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A five-coordinate complex Cof{[(CH;):N]:PI*};I, can be obtained from the interaction of Col, and [(CH;:N].PI’. This

complex was characterized by analytical, magnetic moment, and uv-visible spectral data.

When the complex is dissolved

in either methylene chloride or benzene, an equilibrium is established between the low-spin, five-coordinate complex and a

high-spin, pseudotetrahedral, four-coordinate complex of the type Co{[(CH;):NJ.PT},l..

Formation constants, AH, and

AS values were obtained for the equilibrium. Similar results were obtained for analogous CoCl; and CoBr; complexes.

Introduction

Alkylaminofluorophosphines will displace carbon
monoxide from metal carbonyls to form a variety of
coordination compounds.! In these complexes the
metal atoms are generally in zero oxidation states. It
also has been reported that ligands of this type will
interact with copper(I) chloride? and cobalt(II) ha-
lides® to form the complexes (CuCIL), and CoL;X;
where L is (CH;);NPF; and X is bromine or iodine.
In order to examine what effect increasing the number
of electron-donating groups attached to phosphorus
has on the coordinating ability of these ligands, we
examined the comiplexes formed when cobalt(I1) ha-
lides (Cl, Br, 1) are allowed to interact with bis(di-
methylamino)fluorophosphine, [(CHj):N |,PF.

We report here the preparation; spectral properties,
and magnetic moments of the low-spin, five-coordinate
complex Co{[(CHj):N]:PF};l;, and we suggest that in
solution an equilibrium exists between this complex
and a high-spin, four-coordinate, pseudotetrahedral
complex, Co{[(CHj);N],PF};I,, We were unable to
isolate any complexes of other halogens, but we also
suggest, on the basis of extensive magnetic and spec-
tral data, that similar equilibria which involve chloride
and bromide ligands also exist. These equilibria may

be represented by
CoL.X: + L > CoLsX 1
S =3/ S =1/

where X is Cl, Br, or I and L is [(CH;).N],PF. We
also examined the thermodynamic parameters for these
equilibria to investigate the role of the halogen ligands
in determining the relative stability of the four- and
five-coordinate complexes.

Although other five-coordinate compounds are sta-
bilized in the presence of excess phosphine ligand,®—*
suggesting that an associative process similar to that
represented by eq 1 occurs in solution, evidence sup-
porting such an equilibrium has been reported only
for cobalt(II) thiocyanate complexes.57
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Experimental Section

The cobalt(Il) complexes of [(CH;).N1,PI* are sensitive to air;
however solutions of these complexes in methylene chloride
could be stored for several hours in a glove bag filled with dry
nitrogen without any observable changes in their spectral and
magnetic properties. Therefore, preparative work was carried
out under an atmosphere of dry nitrogen in a glove bag. Meth-
ylene chloride was dried over calcium hydride and distilled just
prior to use. Anhydrous cobalt(Il) halides were used as ob-
tained from Alfa Inorganics. The ligand bis(dimethylamino)-
fluorophosphine was prepared as previously described® and puri-
fied just prior to use by means of gas chromatography.? The
ligand, purified by this procedure, exhibits an nmr spectrum in
which no absorptions attributable to either (CH;):NPF, or
[(CH;):N];P can be observed.

The electronic spectra were obtained using a Unicam Model
SP820 Series 2 double-beam spectrophotometer. Solution
temperatures were controlled to -=0:5° by the use of a thermo-
stated cell compartment.

Magnetic Susceptibility Measurements.—The nmr method of
Evans was used to obtain the solution magnetic susceptibilities
over a range of temperatures.’® The magnetic resonance spectra
were obtained using a Varian A-60 analytical spectrometer. The
instrument was equipped with a Varian variable-temperature
controller, Model V-6040. Temperatures were determined by
measuring the chemical shift difference for methanol (low tem-
peratures) or ethylene glycol (elevated temperatures).!* The
nmr sample tubes used have been described.!

