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Six extensive series of five-coordinate complexes of the types [Co(triphos)(CO)2]X and [Co(triphos)L{CO)]X (X = BF,,
PF¢; L = P(OMe)s, PPhyH, PPhyMe, PEt;, PPhy; triphos = either bis(3-diphenylphosphinopropyl)phenylphosphine (ttp),
bis(2-diphenylphosphinoethyl) phenylphosphine (etp), or 1,1,1-tris(diphenylphosphinomethyl)ethane (tripod-P3)) were
synthesized and their stereochemistry and dynamic behavior studied principally by 3!P{{H} NMR. The details of the
stereochemistry and exchange processes depend both on the monodentate ligand and on the triphosphine ligand. For example,
the {Co(etp)L(CO)]X and [Co(etp)(CO),]1X complexes are trigonal bipyramidal with the equatorial positions occupied
by a carbonyl ligand and the two terminal phosphorus atoms of the triphosphine ligand; the axial positions are occupied
by the central phosphorus atom and either a monophosphine or a carbonyl ligand, respectively. The [Co(ttp)L(CO)]X
complexes have square-pyramidal structures with L located at the axial position. A trigonal-bipyramidal structure is assigned
to the dicarbonyl complexes [Co(ttp)(CO),2]X. The complexes [Co(tripod-P3)L(CO)]X are stereochemically nonrigid,
whereas those of [Co(etp)L(CO)]X are stereochemically rigid at room temperature. A large number of 2Jpp coupling

constants are presented for these complexes.

Introduction

The stereochemistry’>~® and intramolecular exchange
processes®’-8 of a number of five-coordinate complexes of
cobalt(I) have been investigated. The preferred geometry in
most cases appears to be based on a trigonal bipyramid,**°
although square-pyramidal complexes are also known.>10 In
examples with monodentate ligands, the energy differences
between the two limiting structures are small for d® MLs
complexes;>1! in addition, structures intermediate between the
idealized trigonal-bipyramidal and square-pyramidal structures
are fairly common.* Six series of complexes of the types
[Co(triphos)(CO);] X and [Co(triphos)L(CO)]X (triphos =
one of the three triphosphine ligands: bis(2-diphenyl-
phosphinoethyl)phenylphosphine (etp),!2 bis(3-diphenyl-
phosphinopropyl) phenylphosphine (ttp),!? and 1,1,1-tris(di-
phenylphosphinomethyl)ethane (tripod-Ps3);12 L = P(OMe)s,
PPh,H, PPh;, PPh;Me, and PEt3; X = BF4~ or PF¢™) have
been studied and the results are reported herein. Subtle
changes in the steric and c¢lectronic properties of the three
triphosphine ligands cause variations in the stereochemistry
of the five-coordinate cobalit(I) complexes, as has been ob-
served for other metals.!3-16 Recent preparations of efficient
hydrogenation catalysts of cobalt containing two of the tri-
phosphine ligands!7 are additional incentives for studying the
influence of different triphosphine ligands on the stereo-
chemistry and exchange processes, since they are expected to
be important in the mechanistic details of these catalysts.

Experimental Section

Physical Measurements. Elemental analyses were performed by
Galbraith Laboratories, Knoxville, Tenn. Infrared spectra of the solid
complexes were recorded on a Perkin-Elmer 337 spectrometer as Nujol
mulls suspended between KBr plates. Infrared spectra of di-
chloromethane solutions of the compounds were recorded on a
Beckman IR-9 spectrometer. Proton NMR spectra were recorded
on a Varian A60-A, a Varian HA-100, or a Jeolco MH-100 spec-
trometer. Fourier-mode, proton-noise-decoupled 3'P NMR spectra
were obtained on a Bruker HX-90 spectrometer that was equipped
with a variable temperature probe. The 3!P NMR spectra were
obtained on solutions of the samples using spinning 10-mm tubes,
deuterated solvents for the internal lock, and 835% H3PQ4 as an external
standard. Positive chemical shifts are downfield from the H3PO4
standard. Conductance measurements were obtained as described
previously.18

Materials. Organic solvents were reagent grade and were de-
oxygenated with either purified nitrogen or argon prior to use.
Diphenylphosphine, diphenylmethylphosphine, triethylphosphine, and
bis(2-diphenylphosphinoethyl) phenylphosphine were obtained from
Pressure Chemical Co., Pittsburgh, Pa. Bis(3-diphenylphosphino-

propyl)phenylphosphine was prepared as described previously,!? and
1,1,1-tris(diphenylphosphinomethyl)ethane was obtained from Orgmet,
Inc., East Hampstead, N.H. Trimethyl phosphite (Eastman Chemical
Co.) was distilled from sodium under a nitrogen atmosphere.
Preparation of the hydride complexes HCo(etp)CO, HCo(ttp)CO,
and HCo(tripod-P3)CO will be described in another paper.!”

Preparation of the Complexes. All reactions were carried out under
nitrogen, using procedures that are detailed below for one or two
complexes of each triphosphine ligand. The other preparations are
summarized in Table I. Elemental analyses for the complexes are
given in Table II.

(1) Preparations of [Co(etp) (P(OMe)3)2]BF4 and [Co(etp)L(CO)[X
Complexes. (a) [Co(etp)(P(OMe)3)2]BF4. Trimethyl phosphite (4
ml) and ammonium tetrafluoroborate (0.3 g) were added sequentially
to a slurry of HCo(etp)CO (0.92 g) in methanol (70 ml). The reaction
mixture was refluxed for 2 h, and the resultant yellow solution was
filtered while hot. The filtrate was irradiated with ultraviolet light
(350 nm) for 18 h. During the irradiation period the reaction flask
was swept with nitrogen to remove the carbon monoxide. The volume
of the resultant red solution was reduced to 20 ml and an oil pre-
cipitated when ca. 30 ml of ether was added. The solvent was decanted
and the oil was washed sequentially with diethyl ether and water. The
red oil was dissolved in methanol and red crystals were obtained from
the solution by slowly adding ether, and cooling the resulting solution
overnight in a refrigerator. The crystals were collected on a frit and
dried in vacuo. Yield, 0.64 g, 47%.

