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Tris(2-dicyclohexylphosphinoethyl)amine

P. STOPPIONI, R. MORASSI and F. ZANOBINI

Istituto di Chimica Generale ed Inorganica dell’Universitd, Istituto CN.R., 39 Via J. Nardi, Florence, Italy

Received March 4, 1981

The tripod ligand tris(2-dicyclohexylphosphino-
ethyl)amine (Cynp, ), sterically hindered on the three
phosphorus atoms, forms iron({Il), cobalt(Il} and
nickel(Il) complexes of general formula [MX-
{Cynp;)] Y, (M = Co, Ni; X = Cl, Br, I, NCS; Y =
BPhy M=Fe; X=Cl Br,I; Y =BPhy. M=Co; X =
Y=ClL Br,I, NCSand M =Fe; X =Y =NCS).

The iron complexes are fivecoordinate with a
trigonal bipyramidal structure. The nickel com-
plexes are four-coordinate (donor set NP,X) with
a square planar geometry and a non-bonded phos-
phine group. The cobalt complexes [CoX{Cynp,}]-
BPh, are high-spin five-coordinate with a distorted
trigonal bipyramidal geometry both in the solid state
and in solution. In the [CoX{Cynp, )] X complexes
the ligand acts as tetradentate in the solid state,
whereas in solution tetrahedral species in which the
ligand acts as bidentate (donor set P,X,) are also
formed. Two isomeric bis-thiocyanate derivatives
have been obtained, one blue and one brown. The
former is high-spin with a pseudotetrahedral
geometry, whereas the latter is low-spin with a tri-
gonal bipyramidal geometry and donor set NP,-
{NCS ). In solution, both complexes give rise to the
same trigonal bipyramidal species.

Introduction

The tripod ligand tris(2-diphenylphosphinoethyl)-
amine, npj, has shown interesting properties in form-
ing stable transition metal complexes with a wide
range of features [1]. Such complexes are generally
mononuclear, the metal ion being four- or five-coordi-
nated. Their coordination polyhedra approach the
idealized geometries of the trigonal pyramid [2],
trigonal bipyramid [3] and square pyramid [4].

Recently a series of ligands tris(2-dialkylphos-
phinoethyl)amine (alkyl = methyl [5], ethyl [6])
having the same inner skeleton of np; has been
synthesized. In their complexes, reduction of the

steric hindrance on the terminal donor atoms
has the effect of allowing further donors to bond the
metal ion, with an increase of the coordination num-
ber up to six, or of stabilizing polynuclear species
in which the ligands share their donor atoms among
two or three metal ions.

To investigate further the changes of coordinating
properties of such tripod ligands on modifying the
steric hindrance on the faces of the donor atoms,
we have synthesized and characterized iron(II),
cobalt(Il) and nickel(II} complexes with the ligand
tris(2-dicyclohexylphosphinoethyl)amine, Cynps, in
which each phosphorus atom has a large cone angle
[7] due to the two cyclohexyl groups.

Experimental

All the solvents were reagent grade and were used
without further purification. Iron(Il) and cobalt-
(I1) complexes were synthesized and manipulated
under dry nitrogen.

The synthesis of the Cynp, ligand has been
reported [8].

Physical Measurements

Infrared and electronic spectra, conductivities
and magnetic susceptibilities were measured as
reported previously [9]. 3P n.m.r. spectra were
collected on a Varian CFT 20 spectrometer operat-
ing at 32.19 MHz with proton noise decoupling and
deuterium lock. Positive chemical shifts are down-
field relative to HyPO, 0.0 ppm. The chemical shifts
are reproducible to 0.1 ppm. Coordination chemical
shifts are reported in ppm relative to the correspond-
ing phosphorus in the free ligand (—7.18 ppm).

Analytical, conductometric and magnetic data of
the complexes are reported in Table I. Table II lists
maxima and extinction coefficients of the electronic
spectra. 3'P{'H} n.m.r. spectra of the nickel deriva-
tives are reported in Table III.
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TABLE 1. Analytical and Physical Data for the Complexes.

