. The

latter was shown to be coordinated to one of the cobalt atoms in a

symmetric arrangement characteristic of Class I compounds.

Another example of autoxidation of an aliphatic tertiary

phosphine complex is provided by the work of Churchill, De Boer,

and Mendak (1975). They found that a solution of (Cu Cl PEt3)4 in

carbon tetrachloride-methylene chloride, when allowed to stand open

to the air, deposited a crystalline product characterized by X-ray

diffraction as Cu40C16(OPEt3)4. However, no stoichiometric or

mechanistic studies were done. Similarly, Cundy (1974) obtained

triethylphosphine oxide in 77% yield from the autoxidation of

Ni(PEt3)4, but the oxygen consumption observed was more than

required for the formation of nickel(II) oxide and triethylphosphine

oxide. This may be due to the formation of EtnP(0)(0E03-n mixed

products.

The majority of tertiary phosphine autoxidation catalysis studies
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have focused on triphenylphosphine. Several examples of catalytic

cycles are known involving complexes of different transition metals.

Wilke, Schott, and Heimbach (1967) examined the following mechan-

ism involving Ni( 0):

NiL NiL
2

+ 2L (L= PPh
3)

NiL
2

+ 02_> O2NiL2

O2NiL2 + 4L------>NiL
4

+ 20L.

The dioxygen intermediate was found to be stable below

Analogous reactions and compounds were observed for Pd(0) and

for Pt(0) by these workers and by Cook and Jauhal (1967). Similar

Ni(0) isocyanide dioxygen complexes (L=t-BuNC) have been isolated

by Otsuka and coworkers (1967). These were found to be intermedi-

ates in the autoxidation to the corresponding isocyanate (OL= t- BuNCO).

Noble metal complexes of triphenylphosphine can form stable

dioxygen complexes which can act as catalysts or intermediates in

autoxidation to triphenylphosphine oxide. Some examples (L=PPh 3)

mentioned in Valentine's review include: RuL
3
C12(02);

RuL
2

(NO)X(0
2

) X = CN-, NCS; RuL
2

(CNR)(C0)(0
2);

and

RhL
3
C1(02). In addition, the Vaska (1963) complexes IrX(C0)(PPh3)2

have been found to be effective catalysts. Takao and coworkers

(1970) found that the catalytic yield of triphenylphosphine oxide

increases for X = Cl <I <Br with a dioxygen intermediate being

involved in the mechanism.
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III. THEORY

A. The Evans NMR Method for Determination of
Paramagnetic Susceptibilities

The position of a proton resonance in the spectrum of a mole-

cule is dependent upon the bulk susceptibility of the medium in which

the molecule is found. A theoretical expression for this effect can

be derived using an analogous treatment introduced by Debye (1929)

for electric dipoles and extended by Dickinson (1951) to magnetic

polarization.

Consider a nucleus in some inert reference compound situated

in a magnetic environment induced by some paramagnetic complex

in solution. Assume that the sample is in a cylindrical tube (nmr

cell). The total volume of this sample can be divided into two regions

by defining a sphere around the reference nucleus within the sample.

This imaginary sphere is large enough to be of macroscopic dimen-

sions but small compared to the sample size.

If the sample is placed in a uniform magnetic field then the

nucleus at the center of the sphere experiences the field

Hs = H + I-1.
1

where H is the external applied field and H. is the field due to induced
1

magnetism in the region between the sphere and the outer sample

boundary. The material in this region has an intensity of
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magnetization -KsH where "Ks is the volume susceptibility of the

solution around the sphere. This magnetization can be replaced by

a hypothetical distribution of magnetic poles on the surface of the

sphere and on the outer sample boundary. This is because the actual

field experienced by the reference nucleus will depend on the magnetic

polarization on these two surfaces. The distribution on the sphere

gives a field
3
T K H and that on the outer surface -a -Ks H, where a

s

is the demagnetization factor dependent upon sample geometry. For

a cylindrical sample of length large compared to its radius, a = 21T,

a result which has been verified experimentally by Dickinson. The

total field acting on the nucleus then becomes

or

Hs = H + 4
T r H - 2ir-K

s
H

3 s

H
= 1 - 27-K .

H 3 s
(1)

This is the same expression derived by Pople, Schneider and

Bernstein (1959) for bulk susceptibility corrections.

If the same nucleus were placed in an environment of identical

geometry and solvent but devoid of paramagnetic solute, then

Ho

H 3
- 1 -Ko (2)

where Ho is the new field acting on the nucleus and -Ko is the volume

susceptibility of the solvent. Subtracting equation (1) from equation (4
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H - H
o s 27

3
(1< s --1<o)H (3)
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which relates the resonance field shift to the change in volume

susceptibility. This is consistent with work by Phillips, Looney,

and Ikeda (1957) on the nuclear magnetic resonance spectra of alco-

hols containing paramagnetic ions. Evans (1958) measured dioxane

shifts in the presence of known concentrations of Co+2 ions and

2Trdemonstrated the accuracy of the constant
3

To put equation (3) in terms of experimental quantities use is

made of the resonance condition

v = 27'

where y is the magnetogyric ratio and v is the resonance frequency.

Also, conversion to mass susceptibility is achieved using

X = d

where d is the density. Using these relationships equation (3)

becomes

v vs A v 27
v v

3 (x
s

d
s
-x

o
d

o
) (4)

where iv is the frequency shift of the proton resonance line of the
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inert reference compound due to the presence of paramagnetic solute

and v is the applied field frequency. Since the solution is composed

of solute and solvent components, the solution susceptibility can be

written

Xs = gX g (I)oX o
(5)

where x is the mass susceptibility of the solute and ci) and

are the gram fractions of solute and solvent, respectively. Substitu-

tion into equation (4) gives

v
=

23
[((l)gX.g +ci)c) X o)ds Xodo].

A unit analysis shows that

and

g solute
d - mg s soln

g solvent
hods

= ds - m.ml soln

(6)

After substitution and rearrangement of equation (6), one obtains

3,A v o s
)

.

Xg 2 vm + Xo + Xo
(d d

m
(7)

This is the equation given by Evans (19E9) for calculating the mass

susceptibility of a paramagnetic solute (e. g. a transition metal

complex) in solution from the observed proton resonance shift of

a suitable inert reference compound. Values of x were shown to
g
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agree well with those obtained by classical Gouy methods. This was

further demonstrated by Fritz and Schwarzhans (1964) and by Craw-

ford and Swanson (1 971) who also showed that values of x are solvent
g

independent in the absence of specific interactions. The Evans nmr

method has come into popular use for determination of paramagnetic

susceptibilities.

Equation (7) can be put in a more useful form by recalling that

the molar susceptibility equals the gram susceptibility times the

molecular weight,

Xm = x (MW).

If solute concentration is expressed as molarity, then

M. = 1000
(MW)M

The corrected Evans equation in molar form becomes

3

cor 30v (103)
+ MW )+

(do-ds)(10) - DC
X m

, 2T v, xo xo
M

(8)

where DC is the diamagnetic correction for the complex. The

experimental techniques associated with the use of this equation

are discussed in the experimental section.

Of the four terms on the right hand side of equation (8), the

first is dominant. In the use of this equation reported in the litera-

ture by previous workers, the second and fourth terms have



sometimes been included as minor corrections. The third term,

involving the density difference, has always been neglected. Flow-

ever, careful density measurements in this work have shown that

this term can be of comparable magnitude to the second and fourth

terms and should be included.

One great advantage of the Evans method is the ease with

which temperature variation studies can be done with a suitably

equipped nmr spectrometer. Values of x oc r are obtained over a
m

known temperature range. If the Curie-Weiss law applies,

and

cor
X m T - 6

P-eff = 2. 828[xcm
or

1
P-eff

)2 + A.so that T = cor '2. 828
Xm

Thus the magnetic moment fieff and the Weiss constant 8 can be

(9)

determined from the slope and intercept of a linear least squares

corfit of values of 1/x at different absolute temperatures T. Insofar

28

as the linear correlation coefficient is close to unity, the Curie-Weiss

law is applicable to the system under study. Equation (9) can be

then used to calculate x oc r at any temperature within the range
m

studied. Ostfeld and Cohen (1972) showed that in variable
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temperature studies using the Evans nmr method, one must take

into account the variation of solution concentration with temperature.

When this was not done, erroneous values of p.eff and 0 were obtained.

B. Determination of Equilibrium Constants
from Susceptibility Data

The Evans nmr method can be applied to the study of an equi-

librium system where reaction is accompanied by a change in spin

state. For the particular system under study here,

CoC1 2L + L'----
2

CoCI
2.

3L,
(A) (B)

the equilibrium constant can be expressed as

1
[ANL]

- KI =
Keq [B]

At equilibrium the total cobalt concentration

(10)

M = [B] + [A], (11)

and the free ligand concentration

[L] = CL - 2[A] - 3(M - [A]), (1 2)

where CL is the total ligand concentration present. In terms of

the solute mole fractions NA and NB (=1-NA),



30

[A] = NAM

[B] = (1 -NA)M

C
[L] - [ - 2NA - 3(1-N

A
)]M.

CL
Note that is just the ligand-cobalt mole ratio (MR) as determined

by initial solution preparation. Substitution converts expression (10)

to
N

A
M(MR+NA-3)K' -

1 NA

and a plot of the function

(1-NA)
MR + NA - 3 = K'

NAM
(13)

should give a straight line of slope K' and zero intercept. For an

equilibrium mixture of the two complexes, the observed molar sus-

ceptibility can be expressed

= N x c or
X

cor + Nxcor
mB.A mA Bmobs

Following Everett and Holm (1966) one can write

cor cor
X -X

NA - mobs mB
cor cor

X X
mA mB

where the susceptibility of the equilibrium mixture cor is
mobs

(14a)
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calculated from the observed A v values using equation (8). However,

in this case the values of MW and DC are weighted averages for the

unknown equilibrium mixture, i. e. ,

and

MW = NA
(MW)

A
+ NB(MW)B

DC = NA
(DC)

A
+ N

B
(DC) B

where NA and NB are not yet known. It is, therefore, necessary to

use the dominant first term of equation (8) to calculate a trial value

of NA by

AV -AV
obs

NA P v
A

- v
(1 4b)

This can be used to calculate trial values of MW, DC, and x cor

obs
An improved value of NA is then obtained from equation (14), and

reiteration is continued until NA becomes constant. The equilibrium

constant is obtained from the slope of a linear least squares fit of

the function of equation (1 3) using the refined NA values. The close-

ness of the intercept to zero and of the linear correlation coefficient

to unity serve as tests of the method.

C. Determination of Equilibrium Constants
from Spectrophotometric Data

To derive an expression for determining equilibrium constants

from spectrophotometric data, equations (10) and (11) can be
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[A] [L]
K1 = M - [A]

so that K' (M - [A]) - [A] [L] = 0.

Application of equation (12) leads to

K'M - K' [A] - [A]CL + 3[A]M - [A] 2 = 0,

which reduces to

[A] 2 + [A] (K' + CL - 3M) - MK' = 0.

Since this is the form of a quadratic,

form

[A]
-(K' + CL - 3M) ± [(K' + CL - 3M)

2
+ 4MK']2

2

For the present equilibrium system Beer's Law takes the

Abs = EA[A] + EB (M - [A])

= [A] (EA - EB) + EBM

Substitution with equation (16) yields

(15)

(16)

32

-(K' +C + 4MK'
Abs = {

2
} (6A

-EB ) + E BM (17)

The use of typical values shows the (+) sign must be taken. In this

expression the dependent variable F (the absorbance) is in terms of

known independent variables X(1) and X(2), 1. e. M and CL, and



adjustable parameters AP(1), AP(2), and AP(3) which are K', LA,

and £B respectively. A non-linear least squares program can be

used to fit this function to a set of values of the three experimental

variables by optimizing the values of the adjustable parameters.

In the present work, the Oregon State University Computer

Center Program CURVEFIT, *GENCURVE was used. For this

purpose, a subroutine FAILSAFE showing the variation of the

dependent variable, absorbance, with change in the adjustable

parameters was derived. Applying the simplification

Q = + CL - 3M

converts equation (17) to
1

Abs = {-Q + (Q2 +4MKI )2
(cA-E B

) +E
B

M.

This can be further simplified by letting

P= (Q2 + 4MK1)2

so that Abs = (P - Q
) (EA-EB) EBM.

The partial derivative of equatiOn (18) with respect to K' is

Since

8Abs (EA-eB) P Q

ax, 2 K' K'

aP
=

8K' P ax,{(K' +C - 3M) + 4M}

(18)
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and

then

aQ
8K'

aAbs (E A -E. B
) (K' + CL - M

8K' 2 \,
_ 1). (19)

From equation (18) the other necessary expressions are

and

aAbs P Q
R

a E
A

2

aAbs P QM - - M - R.
DEB 2

(20)

(21)
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These partial derivatives allow variation of the adjustable parameters

until the best fit is obtained between the calculated and observed

absorbance values by minimizing the sum of the squares of the

residuals. In the local computer system OS-3 the subroutine state-

ment is:

00001: SUBROUTINE FAILSAFE (X, AP, F, FP, II)
00002: DIMENSION X(10), AP(9), FP(9)
00003: Q=AP(1)+X(2)-3. VX(1)
00004: P=SQRT (Q*Q+4. 0*X(1)*AP(1))
00005: R=(P-Q)/2. 0
00006: F=R*(AP(2)-AP(3))+X(1)*AP(3)
00007: FP(1)=((AP(2)-AP(3))/2. 0)*((AP(1)+X(2)-X(1))/F-1, 0)
00008: FP(2)=R
00009: FP(3)=X(1)-R
00010: RETURN
00011: END
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IV. EXPERIMENTAL

A. Manipulative Techniques

All solvents were stored over Molecular Sieves and degassed

by subjection to vacuum prior to use.

The phosphorus esters, and their complexes and solutions,

were handled in a standard glass high vacuum line or under purified

nitrogen in a FORMA Model 3818 stainless steel dry box fitted with

a #3851 evacuable interchange assembly. The box atmosphere was

kept dry and oxygen-free by means of continuous circulation through

columns of Linde molecular sieve 13X and of BTS catalyst, a sup-

ported copper material developed by Badische Anilin and Soda-Fabrik

(Shriver, 1969, p. 198).

Reactions and distillations at atmospheric pressure were

conducted under nitrogen. Vacuum distillations were conducted

using a nitrogen bleed capillary. Reduced pressure was maintained

with a Cartesian diver manostat calibrated against a vacuum line

manometer. All boiling points are uncorrected.

B. Materials

1. Solvents

a. Nitrobenzene. Nitrobenzene, Reagent Grade, was succes-

sively washed with dilute sulfuric acid, aqueous sodium hydroxide,
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and water until neutral to litmus, and then treated with Drierite.

After stirring for several days with phosphorus pentoxide the nitro-

benzene was filtered off and distilled at a reduced pressure through

a Vigreux column, b. 87° /10 torr. The distillate was stored in an

opaque container.

b, t-Butylbenzene. t-Butylbenzene (Aldrich) was recovered

and reused throughout the work. The crude solvent was first dis-

tilled. It was then successively washed with dilute hydrochloric acid,

water, aqueous sodium hydroxide, and again with water until neutral

to litmus. After preliminary treatment with Drierite the solvent was

refluxed over molten sodium for several hours and then distilled at

atmospheric pressure through a Vigreux column, b. 166° . Purity

was checked by gas chromatography using SE 30 and Carbowax 20M

columns.

c. Other solvents. Chlorobenzene (MCB) and ortho-dichloro--

benzene (MCB) were both distilled from phosphorus pentoxide. Hex-

ane, Reagent Grade, benzene, Spectroquality Grade, and cyclo-

hexane, Spectroquality Grade, were all distilled from sodium ribbon.

2. Reagents

a. General. Anhydrous cobalt(II) chloride was prepared from

the hexahydrate (Mallinckrodt Reagent) by heating in a stream of

hydrogen chloride (Matheson). Anal. Calcd. for CoC12: Cl, 54. 61.
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Found: Cl, 54.50. Ethanol was distilled from magnesium ethoxide

using the method described by Fieser (1957). N, N-diethylaniline

(MCB) was distilled, b. 91° /10 torr. Tetraethyl lead was used as

received from the Ethyl Corporation.

b. Chlorophosphines. Phosphorus trichloride (B&A Reagent)

was distilled, b. 74° . Ethyldichlorophosphine was in part a research

sample from the Ethyl Corporation and in part prepared (64%, b. 111-

112° ) from phosphorus trichloride and tetraethyl lead using the pro-

cedure of Kharasch, Jensen and Weinhaus (1949). Diethylchloro-

phosphine was prepared (57%, b. 130-133° ) from ethyldichloro-

phosphine and tetraethyl lead according to Beeby and Mann (1951).

