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Hydrated cobalt(II) and nickel(II) trifluoromethanesulfonates have

been prepared by a previously reported procedure, and have been

characterized for the first time as [ Co(H20)6] (CF3S03)2H20 and

[Ni(H20)6] (CF3SO3)2. These formulations are based on analyses,

near-infrared spectra, and on measurements of the ligand field

electronic spectra and the magnetic susceptibilities. The metal ions

are high-spin and octahedrally coordinated in both compounds.

Methods have been developed for the preparation of the pure

anhydrous cobalt(II) and the previously unknown nickel(II) trifluoro-

methanesulfonates from the hydrates. By determination of the d-d

spectra and the magnetic moments, these are found to contain high-

spin octahedrally coordinated metal cations, and therefore contain

coordinated trifluoromethanesulfonate anions. The near-infrared

spectral absorptions of these anions have been observed. The mag-

netic moment reported by previous workers for anhydrous cobalt(II)



trifluoromethanesulfonate corresponds to the value found in this work

for the hydrate.

By vacuum line methods, pressure-composition data have been

obtained for the triethylamine-cobalt(II) and nickel(II) trifluoromethane-

sulfonate systems. Breaks in the 25° isothermal phase diagrams show

that very unstable adducts containing two molecules of triethylamine

per metal ion are formed in each system. These could not be

isolated.

Various experimental methods for the preparation of quinuclidine

complexes were investigated. The one found to be successful involved

mixing, by Schlenk techniques, acetonitrile solutions of the anhydrous

metal trifluoromethanesulfonate and of an excess of quinuclidine,

evaporating the solvent, and removing the excess quinuclidine by sub-

limation. The solid complexes obtained in this way were characterized

as [ Co(QUIN)4] ( CF3S03)2 and [Ni(QUIN)2(CF3S03)2] by their

analyses, ligand field spectra, magnetic moments, and the near-

infrared absorptions of the anions.

As expected, quinuclidine is found to be a better ligand than its

more sterically demanding analogue, triethylamine. The quinuclidine

complexes of cobalt(II) and nickel(II) trifluoromethanesulfonates are

much more stable. In the case of the cobalt complexes, the metal ion

has a greater ligation number for quinuclidine than for triethylamine.

In these solid salts and complexes, the trifluoromethanesulfonate



ion shows a much greater tendency to coordinate than had been ex-

pected, based on a previous study using it in aqueous solution.
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TERTIARY AMINE COMPLEXES OF
COBALT(II) AND NICKEL(II)

TRIFLUOROMETHANESULFONATES

I. INTRODUCTION

The comparison (4) of triethylamine with its bicyclic analogue,

quinuclidine, played a key role in the development of H. C. Brown's

theories of steric strain. That comparison involved the 1: 1 adducts

of the monodentate amine ligands with the monoacceptor trimethyl-

porane as the Lewis acid.

CH/ 3
CH CH3 CH

2
2

CH CH3

CH-3 CH 2--N>BCH3 HC--CH
2
CH

2
N>BCH3/

Cr-I2 CH3 CH2 CH
2-

CH3

CH3

Triethylamine Trimethylborane Quinuclidine Trimethylborane

A metal cation Lewis acid is not limited to the formation of 1: 1

adducts. This offers the opportunity to study another facet of steric

effects on coordinate bond formation, namely the interligand steric

hindrance of two or more amine molecules simultaneously coordinated

to the same center. A comparison of triethylamine and quinuclidine

metal complexes might be expected to reveal such steric effects in

two ways:
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(1) The coordination number (maximum number of amine

ligands which can be coordinated) might be greater with the less

hindered quinuclidine than with triethylamine;

(2) For the same degree of ligation, the stability constant of the

quinuclidine complex might be greater.

Both of these expectations have been realized in previous studies

by Yoke and his co-workers (17, 18, 30) although the situation with

respect to point (1) was partly ambiguous and ligation numbers greater

than two were not observed for either amine. The metal salts which

were used included silver nitrate, cobalt(II) and copper(II) chlorides,

and copper(II) acetate. It was felt that higher amine ligation numbers

with a transition metal cation such as cobalt might be achieved by

using salts with more poorly coordinating anions. Chloride and

carboxylate anions are competitive with the tertiary amines as ligands

and were not displaced from the coordination sphere.

Nitrate salts were found to cause amine oxidation in some

cases (16, 21). When transition metal perchlorate -amine systems

were rendered thoroughly anhydrous, frequent explosions resulted and

non-reproducible results were obtained (11). What was needed was an

anion which had both negligible coordinating tendencies (negligible

strength both as a Lewis and as a Brinsted -Lowry base), and no ability

to act as an oxidizing agent.

In 1971, Scott and Taube (27) reported that the



3

trifluoromethanesulfonate anion, CF
3
S031 showed great promise as an

indifferent anion. In addition to great resistance to reducing agents,

it showed only a very weak nucleophilic tendency to coordinate to the
+

chromium (III) aquo ion. No change in Cr(H20)6
3 was discernable

until the concentration of trifluoromethanesulfonic acid was made

greater than 7 Molar. In 9. 1 Molar acid, a complex, [ Cr(CF3S03)2]
+2,

was formed. This complex underwent rapid aquation on dilution.

Trifluoromethanesulfonic acid is one of the strongest known protic

acids, and its conjugate base would have negligible basicity., The tri-

fluoromethanesulfonate anion ("triflate") also shows its negligible

nucleophilicity in organic displacement reactions, where it is an

excellent leaving group (31).

The goal of this research was to prepare the anhydrous trifluoro-

methanesulfonate salts of cobalt(II) and nickel(II) and to use them in

extending the comparison of triethylamine and quinuclidine as Lewis

bases in a continuation of the study of steric effects on coordination.
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II. HISTORICAL

The work of Brown and Sujishi (4), comparing the energy of

coordination in the gas phase of trimethylborane with the two amines

quinuclidine and triethylamine, demonstrated the importance of

steric effects on coordination. Indeed, since the B-N bond may be

taken as a model for the C-C bond, their work led to the development

of modern ideas of steric hindrance in organic chemistry. Structur-

ally, quinuclidine may be thought of as triethylamine "with its ears

pinned back," and this lower steric requirement was found to have a

major effect on the stability of the amine borane.

Trimethylborane is limited to the formation of 1: 1 adducts with

amines. Metal ions generally have several ligands in their complexes,

and it might be the case that metal ions would coordinate more of the

less hindered amine ligands, that is, that complexes of the formulas

M(QUIN)x+n and M(Et
3

N) y
+n, x )y, would be formed. This might be

due to an additional type of steric hindrance, the steric repulsion of

one coordinated amine ligand for another. In addition, for complexes

with the same degree of ligation, it might be expected that the

stability constant would be larger for the complex of the less hindered

amine.

