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Abstract

Two new mononuclear octahedral manganese(lll) complexes with the tetradentate equatorial-phangtienebis(oxamate) (opba) and two
aquo (a) or two pyridine (b) axial ligands have been synthesized and characterized structurally, magnetically, and electrochemically. The
cyclovoltammogram ola in acetonitrile (25C, 0.1 M BuNPF;) shows an irreversible one-electron oxidation peak at a high anodic potential
(Eap=1.03V versus SCE), while that ®b shows two well-separated one-electron oxidation peaks at moderate to high anodic pofggt=sq2
and 1.27V versus SCE), the first redox-wave being quasireversible in nature. The access to formally high-ValantdMhY oxidation states
for 1b is attributed to the stabilization effect of axial pyridine ligand coordination. Conidras been used as an efficient catalyst for the aerobic
oxidative cleavage of aromatiéc-diols with co-oxidation of pivalaldehyde to pivalic acid. The corresponding aldehydes or ketones are obtained in
fair to good yields and moderate selectivities in acetonitrile a@nder the same experimental conditions, compieshows lower efficiencies
and selectivities thahb. The modulation of catalytic activity by the axial pyridine ligands highlights the role of oxomanganese(V) species as the
putative intermediates in these-C bond cleavage oxidation reactions.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction include the side chain cleavage of cholesterol in steroidal hor-
mone biosynthesis catalyzed by cytochrome P450 monooxyge-
Oxidative carbon—carbon bond cleavage of vicinal diols tonase, and the cleavage of the arylglycededrylether linkages
carbonyl compounds and carboxylic acids is an important anéh the degradation of lignin catalyzed by the heme peroxidase
fairly common reaction in synthetic organic chemistry with ligninase, which has potential applications in the pulp and paper
implications in other areas of chemistry and biolddy. This  industry.
kind of C—C bond breaking reaction is closely related to many Traditionally, the oxidative cleavage ofc-diols have been
important biochemical oxidative processes performed by certaiperformed with stoichiometric high-valent inorganic oxidants,
redox enzymes that possess a mononuclear iron-heme prosthatiatably periodic acid3], sodium bismuthat@], lead tetraac-
group with additional cysteine or histidine residues as anchillangtate[5], cerium ammonium nitratf], manganese dioxid&]
axial ligands which serve to modulate their reactiyt). These and chromium trioxidg8] reagents. However, these reagents
are rather expensive and/or toxic and produce a large amount of
waste, which does not conform to the currently urgent demand
* Corresponding author. Tel.: +34 963544329; fax: +34 963544328, for a sustainable, green chemis8y. From both economic and
E-mail address: jose.r.pedro@uv.es (J.R. Pedro). environmental point of views, alternative catalytic methods that
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employ low-cost and readily available catalysts with dioxygenfrom the filtered solution upon standing at room temperature.
[10], hydrogen peroxid€l1] and alkyl hydroperoxidel2] as  They were filtered off and air-dried. Yield 80%. Anal. calc.
clean oxidants are then preferable. Among them, those catalytfor Cs4H3sMnN4OgP: C, 63.10; H, 4.54; N, 6.69. Found:
systems based on the biochemically common, environmentallg, 63.71; H, 4.35; N, 6.85. IR (KBrp (cm1): 1686vs,
friendly manganese metal ion in combination with nature’s prin-1638vs, 1372s and 1272s (CO) from opba, 1596m, 1474s,
cipal oxidants, @ and HOg, are particularly appropriafd3]. and 1439s (CC) from py. UV—vis (MeCN)max (nM): 225¢
As a part of our research on the chemistry and the reactivity ofM — cm~1) 72,000), 260 (30,000), 275 (25,000), 305 (18,000),
manganese complexes with the liganphenylenebis(oxamate) 315 (16,000), 420 (sh) (1300), 445 (sh) (900), and 485 (sh)
(opba) in biomimetic catalytic oxidation reactions of interest in(500).
organic synthesigl4], we report herein the first example of a
manganese-based catalytic method for the oxidative cleavage 3. Crystal structure determination
vic-diols with dioxygen as oxidant and an aldehyde as reductor.
In this contribution, we present a comparative study ontheredox Crystal data and structure refinement oflb:
and catalytic properties of the two novel mononuclear man<C,4H3zgMnN4OgP, M =836.68, monoclinic, space group
ganese(lll) oxamate complexes (M8[Mn(opba)(HO)] (1a) P21lc, a=15.1723(16), b=9.9823(16), c:25.711(2)&,
and (PhP)[Mn(opba)(py}]-2H20 (1b). The redox-reactivity B=93.268(8), V:3887.7(8)3\3, T=293(2)K, Z=4,
correlations allow us to ascertain some general moleculapcacd=1.426gcem3, (Mo Ka)=0.442 mntl, 5021 unique
aspects of the mechanism of these aerobic oxidation reactionseflections and 2706 observed witt» 25(7). Refinement on
F? of 525 variables with anisotropic thermal parameters for
2. Experimental all non-hydrogen atoms gavke=0.0733,wR=0.1746, and
$=0.962 (observed data).
2.1. Materials
2.4. Physical techniques
All chemicals were of reagent grade quality, and they were
purchased from commercial sources and used as received. Non- Elemental analyses (C, H, N) were performed by the Micro-
commerciabic-diols were prepared according to literature pro-analytical Service of the Universidad Aumoma de Madrid
cedures reported elsewhere. The diethyl ester derivative of th&pain). IR spectra were recorded on a Perkin-Elmer 882 spec-
ligando-phenylenebis(oxamic acid) gEt,opba) was prepared trophotometer as KBr pellets. UV—vis solution spectra were