3. The Phosphorus Ligands and their
Phosphoryl Derivatives

Throughout the synthesis and purification of the tertiary

phosphorus esters and their complexes, infrared spectra of the

products were obtained and compared to those tabulated by Studer

(1972) to ensure the absence of hydrolysis or of Arbuzov isomeriza-

tion. Characteristic infrared frequencies have been reported

(Schmidt and Yoke, 1970) for the phosphoryl isomers. Also, pure

samples of the phosphoryl-containing oxidized derivatives of the

tertiary phosphorus esters were needed as reference standards in

autoxidation studies.
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a. Triethyl phosphite. Commercial triethyl phosphite (MCB)

was refluxed over molten sodium (which reacts with any diethyl

hydrogen phosphonate impurity) and distilled through a Vigreux

column; 31P nmr -142 (septet, J POCH
7. 4 Hz), b. 153° ; lit. b. 154-

155° (Mel'nikov, Mandel'baum, and Bakanova, 1958).

b. Diethyl ethyiphosphonite. Using a modification of the

procedure of Ford-Moore and Perry (1951), a mixture of 70. 0 g

(0. 534 mole) of ethyldichlorophosphine and 50 ml of hexane was

added dropwise with stirring to a mixture of 62. 4 ml (1. 068 mole)

of ethanol, 170. 2 ml (1. 068 mole) of N, N-diethylaniline, and 200 ml

of hexane at 0° . The reaction mixture was refluxed for three hours

and filtered. The N, N-diethylaniline hydrochloride precipitate was

washed with hexane. Hexane was removed from the combined filtrate

by distillation at 1 atm. and the resulting residue was distilled at a

reduced pressure through a Vigreux column to give diethyl ethyl-

phosphonite (7470); 1H nmr (neat) 6 1.28 (m), 3. 84 (m), b. 43° /15

2torr, n 1. 4215; lit. b. 35. 5-36. 5° /10 torr, 55-56° /32 torr,
D nD

20

1. 4212-1.4230 (Kosolapoff and Maier, 1972, Vol. 4, p. 363.

c. Ethyl diethylphosphinite. In the same manner, ethyl diethyl-

phosphinite was prepared (51%) from 22. 6 g (0. 182 mole) of diethyl-

chlorophosphine, 10. 6 ml (0. 181 mole) of ethanol, and 29. 0 ml

(0. 182 mole) of N, N- diethylaniline. The product had 1H nmr (neat) 6

25
1. 32 (m), 3. 94 (m), b. 65-66° /73 torr, 83-87° /151 torr, nD

1.4316;
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lit. b. 80-85° /15 torr, nD20 1. 4328 (Kosolapoff and Maier, 1972,

Vol. 4, p. 513). There is an obvious error in the boiling point listed

in Kosolapoff and Maier's compilation, which cites a paper of Razumov

and Mukhacheva (1956a); this paper, however, contains no such datum.

Other literature values, which are more reasonable in terms of the

value observed in this work, are 53° /70 torr (Sander, 1960) and

71-72° /105 torr (Arbuzov and Rizpolozhenskii, 1953).

d. Triethyl phosphate. Vacuum distillation was used to purify

practical grade (Eastman) triethyl phosphate, b. 87-88° /7 torr,

n D25 1. 4042; lit. b. 90° /10 torr, n D25 1. 4039 (Evans, Davies and

Jones, 1930).

e. Diethyl ethylphosphonate. Practical grade (Eastman) di-

ethyl ethylphosphonate was distilled at a reduced pressure, b. 79-80°/

10 torr, n D25 1. 4142; lit. b. 86° /12 torr (Schmidt and Yoke, 1970).

f. Ethyl diethylphosphinate. Ethyl diethylphosphinate was

prepared by the Arbuzov isomerization of diethyl ethylphosphonite

with ethyl iodide (Kosalapoff and Maier, 1972, Vol. 6, p. 14). The

reactants were refluxed for five hours to ensure completion of the

reaction,

EtP(OEt)2[Etil >Et
2

PO(OEt).

After removal of ethyl iodide on the vacuum line, the ethyl diethyl-

phosphinate was purified by vacuum distillation, b. 91° /12 torr,
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n D25 1. 4335; lit. b. 88-88. 5/10 torr, n D20 1. 4337 (Razumov and

Mukhacheva, 1956b).

4. Preparation of Dichlorobis (triethyl
phosphite )cobalt (II)

As described by Studer (1972), 0.846 g (6. 52 mmole) of

cobalt(II) chloride was allowed to dissolve in a benzene solution

containing 2. 193 g (13. 20 mmole) of triethyl phosphite over a period

of five days. Removal of the solvent and pumping to constant weight

left a blue-black solid, m. 58-60° ; lit. m. 59. 5-60. 5° (Studer,

1972). Anal. Calcd. for CoC1
2.

2P(OEt)
3

C, 31. 19; H, 6. 54.

Found: C, 31. 38; H, 6. 53.

A second form of this complex was obtained by dilution of a

0. 1 M cobalt (II) chloride solution in t-butylbenzene containing

added triethyl phosphite (ligand:cobalt(II) mole ratio 3. 0). Addi-

tion of solvent to the blue-green solution led to the formation of a

green supernatant and the deposition of blue black crystals, m. 92-

93, 95-96° . Anal. Calcd. for CoC1
2.

2P(OEt)
3:

C, 31. 19; H, 6. 54;

P, 13. 40. Found C, 31. 52; H. 6. 13; P, 13. 35.

C. Methods of Characterization of Materials

1. Analyses

a. Cobalt. Cobalt was determined by potentiometric
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back-titration of excess hexacyanoferrate(III) ion with standard

cobalt(II) chloride solution using a bright platinum electrode vs. a

saturated calomel electrode (Chirnside, Cluley, and Profitt, 1947),

Between 0. 20-0. 25 g of an accurately weighed sample of a cobalt

complex was dissolved in nitric acid and evaporated to dryness three

times on a steam bath. The resulting residue was dissolved in a

buffer consisting of 75 ml of concentrated aqueous ammonia and 75 ml

of an ammonium monohydrogen citrate solution (300 g/l). An aliquot

of standard . 05 M potassium hexacyanoferrate(III) solution was added

using a calibrated 25 ml pipet, and the back-titration with standard

cobalt(II) chloride solution was performed at 5° . The 0. 05 M

cobalt(II) chloride solution was standardized by gravimetric chloride

analysis.

b. Chloride. Chloride content was determined in part gravi-

metrically, and in part by potentiometric titration according to the

procedure given by Skoog and West (1969).

A 0. 05 M silver nitrate standard solution was prepared by

using an oven-dried Reagent Grade sample of the salt as a primary

standard.

c. Carbon, Hydrogen, and Phosphorus. Microanalyses for

carbon, hydrogen, and phosphorus were perfomed by Galbraith

Laboratories, Knoxville, Tennessee.
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2. Melting Points

Melting points were determined using a Laboratory Devices

Mel-Temp apparatus, and are uncorrected. Capillary melting point

tubes were loaded with the powdered solid sample in the dry box.

The tubes were capped with silicone putty and then sealed off with

a torch.

3. Index of Refraction

Refractive indices were measured with a Bausch and Lomb

Abbe'-3L Refractometer at a temperature of 25° maintained by a

Kahlsico constant temperature circulator. The measurements were

not made under a protective atmosphere.

4. Magnetic Susceptibility of Solid Dichlorobis(triethyl
phosphite)cobalt(II)

The paramagnetic susceptibility of a sample of the solid

dichlorobis (triethyl phosphite)cobalt(II) prepared according to the

second method described in Section II1B4 was determined at room

temperature using the Gouy method. An Alpha Model AL 7500 water-

cooled magnet controlled by an Alpha Model 7500 power supply was

used; the field strength was about 5 kilogauss. A Mettler Model

H-16 semimicro balance was used to measure the weight change. The

Gouy tube was calibrated with mercury(II) tetrathiocyanatocobaltate(II),
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as described by Stevens and Yoke (1970).

D. Determination of Liquid Densities as
a Function of Temperature

A dilatometer was constructed as shown in Figure 2. The stem

is that of a 1 ml pipet graduated in 0. 01 ml increments. In use the

tared dilatometer was disassembled and the bulb filled with a liquid

sample. The stem was inserted and the apparatus reweighed to de-

termine the mass m of sample used. The stem stopcock was attached

to a T-connection, one arm leading to a nitrogen source and the other

to a bubbler. The dilatometer bulb was immersed in a stirred oil

bath, the temperature of which was regulated by a Haake circulator.

As the bath temperature was varied the stem volume Vs was meas-

ured. The total volume is Vo + Vs, where Vo
is the bulb volume,

and the density at temperature t is given by

d=t V + V
o s

The dilatometer volume was calibrated using a weighed quantity of

freshly boiled distilled water, and Handbook of Chemistry and

Physics (1967) Tables of the absolute density of water as a function

of temperature. In determining unknown densities, typically 13

points were obtained in the temperature range 10-45° , with the

temperature controlled to ± 0. 1° (ASTM thermometer) and volumes
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Figure 2. Dilatometer Construction
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measured to ±0. 001 ml. The data were fitted to the equation

dt = a C

by linear least squares. Replicate determinations showed good

reproducibility, and satisfactory linear relationships were obtained

in the temperature range studied as indicated by the closeness of

the linear correlation coefficients to unity. In a test case, it was

found that the use of a more complex function, d = a bt + ct 2 did

not improve the fitting of the data significantly.

E. Solutions

Stock solutions of the complexes, typically 0. 1 M, were pre-

pared by weighing a known quantity of cobalt(II) chloride (±0. 0001 g)

in a volumetric flask which was then partially filled with solvent. The

volume of liquid ligand needed for the mole ratio desired in the final

solution was determined from knowledge of its density at the tempera-

ture of solution preparation. The quantity of ligand (and other liquid

solutes) required was measured volumetrically (±0. 02%) using

Gilmont #S3200A 25m1 Ultraprecision Micrometer Burets. The

resulting mixture was stirred magnetically until it appeared homogen-

eous. It was then filtered (fine glass frit) to remove traces of insol-

uble residue. The weights of such residues were determined and in

general found to be negligible. Additional solvent was added to the
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filtrate until the desired solution volume was obtained, and the

calculated concentration was corrected for undissolved cobalt(II)

chloride when necessary.

Aliquots of the stock solution, measured using the Gilmont

Ultraprecision Burets, were diluted in 5 or 10 ml volumetric flasks

previously calibrated by weighing distilled water at a known tempera-

ture. The variation of solution density with temperature was deter-

mined for these sample solutions. When these solutions were used

for nmr and spectrophotometric measurements, their concentrations

were recalculated to apply to the temperature of measurement.

F. Instrumental Methods

1. Gas Chromatography

An F and M Model 700 gas chromatograph run in the isothermal

mode was used to check the purity of solvents and ligands, and to

analyze the products of autoxidation. A six foot stainless steel

column packed with 20% Reoplex 400 on Chromosorb W gave complete

separation of the phosphoryl autoxidation products. A similar column

containing 10% SE-30 (methyl silicone gum rubber) on Chromosorb W

gave incomplete separation but was useful for identification by ob-

serving the change in peak intensity upon addition of an authentic

sample.



47

Quantitative analysis of autoxidation products was accomplished

on the Reoplex column by comparing the peak area ratios of product

and of ortho-dichlorobenzene as an internal standard. Peak area

ratios were determined by carefully cutting the peaks out of the

chromatogram and weighing. Standardization plots, obtained using

varying known concentrations of authentic samples of each organo-

phosphorus compound being determined and a constant concentration

of the internal standard, showed excellent linearity.

2. Infrared Spectra

Simple infrared spectra for assessment of purity were taken

on a Beckman IR8 spectrophotometer. More detailed spectra were

obtained using a Perkin Elmer 621 instrument. Neat liquids were

examined in an adjustable path length Barnes Demountable cell.

Spectra of neat oils and mulls were examined as films between sod-

ium chloride plates. In all cases the wavelength scale was calibrated

with the spectrum of polystyrene.

3. Visible Spectra

Visible spectra of solutions of the complexes were obtained

relative to neat solvent with a Cary 16 spectrophotometer. The cell

compartment was thermostatted with a Lauda K-4/RD variable

temperature circulator. During low temperature work the cell
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compartment was flushed with dry nitrogen to prevent fogging. Ab-

sorbance values at desired wavelengths were taken directly from the

spectrophotometer tape after calibration with neat solvent.

Quartz cells of 1 cm nominal path lengths were calibrated using

primary standard potassium dichromate in perchloric acid at pH 3. 0

according to Burke, Deardorff, and Bright (1971). The calibrated

1 cm cells were used to determine the slightly different extinction

coefficient of a more concentrated standard dichromate solution which

was then used to calibrate the 1 mm cells. Using this method the

following path lengths were obtained:

Cell Path Length (cm)

#1 (1mm) 0. 0959

#2 (1mm) O. 0952

#3 (1mm) 0. 0962

#4 (lcm) O. 9963

#5 (lcm) 1. 0005

4. Nuclear Magnetic Resonance

A Varian HA-100 spectrometer with C-6040 Variable Tem-

perature Controller was used for nmr measurements. The exact

measurement temperature was determined using methanol shifts.

Proton nmr spectra were taken relative to TMS contained in a

sealed capillary. 31P nmr spectra were taken relative to 85%
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phosphoric acid using the tube interchange method.

G. Determination of Paramagnetic Susceptibility
by the Evans NMR Method

1. Sample Cell

The nmr cell used for solution paramagnetic susceptibility

measurements was a Wilmad Precision No. 517 Coaxial Cell. A

movable glass spacer maintained coaxial alignment of the two tubes.

The sample solution containing the paramagnetic complex (and refer-

ence solute where necessary) was placed in the central tube by means

of a narrow dropping pipet. A flared-end capillary of TMS (instru-

mental lock) was inserted and the tube was capped with a Teflon

stopper. A solution devoid of paramagnetic complex but otherwise

identical was placed in the outer tube and the liquid levels made

equal. This resulting "triaxial" arrangement is shown in Figure 3.

The proton resonance spectrum of the inert reference was observed

for both solutions simultaneously, the two resonance peaks being

separated by Z\i)

2. Complex Solutions Employed

The frequency shift A v due to dichlorobis(phosphorus ester)-

cobalt(II) complexes was determined using 10-2 M solutions in nitro-

benzene containing 5.00 vol% cyclohexane as the inert reference
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solute. The ligand to cobalt(II) chloride mole ratio in these solutions

was 2. 00. For the dichlorotris(phosphorus ester)cobalt(II) complexes,

10-2 M cobalt(II) chloride solutions with added ligand in t-butylbenzene

were used. The Av of the t-butyl proton resonance of the solvent

was measured. As the mole ratio of ligand to cobalt(II) chloride was

increased, Av decreased due to the equilibrium shift from the quartet

to the doublet cobalt(II) species, leveling off at high mole ratios

where essentially all of the cobalt(II) was in the low spin form. The

mole ratios of ligand to cobalt(II) chloride used in measuring the

susceptibilities of the tris complexes were, 50. 0 for triethyl

phosphite, 10. 0 for diethyl ethylphosphonite, and 30. 0 for ethyl

dieth.ylphosphinite. In these cases, the cell reference chamber con-

tained solutions of ligand in t-butylbenzene matching the concentra-

tion of uncoordinated ligand in the sample solution.

3. Measurement and Use of Ay

Figure 4 shows a typical proton nmr shift observed for t-butyl-

benzene solutions. The resonance of the sample solution appeared

upfield from that of the reference solution. Similar shifts were

observed for cyclohexane in nitrobenzene solutions. A v was deter-

mined by measuring with a ruler the distance between the peak

maxima of the inert reference in the two solutions. This distance

was multiplied by a scaling factor (as determined by two frequency
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Figure 4. Typical t-Butlybenzene NMR Shift
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reference lines) to convert Av to frequency units. Values of L v

were measured to ±0. 01 Hz (reproducible to ±0. 04 Hz) at 5° intervals

in the range 11 -46° C. On occasion the observed resonance peak tips

were distorted due to instrumental or cell inhomogeneities. In this

case the peak was symmetrized by defining the center of gravity from

the main body of the peak.

Corrected paramagnetic molar susceptibilities were calculated

from the Av data using equation ( 8 ) . Values o f d
o

and ds were calcu-

lated at each temperature from the equations expressing the variation

of density with temperature. Values of xo used in this expression

included contributions from the solvent, reference, and ligand compo-

nents present. The diamagnetic susceptibilities of t -butylbenzene,

cyclohexane, and nitrobenzene were taken from the Handbook of

Chemistry and Physics (p. E-108 ff). Values of the diamagnetic

corrections for the complexes included diamagnetic contributions from

cobalt(II) and chloride (Lewis and Wilkins, 1960), as well as contri-

butions from the phosphorus esters. The diamagnetic susceptibility

of triethyl phosphite was taken from the Handbook, and those of

diethyl ethylphosphonite and ethyl dieth.ylphosphinite were calculated

by subtracting 4. 6 x 10-6 for each oxygen (Lewis and Wilkins, 1960)

removed from triethyl phosphite.

For equilibrium constant determinations, values of A 1) were

measured at 30° C for t-butylbenzene solutions of cobalt(II)
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concentration of 10-2 M with a varying phosphorus ester:cobalt(II)

mole ratio. The range of mole ratios employed was between the

extremes used in the bis- and tris-complex susceptibility studies.

Any diamagnetic contribution due to uncoordinated ligand in the

sample solution was compensated by including an equal concentration

in the reference solution.

Molar susceptibilities of the equilibrium mixtures of complexes

were calculated from A v data using equation (8), as described above.

The weighted averaging of complex molecular weights and diamagnetic

contributions, and the final calculation of equilibrium constants, was

accomplished as described in Section IIIB.

Similarly, equilibrium constants were determined over a

temperature range (11-46° C) using t-butylbenzene solutions of

phosphorus ester:cobalt(II) mole ratio 5 for triethyl phosphite and

3 for diethyl ethylphosphonite and ethyl dieth.ylphosphinite. The vari-

ation of equilibrium constant with temperature was established using

the integrated form of the Van't Hoff equation:

-A H° +A
S°

In K =
eq RT R

(22)

Using linear least squares to fit a plot of In Keq versus 1/T, the
o S°-Hslope (-L ) and intercept ) were obtained.

