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The coordinated alkyl cation (1,6-diamino-3-thia-4-hexanido)(1,4,7-triazacyclo-
nonane)cobalt(III), [Co(tacn)(C-aeaps)}** has been prepared in aqueous solution by
base addition to (3-thia-1,6-hexanediamine)(1,4,7-triazacyclononane)cobalt(III),
[Co(tacn)(aeaps)]**. The unusual alkyl cobalt(III) coordination compound has been
characterized by UV-VIS and NMR spectroscopy as well as X-ray crystallography.
The ligand field band in the visible region is of the usual low intensity, and so the
carbanion is an innocent ligand. Its Ag, value seems not very different from that of an
amine ligand. The coupling constants between the ¥Co and *C nuclei were deter-
mined for [Co(tacn)(C-aeaps)]** and a few others to make comparisons possible.
Single bonds are found to have Jc_¢, values of 80-90 Hz.

The starting material can be considered a Brgnsted acid with the conjugate base
being a carbanion complex. The starting material and its conjugate base were isolated
as perchlorates, and they have been characterized by X-ray diffraction methods at
110 K. Both form orthorhombic crystals with space group Pbca. Crystal data for
[Co(tacn)(aeaps)](ClO,);: M = 620.74 g mol~', a = 28.094(4), b = 10.580(3),
¢ = 14.620(1) A, V = 4345(2) A3, F(000) = 2560, Z = 8, D, = 1.882, D . = 1.898 g
cm™3, MoKa = 0.710 73 A, u = 13.21 cm™!, R = 0.042 for 3590 unique reflections.
Crystal data for [Co(tacn)(C-aeaps)](CIO,QZ: M, = 521.29, a = 18.169(5), b =
15.824(4), ¢ = 13.888(4) A, V = 3993(3) A%, F(000) = 2168, Z = 8, D, = 1.734 g
cm™3, pu = 12.76 cm™!, R = 0.074 for 1400 unique reflections. The latter compound
displays disorder of both the cation and one of the perchlorate ions. The disorder of
the [Co(tacn)(C-aeaps)]** ion corresponds to the presence of the two different

configurations of the carbon-bound ligand at the cobalt site.

Recently, two communications were published on the facile
formation of Werner-type alkyl cobalt(III) coordination
compounds.!? In one case the starting material was a co-
balt(II) coordination compound as described in Scheme 1.
The reaction seems complicated because of the necessity
for the simultaneous presence of a strong ligand L (e.g.
CN") and an oxidant." The reaction was characterized as an
oxidative dehydrogenation.! We found the other case
(Scheme 2) to be a simple acid-base reaction which, how-
ever, is complicated by the possibility of a large number of
isomers.?

Both reactions were substantiated by the determination
of the crystal structures by X-ray diffraction methods. The
formation of cobalt(IlI}—carbon bonds is therefore estab-
lished beyond doubt. Considering that previously studied
formations of Co—C bonds were carried out under drastic
conditions and that the products posses low stability, the
abovementioned reactions seem worthy of further study.

*To whom correspondence should be addressed.

Acta Chemica Scandinavica 46 (1992) 841-853

We have concentrated on a reaction similar to Scheme 2,
but have simplified the problem by blocking one octahedral
face with 1,4,7-triazacyclononane (tacn) while still using
(2-aminoethyl)(3-aminopropyl)sulfide (aeaps) as the co-
ordinated alkane acid. The reaction studied is shown in
Scheme 3.

This paper includes details of the crystal structure deter-
minations of a starting product [Co(tacn)(aeaps)](ClO,),
and a reaction product [Co(tacn)(C-aeaps)](ClO,),, where
the anion of aeaps, 1,6-diamino-3-thia-4-hexanide, binds to
cobalt at the 1-, 4- and 6-positions.

The base strength of a carbanion is so large that it is
feasible that in aqueous solution VI has hydrolysed to VII.
The structure of the product cation in aqueous solution was
therefore studied by *C and ¥Co NMR in order to prove
the existence of the Co—-C bond in aqueous solution also.
This is most convincingly done by measurements of the
coupling constant. From lineshape analysis using both *C
and ¥Co NMR resonances we have obtained the nuclear
13C-*Co coupling constant, and it has been compared with
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Scheme 1.

Scheme 2.

a few other systems. It appears that formerly only those
C—Co coupling constants have been recorded that can be
seen directly from splittings of *C NMR lines. This sit-
uation is met only in cubic symmetry, where the electric
field gradient is zero. To our knowledge coupling constants
have not formerly been reported in the literature for the
biological relevant alkyl cobalt(III) coordination com-
pounds.

Experimental

Preparations.

[Co(tacn)Cl;]. The neutral complex was prepared as de-
scribed in the literature® using tacn - 3HCI obtained as pub-
lished by Searle and Geue.*

The thioether compounds [Co(tacn)(daes)]Cl; (daes =
di(2-aminoethyl)sulfide) and [Co(tacn)(aeaps)]Cl; were
prepared from [Co(tacn)Cl;] and the free thioamines daes’
or aeaps® in warm dimethylsulfoxide (DMSO):

[Co(tacn)(aeaps)]Cl; - H,O. A stirred suspension of 4.0 g
(13.58 mmol) [Co(tacn)Cl,] in 20 ml DMSO was heated to
85°C. 2 ml (15 mmol) aeaps were then added, upon which
the colour changed from blue-green to brown. After 5 min
there was still some unreacted [Co(tacn)Cl;] left, so an-
other 1 ml of aeaps was added. The suspension was stirred
for 15 min at 85°C and then allowed to cool to room
temperature. The brownish crystals were isolated by fil-
tration, and washed with 3 ml DMSO and 3 X 15 ml ether-
ethanol (1:1), giving 5.14 g (11.5 mmol) light brown
[Co(tacn)(aeaps)]Cl;. The product was recrystallized by
dissolving 4.64 g [Co(tacn)(aeaps)]Cl, in 15 ml of water
(70°C), leaving some unreacted [Co(tacn)Cl,] to be filtered
off. The red solution was evaporated under reduced pres-
sure until precipitation commenced, and the crystallization
was completed by adding ca. 50 ml of ethanol and cooling
on ice. Filtration and washing with ethanol gave 4.15 g
(9.29 mmol) orange [Co(tacn)(aeaps)]Cl; - H,O (yield 68 %
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from [Co(tacn)Cly]). Analytical data: Calculated for
C,;H;;N;OSClL,Co: C, 29.57; H, 6.99; N, 15.68; Cl, 23.81;
Co, 13.19. Found: C, 29.32; H, 7.15; N, 15.69; Cl, 23.90;
Co, 13.16.

The perchlorate is less soluble than the chloride salt and
it was isolated from a solution of the chloride by the addi-
tion of a saturated solution of sodium perchlorate.

Electrochemical data for [Co(tacn)(aeaps)]Cl;- H,O in
0.1 M aq. K,SO,: E°’ = —0.11 V (vs. NHE).

[Co(tacn)(daes)]Cl;- H,O was prepared by a procedure
similar to that above. Reddish-orange crystals were ob-
tained in high yield (83 %). Analytical data: Calculated for
C,0H,NOSCl,Co: C, 27.76; H, 6.75; N, 16.18; S, 7.41;
Cl, 24.58. Found: C, 27.75; H, 6.87; N, 15.77; S, 7.55;
Cl, 24.28. E°' = —0.18 V (vs. NHE).