Both of these expectations were found to be true by Hilliard and

Yoke (18) in their study of the silver(I) complexes of these amines.
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Using silver nitrate solution in dimethyl sulfoxide as solvent, they

found the stepwise stability constants to be as follows: for quinucli-

dine, K1 = 1.2 x 102 and K2 = 4.3 x 101; for triethylamine, K1 =

4.3 x 101 and K2 = 0. Thus, for Ag(amine)+, the quinuclidine complex

is the more stable, and for Ag(amine)2+, the triethylamine complex

does not even exist in DMSO. Presumably, in the latter case, steric

interference between two coordinated triethylamine ligands would

occur, and the monocomplex which was formed would have the formula

"Et
3
N-Ag-DMSO+. Hilliard and Yoke did find a complex of composition

AgNO3.2Et3N to exist in the solid state, presumably because the only

other ligand available would be the poorly coordinating nitrate ion.

However, this solid complex was unstable above 0°C, undergoing

internal oxidation-reduction.

Another example is provided by the work of Stevens and Yoke

(30), who were studying binuclear copper(II) acetate complexes of the

types [ Cu(C2H302)2 solvent] and [ Cu(C2H302)2* amine] in dimethyl-

formamide as solvent. While the complex [ Cu(C2H302)2 QUIN] was

prepared and characterized, no such complex could be obtained with

triethylamine, presumably because it was unable to displace the

solvent from the coordination sphere of copper.

Additional results were reported by Hilliard, Axtell, Gilbert;

and Yoke (17) who prepared and characterized quinuclidine complexes

of cobalt(II) and copper(II) and compared them with the previously
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known triethylamine complexes. Although both of these metal ions

commonly show coordination numbers of four and six, it was found

that neither of the tertiary amine ligands was coordinated to such a

degree when the metal chlorides were used as the Lewis acids. Co-

ordinated chloride ion, apparently in both terminal and bridging posi-

tions, was known to occur in CoC1 2' Et3N.
This, according,to both

spectral and magnetic criteria, contains pseudotetrahedrally co-

ordinated cobalt and is therefore the chloride-bridged dimer,

Cl(Et
3
N)CoC1

2
Co(NEt

3
)C1. In accord with expectation, quinuclidine

formed a higher complex, CoC12(QUIN)2, a four-coordinate mono-

nuclear cobalt complex. However, the results with copper(II) chloride

gave just the opposite results, for reasons that were not apparent.

The complex CuC12- QUIN stands in contrast to the CuC12.2Et3N

previously reported by Weiss, Tollin, and Yoke (34). The latter is

another example of a triethylamine complex unstable with respect to

internal oxidation-reduction; it decomposes above -10°.

The situation with respect to tertiary amine complexes of metal

chlorides is further complicated by a dependence of the composition

of the product on the solvent or other experimental conditions of

synthesis. In the work described above, Hilliard and co-workers

prepared CoC12(QUIN)2 from an acetonitrile solution containing an

excess of quinuclidine by evaporation of the solvent and vacuum sub-

limation of the amine until constant weight was achieved. The



7

Cu Cl 2QUIN complex was prepared two different ways: by precipita-

tion from an equimolar mixture of the components in n-butanol,

followed by recrystallization from butanol/cyclohexane, and by heat-

ing copper(II) chloride powder with an excess of quinuclidine in an

evacuated sealed tube at 100° for four days, followed by vacuum sub-

limation of the amine until constant weight was achieved. Vallarino,

Goedken, and Quagliano (33) used a different experimental technique,

the precipitation of the complex by addition of a solution of the metal

chloride in ethanol/ether mixed solvent to a large excess of quinucli-

dine, also in ethanol/ether mixed solvent. They obtained the same

cobalt complex, CoC12(QUIN)2, but a copper complex CuC12(QUIN)2

different than the Cu C12QUIN prepared by Hilliard and co-workers.

Vallarino, Goedken, and Quagliano also prepared FeC12(QUIN)2,

NiC12(QUIN)2, and ZnC12(QUIN)2. All their complexes showed very

similar vibrational spectra due to coordinated quinuclidine, low-

frequency absorptions assigned to metal-chloride vibrations, and

(except for copper) identical X-ray diffraction powder patterns; in all

cases, the metal ions were thought to be pseudotetrahedrally four-

coordinate.

Vallarino and co-workers reported that a major experimental

difficulty in the preparation and handling of quinuclidine complexes is

that this amine is a good BrpInsted-Lowry base, even though it (along

with all tertiary amines as a class) is a relatively poor Lewis base.
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As a result, water and other proton sources readily interfere in work

with metal-quinuclidine complexes through formation of the quinucli-

dinium cation. Fortunately, this is easily detected by infrared

spectroscopy.

The work on quinuclidine and triethylamine complexes of metal

chloride reference acids may be summarized by noting that no data

on complex stabilities were obtained, and that no unambiguous com-

parison of quinuclidine with triethylamine could be made on the basis

of the formulas and structures of the complexes. Most importantly,

the chloride anion was found to be competitive with the amines in all

cases, and in no case did a metal ion achieve coordinative saturation

with amine ligands only, as in [ M(amine)x] X.

The nitrate anion is well known to have a lower coordinating

tendency than does the chloride ion, and attempts were made to pre-

pare cobalt(II) nitrate complexes of quinuclidine and related amines.

However, irreversible oxidation of the quinuclidine by the nitrate

anion was found to be unavoidable (16,21). This oxidation was

apparently due to coordinated nitrate ligands, as there was no

reaction between the amine and potassium nitrate under the same

conditions.

An even better "indifferent" anion in coordination chemistry is

the perchlorate ion, although examples of coordinated perchlorate

are known and moreover perchlorate ion is famous for its oxidizing
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power. Thus it was not surprising that attempts to prepare quinucli-

dine complexes of various transition metal perchlorates led to several

explosions (11). The explosions commonly occurred during the final

stages of the removal of water in the reaction of the amine with the

initially hydrated metal perchlorate, e. g. [ Co(H20)6] (C104)2.

Apparently, the final stages of removal of coordinated water were

accompanied by coordination of perchlorate ion, causing it to become

a more potent oxidant. The dehydrating agents which were used in this

work were 2, 2 -dimethoxypropane and triethylorthoformate, which

react with water (23,29) according to the equations:

OCH 0
3

ii

CH
3
C CH3 + H2O > CH3 C CH3 + 2 CH 30H

,
1

OCH
3

and

O

HC (0C 2H5)3 H2O > HC 0C2H5 + 2 C2H5OH

Vallarino, Goedken, and Quagliano (33) did succeed in preparing

a solute species characterized spectroscopically as tetrahedral

[ Co(QUIN) 4]
+2 as the perchlorate in acetonitrile solution. They were

able to achieve this result by starting with an anhydrous cobalt(II)

perchlorate complex whose 4-methylpyridine ligands could be displaced

by quinuclidine:
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[ Co(4-MePy)4] +2 + 4 QUIN (xs)
+2

Co(QUIN) 4] + 4 4-MePy

No solid compound of this cation was obtained. Their result is

important because it proves that as many as four QUIN tertiary amine

ligands can be coordinated to a metal center. However, since they did

no comparable work with triethylamine, one cannot be certain that it

also would not form such a complex cation under these conditions.