Compound AM; % Calcd % Found segt (293 K)
(em” fohm mol) - 2 H N M C H N M B
[FeCl(Cynp3)] BPh,° 44 7203 898 1.27 507 7201 901 131 5.22
[FeBr(Cynp3)) BPhy 44 69.23 863 1.22 488 69.37 880 125 4.76 5.16
[Fel(Cynp3)] BPh,°© 45 66.50 829 1.18 468 6631 819 1.28 5.18
[Fe(NCS); (Cynp3)] 9 61.31 9.12 487 648 6132 922 490 5.20
[CoCl(Cynp3)] BPh4d 43 71.83 8.95 1.27 5.34 71.64 8.99 1.34 5.19 4.32
[CoBr(Cynp3)] BPhy 46 69.04 860 122 486 6894 863 1.18 4.49
{Col(Cynp3)] BPhy 45 66.33 827 1.17 493 6639 843 112 4385 443
[Co(NCS)(Cynp3)]BPh; 42 7145 877 249 523 7132 881 240 5.04 4.12
[CoCI(Cynp3)] C1° 40 61.53 9.59 171 7.19 6141 9.78 173 7.06 4.18
[CoBr(Cynp3)] Bx 68 55.51 865 1.54 649 5556 8.80 162 6.35 4.15
[Col(Cynp3)]1 73 5031 7.84 140 588 5019 799 1.52 5.64 4.27
[Co(NCS), (Cynp3)] f 9 6109 909 486 681 61.13 924 503 6.67 2.07
brown isomer
[Co(NCS)2(Cynp3)] 11 6109 909 486 681 61.19 897 503 6.73 4.34
blue isomer
[NiCl(Cynp3)] BPhy 46 71.84 8.95 1.27 532 71.76 8.90 1.31 5.30 diam.
[NiBr(Cynps)] BPh4 45 69.06 861 1.22 512 69.02 870 124 501 diam.
[Nil(Cynp3)] BPh,® 44 66.3¢ 827 1.17 491 6640 831 1.16 4.79 diam.
[Ni(NCS)(Cynp3)] BPh, 45 71.46 8.77 249 5.21 71.31 8.79 240 5.17 diam.

&Molar conductance of ca. 102 solution in nitroethane at 20 °C. bCalcd: Cl, 3.22. Found: Cl, 3.15. ®Caled: P, 7.80. Found :
P, 7.64. dCalcd: Cl, 3.21. Found: Ql, 3.15. ®Calcd: Cl, 8.65. Found: Cl, 8.46. ‘Calcd: S, 7.41; P, 10.74. Found: S, 7.41;
P,10.53. ®Calcd: 1,10.62. Found: 1,10.47.

TABLE II. Electronic Spectra of the Complexes.

Compound Absorption Max., KK (e for soln., 1 mol ' em™)
[FeCl(Cynp3)] BPhy a <5.0;9.2
b <5.0;9.3(60)
|FeBr(Cynp3)] BPhy a <5.0;9.0
b <5.0;9.1(67)
[Fel(Cynp3)] BPhy a <5.0;8.7
b <5.0;8.5(49); 16.9(10)
[Fe(NCS)2(Cynp3)} a <5.0;8.0
b <5.0;8.1(64)
[NiCI(Cynp3)] BPha4 a 21.3
b 21.1(1450)
[NiBr(Cynp3)] BPhy a 20.8
b 20.4(1218)
[Nil(Cynps)] BPhs a 19.4
b 19.4(1005)
[Ni(NCS)(Cynp3)] BPh, a 22.2
b 22.2(2050)
[CoCI(Cynp3)] BPhy a 59:10.3;13.3;19.5
b 5.7(106); 10.4(184); 12.6(320); 14.9(145); 18.5(650)
[CoBr(Cynp3)] BPhg a 5.8;10.1;13.2;179
b 5.8(69); 8.3(84); 10.1(94); 13.2(187); 14.7(174); 16.4sh; 17.7(475)
[Col(Cynp3)]BPhg4 a 5.7;10.0;12.9;17.3; 24.1sh
b 5.8(75); 8.1(85); 9.4(88); 12.9(204); 15.4sh; 12.2(509)

{continued on facing page)
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Absorption Max., KK (e for soln., 1 mol™! em™)