as described earli¢t 5]. recorded atroom temperature on a Perkin-Elmer Lambda 2 spec-
trophotometer. GLC analyses were performed with a Trace GC

2.2. Preparation 2000 (Thermo Quest) using a 30x0.25 mm high-resolution
gas chromatography column coated with methylpolysiloxane

2.2.1. (MeyN)[Mn(opba)(H>0),] (1a) (5% phenyl). Variable-temperature (2.0-300 K) magnetic sus-

A solution of HEt,opba (1.54g, 5.0 mmol) in methanol ceptibility measurements under an applied magnetic field of
(50ml) was charged with a 25% methanol solution of1.0 T were carried out on powdered samplegaand1b with
MesNOH (8.0ml, 20.0mmol). Solid Mn(CkCO,)3-2H,O  a SQUID magnetometer. The experimental magnetic data were
(1.35g, 5.0 mmol) was then added in small portions under stireorrected for diamagnetism (Pascal’s constants), temperature-
ring, and the resulting reaction mixture was further stirred forindependent paramagnetism, and the presence of paramagnetic
15 min at room temperature. A red-brick microcrystalline solidimpurities.
formed abundantly, which was collected by filtration and dried Cyclic voltammetry was performed using an EGG M273
under vacuum. The filtered deep brown solution was reduced tBAR scanning potentiostat operating at a scan rate of
afinal volume of 25 ml in a rotatory evaporator. Upon standing al0-1000 mV s1. The electrochemical studies were carried out
4°C in arefrigerator, a second crop separated from the concein acetonitrile using 0.1 M BiNPFs as supporting electrolyte
trated solution, which was also collected and dried. Yield 60%and 1.0 mM ofla and1b. The working electrode was a glassy
Anal. calc. for G4H20MnN3Og: C, 40.67; H, 10.17; N, 4.84. carbon disk (0.32 cﬁ), which was polished with 1.Q@m pol-
Found: C, 41.05; H, 9.91; N, 5.12. IR (KBr)(cm~1): 1668vs, ishing powder, sonicated, washed with absolute ethanol and
1627vs, 1393s and 1279s (CO) from opba. UV-vis (MeCN)acetone, and air-dried. The reference electrode was Ag&tD
Amax (NM): 203 ¢ (M~1cm™1) 26,000), 213 (25,000), 216 (sh) separated from the test solution by a salt bridge containing the
(25,000), 255 (sh) (16,000), 261 (16,000), 308 (sh) (9000), 3150lvent/supporting electrolyte, with platinum as auxiliary elec-
(9000), 415 (sh) (1100), 443 (sh) (700) and 480 (sh) (350). trode. All experiments were performed in standard electrochem-

ical cells at 25C under argon. The potential range investigated
2.2.2. (PhyP)[Mn(opba)(py)2]-2H,0 (1b) was from—2.0 to 2.0 V. The formal potentials were measured