(b) [Co(etp)(CO),]PFs. Carbon monoxide was bubbled through
a slurry of HCo(etp)CO (0.55 g) in refluxing ethanol (70 ml). On
addition of ammonium hexafluorophosphate (0.3 g), the yellow crystals
of HCo(etp)CO dissolved (ca. 15 min) to give a clear yellow solution.
The resultant solution was refluxed an additional 10 min, and then
the hot solution was filtered. The filtrate was cooled to room
temperature, and its volume was reduced to ca. 20 ml in vacuo. The
resultant yellow, microcrystalline product was collected on a filter
and washed with three 10-ml aliquots of water and three 10-ml aliquots
of diethy! ether. Yield, 0.57 g, 82%.

(c) [Co(etp)(PEt;)COJBF .. Triethylphosphine (0.5 ml) was added
via a syringe to a refluxing slurry of HCo(etp)CO in ethanol (90 ml).
On addition of ammonium tetrafluoroborate (0.3 g) the HCo(etp)CO
dissolved (ca. 30 min) to give a yellow solution. The reaction solution
was refluxed for | h and filtered while hot, The filtrate was cooled
to room temperature and its volume was reduced in vacuo to ca. 20
ml. The resultant yellow crystals were collected on a filter and washed
sequentially with diethyl ether (three 10-ml aliquots), water (three
10-ml aliquots), and diethy! ether (three 10-ml aliquots). Yield, 0.72
g, 89%.

(2) Preparations of [Co(ttp)L(CO)]X Complexes. (a) [Co(ttp)-
(CO);|BF4. Carbon monoxide was bubbled through a slurry of
HCo(ttp)CO (0.28 g) in ethanol (50 ml). Ammonium tetra-
fluoroborate (0.15 g) was added, and the reaction mixture was refluxed
for 2 h. The resultant clear, yellow solution was filtered while hot.
The filtrate was cooled to room temperature, and its volume was
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Reaction Conditions for the Preparation of {Co(triphos)L(CO)]X and [Co(triphos)(CO),]X Complexes'?

Table L.
HCo- Reaction
(triphos)CO, NH,X, L, Solv, time, Yield,
Product g . 8 ml ml¢ h g (%)
[Co(etp)(CO), |PF, 0.55 0.3 70 (e) i, 0.57 (82)
[Co(etp)(CO), IBF, 1.00 0.4 80 (e) C3, 0.94 (80)
[Co(etp)(P(OMe);)COIBF, 0.60 0.2 04 80 (m) i, 0.68 (85)
[Co(etp)(PPh,H)COIPF, 0.63 0.3 0.4 40 (e) 1, 0.80 (84)
[Co(etp)(PPh,H)COBF, b 0.60 0.3 1.0 70 (m) 2 0.70 (81)
[Co(etp)(PPh,)CO]BF, 0.60 0.3 0.4 (g) 60 (e) 2 0.69 (74)
[Co(etp)(PPh,Me)COIBF,-EtOH 0.61 0.2 0.3 60 (e) 1, 0.75 (80)
[Co(etp)(PEt,)CO]BF, 0.61 0.3 0.5 90 (e) 1 0.72 (89)
[Co(ttp(CO), JPF ¢ 0.52 0.3 60 (e) 2 0.49 (75)
[Co(ttp)(CO), |BF, 0.28 0.15 50 (e) 2 0.30 91)
[Co(ttp)(PPh,H)CO]BF, 0.72 04 0.6 80 (m) 4 0.55 (54)
[Co(ttp)(P(OMe), )CO]BF 0.43 0.3 0.5 50 (m) 5 0.41 (73)
[Co(tripod-P,)(CO), ]PF 0.80 0.4 70 (e) S 0.76 (77)
[Co(tripod-P,)(P(OMe),)CO]BF, 0.55 0.3 0.4 80 (m) 3 0.54 (77)
[Co(tripod-P,)(PPh2H)CO]BF, 0.60 04 0.5 70 (m) 24 0.33 (40)
[Co(tripod-P,)(PEt,)COIBF, 0.70 0.4 0.5 70 (m) 24 0.64 (71)

@ (¢) and (m) designate the solvents ethanol and methanol, respectively.
ethanol and dichloromethane-benzene to remove excess diphenylphosphine.

dure.*?

b This complex required recrystallization from dlchloro'methane-
¢ This complex has also been prepared by a different proce-

d The tetraphenylborate salt of this complex has also been prepared, *®

Table II. Characterization Data for the [Co(triphos)L(CO)]X and [Co(triphos)(CO), ]X Complexes'?

Elemental Anal., % . AM>

-1
C H Co »(CO), cm™* C‘; y

Caled. Found Caled. Found Calcd. Found  Nujol mull CH,Cl, soln  mol™* ¢
[Co(etp)(CO), IPF, 54.42 54.20 4.19 4.07 7.42 7.22 1980, 2020 1983, 2028 79
[Co(etp)(CO), BF, 58.72 58.63 4.52 4.63 8.00 8.00 1980, 2020 1983,2028 82
[Co(etp)(P(OMe),)CO]BF, 54.83 54.60 5.09 5.12 7.08 7.26 1945 1953 84
[Co(etp)(PPh,H)COIBF, 63.11 63.20 4.96 5.02 6.59 6.39 1930 1939 69
[Co(etp)(PPh,H)COJPF, 59.26 59.48 4.65 4.65 6.18 5.98 1925 1939 67
{Co(etp)(PPh,)CO]BF, 65.59 65.90 4.98 5.16 6.07 6.29 1930 1940 isomer A 78
) ) 1959 isomer B

[Co(etp)(PPh,Me)CO]BF,-EtOH 62.91 62.86 5.49 5.44 6.17 6.39 1930 1938 75
[Co(etp)(PEt;)CO]BF, 59.58 59.37 5.85 5.91 7.13 7.20 1930 1931 76
[Co(ttp)(CO), |BF, 59.71 59.77 4.88 5.00 7.71 7.60 1940, 2000 1953, 2007 84
[Co(ttp)(P(OMe),)COJBF, .55.84 55.02 5.39 5.46 6.85 6.65 1920 1935 80
[Co(ttp)(PPh,H)COIBF, 63.80 63.77 5.24 5.16 6.39 6.27 1920 1931 82
[Co(tripod-P,CO), |PF, . 58.38 58.20 4.44 4.50 6.66 6.48 1953, 2026 1972, 2029 80
[Co(tripod-P,}(P(OMe),)CO]BF, 58.59 58.41 5.24 5.30 6.39 6.16 1930 1931 84
[Co(tripod-P,)(PPh,H)COBF, 65.87 65.99 5.12 5.20 598 6.00 1905 1918 81
[Co(tripod-P,)(PEt;)COIBF, 62.90 62.81 5.94 5.87 6.43 6.36 1890 1911 82

% Molar conductance values in ~10> M nitromethane solutions.

reduced to 15 ml. The resultant yellow, crystalline solid was collected
on a filter, washed with water and diethyl ether, and dried in vacuo.
Yield, 0.30 g, 91%.