Compound
[Co(NCS)(Cynp3)] BPhy a 6.0; 10.9sh; 14.0; 19.0

b 6.2(85); 13.4(151); 16.1(303); 17.2(246); 18.9(313)
[CoCl(Cynp3)] CL a 5.8,10.6;13.3; 14.5sh; 18.7

b 5.9(93); 10.3(134); 13.4(238); 14.3(197); 15.9sh; 16.7(238) 18.5(466)
[CoB1(Cynp3)] Br a 5.7;10.8;13.0;18.3;

b 5.2(89); 10.3(142); 13.3(320); 18.0(605)
[Col(Cynp3)]I a 5.6;10.5sh; 12.8;18.2

b 5.7(85); 10.1(123); 13.1(312); 14.9(132); 17.2(549)
[Co(NCS), (Cynp3)] a 5.9;9.3;20.8
brown isomer b 5.8(124); 9.0(65); 13.3(44); 16.1sh; 20.0sh
[Co(NCS)2(Cynp3)] a 6.3;7.4;10.0; 14.5; 17.5
blue isomer b 5.8(120);9.0(65); 13.3(42); 16.1sh; 20.0sh

®Reflectance spectra.  PNitroethane solution.

TABLE I11. *P{'H} NMR Spectral Data for the Nickel Complexes.

Compound Chemical shifts, ppm® Coord. Chem. Shift, APP
[NiCl(Cynp3)] BPhg4 51.80(2) 40.29(10) —6.49(5) 58.96 47.45
[NiBr(Cynp3)] BPhy 52.90(1.8) 43.37(10) -6.50(5) 60.06 50.33
[NiI(Cynp3)] BPh4 53.33(1.9) 49.56(10) —-6.50(5) 60.50 56.72

®Chemical shifts are relative to 85% H3PO4; positive chemical shifts are downfield; values in parentheses are the relative intensi-

ties of the three resonances.

Synthesis of the Complexes

[MX(Cynp, )] BPh,. (M = Co, Ni; X = Cl, Br, I,

NCS;M=Fe; X=Cl, Br, 1)

The ligand (1 mmol) dissolved in acetone (30 ml)
was added to a solution of the appropriate hydrated
metal halide or pseudohalide (I mmol) in ethanol
(20 ml); sodium tetraphenylborate (I mmol) dis-
solved in ethanol (10 ml) was then added and the
resulting solution was concentrated until crystalliza-
tion occurred. All the complexes were recrystallized
from acetone—ethanol.

[CoX(Cynps )] X (X =Cl, Br, I)

The ligand (1 mmol) dissolved in ethanol (30 ml)
was added to a solution of hydrated cobalt(II) halide
(1 mmol) in ethanol (20 ml). The complexes, obtain-
ed by concentrating the resulting solution, were
recrystallized from ethanol.

[Fe(NCS)(Cynps )]

A solution containing the ligand (1 mmol) in ace-
tone (20 ml) was added to a filtered solution of
iron(II) bromide (1 mmol) and potassium thiocya-
nate (2 mmol) in ethanol (30 ml).

AP = 8Peoord. — 8Ptree ligand- Samples were dissolved in CDClj3.

The crystalline product, obtained by evaporation
of the solvent, was recrystallized from acetone and
ethanol.

[Co(NCS),{Cynp, )], brown isomer
This derivative was prepared as the previously
described bis-halide cobalt(II) complexes.

[Cof{NCS},(Cynp; )], light blue isomer

The compound was prepared by adding the
solid ligand (1 mmol) to a solution of hydrated
Co(NCS); (1 mmol) in acetone (30 ml). Blue
needles were obtained by addition of methanol
(10 ml) and concentration.

Results and Discussion

Nickel(Il) Complexes

All the complexes are diamagnetic in the solid
state and soluble in the common organic solvents.
In nitroethane solution they behave as 1:1 electro-
lytes [10], Table I. In the thiocyanate derivative
the pseudohalide is N-bonded to the metal (MCN) =
2080 cm™) [11]. Spectral data of the complexes
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Fig. 1. Absorption spectra of nitroethane solutions of [CoCly (NOP;)] (curve A) and of [CoCl(Cynp3)]Cl (curve B). Reflectance
spectra (arbitrary scale) of [CoCl(np3)] Cl (curve C) and of [CoCl(Cynp3)]Cl (curve D).

are consistent with a square planar geometry both in
the solid state and in solution (Table II). It is
reasonable to assumme that one of the phosphorus
atoms is not bound to the metal, the ligand acting
as tridentate with a NP, donor set. This is support-
ed by the similarity of these spectra to that exhibited
by the [NiBr(Pr—PNP)]BPh, complex [12] (square
planar chromophore NiNP,X; Pr-PNP = N,N-bis(2-
diphenylphosphinoethyl)-n-propylamine).