Solutions were prepared under nitrogen and transferred to the
sample tubes by means of a syringe. The sample tubes con-
tained a capillary of pure solvent consisting of 109, v/v of TMS
in methylene chloride. Solutions were prepared using this same
solvent. The separation of the solution—solvent signals was
measured using both TMS and methylene chloride as the inter-
nal standards. Identical results, within experimental error,
were obtained in both cases which indicates that the frequency
separations used to calculate the magnetic moments are due
solely to bulk susceptibility differences and contain no con-
tribution from isotropic contact shifts.

Measurement of Equilibrium Constants.—These were carried
out by a modification of a method described by Everett and
Holm.!? The solutions which were prepared contained a large
excess of ligand. For example, a typical solution was prepared
by adding a 0.0097-g (0.075-mmol) sample of anhydrous CoCl,
to a 0.3121-g (2.259-mmol) sample of [(CH;):N]:PF contained
in a 2.00-ml volumetric flask. The solution of CoCl, and
[(CH;):N].PF was then diluted with methylene chloride so that
the total volume was 2.00 ml.

To obtain the formation constant, K, for equilibrium 1, the
magnetic moment of the solution was measured, and K; was cal-
culated by the equation K; = N;/N:L, where N; and N are the
mole fractions of the tetrahedral and five-coordinate species,
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respectively (Ny + Ny = 1), and L is the concentration of the
free ligand. The expression for the equilibrium constant is given
by Ki = [{ms? — uobsa®)/{mobsa® — wi?)]{1/L) where u¢ and w
are the limiting moments of the tetrahedral and five-coordinate
complexes, respectively. The values of u; were estimated from
known moments of similar phosphine-cobalt(II) complexes
(X = Cl1,440 BM; X = Br, 4.45BM; X = I, 4.50 BM).1?

The limiting value of ¢ was estimated to be 2.0 BM for the
bromide and chloride complexes and determined as 2.10 BM for
the iodide complex. The value of L was assumed to remain con-
stant and equal to the initial ligand concentration. Because
the ratio of ligand to metal ion was greater than 30:1 in every
measurement and because the amount of ligand involved in
establishing the equilibrium is small, the error associated with
this assumption is about an order of magnitude less than the
standard error in K;. The standard error of K; isestimated to be
+209%,.

The AH values were obtained from plots of In K wvs. 1/7T by
measuring the equilibrium constant at four or five different tem-
peratures at intervals of approximately 6°. The temperatures
were selected in the range +2 to +40°. Results were obtained
only in methylene chloride and benzene due either to poor
solubility of these complexes in other weakly coordinating sol-
vents or to the reactivity of the ligand with the solvent.

Preparation of Iodotris[bis(dimethylamino )fluorophosphine]-
cobalt(Il).—A 0.32-g sample of anhydrous cobalt(II) iodide
(1.0 mmol) was added to approximately 20 ml of thiophene-free
benzene containing 0.75 g (5.4 mmol) of bis(dimethylamino)-
fluorophosphine. The brown solution which resulted was re-
fluxed in a nitrogen atmosphere for approximately 0.5 hr. The
solution was cooled, pentane (10 ml) was added to promote pre-
cipitation, and the solution was filtered. The filtrate was con-
centrated to one-fourth the original volume by distillation
in vacuo and pentane (10 ml) was added again. On cooling, a
dark brown solid slowly precipitated over a period of 12 hr.
Anal. Caled for CmH;;eCOFaIzNePsI C, 19.83, H, 4.95, P,
12.82; N, 11.56; I, 34.91. Found: C, 19.82; H, 4.87; P,
12.63; N, 11.31; I, 34.62. The wess is 2.10 BM. Ir spectrum of
Nujol mull (Fluorolube between 2600 and 3200 cm™): 2920
(sh, m), 2880 (m), 2840 (m), 2800 (m), 1292 (m), 1190 (sh, w),
1175 (m), 1065 (w), 985 (s), 975 (sh, s), 775 (sh, m), 768 (s),
725 (sh, w), 712 (m), 675 (m), 498 (m), 448 (w), 413 (w),
355 (m), 330 (m) cm™*. The solid compounds show no spectral
changes when stored under nitrogen. The molar conductances
of approximately 1072 3 solutions of CoX, (X is I, Br, Cl) dis-
solved in CH:Cl, and excess ligand were 0.9, 1.0, and 0.8 cm?/
ohm mol, respectively. The low conductivity values indicate
that the complexes are nonelectrolytes in CH.Cl,. A solution of
a 1:1 electrolyte in the same conductivity cell exhibits a molar
conductance of about 20.0 cm?/ohm mol.