Complex 1a (0.83g, 2.0mmol) was dissolved in a ata scan rate of 100 mV*$ and were referred to the saturated
water—pyridine (4:1) solvent mixture (50ml). A solution of calomel electrode (SCE), which was consistently measured as
PhPCI (0.75g, 2.0mmol) in acetonitrile (25ml) was then —0.26 V versus the AgCIgJAg electrode. Ferrocene (Fc) was
added to the deep brown solution. Well-shaped golden needleglded as internal standard at the end of the measurements, with
suitable for single crystal X-ray diffraction were deposited measured FdFc potential of 0.40V versus SCE.
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2.5. Reactivity studies deprotonation and hydrolysis with MMOH (base/ligand ratio

of 4:1) in basic methanol solution, and it was isolated as

General procedure for the oxidation at-diol substrates: the tetramethylammonium salf¢heme lleft). Complex1b

reactions were carried out at 40 and atmospheric pressure has been synthesized from the corresponding diaquo precur-
by adding a solution of the substrate (0.26 mmol) in acetonitrilesor 1a by treatment with excess pyridine and stoichiometric
(0.5ml) to a stirred mixture of the complex (16<0L03mmol)  PhyPCl in water—acetonitrile solution, and it was isolated as the
in acetonitrile (0.5ml) under ©atmosphere. A solution of tetraphenylphosphonium sab¢heme Lright). The chemical
pivalaldehyde (1.62 mmol) was added in three equal portionglentity of 1a and1b has been confirmed by elemental analyses,
at regular intervals during the course of the reaction, which watR and UV—vis spectroscopies (see Secipn
monitored by TLC. The reaction mixture was extracted with
dichloromethane, washed with saturated aqueous solutions 8f2. Structure
sodium bicarbonate, and dried with magnesium sulfate. The
organic phase was then separated by flash column chromatog- The structure olb consists of mononuclear manganese(lll)
raphy on silica gel to obtain the corresponding ketones in pureomplex anions, [Mn(opba)(py)~ (Fig. 1), tetraphenylphos-
form, except for acetophenone, which was determined directlphonium cations, and crystallization water molecules. Selected
by IH NMR analysis of the reaction mixture using methyl benzi-bond distances and angles are listedable 1
late as internal standard. All ketone products exhibited spectral The manganese atom has a tetragonally elongated octahe-
data consistent with their structures. Alternatively, the yields ofdral coordination geometry typical of a high-spin Mion. The
aldehydes and carboxylic acids were also determined directlgquatorial plane is formed by two amidate nitrogen and two car-
by GLC analysis of the reaction mixture using adamantane alsoxylate oxygen atoms of the tetradentate planar opba ligand,
internal standard. Products were identified by comparison ofvhile the axial labile positions are occupied by imine nitrogen

their retention times with those of authentic samples. atoms from two weakly coordinatechns py ligands. The aver-
age Mn-N(amidate) and MrO(carboxylate) equatorial bond
3. Results and discussion lengths of 1.93 and 1.9%, respectively, are close to those of
the related dinuclear high-spin manganese(lll)-opba complex
3.1. Synthesis (average values of 1.91 and 1;95respectivelyll4b]. Yet, the

average MaN(py) axial bond length of 2.48 is larger than
Complexla has been prepared by reaction of Mmcetate the corresponding MrO(H,O) axial bond lengths in the latter
and the diethyl ester derivative of the ligandBhopba, after ~complex (average value of 2.2() [14b].

Mn'“ R R2 R3 R4
pe.
0% N0 = o7 o 2a: Ph H H H
X 2b: Ph H Ph H
2¢: p-MeO-Ph H p-MeO-Ph H
13{’;1‘20 2d: pBr-Ph  H pBr-Ph  H
PASRY 2e: Ph Me H H
2f: Ph Ph H H
2g: Ph p-O.N-Ph  H H
2h: Ph Ph Ph H
2i: Ph Me Ph Me
2j: Ph Ph Ph Ph
E E py

(i) MesNOH (iii) p

o} NH HN (o} i py o} N N 0
(i) Mn(OAC)3 \‘ e (iv) PhyCl \‘ ,
—_— Mn _— = Mn'!
MeOH, rt / i\ H,O/MeCN, rt VAN
0 TOEt Et07 O o~ ~0" £ 07 o ooaoo
OHy Py
HoEtoopba 1a 1b

Scheme 1. Synthetic pathway to the manganese-opba complexes.
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Fig. 2. Temperature dependence@f7 for 1a (A) and1b (A). Solid lines
correspond to the best fits.

moderately large negative axial ZFS for this family of complexes
Fig. 1. Perspective view of the anionic mononuclear unitiofvith the atom IS @ssociated to the important tetragonal elongation of the octa-

numbering scheme for the first coordination sphere of the metal atom (hydrogehedral metal environment.
atoms are omitted for clarity).