R R
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1. Apparatus
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The autoxidation apparatus most frequently used in this work

is shown in Figure 5. Reactant solutions were placed in the 50m1

pear-shaped flask and stirred magnetically. The stoppered auxiliary

flask neck allowed removal of samples with a syringe to monitor the

reaction progress. Temperature control was achieved by immersing

the flask in a suitable bath. Oxygen gas was dried by passing it

through a Drierite column and then through the frit at a rate of

v,25 ml per minute.

2. Autoxidation of Complex Solutions

t-Butylbenzene solutions of cobalt(II) chloride (0. 2-0. 3 M)

and added phosphorus ester (ligand:cobalt MR 3. 0), initially at room

temperature, were autoxidized. The flow of oxygen gas through

the solution was continued until the exothermic reaction had sub-

sided and the reaction mixture had cooled to room temperature. The

resulting autoxidized cobalt(II) complex was separated from volatile

solvent and uncoordinated organophosphorus components by distilling

them on the vacuum line. The isolated complex was further purified

by washing with several portions of n-hexane. The non-volatile

residue was then pumped to constant weight prior to infrared spectral
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characterization and analysis for cobalt and chloride. All the

organophosphorus material not bound in the non-volatile residue

was collected and combined to form a solution. A predetermined

amount of ortho-dichlorobenzene was added as an internal reference

standard and the solution was made to volume. Using gas chromatog-

raphy, qualitative analysis was done by matching retention times of

the components of this solution with those of authentic samples of

known compounds and by observing the increase in component peak

intensities upon addition of authentic samples. Quantitative analysis

was done by using working curves relating peak areas of these com-

ponents to the peak area of the internal standard.

Exhaustive autoxidations of 0. 05 M dichlorobis(phosphorus

ester)cobalt(II) complexes in nitrobenzene were done using the

apparatus described by Schmidt and Yoke (1971). The reaction

flask was immersed in an oil bath at 90-95° C and oxygen was

passed through the frit for two weeks. At the end of this time the

bulk of the solvent was removed by rotary evaporation. The autox-

idized complexes were isolated by pumping to constant weight on

the vacuum line, and then were characterized.

3. Autoxidation of Free Phosphorus Esters

The progress of exhaustive autoxidation of equimolar (0. 2 M)

solutions of the phosphorus esters and ortho-dichlorobenzene in
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t-butylbenzene was followed by gas chromatography. When the

reactant was completely consumed the nature and distribution of

the products were determined.

4. Kinetic Studies

Kinetic studies of the autoxidation of dichlorobis(diethyl ethyl-

phosphonite)cobalt(II) in t-butylbenzene were done at 1° C by main-

taining an ice bath around the reaction flask during autoxidation. The

positions of visible spectral peaks, and absorbance measurements,

were determined for samples removed after periodic time intervals.

Samples which were too concentrated were first diluted and kept in

an ice bath prior to spectral examination.
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V. RESULTS

A. General Remarks on Solutions of the Complexes

Blue or blue-green solutions (10-2-10-3M) of the dichlorobis-

(phosphorus ester)cobalt(II) complexes were prepared in nitrobenzene

from anhydrous cobalt(II) chloride and a solution of the phosphorus

ester (ligand:cobalt(II) mole ratio 2. 0). Dichlorobis(triethyl phos-

phite)cobalt(II) formed blue-green solutions in benzene and blue solu-

tions in chlorobenzene. Solutions in both of these solvents were found

to be unstable toward dilution. Studer (1972) also prepared benzene

solutions of the bis (diethyl ethylphosphonite) and bis(ethyl diethyl-.

phosphinite) complexes.

Solutions of the bis complexes alone could not be prepared in

t-butylbenzene. However, in the presence of additional phosphorus

ester (in the limit using neat phosphorus ligand itself as a solvent)

bright green solutions could be prepared in all these solvents as

further ligand coordination produced the tris()hosphorus ester) com-

plexes. The green solutions were very sensitive to oxygen, turning

blue on exposure to air. Nitrobenzene solutions containing excess

phosphorus ester slowly decomposed due to oxidation of free ligand

by the solvent, the rate of which was dependent upon the concentra-

tion of free ligand. This reaction was accelerated photochemically.

In t-butylbenzene, 10-2-10-3M solutions could not be prepared with
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a diethyl ethylphosphonite or ethyl diethylphosphinite:cobalt(II) mole

ratio below about 2. 8 and 2. 5, respectively. A triethyl phosphite

solution of mole ratio 3. 0 deposited solid bis complex upon dilution,

accompanied by a solution color change from blue to green. Dilution

of cobalt(II) chloride-diethyl ethylphosphonite solutions of low mole

ratio to below 10-3M similarly produced insoluble residue.

B. Densities as a Function of Temperature

Dilatometrically measured densities as a function of tempera-

ture of the pure phosphorus esters, the solvents, and the solutions

of the complexes used in the spectrophotometric and nmr studies

are presented in Table 2. The errors shown are one standard devia-

tion of the slope and intercept in the linear regression.

C. Spectrophotometric Results

Structured absorption in the 600-700 nm region was observed

in the visible spectra of solutions of dichlorobis(triethyl phosphite) -

cobalt(II) in chlorobenzene (Figure 6) and nitrobenzene (Figure 7).

Solutions containing significant amounts of the tris complex showed

a less structured absorption in the same region as well as a more

intense absorption at 438 nm which increased dramatically as the

triethyl phosphite:cobalt(II) mole ratio was increased above 2. In

less polar solvents such as benzene (Figure 6) the visible spectrum
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Table 2. Densities
a as a Function of Temperature, d (g/ml) = a - bt° C

Pure Ligands a
4

10 b

Linear Correlation
Coefficient

P(OC2H5 )3 (L1) . 97431. 0002 10. 411. 08 . 9996

C H P(OC H ) (L2) 92181. 0002 9.811.06 . 9996
2 5 2 5 2

(L3 `,(C2H5 )2POC2H5 . 8651+. 0001 9. 31±. 06 . 9997

Solvents

. 8824+. 0001 8. 00+. 03 . 9998t -Butylbenzene (S1)

Nitrobenzene + 5. 00
vol % Cyclohexane (S2) 1. 2012+. 0002 9. 421.05 . 9996

Solutions

4700 M Li in S1 .8906+. 0003 7. 911. 10 . 9991

. 0700 M L2 in S1 .8820±. 0001 7. 731. 03 . 9999

. 2700 M L3 in Si .. 88091. 0001 7. 97±. 03 .9999

01000 M CoC1
2

+ . 05000 M Ll in S1 . 8852+. 0001 7. 92±. 04 . 9999

5000 M Ll in S101000 M CoC1
2

+ .8930+. 0004 8. 20+. 13 . 9984

. 03000 M L2 in S101000 M CoC1
2

+ . 8831+. 0001 7. 91+. 02 . 9999

1000 M L2 in S101000 M CoC1
2

+ . 8837+. 0001 7. 79±. 03 . 9999

01000 M CoC1
2

+ .02505 M 13 in S1 .8837+. 0001 8.08 +. 03 . 9999

01000 M CoC1
2

+ . 3000 M L3 in S1 .88221.0001 7. 961.04 . 9998

01000 M CoC1
2

+ . 02000 M Ll in S2 1. 20221. 0001 9. 50+. 04 . 9998

01000 M CoC1
2

+ .02000 M L2 in S2 1. 20131. 0001 9. 521.03 . 9999

01000 M CoC1 + . 02000 M L3 in S2 1. 20171.0001 9. 58+. 04 . 9999.
2

(a) Errors shown are one standard deviation of the slope and intercept in the linear regression.
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shows the presence of the tris complex even when the triethyl

phosphite:cobalt(II) mole ratio is less than stoichiometric.

The visible spectra (Figure 8) of nitrobenzene solutions of

dichlorobis(diethyl ethylphosphonite)cobalt(II) similarly showed an

increase in the 430 nm absorbance in the presence of additional ligand

although the resulting solutions were unstable. In t-butylbenzene

the visible spectra of cobalt(II) chloride solutions containing pro-

gressively increasing concentrations of diethyl ethylphosphonite

(Figure 9) or of ethyl diethylphosphinite (Figure 10) reached a limit-

ing absorbance at 435 and 456 nm, respectively. This corresponded

to the complete conversion of all the cobalt(II) to the tris form.

Table 3 gives the spectral data obtained in this work for the

complexes in various solvents. Where extinction coefficients are

reported, Beer's Law was shown to apply over a range of concentra-

tions. By varying the phosphorus ligand:cobalt(II) mole ratio at a

fixed cobalt(II) concentration, isosbestic points (I. P. ) were observed

for the equilibrium systems:

CoC1
2.

2L + 1_,---'(7----:,.: CoC1
2.

3L.

D. Molar Paramagnetic Susceptibilities of the Complexes

In the Tables in Appendix I are presented values of Av meas-

ured in the temperate range 11-46° for the dichlorobis(phosphorus

ester)cobalt(II) complexes (10-2M) in nitrobenzene/cyclohexane
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Table 3. Electronic Spectral Data for the Complexes k , nm.(E)

Solvent

Nitrobenzene

CoC1
2'

2P(OEt)
3

I. P. CoC1
2

3P(OEt)
3

708a(276), 715(210) b. c, 655(500),

678(348), 586(553),

655(305), 438(502)

633a(247),

586(325),

535a(174),

428a(97)

t-Butylbenzene d, 602(470),

438(960),

34 2(2800)

Benzene c, 650a, 613, g, 597(477),

584, 438, 438(979),

343a 343(3050)

Chlorobenzene c679(286), d602, 434

654(279),

632a(252),

582(312),

360(568)

Triethyl Phosphite

Nitrobenzene

602(385),

438 (855)

CoC1
2.

2EtP(OEt)
2

CoC1
2.

3EtP(OEt)
2

667(281), 605(170) 667a(260),

617a(186), 654(285),

591a(144), 591(342),

430(152) 430(906)



Table 3. (Continued)

Solvent

t-Butylbenzene

CoC1
2'

2EtP(OEt)
2

CoC1
2'

2Et 2POEt

I. P.

69

CoC1
2.

3EtP(OEt)
2

700(220) e, 620(527),

435(1130)

CoC1 2'3Et 2
POEt

t-Butylbenzene 722(270) f, 675a(430),

620(504),

456(984)

(a) Shoulder.

(b) Limiting spectrum, mole ratio 571.

(c) Spectrum taken rapidly on fresh unstable solutions.

(d) Limiting spectrum, unspecified large excess of ligand.

(e) Limiting spectrum, mole ratio 10.

(f) Limiting spectrum, mole ratio 30.

(g) Limiting spectrum, mole ratio 101.
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solution, and the dichlorotris(phosphorus ester)cobalt(II) complexes

(10-2M) in t-butylbenzene solution. In addition, other quantities

needed for the calculation of the corrected molar susceptibilities,

employing equation (8), Section IILA, are tabulated. A calculation
c o rrusing linear least squares of the variation of 1/x with absolute

temperature yielded the effective magnetic moments and Weiss con-

stants of the complexes. These are summarized in Table 4.

Table 4. Magnetic Parameters for the Complexes in Solutions

Complex ileff, B. M.

Weiss
Constant

0

Curie Weiss
Law Linear
Correlation
Coefficient

CoC1
2'

2P(OEt)
3

4. 23±. 22 -78±40 . 9678

CoC1
2.

2EtP(OEt)
2

4. 48±. 12 +3±16 . 9916

CoC1
2.

2Et
2

POEt 4. 66±. 03 -16±4 . 9995

CoC1
2'

3P(OEt)
3

2. 03±. 04 +9±12 . 9954

CoC1 2' 3 E t P ( OE t )
2

2. 04±. 03 -34±10 . 9972

CoC1
2'

3Et
2

POEt 2. 48±. 09 -159±34 . 9841

(a) Errors shown are based on one standard deviation of the slope
and intercept in the linear regression. The bis complexes
were studied in nitrobenzene + 5% cyclohexane. The tris com-
plexes were studied in t-butylbenzene.
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E. Equilibrium Constants from NMR Susceptibility Data

The determination of equilibrium constants at 30' was made

using t-butylbenzene solutions of cobalt(II) chloride (10-2M) contain-

ing added ligand such that the phosphorus ester:cobalt(II) mole ratio

encompassed the following ranges: 5. 000 to 10. 00 with triethyl

phosphite, 2.813 to 3. 400 with diethyl ethylphosphonite, and 2. 505

to 6. 059 with ethyl diethylphosphinite. Values of Lv observed and

other quantities needed in the Keq
calculations as described in Sec-

tion IIIB are presented in the Tables of Appendix II. For the triethyl

phosphite and ethyl diethylphosphinite systems, initial trial values of

NA were calculated from the shift difference ratio equation (14b).

For the diethyl ethylphosphonite system, initial NA values were calcu-

lated using the susceptibility difference ratio equation (14a), where

cor
XMobs

was estimated by using only the first term of equation (8).

Section III describes these and the other equations required in the

calculations. In all systems the initial NA values were used to

calculate trial weighted average values of MW, DC, and, in turn,

improved values of x,,,,.cor Reiteration was complete when values
Mobs

of NA, calculated from the susceptibility difference ratio, became

cor cor
constant. The values of xi,,, and x,,, (both at 30° ) needed for this

ivIA ivi-13

calculation were obtained using equation (9) and the data of Table 4.

The equilibrium constant values reported in Table 5 were obtained
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by linear least squares fits of the function of equation (13): in all

cases the intercepts were zero within one standard deviation.

Table 5. Equilibrium Constants from NMR Shift Data

CoC1
2.

2L + L r CoC1 2. 3L in t-butylbenzene

Ligand (30°) Intercept
Linear Correlation

C, rf icient

P(OEt)3 (2 061. 19) x 102 172 1. 415 9749

EtP (0E02 (4. 81±. 44) x 103 , 0201 021 , 9583

Et
2
POEt (4, 971 .12) x 102 . 0201. 028 . 9970

(a) The errors shown are based on one standard deviation of the slope and intercept in the least
squares fit.

F. Thermodynamic Parameters from NMR Shift Data

NMR shift data obtained for t-butylbenzene solutions of cobalt(II)

chloride (10-2M) with added ligand (fixed mole ratio 3) are also shown

in the Tables of Appendix II. In this case Keq values were determined,

as previously described, at various temperature points in the range

11-46° for a single mole ratio in each system. A linear least squares

fit of the data to equation (22) Section IVG3 produced the thermo-

dynamic parameters summarized in Table 6.
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Table 6. Thermodynamic Parameters from NMR Shift Dataa

CoC1
2.

2L + L CoC1
2'

3L

Ligand A Ho, Kcal/mole A S°, cal/mole deg
Linear Correlation

Coefficient

P(OEt)3 -5. 88 ± . 26 -8. 85 . 9953

EtP (0Et) -8. 57± . 10 -11. 87±. 34 . 9996
2

Et2 POEt -13.88k. 22 -33. 17±.73 9992

(a) The errors shown are based on one standard deviation of the slope and intercept in the least
squares fit.

G. Equilibrium Constants from Spectrophotometric Data

1. Complexes in t-Butylbenzene at 30°

Spectrophotometric absorbance measurements made in the

cobalt(II) chloride-diethyl ethylphosphonite and ethyl diethylphosphinite

equilibrium systems in t-butylbenzene at 30° are tabulated in Ap-

pendix III. Since the dichlorobis (phosphorus ester)cobalt(II) com-

plexes are relatively insoluble in t-butylbenzene it was necessary to

study solutions in which the phosphorus ester:cobalt(II) mole ratio

was well above 2. 0. This produced solutions containing cobalt

mostly in the form of the tris complex. Also the extinction coeffici-

ents of the bis species were unknown. Raising the phosphorus ester:

cobalt(II) mole ratio to high levels where the growth of spectral fea-

tures reached a limiting value provided a good estimation of the
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extinction coefficients of the tris complexes.

Using the matrix rank method of Coleman, Varga, and Mastin

(1970), it was first established that the absorbance data at several

wavelengths were accounted for by an equilibrium involving two

absorbing species only. When this is the case then for a series of

solutions of varying ligand:cobalt(II) mole ratio,

2
A

T
- AR1 = E (AT - AR ).

In this expression AR is the absorbance of some reference solution

and AT that of a test solution. X.
1 2

and k are the wavelengths of

absorbance measurement and e is a constant (ratio of extinction

coefficient differences). Thus a plot of (AX.
- AR`, ) versus

X.

(AT1 - A R1) should give a straight line, of slope e and zero inter-

cept. In this work k
1

was chosen to be the wavelength of maximum

absorbance change with increasing phosphorus ester concentration,

and AR the absorbance of the solution of lowest ligand:cobalt(II) mole

ratio. The matrix rank plots obtained for the diethyl ethylphosphonite

and ethyl diethylphosphinite systems (shown in Figures 11 and 12)

confirm that only two interconvertible absorbing species are in-

volved. This is also supported by the observation of an isosbestic

point in each system.

Equilibrium constants were calculated from the absorbance



O. 300

0. 200

A435 -A435
T R

0.100

X. =620 \ = 520

IIIIIIIIIIIIII
0 0.100

A\ -AX`
T R

75

Figure 11. Matrix Rank Analysis Plot for CoC12+ EtP(OEt)2
in t-Butylbenzene



O. 600

O. 500

O. 400

A456- A456
T R

O. 300

0. 200

0. 1 00

= 532 =675

0. 100 0. 200 0. 300

Ak - Ak
T R

76

Figure 1 2. Matrix Rank Analysis Plot for CoC12 + Et2POEt
in t-Butylbenzene



77

data (in the same mole ratio ranges employed in the nmr shift studies)

using the non-linear least squares procedure described in Section MC.