Results and Discussion

The Equilibrium Involving the Cobalt(II) Iodide
Complex.—A brown crystalline five-coordinate low-
spin complex of the type Co{ [(CH;):N |,PF};I, can be
obtained when Col,; and [(CHj;),N ,PF are allowed to
interact in benzene. The uv-visible spectra and mag-
netic moment of this complex are almost identical with
those of similar monomeric five-coordinate cobalt(IT)
complexes.®~51%  When this complex is dissolved in
methylene chloride or benzene, the magnetic moment
increases and the visible spectrum changes which sug-
gests the formation of a new species.

There are various types of equilibria involving high-
and low-spin cobalt(II) complexes in solutions of non-
coordinating solvents which may occur. A series of
investigations by Everett and Holm!%% has estab-
lished a structural equilibrium involving strictly four-
coordinate Co(II) complexes in which the two forms
are interconnected by a torsional deformation proceed-
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ing in ~90° stages (eq 2). It recently has been sug-

planar (low spin) <__>_ tetrahedral (high spin) 2)

gested®' that a similar equilibrium occurs in which
the high- and low-spin species are both five-coordinate.
Sacconi!! suggested the interconversion

square pyramidal (low spin) >
trigonal bipyramidal (high spin) (3)

We were able to rule out equilibria 2 and 3, which-
are not concentration dependent, and establish equi-
librium 1 by measuring the concentration dependence
of the solution magnetic moments when Cor [(CHj),-
N]:PF}sl; is dissolved in methylene chloride or ben-
zene. These results (Table I) are easily rationalized

TABLE I
MAGNETIC MOMENTS OF SOLUTIONS OF Co{ [(CH;):N]:PF};I,

Initial conen

of Co{ [(CHa)2-  pest

Initial concn
of Co{[(CH)s  peit

NJ}PF}alz, (312°K), N]PF}sl;, (312°K),

M X 102 BM Solvent M X 102 BM Solvent
2.16 3.42 CH.CI; 1.93 3.41 CsHe
1.77 3.53 CH,Cl, 1.38 3.49 CsHe
1.49 3.68 CH,Cl, 1.29 3.62 CeHs
1.08 3.78 CH.Cl,

0.75 3.98 CH.Cl,
0.30 4.36 CH.Cl,

by the equilibrium shown in eq 1. As the initial con-
centration of Cof{ [(CH;);N ,PF};I, is decreased from
2.16 X 1072 to 0.30 X 10—? M, the effective moment
of species in solution increases from 3.42 to 4.36 BM,
which shows that the ratio of the four-coordinate high-
spin complex to the five-coordinate low-spin complex
isincreasing, as expected.

It was also observed that the addition of a 0.51-
mmol sample of [(CH;);N],PF to 2.00 ml of a 1.49 X
10— M solution of CO{[(CH;«;)zN]zPF}zIQ in CH2C1218
lowered the magnetic moment at 312°K from 3.68 to
3.24 BM.
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Figure 1.—Visible spectra of (A) solid Co{[(CH;);N],PF},I2
(Nujol mull between quartz plates) and (B) a 2.98 X 10=3 M
solution of Co{[(CH;3):N]:PF};I, in methylene chloride.

Further support for the suggestion that the equilib-
rium described by eq 1 is established when solid Co-
{ [(CH;):NLPF}I, is dissolved in either methylene
chloride or benzemne is obtained by comparison of the
visible spectrum of the solid with that of the solution
(Figure 1). In fact, the position, intensity, and band

(16) 8. M. Nelson and W. 8. J. Kelly, Chem. Commun., 94 (1969).
(17) L. Sacconi, J. Chem, Soc. 4, 248 (1970).
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shape of the 500-800-mu region in the spectrum of a
2.98 X 10~% M solution of the solid complex in CH,Cl,
are typical of the »3[*A, = *Ti(p)] transition found in
high-spin, four-coordinate, pseudotetrahedral Co(II)
complexes.®

