Dichloro(1,4,8,11-tetraazacyclotetradecane)manganese(1ir) chloride:
cis—trans isomerisation evidenced by infrared and electrochemical

studies
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The isomers cis- and trans-dichloro(1,4,8,11-tetraazacyclotetradecane)manganese(1ir) chloride have been

synthesized and characterised. An isomerisation of the type cis-Mn

x

it

—> trans-Mn"" was observed by IR

spectroscopy. Recrystallisation of the cis species gave systematically crystals of the trans derivative. The crystal
structure of the latter complex has been determined. An electrochemical study of the trans-manganese(1ir)
complex in dimethyl sulfoxide revealed a rare trans — cis isomerisation reaction which proceeds through an
electrochemical step—chemical step mechanism. The overall first-order rate constant, kg, for this isomerisation

150°

was determined by simulation of the chronoamperometric data. Supplementary electrochemical information for

the trans-manganese(11) isomer was obtained through simulation of the cyclic voltammograms over a large range
of scan rates. No influence of chloride ion concentration was observed as determined by cyclic voltammetry using
an internal chloride standard, [N(PPh,),]Cl. The cyclic voltammogram of the cis-dichloro(1,4,8,11-tetraazacyclo-

tetradecane)manganese(11) generated in situ displays the usual cis ——> trans isomerisation which also occurs via

an electrochemical step—chemical step mechanism.

Manganese is involved in many biological processes, in partic-
ular it is the active site of several enzymes.'™ In order to mimic
these enzymes, many manganese polyazamacrocyclic complexes
have been synthesized and studied in connection with oxidation
state,* co-ordination scheme® and number of manganese sites
present in these biological catalysts.*” As an example, mangan-
ese pentaazamacrocyclic complexes have been prepared and
characterised in efforts to determine the mechanism of action
of superoxide dismutase.® Furthermore, parallel syntheses of
porphyrin and triazamacrocycle manganese complexes have
been carried out and these complexes have been shown to be
catalytically active in oxidation reactions.”™ In these latter
derivatives the oxidation state of the metal centre is 11, 111, Or 1v,
their structure varying from monomer up to tetramer.'>'” Two
types of manganese cyclam complexes have been found to be
important in catalytic oxidation reactions: a mixed-valence
dinuclear complex of the type Mn™-Mn"'¥2° and a trans-
dichlorocyclam manganese(ii1) species.”’ However, the active
form of the 1,4,8,11-tetraazacyclotetradecane (cyclam) mangan-
ese complex involved in these oxidation reactions remains
unknown.”?* In the present work, we have synthesized and
characterised a third type of cyclam manganese complex, the
cis-dichlorocyclam manganese(t) chloride. In addition, a
cis—> trans isomerisation reaction has been observed and
monitored by IR spectroscopy. Complementary information
has been provided through electrochemical studies where both
cis —> trans*** and, a more rarely observed, trans—> cis
isomerisation reactions?®*” occur as the precursors are oxidised
or reduced respectively. Efforts have been made to crystallise
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the cis complex, but systematically crystals of the trans isomer
have been produced via the above mentioned cis—— trans
isomerisation reaction. The crystal structure of this latter
derivative is reported.

Experimental
Instrumentation

Cyclic voltammetry experiments were performed using a model
273A EG&G potentiostat controlled by a personal computer
using the EG&G 270/250 Research Electrochemistry Software
(version 4.23). These experiments were carried out in a three-
electrode cell using a glassy carbon disc (r=1.5 mm) as the
working electrode, a platinum spiral as the counter electrode,
and a saturated calomel electrode (SCE) as the reference.
In experiments at higher scan rate the working electrode was a
platinum disc (r=0.025 mm). The cyclic voltammetry was
simulated using the DIGISIM program (version 2.1) distrib-
uted by the Bioanalytical Systems Corporation.® For the
coulometric measurements a IG6-N Tacussel instrument was
used. The potentials were held constant with a model 362
EG&G potentiostat. In the electrolyses a carbon tissue was
used as the working electrode, and the counter electrode was
either a platinum spiral or magnesium ribbon. The counter elec-
trode compartment was separated from the working electrode
with a porous glass sintered disc. Experiments using a rotating
disc electrode (RDE) were accomplished with a gold electrode
(r = 1 mm, Tacussel). Rotation speeds of 900 revolutions min !
yielded stationary-state voltammograms. Double-step chrono-
amperometry was performed using the same electrodes as in the
experiments at the elevated scan rates. Three different concen-
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trations were analysed: 0.5, 1.0 and 2.0 mM over time intervals
of 5 to 200 ms. The programmed potential ramp began and
ended approximately 200 mV before and after the peak of the
corresponding reduction wave in the cyclic voltammetry for
the equivalent time interval. All potentials are referred to the
SCE; electrochemical experiments were conducted at room
temperature.