In 1971, Scott and Taube (27) suggested the general use of the

trifluoromethanesulfonate ion as an indifferent anion in coordination

chemistry. This suggestion was based on the fact that trifluoro -

methanesulfonic acid is an extremely strong protic acid, so that its

anion would have negligible BOnsted-Lowry basic properties, and

moreover that it has negligible oxidizing power, unlike perchlorate.

Experimentally, Scott and Taube (27) demonstrated that trifluoro-

methanesulfonate ion had very slight Lewis base tendencies, using

chromium(III) as the reference acid. Trifluoromethanesulfonic acid

and various of its salts and derivatives were first prepared-and

characterized by Haszeldine and co-workers (12,14). The acid and its

derivatives are the subject of a recent review (19). The anhydrous

acid is commercially available (32).

Various salts of trifluoromethanesulfonic acid have been

described. Alkali and alkaline earth metal salts were prepared by

Gramstad and Haszeldine (12), the ammonium salt by Schrgder and
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co-workers (26), and the tin(II) and tin(IV) salts by Batchelor et al.

(3). A number of transition metal salts are known, e.g. , those of

silver(I) (8, 12), cadmium(II) (13), chromium(III) (5), copper(II)

(2, 10), and molybdenum(II) (1). In general, these were prepared from

trifluoromethanesulfonic acid and the metal oxide or by displacement

from the metal salt of a weaker or more volatile acid (acetate, ben-

zoate, carbonate, chloride). In many cases, infrared spectral

studies were carried out to determine the trifluoromethanesulfonate

anion modes, with inferences being made as to its symmetry and

hence as to the nature of the structure and bonding, i. e. , whether the

anion was free or coordinated, and as to the nature of the coordination

(denticity, terminal or bridging, etc.).

Several complexes of neutral ligands with metal trifluoromethane-

sulfonates have also been prepared. For example, CuCF3S031/2C6H6

is readily obtained and has served as the starting material for the

preparation of the complexes of triphenylphosphine and of several sub-

stituted anilines (22) and of various olefins (25).

Of particular relevance to this research is the preparation of

the cobalt(II) and nickel(II) salts and of their complexes with neutral

donors. Hydrated Co(CF3SO3)2 and Ni(CF3SO3)2, each of an unknown

degree of hydration, were prepared by Byington and Bull (6) by

crystallization from the aqueous solution resulting from treatment of

a slurry of the metal carbonate with trifluoromethanesulfonic acid.
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These hydrated salts were not characterized. They were used in the

synthesis of complexes of pyridine and several substituted pyridines

L, all of the formula [ML4(CF3S03)2] , which were characterized as

six-coordinate by magnetochemical and electronic and vibrational

spectroscopic methods. In the synthesis, the dehydrating agent

2,2 -dimethoxypropane was used as the solvent.

Anhydrous cobalt(II) trifluoromethanesulfonate has been re-

ported by Arduini et al. (2). They prepared it as follows: "excess

trifluoromethylsulfuric (sic) acid was freshly distilled at 8 torr and

56°C into a reaction flask containing finely powdered cobalt(II) m-

bromobenzoate. A pink precipitate of cobalt(II) trifluoromethylsulfate

(sic) formed immediately in the exothermic reaction; the reaction

mixture was left stirring for 48 hrs to ensure completion of the

reaction. The solid product was filtered and dried under vacuum at

65°C. Anal. Calcd. for CoC2F6S2O6: C, 6. 73; F, 31.9; S, 18.0;

Co, 16.5. Found: C, 6.91; F, 31.7; S, 17.7; Co, 16.5." For

details of procedure, the authors refer to one of their earlier papers

in which cobalt(II) m-bromobenzoate was synthesized and used to

prepare Co(SO3F)2. Schlenk apparatus was used to avoid exposure

to atmospheric moisture, and an excess of the freshly distilled

fluorosulfonic acid was used to wash the precipitated product free

from the m-bromobenzoic acid by-product during the filtration. This

work is described in detail here because its attempted repetition was
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unsuccessful in our hands, as will be discussed later.

Surveying the previous work on metal trifluoromethanesul-

fonates and their complexes, and in particular the infrared studies of

trifluoromethanesulfonate vibrations, one can conclude that far from

being an indifferent anion, trifluoromethanesulfonate is commonly

coordinated. If the trifluoromethyl group is treated as a point mass,

the RSO3 unit has C 3v
symmetry as the free ion or if it is sym-

metrically tridentate in either chelating or triply-bridging fashion.

The lowering of this symmetry in mono- or bi-dentate coordinated

trifluoromethanesulfonate splits the SO vibrations. In addition, co-

ordination leads to frequency shifts. All these effects have been

commonly observed.
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III. EXPERIMENTAL

A. Manipulative Techniques

A glass high vacuum system as described by Shriver (28) with

a pressure of ca. 10-5 torr, was used in this research. R. F.

Austin stopcock grease #2 was used on vacuum line joints in obtaining

the data for the triethylamine complexes. Vapor pressures were

measured using a mercury manometer and a meter stick.

A typical greaseless reaction assembly consisted of a 50 ml

flask with a 12 mm spherical 0-ring joint, and a valve portion con-

sisting of a 10/30 male ground-glass joint, a Teflon stopcock, and a

12 mm spherical 0-ring joint. The flask and valve were connected

using a Teflon fitting assembled with Viton 0-rings. A spring-loaded

pinch clamp with a screw-locking device was used to hold the 0-ring

joints together.

A Forma stainless steel dry box was used. Entrance to the dry

box was through an evacuable port. The box atmosphere of Prepuri-

fied-Grade nitrogen was constantly circulated through a tower con-

taining heated BTS (supported activated copper) catalyst to remove

traces of oxygen, and through two drying tubes. One tube contained a

mixture of Linde 5A and 4A molecular sieve. The other tube contained

Linde 13X molecular sieve.

Such manipulations as mixing, filtering, and washing, requiring
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the use of a pure nitrogen atmosphere, were carried out using a

Schlenk line and Schlenk techniques, as described by Shriver (28).

B. Materials

Nitrogen

Pre-purified grade nitrogen (specified maximum oxygen

content <8 ppm) was used.

Trifluoromethanesulfonic Acid

This was obtained in the form of the anhydrous liquid as a com-

mercial product (Trimsylate Acid F24) from the 3M Company. It was

purified by distillation under a reduced pressure of nitrogen, b. p.

ca. 70720 torr. Joints on the all-glass distillation apparatus were

greased exclusively with Kel-F grease.

Because trifluoromethanesulfonic acid is quite expensive, and

because of the need for fairly large quantities of it throughout this

research, a recycling program was instituted to recover the acid from

spent or waste products of synthesis. Such solids (miscellaneous

complexes of cobalt(II) or nickel(II) trifluoromethanesulfonates) were

dried in vacuo at 110° for one day, and mixed with an excess of 100%

sulfuric acid (prepared from oleum and concentrated sulfuric acid

according to Jolly (20) ). The resulting paste was heated, and impure
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trifluoromethanesulfonic acid distilled in the range 135-145°, giving

a dark distillate. This was fractionally redistilled, and the recovered

acid was collected as a clear fraction, b. p. 140-164° (literature:

162°/760 torr) (32). The use of pre-dried solids and 100% sulfuric

acid was due to the need to avoid water, since trifluoromethanesulfonic

acid forms a distillable monohydrate.