Initial estimates of the values of the adjustable parameters were

optimized by a preliminary round of calculations in which the extinc-

tion coeffiCients of the tris complexes ( £ B
) were held fixed. The

final results, in which all parameters were allowed to vary, are

summarized in Table 7.

2. Complexes in Nitrobenzene at 20°

Also shown in the Tables of Appendix III are the spectrophoto-

metric data for the cobalt(II) chloride-triethyl phosphite and diethyl

ethylphosphonite equilibrium systems in nitrobenzene at 20° . Meas-

urements with the phosphonite ligand were made difficult by the in-

stability of the solution when the ligand:cobalt(II) mole ratio was

greater than 2. In the triethyl phosphite system this problem was

compounded by the fact that a substantial excess of free ligand was

needed to produce significant spectral changes. A lesser experi-

mental effort was made here in that the spectrophotometric cells and

volumetric flasks were not calibrated and no concentration correction

was made for the variation in solution density from the temperature

of solution preparation to that of measurement.

In calculating Keq
from the NLLS program the adjustable

parameters for the triethyl phosphite system were optimized by
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holding EA fixed in the initial estimation and allowing all parameters

to vary in the final run. In the diethyl ethylphosphonite system, how-

ever, LB was held fixed in the final run because when all parameters

were allowed to vary the program failed to converge satisfactorily.

The results for both systems in nitrobenzene are also shown in

Table 7.

Table 7. Equilibrium Constants from Spectrophotometric Dataa

Ligand nm E E
A

Ke
q

' RPDb

CoC1
2'

2L + L CoC1
2'

3L in t-butylbenzene at 30°

EtP(OEt)2 435 . 01±134 1188± 32 (8. 4 3. 3)x103 S. 2

EtP(OEt)2 620 316±22 554± 5 (7. 7+ 2. 4)x10
3

2. 1

Et2 POEt 456 20 ±21 1005± 19 (2. 91 0. 4)x102 1. 3

Et
2
POEt 675 7910 454 ±7 (4. 21 O. 6)x102 1.3

CoC1
2'

2L + L CoC1
2.

3L in nitrobenzene at 20°

P(OEt)3 428 89 ±5 636± 28 (2. 8± 0. 4)x10° 8. 7

P(OEt)3 438 57±6 759 ±51 (2. 1± O. 3)x10° 10.5

EtP(OEt)2 430 135±5 906c (1. 4± 0. 1)x102 2.3

EtP(OEt)2 591 145±3 342c (6. 9± 0. 7)x102 1.1

(a) Errors shown are one standard deviation.

(b) Mean relative percent difference. This is the mean of { I Abs (calc) - Abs(obs)I /Abs(obs ) }x 100%
for each point.

(c) B held constant. When all parameters were allowed to vary, the NLLS program failed to con-
verge satisfactorily.
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H. Exhaustive Autoxidation of the Free Phosphorus Esters

1. Triethyl Phosphite

An equimolar (0. 2M) solution of triethyl phosphite and ortho-

dichlorobenzene in t-butylbenzene was saturated with oxygen for two

days. Even with prolonged heating at 60° autoxidation did not occur

and, by using gas chromatographic analysis, no phosphoryl products

were detected.

2. Diethyl Ethylphosphonite

Autoxidation of an equimolar (0. 2M) solution of diethyl ethyl-

phosphonite and ortho-dichlorobenzene in t-butylbenzene was rapid.

After approximately one hour all of the phosphonite ester was con-

verted to a mixture of diethyl ethylphosphonate and triethyl phosphite

as identified by gas chromatography. The observed product distri-

bution is shown in Table 8.

3. Ethyl Diethylphosphinite

Autoxidation of this ester and an equimolar (0. 2M) concentra-

tion of ortho-dichlorobenzene in t-butylbenzene solution was slow

requiring approximately five days with prolonged heating at 60° .

The products of the reaction included ethyl diethylphosphinate and

diethyl ethylphosphonate distributed as shown in Table 8. Triethyl
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phosphite was also identified in the gas chromatogram at low attenua-

tion but was not in sufficient quantity for quantitative determination.

Table 8. Free Phosphorus Ester Autoxidation Products

0. 2M in t-Butylbenzene with Added o-Dichlorobenzene.
Autoxidation Mole Percent

Reactant Products Distribution

P(OEt)
3

No Reaction -

EtP(OEt)2 EtP0 (0E02 64

P(OEt)3 36

Et
2
POEt Et

2
PO(OEt) 85

EtP0 (0E02 15

P(OEt)3 trace

I. Exhaustive Autoxidation of Complexes in Solution

1. Phosphorus Ester:Cobalt(II) Mole Ratio 3
in t-Butylbenzene

Autoxidation of green solutions of phosphorus ester:cobalt(II)

chloride mole ratio 3. 00 in t-butylbenzene (initially at room tempera-

ture) proceeded exothermically to produce bright blue solutions within

approximately one hour. The resulting autoxidized complexes were

separated from volatile components on the vacuum line. Pumping to

constant weight left fluid blue oils of the corresponding ethyl phos-

phoryl complexes of cobalt(II) as shown in Table 9.
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Table 9. Coordinated Phosphorus Ester Autoxidation Products

Phosphorus Ester:Cobalt(II) Mole Ratio 3 in t-Butylbenzene

Uncoordinated
Ligand Complex Product Product'

P(OEt )3 CoC1
2

(OP(OEt)
3)2 OP(OEt)3 : 100%

EtP (0Et )2 Co C12 (OPEt(OEt)
2)2

OPEt(OEt)
2:

100%

Et2 POEt Co CI
2

(OPEt
2(0E0)2 OPEt

2(0E0:
64%

OPEt(OEt)2: 36%

(a) Product distribution in mole percent.

Analysis of the residual oils for cobalt and chloride is summar-

ized in Table 10 and is seen to agree satisfactorily with the theory

that the oxidation product is solely the cobalt(II) chloride bis complex

of the phosphoryl analogue of the initial tervalent phosphorus ester.

Table 10. Analysis of Phosphoryl Complexes of Cobalt(II) Obtained from Exhaustive Autoxidation
in t-Butylbenzene

Cobalt (%) Chloride (%)
Product Complex WPD

a
Theory Found Theory Found b

CoC1
2

(OP (0E03 )2

Co C12 (OPEt (0E02)2

CoC12(OPEt
2
(0Et))

2

0.

-0.

0.

6

08

2

11.

12.

13.

93

75

70

11.

12.

13.

56±.

40+.

64+.

14

10

08

14.35

15.34

16.48

14.

15.

16.

22±.

21+.

35+.

02

01

02

(a) Final weight percent deviation from theoretical expected weight, i. e.,

w (final) - w (theory)
WPD x 100%.

w (theory)

(b) By potentiometric titration.
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Infrared spectral features of the neat oils are tabulated in

Table 12 and compare well with those observed by Schmidt (1970)

for authentic samples of the pure phosphoryl complexes.

The t-butylbenzene solvent and uncoordinated organophosphorus

products separated from the cobalt complexes were combined with a

known concentration of ortho-dichlorobenzene reference. Quantita-

tive gas chromatographic analysis gave the distribution of uncoordinat-

ed organophosphorus products listed in Table 9.

2. Phosphorus Ester:Cobalt(II) Mole Ratio 2
in Nitrobenzene

Nitrobenzene solutions with a phosphorus ester:cobalt(II) chlor-

ide mole ratio of 2.000 were kept saturated with oxygen while heating

at 90° for two weeks. The resulting solutions were green or blue-

green in color. Removal of most of the solvent left a viscous dark-

blue oil for the triethyl phosphite system, and viscous dark-green

oils for the diethyl ethylphosphonite and ethyl diethylphosphinite

systems. Pumping of the residual oils to constant weight was made

difficult by the low vapor pressure of the nitrobenzene solvent. To

overcome this, the flasks containing the products were warmed by

immersion in a water bath (40-50° ) during the pumping process. The

final product weights were usually not stoichiometric for the expected

bis phosphoryl compounds, and analysis for cobalt and chloride was



Table 11. Analysis of Dichlorobis(Phosphorus Ester)Cobalt(II) Complex Autoxidation Products in
Nitrobenzene

Possible Autoxidized
Cobalt (%) Chloride (%)

Initial Complex Product Complex WPDa Theory Found Theory Foundb
CoC12(0P(OEt)3)2 -27.8 11. 93 14. 35

CoC1
2'

2P(OEt)
3

16. 24±. 07 11. 33

Co(02P(OEt)2)2 -2. 3 16. 14 0

CoCI
2
(OPEt(OEt) 2)2 -15. 8 12. 75 15. 34

CoC1
2' 2EtP(OEt)

2 14. 13±. 19 14. 35±. 04
Co(O2PEt(OEt))2 16. 5 17. 69 0

CoC1
2

(OPEt 2(0E0)2 -0. 3 13. 70 16. 48
CoC1

2
2Et

2
POEt 13. 16±. 16 13. 92±. 03

Co(0
2
PEt

2)2 42. 5 19. 57 0

(a) Final weight per-o.ent deviation from theoretical expected weight (assuming 100% yield of the postu-
lated product), i. e. ,

WPD = w(final) - w(theory) x 100%.w(theory)

(b) By gravimetric chloride analysis.



Table 12. Infrared Spectral Data for Complex Autoxidation Products

Complex and Wave- Found Found
Assignmentsa numb era t-Butylbenzeneb Nitrobenzeneb

CoC1 2 20P( OEt)
3

P=0 Stretch 1227s 1225s, br 1195s, br
P-0-Et 1163s 1162s 1165s
P-O-Et 1099m 1099m
P-0- C 1031vs, br 1025vs, br 1031vs, br
P-0- C 982s 985s

CoC1 20PEt(OEt)
2' 2

P=0 Stretch 1182s 1170s, br 1160s, br
P-0-Et 1095m 1096m 1097w

P-O-C 1053s 1053s 1052s, sh

P-O-C 1013s 1016vs 1021vs, br
P-O-C 965m 971m 969m

Co C12. 2OPEt2( OEt)

P=0 Stretch 1136s, br 1138s, br 1132s, br
P-0-Et 1096w 1098w 1100w, sh
P-0- C 1042s, sh 1050s, sh 1050s, sh
P-O-C 1021s 1028s 1026s

Co. 202P( OEt)
2

Anti-sym P02 1178s 1195s, br
Sym P02 1112s 1108s

P-0- Et 1087s 1090s, sh

P-0- C 1048s, br
P-0- C 970s 970m

Co 202P Et(OEt)

A nti-sym P02 1148vs

Sym P02 1078vs

P-0- Et 1101vs
P-O-C 1050vs

P-0- C 958s

Co 20 PEt
2 2

Anti-sym P02
Sym PO;

1119vs
1052vs

1160s, br

962m, sh

84

(a) As tabulated by Schmidt (1970).
(b) Solvent in which the autoxidation reaction occurred.
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less than satisfactory. A summary of the results of analysis is

shown in Table 11 and the infrared spectral data are given in Table 12.

J. Preliminary Kinetic Study of the Autoxidation of
Dichlorotris(diethyl ethylphosphonite)cobalt(II)

in t-Butylbenzene

The autoxidation of a solution having a diethyl ethylphosphonite:

cobalt(II) chloride mole ratio of 3. 000 in t-butylbenzene proceeded

rapidly at room temperature, with changes in the visible spectrum

as shown in Figure 13. The final complete loss of absorption in the

438 nm region allowed the study of autoxidation kinetics by spectro-

photometric measurements.

A 10-2M solution of cobalt(II) chloride with added diethyl ethyl-

phosphonite (ligand:cobalt(II) mole ratio 3. 000) in t-butylbenzene

was autoxidized at 1° . Samples were withdrawn at periodic intervals

and absorbance measurements were taken. After approximately one

hour of autoxidation the rate of absorbance loss at 438 nm decreased

sharply. The cold solution remained green. Upon warming to

room temperature the solution turned blue with an additional decrease

in absorbance at this wavelength. A sample of the green autoxidized

solution was completely degassed on the vacuum line while keeping

the sample immersed in an ice bath. Upon warming to room temper-

ature the solution still turned blue.
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A more concentrated solution (0. 5M) with the same ligand:co-

balt(II) mole ratio was similarly autoxidized at 1° . With a syringe,

0. 1 ml aliquots were removed at periodic time intervals and diluted

to 5 ml in volumetric flasks which were immersed in the ice bath

until spectrophotometric measurements were taken. After 3 1/2

hours of oxygen saturation the cold reaction solution assumed a blue

coloration and spectral examination indicated that the limiting absorb-

ance had been reached. When the solutions prepared from the aliquots

taken during the first hour of autoxidation were allowed to warm to

room temperature they retained their green coloration.

The assumption of pseudo-first order kinetics under conditions

of constant oxygen concentration such that

rate = k[Complex] [02] = k' [Complex],

as was found by Schmidt for the autoxidation of dichlorobis(triethyl-

phosphine)cobalt(II), leads to the expression

1
A

°
-A

k' = 1t n At - Aco).

Here t is the reaction time, A
o

the initial absorbance at t = 0, At

the absorbance at time t, and A the limiting absorbance when
co

autoxidation is complete. A plot of t against the logarithmic term

was made for the data from both of the solutions described above,

and is presented in Figure 14.
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VI. DISCUSSION

A. Spectra and Magnetism of the Complexes

1. CoC12 2EtnP(OEt)3-n Complexes

The visible spectra of chlorobenzene and nitrobenzene solutions

of dichlorobis(triethyl phosphite)cobalt(II), Figures 6 and 7, and of

nitrobenzene solutions of dichlorobis(diethyl ethylphosphonite)cobalt II,

Figure 8, are typical of pseudo-tetrahedral high-spin coblat(II) com-

plexes. This conclusion is supported by the values of the observed

solution magnetic moments, in the range 4. 2-4.7 B. M. , for the bis

complexes of the three ligands studied in this work. The spectropho-

tometric observations are in complete agreement with those obtained

by Studer (1972) for nitrobenzene solutions of the same complexes.

However, Studer's magnetic moment measurements on the pure

complexes using the Gouy method gave values significantly lower,

3. 5 and 3. 4 B. M. , for the phosphonite and phosphinite bis complexes

respectively. This was attributed to the formation in the condensed

state of some low-spin tris complex even at mole ratio 2. 0, by the

reaction

,-4CoC1 -----2L"------2CoC1
2

3L + (CoC1 2 L)
2.

This hypothesis was intended to explain not only the observed

anomolous magnetic moments but also the small amount of tris
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complex absorption seen in the solution spectra of the bis phosphonite

and phosphinite complexes. The fact that these complexes are iso-

lated as oils, common in mixtures, also supports this reasoning.

Dimers, such as the one proposed as the third species in the above

equilibrium, are known. Hatfield and Yoke (1962) describe CoX2' L,

where X = chloride, bromide, or iodide, and L = triethylamine, as

binuclear four coordinate cobalt(II) complexes involving halogen

bridging. They exhibit normal high-spin cobalt paramagnetism at

room temperature.

However, repeated attempts to isolate 1:1 complexes of the

(CoC12 L)
2

type with Et
n

P(OEt)3-n ligands were unsuccessful in

the present research. The small amounts of solid formed in several

experiments when solutions of mole ratio 2.0 were diluted were

found to contain no organophosphorus matter, and in systems of

overall mole ratio 2. 0 which contained undissolved solid and a

mixture of bis and tris complexes in solution, the solid was found

to be simply cobalt(II) chloride. Therefore, the validity of Studer's

hypothesis is in doubt. The anomalously low magnetic moments of the

bis complexes in pure form (as opposed to their normal high-spin

moments in solution) might alternatively be attributed to antiferro-

magnetic interactions arising from intermolecular association in the

condensed state. Other examples of similar puzzling magnetic mo-

ments, intermediate for high-spin and low-spin cobalt(II), have been
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reported previously (e. g. , Musker and Steffen, 1974).

Two forms of analytically pure solid dichlorobis(triethyl phos-

phite)cobalt(II) are now known. Studer's synthesis of a solid melting

at 600 was successfully repeated in this work. The magnetic moment

he found for this solid by the Gouy method, 4.12 B. M. , is in good

agreement with the solution value found here, 4. 23±. 22 B. M. , and

is reasonable for tetrahedral cobalt(II). The second solid form,

obtained from t-butylbenzene solution and melting at 95° , has a

magnetic moment (5. 5 B. M. Gouy method) typical of high-spin

octahedral cobalt(II) complexes. This situation apparently is the

same as is found for CoC1
2

(py)
2

(py = pyridine), where both mono-

meric tetrahedral and polymeric chloride-bridged octahedral forms

are known (Clark and Williams, 1965).