The IR spectra were recorded on a Bruker IFS 66v FTIR
spectrometer and samples were prepared as 1% dispersions in
KBr pellets.

Chemicals

The cyclam ligand was prepared in our laboratory following
literature methods.?*® For all syntheses, chemicals were com-
mercially available and used as received without further purifi-
cation. For the electrochemical studies, dimethyl sulfoxide
(dmso) was dried over activated 3 A molecular sieves. Bis-
(triphenylphosphoranylidene)ammonium chloride [N(PPh,),]-
Cl was from Aldrich. The electrolyte support, tetra-n-butyl-
ammonium hexafluorophosphate (Fluka), was used as received.

Di-p-oxo-bis(1,4,8,11-tetraazacyclotetradecane)dimangan-
ese(lILIv) perchlorate. This compound is formed during the
preparation of the cis-[Mn(cyclam)CL]Cl (see below). It was
synthesized using a slightly different procedure than that
described.’? A solution of Mn(ClO,),-6H,0 (1.8 g, 5 mmol)
in methanol (50 cm®) and water (10 cm®) was added dropwise to
cyclam (1 g, 5 mmol) in methanol (20 cm®). The resultant mix-
ture turned olive green. After stirring for 1 h, it was filtered and
a green precipitate recovered after several washings with cold
methanol. The precipitate was then air-dried. CAUTION: care
should be taken in isolation of the solid product; transition
metal perchlorates are potentially explosive and must be pre-
pared in small amounts. Yield 1.43 g (33%) (Found: C, 27.7; H,
5.8; N, 12.9. Calc. for C,,H,5C1;Mn,N;0O,,-H,0: C, 27.9; H, 5.8;
N, 13.0%).

trans-Dichloro(1,4,8,11-tetraazacyclotetradecane)mangan-

ese(11r) chloride. A solution of Mn(CH;CO,),-2H,0 (6.7 g, 25
mmol) in methanol (200 cm®) was added to cyclam (5 g, 25
mmol) dissolved in methanol (50 cm?®). The reaction mixture
was then stirred for 3 h at room temperature. Concentrated HCI
(1 cm®) was then added to allow the formation of a clear green
precipitate which was filtered off and recrystallised from water
(7.33 g, 65%) (Found: C, 26.8; H, 7.6; N, 12.3. Calc. for
C,,H,,C1;MnN,-5SH,0: C, 26.6; H, 7.6; N, 12.4%).

trans- and cis-Dichloro(1,4,8,11-tetraazacyclotetradecane)-
manganese(ll1) chloride (one-pot synthesis). A solution of
MnCl,-4H,0 (1.98 g, 10 mmol) in methanol (100 cm®) was
added to a solution of cyclam (2 g, 10 mmol) in methanol
(25 cm?®). The resultant solution was olive green. After evapor-
ation of three-fourths of the solvent, a clear green precipitate
was collected and, after filtration, identified as the trans-
manganese(lll) complex previously described (see above).
Treatment of the filtrate [containing the mixed-valence p-oxo-
dimanganese(ii1, 1v) species] by concentrated HCI (0.4 cm?,
1 equivalent) led to the formation of a red precipitate. After
filtration and washing several times with methanol, the
cis-dichloro(1,4,8,11-tetraazacyclotetradecane)manganese(Iir)
chloride was obtained. (1.3 g, 35%) (Found: C, 33.0; H, 6.7; N,
14.9. Calc. for C,,H,,C1;MnN,-0.33CH;0H: C, 33.3; H, 6.8; N,
15.0%).

