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The 1,4-bis(2-pyridylmethyl)-1,4-diazacyclononane (dmpdacn) ligand with a N4C donor set deprotonates at a CH,
y to an amine under extraordinarily mild conditions (pH 7) and binds as a pentadentate ligand to Co(lll) as the
[Co(dmpdacn-C)(OH,))** complex. This complex was characterized by 1D and 2D NMR techniques, and a single-
crystal X-ray structure is reported. In an alternative synthesis from Co(ll), dmpdacn, and air, the same C-bonded
complex is obtained along with a novel hydroxylated Co(lll) complex [Co(dmpdacnOH-O)CIJ?* which has been
similarly characterized. Here the carbanion has been oxidized, a C- to O-bonded rearrangement has taken place,
and the bound aqua group is replaced by Cl~. The base hydrolysis kinetics of the hydroxylated Co(lll) complex are
reported, and mechanisms for this and the unusually facile C—H cleavage and CH, oxidation reactions are discussed.

Introduction saturated macrocyclic ligand 1,4,8,11-tetraazacyclotetrade-
cane can be recrystallized from water without decomposi-
tion34 Alkyl —cobalt(lll) compounds with other saturated
macrocyclic ligands have now been prepared by employing
various synthetic strategies, and several of the complexes
have been structurally characteriZed.

Alkylcobalt(lll) complexes have also been prepared by
base-induced transformations of coordination complexes. For
example, an intermolecular reaction of the cobalt(lll) com-
plex of dacoda(l,5-diazacyclooctaNgN'-diacetate dianion)

Metal-ion mediated activation of carbethydrogen bonds
of organic molecules is a fundamentally important chemical
process. Since the discovery of the stable natural product
coenzyme B, a cobalt(lll) complex containing a-bonded
alkyl ligand} there has been a vast amount of interest in
synthetic complexes, and the elucidation of the conditions
that stabilize alkyt-cobalt(l1l) moieties has been a significant
issue. Many alkylcobalt(lll) compounds are oxygen or
moisture sensitive, the latter preventing tractable aqueous ‘ X
chemistry. The cobalt(lIFycarbono-bond has, however, in N Pase involves deprotonation of a methylene group and
a number of cases proven to be quite robust. For examme’subsequent coordlnatlon_ of the carbanidnAdditional
the simple pentaamminemethylcobalt(lll) cation is suf- cobalt(lll) compounds with a CeC o-bond have been
ficiently robust in aqueous ammonia to allow for spectro- prepared by the reaction of thioether donor ligand compounds
scopic characterizatiohyet it defied synthesis for many
years. A closely related methytobalt(lll) compound of the
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OH

dacn dmpdacn dmpdacnOH dmptacn
Figure 1. Ligand abbreviations.

Scheme 1. N-to C-Bonded Rearrangement of [Co(tmptaéh)]
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in basic solution for which thex-CH, on deprotonatlon residual solvent peak®y 7.24,0c 77.0, central peak) were used
displaces the thioethéf 15 as internal standards. ForD, dioxane was the internal reference

The tacn derived hexadentate cobalt(lll) complex [Co- (0n3.75 anddc 69.26, relative to DSS). For MBO-s as solvent,
(tmptacn)}* rearranges stereoselectively in bdse form a the central peak of the GIgjuintet or s_eptet was convenient as the
stable carbanion complex as shown in Scheme 1. The'eference s 2.50 anddc 39.37, relative to SiMg).
reaction occurs by deprotonation at a Ot¢nter adjacent All other materials were acquired from commercial sources, were
to the tacrsecamine, which is unprecedented. The reaction reagent grade or better, and were used without further purification
proceeds readily and completely{ ca. 15 min in 1 M unless otherwise indicated. Solvents were predried over activated

NaOH, 25 °C), as displayed in Scheme 1, despite the molecular sieves, then refluxed over an appropriate drying agent
format’ion of a’strainedaoalr-membered ring ’ P under an atmosphere of nitrogen, and finally fractionated by

. L . . distillation and stored under dry nitrogen. The cation exchange
This suggested that a similar ligand to dmptacn, bearing medium was Dowex 50W-X2 (Hform, 200-400 mesh; BioRad).

a CH in place of a NH group in the tacn component of the \ \r_Bis(p-tosyl)ethylenediamine and its disodium salt were freshly
ligand, dmpdacn (Figure 1), might well coordinate with prepared according to reported methét€arbon dioxide free
Co(ll1) under basic conditions. In this case the preferred five- Milli-Q water was used routinely for all physical measurements.
membered rings would be retained, and perhsjpengbase Elemental C, H, N, and Cl analyses were performed by the
would not be required to drive the reaction. This has been wicroanalytical Unit, Research School of Chemistry, Australian
realized, with G-H activation occurring under extremely  National University.
mild conditions as described herein. Under certain conditions,  kinetic Studies. UV —vis absorption spectra (36000 nm) and
facile oxidation at carbon and donor atom rearrangement areabsorbance versus time traces were recorded with use of a Hewlett-
observed as well, and these reactions are also reported. Packard 8453 diode-array spectrophotometer thermostated to 25.00
+ 0.1 °C by water circulation from a Lauda bath. Specfit global
analysis software was used to analyze the kinetic data.

NMR spectra were recorded on a Varian Unity Plus 400 MHz A 1.00 mL (Pipetman) portion of the aqueous complex solution
Spectrometer for 1BH and**C spectra (20C), and 2D spectra  was placed in one compartmerfta 1 cmquartz bifurcated cell,
(25 °C, DQCOSY and NOESY). For solutions in CQCkhe and 1.00 mL of the appropriate buffer or NaOH= 2.0 M, NaCl)
was placed in the other. The cell was placed in the spectropho-

Experimental Section

(10) Bjerrum, M. J.; Gajhede, M.; Larsen, E.; Springbordndrg. Chem.