(b) [Co(ttp)(P(OMe)3)CO]BF4 Ammonium tetrafluoroborate (0.3
g) was added to a slurry of HCo(ttp)CO (0.43 g) and trimethyl
phosphite (0.5 ml) in methanol (50 ml). The reaction mixture was
refluxed for 5 h to give a clear, red-orange solution. The solution
was filtered while hot, and the volume of the filtrate was reduced to
20 ml. The orange, microcrystalline product was collected on a frit,
washed with diethyl ether and water, and dried in vacuo. Yield, 0.41

73%.

(3). Preparations of [Co(tripod-P3)L(CO)]X Complexes. (a)
[Co(tripod-P3)(CO),]PF¢. This complex was prepared-by a procedure
similar to that used for the dicarbonyl complexes of etp and ttp. This
compound has also been prepared by two other procedures.20

(b) [Co(tripod-P3)(PEt;)CO]BF,. Triethylphosphine (1 ml) was
added to a slurry of HCo(tripod-P3)CO (0.80 g) and ammonium
tetrafluoroborate (0.5 g) in methanol (70 ml). The reaction mixture
was refluxed 24 h and filtered while hot. The volume of the filtrate
was reduced to 15 ml in vacuo, and the resultant orange powder was
collected on a frit and washed sequentially with diethyl ether, water,
and diethyl ether. Yield, 0.64 g, 71%.

Results

Preparation and Charactenzatlon of the Complexes.
Treatment of the hydride complexes HCo(etp)CO, HCo-
(ttp)CO, and HCo(tripod-P3)CO with a weak acid (i.e.,
NH4BF4 or NH4PFp) in the presence of carbon monoxide or

a monodentate phosphine ligand provides a general synthesis
for the complexes [Co(triphos)(CO);]X and [Co(tri-
phos)L(CO)1X (eq 1-2). This route offers distinct advantages

HCo(triphos)CO + NH,BF, + CO

Soonal [Co(tr‘lphos)(CO)leF‘1 +H, + NH, )
HCo(triphos)CO + NH,BF, + L
m [Co(triphos)L(CO)]BF, + H, + NH, Q)

over those that directly add the ligand to compounds such as
Co02(CO)s. Difficulties (e.g., polymeric complexes) are often
encountered when the polyphosphine ligand is added directly
to a low-valent cobalt reagent (e.g., eq 3).21 Treatment of
A NaBPh,

Co,(CO)B +etp ——
C,H, acetone

[Co,(etp),(CO),1(BPh,), 3)

HCo(triphos)CO with NH4X is particularly useful for syn-
thesis of the “mixed” complexes [Co(triphos)L(CO)]X, since
such complexes are difficult to obtain by other synthetic
procedures. The bisphosphite complex [Co(etp)(P-
(OMe)3)2]BF4 may be obtained by irradiation of [Co(etp)-
(P(OMe)3)CO]BF, in the preserice of excess trimethyl
phosphite, However, we were unable to obtain the analogous
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Ph

Figure 1. A perspective of the coordination geometry of the
cation [Co(etp)(P(OMe),),]*. The phenyl groups on the phos-
phorus atoms and the hydrogen atoms on the other atoms have
been omitted for clarity.

ttp complex by this procedure.

The yellow to orange complexes [Co(etp)(CO)2]X and
[Co(etp)L(CO)1X (X = BF, or PF¢) are stable indefinitely
in the solid state, but their solutions are moderately sensitive
to oxygen. In contrast, the analogous complexes [Co(ttp)-
L(CO)]X and [Co(tripod-P3)L(CO)]X are thermally unstable
at 100 °C in vacuo and slightly air sensitive even in the solid
state.

The complexes [Co(triphos)(CO)2]X and [Co(triphos)L-
(CO)]X have been characterized by conductivity measure-
ments in nitromethane (Table IT), elemental analyses (Table
IT), and infrared (Table II), proton NMR (Table III), and
phosphorus-31 NMR spectra (Table [V). Infrared spectra
(Nujol mulls) of all the [Co(triphos)L(CO)]X complexes show
only one carbonyl stretching frequency; the dicarbonyl
complexes show two vco absorptions, as expected for the
symmetric and antisymmetric carbonyl stretching vibrations.
Two vco infrared bands are observed for a dichloromethane
solution of [Co(etp) (PPh3)(CO)]BFy4, and this is attributed
to the formation of two isomers in solution (vide infra). In
addition, the 3P and 'H NMR spectral data for the complexes
[Co(etp)L(CO)]X, [Co(ttp)L(CO)]IX, and [Co(tripod-P3)-
L(CO)]X (Tables III and IV) indicate one monophosphine
ligand and one triphosphine ligand is present in each complex.
The fluxional nature of the [Co(tripod-P3)L(CO)]X complexes
prevented determination of phosphorus—phosphorus coupling
constants for this series of complexes.

Stereochemistry of the Complexes

Complexes of the etp Ligand. Structures [-III show the
stereochemistries that are assigned to the [Co(etp)(CO)2]X,
[Co(etp)L(CO)]X, and [Co(etp) (P(OMe)3)2] X complexes,
respectively. Structure IV is assigned to isomer B of [Co-

P//Tw + /—T1 + F‘q + P/'F"x *
2/ Pz/ P / 2/\
Co—CO ~ A Co—P,
Pz/! Pz/Co—CO PZ/C|O Ps Pz/] 4

C C

0 Pz P3 0

I 11 111 v

(etp)(PPh3)CO]BFs. These asignments are based on (1) the
3IP{iH} NMR spectra, (2) the vco values from the infrared
spectra of the complexes in solution and (3) the x-ray structural
determination of [Co(etp)(P(OMe)3)2]1BF4 (Figure 1). The
3IP{IH} NMR spectrum (and a simulated spectrum) of
[Co(etp)(P(OMe)3)2])BF, is presented in Figure 2;22 the
spectrum shows that tle two terminal phosphorus atoms of
coordinated etp are equivalent. As can be seen from structure
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—————

k(b)

Figure 2. (a) The Fourier-mode *'P{*H} NMR spectrum of [Co-
(etp)(P(OMe),),]BF, in dichloromethane at 257 K; (b) the simu-
lated spectrum of [Co(etp)(P(OMe),),]BF,, using the parameters
listed in Table IV and a value of 12 Hz for the line width at half-

height. (Seeref 22.)