Crystallography

Crystal data for trans-|Mn(cyclam)CL]CI-5H,0. C,,H,,Cl;-
MnN,-5H,0, M =451.7, monoclinic, space group P2,/n,
a=9.876(1), b=6.501(1), c=16.6512) A, P=107.39(1),
U=10203(2) A% room temperature, Z=2, pn(Mo-Koa)=
1.09 mm™, 4421 reflections measured {including substructure,
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see below, [sin 0/A],,, = 0.6 A™'}, 2105 structure reflections of
which 1479 [I = 30(I), Ry, =0.005] were used for the refine-
ment. Final R(F) =0.036 and R'(F) =0.042.

A first quick and short data collection had shown that this
manganese(11) complex crystallises in the monoclinic system
with lattice type C (systematic absences: hkl, h + k #2n). A
total of 4421 reflections was collected. During the data treat-
ment it became evident that reflections with k& odd (or / odd)
were much weaker than those with k& even (or /4 even), and
furthermore that the reflections with k odd may not be averaged
according to 2/m symmetry, indicating the existence of a sub-
structure of lower symmetry. Then, in order to find the average
structure, we only used the reflections with k (or /) even, the
new unit cell being four times smaller than the old one. This
transformation led to systematic absences (407, i + [ # 2n); thus
this manganese complex crystallises in the monoclinic system,
space group P2,/n. Lorentz-polarisation corrections, intensity
scaling (2% decay), and data reduction were carried out using
the DREAR package.?! No absorption correction was applied.
The structure was solved by Patterson methods and successive
Fourier synthesis, then refined by full-matrix least squares.®
After location of all non-H atoms, difference electron density
maps revealed three residual peaks of approximately the same
weight in the asymmetric unit. Two have been attributed to
oxygen atoms of water solvate molecules [w(1) and w(2)]. The
third peak corresponds to a site occupied by a chloride ion
[CI(2)] and by an oxygen atom of a water molecule [w(3)], each
with an occupancy factor of 50%. The positions of the CI(2)
and w(3) atoms have been alternatively refined. The two atoms
are separated by 0.552(6) A. This disorder refined in the P2,/n
space group explains the weak substructure reflections due to
the solvent and counter-ion structure. All attempts to solve the
substructure failed. The refined parameters included aniso-
tropic mean-square displacements for the non-H atoms, and
positions for the macrocycle H atoms, isotropic mean-square
displacements being B(H) = 1.3 B(X), where B(X) is the equiv-
alent isotropic mean-square displacement for atom X to which
the H atom is covalently bound. The ORTEP* program was
used to draw the crystal structure views (Figs. 1 and 2). Selected
bond distances and angles are reported in Table 1, and the
geometry of the intra- and inter-molecular hydrogen bonds in
Table 2.

CCDC reference number 186/990.

Results and Discussion
Synthesis

The complexes were obtained starting from stoichiometric
amounts of cyclam and manganese dichloride. Under these
experimental conditions, the mixed-valence dinuclear complex
Mn™-Mn" and the trans-dichlorocyclam manganese(ir) com-
plex are formed simultaneously at room temperature. We
observed that hydrolysis of the mixed-valence dinuclear com-
plex, in methanol, by addition of concentrated HCI led to the
formation of cis-[Mn(cyclam)CL]CI (see below). The reaction
is visibly apparent, as the initial solution of Mn™-Mn"" is olive
green, and upon addition of HCI the solution gradually
becomes red. Interestingly, the reaction with HCI seems to
break the p-oxo bridges but maintains the cis arrangement. In
aqueous medium the cis isomer rapidly and irreversibly con-
verts into the trans species at room temperature as has been
previously observed for cobalt(iir) complexes.**** However, the
present reaction is different from that reported for correspond-
ing iron(m) complexes where the cis——> trans conversion
requires heating.*

Crystal structure of trans-dichloro(1,4,8,11-tetraazacyclotetra-
decane)manganese(ilr) chloride

An ORTEP view of the crystal structure of the trans-



C(2) c(1)

Fig. 1 An ORTEP view of the molecular structure of the rrans-
[Mn(cyclam)CL,]CI complex with 50% probability thermal ellipsoids for
non-H atoms. Only hydrogen atoms bonded to the nitrogen atoms are
shown. Atoms obtained by inversion [0, 0, 0] have primed labels

Table 1 Selected bond distances (A) and angles (°) with estimated
standard deviations (e.s.d.s) in parentheses for trans-[Mn(cyclam)-
CL,]CI-5H,0

Mn-N(1) 2.036(3) Mn—CI(1) 2.5269(7)
Mn-N(2) 2.031(2)

N(1)-Mn-N(2) 85.5(1) N(I)-Mn-CI(1")  91.26(7)
N(1)-Mn—CI(1)  88.74(7) N(Q2)-Mn-CI(1')  91.74(7)
NQ)-Mn-Cl(1)  88.26(7) CI(1)-Mn-CI(1") 180
N(1)-Mn-N@2')  94.5(1)

Symmetry code: I —x, —y, —z.