1988 27 (22), 3960. tometer housing and allowed to equilibrate (25®.1 °C) for 10
(11) Kofod, P.; Larsen, E.; Larsen, S.; Petersen, C. H.; Springborg, J.; Wang, min. The cell was shaken to mix the two solutions and initiate
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Inorg. Chem, to be submitted. (17) Searle, G. H.; Geue, R. Bust. J. Chem1984 37, 7 (5), 959.
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usually 3-4t;/,). All kinetic runs were performed in triplicate, using
[Co] in the range 0.0010.02 M to achieve the desired absorbance
change.

1,5-Bis-tolylsulfonato)pentane, pndt!®1® A sample of 1,5-
pentanediol (26 g, 0.25 mol) was dissolved in pyridine (50 mL)
and cooled in an ice batp-Toluenesulfonyl chloride (94.1 g 0.53
mol) in pyridine (150 mL) was added dropwise over 1 h, during
which time a white precipitate formed. The solution was stirred
for 5 h at 0°C. Upon the slow addition of #0 (1 L), the white
product precipitated, and it was isolated by filtration and washed
with cold water (1 L). The crude product was recrystallized by
dissolving in hot methanol (450 mL) and cooling. Yield 86.6 g,
84%.'H NMR (CDCls): 6 1.32 (2H, quintet, OCKCH,CH,CH,-
CH;0), 1.57 (4H, OCHCH,CH,), 2.42 (6H, s, El3Ar), 3.94 (4H,
t, OCH,CHy), 7.31(4H, d, aromatic), 7.74 ppm (4H, d, aromatic).
13C NMR (CDCk): ¢ 21.45, 21.60, 28.11, 69.94, 127.8, 129.85,
132.85, 144.82 ppm. Anal. Calcd forgl,406S;: C, 55.32, H,
5.86. Found: C, 54.87, H, 5.65%.

1,4-Ditosyl-1,4-diazacyclononane, dacndiThe following is a
better alternative to previously described meth®d$.Freshly
prepared and dried N,N'-bis(p-tosyl)ethylenediaminé,N'-di-
sodium salt (0.05 mol) in dry DMF (50 mL) was slowly heated to
100-12C¢ under N. A clear solution resulted after dropwise
addition of 1,5-bigg-tolylsulfonato)pentane (0.05 méht®in DMF
over 1 h. After further heating overnight, the volume was reduced
substantially by vacuum distillation, and ice-cold water (200 mL)
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the resulting organic layers were combined and dried over MgSO
After removal of solvent, dacn was obtained as a solid. Yield: 0.95
g, 93%.1H NMR (CDCl): ¢ 1.46 (4H, m, NCHCH,CH,), 1.55
(2H, m, NCHCH,CH,), 2.62 (4H, s, NEI,CH,N), 2.67 (4H, t,
NCH,CH,CH,CH,CH,N), 3.34 ppm (2H, br, K). 2C NMR: 6
(CDCls) 24.47, 25.64, 45.52, 45.82 ppm.
1,4-Bis(2-pyridylmethyl)-1,4-diazacyclononane, dmpdacnlo
an aqueous solution (25 mL) of 1,4-diazacyclononane hydrochloride
(dacn2HCI; 2.00 g, 10.0 mmol) was added 2-picolyl chloride
hydrochloride (3.28 g, 20 mmol). To this slurry was added 2 M
sodium hydroxide at room temperature in small amounts with
stirring until a clear, alkaline (pH- 11) solution was obtained.
The aqueous solution was extracted with CH@Ix 50 mL), and
the organic component was dried over MgS®@ yellow oil was
obtained after removal of solvent on a rotary evaporator in vacuo;
it crystallized upon storing at°® overnight. The compound was
used without further purification in the preparation of its metal
complexes. Yield: 1.4 g, 45%H NMR (CDCl): 6 1.61 (2H, m,
NCH,CH,CH,CH,CH,N), 1.74 (4H, m, NCHCH,CH,CH,), 2.48
(4H, s, NH,CH,N), 2.70 (4H, t, NG1,CH,CH,CH), 3.73 (4H, s,
NCH,py), 7.05 (2H, t, pyH), 7.46 ppm (2H, d, pyH), 7.57 (2H, t,
pyH), 8.42 (2H, d, pyH)!3C NMR (CDCk): ¢ 28.21, 28.26, 56.90,
58.13, 65.89, 122.75, 124.24, 137.26, 129.72, 161.77 ppm.
[Co(dmpdacn-C)(OH2)](ClO4)2*H,0 and [Co(dmpdacnOH-
O)CI](CIO 4),. Caution! Perchlorate Salts Are Potentially Explo-
sive. Method A. trans{Co(py),Cl,]CI-6H,0%2 (0.59 g, 1 mmol)

was added. With cooling, the crude product precipitated as a white was dissolved in methanol (10 mL), and a methanolic solution (2