31p{IH} spectra of the complexes (Table III) show
a resonance at —6.50 ppm, close to the value of the
chemical shift of the free ligand (—7.18 ppm), and
two single sharp resonances with positive chemical
shifts in the expected region for coordinated phos-
phorus atoms. The relative intensities of the three
resonances for the chloro-derivative are 2:10:5 (Table
IIT). On going from the chloro- to the iodo-derivative

the intensity of the resonance at lowest field
decreases, whereas the relative intensities of the
other two resonances do not change (Table III).
This resonance pattern shows that two species are
present in solution. The constant ratio (2:1) between
the strongest resonance and that corresponding to
the dangling phosphorus atom indicate that they
are mutually related and originate from a square
planar species having two bound and one free phos-
phorus atom. The other resonance should be assign-
ed to a trigonal bipyramidal cation whose concentra-
tion, relative to that of the square planar species,
decreased with increasing halogen size. The intensity
ratio of the resonances corresponding to the coordi-
nated phosphorus atoms, taking into account the
different number of phosphorus atoms involved,
indicates that the ratio between the concentration



Tripod Ligand Complexes of Fe(Il), Co(Il), Ni(ll}

105

Frequency . kK

Fig. 2. Reflectance spectra (arbitrary scale) of [Co(NCS);(Cynps)}, brown isomer (curve A) and of [Co(NCS);(Cynps)], blue
isomer (curve B). Absorption spectrum of nitroethane solution of [Co(NCS),(Cynp3)] (curve C).

of the trigonal bipyramidal and square planar cations
is approximately 1:10.

Cobalt Complexes

[CoX(Cynp; )] BPh, (X = CI, Br, I, NCS)

All these complexes are high-spin in the solid
state, and 1:1 electrolytes in nitroethane. The infra-
red spectrum of the thiocyanate derivative shows that
the NCS ion is N-bonded to the metal ((CN) = 2030
cm™?), The shapes of the electronic spectra of these
compounds are all similar and characteristic of five-
coordinate high-spin cobalt(Il) complexes with tri-
gonal bipyramidal geometry [13]. It should be recal-
led that the analogous thiocyanate complex with
the phenylated ligand np; is low-spin, and that the
[Col(np;)] cation is at the cross-over point between
high- and low-spin states, being high-spin when the
counterion is BPh, and low-spin with I as counter-
ion [4]. The high-spin state of all the Cynp, deriva-
tives can hardly be accounted for by the different
overall nucleophilicity [14] of phosphorus atoms
according to whether they bear aromatic (np3) or
aliphatic (Cynpj) substituents. Rather, a higher dis-
tortion towards a tetrahedron, which stabilizes the
high-spin state, can explain the spin state of the
Cynpa complexes {1]. Such a distortion is in accord-
ance with the larger cone angle of phosphorus donors
in the Cynp, ligand with respect to the same donors
in the np; ligand. This hypothesis is also supported
by the formation of variable amounts of tetrahedral

species in solution (band at ca 14.7 and shoulder
at 16.9 kK, see Table II), which may originate from
the detachment of the apical nitrogen donor atom
(donor set P;X); these species have not been observ-
ed in the np; cobalt complexes.