[Mn(cyclam)CL,]* complex is given in Fig. 1 with the number-
ing scheme used. The manganese ion lies on one 1 inversion
centre. The structure consists of centrosymmetric [Mn-
(cyclam)Cl,]" cations which are linked by hydrogen bonds to the
chloride anions and to the water molecules. The geometry
at manganese is trans-pseudo-octahedral with the four nitrogen
atoms of the ligand in equatorial position [average Mn—-N
2.033(3) A], and the two chloride ions in axial positions with a
very long Mn—Cl bond length [2.5269(7) A]. This bond distance
is much longer than that found in the similar complex trans-
[Co(cyclam)CL,]Cl-:4H,0-0.47HC1*" where the distance Co—Cl
is equal to 2.2524(6) A. The Mn—N and Mn-Cl bond lengths
are very similar to those of the trans-[Mn(cyclam)Cl,]NO;
complex,?! as are the cis N-Mn-N bond angles of 85.5(1) and
94.5(1)°, the smaller value being associated with the five-
membered ring [Mn, N(1), C(1), C(2), N(2)] as expected. In
the same way, the bond distances and angles in the cyclam
ligand are thoroughly consistent with those found in the
literature.?*"-*° The metal ion is located in the plane of the four
nitrogen atoms. Hydrogen atoms bonded to N(1’) and N(2) are
above the four-nitrogen plane, whereas the hydrogen atoms
bonded to N(1) and N(2) are below, giving rise to the expected
trans-II1 conformation according to the nomenclature of
Bosnich er al*® Based on the N-H bond direction relative to
the four-nitrogen atom plane, five energetically distinct non-
enantiomeric cis and trans isomers, denoted I to V, are con-
ceptually possible since each co-ordinated nitrogen atoms is
chiral. In the trans-III isomer the five-membered chelate rings
adopt twist conformations, and the six-membered chelate rings
are in chair conformations. Fig. 2 shows the crystal packing of
trans-[Mn(cyclam)CL]CI-5H,O as a projection in the (Z, ?)
plane, and the geometry of the intra- and inter-molecular
hydrogen bonds is given in Table 2. The HN(2) hydrogen atom
participates in a three-centre hydrogen bond,* involving the
N2-HN(2) bond and two hydrogen bonds with the CI(1)

O}

0
Fig. 2 An ORTEP view of the crystal packing in frans-[Mn-
(cyclam)CL]CI-5H,0O as a projection in the (b, ¢) plane, with 25%
probability thermal ellipsoids for non-H atoms. Hydrogen bonds are
indicated by single thin lines

chloride ion as acceptor, one being an intramolecular bond and
the other an intermolecular bond. That three-centre hydrogen
bond gives rise to infinite chains of the [Mn(cyclam)] complex
which extend along the b axis direction. The sum of the
angles involving HN(2) as central atom is exactly 360°. A
Mn-N(2)-NH(2)--- CI(1)>Mn interaction has also been
found in the trans-[Mn(cyclam)Cl,]NO; complex,?* which also
crystallises in the space group P2,/n, but in that case the chain
structure runs parallel to the @ axis, the Mn - - - Mn separation
(i.e. the a axis length) being 6.547(2) A compared to 6.501(1) A
for the 5 axis length in our case. These infinite chains are linked
to one another via the CI(2) chloride ion and the water
molecules. The HN(1) hydrogen atom is also involved in a
three-centre hydrogen bond, on the one hand from an intra-
molecular contact with the CI(1) chloride ion and on the other
from an intermolecular contact with the CI(2) ion and the w(3)
water molecule. The sum of the characteristic angles of the
three-centre hydrogen bond is 360 and 357°, for w(3) and CI(2)
as acceptor respectively. The intermolecular contact of 2.875(7)
A between w(1) and w(3) seems to correspond to an hydrogen
bond where w(3) would be the donor.