solid. It was filtered, washed with cold water, dried, and finally
recrystallized from 1:1 chloroform/ethanol. Yield: 50%. Anal.
Calcd for GiH2gN-O,S,: C, 57.77, H, 6.46, N, 6.42. Found: C,
57.50, H, 6.34, N, 6.20%8H NMR (CDCls): ¢ 1.89 (2H, quintet,
NCH,CH,CH,CH,CHN), 2.03 (4H, m, NCHCH,CH,), 2.41 (6H,
s, CH3Ar), 3.27 (4H, t, NGH,CHN), 7.28 (4H, d, aromatic), 7.63
ppm (4H, d, aromatic):3C NMR (CDCk): 6 21.48, 25.23, 27.10,
51.49, 126.96, 129.74, 135.28, 143.38 ppm.
1,4-Diazacyclononane, dacrA solution of recrystallized dacndt
(3.48 g, 7.98 mmol) in HBr (48%)/acetic acid was heated at®0

mL) of dmpdacn (0.31 g, 1 mmol) was added. The mixture was
heated to 60C for 30 min. After further heating on a steam bath
with an equal volume of concentrated HCI for 1 h, the solution
was diluted ® 1 L with water and adsorbed on a cation-exchange
(Dowex) column. The column was thoroughly washed with water
and then eluted wit 1 M HCI to remove residual Co. Elution
with 2 M HCI removed an orange band. The solution was
concentrated on a rotary evaporator, and NaGi@s added. On
standing, orange [Co(dmpda€){OH,)](ClO,),-H,O crystallized
and was collected and air-dried. (Yield: 0.48 g, 80%.) Anal. Calcd

under a nitrogen atmosphere for 48 h. It was then rotary evaporatedfor CigHsoN4Cl20105C0: C, 37.27, H, 4.61, N, 9.15, Cl, 11.58.
to a syrup and cooled in an ice bath, and absolute ethanol (250Found: C, 36.96, H, 4.61, N, 8.69, Cl, 11.37%C NMR (D;0):

mL) was added slowly with stirring, followed by ether (500 mL).
The resulting white precipitate of da@HBr was filtered, washed
with ether and air-dried, and then dissolved in water (100 mL) and
boiled with charcoal. After filtration, the solution was diluted to
1000 mL and loaded onto a Dowex column. The column was
washed with water, and then with 0.5 M HCI followed by 1.0 M
HCI. Elution of the otherwise colorless amingHwas evident as

a change in consistency of the resin as it eluted. Crystalline-dacn

0 40.23, 42.69, 56.18, 62.74, 63.78, 63.87, 64.81, 70.26, 70.91,
125.83, 126.13, 128.07, 128.59, 142.65, 143.11, 152.21, 152.56,
164.26, 165.34 ppm.

Method B. CoChL:-6H,0 (1.33 g, 5.6 mmol) was dissolved in
cold water (10 mL), and an ethanolic solution (10 mL) of dmpdacn
(1.86 g, 6 mmol) was added. Air was bubbled through the mixture,
and it had become dark red-brown after 8 h. It was then heated on
a steam bath with an equal volume of concentrated HCI for 1 h,

2HCI was obtained by evaporating the eluate to a small volume diluted to 800 mL with water, and then adsorbed on a Dowex

and completing the crystallization with the addition of ethafdl.
NMR (D;0): ¢ 1.66 (2H, g, NCHCH,CH, CH,CH,N), 1.80 (4H,
m, NCH,CH,CH,), 3.21 (4H, t, NGi,CH,CH,CH,CH,N), 3.51
(4H, s, NGH,CH,CH,), 4.64 ppm (2H, s, N). 3C NMR (D,0):

column. The column was thoroughly washed with water and with
1 M HCI to remove residual Cd. The red and orange bands were
removed successively by elution wi2 M HCI. These solutions
were concentrated in vacuo, and Nag¢HEhd ethanol were added.

0 22.29, 22.85, 42.18, 45.53 ppm. These values compare favorablyOn standing, the red and orange compounds crystallized. Each was

with literature dat&%21

Dacn2HCI was dissolved in water, cooled in an ice bath, and
basified to pH ca. 14 by the cautious addition of 10 M NaOH. The
solution was extracted with CHEor CH,Cl, (3 x 250 mL), and

(18) Sugimoto, M.; Nonoyama, M.; Ito, T.; Fujita, klhorg. Chem.1983
22 (6), 950.
(19) Iwata, M.; Kuzuhara, HBull. Chem. Soc. Jprl982 55 (7), 2153.
(20) Alder, R. W.; Eastment, P.; Moss, R. E.; Sessions, R. B.; Stringfellow,
M. A. Tetrahedron Lett1982 23, 4181.
(21) Sessler, J. L.; Sibert, J. Wetrahedron1993 49 (39), 8727.
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collected and washed with ethanol and ether, and air-dried.
Yields: 1.70 g, 45% (red); 1.86 g, 55% (orange). The orange
compound proved to be the same as that obtained by method A,
while the red compound was a new material, [Co(dmpdacnOH
O)C'](C'O4)2€2H50H'O5|‘bo Anal. Calcd for QlH33N4C|30105