J
Jn _ p|~p3
P23 JY:D!—DZ
Jp -p
e dp -p
| 3
Jpop =33Hz | J. _
p‘ P2 i*pz p3
J

—p. =53
P 7Py

Jp -p. =104
£

109.6 64.9 38.?L

o
ppm from 85% H5P04

Figure 3. The Fourier-mode *'P {'H } NMR spectrum of
[Co(etp)(PEt,)CO|BF, at 244 K in acetonitrile.

111 and Table IV, the largest P-P coupling (3Jp,-p, = —193.5
Hz) in [Co(etp)(P(OMe)3);]BF4 results from coupling of the
two axial phosphorus atoms. The P(OMe)3;—-P(OMe)s cou-
pling is fairly large (136.5 Hz) for a 2Jpp that involves a
P-M-P angle of ca. 90°; the other equatorial-axial 2Jpp
couplings are.approximately 100 Hz (Table IV). Structurally
related M—P and P-P coupling constants are generally larger
for phosphite complexes than for phosphine complexes of
transition metals;23-2% the same trend is observed in these
cobalt(I) complexes (Table 1V). The 3!P spectrum of [Co-
(etp)(PEt3)CO]BF4, which is typical of the etp series of
complexes, is presented in Figure 3.

Structure II is related to [Co(etp)(P(OMze)s3)2]BF4
(structure III) by replacing the equatorial trimethy! phosphite
ligand with a carbonyl ligand. The 3'P NMR data on
[Co(etp)(P(OMe)3)CO]BF, (Table IV) are consistent with
structure II since the coupling constants common to both
[Co(etp)(P(OMe)3)2]BF4 and [Co(etp)(P(OMe)3)CO]BF,4
are very similar. The relatively fixed phosphorus—phosphorus
coupling constants within the [Co(etp)L(CO)}X series (Table
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Table III. Proton NMR Data for the [Co(triphos)L(CO)]X and [Co(triphos)(CO), }X Complexes® b 12

Chemical shift for each group of protons, 7

Compd C,H, CH, CH, C,H, OCH,
[Co(etp)(CO), | PF, 2.5 (m) 7.2 (m)
[Co(etp)(CO), IBE, 2.5 (m) 7.2 (m)
[Co(etp)(P(OMe) ,)COIBF, 2.21,2.54 (m) 7.3-7.9 (m) 6.80.(d, 11)
[Co(etp)(PPh,H)CO]PF, 2.5,2.9 (m) 7.7 (m) B
[Co(etp)(PPh,H)COBE, 2.5,2.9 (m) 7.7 (m)
[Co(etp)(PPh,)CO]BF, 2.41,2.67,2.91,3.21 (m) 6.7-8.4 (m)
[Co(etp)(PPh,Me)COIBF,-EtOH 2.5,2.8 (m) 7.5-8.0 (m) 9.45 (d,9) 8.77 (m), (EtOH)
[Co(etp)(PEt,)COIBE, 2.0, 2.45 (m) 7.4-8.1 (m) 8.71 (m), 9.21 (m)
[Co(etp)(P(OMe),), IBF, 2.1,2.6 (m) 7.2-8.0 (m) 6.7 (d, 10)
[Co(ttp)(CO), PF, 2.4,2.8 (m) 6.6-8.4 (m)
[Co(ttp)(CO), BF, 2.4,2.8 (m) 6.6-8.4 (m)
[Co(ttp)(P(OMe),)CO|BF, 2.0, 2.5, 2.8, 3.06 (m) 6.8-7.8 (m) 6.54 (d, 11)
[Co(ttp)(PPh,H)CO]BF, 1.95, 2. 45 2.65 (m) 7.0-8.5 (m)
[Co(tripod-P,)(CO), IPF, 2.78 (s) 7.2 (m) 8.3 (m)
[Co(tripod-P,)(P(OMe),)COIBF,  2.58, 2.78 (m) 7.26 (m) 8.16 (m) 6.70 (d,11)
[Co(tripod-P,)(PPh,H)COBF, 2.68,2.84 (m) 7.26 (m) 8.22 (m)
[Co(tripod-P,)(PEt;)CO]BF, 2.5,2.7 (m) 7.15 (m) 8.15 (m) 8.70 (m), 9.16 (m)

4 Spectra recorded in nitromethane solutions. ¥ Abbreviations used:

is given in parentheses.

IV) suggest that all these complexes have the same structural
type, with the exception of isomer B of [Co(etp)(PPhj)-
CO]BF4.. When [Co(etp)(PPh3)CO]BF; is dissolved in di-
chloromethane, both 3!P NMR and infrared spectra (vco
region) show the presence of two complexes. The spectra of
isomer A are similar to those of the other [Co(etp)L(CO)]1X
complexes; thus it is assigned structure II. Isomer B is assigned
structure IV on the basis of the smaller and nearly equal values
of 2Jp,-p, and 2Jp,-p, (47 and 55 Hz, respectively). Note in
Table IV that all other etp complexes have phosphine-
phosphine coupling constants equal to 107 £ 4 and 53 + 4 Hz
when the P~Co-P angles are ca. 180 and 90°, respectively.
The relative-amounts of the two compounds formed in solution
are solvent dependent; isomer A predominates in acetonitrile,
while the concentration of the two isomers is approximately
equal in dichloromethane. - The 3'P NMR spectra show that
the complexes [Co(etp)(PPhoH)CO]X and [Co(etp)-
(PPhu;Me)CO]BF; also isomerize in solution to give a small
amount of a second isomer; however, the concentrations were
too low in these cases to permit accurate measurement of the
P-P coupling constants.?6 A similar type of isomerization
involving two trigonel-bipyramidal structures has been pro-
posed for [Co(P(OCH3)3CC2H5)4CO]BPh4.27

The »co values of the [Co(etp)L(CO)]BF4 complexes in
solution change as L is varied and produce the order: PPh3
(isomer B) > P(OMe); > PPh; (isomer A), PPhyH, PPhyMe
> PEt3. This order parallels the order of increasing basicity
of the monodentate phosphorus ligand, with the exception of
isomer B of [Co(etp)PPh3;(CO)]BF4. As the vco frequency
for isomer B occurs out of sequence, its structure is assigned
as the trigonal-bipyramidal complex IV. The higher carbonyl
stretching frequency observed for IV indicates that the M —
CO back-bonding is much stronger in the equatorial position
than in the ap1ca1 position of the [Co(etp)L(CO)]1X complexes,
as expected.5-2

The relative intensities of the symmetric (higher frequency)
and antisymmetric (lower frequency) stretching vibrations were
used to calculate C—Co—C bond angles of 96 and 95° re-
spectively for [Co(etp)(CO):]PFg and [Co(etp)(CO)2]BF4 in
dichloromethane solutions.?’ These calculated bond angles
are consistent with the trigonal-bipyramidal structure I.