[Co(tacn)(C-aeaps)](ClO,),. A solution of [Co(tacn)-
(aeaps)]Cl; - H,O (0.5 g, 1.1 mmol) in 1 M NaOH (10 ml,
10 mmol) was kept at 40 °C for 90 min. During this time the
colour changed from reddish-purple to brown. The solution
was cooled in ice and 3 ml of a saturated solution of sodium
perchlorate in water (room temperature) were added.
Yellow-brown crystals of [Co(tacn)(C-aeaps)](ClO,), sep-
arated. After some minutes the crystals were filtered off
and washed with 50 % ethanol, then 96 % ethanol and
finally diethylether, and then dried in the air. Yield 0.48 g
(90 %). This product only showed one component in its
IE HPLC, and was considered pure. Analytical data: Cal-
culated for C,;H,;N;O,SCl,Co: C, 25.39; H, 5.42; N, 13.46;
S, 6.16; Cl, 13.63; Co, 11.33. Found: C, 25.45; H, 5.30;
N, 13.45; S, 6.30; Cl, 13.55; Co, 11.37. Electrochemical
data for the coordination compound in acetonitrile (0.1 M
N(Bu),PF,): E°’ = —1.28 V (vs. NHE).

Spectral measurements.

UV-VIS. A Perkin-Elmer diode array spectrophoto-
meter was used for UV-VIS spectral measurements. Ion-
exchange high-performance liquid chromatography was



Table 1. Thermodynamic parameters for deprotonation of
[Co(tacn)(aeaps)]** in 1 M Na(OH,CIO,) determined
spectrophotometrically, egns. (1) and (2).

T/°C K, (obs)/1 M Ky(calc)¥1 M
0 0.309 0.296

25 0.420 0.433

40 0.900 0.898

#The values of K,(calc) have been obtained by non-linear
regression analysis, which gave the thermodynamic parameters
in Tabie 2.

performed using a Waters HPLC system connected to a
diode array detector. A Waters Protein Pak SP-5PW cation
exchanger was used with 0.23 M Na,SO, as eluent in all
experiments, and the flow was normally 1.0 ml min~'. All
HPLC experiments were made at 25°C.’

NMR spectra were measured at 5.87 T on a Bruker AC
250 NMR spectrometer equipped with a 5 mm probe for
BC NMR measurements or a 10 mm broad-band tunable
probe for ¥Co NMR measurements. Deuterated solvents
were used to provide a deuterium lock. Quadrature detec-
tion and quadrature phase cycling were always used.

3C NMR spectra were obtained on a 14286 Hz spectral
window with a digital resolution of 0.872 Hz per point. *C
DEPT NMR spectra® were used to achieve differentiation
of the CH, CH, and CH; groups.

The type of compound investigated here has coupling
constants J.y of about 135 Hz, and therefore a delay time
T =13.7 ms was used. The *C DEPT NMR spectra shown in
this paper were all obtained using 6 = 3n/4, and the phase
of the spectra was corrected to make *C NMR signals from
CH and CHj; groups positive and those from CH, groups
negative.

An additional line-broadening of 1 Hz was employed to
the ®C NMR spectra before Fourier transformation to
improve the signal-to-noise ratio.

BC chemical shift values (8) are reported in ppm relative
to internal 2,2-dimethyl-2-silapentane-5-sulfonate (DSS;
6=0, 17.66, 21.74 and 57.02 ppm ) for D,O solutions, or
tetramethylsilane (TMS; 8 =0 ppm) for DMSO-d; and
acetonitrile-d; solutions.

*Co NMR spectra were obtained on a 166 667 Hz spec-
tral window with a digital resolution of 10.2 Hz per point.
¥Co NMR signals with lines wider than about 5 kHz were
measured using the RIDE (ring-down elimination) pulse
sequence’® to suppress probe ringing. With this pulse se-
quence the dead-time could be reduced to 15 ps.

A 10-20 Hz additional line-broadening was employed to
the ®Co NMR spectra prior to Fourier transformation.

®Co chemical shift values () are reported in ppm
relative to an external aqueous solution of K;[Co(CN)],
(d = 0 ppm), using replacement of the sample.

Chemicals for NMR. Deuterium oxide, 99.8 atom % D;
acetonitrile-d;, 99.5 atom% D were all from Sigma;
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dimethylsulfoxide-dg, 99.8 atom % D, was from ICN Bio-
chemicals.

Electrochemical measurements. Cyclic voltammetry was
performed in a three-electrode cell using a gold as the
working electrode and calomel as the reference electrode
for aqueous solutions. The potential was controlled by a
PAR 174A potentiostat, and the voltammograms were re-
corded on a Watanabe XY-plotter. Measurements on ace-
tonitrile solutions were obtained with a mercury working
electrode, a silver wire as a reference electrode and a Pt
auxiliary electrode. The potentials were measured relative
to anthracene. The formal reduction potentials obtained
are reported relative to NHE (the normal hydrogen elec-
trode).

Determination of base dissociation constants of coordinated
amines. The equilibrium constant for the reaction of
[Co(tacn)(aeaps)]** in basic solution was determined spec-
trophotometrically. The spectra had to be measured as fast
as possible, since the cobalt(III) complex in basic solution
undergoes a relatively fast reaction to form the cobalt(III)-
alkyl complex. Solutions of [Co(tacn)(aeaps)]Cl;- H,O in
1 M NaClO, were mixed rapidly with an equal volume of
1 M Na(ClO,,0H) using a flow cell, and the first spectrum
was measured within 20-30 s. Additional spectra were re-
corded within the following 2 min, and the spectra at the
time of mixing were calculated by linear extrapolations.
These extrapolations were less than 2% from the first
measured spectral data. In all experiments the concentra-
tion of Co(IIT) was about 10~ M. The change of the molar
absorption coefficient as a function of [HO™] followed the
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Fig. 1. Examples of changes of the molar absorption of a
solution of [Co(tacn)(aeaps)]Cl; - H,O as a function of [HO™] at
25°C and / = 1.0 M. The solid lines represent calculated
values.
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Fig. 2. The visible absorption spectra of [Co(tacn)(aeaps)]** (B)
and its base form (D) and of [Co(tacn),]** (A) and its base form
(C)at/=1.0M (25°C).

expression shown in eqn. (1), which has been derived
assuming that one single acid-base reaction occurs. In
eqn. (1) gy, and g, are the molar absorption coefficients of

gua Ky, + €4[HOT]
K, + [HO]

g(obs) = 1)

the acid and basic forms of the cobalt(III) complex and
g(obs) is the observed molar absorption coefficient. The
values of €, are known, and values of ¢, and K, were then
obtained by non-linear regression analysis using €(obs)-
values measured at A =400, 450 and 550 nm (Table 1 and
Fig. 1). From the value of K, and the spectra in 1M
NaClO, and in 1 M NaOH the spectrum of the basic form,
[Co(tacn)(aeaps-N")J**, was then calculated (Figs. 2 and
3). Measurements using 5 M Na(NO,;,0OH) gave a similar
result (Table 2). The base dissociation constants of
[Co(tacn),]** and [Co(tacn)(daes)]** were determined in
the same way using 1 M Na(ClO,, OH) at 25°C (Table 2).