The purified trifluoromethanesulfonic acid was stored in a Pyrex

bottle whose ground glass stopper was greased with Kel-F grease. It

is a fuming colorless liquid which reacts exothermally with water.

Aqueous solutions of it were prepared carefully and tested with

barium chloride; a negative sulfate test is a useful criterion of

purity.

Quinuclidine

An N gram quantity of quinuclidine hydrochloride (Aldrich) was

dissolved in the minimum amount of cold distilled water. A 10 x N ml

volume of cold saturated aqueous sodium hydroxide was added. A

total of 20 x N ml of ether (Mallinckrodt reagent) divided into five

portions was used to extract the quinuclidine. The ether extract was

dried for two hours over potassium hydroxide pellets. The liquid was

decanted, and all of the ether was evaporated using a rotary evapora-

tor. The white crystals of quinuclidine were dried for several hours

at room temperature in a vacuum desiccator over sodium hydroxide
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pellets. The pressure was not allowed to be less than 20 torr.

The dry quinuclidine was purified by sublimation in a high

vacuum onto a cold finger (-78°). The purified quinuclidine was

stored in a screw-cap bottle in a desiccator over phosphorus pentox-

ide until needed. Before use, the quinuclidine was freshly

re sublimed.

T riethylamine

Triethylamine (Matheson, Coleman, and Bell) was mixed with

phosphorus pentoxide powder and swirled. After two hours the phos-

phorus pentoxide had coagulated. More phosphorus pentoxide was

added to the triethylamine until the new phosphorus pentoxide would

form a suspension on swirling without coagulation. This indicated

that all water was taken up from the triethylamine.

The dry triethylamine was distilled from phosphorus pentoxide

under an atmosphere of pure nitrogen. The fraction boiling at 89-90°

was collected. Purified triethylamine was introduced into the vacuum

line. The liquid was degassed and left under vacuum until needed.

Acetone

Acetone (Mallinckrodt Reagent) was degas sed twice on the

vacuum line and transferred through the vacuum line to a clean flask

equipped with a vacuum stopcock. The acetone was allowed to trickle
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through a column of Linde 4A molecular sieves under prepurified

nitrogen. The acetone was transferred to a Schlenk funnel and stored

over molecular sieves until needed.

Ether

An all-metal sealed can of diethyl ether (Mallinckrodt Anhydrous

Reagent) was opened in a glove bag under nitrogen. The ether was

transferred to a one-liter bottle containing Linde 4A molecular sieves

and stored. When the ether was needed, the bottle was opened and all

transfers were undertaken in a glove bag under dry nitrogen.

Ethanol

Ethanol (100%, Gold Shield) was allowed to dry over molecular

sieves (Linde 4A) for two days.

Acetonitrile

Acetonitrile (Mallinckrodt Reagent) was placed in a distilling

flask, and repeated portions of phosphorus pentoxide were added until

a suspension formed. The acetonitrile was distilled under nitrogen

at atmospheric pressure. The fraction boiling at 80.5-81.3° was

collected. The acetonitrile was immediately transferred to the

vacuum line, degassed twice, and stored under vacuum until needed.
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Cobalt(II) Carbonate

B & A Reagent cobalt(II) carbonate powder was used. Assay:

cobalt 47. 0-50. 0% (calcd. for CoCO3: Co' 49. 55%).

impurities: Ni, 0.20%; Cu, Fe, Pb, 0.005% each.

Nickel(II) Carbonate

Limits of

Baker Reagent nickel(II) carbonate powder was used. Assay:

nickel 45.0% (calcd. for NiCO3; Ni 49.45%). Limits of impurities:

CO, 0. 01%; Cu, 0, 003%; Fe, Pb, 0. 002% each.

C. Instrumental Methods

Visible and Near Infrared Spectra

The diffuse reflectance spectra of the compounds were obtained

using a Beckman DK-2 spectroreflectometer. The integrating sphere

was freshly coated with magnesium oxide. The spectra of the powder-

ed samples were obtained as follows. Under nitrogen in the dry box,

the sample was placed in a 1/4" deep 1" radius circular depression in

a 2" x 2" aluminum plate. The sample was then covered with a snugly

fitting quartz disc whose rim was coated with stopcock grease to pro-

vide protection from the atmosphere. The assembly was mounted

vertically in the spectroreflectometer. The reference was a

magnesium oxide-coated plate.
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Infrared Spectra

Infrared spectra were obtained using a Perkin-Elmer 727B

spectrometer. Samples were prepared as Nujol and Fluorolube mulls.

The mulls were prepared in the dry box and were contained between

sodium chloride windows in an International Crystal cell holder.

Magnetic Susceptibilities

Magnetic susceptibilities of the compounds were measured using

a Gouy balance, consisting of an electromagnet, power supply, cur-

rent regulator, and a semi-micro balance, as described by

Clifton (7). The Gouy tube was calibrated using mercury tetrathio-

cyanatocobaltate(II) as described by Stevens and Yoke (30). All

measurements were made at room temperature.

D. Analytical Techniques

Carbon and Hydrogen

Carbon and hydrogen microanalyses were performed by Gal-

braith Laboratories, Inc., Knoxville, Tennessee, and by

Chemalytics, Inc. , Tempe, Arizona.
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Cobalt

Approximately 0.25 g of a cobalt compound was weighed

accurately. The sample was taken to dryness three times with con-

centrated nitric acid. A 25.00 ml quantity of standard 0. 05 M

potassium hexacyanoferrate(III) was added. A 75 ml quantity of

aqueous ammonia (6 M) and 75 ml of ammonium citrate solution

(300 g/L) were added as buffer. The solution was cooled in an ice

bath and titrated with standard 0.05 M cobalt(II) chloride. The end-

point of the titration was determined potentiometrically using a bright

platinum electrode and a saturated calomel electrode. The cobalt(II)

chloride solution had been standardized by gravimetric chloride

analysis of an aliquot.

Nickel

Nickel was determined by an EDTA titration. An approximately

0.1 g sample was weighed accurately and evaporated with concentrated

sulfuric acid to fumes of S03. The volume of the solution was made

up to 100.0 ml with distilled water. A 25.00 ml aliquot was taken, to

which 50 ml of distilled water was added. The pH was adjusted to

about pH 8 with aqueous ammonia (6 M). Approximately 0.3 g of a

1: 100 mixture of solid Murexide: sodium chloride was added as an

indicator, and the solution was titrated cold with standard 0.1 M
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EDTA. The endpoint is an orange to wine to purple color change.

E. Preparation of Compounds

Cobalt(II) and Nickel(II) Trifluoromethanesulfonate Hydrates

The hydrated forms of both the cobalt and the nickel salts were

prepared in the same fashion as was described by Byington and Bull

(6). Each metal carbonate, ca. 5 g, was placed in a beaker. Tri-

fluoromethanesulfonic acid (10% aqueous solution) was added in excess

(100 ml). The cessation of carbon dioxide evolution was taken as an

indication of completion of reaction:

MCO3 + 2 CF
3

SO3H
(aq) > M(CF3SO3)2 + CO2 (g)

The resulting solution was reduced in volume by heating on a

hot plate. The volume was reduced until incipient precipitation

occurred. At that time the solution was cooled using an ice bath.