Complexes of the ttp Ligand. The result of an X-ray
structural determination of [Co(ttp)(P(OMe)3)CO]BF; is
shown in Figure 4.30 The chemical shifts of ttp and the P-P
coupling constants of [Co(ttp) (PPh,H)CO]BF, indicate that
the structure of the latter complex is also a square pyramid
with PPh;H occupying the apical position (e.g., VI). Although

s = singlet, d = doublet, m = multiplet. Separation (Hz) for doublets

Figure 4. A perspective of the structure of [Co(ttp)(P(OMe),)-
CO]J*; the figure gives the bond distances in the coordination
sphere. The phenyl groups on the phosphorus atoms are omitted
for the sake of clarity..

the structure of [Co(ttp)(P(OMe);)CO]BF; in solution could
differ from that in the solid, the infrared and electronic spectra
suggest that a structural rearrangement does not occur.
The dicarbonyl cation [Co(ttp)(CO)2]* is assigned structure
V on the basis of a calculated C-Co~C angle of ca. 115°.2°

Py .
P~ * ™
Oc\l\ '\l e
C/Cl:o—P /C S
o P, c
P/
v VI

This geometry is the most compatible of possible five-coor-
dinate structures, since the expected C—Co—C angle is ~120°,
Additionally, the adjusted value of 2Jp p, (vide infra) for
[Co(etp)(CO)2]X, ~76 Hz, is nearly identical with the 75
Hz value observed for [Co(ttp)(CO)3]X. Comparable values
might be expected for the two complexes, since 2Jp,p, for both
I and V represents an axial-equatorial P-P coupling constant.

Complexes of the Tripod Ligand. The {Co(tripod-P3)L-
(CO)]X complexes are fluxional at room temperature; only
[Co(tripod-P3)(PEt;)CO]BF4 at —100 °C gave a limiting
spectrum, The spectral features are consistent with an AB>X
spin system which has Jag >> 84 — 63132 (Figure 5), but
the degeneracy of the spectrum has prevented a satisfactory
analysis; thus, no detailed structural data are available from
the phosphorus-31 NMR spectra of this series of complexes.



3080 [Inorganic Chemistry, Vol. 15, No. 12, 1976

Daniel L. DuBois and Devon W. Meek

Table IV, Phosphorus-31 NMR Parameters for [Co(triphos)(CO),]X and [Co(triphos)L(CO)]X Complexes'?

Compd 5% Assign J(P-P)® Assign® Temp, °C Solv
[Co(etp)(CO),] PF, 122.4 PPh (1)%:@ 48 PPh-PPh, (1,2) Amb’ CH,CN
78.6 PPh, (d)
[Co(etp)(CO),]BF, 1226 PPh (1) 45 PPh-PPh, (1,2)
78.8 PPh, (d)
[Co(etp)(P(OMe),)CO]BEF, 150.0 P(OMe), (d-t) 211 PPh-P(OMe), (1, 3) Amb CH,CN
113.3 PPh (d-t) 88 PPh,-P(OMe), (2, 3)
68.2 PPh, (d-d) 38 PPh-PPh, (1,2)
[Co(etp)(PPh,H)CO|PF, 115.4 PPh (d-t) 107 PPh-PPh,H (1, 3) Amb CH,CN
66.7 PPh, (d-d) 54 PPh,-PPh,H (2, 3)
56.4 PPH,H (d-t) 36 PPh~PPh, (1, 2)
[Co(etp)(PPh,H)CO]BF, 115.4 PPh (d-t) 107 PPh-PPh,H (1, 3) Amb CH,CN
66.8 PPh, (d-d) 56 PPh,-PPh,H (2, 3)
56.6 PPh,H (d-t) 36 PPh-PPh, (1,2)
‘ P-H, 364 Hz
[Co(etp)(PPh,)CO|BF,
Isomer A 108.4 PPh (d-t) 109 PPh-PPh, (1, 3) Amb CH,Cl,
62.6 PPh, (d<) 49 PPh,-PPh, (2, 3)
49.4 PPh, (d-t) 33 PPh-PPh, (1, 2)
Isomer B 105.9 PPh (d-t) 47 PPh-PPh, (1,4) Amb CH,Cl,
71.4 PPh, (dd) 55 PPh,-PPh, (2, 4)
39.5 PPh, (d-t) 46 PPh-PPh, (1, 2)
[Co(etp)(PPh,Me)CO]BF, 110.5 PPh (d-t) 108 PPh-PPh,Me (1, 3) Amb CH,Cl,
63.5 PPh, (d-d) 53 PPh,-PPh,Me (2, 3)
36.9 PPh,Me (d-t) 37 PPh-PPh, (1, 2)
[Co(etp)(PEt,)COIBF, 109.6 PPh (d-t) 104 PPh-PEt, (1, 3) Amb CH,CN
: 64.9 PPh, (dd) 53 PPh,-PEt, (2, 3)
38.7 PEt, (d-1) 33 PPh-PPh, (1, 2)
[Co(etp)(P(OMe),),]BF, 156.2 P(OMe), (ba) -1935 PPh-P(OMe), (1, 3) -16 CH,Cl,
1429 P(OMe), (ax) 95.3 PPh,-P(QMe), (2, 3)
108.0 PPh 41.0 PPh-PPh, (1, 2)
65.6 PPh, 1365 P(OMe), -
' P(OMe); (3, 4)
105.5 PPh-P(OMe), (1, 4)
-110.3 PPh,-P(OMe), (2,4)
[Co(ttp)(CO),]PF, 36.6 PPh, (d)%:¢ 74 PPh-PPh, (1,2) Amb CH,NO,
-7.8 PPh (t)
[Co(ttp)(CO),]BF, 37.0 PPh, (d) 75 PPh-PPh, (1, 2) Amb CH,CN
-7.3 PPh () ‘
[Co(ttp)(P(OMe);)CO|BF, 142.9 P(OMe), (d-t) 49 PPh-P(OMe), (1, 4) -91 CH,Cl,
29.0 PPh, (d-d) 18 PPh,-P(OMe), (2,4)
, -6.0 PPh (t-d) 90 PPh-PPh, (1, 2)
[Co(ttp)(PPh, H)CO]BF, 26.8 PPh, (d-d) 46 PPh,-PPh,H (1, 4) —-62 CH,Cl,
3.1 PPh,H (d) 9 PPh,-PPh.H (2, 4)
-8.2 PPh (t-d) 89 PPh-PPh, (1, 2)
P-H, 317 Hz
[Co(tripod-P,)(CO),]PF, 24.1 PP, k : Amb CH,Cl,
[Co(tripod-P,)(PPh,H)CO|BF, 52.9 PPh,H Amb CH,Cl,
23.9 PPh,
[Co(tripod-P,)(P(OMe),)CO]BF, 143.1 P(OMe), (q) 12 PPh,-P(OMe), -41 CH,Cl,
22.8 PPh, (d)
[Co(tripod-P,)(PPh,Me)CO|BF, 34.8 PPh,Me Amb CH,Cl,
19.1 PPh,
[Co(tripod-P,)(PEt,)CO]BF, 36.0 PEt, Amb CH,Cl,
» 21.5 PPh, Amb CH,Cl,