150 —

50

200 300 400 500 600

A/nm
Fig. 3. The molar visible and ultraviolet absorption spectra of
[Co(tacn)(aeaps)I®** (full) and [Co(tacn)(C-aeaps)]** (broken)
measured in 1 M NaClO, at 25°C.
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X-Ray crystallography. The crystals of [Co(tacn)(aeaps)]-
(C10,); and of [Co(tacn)(C-aeaps)}(ClO,), were character-
ized at room temperature by Weissenberg photographs.
They showed that the crystals belong to the orthorhombic
crystla system. They exhibit the same type of absent re-
flections: Okl, k=2n+1; hOl, I=2n+1; hk0, h=2n+1,
which is consistent with the space group Pbca. The crystals
of [Co(tacn)(C-aeaps)](ClO,), were of very poor quality, as
shown by the resolution and width of the reflections in the
diffraction pattern. Other salts (e.g. the chloride or
dithionate) were also examined, but their quality was even
poorer.

A CAD4 diffractometer equipped with an Enraf-Nonius
gas-flow low-temperature device was used for the data
collection. Graphite monochromatized MoKa radiation
was employed. The temperature (ca. 110 K) was mon-
itored with a thermocouple placed a few cm above the
crystal in the exhaust pipe. It remained constant within
+0.5 K during the data collection. The intensities of three
standard reflections were monitored every 10 ks, and the
orientation of the crystal was checked after every 300 re-
flections. No deterioration or mis-setting of the crystals was
observed.

The selections of scan type and range were based on
analysis of the reflection profiles. The crystal data and a
summary of data collection parameters and refinement re-
sults are listed in Table 3.

Data reduction included corrections for Lorentz and
polarization effects and, in the case of [Co(tacn)(aeaps)]-
(Cl10,);, also for absorption. The latter was performed
using the Gaussian integration procedure. The symmetry-
related reflections were averaged. The two crystal struc-
tures were solved by Patterson and Fourier methods and
refined by least-squares minimization of Zw(|F,|—|F,)>.

The crystal structure determination and refinement of
[Co(tacn)(aeaps)](ClO,); proceeded without any difficul-
ties. The positions of the hydrogen atoms were shown
clearly in the difference Fourier calculated after an
anisotropic refinement. Their positional parameters were
also included in the refinement and they were given a fixed
isotropic thermal parameter of 2.50 A. The maximum shift
after the final cycle was 0.4 6. The residual density had
values between 1.39 and —0.633 ¢ A~>. The final atomic
parameters are given in Table 4.

The refinement of [Co(tacn)(C-aeaps)](ClO,), was not
so straightforward. Early in the refinement the difference
density suggested that a single chain of the C-aeaps ligand
could not account for the electron density in the crystal. It
was also evident that one of the perchlorate ions is dis-
ordered. An analysis of partly populated atoms that had
been introduced showed that they are consistent with two
different configurations of the C-aeaps ligand shown for the
two cations in Fig. 4. The refined values of the population
parameters of C31/S1A and C32A/S2A were identical
within two standard deviations and their sum close to 1.0.
The population parameter for C31A/S1A and C32A/S2A
were averaged and scaled to give the sum 1.00. Similarly
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Table 2. Thermodynamic parameters for deprotonation of coordinated amines at 25°C [eqgn. (2)].7

Complex Medium K,/M AH°/kJ mol~! AS°/J mol™' K™!
[Co(tacn)},3* 1 M Na(OH,CIO,) 1.08(30)

[Co(tacn)(aeaps)]®* 1 M Na(OH,CIO,) 0.433(13) —19.7(9) —73(3)
[Co(tacn)(aeaps)]** 5 M Na(OH,NO;) 2.38(22)

[Co(tacn)(daes)]** 1 M Na(OH,CIO,) 0.505(15)

[Co(tacn)(C-aeaps)]** 1 M Na(OH,CIO,) >10

aStandard deviations given in parentheses are in units of the last digit.

the sum of the population parameters for oxygen atoms
around CI2 was introduced and scaled to give 1 in the final
refinement cycles. Hydrogen atoms were introduced in ide-
alized positions with B, = 5.0 A%. The hydrogen atoms
bonded to C2A and C4A are, within the experimental
accuracy, found to be the same positions for both confor-
mations of the C-aeaps ligands, so only the idealized posi-
tions for the more populated conformation was used. The
largest peak in the residual density (1.3 ¢ A=) was found
close to the disordered perchlorate ion. The final atomic
parameters are listed in Table 5. The SDP system was used
for the crystallographic computations.!” The atomic scatter-
ing factors and the anomalous dispersion corrections' were
from Ref. 11 and were used as contained in the program.
Anisotropic thermal parameters, hydrogen-atom positions
and a list of observed and calculated structure amplitudes
can be obtained from one of the authors (S.L.).

Results and discussion

Syntheses. The coordination compound [Co(tacn)Cl;] was

reacted with di(2-aminoethyl)sulfide and 2-aminoethyl-
3-aminopropylsulfide to give [Co(tacn)(daes)]Cl; and
[Co(tacn)(aeaps)]Cl;, which were isolated as crystalline
salts. In aqueous solutions both compounds react fast with
strong base to give reddish-purple conjugate base forms as
described later. This initial acid-base reaction of [Co(tacn)-
(aeaps)]** is followed by a slow reaction which at high base
concentration produces the carbon—cobalt bonded complex
as shown in Scheme 3. [Co(tacn)(C-aeaps)](ClO,), was
isolated in high yield. A detailed analysis of the thermo-
dynamics and kinetics for the reaction between the sulfur
and the carbon bonded species will be reported in a later
paper.?

The base constants for the reactions have been deter-
mined (next section) and are compared to pK, values for
similar systems. ®*C NMR and Co NMR have been useful
in following the formation of the coordinated carbanion,
and this technique has also been used to study the reforma-
tion of the coordinated thioether on addition of acid as well
as the hydrogen exchange on C4 of the 3-thia-1,6-hexane-
diamine.? The reversibility of the reaction allows us to

Table 3. Crystal data and a summary of data reduction and structure refinement.

Compound [Co(tacn)(aeaps)l(CIO,), [Co(tacn)(C-aeaps)](CIO,),
Formula CoC,{HxClI3Ns0,,S CoC;;HyClNs05S
Formula mass/g mol~' 620.74 520.27
Space group Pbca Pbca
Wavelength (MoKa)/A 0.71073 0.71073
Unit cell dimensions at 110 K:
alA 28.094(4) 18.169(5)
b/A 10.580(3) 15.824(4)
c/A 14.620(1) 13.888(4)
V/IA 4345(2) 3993(3)
V4 8 8
F(000) 2560 2168
D,/gcm™ 1.898 1.734
u(MoKa)/cm™ 13.21 12.76
Crystal size/mm? 0.25x0.18 x0.14 0.12x 0.30 X 0.45
Scan mode w-20 ®
Scan range, Aw/° 1.0+ 0.35tan 6 1.3+0.35tan 6
0 range/° 1-31 1-25
Octants measured hkl, —hkl (partly) hki, —hkl
w! o2(F) + 0.0006 |F|? o2(F) +0.0009 |F|?
S={ZWAP/(n—m)}"2 1.6 2.1
No. of independent reflections 6918 3503
No. of observed reflections, n 3590 1400
No. of variables, m 385 259
R 0.042 0.074
R, 0.059 0.096
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Table 4. Fractional coordinates and equivalent isotropic
parameters for [Co(tacn)(aeaps)](ClO,)s.