Crystallization occurred immediately with the formation of an orange

solid in the cobalt case, and a green solid for nickel. The solid was

filtered using a sintered-glass funnel (M-frit) and recrystallized from

water. The solids were stored in bottles without the use of desiccants.

Cobalt(II) m-Bromobenzoate

m-Bromobenzoic acid (Aldrich, 99%), 15 g, was placed in a

beaker, distilled water was added, and the mixture was warmed
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slightly on a hot plate. An aqueous sodium hydroxide solution (6 M)

was added to the suspension of the acid until complete dissolution

occurred with formation of a gold colored solution. The pH was moni-

tored using pH paper to prevent the solution from becoming too alka-

line, and was adjusted to approximately pH 9. To the sodium m-

bromobenzoate solution, an aqueous solution of 10 g CoC12. 6H20 in

20 ml of water was added with stirring. Immediately a heavy pink

precipitate appeared. This was transferred to a Buchner funnel and

washed several times with distilled water until the washings gave a

negative chloride test. The solid cobalt m-bromobenzoate was stored

in a vacuum desiccator over phosphorus pentoxide.

Cobalt(II) Trifluoromethanesulfonate

A 10 g portion of the hydrated cobalt salt was heated in a por-

celain dish over a burner with 10 drops of neat trifluoromethanesul-

fonic acid until fumes appeared. The salt was then dried in a muffle

furnace at 400° for two hours, after which the resulting pink powder

was placed in a vacuum desiccator over phosphorus pentoxide and

pumped on (1 torr) until cool. The solid was then transferred to a

bottle in the dry box.

An unsuccessful attempt to prepare the anhydrous form of

cobalt(II) trifluoromethanesulfonate was made following the method

described by Arduini and co-workers (2). A 6 g quantity of cobalt(II)
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m-bromobenzoate was powdered and placed in a receiving flask. Tri-

fluoromethanesulfonic acid was distilled directly at 62° and 11 torr

onto the powder. After the distillation of 20 ml of acid, the mixture in

the receiving flask was allowed to stir for 48 hours, at which time a

brown-red paste was present. An additional 10 ml of acid was distilled

onto the paste, and the resulting solution was allowed to stir for an

additional 36 hours. The material was transferred to the Schlenk line,

filtered in vacuum, washed with 30 ml of freshly distilled trifluoro-

methanesulfonic acid, and placed in an Abderhalden drying pistol over

phosphorus pentoxide. The drying apparatus was evacuated and main-

tained at 156° for 48 hours. The resulting solid, rich red-purple in

color, was transferred to a bottle, and stored in the dry box. Infrared

spectra of this compound showed that the compound was impure; the

presence of bands in regions attributed to C-H, m-substituted phenyl

rings, and carboxylic acids indicated contamination with starting

material. Attempts to purify the compound by heating to constant

weight gave incorrect metal analysis.

In an additional attempt to prepare the anhydrous salt, 9.63 g of

cobalt powder (Alfa, 325-mesh, 99.9%), which had been washed

sequentially with n-hexane, ether, 95% ethanol, and distilled water,

was allowed to react with 100 ml of 35% trifluoromethanesulfonic acid.

The evolution of hydrogen was immediate, but the metal did not totally

dissolve until the mixture had reacted for 48 hours. The resulting red
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solution was filtered, and the filtrate was evaporated to dryness on a

hot plate. The resulting solid was transferred to an Abderhalden

drying pistol and dried over phosphorus pentoxide for 2 days in a high

vacuum at 156°. The resulting pink solid was analyzed for cobalt

content. Anal. Calcd for Co(CF3SO3)2: Co, 16.50. Found: Co

14.78. The solid was then heated for two hours at 400° and again

analyzed for cobalt. Anal. Calcd: Co, 16. 5. Found: Co, 14. 5.

Nickel(II) Trifluoromethanesulfonate

The hydrated nickel(II) salt was heated in an Abderhalden drying

pistol over phosphorus pentoxide at 156° (refluxing bromobenzene) for

48 hours with the apparatus connected directly to the high vacuum

line.

An attempt to dehydrate the hydrate by heating it to 400° for

two hours led to decomposition of the nickel compound. Anal. Calcd

for Ni(CF3SO3)2: Ni, 16.5. Found: Ni, 21.22.

The Systems Cobalt(II) and Nickel(II) Trifluoromethanesulfonate -
Triethylamine

The metal(II) trifluoromethanesulfonate-triethylamine complexes

were prepared by allowing the anhydrous metal(II) trifluoromethane-

sulfonate to interact with an excess of triethylamine. The metal(II)

trifluoromethanesulfonate was placed in a tared reaction assembly in
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the dry box. The assembly was removed from the dry box, attached

to the vacuum line, evacuated, and reweighed. The assembly was

then returned to the vacuum line and triethylamine was transferred

to the reaction assembly by means of the vacuum line, such that the

mole ratio was approximately 20: 1 triethylamine: metal salt. The

mixture was allowed to stir for 48 hours. The flask and contents were

then maintained at a constant temperature of 23. 8° using a Haake

constant temperature bath. An isothermal vapor pressure-composi-

tion phase diagram was obtained for the metal complex in the course

of stepwise removal of portions of the volatile amine.

The Cobalt(II) Trifluoromethanesulfonate-Quinuclidine Complex

The method for the preparation of the quinuclidine complex of

cobalt(II) trifluoromethanesulfonate was similar to that used by

Hilliard and co-workers (17) in the preparation of CoC12.2QUIN. A

0.3054 g quantity (0-8553 mmoles) of anhydrous cobalt(II) trifluoro-

methanesulfonate was placed in a tared greaseless reaction assembly.

The assembly was attached to the vacuum line and 10 ml of acetoni-

trile was added. The mixture was allowed to stir for several hours

at room temperature, but the salt failed to dissolve completely.

Therefore an additional 40 ml quantity of acetonitrile was added to the

flask, the flask was removed from the vacuum line, and the assembly

and contents were heated to 65° using a water bath. After 48 hours
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the cobalt salt had dissolved completely giving a red solution.

In a separate greaseless reaction assembly, 0.987 g (8. 878

mmoles) of quinuclidine was dissolved in 10 ml of acetonitrile. The

colorless quinuclidine solution was added to the cobalt solution using

Schlenk apparatus and Schlenk techniques. Immediately a purple

solution appeared with no precipitation. The solution was allowed to

stir at room temperature overnight, the solvent was removed by

transfer in the vacuum line, and the flask was taken to constant weight

by heating to 65° under high vacuum. The solid residue was very

dark in color. The weight gain of the assembly was taken to represent

combined quinuclidine and corresponded to a mole ratio of QUIN:

Co/3. 66: 1 but this figure may be subject to considerable error. As

will be discussed later, this material was best characterized as

[ Co(QUIN)4] (CF3S03)2, but satisfactory analytical data for this

composition could never be obtained.