In addition to these data, the uv—visible spectra of
a solution which was 1.49 X 107? M with respect to
Cof{[(CHy);N],PF};I, and 0.36 M with respect to
[(CH3):N :PF was obtained at a number of different
temperatures to establish the existence of the equi-
librium. Because all Co(II) species absorb in the uv-
visible region, the presence of isosbestic points at 600
and 550 mu indicates that there are only two species
in solution. The temperature dependences of the
magnetic moments, equilibrium constants, AH, and
AS for this solution are presented in Table II. Table
II also presents data for the complex dissolved in ben-
zene.

TaBLE II
TEMPERATURE DEPENDENCE OF MAGNETIC MOMENTS
AND STABILITY CONSTANTS FOR SOLUTIONS
CO{ [(CHs)zN}zPF}aIz IN CHzClz AND CaHea

- as,
Temp, Ueff, — AH, cal/mol

Solvent °K BM K keal/mol deg

CH.Cl, 315 3.24 4.17 )

CH.Cl, 308 3.14 4.92 :

CH.Cl, 301 3.05 5.7 (3'6 8.5

CH-.Cl 293 2.99 6.36 ;

CsHe 320 3.54 4.53

CeHs 313 3.35 6.25

CeH, 309 3.24  7.50 6.8 18.2

CeHs 301 3.12 9.17 J

¢ Solutions in both solvents were 1.49 X 1072 M with respect
to Co{ [(CH;3)N]oPF ;I and 0.36 M with respect to [(CHj)-
NJ.PF.

Equilibria Involving CoBr, and Col, Complexes.—
Although we were unable to isolate the five-coordinate
complexes of CoCl; and CoBr, with [(CH;).N],PF,
the analogous temperature dependence and concen-
tration dependence of the visible spectra and solution
moments of solutions of CoBr, and CoCl; dissolved in
excess [(CHj)oN ,PF indicate an equilibrium identical
with that observed for the Col, complex occurs in these
solutions (Table IIT). '

Specifically, when the concentration of CoCl; is held
constant and the concentration of the ligand varied
from about 0.05 to 0.15 M, Beer’s law does not hold.

The temperature dependence of the electronic ab-
sorption spectra of solutions of CoX: (X = Cl, Br) in
excess [(CH;),PF and methylene chloride establishes
that only two species are involved in the equilibrium.
The spectra for the CoCl, solutions are presented in
Figures 2 and 3. As in the case of the Col, complexes,
the spectra underwent reversible changes over the tem-
perature range investigated. Isosbestic points were
observed for the solutions which contained CoCl, (at
610 and 560 mu). This indicates the presence of only
two species. It should be noted that isosbestic points
identical with those in the temperature-dependent
studies were obtained in the Beer’s law studies, which
also points to the conclusion that there are two species.
We did not observe isosbestic points in the spectrum
of solutions which contained CoBr.. We were able

(1) F. A. Cotton, D. M. L. Goodgame, and M. CGoodgame, J. Amer.
Chem. Soc., 88, 4690 (1961).
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TaBLE III
TEMPERATURE DEPENDENCE OF MAGNETIC MOMENTS
AND STABILITY CONSTANTS FOR
CoCl; AND CoBr: SOLUTIONS

—AS,

Cobalt Temp, Heifs — AH, cal/mol
halide °K BM Ky keal/mol deg
CoCly® 319 4.11 0.19 )

312 4.04 0.25 |

305 3.96 0.31 i

300 3.89 o0.38 (50 22

291 3.77 0.50 |

282 3.68 0.61 )
CoCly? 319 3.98 0.33 )

309 3.87 0.44

303 3.77  0.56 /6.0 21

297 3.68 0.67 )
CoClye 316 3.93 0.27 1

310 3.87 0.32 .