3.4. Redox properties

3.3. Magnetic properties

The cyclic voltammetry data dfa and1b in acetonitrile at

The variable-temperature magnetic susceptibility datkaof 25°C are drastically different and evidence a significant axial

and1b in the form of xm T versusT plot (xm being the molar  |igand effect on the redox properties. The cyclovoltammogram
magnetic susceptibility anfithe temperature) are almost iden- of 1b shows two well-separated one-electron oxidation peaks
tical and consistent with mononuclear six-coordinate octahedralt moderate to high anodic potential&§) of 0.92 and 1.27 V
high-spin manganese(lll) complexes of axial symmefig (2.  versus SCERig. 3). The first redox oxidation process is quasire-
Inthe temperature range 50-300 K, the temperature independegrsible in nature as revealed by the presence of the correspond-
xmT value of 3.0cmimol~!K (effective magnetic moment of - ing reverse reduction peak at a catodic potenfigh)(of 0.77 V
4.95.p) is that expected for a high-spirf dn'' (S=2) ion.  versus SCE (solid line in the inset Bfg. 3). The peak-to-peak
The abrupt decrease gfy 7T below 50K arises from the zero- separation 4E) of 150 mV is, however, larger than that of the
field splitting (ZFS) of theS=2 Mn'" ground state. The least- Fc*/Fc couple under the same conditionsA= 70 mV). Con-
squares fits of the experimental data through the appropriatearily, the cyclovoltammogram dfa shows a completely irre-
spin Hamiltonian & = DS? + gBSB) give axial ZFS param- versible one-electron oxidation peak at a higher anodic potential
eter (0) values of—7.4cnt! for 1a and —5.8cnT! for 1b,
with a common isotropic Zeeman fact@) {zalue of 2.0 (solid
lines in Fig. 2). The D values forla and1b are comparable
to that reported for the related mononuclear manganese(lll)-
opbaC}p complex with two axial dmso ligands [opbaGo-
4,5-dichlorophenylenebis(oxamate)| € —4.0 cnm 1) [16]. The

Table 1 o 06 07 0809101112

Selected bond distances)(and angles9) for 1b®

Mn—N(1) 1.926(7) MA-N(2) 1.926(6)

Mn—0O(1) 1.944(6) MA-O(2) 1.941(6)

Mn—N(3) 2.373(7) MmA-N(4) 2.419(8)

N(1)—Mn—N(2) 81.8(3) N(13Mn—0O(1) 83.6(3)

N(1)—Mn—0(2) 164.9(3) N(2rMn—0(1) 165.3(3)

N(2)—Mn—0(2) 83.1(3) O(1yrMn—0(2) 111.4(3)

N(3—Mn—N(1) 97.6(3) N(33-Mn—N(2) 96.6(3) N I
N(3)—Mn—0(1) 87.1(3) N(3-Mn—0(2) 85.2(3) 0.4 0.6 0.8 1.0 1.2 1.4
N(4)—Mn—N(1) 93.0(3) N(4-Mn—N(2) 92.4(3) E (V versus SCE)

N(4)—Mn—0(1) 86.5(3) N(4y-Mn—0(2) 86.6(3) ) )

N(3)—Mn—N(4) 167.0(2) Fig. 3. Cyclovoltammogram olb in MeCN at 25°C and at scan rate of