An attempted synthetic method which proved unsuccessful in -.

volved the use of an ether-ethanol (50/50) mixed solvent in which the

anhydrous starting materials were brought into contact. This mixed

solvent had been used by Vallarino and co-workers to prepare metal

halide -quinuclidine complexes (33). Anhydrous cobalt(II) trifluoro-

methanesulfonate, 1.0 g (2.8 mmoles), was dissolved in 20 ml of the

mixed solvent, providing a pink solution. In a separate flask, 1.4 g

(13 mmoles) of quinuclidine was dissolved in 50 ml of the
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ether-ethanol mixture. The pink cobalt solution was added to the

colorless quinuclidine solution using Schlenk techniques. The blue

reaction mixture, upon stirring, gave a green fluffy precipitate. This

material was filtered in vacuo and the green residue was washed with

ether. The solid was dried at room temperature under vacuum.

Results of analysis of the final product did not correspond to any pure

compound. An attempt using an ether-acetone (50/50) mixed solvent

was also unsuccessful.

Attempts to use the hydrated cobalt(II) trifluoromethanesulfonate

as a starting material for the preparation of a quinuclidine complex

were unsuccessful. The method used was the same as that used by

Byington and Bull (6) in their preparation of pyridine complexes of

cobalt(II) and nickel(II) trifluoromethanesulfonates. In separate flasks,

1.2 g (2.4 mmoles) of hydrated cobalt(II) trifluoromethanesulfonate

and 3.0 g (27 mmoles) of quinuclidine were each dissolved in 25 ml of

2,2 -dimethoxypropane. The colorless quinuclidine solution was

added to the red cobalt solution under nitrogen using Schlenk tech-

niques. A d-arkpurple reaction mixture was formed, which was allowed

to stir for four hours. The reaction mixture was filtered using

vacuum and the residue was washed with ether. The olive-green pro-

duct was dried in an evacuated Abderhalden drying pistol over calcium

sulfate at 78° for 48 hours. Analysis indicated that the final solid was

impure. Similarly, attempts were made to prepare the quinuclidine
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complex from the hydrate using triethylorthoformate as the solvent

and dehydrating agent. These also proved to be unsuccessful.

A sealed tube reaction was used in attempts to prepare the

quinuclidine complex from the anhydrous starting materials in the

absence of a solvent. A 0.4 g quantity (1 mmole) of cobalt(II) tri-

fluoromethanesulfonate was placed in a Pyrex tube along with 1.0 g

(9. 0 mmoles) of quinuclidine. The tube was attached to the vacuum

line, evacuated, and sealed. The tube was then placed in a tube

furnace at 150° to allow the quinuclidine, in the gas phase, to come in

contact with the anhydrous cobalt salt. Several runs resulted in ex-

plosions within 24 hours.

The Nickel(II) Trifluoromethanesulfonate-Quinuclidine Complex

The nickel(II) trifluoromethanesulfonate-quinuclidine complex

was prepared using the method described by Hilliard and co-workers

(17). A 0.3523 g quantity (0.9873 mmole) of anhydrous nickel(II) tri-

fluoromethanesulfonate was placed in a tared greaseless reaction

assembly. The assembly was attached to the vacuum line, evacuated,

and 15 ml of acetonitrile was transferred into the assembly. It was

then disconnected from the vacuum line. The assembly and its con-

tents were warmed to 63° using a water bath. Upon being warmed, the

acetonitrile took on a green tint. After 8 hours of heating, the flask

contained a deep blue solution. This was allowed to cool to room
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temperature at which time a solution of 0.873 g (7. 85 mmoles) of

quinuclidine in 15 ml or acetonitrile was added using Schlenk tech-

niques. Immediately ablue-green solution formed. Additional acetoni-

trile, approximately 20 ml, was used to wash the quinuclidine into the

nickel solution. The reaction assembly was attached to the vacuum

line and the solvent was removed. The flask and contents were heated

at 45° under high vacuum until constant weight was achieved. The

weight gain of the assembly was taken to represent combined quinucli-

dine and corresponded to a mole ratio of QUIN: Nip. 83: 1 (which may

be subject to a large uncertainty). The final product was an orange

solid. As will be discussed later, this was characterized as

Ni(QUIN)2(CF3S03)2] , and satisfactory analytical results for this

composition we re obtained.



IV. RESULTS AND DISCUSSION

Hydrated Cobalt(II) and Nickel(II) Trifluoromethanesulfonates

The successful preparation of the hydrated metal trifluoro -

methanesulfonates used a method described by Byington and Bull (6).

Starting from the respective metal carbonates, MCO3, the reactions

were:

MCO3 (c) + 2 CF3SO3H (aq) > CO2 (g) + M(CF3SO3)2 (aq)

M(CF3SO3)2 (aq) > M(CF
3
SO 3)2 xH 20 (c)
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The final product was recrystallized from water.

The cobalt(II) trifluoromethanesulfonate was characterized as

the heptahydrate by cobalt analysis and by determination of water con-

tent by loss in weight of the hydrated salt at 400 °C. The orange

crystals gave a satisfactory analysis. Anal. Calcd for Co(CF3S03)2.

7H20: Co, 12.2; H2O, 26.11. Found: Co, 11.2; H2O, 26.19.

The nickel(II) trifluoromethanesulfonate was characterized as

the hexahydrate by nickel analysis and by weight gain of the anhydrous

salt when placed over water. The green crystals gave satisfactory

analytical results. Anal. Calcd for Ni(CF3S03)2 6H20:: Ni, 12. 6;

H2O, 23.25. Found: Ni, 12.4; H2O, 23.47.



32

Anhydrous Cobalt(II) and Nickel(II) Trifluoromethanesulfonates

The anhydrous form of cobalt(II) trifluoromethanesulfonate was

successfully obtained from the hydrate by first heating it to fumes with

pure trifluoromethanesulfonic acid over a burner, and then heating the

residue in a muffle furnace at 400° for two hours. The pink powder

gave satisfactory analytical results. Anal. Calcd for Co(CF3SO3)2:

Co, 16.50; C, 6.73; H, 0.00. Found: Co, 16.53; C, 6.21; H, (0.1.

An attempt to prepare the anhydrous cobalt salt by similar

treatment of a hydrated material, obtained from the reaction of cobalt

metal with aqueous trifluoromethanesulfonic acid, did not give a pure

product. In addition, an attempt to repeat the preparation reported by

Arduini et al. (2), from cobalt(II) m-bromobenzoate, was unsuccessful.

The preparation of anhydrous nickel(II) trifluoromethanesulfonate

from the hydrate required less strenous conditions, since heating at

4'00° for two hours caused decomposition. Heating at 156° in vacuo

produced a yellow solid which gave satisfactory analytical results.

Anal. Calcd for Ni(CF3S03)2: Ni, 16. 5; C, 6. 73; H, O. 00. Found:

Ni, 16.9; C, 6.69; H, <0.1.