Atom x/a ylb zlc B/A2
Co 0.87781(2)  0.02683(6) 0.22125(4)  0.591(8)
N1A 0.9327(2) 0.1428(4) 0.2007(2)  0.96(7)
C1A 0.9806(2) 0.0824(5) 0.2023(3) 1.28(8)
C2A 0.9831(2) —0.0148(5) 0.2774(3) 1.46(8)
S 0.93179(4) —0.1180(1) 0.26364(8)  0.98(2)
C3A 0.9198(2) —0.1700(5) 0.3793(3) 1.29(9)
CaA 0.9096(2) —0.0673(5) 0.4485(3) 1.21(8)
C5A 0.8653(2) 0.0100(4) 0.4296(3)  0.98(7)
N2A 0.8703(1) 0.0942(4) 0.3486(2) 0.92(7)
N1B 0.8242(1)  —0.0906(4) 0.2338(3) 0.87(6)
c2B 0.7808(2) —0.0131(4) 0.2526(3) 0.99(7)
CiB 0.7806(2) 0.0965(5) 0.1863(3) 1.17(8)
N3B 0.8306(1) 0.1484(4) 0.1761(3) 1.00(7)
C3B 0.8187(2) —0.1723(4) 0.1501(3) 0.97(8)
C4B 0.8630(2) —0.1648(5) 0.0919(3) 1.25(8)
N2B 0.8805(1) —0.0313(4)  0.0924(2) 0.87(6)
Cs5B 0.8506(2) 0.0529(5)  0.0313(3) 1.25(8)
ceB 0.8424(2) 0.1766(5)  0.0783(3) 1.19(8)
ci 0.24138(4) 0.2271(1)  0.07892(7)  0.92(2)
o11 0.2824(1) 0.2643(3) 0.1330(2) 1.60(6)
012 0.2295(1) 0.3261(3) 0.0151(2) 1.50(6)
013 0.2012(1) 0.2056(3) 0.1389(2) 1.64(7)
014 0.2527(1) 0.1129(3) 0.0303(2) 1.37(6)
Cl2 0.97933(4)  0.3009(1) 0.45583(7)  1.15(2)
021 0.9626(2) 0.2461(4) 0.3719(3)  2.75(8)
022 1.0297(1) 0.3186(3) 0.4497(3) 1.74(7)
023 0.9684(2) 0.2171(4) 0.5301(3)  2.72(8)
024 0.9559(1) 0.4207(4) 0.4706(3)  2.42(8)
Ci3 1.12614(4) —0.0271(1) 0.28489(7)  1.16(2)
031 1.0907(1)  —0.0672(4) 0.3503(2) 1.82(7)
032 1.1700(2)  -0.0048(5) 0.3316(3)  3.2(1)
033 1.1319(2) -0.1277(4) 0.2191(3) 2.58(8)
034 1.1101(2) 0.0847(4) 0.2398(3) 2.78(9)

determine the equilibrium quotient for the equation in
Scheme 3 by spectrophotometry and HPLC methods, and
the results are seen in structural perspectives in view of the
results of the crystal structure determinations.

Deprotonation of coordinated amines. Addition of base to
an aqueous solution of [Co(tacn)(aeaps)]Cl; - H,O gives an
instantaneous change in colour from yellow-brown to
reddish-purple for ca. pH 14 or greater. The reaction is
reversible and the [Co(tacn)(aeaps)]** cation is re-formed,
also instantaneously, when e.g. an excess of NH,Cl is add-
ed to a freshly prepared basic solution (shown usiné VIS
spectroscopy and by HPLC). Visually it was estimated that
the reaction has £, <1s at 0°C, and stopped-flow meas-
urements confirmed this estimate and showed that
t;, <10 ms at 25°C. It therefore seems reasonable to inter-
pret this reaction as an ordinary acid-base reaction in-
volving deprotonation of a coordinated secondary amine
group in the 1,4,7-triazacyclononane or a primary amine in
the aeaps ligand. The acid-base equilibrium was studied
spectrophotometrically at three different temperatures us-
ing I = 1.0 M Na(ClO,, OH) as described in detail in the
Experimental section. The variation of the spectra with the
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hydroxide concentration could be interpreted in terms of a
single acid-base reaction [eqn. (2)], and its equilibrium

-1

K
Co(IlH)-NH, + HO- == Co(ll)-NH~ + H,0 (2

constant was determined by non-linear regression analysis.
From Fig. 11t is seen that there is good agreement between
the calculated and observed e-values. The equilibrium con-
stant K, is well defined, as seen in Table 2. The calculated
spectrum of the basic form, [Co(tacn)(aeaps-N7)]**, is
shown in Fig. 2. From the temperature dependence of
K, the values of AS° and AH® were obtained (Table 2).
Measurements at higher ionic strength gave results of the
same order of magnitude (Table 2). It was found that [Co-
(tacn),]** and [Co(tacn)(daes)]** also react instantaneously
and reversibly with base, and their K, values were deter-
mined likewise (Fig. 2 and Table 2). Similar studies of the
acid-base properties of the alkyl complex showed that the
cation does not deprotonate to any measureable extent in
1 M NaOH at 25°C (*C NMR and UV-VIS spectroscopy),
and this supports the estimate that K, > 10.

C2A

f C32A

Fig. 4. The two different configurations of the cation
[Co(tacn)(C-aeaps)]>* which occupy the crystal, with their
atomic labelling. The thermal ellipsoids are scaled to include

50 % probability, and the hydrogen atoms are drawn as spheres
with a fixed radius.



Table 5. Fractional coordinates and equivalent isotropic
parameters for [Co(tacn)(C-aeaps)](ClO,),.?