Characterisation of the isomerisation reaction by IR
spectroscopy
111

isomerisation reaction can be
1

The cis-Mn™ —— trans-Mn
monitored by IR spectroscopy in the region 800-900 cm™
where the N-H and CH, vibrations of the cyclam moiety are
sensitive to the geometric nature of the ligand co-ordinated to
the metal. The cis complexes have a distinct fingerprint pattern
which is practically insensitive to the nature of the metal. Previ-
ously reported cis complexes of the type MM™(cyclam)Cl,
exhibit two CH, (794-824 cm ™) and three to four N-H absorp-
tion bands (841-926 cm™') (see Table 3).3%% In agreement with
those studies, the cis-[Mn(cyclam)Cl,]Cl complex presents also
two bands in the region 790-830 ¢cm ™! and two broad and
intense bands in the region 840-890 cm '. Another band of
weaker intensity is noted at 923 cm ™.

In a short period of time the cis isomer dispersed in a KBr
pellet transformed into the trans complex. We attribute this
isomerisation to trace amounts of water contained in the KBr
salt. This isomerisation reaction is demonstrated through IR
spectroscopy by the disappearance of the four bands at 923,
858, 844 and 807 cm ™! and the concomitant appearance of one
intense band at 880 cm . Conversely, the band at 795 cm ™' is
unaffected. These two remaining bands are characteristic of the
trans isomer (see Table 3). The evolution of the IR spectrum
during the cis—— trans isomerisation reaction is depicted in
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Table2 Geometry of the intra- and inter-molecular hydrogen bonds (distances in A, angles in °) in the trans-[Mn(cyclam)Cl,]Cl-5H,0 complex

Intramolecular hydrogen bonds

N(@2)-HN(2)
N(1)-HN(1)

w(1)-Hw(12)
w(1)-Hw(11)

w(2)-Hw(21)

N()-HN(1)

CI(1) -+ N(2) 3.193(2)
CI(1)---N(1) 3.210(3)
Intermolecular hydrogen bonds
w(l)---w(2) 2.783(6)
w(l)---w(3") 2.773(6)
w(l)- -+ C122") 3.231(4)
w(l)---w(3) 2.875(7)
w(l)---Cl(2) 3.024(5)
w(2)---CI2"™)  2.859(5)
w(2) -+ - w(3™) 3.174(6)
N(1) -+ -w(3" 3.050(6)
N(1)---CI1(2"H 3.238(3)
N@2)---CI(1VY)  3.233(3)

N2-HN(2)

0.86(4)
0.76(4)

0.780(4)
1.058(4)

0.764(5)
0.76(4)

0.86(4)

HN(Q)- -
HN(1)- -

Hw(12)- -
Hw(11)- -
Hw(11)- -

Hw(21)--
Hw(21)- -

HN(1)- -
HN(1)- -
HNQ)- -

cI(1Y

CI(1)

w(2)
. W(3II)
-CI(21)

. CI(ZIH)
. W(3III)
w(3")

Cl(2Y

CI(1V)

2.72(3)
2.83(4)

2.015(5)
1.717(5)
2.174(2)

2.240(2)
2.632(5)
2.41(4)
2.56(4)
2.49(4)

N(@2)-HN(2)

N(1)-HN(1)- -

w(l)-Hw(12)- -
w(1)-Hw(11)- -
w(l)-Hw(11)--

w(2)-Hw(21)
w(2)-Hw(21)

- CI1Y
- CI(1)

w(2)
. W(3II)
-CI(21)

-+ Cl2™)
e W(3III)

N(D)-HN(1) - - w(3")
N(1)-HN(1)- - - CI(2Y)
N(Q2)-HN(2)- - - CI(1™)

116(3)
114(3)

168.4(4)
175.1(3)
175.7(2)

138.8(3)
129.6(3)
143(4)
150(4)
146(3)

Symmetry codes: I —x,

-y, —z;110.5 =x, =0.5 +y, =0.5 —z; Il x, =1 +y, z; IV x, 1 +y, z.