The System Cobalt(II) Trifluoromethanesulfonate-Triethylamine

Various compositions in this system were prepared from the

anhydrous trifluoromethanesulfonate and triethylamine. As shown in
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Figure 1, the isothermal pressure-composition phase diagram indi-

cates an interaction of two moles of triethylamine with one mole of

cobalt(II) trifluoromethanesulfonate. The curvature below this mole

ratio may be due to (a) the formation of a series of solid solutions of

the triethylamine complex and the cobalt salt, or (b) failure to reach

equilibrium. Due to the reproducibility of the experimental data, it is

believed the curvature is due to (a) above. The instability of this

system would not allow further characterization.

The System Nickel(II) Trifluoromethanesulfonate-Triethylamine

In the same fashion as for the cobalt system, compositions in

the nickel(II) trifluoromethanesulfonate-triethylamine system were

prepared from the anhydrous salt and triethylamine. The phase dia-

gram for the nickel system, shown in Figure 2, indicates the inter-

action between two moles of triethylamine with one mole of the metal

salt. However, the random pattern below mole ratio 2: 1 is indicative

of a failure to reach equilibrium in this highly unstable system.

The Cobalt(II) and Nickel(II) Trifluoromethanesulfonate-Quinuclidine
Complexes

The metal trifluoromethanesulfonate-quinuclidine complexes

were prepared by a method described by Hilliard and co-workers (17).

The rigorously anhydrous starting materials, metal
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trifluoromethanesulfonate and quinuclidine, were dissolved in separate

portions of acetonitrile. These solutions were then combined under

nitrogen.

The cobalt(II) trifluoromethanesulfonate-quinuclidine mixture

gave a purple solution. After subsequent evaporation of the solvent

and evacuation at elevated temperature to sublime away excess quinu-

clidine, the residue was a nearly black solid, [ Co(QUIN)4] (CF3S0 )

The sample gave satisfactory analytical results for cobalt, but

satisfactory carbon and hydrogen results could not be obtained. The

data are given in Table I.

No explanation for the unsatisfactory analytical results can be

given. While the carbon and hydrogen results are all low, they are

not reproducibly so, possibly due to variable loss of volatile quinucli-

dine. The H: C atom ratios found are in good agreement with that

calculated for Co(CF3S03)2.4QUIN = CoC30H52F6N406S2. The low

value found for hydrogen indicates that contamination by atmospheric

moisture is not a problem. The nominal composition "Co(CF
3

S03)2-

3. 66QUIN" is based on the weight gain of the reaction assembly in

Preparation #1, but this value is subject to considerable uncertainty.

The composition Co(CF3S03)2.4QUIN is considered to be correct on

the basis of the cobalt(II) analysis and the characterization of the

complex by spectroscopic and magnetic measurements as a tetrahedral

cobalt(II) compound with uncoordinated anions.



TABLE I. Analysis of the Cobalt(II) Trifluoromethanesulfonate -Quinuclidine Complex

Calculated for
Co(CF3S03)2. 4. 00QUIN

Calculated for
Co(CF

3
S03)2. 3. 66QUIN Found Comments

% Co 7.35 % Co 7.71 Co 7. 16 Preparation #1

C 39.21 Preparation #1
H 5.65 Chemalytics, Inc.

% C 44. 94 Io C 43. 42
C 39. 01 Preparation #1
H 5.92 Galbraith Labs

H 6.54 1-1 6.28
C 38. 09 Preparation #2
H 5.47 Galbraith Labs
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The nickel(II) trifluoromethanesulfonate-quinUclidine mixture

gave a blue-green solution which was treated in the same way. The

residue was an orange solid which gave satisfactory analytical results

for the bis-quinuclidine complex, [Ni(QUIN)2(CF3S03)2]. Anal.

Calcd for NiC16H26F6N206S2: Ni, 10.14; C, 33.18; H, 4.52.

Found: Ni, 9.71; C, 32.25; H, 4.60.

Several attempts to prepare the complexes from the anhydrous

starting materials without a solvent by using a heated sealed tube

were unsuccessful. Attempts to use ether-ethanol and ether-acetone

mixed solvents were unsuccessful owing to protonation of the quinucli-

dine which was detected by infrared spectroscopy, as described by

Vallarino et al. (33). Attempts to use the metal hydrates as starting

materials with the dehydrating agents 2,2 -dimethoxypropane or tri-

ethylorthoformate as the solvents also led to negative results.

Infrared Spectra

The infrared spectra of the compounds and complexes prepared

in this research were valuable in examining the purity of the solid in

question. They were most important in providing evidence for the

presence or absence of water or the quinuclidininha ion., The spectra,

however, were never of a quality to allow characterization of the

structure or bonding in, the solids.
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Characterization of the Compounds by Visible and Near-Infrared
Spectroscopy and by Magnetic Measurements

The reflectance spectra in the region 400-960 nm of the hydrated

and anhydrous cobalt(II) trifluoromethanesulfonates are given in

Figure 3, while the corresponding spectra of the hydrated and anhy-

drous nickel(II) trifluoromethanesulfonates are given in Figure 4.

The spectrum of the quinuclidine complex of cobalt(II) trifluoromethane -

sulfonate is given in Figure 5 and of the nickel complex in Figure 6.

The near-infrared absorption peaks (960-2600 nm) of all these com-

pounds are listed in Table II. Their magnetic susceptibilities and the

moments calculated therefrom are listed in Table III. The triethyla-

mine adducts of the cobalt(II) and nickel(II) trifluoromethanesulfonates

were insufficiently stable to permit their isolation and characteriza-

tion.

The ligand field d-d transitions of the anhydrous trifluoromethane -

sulfonates are observed at 487 (sh), 528 (max), and 680 (sh) nm for the

cobalt(II) salt and at 425 (max), 485 (sh), and 805 (max) nm for the

nickel(II) salt. In both cases, these values are characteristic of

octahedral coordination of the metal centers (9). This conclusion is

supported by the magnetic moments, 5.31 B. M. for the anhydrous

cobalt(II) salt and 3.21 B. M. for the nickel(II) analogue; these values

are also characteristic of octahedral coordination of these metal

ions (9). It follows that the trifluoromethanesulfonate anions must be
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TABLE II. Near-Infrared Spectra

Compound Maxima (kK)

Co(CF3SO3)2

Ni(CF 3S03)2

Co(CF3S0 )2. 7H20

Ni(CF3S03)2' 6H20

MgC12. 6H20

7.27

7. 35

8. 62

8. 71

6. 87(sh,w)

6. 85(sh,w)

6. 97(H20) 5. 63

7. 02(H20) 5. 71

6.97(H20)

4. 50

4. 52

5.21(H20)

5. 19(H20)

5. 14(H20)

Comments

anion is coord

anion is coord

anion not coord
but H -bonded

anion not coord
but H -bonded

H2O is known to be
coord

Co(QUIN) 4] (CF S03)2

[ Ni(QUIN) 2
(CF3 S03)2]

9. 13 4.46 anion not coord
anion not H-bonded

7.30 6. 33(sh) 4.49 anion is coord
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TABLE III. Magnetic Susceptibilities and Moments