Atom x/a y/b z/c B./A

Co 0.87276(9) 0.0767(1)  0.2024(1)  4.20(3)
N1A 09781(6)  0.112(1)  0.2037(9) 7.6(4)
C1A 1.0062(7)  0.1646(8)  0.284(1)  5.0(3)
C2A 0.9879(9) 0.126(1)  0.379(1)  7.6(5)
S1 (0.65) 0.8980(4) 0.1284(4) 0.4183(4) 5.4(1)
C31A (0.65) 0.8643(2)  0.048(1)  0.346(1)  3.0(3)°
C32A (0.35) 0.894(2)  0.108(2)  0.350(2)  2.9(6)°
S2(0.35)  0.8492(6) 0.0289(8) 0.4181(9) 6.0(3)
C4A 0.9005(8) —0.0471(9)  0.366(1)  5.4(3)
C5A 0.8809(7) —0.0941(8) 0.2799(9) 4.4(3)
N2A 0.9008(7) -0.0448(8)  0.1961(9)  7.0(3)
ciB 0.7899(8)  0.0571(9)  0.027(1)  6.5(4)
c2B 0.756(1) 0.0058(9) 0.102(1) 7.2(4)
N1B 0.7682(6)  0.0491(6)  0.1955(8) 4.8(3)
c3B 0.7222(8)  0.1222(8)  0.213(1)  5.7(4)
C4B 0.7639(7)  0.1939(8)  0.248(1)  5.5(4)
N2B 0.8367(5)  0.1939(6)  0.2032(8)  4.4(2)
C5B 0.8367(9) 0.2289(7) 0.109(1) 6.4(4)
céB 0.8747(7)  0.1805(8)  0.034(1)  5.2(3)
N3B 0.8648(6)  0.0873(6)  0.0559(8) 4.7(2)
(o)} 1.1207(2) 0.1906(3) 0.0143(3) 5.81(9)
oM 1.1306(6)  0.2143(7) —0.0799(8) 7.2(3)
012 1.079(1)  0.106(1)  0.007(1) 15.9(6)
013 1.0676(7)  0.2309(8)  0.066(1)  13.7(4)
014 1.1794(8)  0.150(1)  0.048(1)  15.6(6)
ci2 1.1043(2) -00853(2) 0.2252(3) 4.61(7)
021 1.1796(4) -0.1042(6) 0.2107(8) 5.8(2)
022 1.0946(6) -0.0305(9)  0.300(1)  10.8(4)
023A (0.50) 0.9318(9)  0.159(1)  0.798(1)  4.7(4)
023B (0.5) 0.935(1)  0.149(1)  0711(1)  5.4(4)
0O24A (0.50) 1.0867(9) —0.021(1) 0.146(1) 4.9(4)°
024B (0.50) 1.060(1) -0.076(1)  0.144(1)  5.6(4)®

2Population parameters different from 1.0 are given in
parentheses. ?Atoms refined isotropically.

The observation that [Co(tacn),]** (pK,= 13.83) is a
weaker acid than [Co(tacn)(aeaps)]** (pK, = 13.44) is con-
trary to the expectation based upon the acidities of
Me,NH* (pK,=9.8) and Me,NH,* (pK,=10.8)."® This
could be due to different hydrations of the two species,
although it cannot be excluded that deprotonation of the
[Co(tacn)(aeaps)]** cation takes place (predominantly) at
the amine groups of the aeaps ligands, and not at the tacn
ligand as expected. The pK, value for [Co(tacn),]** is
significantly smaller than that reported for [Co(en);]**
(pK,>14),"* as one would expect following the lines
above. Hexaaminecobalt(III) cage complexes have also
been reported to form amido complexes in aqueous so-
lution, with pK, values of about 10. The observation that
secondary amines in cage complexes are more acidic than
those of, e.g., 1,4,7-triazacyclononane is in agreement with
the more hydrophobic character of the former species.

The lower acidity of the alkyl complex as compared with
that of the corresponding sulfur-bonded species is probably
due to the different charges of the species.

ALKYL COBALT(HII)

NMR results. The *C DEPT NMR spectrum of a 0.2 M
solution of [Co(tacn)(aeaps)]** in D,O is shown in Fig. 5A.
The spectrum contains 11 resonance signals as expected,
because this cation contains no symmetry elements.

The chemical shift signals of ligand atoms in coordination
compounds are usefully discussed in terms of the coor-
dination shift, defined as the difference in shielding from
the free to the coordinated ligand. The *C signals of nitro-
gen- and sulfur-containing organic ligands coordinated to
Co(III) have small coordination shifts, typically less than 10
ppm, and may be of either sign. However, general trends
for the coordination shifts have been noticed from the
BC NMR spectra of numerous Co(III) coordination com-
pounds with organic ligands containing nitrogen and sulfur
donor atoms in five- and six-membered chelate rings. It
was noticed that carbon adjacent to nitrogen or sulfur in a
five-membered chelate ring displays a small positive shift
change on coordination, whereas carbon neighbouring
nitrogen in a six-membered chelate ring has a signal with a
negligible shift change. The signal from the middle carbon
atom in a six-membered chelate ring has a large negative
shift on coordination.® Based on these findings the six
resonances at higher frequency in Fig. SA are attributed to
the six carbon atoms in the tacn ligand, and the remaining
five resonance lines have been assigned accordingly to com-

sy . (A)

8)

R ©

f 5I5 5]0 4l5 4‘0 3‘5 3‘0 215
& (ppm)
Fig. 5. ®C NMR spectra. (A) [Co(tacn)(aeaps)]Cl, in D,O.
(B) [Co(tacn)(C-aeaps)]** in 1 M NaOD (see text).
(C) [Co(tacn)(C-aeaps)](ClO,), in acetonitrile-d,. All spectra
were measured at 300 K.
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Table 6. *C NMR &-values for cobalt(lll) coordination compounds with tacn and aeaps.?

Compound tacn aeaps, numbering of atoms
1 2 4 5 6

tacn - 3HCI 43.7

[Co(tacn),]|Cl, 53.0

aeaps 42.2 36.5 30.8 34.2 42.0
[Co(tacn)(aeaps)]Cl; 572 570 567 515 511 50.7 484 385 318 250 405
[Co(tacn)(C-aeaps))(CIO,), 53.4 52.4 51.8 51.2 51.1 49.8 40.4 271 42.6 39.9 45.9
[Co(tacn)(C-aeaps))(ClO,)," 508 49.0 489 487 485 463 377 246 38.1 36.7 429
[Co(tacn)(C-aeaps)](ClO,).° 517 515 508 493 49.1 48.8 390 256 416 384 445

aThe aeaps ligand is numbered N-C1-C2-S—-C4-C5-C6-N in accordance with the name 3-thia-1,6-hexanediamine. Notice the
different numbering in the crystallographic results. °In DMSO-d;. °In acetonitrile-d;. All others in D,0.

ply with the above general coordination shifts. The data are
collected in Tables 6 and 7.

The ®Co NMR spectrum of [Co(tacn)(aeaps)](CIO,); in
acetonitrile at 330 K is shown in Fig. 6, and it is seen to
display a relatively narrow resonance line (Avy, = 344 Hz)
at 6456 ppm. The relatively narrow line demonstrates that
the electric field gradient is small (vide infra), and it means
that thioether coordinates to cobalt(III) with approxi-
mately the same charge transfer as does an amine.

The *C DEPT NMR spectrum of 0.2 M [Co(tacn)(C-
aeaps)]** in 1 M NaOD is shown in Fig. 5B. This sample
was made by adding a solution of NaOD to a solution of
[Co(tacn)(aeaps)]** in D,O, and spectral collection was
commenced after 48 h. Since the resonance signal at 42.60
ppm is the only one that is positive, it is assigned to the
cobalt-bound carbon atom, as this is the only possible CH
group. The existence of a CH group is direct evidence that
the alkyl compound exists in aqueous solution.

The existence of the CH group was confirmed by using
6 = n/2 in the DEPT pulse sequence. This experiment sup-
presses all other 3C NMR signals than those from CH
groups.

Table 7. Assignment of '3C chemical shift (3-values) for
[Co(tacn)(aeaps)I** (a) and [Co(tacn)(C-aeaps)]?* (b) based on
changes (Ad) occuring on coordination.

