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Crystal Structure of an Antiferromagnetically Coupled p-Carbonato-bridged Dinickel(u)
Complex Containing the Pendent-arm Macrocycle
1-(3-Dimethylaminopropyl)-1,5,9-triazacyclododecane (L1); a System which readily

sequesters Carbon Dioxide from Air
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The nickel(n) complex of the pendent-arm macrocycle 1-(3-dimethylaminopropyl)-1,5,9-triazacyclododecane (L")
sequesters CO, from air to yield, after addition of thiocyanate ion, [{(HL")Ni(NCS)},(CO3)]2+, the first example of a
u-carbonato dinickel(i) complex; the Ni atoms are antiferromagnetically coupled with the exceptionally large exchange

constant —2J = 94.6 £ 0.4 cm~—".

As part of a programme to design ligands to enforce
tetrahedral coordination of first-row transition metal ions,
we reported previously that the propyl-linked pendent-arm
macrocycle  1-(3-dimethylaminopropyl)-1,5,9-triazacyclodo-
decane (L!) forms a tetrahedral complex with ZnIl.1 In Nill
and Cull complexes, however, the electronic demands of the
metal override the stereochemical preferences of this and
related ligands, so that anions or solvent molecules enter
the coordination sphere to yield five- and six-coordinate
structures.2

In an attempt to isolate a five-coordinate Ni!' complex of L1,
the ligand (128 mg, 0.5 mmol) was added to [Ni(MeCN)g]-
(ClO,); (252 mg, 0.5 mmol)? in acetonitrile (5 cm3) containing
one equivalent (40 mg, 0.5 mmol) of sodium thiocyanate. The
resulting mauve solution was treated with an excess of
concentrated aqueous sodium perchlorate. After filtration
and standing in air for four days, the six-coordinate complex
[{(HLYNi(NCS)},(CO3)](C104),-3H,0 crystallised from the
solution in 60% yield as hexagonal blue plates. [In MeCN,
Amax/nm (e/dm3 mol—1 cm—1): 374 (92); 598 (53); 1028 (21).]
Identical yields of product were obtained on evaporation in an
atmosphere of CO;, or on addition of NaHCO; (0.5 equiv.) to
the solution followed by evaporation under nitrogen. The
complex rapidly liberates CO, on treatment with dilute acid.

Tanase et al. recently reported that [Ni(Me,en);]2+ (Me,en
= N,N-dimethylethane-1,2-diamine) also efficiently fixes
atmospheric carbon dioxide.4 The proposed mechanism
involves initial loss of one Me,en ligand molecule from the tris
complex, the liberated diamine then assisting the hydration of

CO; to produce CO52— which is taken up by the bis complex
[Ni(Me,en),]2+. CO, fixation in the present case probably
follows a similar pathway, utilising a dimethylamino group on
an uncoordinated pendent arm. The Zn!' complex of L! is
known to be unstable, mainly owing to the presence of the
sterically hindered tertiary amine donor.!-2 Such steric effects
increase in octahedral complexes of nickel(i1), and in aqueous
solution the pendent arm of L! doubtless fails to coordinate
the central ion. Thus, the dimethylamino group is available in
solution to set up a base-assisted hydration of atmospheric
carbon dioxide. As observed by Tanase and Yano,* the
presence of a dimethylamino group in the ligand seems critical
for efficient CO, uptake; neither L2 nor 12N3 give p-carb-
onato complexes as readily under similar conditions.
However, 12N3 forms [{(12N3)Ni(OH,},CO;][ClO,], (based
on the FAB mass spectrum and a C, H, N analysis) in the
presence of an excess of 12N3, showing that neither the
thiocyanate ions nor the pendent arm are absolutely essential
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Fig. 1 The structure of the [{(HL!)Ni(NCS)},(CO;)]?* cation in
[{(HLY)Ni(NCS)}2(CO3)](ClO4).3H,0. Ligand atoms are num-
bered sequentially around the macrocyclic ring. Bond distances (A)
and angles (°) involving the p-carbonato bridge are as follows:
Ni(1)-O(301), 2.191(4); Ni(1)-0O(303), 2.079(4); Ni(2)-O(301),
2.200(4); Ni(2)-0(302), 2.077(4); C(301)-0O(301), 1.279(8); C(301)-
0(302), 1.266(8); C(301)-0(303), 1.273(8); O(301)-Ni(1)-O(303),

61.6(2); O(301)-Ni(2)-0(302), 61.6(2); Ni(1)-O(301)-Ni(2),
174.1(2); Ni(1)-O(301)-C(301), 87.4(4); Ni(2)-O(301)-C(301),
86.7(3); Ni(1)-O(303)-C(301), 92.6(4); Ni(2)-O(302)-C(301),

92.5(4); O(301)-C(301)-0(302), 118.8(6); O(301)-C(301)-0(303),
118.1(6); O(302)-C(301)-0O(303), 123.0(6).

for CO, uptake. Interestingly, Zn!! complexes of 12N3 and
related pendent-arm ligands have been postulated as possible
models for the active site in carbonic anhydrase.’