Co: C, 37.37, H, 5.08, N, 8.30, ClI, 15.76. Found: C, 37.02, H,
4.62, N, 8.37, Cl, 15.71%H NMR (Me,SO-dg): 6 CHy, 2.24 (4H,

m), 2.40-3.81 (10H, m); NCHCH,CH(OH), 4.50 (1H, m); NEi,-

(22) Springborg, J.; Schaffer, C. Bcta Chem. Scand.973 27, 3312.
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Table 1. Crystallographic Data for [Co(dmpdac@{ OH,)](ClO4)2°H20

and Co(dmpdacnOKD)CI](ClO,),-acetone

[Co(dmpdacre)- [Co(dmpdacnOH2)-
(OH2)I(CIO4)2:H20 Cl](ClO4)2:C3HeO
formula C19H29C|2CON4010 C22H32C|3CON409
M 603.3 677.84
cryst syst monoclinic monoclinic
space group Cc(No.9) P2;/a
alA 9.1169(2) 12.78330(10)
b/A 25.5635(6) 11.63720(10)
c/A 11.4461(2) 18.5013(2)
pldeg 108.463(1) 102.8308(4)
VIA3 2530.32(9) 2683.56(4)
Zz 4 4
TIK 295 200
(Mo Ko)/A 0.71073 0.71073
DdJ/Mg m—3 1.584 1.678
ulmm™t 0.949 1
abs correction Sortd% Gaussiaff
no. observed/unique data 5598/45D2, 30(I) 7860/3948) > 30(l)
no. refined params 349 326
R 0.323 0.0413
Rw 0.386 0.0475
S 1.0378 1.0678

py, 4.31 (2H, m), 4.76, 5.03 (2H, m); ply 6.90 (1H, d), 7.41(1H,

t), 7.76 (1H, d), 7.98 (2H, m), 8.11 (1H, t), 8.43 (1H, t), 9.27 (1H,
d); CH—OH, 9.62 ppm (1H, br)13C NMR (Me;SO-ds): 6 30.70,
31.22, 54.81, 55.22, 55.77, 59.79, 64.84, 67.69, 72.88, 123.20,

nel,

, - | |

(B)

60 40 ppm
13C NMR spectra of dacn (A) and dmpdacn (B) in CRCI

4 T T T Y T

T
100

Figure 2.

163.63 ppm.

X-ray Structural Analyses. Diffraction images were measured
on a Nonius Kappa CCD diffractometer. Intensity data were
extracted using standard meth@@3he structures were solved by
direct method¥-2>and refined by full-matrix least-squares proce-
dures based oR.?6 The non-H atoms were refined anisotropically,

to obtainN,N'-ditosyl-1,4-diazacyclononone (dacndt) which
was then deprotected by refluxing in 30% hydrobromic acid/
acetic acid*C and'H NMR data for the isolated product
were consistent with the reported d&tdZhere was evidence
for the presence of some cyclic 1,4,10,13-tetraaza-cyclo-

and H atoms attached to C atoms were included in the models atoCtadecane (taon) in some batches. A cation-exchange

calculated positions. H atoms of the solvating water molecule of
[Co(dmpdacn€)(OH,)](ClO,)2H,O were located in innerdata

isolation procedure was developed to remove this side
product; dacnkft elutes first followed by and well separated

difference electron density maps and refined with restraints imposedfrom taonH*".

on the G-H distance. These H atom locations are consistent with
a sensible hydrogen-bonding network. The solvating acetone of [Co-
(dmpdacnOHO)CIJ(CIO4),:CsHsO was observed to be highly
disordered, and for the contribution of this region of the structure
(169 A3 per unit cell), the data were modified by means of the
SQUEEZE routine of PLATONY The crystal data and refinement
parameters are summarized in Table 1.

Results and Discussion

Preparation of dmpdacn and Its Complexes. 1,4-
Diazacyclononane (dagmvas prepared using the methods
developed by Richman and Atkins for 1,4,7-triazacy-
clononané’?The disodium salt of ditosyl-ethylenediamine

(23) Otwinowski, Z.; Minor, W. InMethods in EnzymologyCarter, C.
W., Jr., Sweet, R. M., Eds.; Academic Press: New York, 1997; Vol.
276, p 307.

(24) Altomare, A.; Cascarano, G.; Giacovazzo, G.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, M. SIR92-a program for automatic
solution of crystal structures by direct methodsAppl. Crystallogr.
1994 27, 435.

(25) Altomare, A.; Burla, M. C.; Camalli, M.; Cascarano, G. L.; Giaco-
vazzo, C.; Guagliardi, A.; Moliterni, A. G. G.; Polidori, G.; Spagna,
R. SIR97.J. Appl. Crystallogr.1999 32, 115-119.

(26) Watkin, D. J.; Prout, C. K.; Carruthers, J. R.; Betteridge, P. W.; Cooper
R. I. CRYSTALSissue 11; Chemical Crystallography Laboratory:
Oxford, U.K., 2001.

(27) Spek, A. L. PLATONActa Crystallogr 1990 A46, C34.

(28) Richman, J. E.; Atkins, T. J. Am. Chem. Sod.974 96, 2268.

The synthetic routes to the macrocyclic ligand dmpdacn
and its complexes are summarized in Scheme 2. These
followed the procedures for the syntheses of the analogous
ligands 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane (dmp-
tacny® and 4,7-bis(2-pyridylmethyl)-4,7-diaza-1-oxa-cy-
clononane (dmpdocry.

The 13C NMR spectra for the free bases are shown in
Figure 2. They show 4 and 10 signals, respectively. The
central carbony to nitrogen on the dacn ring has half
intensity and has the highest field chemical shift since it is
furthest from the nitrogen. The highest field peak in Figure
2B comprises two accidentally anisochronous peaks: the
carbons3 andy to the amine nitrogen in the dacn ring.

The cobalt(lll) complexes were prepared either by aerial
oxidation of CoC}-6H,0 in the presence of free ligand or
by direct reaction ofrans{Co(pyuCl,]CI-6H,0 with the free
amine in warm methanol. Orange [Co(dmpd&@}OH,)]-
(ClOy)2°H,0 was the sole product from the second method,
but an additional (red) material was isolated in the oxidation
synthesis. Both complexes were purified by ion-exchange

(29) Spiccia, L.; Fallon, G. D.; Grannas, M. J.; Nichols, P. J.; Tiekink, E.
R. T.Inorg. Chim. Actal99§ 279 (2), 192.