C No. d(free) d(bound) Coordination shift Expected range
(ppm)  (ppm) (Ad/ppm) (A5/ppm)

(@

1 42.2 48.4 6.2 5+5

2 36.5 38.5 2.0 3+2

4 30.8 31.8 1.0 -

5 34.2 25.0 -9.2 —-9+2

6 42.0 40.5 -15 0+t

(b)

1 42.2 40.4 -1.8 0t1

2 36.5 271 -9.4 —-9+2

4 30.8 42.6 11.8 -

5 34.2 39.9 5.7 -

6 42.0 45.9 3.9 5+5

Provided that the above rules for coordination shifts are
also valid for the non-coordinating carbon atoms in a che-
late alkyl cobalt(III) compound, an assignment of the four
remaining carbon resonance signals from the aeaps ligand
may be made. The only difference is that the five- and
six-membered rings are interchanged on going to the alkyl
compound from the sulfur-bound complex. This assign-
ment is also given in Table 6, and the coordination shifts
obtained by the assignment are shown in Table 7.

The C DEPT NMR spectrum of [Co(tacn)(C-aeaps)]-
(ClO,), in acetonitrile-d; (Fig. SC) exhibits the same pat-
tern as the spectrum obtained in D,O (Fig. SA), and the
resonance signals may be assigned in the same manner. In
particular, the spectrum displays a CH group. This con-
firms the existence of an alkyl compound in solution, since
hydrolysis reactions can be excluded.

The *Co NMR spectrum of [Co(tacn)(C-aeaps)](ClO,),
in acetonitrile at 330 K displays a very broad line (Av,, =
12480 Hz) at 6540 ppm (Fig. 6). The resonance line is

U T U
7000 6500 6000

 (ppm)
Fig. 6. %Co NMR spectra. [Co(tacn)(aeaps)](CIO,), in

acetonitrile at 330 K (top) and [Co(tacn)(C-aeaps)](CIO,), in
acetonitrile at 330 K (bottom).
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Fig. 7. The C NMR signal for the cobalt-bound carbon atom in
[Co(tacn)(C-aeaps)](ClO,), in acetonitrile-d, at 330 K (solid line).
The dotted line is the line-shape calculated for T, ¢, =
2.55x107%s and 'Jg, c = 86 Hz.

broader at lower temperatures, and it is broadened beyond
detection in aqueous solution. Note that there is a 36-fold
increase in linewidth compared to the compound with the
thioether coordinating. This reflects a similar increase of
the electric field gradient, if the two compounds have iden-
tical rotational correlation times. Since they only differ by
one proton we consider this condition obeyed.

There is only a small ¥Co chemical shift difference in the
signals from [Co(tacn)(aeaps)](ClO,); and [Co(tacn)(C-
aeaps)](ClO,),. This may be compared with the position of
the first absorption band of the visible absorption spectra of
the two compounds: A, = 476 nm, g, = 126 dm’ mol™!
cm™! for [Co(tacn)(aeaps)]** and A, = 464 nm, ¢, = 95
dm® mol™ cm™! for [Co(tacn)(C-aeaps)]**. The cor-
responding absorption feature for [Co(tacn),** is A, =
460 nm and €, = 95 dm® mol~' cm™'. Thus, the carbanion
ligator has ligand field properties relatively similar to those
of an amine.

BC-°Co coupling constants. The *Co nucleus has nuclear
spin I =7/2, and hence one might expect a splitting of the
BC NMR signal of the cobalt-bound carbon atom into eight
lines owing to scalar coupling. However, the relaxation rate
of the ¥Co nucleus may be so fast that the eight lines will
collapse into a single line at the centre of the multiplet. **Co
has a large quadrupole moment (Q = 38x10~* m?) which
interacts with the electric field gradient at the site of the
nucleus. The quadrupole interaction is proportional to both
the nuclear quadrupole moment and the electric field gra-
dient, and the quadrupole interaction causes transitions
between the magnetic states of the Co nucleus, leading to
fast relaxation of these states. In this case scalar coupling
between the ¥Co nucleus and the C nucleus contributes to
the spin-spin relaxation rate of the *C nucleus. Therefore
the *C NMR signal of the cobalt-bound carbon is broad
compared to the other signals. From the linewidth and the
spin-lattice relaxation time, T}, of the quadrupolar nucleus
the coupling constant, J, may be approximately extracted
despite the absence of a direct splitting.

ALKYL COBALT(ll)

The linewidth of the *C signal for the cobalt-bound
carbon is considerably larger in acetonitrile than in D,0.
This is attributed to the difference in viscosity. Acetonitrile
is a less viscous solvent than water, and therefore the **Co
spin-lattice relaxation time is longer in acetonitrile. When
a solution of [Co(tacn)(C-aeaps)](ClO,), in acetonitrile is
heated from 300 to 330 K all *C resonance lines become
narrower, except that of the cobalt-bound carbon, which
becomes wider, as heating decreases the rotational correla-
tion time of the molecule. Consequently, T, of the ¥Co
nucleus increases, resulting in a broader *C resonance line
of the cobalt-bound carbon. At 330 K this signal has a
linewidth of Avy, = 12.6 Hz (Table 8). For comparison the
linewidths of the other *C NMR signals are about 0.5 Hz.

The *C NMR lineshape of the cobalt-bound carbon may
be calculated using a relaxation matrix treatment devel-
oped by Pyper!® if the *Co nucleus relaxes solely due to a
quadrupole interaction. The spin-lattice relaxation time,
T,, for the cobalt nucleus can be obtained from the line-
width of the *Co NMR spectrum (Fig. 6 and Table 8).
Using this T;-value for the cobalt nucleus, J., - may be
varied in a calculation of the line-shape of the *C reso-
nance of the cobalt-bound carbon until good agreement
with the experimental resonance line is given (Fig. 7). In
this way the carbon—cobalt coupling constant was calcu-
lated to be ', « = 86 Hz (Table 8). If the line-shape of the
BC NMR line receives a significant contribution from
mechanisms other than scalar coupling to cobalt this would
lead to a computed value for the coupling constant that is
too high. However, since the scalar coupling constant con-
tains important information about the nature of the chem-
ical bond, it is fortunate to be able to obtain an estimate of
the maximum size of J.

For comparison we have measured the *Co NMR and
BC NMR spectra of methyl- and ethylcobaloxime (pre-
pared according to Schrauzer)'” in CHCI, at 300 K, and
likewise compared the experimental and calculated line-
shapes to extract 'J, .. The results are given in Table 8.
The uncertainty of the calculated coupling constants has
been estimated to be +5 Hz.

The coupling constants J, . in these compounds are
calculated to be almost constant despite the large variations
in linewidths, and this seems to support the validity of the
results.

Table 8. Single-bond cobalt—carbon coupling constants 'J., ¢
obtained by simulation of the line-shape of the *C NMR signal.