2. CoC12. 3EtnP(OEt)3-n Complexes

Visible spectra of solutions where cobalt has been converted

to the tris form by the presence of additional ligand suggest distorted

square pyramidal geometry. Similar spectral features were observed

by Boschi, Nicolini, and Turco (1966b), and by Nowlin and Cohn

(1972), both studies involving the conversion of high-spin tetrahedral

to low-spin square pyramidal cobalt complexes. The transition at

about 23 kK has been assigned to 2A1- 2E(1) in C4V
symmetry
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(Caulton, 1968; Ciampolini, 1969). From Table 4 it is seen that the

solution magnetic moments are in the general range expected for

low-spin five coordinate complexes of cobalt(II) with phosphorus

and halide donor atoms. The solution moments for the tris-phos-

phonite and tris-phosphinite complexes are in excellent agreement

with Studer's condensed state measurements. There are significant

differences in the spectral and magnetic properties of the ethyl

diethylphosphinite complex from the properties of the tris complexes

of the other two ligands. Its characteristic electronic transition,

in t-butylbenzene, is at lower energy, 21. 9 kK, than the transitions

of the diethyl ethylphosphonite and triethyl phosphite complexes,

which are at 23. 0 kK and 22. 8 kK, respectively. Its magnetic mo-

ment is 2. 5 B. M. , while both the other complexes have moments of

2. 0 B. M. Finally, it has a large (negative) Weiss constant, while

the other complexes do not. These results may indicate a structural

distortion related to the larger cone angle of the phosphinite ligand,

and may be related to other pecularities in the phosphinite system,

such as in its thermodynamic behavior and autoxidation reactivity.

B. Solubility Behavior of the Complexes

The observed solubility behavior of the complexes is related

to the effect of the phosphorus ligand:cobalt(II) chloride mole ratio
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on the position of the equilibrium

CoC1
2°

2L + L'7.CoCI
2°

3L.

Also, because of the larger dipole moment expected for the bis

complexes, their formation would be favored in more polar solvents.

Conversely, solvents of low polarity would tend to stabilize the cor-

responding tris complexes. These effects are demonstrated in

Figure 6.

The observed solubility behavior in t-butylbenzene adequately

supports this reasoning. Solutions of phosphorus ester:cobalt(II)

mole ratio 2 could not be prepared. When mixtures of such mole

ratio dissolved partially in t-butylbenzene, the resulting solutions

were green indicating that even at a stoichiometric ligand deficit the

tris complex is favored. As additional phosphorus ester was added

to such mixtures to bring the mole ratio nearer to 3. 0, all the

cobalt(II) chloride dissolved. The position of equilibrium was seen

to re spond predictably toward dilution with solid bis complex precipi-

tating in some cases.

Solutions could be prepared at mole ratio 2. 0 in more polar

solvents such as chlorobenzene and nitrobenzene, and the predom-

inant cobalt species were seen to be the bis forms. A larger excess

of free ligand was needed in such solvents to shift the equilibrium to

the right as reflected by the correspondingly lower values of K eq
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in nitrobenzene compared to the same systems in t-butylbenzene.

C. Interpretation of Trends in the Equilibrium Constants

The trend of the equilibrium constants summarized in Table 5

is consistent with Studer's observation that the low-spin five-coordi-

nate dichlorotris(phosphorus ester)cobalt(II) complexes are isolable

for only the two middle members of the ligand series Et
n

P(OEt)3-n'

n = 0-3. The irregular variation in the series can be rationalized in

terms of two opposing tendencies, i. e. , the proper balancing of

sigma and pi components of the coordinate bond and steric effects.

Rigo and Turco (1972) and Bressan and Rigo (1975) assigned a dom-

inant role to ligand size in determining the stability of CoX 2-3L com-

plexes (L = tertiary phosphine). Similarly, Tolman (1970) found that

for nickel (0) complexes of tertiary phosphines, ligand exchange

equilibria were controlled mainly by steric effects. However, in

comparing ligands of comparable size, electronic considerations

play a major role. In a series of ligands, such as the one under

study in this work, where both electronic and steric characteristics

change from one member to another, no simple bonding predictions

can be made. Although the electron donor ability and steric cone

angle for EtnP(OEt)3-n both increase with the substituent number n,

the back pi-bonding ability shows an opposite relationship. There-

fore, for this ligand series the balance of a combination of electronic
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and steric effects influences bonding ability and determines complex

stability, and it is with the two middle members of the series (n=1, 2)

that the tris low-spin complexes are most favored. The trend in

Keq values found in this work is the same as was found by Lukosius

and Coskran (1975) for the system

Ni(CN)2L2 +
2
L3' where L = (CH3)nP(OCH3)3-n.

There, the trend was explained in terms of electronic effects alone

because the Ni(CN)
2
L3 complexes have trigonal bipyramidal geometry

where steric interactions are not considered significant.

The magnitudes of A H° and A S° reported in Table 6 are reason-

able for a reaction in which an additional bond is formed, with a

corresponding decrease in translational entropy. The decrease in

spin multiplicity makes a contribution of -2. 2 e. u. to A S°. The

values of A S° are subject to large uncertainties because of the long

temperature extrapolation involved, but again the ethyl diethylphos-

phinite system shows an abnormality suggestive of steric strain in its

tris complex (compare Sections VIA2 and VIE2).

D. Appraisal of the Experimental Methods
Used in the Equilibrium Studies

1. Errors in the Application of the Evans NMR Method
to the Determination of Equilibrium Constants

Certain sources of error would be common to any technique for
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the determination of equilibrium constants in solution. These include

questions of the purity of chemicals and the exact knowledge of con-

centrations, temperature, etc. Note also that it is routine in the

field of research on equilibria of uncharged coordination complexes

in aprotic organic solvents of low polarity to determine "molarity

quotients" rather than true thermodynamic equilibrium constants,

due to the lack of knowledge of activity coefficients and the expecta-

tion that they will be near unity in dilute solutions.

Recall that there are two aspects to the application of the NMR

Method to the study of the equilibria A + L B. First, it is

used to determine the individual susceptibilities of the quartet and

doublet complexes A and B, when each is the single complex species

present. Then these results are used in calculations based on meas-

urements made with both kinds of complex present simultaneously.

In using the NMR Method, the first concern is the error in

Lv and the resulting uncertainty in the dominant first term of the

Evans equation, equation (8). The frequency shift Av depends both

on concentration and temperature. In the present work, the uncer-

tainty in concentration has been made insignificant by the calibration

procedures and density corrections employed. The estimated uncer-

tainty in temperature, ±1° , leads to a 0. 5% uncertainty in A v . The

actual act of measurement of pv from the nmr chart paper appears

to be the major source of error. Extensive replicate determinations
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have shown Av to be reproducible to ±0. 04 Hz. The resulting uncer-

tainty ranges from 0. 3% for typical values of AV to 1. 3% for

typical values of v

Another quantity of concern is the (d -d ) factor of the third
o s

term of the Evans equation. When this density difference is small,

the relative error in it becomes quite large. However, as this be-

comes more and more so, the entire third term makes a corres-

pondingly even more minor contribution to the total susceptibility.

Similarly, the second and fourth terms of the Evans equation repre-

sent fairly minor contributions, and hence the uncertainties in the

diamagnetic susceptibilities of the solvents and solutes do not propa-

gate significant error into the total paramagnetic susceptibility.

The susceptibility results for the individual complexes A and

B seem to be of acceptable accuracy, in that: (1) the magnetic mo-

ments (Table 4) derived from them are reasonable for cobalt(II)

complexes of these two types; (2) in the calculation of these moments,

the correlation coefficients for the linear function used (equation 9)

are near unity; (3) the relative errors are not excessive ( < 5 %) in

the slopes (from which the moments are derived) of the linear least

squares fit of the susceptibility data to the Curie-Weiss Law.

The values of Keq
subsequently determined appear satisfactory

in terms of their estimated errors (<10%) based on the well behaved

fit of the data to the function of equation (13), Section IIIB. That the
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linear correlation coefficients shown in Table 5 are near unity, and

that the intercepts are within one standard deviation of zero, gives

confidence in the reliability of the method. In preliminary work, it

was found that the function is highly sensitive to the quality of the

experimental data.

2. Comparison of Methods for Equilibrium
Constant Determination

From the experimental results it is apparent that for the

systems under study in this work rigorous application of the Evans

nmr shift method is superior to the spectrophotometric method for

determination of equilibrium constants. Although the spectrophoto-

metrically determined Keq values tabulated in Table 7 are in fair

agreement with those from nmr shift data (Table 5) they are quanti-

tatively deficient. Not only are the spectrophotometric K eq values

subject to large individual uncertainties, but they also are in poor

agreement within the same ligand system at different wavelengths.

In t -butylbenzene, this is because the fit of the absorbance data for

the equilibrium systems was mainly in terms of the tris complexes

as the predominating species. The extinction coefficients of the bis

complexes could not be independently determined because of the

solubility behavior discussed above, and in the results of the non-

linear least squares calculations on the equilibrium systems the
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extinction coefficients of these minor species were completely uncer-

tain. However, the optimized calculated extinction coefficients of

the predominant tris species came out in good agreement with the

values observed for solutions with limiting high mole ratios, where

nearly all the cobalt is in this form.

Because medium effects on absorbance measurements on these

systems have been shown to be non-trivial, experimentally deter-

mined extinction coefficients can not be used interchangeably in

different solvents. This demonstrates a major advantage of the nmr

method. In the absence of specific solute-solvent interaction, sus-

ceptibilities of individual complexes are solvent independent and can

be used interchangeably in different solvents.

The most significant criticism of the spectrophotometric tech-

nique is that in various manipulations of the values of the parameters

in the non-linear least squares calculations, it was found that the

mean percent deviation between observed and calculated absorbance

values is highly insensitive to the value of the equilibrium constant.

Thus the values of K eq determined spectrophotometrically are ex-

pected to have large associated uncertainties.

E. Free and Coordinated Ligand Autoxidation

1. Free Ligand Autoxidation

The product distributions observed for the autoxidation of
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solutions of the free ligands (EtnP(OEt)3_n; n = 0-2) in t-butylbenzene

shown in Table 8 are consistent with Buckler's free radical mechan-
ism, Figure 1. Diethyl ethylphosphonite gave the corresponding di-

ethyl ethylphosphonate and a lesser amount of triethyl phosphite.

Similarly, ethyl diethylphosphinite was autoxidized to ethyl diethyl-

phosphinate, diethyl ethylphosphonate, and triethyl phosphite in

amounts decreasing in the same order. The inability of triethyl

phosphite to be autoxidized to the corresponding phosphate is evident
in all three ligand systems studied and could be related to the absence
of a free radical initiator. Cox and Westheimer (1958) were also

unsuccessful in autoxidizing triethyl phosphite with dry air but did

succeed with dinitrogen tetroxid( . Walling and Rabinowitz (1959) used

di-t-butyl peroxide with thermal or photochemical promotion.

Of the three phosphorus esters, diethyl ethylphosphonite ap-
peared to undergo autoxidation most rapidly. This could be mislead-
ing in that no added radical intitiator was used in these studies and
so initiation would be due to accidental events such as impurity levels.
Therefore, only a comparison of free and coordinated ligand autoxi-
dation is of significance in this work.

2. Exhaustive Autoxidation of Tris Cobalt
Complexes in t-Butylbenzene

The exhaustive autoxidation of t-butylbenzene solutions with a

phosphorus ester:cobalt(II) chloride mole ratio of 3.00 gave, as the
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only cobalt-containing product, the corresponding dichlorobis(phos-

phoryl ester)cobalt(II) complexes as fluid blue oils (Table 9). This

is evidenced by the results of analysis (Table 10) and the infrared

spectral data (Table 12) of the isolated products, which can be com-

pared to Schmidt's data for authentic samples. Thus, two-thirds of

the EtnP(OEt)
3 -n

content was converted to the cobalt(II) complex of

the corresponding EtnP0(0E03-n compound for all values of n (0 to 2).

There is then great interest in the fate of the other one-third

of the initial EtnP(OEt)3-n content. The nature of the uncoordinated

organophosphorus products of autoxidation (Table 9) was determined

after their separation from the cobalt-containing product. The

product distribution may be compared to the free ligand autoxidation

results (Table 8).

In the triethyl phosphite system, where the only possible autoxi-

dation product is triethyl phosphate, the difference is that all the

ligand is in fact autoxidized, while no autoxidation takes place in the

absence of cobalt. In the diethyl ethylphosphonite system the initial

ester is completely converted to diethyl ethylphosphonate; this differs

from the autoxidation of the free ligand, where two products, diethyl

ethylphosphonate and triethyl phosphite, were formed.

The results of the autoxidation reaction in the ethyl diethyl-

phosphinite system are less straightforward. Other abnormalities

of the ethyl diethylphosphinite complexes have been noted in Sections
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VIA2 and VIC. The one-third of the initial organophosphorus content

is a mixture of phosphinate and phosphonate esters (Table 9). It is

difficult to rationalize this with the experimental evidence which indi-

cates that the coordinated ligand in the final cobalt complex is all

phosphinate, since cobalt(II) complexes are labile and a distribution

of mixed ligand cobalt complexes would be expected in equilibrium

with the free phosphoryl ligands. Admittedly, the possible experi-

mental error in analytical results (Table 10) could accommodate a

complexed ligand mixture similar to the uncoordinated product

distribution. If this were the case then the theoretical weight percent

of cobalt and chloride would be 13. 34% and 16. 05% respectively.

However, this idea is not supported by either the infrared spectral

data, which gives no evidence for coordinated phosphonate, or by

the final weight of the cobalt complex, which corresponds to that

expected for dichlorobis(ethyl diethylphosphinate)cobalt(II). If the

cobalt product contained the same mixture of phosphoryl ligands as

was found in the uncoordinated organophosphorus product, the percent

deviation in the weight of the cobalt product would be greater by a

factor of ten than observed.

This suggests that the three tertiary phosphorus esters in the

coordinated state do not undergo autoxidation by the same mechanism.

Since only two of the three coordinated ligands can be autoxidized at

any one time by a single dioxygen molecule the difference may very



103

well be related to the manner in which the third phosphine ester

ligand is autoxidized. Because coordinated ligand autoxidation typ-

icallyally leads to only the corresponding phosphoryl analog, ligand

displacement must be invoked as a possible step in the dichlorotris-

(ethyl diethylphosphinite)cobalt(II) autoxidation mechanism. The

liberation of free phosphinite ester would provide a route, i. e. , by

free radical autoxidation, to the uncoordinated mixed phosphoryl ester

products observed.

3. Exhaustive Autoxidation of Bis Cobalt
Complexes in Nitrobenzene

Exhaustive autoxidation of nitrobenzene solutions of the bis

complexes followed by removal of the solvent resulted in non-volatile

products difficult to characterize. The results of analysis (Table 11)

and the infrared spectral data (Table 12) indicate complex mixtures

in some cases.

The viscous blue oil isolated after exhaustive autoxidation of

dichlorobis(triethyl phosphite)cobalt(II) appears to be a mixture of

dichlorobis(triethyl phosphate)cobalt(II) and cobalt(II) diethylphos-

phate. Schmidt and Yoke (1970) showed that the thermal decomposi-

tion of CoC1
2

(OPEtn(OEt) 3-n
)2 complexes proceeds by loss of ethyl

chloride (for n = 0-2) to form the corresponding Co(02PEtn(OEt)2 _n)2

complexes. The ease of this thermal dealkylation was found to vary

inversely with n. The infrared spectral data for the autoxidation
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product can be interpreted in terms of this reaction occurring part-

way. Cobalt and chloride analysis also support this reasoning;

Similar autoxidation of dichlorobis(diethyl ethylphosphonite)-

cobalt(II) and dichlorobis(ethyl diethylphosphinite)cobalt(II) gave

viscous green oils as the non-volatile products. The analytical and

infrared spectral results indicate that the phosphonite system also

produced a complex mixture. The phosphinite complex appears to

have formed mostly the corresponding phosphinate complex although

there is little resemblance to the same product obtained as a fluid

blue oil by the exhaustive autoxidation in t-butylbenzene solution

described above.

The only definite conclusion that can be drawn from these re-

sults is that nitrobenzene is a poor solvent for exhaustive autoxida-

tion studies, mainly because its removal is difficult and requires

severe conditions that encourage complex decomposition.

4. CoC1
2.

3EtP(OEt)
2

Autoxidation Kinetics

The large absorbance change at 438 nm of solutions of

CoC1
2.

3EtP(OEt)
2

during autoxidation at 1° (Figure 13) was used

to measure the rate of this process. The assumption that the oxygen

concentration in solution remains constant during autoxidation leads

to the pseudo first-order kinetic plots shown in Figure 14 using the

complex absorbance data. Although these data alone are far too



105

incomplete for any definite conclusions, additional observations may

help to explain these preliminary kinetics results.

Both solutions represented in Figure 14 remained green during

the time period shown (siN1 hour) and for at least several hours after-

wards with continuous oxygen saturation. Therefore, the kinetics

observed probably refer to an initial dioxygen uptake step only.

Although the 0. 5 M complex autoxidation does show apparent pseudo

first-order kinetics, the results of the 10-2M complex study are

anomalous. In the latter case there is a rapid absorbance decrease

during the first 10 minutes (ki) followed by a more gradual decrease

comparable to that observed for the 0. 5 M solution ( k k -7-- 1. 5 x

10-4 sec-1). The initial rapid absorbance decrease observed for

the 10-2M solution could be due to partial loss of solute by precipi-

tate formation which was observed in this system but to a much lesser

degree in the 0. 5 M solution even after dilution.