(30) Szulbinski, W. S.; Warburton, P. R.; Busch, D. H.; Alcock, N. W.
Inorg. Chem.1993 32 (3), 297.
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Scheme 2. Synthetic Routes to Dmpdacn and the Co(lll) Complexes of Dmpdacn and DmpdacnOH
H,

H,
() ‘
E ( \
2 N N. dacn
Ts" ~—" "Ts HN NH
OTs OTs  pMmE N HBr/HAc —
+ ) - = +
Ts-NNa  NaN-Ts  Reflux Y 8
Ts  100°C, 2 days
TSNN NZ Y m
— ( ) NH  HN
-N Nap [NH HNj
NG _J taon
2+ 2+
\ I
CoCl,.6H,0 /0, IL
H, 2
C 7\
2
( \ CI\}ﬁCI ( [Co(dmpdacn- C)(OHZ)]” [Co(dmpdacn- ou)cuz*
N_
HN_ NH NaOH
ZN N
I N
H_ K\N >
d Co
acn dmpdacn ( \CI()/OH
Co(dien)Cl N/JJ\N N
X l P4

=

[Co(dmpdacn-C)(OHy)**

chromatography, and crystallized as perchlorate salts. Theisomer A @syn) shown in Figure 4. Isomer Bsyn) that

orange and red compounds had the same number of signalbasc symmetry is the only other possible isomer; the NMR

in their 13C NMR spectra. Microanalyses and NMR data data eliminate this possibility.

supported the empirical formula [Co(dmpdaC)(OH,)]

(ClOy)2*H,0 for the orange comple®. The red compound Dioxane

proved to be [Co(dmpdacnOB)CI|(ClO,),;%? the —CH —

in the orange compound had becom€H(OH)—, and the

new ligand is oxygen rather than carbon bound, consistent

with our earlier analogous observation for the daedacn ligand

bound to cobal?33* ll
Characterization of [Co(dmpdacn-C)(OH2)](CIO4),- 0 aao | 1o 100 | 8o e | ppm

H,0. Nineteen distinct signals are observed in i@ NMR A)

spectrum of [Co(dmpdac@)(OH,)](CIO4)2HO (Figure

3A), 7 resonances betwe@n40.23 and 64.81 ppm (6 for CH3 carbons

the methylene carbons and 1 methine on the dacn backbone), +

2 resonances at 70.26 and 70.91 ppm for the methylene ©Hz carbons

carbons on the pyridyl arms, and 10 resonances betdeen III Il 1
120 and 170 ppm for the pyridyl carbons. The cation iS ¢ carbons
asymmetric. In contrast, tHéC spectrum of uncoordinated 1] 1] |

dmpdacn shows only 10 resonances. This symmetry is 10St =, . oconated carbons
in the Co(lll) complex indicating that the water coordinates L M ]I I 1

cisto the bondeg-carbon on the dacn ring, as depicted for e e e e e
150 130 110 90 70 50 PPm
(31) The X-ray structure established 1 lattice water per Co whereas the ®)
elemental analyses better fitted 148H Possibly there are both mono- ~ Figure 3. *3C (A) and*3C DEPT (B) NMR spectra oéisym[Co(dmpdacn-
and dihydrates in the bulk crystal sample. C)(OHL)](ClO4), in D,O.
(32) The X-ray structure was carried out on a sample derived from aqueous

acetone and shows 1 acetone per Co. The elemental analysis was From the!3C DEPT NMR spectrum of [Co(dmpdad®)-
performed on a sample derived from aqueous ethanol, and the lattice

contains one ethanol and a half water per Co. (OH)]?* (Figure 3B), the resonance @56.20 ppm can be
(33) Jag:@ﬁndw G.; Zhou, X.; Willis, A. C.; Edwards, A. Results to be gssigned to the cobalt-bound carbon atom, as this is the only
ublishe
(34) F%hou X. Doctoral Thesis, The University of New South Wales, allpha'[IC CH group, and its existence is direct evidence that

Australia, 2003. the alkyl group is deprotonated. The structure has been
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Figure 4. The two possible isomers for [Co(dmpda€){OH,)]>".
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Figure 6. 13C (A) and 13C DEPT (B) NMR spectra ofasym[Co-
(dmpdacnOHO)CI](CIO4), in Me;SO-ts.

e p————
9.7 ppm

Figure 5. Structure of theasym[Co(dmpdacn€)(OH,)]?+ cation. Aniso-
tropic displacement parameters are shown at the 30% probability level.

| H Ll

T T T T
s - 3 2 ppm

. . . 11 10
cpnﬁrmed by the X-ray crystallographic study. On _coordlna- Figure 7. *H NMR spectrum ofasym[Co(dmpdacnOHB)CIJ(CIO) in
tion, the 13C resonance frequency of the carbanion donor me,s0-ds.