Table 3 Infrared absorption bands in the 800-900 cm ™ region of selected cis- and trans-[M(cyclam)Cl,]X complexes

Geometry M X N-H vibration/cm™ CH, vibration/cm™! Ref.
cis Cr Cl 872m 862m (sh) 854m 815w 805m 35
cis Mn Cl 923m 858s 844s 807w (sh) 795m *
cis Fe Cl 866s 858m 850s 808m 794s 36
cis Co Cl 890w 872s 859s 841w 824w 808s 36
trans Cr Cl 890s 882s 804s 35
trans Mn Cl 880s 795m *
trans Fe Clo, 890s 888s (sh) 810m 36
trans Co Cl 906s 888s 818s 36
* This work.
viem™ (a)
900 850 800 . -Mnlll—s -Mnl!
N T T A T T NN T T TN T OO TN SR N M 16 rans-Mn trans-Mn
8 cis-Mnlll—> cis-Mnl!
ol
8 I"cis-Mnl«e— cis- mn!!
| | 1 | 1 |
700 500 300 100 -100 -300 -500
: ()
- cis-Mnlll— cis-mnll
-8 trans - Mn !l ——=  trans - Mn !
Fig.3 Evolution of IR spectra of cis- to trans-[Mn(cyclam)CL,]Cl B
Fig. 3. This decrease in band number is consistent with the or
higher symmetry of the trans compared to the cis isomer. -
. 8
Electrochemistry /
Evidence of the reductive isomerisation trans-Mn™——
cis-Mn™ has been observed by cyclic voltammetry experiments 16 i - MnL“'(— cis-Mnll
arts _ 1 . 1 1 I | ]
starting from the trans-[Mn (C}{C!dm)Cl2]Cl . complex. As 706500 300 700 700 -300 500
shown in Fig. 4(a), the first positive scan displays only a E/mV vs. SCE

capacitive current (no electrochemically active species being
present and thus no oxidation to Mn'" takes place up to 0.6 V
vs. SCE). However, after the chemically irreversible reduction
of the trans-manganese(1) isomer, a reversible oxidation wave
appears at E°.=0.3 V and a parallel decrease in cathodic
current is noted during the second cycle of the voltammogram.
This diminution in cathodic current is consistent with the
formation of the cis-manganese(ir) isomer produced and char-
acterised by its reversible oxidation wave signature during the
first cycle. However, the irreversible reduction of the trans-
manganese(Iln) complex becomes electrochemically quasi-
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Fig. 4 Cyclic voltammograms of (@) trans-[Mn(cyclam)CL]Cl and (b)
cis-[Mn(cyclam)Cl,] in dmso containing 0.1 m NBu",PF,. [Complex] = 2
mm, scan rate = 100 mV s™!, glassy carbon working electrode (r=1.5
mm)

reversible at scan rates approaching 20 V s™!. Exclusive form-
ation of the cis-manganese(11) complex was observed during
bulk reductive electrolysis of the trans-manganese(1) isomer.
Furthermore, the cathodic stationary current for the reduction
of the trans-[Mn™(cyclam)Cl,]JCl complex before the coulo-
metry experiment and the resulting anodic stationary current
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Fig. 5 Variation in the normalised current ratios R,,,, with the para-
meter log k.t for the electrochemical step—chemical step mechanism
in double-step chronoamperometry. The initial potential was imposed
at +0.1 V changed to —0.4 V for a time ¢ and returned to +0.1 V.
Comparison to the theoretical curve for various concentrations of
trans-[Mn(cyclam)C1]C1: 0.5 (A), 1.0 (O) and 2.0 mm (@)

for the cis-[Mn"(cyclam)Cl,] complex produced are equal in the
RDE experiments, indicative of a quantitative conversion.