[CoX{Cynps)] X (X = Cl, Br, I)

The reflectance spectra of these complexes are
identical to those found for the analogous complexes
with tetraphenylborate as counterion, and suggest
an ionic structure containing the five-coordinate
cation [CoX(Cynps)]®, still distorted towards the
tetrahedron as accounted for by the high-spin state.
The bromide and iodide derivatives behave as 1:1
electrolytes in nitroethane solution, and their elec-
tronic spectra in this solvent are the same as in the
solid state, thus indicating that the trigonal bipyra-
midal geometry is essentially retained. The chloro-
derivative has a remarkably lower conductivity
(Table I), and its absorption spectrum shows bands
at 14.3 and at 16.7 kK, which are typical of pseudo-
tetrahedral species (Fig. 1). The intensity of these
bands rise at the expense of the five-coordinate bands
upon addition of chloride ions. This behaviour sug-
gests that the pseudotetrahedral species is formed
through coordination of a further chloride ion and
detachment of two donor atoms of the ligand (one
phosphorus atom and, presumably, the nitrogen
atom) leaving a donor set P;X;. This hypothesis is
supported by the correspondence of the bands attri-
buted to the pseudotetrahedral species to those



106

exhibited by the {CoX,(NOP;)] complexes (X = Cl,
Br; NOP, = N,N-bis(2-diphenylphosphinoethyl)-2"-
methoxyethylamine) having the same pseudotetra-
hedral geometry and donor set [12] (Fig. 1).

[Co(NCS),(Cynps )]

Two isomeric compounds with this formula have
been obtained depending on the experimental condi-
tions: one brown (low-spin) and one blue (high-spin)
(Table I). The infrared spectra of both derivatives
in the 2000 cm* region show intense bands at 2090,
2085 and at 2085, 2065, 2040 cm™! for the brown
and blue derivative, respectively; these bands are
indicative of multiple N-bonded, non-equivalent,
non-bridging thiocyanate groups. The reflectance
spectra of the two compounds suggest a pseudo-
tetrahedral geometry (C,, symmetry) for the high-
spin derivative and a trigonal bipyramidal geometry
for the low-spin complex (Fig. 2). In solution, both
complexes are practically non-electrolytes and give
rise to the same spectrum, i.e. that of the low-spin
species. This is similar to that of the pentacoordi-
nate complex [Co(NCS),(Pr-PNP)] [12], having
a donor set NP,(NCS), (Fig. 2). As it often happens,
both NCS ions get in the coordination sphere of
the metal ion [1, 12], but their reduced steric hind-
rance is not enough to induce the detachment of two
donor atoms to give tetrahedral species unless solid-
state factors are effective, as in the blue isomer.

Iron Complexes

[FeX(Cynps )] BPh, (X = Cl, Br, [}

These complexes are all high-spin, and 1:1 electro-
lytes in nitroethane solution. Their diffusion reflec-
tance and adsorption spectra are practically identical,
and typical of a fivecoordinate chromophore with
trigonal bipyramidal geometry [15].

[Fe(NCS),(Cynps)]

Also this complex is five-coordinate, both in the
solid state and in solution, as shown by its electronic
spectra (Table II). It is, however, practically a non-
electrolyte like its cobalt analogue: this again indi-
cates that five-coordination can only be attained by
detachment of a donor atom of the ligand, probably
a phosphorus atom. This behaviour contrast with
that of analogous phenylated ligands which invariably
give six-coordinate octahedral complexes [Fe(NCS),-
L], L = nps, pps, QP (pps = tris(2-diphenylphos-
phinoethyl)phosphine, QP = tris(o-diphenylphos-
phinophenyl)phosphine) [1], and it should be cor-
related to the increased steric hindrance of the Cynp,
ligand.

Conclusions

The ligand behaviour of the Cynp; ligand towards
iron(1l), nickel(I1) and cobalt(Il) salts, as compared

P. Stoppioni, R. Morassi and F. Zanobini

to that of the analogous npj ligand, clearly shows
that substitution of cyclohexyl groups for phenyl
groups on the phosphine donors is enough to induce
a substantially higher strain in some complexes.
This results either in detachment of a donor group
with reduction of the coordination number from five
to four (as in the [NiXL]BPh, complexes) and from
six to five (as in the [Fe(NCS),L] complexes) or in
a higher distortion towards the tetrahedron when
five-coordination is still favoured (as in the [CoXL]Y
complexes). The latter feature has the remarkable
effect of restoring the high-spin state in those
complexes ([Co(NCS)L]Y, [CoIL]Y) which were
fully low-spin or at the magnetic cross-over point
with the np; ligand.
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