undergoes a sharp downfield shift, ca. 28 ppm, as observed
for another C-bonded macrocyclic compféxrhe reduced bond length (1.963(2) A) is similar in length to other-€0
intensity of this signal is consistent with the smaller nOe bonds, for example, 1.945(6) A in [Co(dmptacn)(&H
expected due to the loss of a proton, and direct attachment(ClO,),*H,0 .27 Also, the Co-N(dacn) and CeN(py) dis-
to quadrupolar Cot3C resonances for Co-bonded C atoms tances (1.932(3) and 1.949(7)/1.930(3) A, respectively)
are usually weak or undetect&tf® compare favorably to the corresponding distances in [Co-
The downfield shift for the carbanion carbon is comparable (dmptacn)(OH)](ClO,):H.0 (1.935(7) and 1.906(7)/
to that observed for a number of related macrocyclic 1.936(7) A, respectively). The length of the €61 bond
compounds containing GeC linkages but is in contrast to  (1.968(3) A) in [Co(dmpdaci®)(OH,)](ClO4)2"H0 is slightly
the marked upfield shift for compounds containing mixed longer than the CeC bond (1.945(7) A) in [Co(tmptacn-
amine-carboxylate donor sets where it is arg&@® the O)I(ClO4),* but still lies within the range 1.942.05 A found
Co—C linkage is ionic in nature. At this stage, we do not in alkyl—cobalt(lll) species where the coordinated alkyl
understand the reason for the constrasting behavior. carbon is part of a polydentate liga#ftiThe strongtrans
The structure of the [Co(dmpda&@)}OH,)]>* cation is influence of the alkyl grou-bonded to the metal atom is
shown in Figure 5. The salt crystallizes in the space group clear: the Ce-N7 bond 2.069(4) Atrans to the Co-C1
Cc (monoclinic) with four formula units per unit cell (Figure ~ bond, is significantly longer than usual pyridine-iobalt-
6S, Supporting Information). The centralcarbon on the  (Ill) bonds; the average of the remaining three -0
dacn backbone of the ligand is confirmed to bind to the metal distances is 1.937 A. The length of the-€7 bond suggests
ion, ana|ogous to the NH group in the tacn derivative that it is relatively weak and probably also relatively labile.
dmptacn. The chelate rings are retained in the preferred five-A similar trans influence has been noted for a number of
membered forms with the formation of a €€ bond atthis ~ Co(lll) complexes containing GeC o-bonds including [Co-
v position. The agua group @&sto the coordinategt carbon  (tmptacn€)](ClO4)2.** We note evidence for a possiles-
(isomer A, Figure 4). Structural parameters are recorded in Co—C influence, with the CeOH, bond cis to Co-C

Tables 2S and 3S (Supporting Information). The-@iL0 lengthened. Further, the bonded water is unusually labile and
is substituted “instantly” by DMSO in M&0O-ds (NMR).

(35) Zhou, X.; Day, A. I.; Willis, A. C.; Jackson, W. GChem. Commun.

2003 2386. (37) McLachlan, G. A.; Brudenell, S. J.; Fallon, G. D.; Martin, R. L,;
(36) Hu, C.; Chin, R. M.; Nguyen, T. D.; Wagenknecht, P. S.; Nathan, L. Spiccia, L.; Tiekink, E. R. TJ. Chem. Soc., Dalton Tran£995 No.
C. Inorg. Chem2003 42, 7602. 3, 439.
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Figure 8. Structure of the catiomsym[Co(dmpdacnOHI)CI]2" with
labeling of selected atoms. Anisotropic displacement parameters are at th
30% probability level.

We have also been unable to isolate any-Cbcomplexes
for carbon-bonded macrocyclic ligand complexes from

S

Zhou et al.

existence of a CH group rather thatCH,— shows that the
hydrogen abstraction has occurred during the oxygenation
process, and this is also reflected in theNMR spectrum,
Figure 7. The broad proton resonance at very low fiéld (
9.62 ppm) is assigned to the hydroxyl proton; it exchanges
upon addition of RO. The UV—vis spectrum is typical for
a Cd'N4OCI chromophore (Figure 9), and the X-ray
structural determination verifies that the ligand has been
oxidized along with the metal ion during the oxygenation
process, with the insertion of a new donor atom.
[Co(dmpdacnOHI)CI](CIO,4),-acetone crystallizes in the
monoclinic space group2i:/a with four formula units per
unit cell (Figure 10S, Supporting Information). The molecular
cation is illustrated in Figure 8, and structural parameters
are given in Tables 4S and 5S (Supporting Information).
Important structural features are the-€d(dacn) distances
Co—N4 (1.975(3) A) and CeN10 (1.968(2) A) which are
significantly longer than in the corresponding alkglobalt-
(1) complex [Co(dmpdacrE)(OH,)](ClO,),H,0 and other
Co(lll) complexes of pendant-arm ligarifg’ derived from
tacn. In contrast, the CeN(CsH4N) distances (CoN7
1.939(2) A and Ce-N13 1.949(3) A) are short but still within
the normal range 1.942.05 A38:39The Co-O1 bond length
(1.922(2) A) in [Co(dmpdacnOK)CI(CIOy), is very

aqueous solution, presumably because of the lability of the similar to the Co1-O1 (1.9274(18) A) bond length in the

chloro complex that rapidly hydrolyzes.

Characterization of [Co(dmpdacnOH-O)CI](CIO 4)..
The 3C and®*C DEPT NMR spectra for [Co(dmpdacnOH-
O)CI](ClOy), are shown in Figure 6. The ligand is coordi-
nated to Co(lll) in the asymmetric configuration. The DEPT

related complex [Co(daedacnQB)CI|(ClO,), (dae = di-
2-aminoethyl)3

Base Hydrolysis ofasym[Co(dmpdacnO-O)CI]*. The
OH proton of [Co(dmpdacnOKB)CI]?* is acidic (K, ca.
6) and is totally removed under the basic conditions

spectrum unambiguously demonstrates that the resonancemployed for the kinetics to form [Co(dmpdacr@cl]*,

signal atd 55.77 ppm is the CH group, Figure 6B. The

as shown in Scheme 3. This is evidenced by the-Wig

T T T
350 400 450

00 Wavelength (vm)

Figure 9. Absorption spectra ohsym[Co(dmpdacnOHI)CI]?* (lower) andasym[Co(dmpdacnO9)CI]* (upper) in HO.