@ Ppm values relative to external 85% H,P0O,. Values are estimated to be accurate to +0.1 ppm, except for low-temperature values which

are estimated to be accurate to 0.2 ppm.

Coupling constants are accurate to 2.5 Hz. ¢ Numbers in parentheses designate couplings

between phosphorus atoms numbered as shown in structures I-IV and VI. ¢ Abbreviations used are: d = doublet, t = triplet, d-t = doublet of

triplets, etc.; ax = axial, ba = basal. € The *'P resonance due to the PF,~ anion is not reported in the table.

temperature of the Bruker HX-90 spectrometer, ~33 °C.

The lower vco values observed for the [Co(tripod-P3)L-
(CO)]BF4 complexes (compared with corresponding [Co-
(etp)L(CO)]X and [Co(ttp)L(CO)]X complexes) are con-
sistent with the carbonyl group occupying an equatorial site
(with strong 7 back-bonding) in the [Co(tripod-P3)L(CO)]BF4
complexes. In addition, the carbonyl stretching frequencies
of the tripod-P3 complexes resemble those of etp; for example,
the vco decreases with increasing basicity of the mono-
phosphine L (Table II). The calculated C—Co—C bond angle
of [Co(tripod-P3)(CO)2]PFg is 88°.2° The above data suggest
that the [Co(tripod-P3)(CO)»] X and [Co(tripod-P3)L(CO)]X
complexes probably have distorted trigonal-bipyramidal
structures (e.g., I and II). In other complexes of tripod-Ps,
the P-M-P bond angles are usually ca. 92-95°.33-35 The Cj,

f Amb = ambient operating

symmetry and steric constraints of tripod-P3 are probably the
major factors contributing to the fluxional nature of this series
of complexes.

Correlations between Coupling Constants and Structure

An objective of this study was to establish an empirical
relationship between the structures and the 2Jp_p values for
phosphorus ligands at different sites of a trigonal bipyramid
and a square pyramid. In contrast to the situation with
square-planar and octahedral complexes,23-25 there is a dearth
of information on the magnitudes of P-P coupling constants
in nonfluxional five-coordinate complexes.3-36

To facilitate comparisons of the 3'P NMR data of [Co-
(etp)L(CO)]X and [Co(etp)(CO),]X with [Co(ttp)L(CO)]X
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-100°C

36.0 21,6 16.0 ppm

Figure 5. Fourier-mode *'P{'H } NMR spectra of [Co(tripod-P,)-
(PEt,)CO]BF, in dichloromethane at the three temperatures
listed. The ppm values are relative to external 85% H,PO,,
positive values being downfield from the standard.

Table V. 2Jp_p Ranges Observed for Five-Coordinate
Cobalt(I) Complexes

Trigonal Bipyramid
JPa—Paa JPa—Pe JPe—Pe
Phosphine-phosphine  ~110% 47-75b ~55b

88-105 ~110%
100-1502-¢ ~210¢

Square Pyramid

Phosphine-phosphite 195-210°

Phosphite-phosphite

Jpa-Pb Jpp-pbcis
Phosphine-phosphine 10-50? ~9(0b
Phosphine-phosphite 18-50b

@ Abbreviations used are: a = apical, b = basal, and e = equato-
rial. - ® This work. ¢ Reference 3. ¢ Reference 40.

and [Co(ttp)(CO),]X, certain adjustments in the chemical
shifts and coupling constants must be made for the etp
complexes. Transition metal complexes of polyphosphine
ligands containing a two-member connecting chain such as
~CH>CH>- or ~-OCH - give 2Jp_p values that are decreased
from the corresponding 2/p-p values of similar monophosphine
complexes by an amount equivalent to the 3Jp_p value of the
free polyphosphine ligand.37:38 To correct this effect, a value
of ca. 30 Hz (3Jp_p ~ 29 Hz for etp3,3® 4Jp_p =~ 1 Hz for ttp)
should be added to the 2Jp,—p, value reported for the etp
complexes of Table IV. Table V summarizes the range of
known 2Jp_p values (corrected) for five-coordinate cobalt(I)
complexes. The 2Jp_p data indicate that it is possible to
distinguish between trigonal-bipyramidal and square-pyramidal
complexes, as long as a distinction is made between phos-
phine—phosphine, phosphine-phosphite, and phosphite-
phosphite coupling. In practice this distinction should not be
difficult. For example, the phosphine—phosphine coupling
constants give ranges of 2Jp_p that are different for the two
structural types, although a small amount of overlap does occur
between Jpa-pe for a trigonal bipyramid and Jp,—py, for a square
pyramid. Clearly, more data are needed to define the 2Jp_p
ranges more accurately, but Table V lists tentative criteria.