These preliminary results appear consistent with an initial

pseudo first-order reaction step but do not allow any conclusive

quantitative assessments because the proper value of A be used

is uncertain. For the plots in Figure 14 A taken as the limiting

absorbance after exhaustive autoxidation and not that of an intermedi-

ate. Although the general shapes of the plots are not highly sensitive

to the value of A , the slopes certainly are.
r_-
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5. Interpretation of Autoxidation Results

Although the available data for the autoxidation studies are

limited, particularly the kinetic results, some preliminary conclu-

sions can be drawn concerning the autoxidation in t-butylbenzene of

Et
n

P(OEt)3-n coordinated in the complex CoC1
2

L3. Using the equi-

librium constants in Table 5, the distribution of complex species and

free ligand present at 30° in solutions with a phosphorus ester:co-

balt(II) mole ratio 3. 00, and at the solute concentrations employed

in the exhaustive autoxidation studies, has been calculated. The

results are shown in Table 13. In all cases the ligand is nearly all

complexed and the tris complex form predominates. From the vari-

ation of the equilibrium constants with temperature it can be seen

that this becomes even more the case at lower temperature. Of

course, if any one of the species becomes depleted due to a much

greater rate of autoxidation than the others, the position of equilibri-

um will shift. Assuming that the tris complexes react with dioxygen

most rapidly, any equilibrium shift would enhance their predominance

as the primary species undergoing autoxidation. Therefore it is

assumed that mechanistic inferences can be made in terms of the

tris form only.
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Table 13. Distribution of Complex and Ligand Species at 30°

Phosphorus Ester:Cobalt(II) Mole Ratio 3. 00 in t-Butylbenzene

CoC1 L2 + L CoC12L3
2

Cobalt Percent Cobalt Percent Ligand
Ligand Molarity in Tris Form Uncoordinated

P(OEt)3 0. 27 88 4

EtP(OEt)2 0. 22 97 1

Et
2

POEt 0. 24 91 3

Preliminary evidence for the existence of an intermediate

dioxygen adduct is as follows. Dichlorotris(diethyl ethylphosphonite)-

cobalt(II), in a cold hundredth molar solution took up oxygen rapidly.

This step was not reversible under the conditions used, in that re-

moval of physically dissolved oxygen by degassing the solution,

did not prevent a subsequent reaction step. This second step was

evidenced by a color change from green to blue when the solution

warmed to room temperature. Therefore, the following mechanism

might be tentatively proposed:

(1) CoC1
2.

3L + 0
2
CoC1

2'
3L

(2a) 0
2
CoC1

2.
3L--->CoCI

2.
OL L + OL

or
(2b) --->CoC1

2
20L + L.

The two pathways, (2a) or (2b) for decomposition of the dioxygen

adduct would influence the final product distribution. Two of the

original three Et
n

P(OEt)3-n
ligands end up as the corresponding
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EtnPO(OEt) 3-n

compounds, coordinated to cobalt, and the key question

is the fate of the third phosphorus ligand. The observed uncoordinated

oxidation product of this third phosphorus ligand in both the triethyl

phosphite and diethyl ethyiphosphonite systems can be accounted for

by route (2a). The ethyl diethylphosphinite system could proceed via

(2b) where displaced ligand would be available for free radical autoxi-

dation to the mixed oxidation products which were observed. This

difference of ethyl diethylphosphinite may be due to a steric factor.

This ligand has the greatest cone angle of the three, and anomolies

were seen both in its bis-tris equilibrium and in the magnetic and

spectral properties of its tris complex.

However, because of the labile nature of cobalt(II) complexes,

one would expect the products of reactions (2a) and (2b) to constitute a

redistribution equilibrium such that:

(3) CoC1
2.

OL. L CoC1
2.

20L + L.

If this is true, there might not be any distinction between steps (2a)

and (2b), and the results of any further autoxidation would depend upon

whether the position of equilibrium (3) lies to the left or to the right.

This might well be influenced by the nature of the ligands. The some-

what different redistribution equilibrium

CoC1
2.

2L + CoC1
2.

20L--=.7.-- 2CoC1
2.

L. OL

was found by Schmidt and Yoke (1971), who observed the CoC12. OL. L

species spectrophotometrically during partial autoxidation of dichloro-

bis(triethylphosphine)cobalt(II). In that work, the suggestion was

also made that further autoxidation of the mixed ligand complex
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would involve a binuclear dioxygen intermediate:

(4) 2 CoC1
2.

OL* L + 0
2

0
2

(CoC1
2'

L)
2

(5) 0
2

(CoC1
2

01.; L)
2

>2CoC1
2

ZOL.

Reaction (4) might be expected to be slower than reaction (1)

because of the less favorable complex geometry and cobalt spin state

and should induce a deviation from simple first order kinetics.

F. Proposals for Future Work

Further experimental work concerning the autoxidation of

coordinated tertiary phosphine esters should be concerned with the

following aspects representing characteristics of true catalytic behav-

ior.

1. Effect of. Coordination on Ligand
Autoxidation Kinetics

To determine the role of the cobalt center on ligand autoxidation

rates, detailed comparative kinetic studies of free and complexed

ligand autoxidation should be made. The presence of a constant

quantity of free radical initiator in all systems would make quanti-

tative comparisons of the rates of autoxidation of the free ligand valid.

To assess adequately the importance of the metal spin state on

autoxidation kinetics, it will be necessary to make a series of five-

coordinate high-spin tris complexes. Sacconi (1972) has shown that



110

this can be done by proper choice of ligand donor sets. The spin

factor can thus be separated from the influence of differing coordina-

tion numbers. Then the autoxidation kinetics can be studied and

compared for this set of complexes of similar coordination but differ-

ent spin states.

Also, such results would permit comparison of the autoxidation

kinetics of high-spin complexes, some four-coordinate and some five-

coordinate, thus isolating the influence of coordinate geometry. This

might even be further extended to comparing complexes of the same

spin state and coordination number but different geometry, e. g. ,

square pyramidal and trigonal b]pyramidal.

2. Autoxidation Selectivity

The exhaustive autoxidation of the bis complexes should be

further studied to confirm that only the corresponding bis phosphoryl

analog is obtained for all members of the ligand series. A solvent,

such as benzene, must be used in which the bis complexes are soluble

without decomposition of the autoxidation product during the work-up

of the reaction mixture. Nitrobenzene proved unsatisfactory because

of its low volatility.

3. Isolation of Intermediates

In conjunction with further autoxidation studies of all complexes,
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efforts should be made to isolate, identify, and characterize any

possible dioxygen adduct intermediates. Isolation attempts could

include the use of both solid complexes and their solutions at various

conditions of oxygen pressure and temperature. Identification should

be possible by analysis and by the use of a variety of spectral tech-

niques. In this way the mechanism of coordinated autoxidation can

be better understood in terms of why one product is favored over

another.

4. Catalytic Function of Cobalt(II)

The work so far shows two catalytic aspects of the cobalt(II)

in the autoxidation of the organophosphorus substrates. Both the rates

of reaction and the distribution of autoxidation products are modified.

True catalytic behavior also includes the ability of a small amount of

complex to promote the selective autoxidation of a large quantity of

ligand. Thus, the autoxidation of solutions of high ligand:cobalt mole

ratio should be studied. Only if the equilibrium

OLcoord + Lfree Lcoord + OLfree

lies far to the right and if rate (02 +Lcoord) >> rate (02 +Lfree)

will this be a useful catalytic system in this third sense.
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APPENDIX I

Calculation of Magnetic Parameters

From NMR Data
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Table 14. Data for Calculation of Magnetic Parameters:
Dichlorobis(triethyl phosphite)cobalt(II)

CoC1
2.

2P(OEt)
3

(MW)A = 462. 15

(DC)A = -0. 269 x 10-3

xo = -0. 512 x 10-6 (nitrobenzene + 5 vol.

ToK AV A

% cyclohexane)

Mx103 d - d xcor x103

o s MA

284. 2 12.71 9. 902 -0. 0006 6. 192

289. 2 12.48 9.863 - 0.0007 6. 110

294. 2 12.24 9.823 -0. 0006 6. 013

299. 2 11.95 9. 784 -0. 0006 5.895

304. 2 11.68 9. 744 -0. 0006 5. 788

309. 2 11.55 9. 705 -0. 0006 5. 747

314. 2 11.46 9. 665 -0. 0005 5. 720

319. 2 11,40 9. 626 -0. 0006 5. 719

Linear least squares results:

T = 1

corr
XM.A.

(2. 240±0. 239) + (-78. 47±40. 38)

eff = (4. 23±. 22)B. M.

0 = (-78±40)°
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Table 15. Data for Calculation of Magnetic Parameters:
Dichlorotris(triethyl phosphite)cobalt(II)

CoC1 2'
3P(OEt)

3

(MW)B = 628. 31

(DC)B = -0. 374 x 10-3

x = -0. 752 x 10 -6 (0. 470M P(OEt)
3

in t-Butylbenzene)

T °K A v
B

Mxl 03 d - d
o s

cor x103
MB

784. 2 3. 81 10. 14 -0. 0021 1. 852

289. 2 3. 76 10. 09 -0. 0020 1.830

294. 2 3. 73 10. 05 -O. 0018 1.809

299.2 3. 65 10. 00 -0. 0017 1.773

304. 2 3. 57 9. 953 -0. 001 5 1. 728

309. 2 3. 52 9. 906 -0. 0014 1.705

314. 2 3. 48 9. 859 -0. 001 2 1.679

319. 2 3. 43 9. 812 -0. 0011 1.655

Linear least squares results:

T = cor
XMB

1 (0. 5130 ± 0. 0202) + (8. 77±11. 54)

eff = (2. 03±. 04)B. M.

8 = (9±12)°
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Table 16. Data for Calculation of Magnetic Parameters:
Dichlorobis (diethyl ethylphosphonite)cobalt (II)

CoC1
2'

2EtP(OEt)
2

(MW)A
= 430. 13

(DC)A = -0. 260 x 10-3

xo = -0. 512 x 10-6 (nitrobenzene + 5 Vol. % cyclo hexane)

ToK A v A Mx10 3 d -d
o

x
cor x10 3

s MA

284. 2 18. 96 10. 13 0 8. 977

289. 2 18. 48 10. 09 0 8. 785

294. 2 18. 08 10. 05 0 8. 630

299. 2 17. 62 10. 01 0 8. 445

304. 2 17. 24 9. 968 0 8. 299

309. 2 16. 86 9.927 0 8. 150

314. 2 16. 72 9.887 0 8. 115

319. 2 16. 41 9.846 0 7. 998

Linear least squares results:

1
T cor

XMA

(2. 508±0. 133) + (3. 44±15. 85)

p.
e f f

= (4. 48 ±. 12)B. M.

0 = (3±16)°
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Table 17. Data for Calculation of Magnetic Parameters:
Dichlorotris(diethyl ethylphosphonite)cobalt(II)

CoC1
2.

3EtP(OEt)
2

(MW)B = 580. 28

(DC)B = -0. 360 x 10-3

xo = -0. 763 x 10-6 (0. 0700M EtP(OEt)2 in t-butylbenzene)

ToK v
B

Mx103 d
o

-d
s

cor 3
X

M
xl 0

B

284. 2 3. 37 10. 09 -0. 0016 1. 633

289. 2 3. 31 10. 04 -0. 0016 1. 613

294. 2 3. 24 9. 996 -0. 0015 1. 579

299. 2 3. 19 9. 952 -0. 0015 1. 563

304.2 3.12 9.908 -0. 0016 1.544

309. 2 3. 05 9. 863 -0. 0015 1. 510

314. 2 3. 00 9.818 - 0.0015 1.493

319. 2 2. 95 9. 773 -0. 0015 1.475

Linear least squares results:

1
(0. 5200 ±0. 0160) + (-34. 12±10. 34)T cor

MB

eff = (2. 04 + . 03)B. M.

0 = (-34±10)°
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Table 18. Data for Calculation of Magnetic Parameters:
Dichlorobis (ethyl diethylphosphinite)cobalt(II)

CoC1
2'

2Et2POEt
(MW)A = 398. 13

(DC)A = -0. 251 x 10-3

X o ' -0. 512 3c 10-6 (nitrobenzene + 5 vol. % cyclohexane)

ToK A v A
Mx10 3 d -d

o s
xcorrx 103

MA

284. 2 19. 10 10. 14 -0. 0001 9. 046

289. 2 18. 72 10. 10 -0. 0001 8. 902

294. 2 18. 31 10. 06 0 8. 738

299. 2 17. 98 10. 02 O. 0001 8. 610

304. 2 17. 65 9. 975 0. 0001 8.491

309. 2 17. 26 9. 935 0.0002 8. 333

314. 2 16. 98 9. 894 0. 0003 8. 226

319. 2 16. 67 9.853 0. 0003 8. 110

Linear least squares results :

1
T cor

(2. 714± 0. 034) + (-15. 86±3. 94)
XMA

ileff (4. 66±. 03)B. M.

0 = (-16±4)°
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Table 19. Data for Calculation of Magnetic Parameters:
Dichlorotris(ethyl diethylphosphinite)cobalt(II)

CoC1
2.

3Et
2
POEt

(MW)B = 532. 28

(DC)B = -0.346 x 10-3

xo = -0. 762 x 10-6(0. 270M Et
2
POEt in t-butylbenzene)

ToK v cor 3

B

P 3
dB Mx10

o
-d

s
x

M x10

284. 2

289. 2

294. 2

299. 2

304.2
309.2

314.2

319. 2

3.61

3. 56

3. 48

3. 44

3. 36

3. 33

3. 28

3. 23

Linear least squares results:

10. 16 -0. 0013

10. 11 -0. 0014

10. 07 -0. 0013

10. 02 -0. 0013

9. 973 0.0013

9. 926 -0. 0013

9. 881 -0. 0014

9. 834 -0. 0014

1
T cor (0. 7689±0. 0566) + (-159. 1±33. 9)

X MB

p.eff = (2. 48±. 09)B. M.

0 = (-159±34)°

1.732

1.727

1.688

1.678

1.648

1.640

1.631

1.614
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APPENDIX II

Calculation of Equilibrium Constants

and Thermodynamic Parameters

From NMR Data
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Table 20. Data for Equilibrium Constant Calculation from NMR
Shifts: Cobalt(II) Chloride-Triethyl Phosphite System

CoC12' 2P(OEt)
3

+ P(OEt)3-1--,- CoC12' 3P(OEt)
3

Solvent: t-butylbenzene (MW)A = 462. 15

T = 303. 2°K xo =_0.762 x 10-6 (MW)B = 628. 31
o r

A A = 11. 86 xcM = 5. 869 x 10-3 (DC)A = -0. 269 x 10-3
A

vB = 3. 53 orxC = 1. 742 x 1 0-3 (DC)B = -0. 374 x 10-3
A MB

Soln (Mx103)a (MR )b Av d -dobs o s

1 9. 973 5. 000 4.86 -0. 0031
2 9. 933 5. 500 4. 70 -0. 0032
3 9. 983 6. 000 4. 26 -0. 0032
4 9. 983 6. 500 4. 33 -0. 0033
5 9. 983 7. 000 4. 23 -0. 0034
6 9. 983 7. 500 4. 09 -0. 0035
7 9. 963 8. 000 4. 04 -0. 0035
8 9. 963 1 O. 00 3. 78 -0. 0039

Soln (N
A

)c
d

(MW) (DCx103)d corr(x mobsxl 0
3

)
d

1 0.1597 601.8 -0.357 2.459
2 0.1405 605. 0 -0.359 2.402
3 0. 08764 613. 8 -0. 365 2.179
4 0. 09604 61 2. 4 -0.364 2. 220
5 0.08403 614.4 -0.366 2.181
6 0. 06723 617. 2 -0.367 2. 1 20
7 0. 061 22 618. 2 -0.367 2. 100
8 0. 03001 623. 3 -0. 371 2, 007

Soln (MW )e (DCx103)e ()C x103 )e
Mnhc

(N A)f

1 599. 4 -0. 356 2. 460 . 1740
2 601. 7 -0. 357 2. 403 . 1602
3 610. 7 -0. 362 2. 179 . 1059
4 609. 0 -0. 362 2. 221 . 1161
5 610. 6 -0. 363 2. 181 . 1064
6 613. 1 -0. 365 2. 121 . 09183
7 613. 9 -0. 366 2. 100 . 08675
8 617. 6 -0. 367 2. 007 . 06421
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Table 20. (Continued)

1 -NA
Linear least squares results: MR + NA - 3 = K'

NAM

K' = (4.850± 0.452) x 10-3

Intercept = -0. 1716 ± 0. 4153

(a) Corrected for temperature and flask volume.

(b) Ligand:cobalt(II) mole ratio.

(c) Initial trial values calculated from shift difference ratio.

(d) Trial values calculated using initial values of NA.

(e) Final values, reiteration complete.

(f) Final value calculated from susceptibility difference ratio.
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Table 21. Data for Equilibrium Constant Calculation from NMR Shifts:
Cobalt(II) Chloride- Diethyl Ethylphosphonite System

CoC1
2.