Since the chemical trans-Mn™ — cis-Mn" reductive isom-
erisation was of particular interest, double-step chronoampero-
metry experiments were performed on solutions of the trans-
[Mn™(cyclam)CL,]Cl complex. The normalised current ratios
were plotted as a function of log k;, ¢t for a mechanism where
one molecule of frans-manganese(11) species isomerises to the
cis complex. A good agreement between the simulated normal-
ised current ratio R,,,,, for the electrochemical step—chemical
step mechanism (R, vs. log k;f) and the experimental data
was obtained over a concentration range from 0.5 to 2.0 mm.
Similarly, neither addition of free chloride ions {40 equivalents
[N(PPh;),]Cl nor deliberately added water (150 equivalents)
affects the variation of R,,,,. Therefore, the overall kinetics of
the chemical isomerisation is not bimolecular and does not
involve chloride ions or water molecules. The results of the
chronoamperometric analysis are depicted on Fig. 5. The rate
constant, k;, is equal to 5.8 £ 0.6 s,

Cyclic voltammetry was also performed upon the cis-[Mn"-
(cyclam)Cl,] generated in situ by addition of cyclam to a solu-
tion of MnCl,-4H,0 in dmso. The electrochemical oxidation
potential (E:) of this reduced cis complex is identical to the
reduction potential of the cis-manganese(1) complex the prep-
aration of which is described herein [Fig. 4(b)]. Upon oxidation
of this cis-manganese(11) complex the resulting cis-mangan-
ese(11) complex undergoes a chemical isomerisation reaction to
form a small quantity of the corresponding trans isomer during
a voltammetric scan at scan rate of 100 mV s~'. Simulation of
the corresponding set of voltammograms allows one to evalu-
ate the corresponding rate constant as ca. k_;, = 0.1 s™!. How-
ever, the one-electron oxidation of cis-[Mn™(cyclam)Cl,] is
electrochemically reversible and becomes chemically reversible
when scan rates approach 1 V s™! in the cyclic voltammetry
[Fig. 6(a)]. It must be emphasised that this cis-
Mn™ —— frans—Mn™ isomerisation between the oxidised
states does not interfere at all with our above kinetic determin-
ations (i.e. that relative to the trans-Mn™ —— cis—Mn" isomeri-
sation occurring between the reduced states) because of the
design of the experiments and because of the largely different
half-lives of trans-Mn" (k,, = 5.8 s™') and cis-Mn™ (k_;,, = 0.1
s7h.
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Fig. 6 Experimental and simulated cyclic voltammograms for (a)
a 2 mMm solution of MnCl,-4H,0 + cyclam at 500 mV s™! and (b) a
2 mu solution of trans-[Mn(cyclam)CL]Cl at 1.28 V s~'. Experimental
data (—); Simulation (O) according to the set of parameters reported in
Table 4 and kg, = 5.8 57", k_j,, = 0.1 57" (see text)
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Table 4 Electrochemical data for cis- and trans-[Mn™(cyclam)Cl,]CI
obtained through simulation of their cyclic voltammograms

cis-[Mn(cyclam)-  trans-[Mn(cyclam)-

Parameter CL]Cl1 CL]Cl1

Standard potential 0.305 —0.090
E°/V vs. SCE

Heterogeneous rate constant, 0.004 0.002
kJems™!

Diffusion coefficient, 9.9x1077 1.1 x10°°
Dlcm?s™!

Transfer coefficient o 0.5 0.5

Simulation of the cyclic voltammograms was achieved using
the DIGISIM program.”® From the cyclic voltammetry data
of cis-[Mn"(cyclam)Cl,] generated in situ, the E°, (cis-
Mn™ —— ¢is-Mn"™) = 0.305 V was calculated over several scan
rates (100, 500, and 700 mV s~ ). Other electrochemical param-
eters of interest such as the transfer coefficient (a), the hetero-
geneous rate constant (k,), and the diffusion coefficient (D)
were also optimised over these scan rates (see Table 4). The
correspondence between the simulation and the experimental
voltammograms is shown in Fig. 6(a). Taking into account
these results for the cis-manganese(r) complex and the rate
constant, k;,, given by the chronoamperometry experiments,
the voltammograms of trans-[Mn™(cyclam)CL]Cl were also
simulated over a large range of scan rates (0.5, 1.3 and 5.1 V
s7). The good agreement between the experimental data and
simulations led to the determination of all electrochemical
parameters (see Table 4), among which E°, (trans-Mn™ —
trans-Mn™) = —0.090 V was calculated. Fig 6(b) illustrates the
good agreement between simulated and experimental voltam-
mograms.