X-Ray crystallographyt shows that in [{(HL)Ni(NCS)},-
(CO3)](C104),-3H,0 the macrocyclic portion of the ligand
coordinates facially to the octahedral Ni!! centre (Fig. 1).
The pendent arm is protonated and does not coordinate;
instead, coordination at each nickel(m) is completed by an N-
bonded thiocyanate and a p-bridging carbonate. Nickel-
amine distances fall within the usual ranges, with those to the

t Crystal  data  for  [{(HLY)Ni(NCS)},(CO;)](ClO4),-3H,0,
C31H7CLNoNiO14S,, M, = 1058.5. A blue diamond-shaped crystal
of dimensions of 0.12 x 0.25 X 0.60 mm was usgd. Monoclinic; P2./c;
a = 15.884(6), b = 13.829(8), c = 21.885(15) A; § = 97.60(4)°; V =
4765 A3; Z = 4, D, = 1.48 g cnm~3, F(000) = 2240. Mo-Ku radiation
(A = 0.071073 A); p (Mo-K) = 1.42cm~1, R = 6.14%, R,, = 6.38%
for 5067 unique reflections with > 20(J). Data were collected with a
Nicolet P2, four-circle diffractometer in w-26 mode; backgrounds
were measured at the end of each scan for 0.25 of the scan time. Four
standard reflections were monitored every 200 reflections, but no
decay was evident. Reflections were processed using profile analysis
and corrected for Lorentz, polarisation and absorption effects (the
latter by the Gaussian method). Heavy atoms were located by the
Patterson interpretation section of SHELXTL, and light atoms then
found on successive Fourier syntheses. Anisotropic temperature
factors were used for all non-hydrogen atoms. Hydrogen atoms
defined by the molecular geometry were inserted at calculated
positions and given fixed isotropic temperature factors U = 0.07 A2,
Methyl groups were treated as CHj units with their initial orientation
taken from the strongest H atom peaks on a difference Fourier
synthesis, and the H atoms assigned a fixed isotropic temperature
factor U = 0.08 A2 Final refinement was on F by least-squares
methods refining 550 parameters. A weighting scheme of the form w
= 1/[02(F) + 0.0011F?] was used and shown to be satisfactory by a
weight analysis. Atomic coordinates, bond lengths and angles, and
thermal parameters have been deposited at the Cambridge Crystallo-
graphic Data Centre. See Notice to Authors, Issue No. 1.
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Fig. 2 Variation of the molar magnetic susceptibility (xm) with
temperature for [{(HL)Ni(NCS)},(CO3)|(ClO,),-3H,0 (X, exptl.;
—, calc.)

tertiary nitrogens exceeding those to the secondary ring
nitrogens. The N-Ni-N chelate angles within the macrocycle
exceed 90° (average 96°), complementing the small chelate
angle [61.6(2)° at both Nill centres] subtended by the
carbonate. The thiocyanates bind trans to secondary ring N
atoms, whilst the u-O atom of the carbonato ligand opposes
the tertiary N atom on Ni(2) and a secondary ring N atom on
Ni(1). Bond lengths from the Ni atoms to the bridging O atom
[0, = O(301)] of the u-carbonato group (average 2.195 A)
exceed those to the other two O atoms [0, = O(302) and
0(303)], as is found in analogous Cu® and Rh’ complexes. In
addition, C-O,—M angles (average 93°) exceed C-O,—M ones
(average 87°), whilst in the p-carbonato group the O,—C-O,
angle (123°) exceeds the O,—C-O,, angles (average 118.5°).
The p-carbonate ion, the protonated pendent arm and the
waters of crystallisation participate in an extended hydrogen-
bonding network. Although bond distances and angles within
the perchlorate counterions lie within normal ranges, the O
atoms display large vibrational amplitudes as they do not
participate in the hydrogen-bonding network.

The variation of molar magnetic susceptibility and magnetic
moment for the dinickel complex in the temperature range 80
to 300 K (Fig. 2)f indicates a strong antiferromagnetic
interaction. The closest fit to this data is obtained using eqn.
(1), which corresponds to the intramolecular exchange
between two S = 1 ions,8 with g = 2.00(2), an exchange
constant —2J = 94.6(4) cm~1! and a correction N = 4.7(5) X
10—4 cgs emu for temperature-independent paramagnetism.
The value of g lies towards the low end of the range
(2.14-2.46) previously observed in Ni!! dimers, whilst N« is
somewhat larger than previously suggested (2.0-2.6 x 10—4
cgs emu).”10 The antiferromagnetic exchange constant
exceeds by a factor of three the highest reported value for an
O-bridged dinickel(1) dimer.

Nap2g g2 (e2/KT + SebIIkT)
T KT (1 + 3¥/KT 4 5¢6JIKT)

Although it is more common to include zero-field D and
inter-dimer exchange z'J’ contributions in evaluating mag-
netic data for nickel dimers,® doubt has been cast on the

AM + Na M

i Data were collected with an Oxford Instruments Faraday suscepti-
bility balance, accurate to 10 ug. The field strength was H = 8000 G.
Temperature was controlled using an Oxford Instruments ITC4
temperature controller and measured with an Au, 3% Fe/chromal
thermocouple. The sample (30.18 mg) was used in a Teflon container.
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validity of this treatment of powder data owing to the strong
correlation between D and z'J’. In this complex the close fit of
the data to eqn. (1) indicates that intra-dimer exchange
dominates.  Strong  antiferromagnetic  coupling in
[{(HL)Ni(NCS)}»(CO3)]2+ may be rationalised on the basis
of a superexchange pathway in which the Nill 4,. (magnetic)
orbitals interact via the p-carbonato O-bridge. This linear
Ni-O-Ni linkage provides ideal geometry for the exchange,
which in dicopper() complexes is known to result in
diamagnetism.%¢ A complex formulated as a p-hydroxo-
bridged dinickel(u) dimer, [{(tren)NiOH},OH]*+ [tren =
tris-(2-aminoethyl)amine], is also reported to be diamagnetic,
presumably owing to superexchange.!!
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