Compound
yg (x 10-6)* ileff (B. M. )

Co(CF3SO3)2

Ni(CF3SO3)2

Co(CF3SO3)2. 7H20

Ni(CF3SO3)2. 6H 20

[ Co(QUIN)4] (CF3SO3)2

[ Ni(QUIN)2 (CF3S0 3)2]

32. 79

12.21

20. 14

7.91

10.91

6. 60

5. 31

3.27

4. 87

3.06

4. 68

3. 13

diamagnetic corrections (x 10-6) are: CF
3

SO3 = 61; M
++

= 13;

H2O = 126; QUIN = 84. 64 cgsemu
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coordinated as ligands in these anhydrous salts, although the precise

structural mode of coordination (i.e. , the degree of bridging) cannot

be determined from the evidence at hand. The near-infrared absorp-

tions of the anhydrous cobalt(II) and nickel(II) salts are identical, and

these absorptions must therefore be attributed to the coordinated tri-

fluoromethanesulfonate anion. Finally, it may be noted that the

magnetic moment reported for supposedly anhydrous cobalt(II) trifluoro-

methan'esulfonate by Arduini et al. (2), 4,86 B. M, at 26*, differs

significantly from the value found in this research, but is in excellent

agreement with the value now found for the hydrated salt.

The two hydrates, characterized as Co(CF
3

SO
3

)
2

711
2
0 and

Ni(CF3S03)2? 61-120 by their water content, also contain octahedrally

coordinated metal centers as indicated by their electronic spectra and

magnetic moments. Presumably the ligands are water molecules and

the compounds may be formulated as [ Co(H20)6] (CF3S03)2920 and

[ Ni(H20)6](CF3S03)2. In these cases, the trifluoromethanesulfonate

anions would be uncoordinated but subject to hydrogen bonded inter -

actions with the water molecules. This is reflected in the shifts

observed for the anion absorptions in the near-infrared region, from

7.31 + 0.04 kK to 8.67 + 0.05 Id< and from 4.51 + 0.0i kK to 5.67 +

0.04 kK. In addition, new bands appear in the hydrate spectra at

7.00 + 0.03 kK and at 5.20 + 0.01 kK which are attributed to coordin-

ated water by comparison to the spectrum of magnesium chloride
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hexahydrate, which is known to be [ Mg(H20)6] C12 (35).

The quinuclidine complexes of cobalt(II) and nickel(II) trifluoro-

methanesulfonates are different from each other in composition and

structure. The cobalt complex is best formulated as containing four

molecules of quinuclidine per cobalt; satisfactory metal analyses are

obtained for this composition, though the C, H microanalytical results

were repeatedly (though irreproducibly) low. For the nickel complex,

all the analyses are in excellent agreement with its formulation as the

ais(quinuclidine) adduct.

The spectroscopic and magnetic results for the cobalt complex

clearly indicate tetrahedral coordination of the cobalt(II) center. In

the reflectance spectrum of the solid, the broad absorption in the

visible region has its largest peak at 567 nm, with another resolved

maximum at 517 nm and a shoulder at 615 nm. This compares

favorably with the solution spectrum reported by Vallarino and co-

workersworkers (33) for [ Co(QUIN) 4] as the perchlorate in acetonitrile;

they observed a maximum at 571 nm with shoulders at 546 nm and

595 nm. The magnetic moment observed for the solid, 4.68 B.M. is

in the range typical for tetrahedral cobalt(II) complexes.(9). It is

reasonable to postulate that the bound amine molecules are the ligands

and that the anions are not coordinated, viz. [ Co(QUIN)4] (CF3SO3)2.

This is supported by the near-infrared data, where the higher energy

anion band is shifted to 9.13 kK from the 7.27 kK value for the
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coordinated anion and the 8.62 kK value for the uncoordinated but

hydrogen bonded anion.

The spectroscopic and magnetic results for the nickel complex

clearly indicate octahedral coordination of the nickel(II) center.

Moreover, the near-infrared absorptions are identical to those in the

anhydrous trifluoromethanesulfonates and indicate that the anions are

coordinated. Therefore, this complex should be formulated as

[Ni(QUIN)2(CF3S03)2] , in which the anions are bidentate, probably in

a bridging fashion, so as to bring the coordination number up to six.
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V. CONCLUSIONS

Hydrated cobalt(II) and nickel(II) trifluoromethanesulfonates are

hepta- and hexa-hydrates, respectively. By the usual spectroscopic

and magnetic criteria, they both contain high-spin octahedrally co-

ordinated metal ions. Therefore, they should be formulated as

[ Co(H20)6] (CF3S03)2 H2O and [ Ni(H20)6] (CF3SO3)2. The anhydrous

salts, Co(CF3SO3)2 and Ni(CF3SO3)2, also contain high-spin octahe-

drally coordinated metal centers, and the anions are coordinated.

The coordinated anion absorptions in the near-infrared region can be

distinguished from those of the uncoordinated anions in the hydrates.

Both cobalt(II) and nickel(II) trifluoromethanesulfonates form

adducts containing two molecules of triethylamine per metal ion, but

these are of far too marginal stability to permit isolation and charac-

terization. In contrast, quinuclidine forms the stable complexes

[ Co(QUIN)4
] (CF

3
SO

3
)
2

and [ NI(QUIN) 2(CF 3503)2]. The ligand field

spectroscopic and magnetic evidence and the near-infrared anion

spectra show that the former contains high-spin tetrahedrally co-

ordinated cobalt(II) with uncoordinated anions, while the latter con-

tains high-spin octahedrally coordinated nickel(II) with coordinated

anions.

The results of this research show that quinuclidine is indeed

a better ligand than triethylamine for the formation of metal complexes.
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It forms very much more stable complexes with cobalt(II) and nickel(II)

trifluoromethanesulfonates. In the case of the cobalt systems, the

metal ion shows a higher ligation number for quinuclidine (four) than

for triethylamine (two).

One concept on which this research was initiated was that the

trifluoromethanesulfonate anion would be a poor ligand (relative, say,

to chloride ion) and would not compete with the tertiary amines for

coordination sites. With the less hindered amine, quinuclidine, this

seems to be the case in the complex [ Co(QUIN)4] (CF3SO3)2, but not

in [ Ni(QUIN) 2(CF
3

SO 3)2] . The unexpectedly large coordinating

strength of the trifluoromethanesulfonate ion is seen more clearly in

the work with the more sterically demanding amine, triethylamine,

where both Co(CF
3

SO
3

)
2
.2Et 3N

and Ni(CF
3
S03)22Et3N are only of the

most marginal stability with respect to the free amine and the anhy-

drous metal salt and could not be isolated. This is in contrast to the

complexes [ CoX2(Et3N)]2 (X=C1, Br, I) (15) and NiI2 Et3N (24)

where the amine can compete with halide anions as a ligand.

Apparently the trifluoromethanesulfonate anion has negligible Lewis

base strength in aqueous solution (27) where it would be strongly

hydrated, but in the solid state it readily coordinates, as in the

anhydrous salts and in Ni(QUIN)2(CF3S03)2] .
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