2EtP(OEt)
2

+ EtP(OEt) "`- --CoC1
2'

3EtP(OEt)
2

Solvent: t-butylbenzene
T = 303. 2°K X o

= -0. 764x10 -6 (DC)A =-0. 260x10-3
cor

X = 8. 360x10 -3 (MW)A = 430. 13 (DC)B =-0.360x10-3
A

cor = 580. 28
X NI 1.543x10

-3

B

Soln (Mx10 3)a
(MR)

b
v d -d

obs o s

1 9. 956 2.813 6. 39 0.0010
2 9. 916 2. 850 5. 98 -0. 0010
3 9. 966 2. 900 5. 87 -0. 0010
4 9. 966 2. 950 5. 69 0.0010
5 9. 966 3. 000 5.45 0.0010
6 9. 966 3. 050 5. 11 -0. 0010
7 9. 946 3. 100 4.84 - 0.0010
8 9.946 3. 150 4. 55 0.0010
9 9. 956 3. 200 4.45 - 0.0010

10 9. 916 3. 250 4. 26 -0. 0010
11 9. 966 3.300 4. 08 - 0.0010
12 9. 966 3. 350 3. 95 0.0010
13 9. 966 3.400 3. 82 -0. 0010

Soln (X/lobsx"
3

)

c (N
A

)d (MW)e DCx103)e

1 3. 065 . 2233 546. 8 -0. 338
2 2. 880 . 1961 550. 8 -0. 341
3 2. 812 . 1862 552. 3 -0. 342
4 2. 726 . 1735 554. 2 -0. 343
5 2. 611 . 1567 556.8 -0.345
6 2. 448 . 1328 560. 3 -0. 347
7 2.324 . 1146 563. 1 -0. 349
8 2. 184 . 09403 566. 2 -0.351
9 2. 134 . 08670 567. 3 -0.352

10 2. 051 . 07452 569. 1 -0.353
11 1. 955 . 06044 571. 2 -0.354
12 1.893 .05134 572.6 -0.355
13 1.830 .04210 574.0 -0.356
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Table 21. (Continued)

(DCx10
3)f

(xcor
:103)fMob

(N )g
ASoln

f
(MW)

1 546. 0 -0. 337 3. 059 . 2224
2 551. 0 -0. 341 2. 874 . 1952
3 552. 5 -0. 342 2.807 . 1854
4 554. 3 -0. 343 2. 720 . 17 27

5 556. 8 -0. 345 2, 607 . 1561
6 560. 5 -0. 347 2. 443 . 1320
7 563. 2 -0. 349 2. 320 . 1140
8 566. 3 -0. 351 2. 179 . 0933
9 567. 4 -0. 352 2. 131 . 08625

10 569. 2 -0, 353 2. 047 , 07393
11 571. 3 -0. 354 1. 952 . 06000
12 57 2. 6 -0. 355 1. 890 . 05090
13 574. 0 -0. 356 1. 827 . 04166

1-NA
Linear least squares results: MR + NA-3 = K' NAM

K' = (2. 08±0. 19) x 10-4

Intercept = 0. 01972 ± 0. 02136

(a) Corrected for temperature and flask volume.

(b) Ligand:cobalt(II) mole ratio.

(c) Initial trial value calculated using only the first term of the
Evans equation.

(d) Initial trial value calculated from susceptibility difference
ratio.

(e) Trial values calculated using initial values of NA.

(f) Final values, reiteration complete.

(g) Final value calculated from susceptibility difference ratio.
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Table 22. Data for Equilibrium Constant Calculation from NMR
Shifts: Cobalt(II) Chloride-Ethyl Diethylphosphinite System

CoC1
2.

2Et
2
POEt + Et

2
POEtf-_-_,.. CoC1

2'
3Et

2
POEt

Solvent: t-butylbenzene

T = 303. 2°K

AA = 17. 69
Ay = 39

Xo

X
cor

f'-MA
x cor

MB

= -0. 764x10 -6

= 8. 503x10 -3

= 1.663x10 -3

(MW)A = 398. 13

(MW)B = 532. 28

(DC)A = -0. 251x10-3

(DC)B = -0. 346x10-3

Soln (Mx103)a (MR)
b Avobs d

o
-d

s

1 9.973 2.505 11.23 - 0.0011
2 9.953 2.659 10. 16 - 0.0011
3 9.983 2.759 9.98 - 0.0011
4 9.983 2.859 9.84 - 0.0011
5 9. 983 2.959 8. 50 - 0.0011
6 9.983 3.059 7.92 0.0011
7 9.963 3. 259 7. 10 -0. 0011
8 9. 963 3. 459 6. 66 -0. 0011
9 9.973 3.659 6. 21 -0. 0011

10 9.933 3.859 5.95 - 0.0011
11 9. 983 4. 059 5. 52 0.0011
12 9. 983 5.059 4.67 - 0.0011
13 9. 983 6. 059 4. 27 -0. 0011

Soln (N
A

)c
d

(MW) (DCx10 3)d cor
o( Mx10

3)d

obs

1 . 5479 458. 8 -0. 294 5. 401
2 . 4734 468.8 -0.301 4. 901
3 . 4608 470. 5 -0.303 4. 802
4 .4510 471.8 -0.303 4.734
5 .3573 484.4 -0.312 4.092
6 .3168 489.8 -0.316 3.814
7 . 2594 497.5 -0.322 3. 429
8 . 2287 501. 6 -0.325 3. 217
9 . 1972 505.8 -0.328 2. 999

10 .1790 508.3 -0.329 2.886
11 . 1490 512.3 -0.332 2.665
12 . 08951 520. 3 -0.338 2. 258
13 . 06154 524. 0 -0. 341 2. 067



Table 22. (Continued)

(DCx10
3)e cor x103 )e(xMobs (N )f

ASo In (MW )e

1 459. 0 -0. 294 5. 401 . 5465
2 468. 8 -0. 301 4. 901 . 4734
3 470. 7 -0. 303 4. 801 . 4588
4 472. 1 -0. 304 4.7 34 . 4490
5 484. 7 -0. 313 4. 093 . 3553
6 490. 1 -0. 316 3. 814 . 3145
7 497. 7 -0. 322 3. 429 . 2582
8 501. 8 -0. 325 3. 217 . 2272
9 506. 1 -0. 328 2. 998 . 1952

10 508. 3 -0. 329 2. 886 . 1788
11 512. 6 -0. 333 2. 665 . 1465
12 520. 6 -0. 338 2. 258 . 08699
13 524. 3 -0. 341 2. 066 . 05892

1-NA
Linear least squares results: MR + NA-3 = K' NAM

K' = (2. 013 ±0. 047) x 10-3

Intercept = 0. 02002 ± 0. 02827

(a) Corrected for temperature and flask volume.

(b) Ligand:cobalt(II) mole ratio.

(c) Initial trial values calculated from shift difference ratio.

(d) Trial values calculated using initial values of NA.

(e) Final values, reiteration complete.

(f) Final value calculated from susceptibility difference ratio.

132
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Table 23. Data for Calculation of Thermodynamic Parameters from
NMR Shifts: Cobalt(II) Chloride-Triethyl Phosphite System

CoC1
2.

2P(OEt)
3

+ P(OEt) CoC13'-.-- 2
3P(OEt)

3

Ligand:cobalt(II) mole ratio = 5. 000

Solvent:t-butylbenzene
cor

X : From Table 14
MA
cor : From Table 15
MB

T °K A
ov bs

(MW)A = 462. 15

(MW)B = 628.31

Mx103

X 0 = -0.

(DC)A = -0.

(DC)B = -0.

do-cis

764x10-6

269x10-3

374x10-3

(NA)a

284. 2
289. 2
294. 2
299.2
304. 2
314. 2
319. 2

T °K

4. 59
4. 62
4. 66
4. 79
4.81
4.89
5. 11

(MW)b

10. 15
10. 10
10. 06
10. 01
9. 964
9.872
9.827

(DCx10
3

)b

-0. 0028
-0. 0028
-0. 0030
-0. 0030
-0. 0030
-0. 0031
-0. 0034

cor
(xMobsx103)b

. 08764

. 09862

. 1093

. 1373

.1529

. 1767

. 2108

(MW)c

284. 2
289. 2
294. 2
299.2
304.2
314.2
319. 2

ToK

613. 8
611. 9
610. 2
605. 5
602. 9
599. 0
593. 3

(DCx103)c

-0. 365
-O. 364
-0. 363
-0. 360
-0.358
-0. 355
-0. 352

corcor
Mobs

2. 266
2. 293
2. 337
2. 411
2. 432
2. 510
2. 646

(NA)d

612. 5
610. 3
607. 4
602. 6
599.5
594. 2
587. 8

Keq

284. 2
289. 2
294. 2
299.2
304. 2
314. 2
319. 2

-0.364
-0.363
-0.361
-0.358
-0.356
-0.352
-0.348

2. 266
2. 293
2.337
2. 412
2.433
2. 511
2. 646

. 09539

. 1082

. 1256

. 1550

. 1736

. 2059

. 2438

445. 9
387. 0
325. 5
252. 7
219.8
177. 1
140. 7



134

Table 23. (Continued)

AHO A co
Linear least squares results: lnK =

A H° = (-5. 88 ± 0. 26) Kcal

A S° = (-8. 54 ± 0.85) e. u.

(a) Initial trial values calculated from shift difference ratio.

(b) Trial values calculated using initial values of NA.

(c) Final values, reiteration complete.

(d) Final values calculated from susceptibility difference ratio.
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Table 24. Data for Calculation of Thermodynamic Parameters from
NMR Shifts: Cobalt(II) Chloride-Diethyl Ethylphosphonite
System

CoC12. 2EtP(OEt )2 + EtP(OEt)2"="7,- CoC12 3EtP(OEt) 2

Ligand: cobalt(II) mole ratio = 3. 000

Solvent: t-butylbenzene
cor

X : From Table 16 (MW)A = 430. 13
MA

xc r: From Table 17 (MW)B = 520. 28
MB

xo = -0. 764x10 -6

(DC)A = -0. 260x10-3

(DC)B = -0. 360x10-3

T°K Pvobs Mx103 d
o

-d
s

(N
A

)a

289. 2
294. 2
299. 2
304. 2
309. 2
314. 2
319. 2

5. 05
5. 12
5. 25
5. 37
5. 49
5. 66
5. 80

10. 07
10. 03

9. 983
9. 938
9. 892
9. 847
9. 801

-0. 0009
0.0010

- 0.0010
- 0.0010
- 0.0010
-0. 0011

0.0011

. 1147

. 1267
. 1428
. 1593
. 1767
. 1939
. 2117

T°K
b(MW)co(DCx10

3
)b

b
Mr x103)(x

(mw)c

obs

289. 2 563. 1 -0. 349 2. 397 563. 9
294. 2 561.3 -0. 348 2.432. 562. 1

299. 2 558. 8 -0. 346 2. 507 559. 7
304. 2 556. 4 -0. 344 2. 576 557. 3
309. 2 553. 7 -0. 343 2. 647 554. 6
314. 2 551. 2 -0. 340 2.749 551.8
319. 2 548. 5 -0. 339 2.832 549. 1

c

T°K (DCx103)c (xcor x10 I
Mobs

(N )d
A

K eq

289. 2 -0.349 2. 396 . 1093 7402

294.2 -0.348 2.432 .1210 5984

299. 2 -0.347 2. 507 . 1372 4590

304.2 -0.345 2.576 . 1528 3650

309. 2 -0.344 2.647 . 1712 2858

314. 2 -0.341 2. 749 . 1897 2287

319. 2 -0.339 2.831 . 2080 1867
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Table 24. (Continued)

Linear least squares results: InK = A H
R T

° A S°

A H° = (-8. 57 ± 0. 10) Kcal

A S
o = ( -11.87 ± 0.34) e. u.

(a) Initial trial values calculated from shift difference ratio.

(b) Trial values calculated using initial values of NA.

(c) Final values, reiteration complete.

(d) Final values calculated from susceptibility difference ratio.
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Table 25. Data for Calculation of Thermodynamic Parameters from

NMR Shifts: Cobalt(II) Chloride-Ethyl Diethylphosphinite
System

CoC1
2.

2Et
2
POEt + Et

Ligand:cobalt(II) mole

Solvent: t-butylbenzene
cor

v From Table 18

POEt CoC1 3Et
2

POEt

-0.xo =

(DC )A = -0.

-6
764x10

251x10-3

2 2'
ratio = 3. 000

(MW )A = 398. 13
A MA

xc : From Table 19M (MW)B = 532. 28 (DC)B = -0. 346x10-3
M B'

T°K Lv bso
Mx10 3 d

o
-d

s
(NA )a

284. 2 6. 34 10. 14 0.0011 . 1765
289. 2 6. 71 10. 09 0.0011 . 2078
294. 2 7. 30 10. 05 0.0011 . 2576
299.2 7.90 10.00 - 0.0011 .3067
304. 2 8. 29 9. 954 - 0.0011 .3450
309.2 8.95 9.906 - 0.0011 .4035
314. 2 9. 58 9.860 0.0011 .4599
319.2 10. 18 9. 812 -0. 0011 . 5171

°K
3 b cor

T (MW)b (DCx10 ) (xM x103 )b (MW)c
obs

284. 2
289. 2
294. 2
299. 2
304. 2
309. 2
314. 2
319. 2

ToK

508. 6
504. 4
497. 7
491. 1
486. 0
478. 2
470. 6
462. 9

(DCx103)c

-0.330
-0.327
-0.322
-0.317
-0. 314
-0. 308
-0. 303
-0. 297

cor(x.
obs

x103)c

"L

3. 011
3. 200
3. 494
3. 789
4. 004
4. 342
4. 667
4. 983

(NA)
d

508.8
504. 7
497. 9
491. 3
486.1
478. 1
470. 5
462. 7

K eq

284. 2
289. 2
294. 2
299. 2
304. 2
309. 2
314. 2
319. 2

-0.330
-0.327
-0.322
-0.317
-0.314
-0.308
-0.303
-0. 297

3. 010
3. 199
3.494
3. 798
4. 004
4. 342
4. 668
4. 983

. 1747

. 2052

. 2562

. 3058

. 3443

. 4037

.4605

. 5186

2667
1871
1128
742. 3
555. 6
369. 3
258. 0
182.4
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Table 25. (Continued)

Linear least squares results: InK Ho +Aso

RT R

AH° -= (-13. 88 ± 0. 22) Kcal

AS° = (-33. 17 ± 0. 73) e. u.

(a) Initial trial values calculated from shift difference ratio.

(b) Trial values calculated using initial values of NA.

(c) Final values, reiteration complete.

(d) Final values calculated from susceptibility difference ratio.
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APPENDIX III

Calculation of Equilibrium Constants

From Spectrophotometric Data
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Table 26. Equilibrium Constant Calculations from Spectrophotometric
Data: Cobalt(II) Chloride-Diethyl Ethylphosphonite System,

= 435 nm (t-Butylbenzene)

CoC12. 2EtP(OEt)2 + CoC12. 3EtP(OEt)2

= 435 nm T = 30. 0°C
Solvent:

Ma x103

t-butylbenzene
C x103 (MR)

b
.Abs (obs )c Abs (Calc)d (RPD)e

.9992 3. 021 3. 024 0. 799 0. 854 6. 5

.9992 3. 1 22 3. 1 24 0. 901 0. 898 0.3

.9992 3. 223 3. 226 0. 908 0. 935 2.8

.9992 3. 324 3. 327 0. 91 2 0. 965 5. 5

.9992 3. 425 3.428 0. 972 0. 990 1.8
1. 499 4. 532 3. 023 1. 293 1. 363 5. 2
1. 499 4. 683 3. 1 24 1. 352 1. 430 5.4
1.499 4. 986 3. 326 1. 450 1. 525 4. 9
1. 998 6. 04 2 3. 024 1. 706 1. 887 9. 6
1.998 6. 244 3. 1 25 1.843 1. 975 6. 7
1. 998 6. 647 3. 327 1. 975 2. 095 5. 7
.7517 2. 175 2. 894 0. 509 0. 561 9. 2
.9982 2.889 2. 894 0. 722 0. 785 8. 0
1. 503 4. 350 2.894 1. 210 1. 260 4. 0
2. 008 5. 811 2. 894 1. 700 1. 748 2. 7
2. 491 7. 209 2. 894 2. 130 2. 222 4. 2
4. 981 14. 4 2 2. 894 4. 690 4. 735 0. 9
9.982 28.89 2.894 9. 710 9.898 1.9
.7517 2. 251 2. 994 0. 588 0. 600 2. 0
.9982 2. 989 2. 994 0.810 0. 839 3. 5
1. 503 4. 500 2. 994 1. 260 1. 345 6. 3
2.008 6. 012 2. 994 1. 71 0 1.866 8.4
2.491 7.458 2. 994 2.310 2. 373 2. 7
4.981 14.91 2. 994 4. 900 5. 056 3. 1
9. 982 29. 89 2. 994 10. 20 10. 61 3. 8
2. 006 5. 661 2.822 1.140 1. 646 30. 7
2.489 7. 024 2. 8 22 1. 670 2. 091 20. 1
4.976 14.04 2.822 3.860 4.435 13.0
9. 972 28.14 2. 822 8. 750 9. 242 5. 3
. 2493 . -r539 3. 024 0. 1 54 O. 1 53 0. 7
.4987 1. 508 3. 024 O. 37 2 0.371 0.3
.7495 2. 266 3. 024 0.606 0. 608 0.4
.9954 3. 010 3. 024 0.864 0.851 1. 6
1.499 4. 533 3.024 1. 320 1.364 3. 2
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Table 26. (Continued)

aM x103
C x103 (MR)

b Abs (obs)c Abs (Calc)d (RPD)e

2. 003 6. 057 3. 024 1. 830 1. 892 3. 3
2. 484 7. 51 2 3. 024 2. 380 2. 404 1. 0
4. 967 15. 02 3. 024 5. 030 5. 1 21 1. 8
9. 954 30.10 3. 024 10. 04 10. 73 2. 8

Initial estimations, EB held fixed:

K' = 1. 500 x 10-4

EA = 25. 00

LB = 1130

Second estimations, K' held fixed:
K' = 2. 020 x 10-4

EA = 10. 00

B = 1130

Final estimations, using optimized parameters:

K' = 7. 800 x 10-5

EA = 5. 000

B
= 1130

Final NLLS results, all parameters allowed to vary:
K' = (1. 187± 0. 464) x 10-4

EA = O. 01 ± 134

LB = 1188 ± 32

(a) Corrected for flask volume.
(b) Ligand: cobalt(II) mole ratio.