Complex 5%Co NMR BC NMR

Avi/Hz 10°T/s  Avi/Hz 'Jo,o/Hz

[Co(tacn)(C-aeaps]?** @ 12480 255 126 86
Methyl(pyridine)cobaloxime® 6396 4.98 20.6 79
Ethyl(pyridine)cobaloxime® 5565 5.72 25.5 82

2In acetonitrile at 330 K. ®In CHCI, at 300 K.
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Table 9. Comparisons of 'Je, ¢ and "Jpnc-

Species Ref. Unmetar-c/HZ Jeoc!Jan-c
[Co(CN)g]*- 16 126

3.75
[Rh(CN)e]*- 16 336
[Co(CO)]- 17 287

3.84
[Rh(CO),]- 17 74.7
Alkyl cobalt(ll) - 79-86

=3.8

Alkyl rhodium(lll) 17 17-26

To our knowledge only cobalt—carbon coupling constants
for hexacyanocobaltate(III) and tetracarbonylcobaltate(-1)
have been reported. Both these compounds have cubic
symmetry, and the coupling constants may be read directly
from the splittings of the spectra. The coupling constants
reported in this article are smaller than those of the two
abovementioned compounds. This is expected, since the
alkyl cobalt(III) compounds contain a pure single bond and
so have no contributions from n-bonding to the coupling
constant.

The calculated coupling constants may also be compared
to rhodium—carbon coupling constants. For a certain type
of chemical bond an approximately constant ratio between
YJeoc and gy ¢ could be predicted. For alkyl rhodium(III)
compounds Jg, . are generally about 20 Hz (Table 9).
Therefore, using the data of Table 9 one would anticipate a
value of 'J, ¢ of about 80 Hz, which is in agreement with
the experimental findings.

All these data thus substantiate the presence of a
carbon—cobalt(III) bond in solution.

Fig. 8. The molecular structure of [Co(tacn)(aeaps)]** showing
the atomic numbering. The thermal ellipsoids are scaled to
include 50 % probability, and the hydrogen atoms are drawn as
spheres with a fixed radius.
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Table 10. Selected bond distances, D, and angles, a, for the

two cations.

[Co(tacn)(aeaps)l** [Co(tacn)(C-aeaps)]?*

DIA DIA
Co-N1A 1.994(4) 1.992(11)
Co-N2A 2.004(4) 1.992(11)
Co-S/C31A 2.2433(13) 2.05(2)
Co—N1B 1.960(4) 1.951(9)
Co-N2B 1.984(3) 1.966(9)
Co-N3B 1.965(4) 2.047(10)
N1A-C1A 1.491(7) 1.48(2)
C1A-C2A 1.506(7) 1.49(2)
C2A-S 1.819(5) 1.73(2)
SC3A 1.810(5) 1.73(2)
C3A-C4A 1.512(7) 1.67(2)
C4A-C5A 1.515(7) 1.46(2)
C5A-N2A 1.489(6) 1.45(2)
N1B-C2B 1.494(6) 1.48(2)
c2B-C1B 1.512(7) 1.46(2)
C1B-N3B 1.511(6) 1.499(14)
N1B-C3B 1.506(6) 1.449(13)
C3B-C4B 1.511(7) 1.45(2)
C4B-N2B 1.495(6) 1.465(13)
N2B-C5B 1.516(6) 1.42(2)
C5B-C6B 1.496(7) 1.46(2)
C6B-N3B 1.499(6) 1.515(14)

o/1° a/1°
N1A-Co-N2A 90.2(2) 91.3(5)
N1A-Co-S/C3A 86.52(12) 97.1(6)
N1A-Co-N1B 176.6(2) 176.1(5)
N1A-Co-N2B 91.1(2) 93.3(4)
N1A-Co-N3B 94.1(2) 93.1(4)
S/C3A-Co—N2A 93.31(12) 81.3(5)
S/C3A-Co—N1B 93.45(12) 85.7(5)
S/C3A-Co—N2B 91.43(12) 100.2(5)
S/C3A-Co—N3B 176.22(12) 168.4(5)
N2A-Co-N1B 93.3(2) 91.8(4)
N2A-Co-N2B 175.2(2) 174.9(4)
N2A-Co-N3B 90.4(2) 93.1(4)
N1B-Co-N2B 85.5(2) 83.6(4)
N1B-Co-N3B 85.8(2) 84.3(4)
N2B-Co-N3B 84.8(2) 84.5(4)
N1A-C1A-C2A 110.2(4) 110.6(10)
C1A-C2A-S 107.1(3) 118.9011)
C2A-S-C3A 103.1(2) 97.5(8)
S-C3A-C4A 116.2(3) 115.1(10)
C3A-C4A-C5A 114.8(4) 103.0(10)
C4A-C5A-N2A 113.0(4) 109.1(10)
N1B-C2B-C1B 107.9(4) 108.1(10)
C2B-N1B—C3B 109.7(4) 111.1(12)
C1B-N3B—C6B 111.9(4) 111.3(9)
N1B-C3B-C4B 110.0(4) 112.3(9)
C3B-C4B-N2B 108.6(4) 109.0(10)
C4B-N2B-C5B 111.7(4) 113.2(10)
N2B-C5B-C6B 109.2(4) 116.6(9)
C5B-C6B-N3B 107.5(4) 108.3(9)




Table 11. Hydrogen-bond distances and angles in
[Co(tacn)(aeaps)](CIO,),.

Distance (D-H---A)/A Angle (D-H-A)/°

N1A-HA11N-023%  3.069(5) 165(5)
N2A-HA21IN-021  3.070(6) 172(5)
N2A-HA22N-011°  3.067(5) 171(5)
C3A-HA32C-023°  3.446(7) 152(4)
N1B-HB1-013¢ 2.936(5) 157(6)
N2B-HB2-022° 3.047(5) 136(4)
N2B-HB2-024° 3.005(5) 129(4)
N3B-HB3-033' 3.012(5) 172(5)

a(x, —1/2—y, —3/2+2). °(—1/2+x, y, —1/2—2). °2—x, —y,
1-2). (1=x, —1/2+y, 1/2—2). °2=x, —1/2+y, 1/2—2). {(2—x,
1/2+y, 1/2—2).

Description of the structures. The molecular geometries of
the starting material [Co(tacn)(aeaps)](ClO,); and the
product [Co(tacn)(C-aeaps)](ClO,), are depicted in Figs. 4
and 8, and the bond lengths, bond and torsion angles
are listed in Tables 10 and 11. The conformations and
geometries of the tacn ligand are the same in the two
structures, indicating that the macrocyclic ligand is not
affected by the transformation from sulfur to carbanion
coordination. As illustrated in Fig. 4, the disorder of the
[Co(tacn)(C-aeaps)]** ion corresponds to an interchange of
the five- and six-membered ring on the same crystallo-
graphic site. This disorder would be expected to affect all
the atoms of the C-aeaps ligands, but only for C3(1,2) and
S(1,2) are the sites sufficiently well resolved to be included
in the refinement. From the drawings (Fig. 4) one might
believe that the disorder results in a different stereo-
chemistry of the cation, but inspection of the torsion angles
reveals that the C-aeaps ligand adopts conformations that
are mirror images, so that the coordinating carbon atoms
are found to have opposite absolute configuration on the
same site. The five-membered rings of the tacn ligands are
puckered to achieve the same absolute configuration in the
two forms of the disordered cation.

The six-membered rings of the aeaps and C-aeaps ligands
are all found in chair conformations. It is unfortunate that
the accuracy of the structure of the product does not permit
a detailed comparison of the two structures. Considering
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that the partly populated atoms are so close that they
cannot be well separated owing to the limited resolution of
the diffraction data, the molecular geometry of the C-aeaps
ligand compares well with that found in the accurately
determined structure of [Co(aeaps)(C-aeaps)]S,04.2 It
should be noted that an elongation of the Co-N bond trans
to the Co—C bond can also be observed in the present
structure, where Co-N3B has a bond distance of 2.05 A
compared to 1.955 A for the two other Co-N distances
involving the tacn ligand.