Exchange Processes

Five-coordinate d® complexes containing monodentate3’ and
bidentate*! phosphine or phosphite ligands frequently undergo
inter- and intramolecular exchange. Such exchanges play
important roles in catalysis, as five-coordinate species are
frequent intermediates. These cobalt(I) complexes have been
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investigated to determine the relationships between their
solution dynamics and the structures of the triphosphine
ligands. The observed dynamic processes include intermo-
lecular carbonyl exchange, intermolecular exchange of
monophosphine ligand, intramolecular rearrangements, and
facile interconversion of two isomers.

Exchange Processes in the etp Complexes. None of the
[Co(etp)L(CO)]X complexes, except [Co(etp)(PPh;)CO]BF,,
exhibit rapid intermolecular exchange of the monodentate
phosphine on the phosphorus-31 NMR time scale at room
temperature. When excess monophosphine was added to a
solution of [Co(etp)L(CO)]X the phosphorus—phosphorus
coupling was retained and additional sharp peaks were ob-
served at the resonance positions of the free ligand. The
exception, [Co(etp)(PPh3)CO]BF4, gives a set of products that
are interrelated as shown in eq 4. Intermolecular exchange

b + + +
P _—P
Pl -PPhy P P apeng PO
Co —CO — k /CO\ ™ \CO— PPh3
v +PPhy L ¢y ~PPhs P/L
PP
s l+co 0
A . B C)]
/P
P%l
Co —CO
p” |
c
0

I

of triphenylphosphine is indicated by broadening of the
phosphorus resonances when excess triphenylphosphine was
added at room temperature. If the solution is cooled, sharp
resonances for both coordinated and free PPh; are observed.
Immediately after dissolution of [Co(etp)(PPh3)CO]BF4 in
dichloromethane two carbonyl bands are observed at 1940 and
1959 cm™l. These two absorptions are assigned to two different
compounds (isomers A and B) on the basis of the 3'P NMR
spectrum (vide supra). Interconversion of isomers A and B
takes place by dissociation of PPh; (eq 4), rather than by an
intramolecular process common for complexes of mono-
phosphines.? Intermolecular exchange of PPhj is observed
prior to any coalescing of the PPh3 resonances of isomers A
and B. Over a period of several days two new bands appear
in the infrared spectrum at 1983 and 2028 cm™! and slowly
increase in intensity due to the formation of [Co(etp)-
(CO)2]BF4 (I of eq 4). The identity of I was confirmed by
comparing its infrared and 3P NMR spectra with those of
an authentic sample of [Co(etp)(CO),]BF..

In contrast to monophosphine complexes of cobalt(I), these
etp—Co(I) complexes are stereochemically rigid on the 31P
NMR time scale. The observation of two isomers for [Co-
(etp)(PPh3)CO]BF, and two distinct resonances for the two
trimethyl phosphite ligands in [Co(etp) (P(OMe)3)2]BF4 at
room temperature shows that the monodentate phosphine
ligands are not being permuted.

Exchange Processes in the ttp Complexes. A summary of
the solution dynamics observed for [Co(ttp)(PPhoH)CO]BF4
in dichloromethane is shown in eq 5; it is similar to eq 4, which
represents the equilibria for [Co(etp)PPh3(CO)]BF4. In-
termolecular phosphine exchange was confirmed by a
broadening of the 3P resonances for the free ligand and the
complex upon addition of excess diphenylphosphine. These
resonances sharpened when the sample was cooled. Formation
of the dicarbonyl complex (verified by 3'P NMR and infrared
spectroscopy) is much faster in the case of [Co(ttp)-
(PPh;H)(CO)]BF4 than for [Co(etp)(PPh3)(CO)]BF4. Facile
dissociation of diphenylphosphine from [Co(ttp)(PPh,H)-
(CO)]BFs may explain our inability to isolate other possible
members of the [Co(ttp)L(CO)]1X series. For example, an
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attempt to prepare [Co(ttp)(PEt3)(CO)]BF4 gave the di-
carbonyl complex in less than 50% yield, based on cobalt.
Presumably, a bulky monophosphine ligands shifts the
equilibrium in eq 5 to the right and results in the formation

P * * *
P
—_ [¢]
_ J—
P<—| ~P PRhH_ TP +CO N
| >Ceo o Co —— Co—P (§5)
P/ \C +PPh2H - \C c/ |
P
© 0 ob .

of the more stable dicarbonyl complex. The trimethyl
phosphite complex of ttp, [Co(ttp) (P(OMe)3)CO]BF4, does
not exhibit rapid intermolecular exchange of the phosphite
ligand; consequently, it does not form the dicarbonyl complex
(at least in time periods comparable to those used for studying
[Co(etp)(PPh3) COIBF4 and [Co(ttp)(PPh3;)CO]BFy4). Our
data do not permit a determination of the stereochemical
rigidity of these complexes.

Exchange Processes for the Tripod-P; Complexes. In
contrast to [Co(etp) (PPh3)CO]BF4 and [Co(ttp)(PPhoH)-
CO]BF4, intermolecular carbonyl exchange is very slow for
the [Co(tripod-P3)L(CO)]X complexes even though inter-
molecular exchange of the monophosphine ligand has been
observed by 3!P NMR to be rapid for all the monodentate
phosphine ligands except P(OMe)s, All of the [Co(tripod-
P3)L(CO)]BFs complexes exhibit rapid intramolecular ex-
change; only [Co(tripod-P3)(PEt;)CO]BF; gave a limiting 3!P
NMR spectrum at =100 °C. The temperature effects on the
spectra of [Co(tripod-P3)(PEt;)CO]BF, (Figure 3) are not
caused by an intermolecular process, since a sharp free ligand
resonance is observed for all the tripod complexes at tem-
peratures above those at which line broadening begins for the
intramolecular process. Further evidence for a rapid intra-
molecular rearrangement is the observation that the trimethyl
phosphite resonance of [Co(tripod-P3)(P(OMe)3)CO]BF4
appears as an incompletely resolved quartet at —41 °; the
quartet indicates coupling to three equivalent phosphorus
atoms. At lower temperatures the resonances of the P(OMe);
complex broaden and then start to coalesce, but no limiting
spectrum was obtained at —100 °C. Rapid intramolecular
exchange has ben observed previously for Ni(tripod-P3)CaF4
complexes by IF NMR.#? Presumably the constrained nature
of the tripod-P; ligand causes the five-coordinate complexes
to be nonrigid.