303 3.78  0.39 '5.4 20

206 3.60  0.48 |
CoBr® 314 3.21 1.51 )

307 3.11 1.78

301 3.04 2.01

205 2.96  2.31 143 13

287 2.85 2.83 ‘

281 2.75 3.43 )

e Solutions were 0.37 M in CoX; and the concentration of free
ligand was adjusted to 1.0 M in CH;Clz. °® Free ligand concentra-
tion adjusted to 0.9 M. ¢ Free ligand concentration adjusted to
1.256 M.
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Figure 2.—Visible spectra temperature dependence of a 3.52 X
1072 M solution of CoCl; in excess ligand.
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Figure 3.—Visible spectra temperature dependence of an ap-
proximately 1.0 X 1072 M solution of CoCl; in excess ligand.

to establish the presence of only two absorbing species
by the use of a recently described procedure ® A plot
of absorbance ratios of the general form (Aa;/ Ay, Asy/

(20) J.S. Coleman, L. P, Varga, and S. H, Mastin, Inorg. Chem., 9, 1015
(1970).
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Ayy), where 1, 2, and 3 are the wavelengths obtained
from the visible spectrum of the jth solution, results
in a straight line. This method was also used to con-
firm the existence of only two absorbing species in the
case of the Col; and CoCl, solutions.

An examination of the electronic absorption spectra
and magnetic moment data obtained for solutions in
which the high-spin species predominate again pro-
vides conipelling evidence for the presence of a tetra-
hedral Co(II) ion as the high-spin component involved
in equilibrium 1. For example, the visible spectrum
of a CoCl; solution at 25° (Figure 2) exhibits a maxi-
mum at 636 mu and shoulders at 590, 670), and 710 my.
The positions and intensities of those bands are char-
acteristic of the v3[*As — *T1(p)] absorption of a tetra-
hedral, high-spin Co(II) complex.’* The magnetic
moment of this solution is 3.80 BM which supports
the contention that the Co(Il) solution species is pre-
dominantly high spin (Table ITI).

As the temperature is lowered, the changes in the
visible spectra, as well as magnetic moment data, show
that the concentration of the five-coordinate low-spin
cobalt(II) species increases. If, for example, Figure
2 is examined, at 25° the maximum at 636 mu and the
shoulders at 590, 670, and 710 mu are particularly evi-
dent. As mentioned, these are characteristic of the
vs absorption of the tetrahedral species. The inten-
sity of the »3 band is markedly reduced as the temper-
ature is lowered. At 15° the shoulders at 590, 670,
and 710 mu begin to collapse while the maximum at
636 mu begins to lose intensity as a new maximum at-
tributable to the low-spin species forms at 660 mgu.
These changes progress as the temperature is lowered
and at —10° the shoulders at 590, 670, and 710 mu
are no longer discernible while the original maximum
at 636 mu has lost intensity and is now distinguishable
only asashoulder. Thenew maximum at 660 mg which
we assign to a transition involving the low-spin five-
coordinate species is now even more pronounced. It
should also be noted that the absorbance in the 400~
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500-mpu region also gained intensity as the temiperature
is lowered. Absorbance in this region is particularly
characteristic of low-spin five-coordinate cobalt(I1)
complexes.®4142  The changes in the spectra are
almost identical with changes which occur in solutions
Of CO{ [(CHg)QN]QPF}aIQ

Further support for the existence of a low-spin five-
coordinate cobalt(II) complex can be seen by compari-
son of the epr spectra of the frozen solutions (77°K)
of these complexes with the previously reported spec-
tra of the monomeric complexes of Co[(CHj).-
NPFz) ]3X2 (X = Br, I) and CO(thPH)3BI’2.22

The equilibrium constants as well as AH and AS val-
ues were calculated as described in the Experimental
Section and are presented in Table III. Assuming
no error in the limiting moments estimated for the
high- and low-spin species involved in equilibrium 1,
the thermodynamic stability of the five-coordinate
complexes relative to the four-coordinate complexes
as measured by the equilibrium constants increases
in the order I > Br > Cl. This ordering, which is op-
posite to what one would expect on the grounds of
ligand field stabilization energies, has been discussed!?
in terms of the “softness’” or polarizability of the atoms
as measured by the value of the overall nucleophilic
reactivity constant #°23 of the donor atoms in the com-
plex. AS values are all negative and notably large
in some cases. This is to be expected since the equi-
libria involve a change in coordination number be-
tween neutral species in relatively weakly coordinating
solvents.
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