(c) Corrected to 1 cm path length, see pg. 48.
(d) As determined by final NLLS results.

(e) Relative percent difference:

lAbs(calc) - Abs(obs)1RPD - { Abs (obs) } x 100%.
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Table 27. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride-Diethyl Ethylphosphonite
System, = 620 nm (-Butylbenzene)

CoC12. 2EtP(OEt)2 + EtP(OEt)2

= 620 nm T = 30. 0°C

Solvent: t-butylbenzene

CoC12' 3EtP(OEt)2

aM x10 3
C x103 (MR )

b Abs (obs )c Abs (calc)d (RPD)e

.9992 3. 021 3. 024 0.486 0.484 O. 4

.9992 3. 122 3. 124 0.513 0.493 4. 1

.9992 3. 223 3. 226 0. 502 0. 500 0. 3

.9992 3. 324 3. 327 0. 505 0. 506 0. 3

.9992 3.425 3.428 0.518 0.512 1. 3
1. 499 4. 53 2 3. 023 0. 763 0. 743 2. 6
1. 499 4. 683 3. 124 0. 772 0. 757 2. 0
1. 499 4. 986 3. 326 0. 784 0. 776 1. 0
1. 998 6. 042 3. 024 0. 972 1. 005 3. 3
1. 998 6. 244 3. 125 0. 997 1. 023 2. 5
1. 998 6. 647 3. 327 1. 003 1. 047 4. 2
, 7517 2. 175 2. 894 0. 360 0. 348 3. 5
.9982 2. 889 2. 894 0.485 0. 470 3. 1
1. 503 4. 350 2. 894 0. 747 0. 724 3. 2
2. 008 5. 811 2. 894 1. 010 0. 981 3. 0
2. 491 7. 209 2. 894 1. 260 1. 228 2. 6
4. 981 14. 4 2 2. 894 2. 580 2. 516 2. 5
9. 982 28. 89 2. 894 5. 200 5. 128 1. 4

7517 2. 251 2. 994 O. 371 O. 356 4. 3
9982 2.989 2.994 0.493 0.481 2. 5

1. 503 4. 500 2. 994 0.741 0.741 0. 0
2. 008 6. 012 2. 994 0. 973 1. 004 2. 6
2. 491 7. 458 2. 994 1. 290 1. 258 2. 6
4. 981 14. 91 2. 994 2. 580 2. 579 0. 0
9. 982 29. 89 2. 994 5. 220 5. 268 0. 9
2.006 5. 661 2. 822 0.872 0. 960 9. 2
2. 489 7. 024 2. 822 1. 150 1. 201 4. 3
4.976 14. 04 2. 822 2. 380 2. 455 3. 1
9.972 28. 14 2.822 4. 990 4. 995 0. 1
.2493 . 7538 3. 024 0. 106 0. 109 2. 3
.4987 1. 508 3. 024 0. 232 0. 230 0. 7
.7495 2. 266 3. 024 0.359 0.357 0. 7

9954 3. 010 3. 024 0. 499 0. 48 2 3. 5
1. 499 4. 533 3. 024 0.741 0. 743 0. 3
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Table 27. (Continued)

Ma x103 C x103 (MR)
b Abs (obs )c Abs (calc)d (RPD) 3

2. 003 6. 057 3. 024 0. 998 1. 008 1. 0
2. 484 7. 512 3. 024 1. 290 1. 262 2. 2
4. 967 15. 02 3. 024 2. 590 2. 588 0. 1

9. 954 30. 10 3. 024 5. 280 5. 285 0. 1

Initial estimations, EB held fixed:

K' = 1. 500 x 10-4

EA = 404. 0

EB = 527. 0

Second estimations, K' held fixed:

K' = 2. 020 x 10-4

EA = 379. 0

LB = 527. 0

Final estimations using optimized parameters:

K' = 2. 020 x 10-4

= 334. 0

EB = 558. 0

Final NLLS results, all parameters allowed to vary:

K' = (1. 300±0. 404) x 10-4

EA = 316. 1 ± 21. 8

B
= 554. 0 ± 5. 2

(a) Corrected for flask volume.
(b) Ligand:cobalt(II) mole ratio.
(c) Corrected to 1 cm path length, see pg. 48.

(d) As determined by final NLLS results.

(e) Relative percent difference:

RPD - {l Abs (calc) - Abs (obs x 100%.Abs(obs)
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Table 28. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride-Ethyl Diethylphosphinite
System, X. = 456 nm (1-Butylbenzene)

CoC1
2.

2Et
2
POEt + Et

2
POEt----,..CoC1

2.
3Et

2
POEt

= 456 nm T = 30. 0°C

Solvent:

Maxi° 3
t-butylbenzene

C Lx103 (MR)
b Abs (obs )c Abs (calc)d (RPD)e

9. 973 2. 498 2.505 3.537 3.450 2.5
9.953 2. 647 2. 659 4. 320 4. 242 1. 8

9.983 2. 754 2. 759 4. 700 4. 722 0. 5
9. 983 2. 854 2. 859 4. 848 5. 148 5. 8

9. 983 2. 954 2. 959 5. 579 5. 536 0.8
9.983 3. 054 3. 059 5. 851 5.885 0. 6
9. 963 3. 247 3. 259 6. 512 6.464 0. 7
9.963 3.446 3.459 6. 916 6. 941 0.4
9. 973 3. 694 3. 659 7. 488 7. 335 2. 1

9. 933 3. 833 3.859 7. 650 7. 610 0. 5
9. 983 4. 052 4. 059 7. 881 7. 910 0.4
9. 983 5. 050 5. 059 8. 693 8. 677 0. 2
9. 983 6. 049 6. 059 8. 994 9. 048 0.6

Initial estimations, CB held fixed:
K' = 2. 010 x 10-3

EA
= 35. 20

EB = 984. 0

Final estimations using optimized parameters:
K' = 3. 083 x 10-3

6.A
= 7. 390

EB = 984. 0

Final NLLS results, all parameters allowed to vary;

K' = (3. 496 ±0. 443) x 10-3

EA
= 19. 69 ±21. 46

EB = 1005 ± 19. 39
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Table 28. (Continued)

(a) Corrected for flask volume.

(b) Ligand:cobalt(II) mole ratio.

(c) Corrected to 1 cm path length, see pg. 48.

(d) As determined by final NLLS results.

(e) Relative percent difference:

Abs(calc) - Abs(obs)IRPD = { Abs(obs) } x 100%.
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Table 29. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride-Ethyl Diethylphosphinite
System, X. = 675 nm (1-Butylbenzene)

CoC1
2

2ET
2
POEt + Et

2
POEt

2.
3Et

2
POEt

X. = 675 nm T = 30. 0°C

Solvent:

Ma x103

t-butylbenzene

C Lx 103 (MR)
b Abs (obs )c Abs (calc)d (RPD)e

9.973
9.953

2.498
2.647

2. 505
2.659

2. 205
2.457

2. 165
2. 501

1. 8
1. 8

9. 983 2.754 2.759 2.661 2.706 1.7
9.983 2.854 2.859 2.996 2.885 3.8
9.983 2.954 2. 959 3. 002 3. 045 1.4
9. 983 3. 054 3. 059 3. 120 3. 186 2. 1
9. 963 3. 247 3. 259 3.424 3.412 0. 3

9.963 3.446 3.459 3. 577 3. 591 0.4
9. 973 3. 649 3. 659 3. 792 3. 733 1. 6

9.933 3.833 3.859 3.835 3.822 0.3
9.983 4. 052 4. 059 3. 915 3. 928 0.3
9.983 5. 050 5. 059 4. 189 4. 165 0.6
9. 983 6. 049 6. 059 4. 239 4. 272 0. 8

Initial estimations, eB
K' = 3. 200 x 10-3

eA

B
= 430. 9

= 200. 0

held fixed:

Final estimations using optimized parameters:
K' = 1.483 x 10-3

eA = 65. 40

eB = 430. 9

Final NLLS results, all parameters allowed to vary:
K' = (2. 357±0. 357) x 10-3

EA
= 79. 36 ± 10. 06

B = 454. 2 ± 7. 3
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Table 29. (Continued)

(a) Corrected for flask volume.

(b) Ligands cobalt(II) mole ratio.

(c) Corrected to 1 cm path length, see pg. 48.

(d) As determined by final NLLS results.

(e) Relative percent difference:

Abs (calc) - Abs(obs)1RPD = } x 100%.
Abs (obs)
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Table 30. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride- Triethyl Phosphite
System, k = 428 nm (Nitrobenzene)

CoC1
2

2P(OEt)
3

+ P(OEt)
3

CoC1
2

3P(OEt)
3

= 428 nm T = 20. 0°C
Solvent:

Mx103

Nitrobenzene

C xl 0 3
(MR )a Abs (obs) Abs (calc)b

(RPD)

1. 000 2. 000 2. 000 . 0846 . 0889 4. 9
1. 000 5. 4 20 5.4 20 . 0987 . 094 1 4. 9
1. 000 8. 840 8. 840 . 1007 . 0991 1. 6
1. 000 12. 30 12. 30 . 1016 . 1041 2. 4
1. 000 15. 70 15. 70 . 1041 . 1089 4. 4
1. 000 19. 10 19. 10 . 1053 . 1137 7. 4
1. 000 21. 50 21. 50 . 0983 . 1170 16. 0
1. 000 25. 90 25. 90 . 1005 . 1229 18. 2
1. 000 29.40 29. 4 0 . 0994 . 1275 22. 1
1. 510 3. 020 2. 000 . 1440 . 1343 7. 2
1. 310 2. 620 2. 000 . 1400 . 1165 20. 2
1. 100 2. 200 2. 000 . 1070 . 0978 9.4
. 9040 1. 810 2. 000 . 0868 . 0804 8. 0
. 7030 1. 410 2. 000 . 0676 . 0625 8. 1
. 5020 1. 000 2. 000 . 0491 . 0446 10. 0
1. 490 152.0 102.0 . 3528 . 3706 4. 8
1. 290 132. 0 102. 0 . 2852 . 3010 5. 2
1. 100 112.0 102. 0 . 2441 . 238 2 2. 5

. 8960 91.40 102. 0 . 1916 . 177 2 8. 1

. 6970 71. 10 102.0 . 1288 . 1238 4. 1

.4980 50. 80 102.0 . 0863 . 0774 11. 5
1. 500 857. 0 571. 0 .6864 .7103 3.4
1. 300 74 2. 0 571. 0 . 5969 . 5936 0.6
1. 100 628. 0 571. 0 . 4855 . 4796 1. 2
.9000 514. 0 571. 0 . 3900 . 3690 5. 7
. 7000 400. 0 571.0 . 2944 . 2633 11. 8
. 5000 286. 0 571. 0 . 1932 . 1653 16. 9
.3000 228.0 571.0 .1102 .0902 22. 2

Initial estimations, LA held fixed:

K' = 1. 000

EA
= 96. 50

£B = 835. 0



Final estimations using optimized parameters:
K' = 3. 968 x 10-1

EA
= 96. 50

EB = 650. 2

Final NLLS results, all parameters allowed to vary:
K' = (3. 598±0. 462) x 10-1

EA

EB

(a)

(b)

(c)

= 88. 94 ± 4. 57

= 635. 8 ± 27. 52

Ligand:cobalt(II) mole ratio.
As determined by final NLLS results.
Relative percent difference:

1Abs(calc) - Abs(obs)IRPD = { Abs (obs)
} x 100%.
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Table 31. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride- Triethyl Phosphite
System, \ = 438 nm (Nitrobenzene)

CoC1
2'

2P(OEt)
3

+ P(OEt)
3

CoC1
2.

3P(OEt)
3

= 438 nm T = 20.0 °C
Solvent:

Mx10 3

Nitrobenzene

C Lx 103 (MR )a Abs (obs ) Abs (calc)b
(RPD)

1. 000 2. 000 2. 000 . 0564 . 0569 0. 9
1. 0 0 0 5.420 5.420 .0671 .0618 8.6
1. 000 8. 840 8. 840 . 0687 . 0666 3. 1
1. 000 12. 30 12. 30 . 0706 . 0714 1. 2
1. 000 15. 70 15. 70 . 0732 . 0761 3. 8
1. 000 19. 10 19. 10 . 074 5 . 0807 7. 7
1. 000 21. 50 21. 50 . 0734 . 0839 12. 5
1. 000 25. 90 25. 90 . 0757 . 0897 15. 6
1. 000 29.40 29.40 . 0762 . 0943 19. 2
1. 510 3. 020 2. 000 . 0937 . 0860 9. 0
1.310 2.620 2. 000 . 0958 . 0746 28. 5
1. 100 2. 200 2. 000 . 0712 . 0626 13. 7
. 9040 1. 810 2. 000 . 0563 . 0515 9. 4
. 7030 1. 410 2. 000 . 0448 . 0400 11. 9
. 5020 1. 000 2. 000 . 0308 . 0286 7. 8
1. 490 152. 0 102. 0 . 2957 . 3296 10. 3
1. 290 132. 0 102. 0 . 2360 . 2633 10. 4
1. 100 112. 0 102. 0 . 2018 . 2045 1. 3
. 8960 91.40 102. 0 . 1580 . 1487 6. 3
. 6970 71. 10 102. 0 . 1033 . 1009 2. 4
. 4980 50. 80 102. 0 . 0673 . 0608 10. 7
1. 500 857. 0 571. 0 . 7221 . 7560 4. 5
1.300 742. 0 571. 0 .6272 .6242 0. 5
1. 100 628. 0 571. 0 . 5102 .4969 2. 7

. 9000 514. 0 571. 0 . 4099 . 3751 9. 3
. 7000 400.0 571.0 . 3078 . 2610 17. 9
. 5000 286. 0 571. 0 . 2033 . 1580 28. 6
. 3000 228. 0 571. 0 . 1138 . 0841 35. 3

Initial estimations, EA held fixed-

K' = 1. 000

e A = 62. 80

eB = 855. 0
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Table 31. (Continued)

Final estimations using optimized parameters:

K' = 5. 244 x 10-1

EA = 62. 80

LB
= 776. 4

Final NLLS results, all parameters allowed to vary:

K' = (4. 870±0. 794) x 10-1

EA = 56. 92 ± 5. 77

e
B = 759. 2 ± 50. 6

(a) Ligand:cobalt(II) mole ratio.

(b) As determined by final NLLS results

(c) Relative percent difference:

RPD - { i Abs(calc) - Abs(obs)1 } x 100%.Abs(obs)
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Table 32. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride-Diethyl Ethylphos -
phonite System, X. = 430 nm (Nitrobenzene)

CoC1
2*

2EtP(OEt)
2

+ EtP(OEt)
2
---`-;-CoC1

2-
3EtP(OEt)

2

= 430 nm T = 20. 0°C

Solvent:

Mx10 3

Nitrobenzene

C x103 (MR )a Abs (obs) Abs (calc)
b

(RPD)c

1. 000 2. 100 2. 100 1497 . 1443 3. 7
1. 000 2. 200 2. 200 . 1551 . 1534 1. 1
1. 000 2. 400 2. 400 . 1638 . 1711 4. 3
1. 000 2. 600 2. 600 . 1809 . 1881 3. 8
1. 000 2. 800 2. 800 . 2044 . 2043 0. 0
1. 000 2. 900 2. 900 . 2192 . 2122 3. 3
1. 000 3. 000 3. 000 . 2203 . 2199 0. 2

Initial estimations, all parameters allowed to vary:
K' = 1. 460 x 10-3

EA

EB
Final estimations using optimized parameters:
K' = 1.460 x 10-3

= 152. 0

= 906. 0

EA = 152. 0

EB = 906. 0

Final NLLS results, 513 held fixed:

K' = (7. 193±0.716) x 10-3

EA
= 135. 0 ± 4. 9

EB = 906. 0

(a) Ligand: cobalt(II) mole ratio.
(b) As determined by final NLLS results.
(c) Relative percent difference:

RPD {1Abs(calc) - Abs(obs)i x 100%.
Abs (obs )
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Table 33. Equilibrium Constant Calculations from Spectrophoto-
metric Data: Cobalt(II) Chloride-Diethyl Ethylph.os-
phonite System, X. = 591 nm (Nitrobenzene)

CoC1
2'

2EtP(OEt)
2

+ EtP(OEt)
2

---=,-.. CoC1
2

3EtP(OEt)
2

X = 591 nm T = 20. 0°C

Solvent:

Mx103

Nitrobenzene

C Lx 103 (MR )a Abs (obs ) Abs (calc)b (RPD) c

1. 000 2. 100 2. 100 . 1546 . 1524 1. 4
1. 000 2. 200 2. 200 . 1601 . 1599 0. 1
1. 000 2. 400 2.400 . 1722 . 1737 0. 9
1. 000 2. 600 2. 600 . 1813 . 1862 2. 6

1.000 2.800 2.800 . 1970 . 1974 0. 2
1. 000 2. 900 2. 900 . 2070 . 2026 2. 2
1. 000 3. 000 3. 000 . 2077 . 2075 0. 1

Initial estimations using K' from X = 430 nm NLLS:

K' = 7. 190 x 10-3

CA

EB = 342. 0

= 144. 0

Final NLLS results, 5B held fixed:
K' = (1. 454±0. 139) x 10-3

EA
= 144. 6 ± 2. 7

EB
= 342. 0

(a) Ligand: cobalt(II) mole ratio.

(b) As determined by final NLLS results.
(c) Relative percent difference:

1 Abs(calc) - Abs(obs)1RPD - { } x 100%.Abs (obs)