Scheme 3. Base-Catalyzed Hydrolysis aisym[Co(dmpdacnOo]*

'|2+
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Scheme 4. Free Alkane to Agostically Bonded Metal-Carbanion
Transformation
_| 3+ N

Jx
- q

1‘\/°

particular CH is several €C bonds remote from the electron
withdrawing NH center, and clearly the activation is not
driven by the electron withdrawing capacity of the NH center,
as might have been adjudged from the tmptacn cheriistry
where thea-CH, center was involved.

Wavelength (nm) The result suggests that some initial activation is involved
Figure 10. Changes in the absorption spectra with time for the base O Overcome the |0_W ?C|d|ty _prOblem’ perhaps via the
hydrolysis of [Co(dmpdacn@)CI]*. alkane-metal “agostic” interaction, Scheme 4. Prototype

. _ o ~ metal ion-alkane complexes have been spectroscopically
absorption spectra that reflect the reversible equilibrium in characterized in the solid phase, but recently, their existence

acid and base, Figure 9. (and high reactivity) has been established by NMR studies
The typical changes in the absorption spectradsym in solution** The oxidation state at which the MC bond

[Co(dmpdacnOe)CI]* as it reacts in base are presented in forms is unknown.

Figure 10; the product iasym[Co(dmpdacnG9)OH]". The reaction shown in Scheme 1 can be quantitatively

The sharp isosbestic points are consistent with a cleanreversed in acid by heating (Scheme'S)We believe the
reaction through to the corresponding hydroxo complex. The strain in the four-membered ring contributes to this instability
plot of konsqversus [OH] is shown in Figure 13S (Supporting  in acid solution. By contrast, the present alkyl complex [Co-
Information), which follows the equation of the forkgssq (dmpdacn€)(OHy)]?" is remarkably stable toward ring
= ks + kon[OH™]. opening in acid. This species involves all five-membered

The intercept represents the rate constant for the spontanerings, and the coordinated carbanion is within a macrocycle,
ous hydrolysis pathway, while the slope gives; for the which we believe renders it kinetically stable to ring opening
base-catalyzed hydrolysis route. The low value for the latter in acid.

(ca. 8x 103 M~*s1), compared to a typical2 chloro- Mechanism of Ligand Oxidation. Reaction of the free
pentaaminecobalt(lll) complex, is consistent with the low macrocyclic ligand dmpdacn wittrans-[Co" (py)4Cl;]Cl
charge (#), hence low acidity, and it also reflects the lack forms the alkytcobalt(l1l) complexasym[Co(dmpdacnE)-

of any acidic NH proton. Indeed, the compound must (OH,)]?" exclusively. When acidic or basic solutions of the
hydrolyze bya-pyridyl deprotonatioff because there is no  alkyl—cobalt complex [Co(dmpdacB)(OH,)]?* are vigor-

NH center. Forasym[Co(dmpdacnOH3)CI]?" undergoing ously purged with oxygen, nothing changes over a 24 h
acid hydrolysis, the measured value lgfis 1.08 x 103 period. However, aerial oxidation of cobalt(ll) solutions
s 1, which is smaller than the value derived from the intercept containing dmpdacn yields not only [Co(dmpdaCh-

in Figure 13S, 1.48x 10 s%; however, the latter  (OH,)]?" but also [Co(dmpdacnO®)CI]*. Here the bound
corresponds to aquation of the different O-deprotonated carbon has undergone a—2exidation to an alcohol, the
speciesasym[Co(dmpdacnQ)CI]*. It is apparent that the  oxygen of which becomes the bonded atom. The carbon is
cis-alkoxy group (vscis-alcohol) does not provide much also required to invert for this to happen. The alcohol oxygen
labilization for the acid hydrolysis reaction. is likely derived from the oxygen also used to raise Co(ll)

Mechanism of Alkyl—Cobalt(lll) Bond Formation. to Co(lll), and not from solvent water. This is consistent
There was an expectation that the free dmpdacn ligand, whichwith the result reported by Irisa et &F.that the hydroxy
has a conventional Nlonor set, could become pentadentate. oxygena. to an amine of an amino acid originates from the
The ligand has a-CH,— stereochemically positioned such molecular oxygen. The insertion of oxygen into& o
that deprotonation, with subsequent carbanion coordination,bonds in a palladium system has also been documéfitéd,
could lead to an BC donor set and a metal complex structure but observation of such a reaction for-Co(lll) is only the
with all five-membered rings. Indeed it does, and no added second example (the analogue of dmpdacn which has
base is required (unlike the case for tmptdcnit occurs —CH;—CH,— linked “arms” being the firsé-9).
under neutral conditions, despite the enormously low acidity

constant for the-CH,— center involved (K. > 16). This ~ (41) Geftakis, S.; Ball, G. EJ. Am. Chem. Sod99§ 120, 9953.
& 2 (Ka ) (42) lIrisa, T.; Atsumi, T.; Jitsukawa, K.; Masuda, H.; EinagaJHInorg.
Biochem.1997, 67 (1—4), 239.
(38) Data extracted from the many structural references given in D. A. (43) Sinha, C.; Bandyopadhyay, D.; Chakravorty,ldorg. Chem.1988

House’s article (ref 39). 27 (7), 1173.