100 mV s L. The inset shows the cyclovoltammogram corresponding to the first
a Estimated standard deviations are given in parentheses. redox-wave oflb (solid line) compared to that dk (dashed line).
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(Eap) of 1.03V versus SCE (dashed line in the inseFaf. 3).
No reductions are observed fba and1b in the potential range
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acid, with good total yields and moderate selectivitiesh{e 2
entries 2 and 3, respectively). No traces of the corrresponding

studied (up to-2.0 V versus SCE). The differences in the redoxnon-cleaved-hydroxy- andx-ketoacids, mandelic and phenyl-

behavior ofla and1b are attributed to the positive effect of axial

glyoxylic acid, are detected for the oxidation 24, whereas

py ligand coordination on both the thermodinamic and kineticonly negligible amounts of the corresponding non-cleaved oxi-
stabilities of high-valent manganese oxamate complexes, whidtlation products, benzoin and benzil, are observed by TLC during
lowers the oxidation potentials and increases the reversibility afhe first stages of the oxidation 2. Notably, the total yield of

the redox process. Similarly, this indicates that formally'"¥n

oxidative cleavage products for the oxidatiopafa-substituted

and MY oxidation states are available for the dipyridine adductl,2-diphenyl-1,2-ethanediol derivativezb{d) decreases from

of the manganese(lll)-opba complél.

3.5. Reactivity properties

The catalytic activity oflb toward the oxidative cleav-
age of vicinal diols under mild conditions has been examine

using some common clean oxidants reported previously, such 3?

dioxygen[10], hydrogen peroxidfl 1], andzers-butyl hydroper-
oxide[12]. The best results were obtained with &s oxidant

65% for 2b to 61% for2d, and to 56% for2e, whereas the
aldehyde/carboxylic acid ratio increases from 2.62btto 3.3

for 2¢, and to 4.5 fod, independently of the electron-donor or
electron-acceptor nature of thera-substituentTable 2 entries
3-5). Although the aldehyde/carboxylic acid selectivity values

@re not exceptional in our catalytic system, this is a consider-

le improvement compared to that of Mastrorilli et al. using
cobalt(ll)-bis(acetylacetonate) as catalyst under Mukaiyama’s
conditions, which lead to carboxylic acids as the majoritary oxi-

in the presence of excess pivalaldehyde as sacrificial reagefigtion product$10e}

in acetonitrile at 40C. The results for some representative
mono-, di-, tri- and tetra-substituted aromatic-diols (2a—j)

are summarized iflable 2 Mastrorilli et al. have earlier reporte
the oxidative cleavage of pinanediolsd®-pinonic acids with

d

dioxygen and 2-methylpropanal catalyzed by the cobalt(ll)-

bis(acetylacetonate) compl§kOe]. Yet, to our knowledge, no

On the other hand, compldb catalyzes the oxidative cleav-
age ofa,a-disubstituted diols such as 2-phenyl-1,2-propanediol
(2¢), 1,1-diphenyl-1,2-ethanedio2f), and 1p-nitrophenyl-1-
phenyl-1,2-ethanediolg) to the corresponding ketones, ace-
tophenone, benzophenone, gnaitrobenzophenone, respec-
tively, with very good yieldsTable 2 entries 7-9). As expected,

further extension of the use of this catalytic method based,on oth€ oxidation ofa,a«’-trisubstituted diols like triphenyl-1,2-

plus an aldehyde (the so-called Mukaiyama’s catalytic syste
[17]) for the oxidation of othevic-diols has been addressed by
the authors.

Complex1b catalyzes the oxidation ok-substituted and
a,a’-disubstituted diols like phenyl-1,2-ethanedizd) and 1,2-
diphenyl-1,2-ethanediop), respectively, to the correspond-
ing aldehyde and carboxylic acid, benzaldehyde and benzo

Table 2
Results for the oxidative cleavage of aromatie-diols with dioxygen and
pivalaldehydé@

Entry Complex Substrate Time(h) Products yield{%)
Aldehyde  Acid Ketone
1 la 2a 3 33 15
2 1b 2a 3 48 13
3 1b 2b 3 ar 18
4 1b 2¢ 3 4F 13
5 1b 2d 3 5¢° 11°
6 1a 2e 6 72
7 1b 2e 6 85
8 1b 2f 6 85
9 1b 2g 6 8F
10 1b 2h 6 55 25° 90*
11 1b 2i 6 o3
12 1b 2j 6 106f

@ Reactions conditions: see Sectian

fRthanediol Zh) affords mixtures of the corresponding ketone

and aldehyde, benzophenone and benzaldehyde, respectively,
together with the carboxylic acid, benzoic acid, resulting from
aldehyde overoxidationTéble 2 entry 10). In the case of
o,a,0’ o -tetrasubstituded diols, the yield of the correspond-
ing ketones depends dramatically on the size of the sub-
situents. Thus, 2,3-diphenyl-2,3-butanedi2l) (affords ace-
tophenone with a very good yield of 93%aple 2 entry 11),
while the more sterically-hindered tetraphenyl-1,2-ethanediol
(2j) gives benzophenone with a very low yield of 10%alle 2
entry 12).