This trans-Mn™ — cis-Mn" isomerisation is of particular
interest since previous studies performed with the iron anal-
ogue, trans-[Fe™(cyclam)CL]Cl, in dmso, do not reveal such
a transformation.” Moreover, only the isomerisation cis-
Fe™ —— trans-Fe™ is noted in aqueous media; little trans-
formation is observed in dmso solution even when heating up to
90 °C.** In aqueous media cis-[Mn™(cyclam)CL,]CI also isomer-
ises to form the trans complex but the reverse reaction is not
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observed. The equilibrium constant ratio K, : K';, [Where K,
is the equilibrium constant cis: trans at the manganese(1r) level
and K';, that at the manganese(111) one] can be determined by
considering the thermodynamic cycle in Scheme 1. It has to be
noted that for the nickel cyclam derivative a similar cycle has
been proposed upon oxidation of Ni™ to Ni"™.** Based on the
experimental values of E° and E°, determined above, one
obtains K., : K';i, < 5 % 10%. Such a value explains why the rrans
to cis isomerisation is irreversible at the manganese(m) level
while it is irreversible in the cis to trans direction at the man-
ganese(in) stage. The different rate constants for Mn™ and Mn™
are typical, as manganese(ir) complexes give much faster ligand
exchange rates than manganese(1in) species.*

—FE°,
trans-Mn™Cl, —— trans-Mn"Cl,

—RTIn Ky, J—ern Ko

. 11T, HFE ] 1I,
cis-Mn"'Cl, ——— c¢is-Mn"Cl,

Scheme 1 K, /K", = exp[(F/RT)(E°, — E°)]

Furthermore, no kinetically controlled predissociation of
the chloride ligand from trans-[Mn™(cyclam)CL]CIl or cis-
[Mn"(cyclam)Cl,] isomers occurs as determined by cyclic
voltammetry using addition of different excesses of an internal
chloride standard [N(PPh;),]Cl. Despite this lack of any kinetic
signature of a chloride ion dissociation/recombination, such a
reaction may well occur whenever the dissociation is fast and
reversible, equations (1) and (2). Indeed, considering a steady

trans-Mn"Cl, == Mn"CI* + CI- (1)
Cl™ + Mn"Cl* == cis-Mn"'Cl, )

state kinetic behaviour of the transient Mn"Cl* intermediate,
the overall kinetic behaviour of the sequence (1) + (2) is equiv-
alent to that of a direct reversible reaction (3) with k;,, = k,k,/

kisn
trans-Mn"Cl, - cis-Mn"Cl, (3)

(k_y + k) and k_;, = k_k_,/(k_; + k,). Thus, despite the real
mechanism involving most likely dissociation and recombin-
ation of the Cl™ ligand, this is not apparent kinetically and no
effect of added chloride ions can be observed. The same
situation obviously may occur for the reverse overall process
when an authentic solution of cis-[Mn"(cyclam)Cl,] is oxidised

[Fig. 4(b)].

Conclusion

A novel synthesis of a new type of cyclam manganese complex,
cis-dichlorocyclammanganese(tr) chloride, has been described.
The cis and trans isomers could be conveniently distinguished
by IR spectroscopy. The cis-Mn™ —— trans-Mn™ isomeris-
ation reaction is enhanced by the presence of water as was
previously reported for the corresponding iron and cobalt
compounds*® as deduced by IR spectroscopy. The two overall
isomerisation reactions were also characterised by cyclic
voltammetry experiments: trans-Mn™ —— cis-Mn™ and cis-
Mn" —— frans-Mn™. No kinetically limiting predissociation
of the chloride ligand from trans-[Mn™(cyclam)CL]CI or cis-
[Mn"(cyclam)Cl,] isomers is associated with these electro-
chemical step—chemical step mechanisms occurs as deter-
mined in experiments with an internal chloride standard, [N-
(PPh,),]Cl. The overall unimolecular trans-Mn™ —— cis-Mn"
isomerisation reaction was characterised by double-step

2238 J. Chem. Soc., Dalton Trans., 1998, Pages 2233-2239

chronoamperometry and modelling of its cyclic voltammogram
was made over a large timescale. The rate constant, k,, is equal
t05.8+0.6s7".

No such electrochemically induced frans-M™ — cis-M"™" in
dmso has been noted for iron or cobalt complexes of the type
trans-[M™(cyclam)CL]CI. Thus, our current research efforts are
focussed upon how the size of the metal and the macrocyclic
cavity can affect this reaction (k_,, = 0.1 s7%).

—iso
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