Summary. Cobalt(I) complexes of monodentate PR3 and
P(OR); ligands generally form nonrigid, trigonal-bipyramidal
cobalt(I) complexes. In contrast, this study has shown that
the cobalt(I) complexes of PhP(CH,CH,PPhy), (etp) are
stereochemically rigid at room temperature. The coordination
geometry adopted by the metal in the three series [Co(tri-
phosphine)(CO)3z]*, [Co(triphosphine)L(CO)]*, and [Co-
(triphosphine)L,]* depends on whether the triphosphine ligand
is PhP(CH,CH,PPh;); or PhP(CH,CH,CH,PPh;),. The
change from square-pyramidal coordination geometry in
[Co(ttp)(P(OMe)3)CO]™ to trigonal bipyramidal in [Co-
(etp)(P(OMe)3)2] ™ probably can be attributed to the decrease
in “chelate bite” angle. As a consequence of the smaller “bite
angle” in five-membered chelate rings, the central phosphorus
atom must either be pulled in close to the metal in a
square-pyramidal geometry or be free to adopt a coordination
position more equivalent to those of the terminal phosphorus
atoms, e.g., as in a trigonal-bipyramidal geometry I-IV.
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A series of high-spin five- and six-coordinate macrocyclic cobalt(I) complexes whose stoichiometry is Co(tbcyclen)Xz-nH>0
(where tbcyclen is 1,4,7,10-tetrabenzyl-1,4,7,10-tetraazacyclododecane and X is NOj3, Cl, SCN, or CI-ClO4) have been
prepared. On the basis of molecular models, conductivity, electronic spectra, and magnetic data it appears that the
Co(tbeyclen)(NO3)2-H20 has a cis-octahedral geometry while all of the other complexes have a trigonal-bipyramidal geometry.
The ligand tbeyclen stabilizes the divalent state of cobalt over the trivalent state. All attempts to oxidize Co(tbcy-
clen)(NO3)2:H20 by electrochemical means, by direct aeration, or by use of H,O3 have failed. (The stabilization of the
divalent state by tbcyclen may be due to the weak ligand field strength of tbcyclen or to the fact that the bulky benzyl
groups on the tbcyclen make it kinetically difficult to form the six-coordinate Co(III)-tbcyclen complexes.) These complexes
are stable with respect to dissociation in acid-water solution but decompose rapidly in an acid solution containing both

water and acetone.

Introduction

There has been considerable interest in the synthesis of
macrocyclic metal compounds because of the structural
similarity between these synthetic compounds and several
biologically important metal complexes.2 At present most of
the published research has dealt with macrocyclic ligands
containing at least 13 atoms in the ring.>™* Most of these
relatively large macrocyclic ligands form planar or trans-
octahedral complexes and are considered strong-field lig-
ands.24 It has been demonstrated that a 12-membered
tetradentate macrocyclic ligand cannot form a planar complex
with a divalent transition metal ion.® This type of ligand
should coordinate around the face of either an octahedron or
a trigonal bipyramid. Collman and Schneider synthesized a
series of cobalt(IIT) complexes with 1,4,7,10-tetraazacyclo-
dodecane (cyclen, 1a).6 On the basis of visible and infrared
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spectra, these cobalt(III) complexes of cyclen were assigned
a cis-octahedral configuration. A crystal structure of [Co-
(cyclen)(NO3)2]Cl has confirmed that the cyclen is folded and
that the NO,~ groups coordinate in cis positions.” Rosen and
Busch8 showed that the nickel(IT) complexes of the sulfur
analogue of cyclen, 1,4,7,10-tetrathiacyclododecane, also had
a cis-octahedral geometry. Kalligeros and Blinn® prepared
nickel(II) complexes of 1,4,7,10-tetrabenzyl-1,4,7,10-tet-
raazacyclododecane (tbeyclen, Ib) and suggested that the
geometry of such compounds is either cis octahedral or trigonal

bipyramidal depending on the nature of the other univalent

ligand group coordinated to the metal ion.

We are interested in preparing low-symmetry complexes
which are likely to have weak highly strained metal to donor
bonds. The cobalt(II) complexes of tbeyclen should have these
attributes. Using x-ray data Itaka, Shina, and Kimura ob-
served greater bond angle distortions from the expected values
in the cobalt(IIT) complex of cyclen than from the analogous
cobalt(IIT) complexes of ethylenediamine, diethylenetriamine,

and triethylenetetraamine. They attributed the additional
angular distortion and strained rings in [Co(cyclen)(NO»)2]Cl
to nonbonding repulsions. Most of these nonbonded repulsions
were attributed to the interaction of hydrogen on the nitrogens
with other hydrogen atoms on adjacent rings.” Therefore it
is reasonable to assuime that substituting a relatively large
benzyl group for the hydrogen atom on each nitrogen on cyclen
should not reduce the degree of metal to nitrogen bond strain
but should induce some additional steric strain. Molecular
models of metal-tbcyclen complexes confirm the nonbonded
interactions and suggest that these complexes should have
lower symmetry than the cobalt—cyclen complexes in order to
minimize the additional bond strain. Also, the use of co-
balt(IT), which is larger than cobalt(IIT) in [Co(cyclen)-
(NO»)1]Cl, should increase the degree of metal to nitrogen
bond strain.

Williams and Vallee have formulated a hypothesis about
the nature of the environment around a metal ion in metal-
loenzymes to explain why the physical properties of these
enzymes are different from those of synthetic coordination
complexes.!%1! They suggested that the metal ion in the
metalloenzyme is contained in an irregular geometry and the
metal to donor bonds are strained. The combination of
strained bonds and irregular geometry (entatic state) ap-
proximate the transition state for the reaction in which that
enzyme is involved. Busch? has suggested that the metal ion
can exist in the entatic state in a metalloenzyme because of
the structural constraints of the proteins which inhibit the
stepwise dissociation of the donor atoms from the metal ion
(“multiple juxtapositional fixedness”). A macrocyclic ligand,
likewise, inhibits the stepwise dissociation of the donor atoms
from the metal ion.2!2-15 Although the Vallee and Williams
hypothesis remains controversiall®!7 and the entatic state
environment has been shown to be unlikely with regard to
several metalloenzymes,!6 there still remains the question of
whether an unusual coordination geometry accompanied by
strained metal-to-donor bonds will result in complexes that
will have unusual chemical and physical properties. The prime
function of this research is to prepare and characterize
complexes that are likely to have many of the properties of
an entatic state environment. The cobalt(II) complexes of
tbeyclen should contain strained metal to nitrogen bonds and
should be kinetically stable because of the cyclic nature of the
ligand. Therefore these complexes should show many at-