Finally, we have also examined the catalytic activity of com-
plex 1a, with aqua in place of pyridine as axial ligands, toward
the oxidative cleavage of aromaticéc-diols under the same
experimental conditions to those used for complbéx Over-
all, 1a shows lower efficiencies and selectivities thHn For
instance, the yield of ketone for the oxidation of 2-phenyl-1,2-
propanediol Ze) decreases from 85% witth to 72% with1a
(Table 2 entry 6), while the aldehyde/carboxylic acid ratio for
the oxidation of phenyl-1,2-ethanedi@hf) drops from 3.7 with
1b to 2.2 with1a (Table 2 entry 1). A similar effect has been
earlier observed for the epoxidation of alkenes with dioxygen
and pivalaldehyde catalyzed by the iron(lll)-opba complex in
the presence aV-methylimidazole as exogenous axial ligand
[18].

Although the detailed mechanism for the aerobic oxidative

b Yields are based on the expected aromatic product for total substrate cogleavage ofvic-diols catalyzed by complekb still has to be

version.
¢ Yields refer to GLC determination.
d Yields refer to'H NMR determination.
€ Yields refer to isolated and pure oxidation products.
f The starting substrate was recovered in 81% yield at the end of the reactio

elucidated, some general considerations could be made. First,
the marked substrate steric effect on reactivity suggests that free
acylperoxy radicals generated in situ from the auto-oxidation
of the aldehyde by ©are not directly involved as active oxi-
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Scheme 2. Proposed mechanistic pathway for the aerobic oxidative cleavagedadls with co-oxidation of aldehydes to carboxylic acids catalyzed by the
manganese-opba complexes.

dizing agents and bulkier metal-based active oxygen species afe Supplementary material

likely involved. Second, the axial ligand effect on reactivity sug-

gests that MM-oxo species (intermedia®), resulting from Crystallographic data (excluding structure factors) for

the pyridine-assisted-@D bond cleavage of the acylperoxide have been deposited with the Cambridge Crystallographic Data
group in the putative M -acylperoxide species (intermediate Centre, CCDC No. 263906. Copies of the data may be obtained
P), would be the active oxidizing agenf¢heme 2 Interest-  free of charge on application to The Director, CCDC, 12 Union
ingly, the three-membered redox catalytic cycle proposed t&koad, Cambridge CB2 1EZ, UK (fax: +44 1223 336 033; e-mail:
explain the reported oxidation chemistry is in accordance wittdeposit@ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
the aforementioned redox properties. A similar oxometal reac-

tion pathway has been proposed by Okamoto et al. for th@ cknowledgements

oxidative cleavage ofic-diols catalyzed by iron porphyrins with

dioxygen as oxidant and dihydropyridine as reduftob]. Fur- This work was supported by the Ministerio de Ciencia y
thermore, high-valent manganese-oxo complexes of porphyrifiecnoloda (Spain) (Project BQU2001-3017) and the Ram
[19] and salen-typ20] ligands have been also proposed asreacy Cajal program. Further support from the Generalitat Valen-
tive intemediates in O-atom transfer oxidation reactions withciana (Spain) (Project CTIDIA2002-131 and AVCYT Grupos
a variety of terminal oxidants, including(plus an aldehyde 03/168) is also acknowledged. SB and EP thank the Universitat
[20c,d], in the presence of different exogenous and endogenouge Vakncia and the Ministerio de Educénj Culturay Deporte
axial donor ligands. In this regard, stable terminal oxoman{Spain), respectively, for grants. We are specially thankful to

ganese(V) complexes with tetradentate alkoxoamidate ligands. Currelli for the assistance with the electrochemical measure-
analogous to that used herein have been prepared by reactiongénts.
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