(39) House, D. AComments Inorg. Chemi997, 19, 327. (44) Sinha, CTransition Met. Chem1994 19 (1), 41.

(40) Dickie, A. D.; Jackson, W. G.; Hockless, D. C. R.; Willis, A.l8org. (45) Mahapatra, A. K.; Bandyopadhyay, D.; Bandyopadhyay, P.; Chakra-
Chem.2003 42, 3822. vorty, A. Inorg. Chem.1986 25 (13), 2214.
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Scheme 5. C- to N-Bonded Reverse Rearrangement in Aqueous Acid

Zhou et al.

Dioxygen complexes of Co(lll) form readily in aqueous
solutions of Co(ll) salts and amine ligands in the presence
of O, and are usually binuclear with;aperoxo bridge®47
Superoxo bridged dinuclear ions can also form under such
conditions. Less common but nonetheless well-known cobalt-
(Il —peroxide structures involve sideways bonded peroxo
(0%) complexes formed from Co(l¥ ligand + O,, or
Co(lll) + O ,*8and a peroxo cobalt(lll) complex involving
simultaneous bridging and sideways bondihdhe early
dioxygen chemistry has been reviewed by Matfetind
Williams.5° Three types of reactions were described by which
cobalt dioxygen complexes become converted irreversibly
to mononuclear cobalt(lll) complexes. Of these, one involves
oxidative dehydrogenation of the coordinated ligand by
coordinated dioxygen, and another, oxygen insertion into the
coordinated ligand. The factors that control the tendencies
of cobalt(lll) peroxo complexes to undergo such reactions
are not well understood, and it is still not possible to predict
the course of reaction. Considerably more is known about
such reactions and the related chemistry of imines formed
from bound amines, for the ruthenium (and osmium) metal
ion systems where M(IV) is implicated as the active metal
ion oxidation staté&!~52 this chemistry has been review&d.

Since the Co(lll}-alkyl complex is known to be resistant
to oxidation at carbon, then the oxidation at carbon must
occur either prior to or synchronous with the Co(ll) to
Co(lll) process. Further detailed mechanistic speculation is
unwarranted until the origin of the hydroxy oxygen is
confirmed.

Summary

The ligand 1,4-bis(2-pyridylmethyl)-1,4-diazacyclononane,
dmpdacn, forms alkytcobalt(lll) complexes under ex-
tremely mild conditions with an (amingiCH™) donor set

Spectroscopic and structural analyses show that thie C
bond activation has occurred on the carlyaio nitrogen on

(46) Martell, A. E.; Basak, A. K.; Raleigh, C. Pure Appl. Chem1988
60 (8), 1325.

(47) Martell, A. E.J. Mol. Catal. 1988 44, 1.

(48) Bosnich, B.; Jackson, W. G.; Lo, S. T. D.; McLaren, J. Mbrg.
Chem.1974 13, 2605.

(49) Gavrilova, A. L.; Qin, C. J.; Sommer, R. D.; Rheingold, A. L.; Bosnich,
B. J. Am. Chem. So®002 124, 1714.

(50) Gubelmann, M. H.; Williams, A. F. IrStructure and Bonding
Springer-Verlag: Berlin, 1983; Vol. 55, p 1.

(51) Bernhard, P.; Sargeson, A. Nl. Am. Chem. So0d.989 111, 597.

(52) Bernhard, P.; Bull, D. J.; Buergi, H.-B.; Osvath, P.; Raselli, A.;
Sargeson, A. MInorg. Chem.1997, 36, 2804.

(53) Keene, F. R.; Lay, P. A.; Sneddon, G. E.; Whebell, G.Atist. J.
Chem.1993 46, 1763.

(54) Keene, F. RCoord. Chem. Re 1999 187, 121.
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the dacn portion of the ligand, at the same position of the
—NH-— of the dmptacn analogue. Indeed, the two complexes
asym[Co(dmptacn)(Ok)]** and asym[Co(dmpdacnc)-
(OHy)]?" are isoelectronic and have closely related solid-
state structures (Figure 5 and ref 34). The at@b(lll)
complex has a CeC bond distance of 1.966(6) A, which is
comparable with the CeC bond of the dmptacn rearranged
product® of 1.945(7) A.

The [Co(dmpdacri€)(OH,)]?>" complex is the sole product
derived from a cobalt(lll) substrate, but when the ligand is
aerated in the presence of Co(ll) salts, a new hydroxylated
ligand complex [Co(dmpdacnOB)CI])?" is formed along
with the dmpdacn carbanion complex. The bonding has
changed from C to O which requires the carbanion to invert,
oxidize, and add a proton; accompanying these changes are
increases in the associated chelate ring sizes. This appears
to be the first report of alkytCo(lll) and hydroxylated
alkyl—Co(lll) complexes formed in one process.

The first step in the hydrolysis kinetics of [Co(dmp-
dacnOHO)CI]?" is the (rapid and reversible) removal of the
proton of the hydroxyl group on addition of base, to form
the alkoxy complex [Co(dmpdacnO)Cl]*, followed by rate
determining loss of Cl Theasymstereochemistry is retained
in the ligand substitution process. In acid solution, the OH
proton is retained, and slow hydrolysis of Gt observed.
The value forkoy for the alkoxy complex is finite rather
than zero, indicating deprotonation at theCH, o to a
pyridyl since there are no NH centers. The value is
comparable to that fasymfCo(dmpmetacn)CH (0.70 M1
s 1) which has been establisHé€do base hydrolyze by this
unique pseudo-aminate mechanism.
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