The structural features of the sulfur-coordinating starting
material are similar to those of the analogous compounds
[Co(daes),]Cl; - 2H,0" and [Co(aeaps)(C-aeaps)]S,04.2

The two structures reported here crystallize in the same
orthorhombic space group Pbca but with different cell di-
mensions. However, in both structures the crystal packing
is influenced by hydrogen bonds between the perchlorate
ions and the complex cations, as illustrated by the stereo
pairs of Figs. 9 and 10. It should be emphasised that, based
on the criterion that a distance less than 2.4 A between
hydrogen and an acceptor atom is evidence for a hydrogen
bond, we find that one proton on C3A (H,) is involved in
a weak interaction (Table 11). The less charged cation
[Co(tacn)(C-aeaps)}** is equally well involved in hydrogen
bonding (Table 12), and here a close contact is found be-
tween a carbon-bound hydrogen and an oxygen.

Cyclic voltammetry. The observed cyclic voltammograms
had peak separations in the range 60-100 mV with sweep
rates 5-45 mV s™!. The results were interpreted as revers-
ible electrode reactions with a slight loss of the reduced
species at the electrode surface. Thus the ratio between the
cathodic and anodic peak currents, I, /1,,, varied from 1.51
(45 mV s7') to 1.43 (5 mV s™!) for [Co(tacn)(aeaps)]**.
With sufficiently fast scans we assume the electrode pro-
cesses to be electrochemically reversible and to provide
information on the relative stabilities of the species. The
stability of a thioether coordinated to cobalt(III) has earlier
been estimated for [Co(daes),]** to be very low.'” The
reduction potentials for aqueous solutions of [Co(tacn)-
(daes)]** (E°’ = —0.18 V) and [Co(tacn)(aeaps)]** (E°' =
—0.11 V) indicates that the latter species is the least stable.
This is also implied from the fact that [Co(aeaps),]**

& &

Fig. 9. Stereoscopic drawing of the unit cell for [Co(tacn)(aeaps)](ClO,); viewed along the c-axis, the hydrogen bonds are drawn as

thin lines.

55 Acta Chemica Scandinavica 46 (1992)

851



KOFOD ET AL.

Table 12. Short intermolecular interactions, possible hydrogen
bonds, in [Co(tacn)(C-aeaps)}(ClO,)..

Distance (D—HmA)/A Angle (D—-H-A)/°

N1A-HIN1A---O13  3.37(2) 144
N1A-H2N1A---0O24A 3.00(2) 142
N2A-H1N21---0122  3.00(2) 143
N2A-H2N2A---024B  3.02(2) 152
N1B-H1N1B---021® 3.19(12) 147
C5B-H1C5B---023B° 2.99(2) 126
N2B-H1B2B---023A° 3.19(2) 161
N2B-H1B2B---023B° 3.06(2) 136
N3B-H1N3A---O24A 3.12(2) 132
N3B-H1N3B---024B 3.11(2) 127

a2-x, —y, —2). °(x—'%s, y, Ya—2). °(x, Yo—y, 2—%).

isomers cannot be prepared from aqueous solution.
The very low reduction potential for [Co(tacn)(C-aeaps)]**
(E°" = —1.28 V) in acetonitrile is difficult to com-
pare directly with the values for the thioether-bound
compounds. However, we can safely conclude that the
alkyl cobalt(III) compound is very stable compared to the
cobalt(II) analogue.

Ylide formulation of the reaction. The coordination com-
pound [Co(tacn)(aeaps)]** is chiral, having a chiral, co-
ordinated sulfur and a chiral distribution of the five- and
six-membered chelate rings of the aeaps ligand. This makes
the two hydrogen atoms on C3A prochiral or diastereo-
topic. Another description of the two hydrogen atoms
could be as axial (H,) or equatorial (H, = HA32C) sub-
stituents on the six-membered chelate ring. The formation
of the alkyl coordination compound according to Scheme 2
has been shown to be a reversible and stereospecific pro-
cess.'? Analysis of the diastereotopic relationship between
the sulfur- and the carbon-bound ligands in the two struc-
tures shows that H, on C3A is leaving in Scheme 2. A
C-H- - - O interaction with an H- - - O distance lower than

RS

Dy

rm o=
2% = 350

2.4 A is often taken as evidence for hydrogen bonding.?
The hydrogen atom on C3A that is involved in hydrogen
bonding according to Table 11 is not the acid hydrogen that
leaves on base addition. From the crystal structure and
from 'H NMR and “C NMR spectroscopy only there are
reasons to believe that H, and H, have structurally and
energetically very similar properties in [Co(tacn)(aeaps)}**.
Therefore, the reason for the stereospecificity is most likely
to be found in the two presumably different transition
states for the removal of the H, and H, protons. When a
proton is dissociated from the aeaps ligand it is possible to
formulate the base as a coordinated ylide with a resonance
formula having a n-bond between sulfur and C3A. The
ylide intermediate state (e.g. written as Co-S* (C3A)C H,-
(C4A)H,-) has a m-bonding molecular orbital made up
largely of the sulfur p-orbital pointing toward cobalt and a
p-orbital on carbon, C3A, parallel to this sulfur p-orbital.
We suppose that this is important for the formation of a
precursor in Scheme 3 from structure V to VI. The
carbanion formed when H, has dissociated has no possibil-
ity of a similar electronic arrangement. Thus the ylide
coordination compound formed after dissociation of H, is
closer in energy to the transition state for the Co-S to Co—-C
transformation than the ylide derived by removing H.. The
geometry of the proposed n-molecular orbital suggests that
it acts as a o-donor during the transition from the sulfur- to
the carbon-bound states. This type of reaction is very
different from the C-H activation observed for bis(1,4,7-
trithiacyclononane)rhodium(III), which on base addition
breaks a sulfur—carbon bond.” A study of the kinetics of
hydrogen exchange of diastereotopic protons in cyclic sul-
fonium ions has shown that a difference in acidity may be
explained by orbital overlap considerations.” In that study
the observed stereospecificities were much less than in our
case, emphasizing both the special orbital overlap arrange-
ment, with a nt-orbital donating to a d-orbital, and the high
steric rigidity implied by chelation.

T

wilhg

Fig. 10. Stereoscopic view along the a-axis of [Co(tacn)(C-aeaps)](ClO,),. The disordered perchlorate ion is drawn with open bonds.
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Also, the chemistry of Scheme 1 has been further in-
vestigated. An interesting crystal structure determination
has been performed of a five-coordinate cobalt(III) com-
pound which is the oxidized form of I with L = sulfite.?
The authors maintain that the reaction of the cobalt(III)
form of I to give II represents an electrophilic attack of
Co(III) on the CH, group. However, in view of the results
reported in this paper and in Ref. 12 it seems likely that
Scheme 1 is a simple acid-base reaction. Owing to the low
charge of I during the reaction one would expect much
slower reaction with base than with our +3 charged co-
ordination compound.
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