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Accepted 00th January 2012 This paper describes the synthesis and characterization of [Cr(babhqg)OAcf(EtOH)] (OAc™ = CF3COz) as

well as application of the complex as catalyst in the reaction of CO, with epoxides. While cyclic propyl-

DOI: 10.1039/x0xx00000x PP . P 4 2 ) P 'y Propy
ene—carbonate was obtained as the sole product when propylene oxide was used as epoxide, alternat-

www.rsc.org/ ing polycarbonate was obtained with cyclohexene oxide. Following the course of the reaction with in
situ IR spectroscopy revealed that a direct pathway to the formation of cyclic carbonate prevails in case
of propylene oxide whereas the polycarbonate obtained from cyclohexene oxide is prone to degrada-
tion to cyclic carbonate. The differences in chemoselectivity are rationalised on basis of the propensity

of the ligand to adopt a podand-like structural motif allowing for an inner-sphere mechanism.

Targeted at developing sustainable routes to chempimduc- aromatic amines for the sustainable synthesis dfaraates’
tion, the utilization of carbon dioxide for the $iyasis of value another technically important class of carbonicatgrivatives.
added chemicals currently receives remarkable tire! A The babhq ligand is a more rigid®, chelate ligand compared
prime example demonstrating the successful utibmadf CO, to salen (Scheme 1), while it is still flexible emyh to adopt
is the reaction of COwith epoxides leading to polycarbonateswvo different geometrie¥, when coordinated to a metal atom
and cyclic carbonaté%® Complexes of the 3d metals chromiwith octahedral ligand sphere: upon dissociatiommé of the
um® and cobalt® are among the best catalysts for carbaaxial ligands, the equatorial,8, chelate can switch to a po-
dioxide — epoxide co-polymerisatiéh,whereby the combina- dand-like facial chelaté? whereby one chelate oxygen atom
tion of these three-valent cations with a dianiosaten ligand and the remaining JO donor atom set are mutually ¢is coor-

is the most intensively studied system. Numerousliss fo- dination. This renders two neighbouring coordinatisites
cussed on the variation and optimisation of thisatkentate accessible during the catalytic cycle. A furthevautage of
N,O, ligand™® vyet little is known with respect to variation ofbis(hydroxyquinoline) ligands is their much higher ksliay

the ligand backbone. against hydrolysis and oxidative degradation comgdo salen
ligands!*?13
0
Possible L — |
coordination = N"""~-|\I/|---"“‘N>
geometries Tl o
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Scheme 2. Bis(hydroxychinoline) complexes explored in this study for their
catalytic activity in the reaction of carbon dioxide and epoxides.

Bis(hydroxychinoline) ligand Salen ligand

Scheme 1. Coordination geometries of tetradentate N,0, ligands to octahedral
metal centres and molecular structure of the bis(hydroxychinoline) and salen
backbone.

Here, we report on the synthesis, characterizatioth use of
Thus, we investigated the use ofbi(8-hydroxyquinolinyl)- [Cr(babhq)CI(HO)] (1a) and [Cr(babhq)OAELOH)] (2a,
butylamine (babhg) as novek®, ligand template for the reac-OAC = CRCO;, Scheme 2) as catalysts in the reaction of
tion of CO, with epoxides to aliphatic polycarbonates and c§@rbon dioxide and epoxides to cyclic carbonatesliphatic
clic carbonates. Recently, we had applied thisniyauccess- Polycarbonates.

fully in the cobalt catalysed carbonylation of o#renes and

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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Results and Discussion adumbrates a later rearrangement to a podand-diialfcoor-
dination during the catalytic cyclevifle infrg). The axis Cl1-
Synthesis and characterisation of the catalysts Cr1-03 (deviating 0.6° from linearity) is almostrfeetly per-

The complex [Cr(babhq)OA(EtOH)] was synthesized by pendicular with respect to the equatorial planengef by N1,
introducing first thebis(8-hydroxychinoline) chelate ligand intoN2, O1, and O2.
the coordination sphere of a suitable Cr(lll) prsou followed

by exchange of the axial ligand. During the firg¢ps of the

synthesis, the parent ligand,(Habhq) was deprotonated with

potassium hydride in anhydrous thf. The purple prear com-

plex [CrCk(thf);] was added to the solution to obtain brown

[Cr(babhq)CI(thf)] (a). By adding water to the mixture, the
corresponding aqua-complex was precipitated andatesh
Then, the chloride ligand was exchanged with toifbacetate G

using AgOA¢ in ethanolic suspension to obtain
[Cr(babhg)OAE(EtOH)] (2a) as a brown solid in a good over-
all yield of 73%. Single crystals of [Cr(babhq)Gi{f)] (1b)
and [Cr(babhq)OAddmf)] (2b) suitable for X-ray diffraction
analysis were obtained by slow diffusion of die#ikier into a
saturated solution of the corresponding compleckniri.

Table 1. Crystal data and structure refinement[@xbabhq)Cl(dmf)] and

[Cr(babhq)OAE(dmf)] Figure 1. ORTEP drawing of the complex [Cr(babhq)OAcF(dmf)] (2b). Hydrogen
atoms and a second dmf solvent molecule are omitted for clarity. Ellipsoids are

X = CF (1[5):r(babhq)x(d;nf=)]OAC;, (2b) set at 30% probability.
Formula Q5H3EC|CI'N504 Cy7H2¢CrN4Os
MW [g/mol]] 591.04 595.52 The doming effect is less notable in case of thHridroacetate
Csrys;tglas%sotem mogcz;lmlc rgog/gchmc complex @b) consistent with the weaker anionic donor ability
pa[A]g up 9.8862(4) 12.2189(9) of the OA¢™ ligand (Figure 1). Here, the chromium centre is
b [A] 14.1274(4) 13.6109(9) dislocated by 0.061(1) A towards the anionic ligaBéc
C[é\] 19.4439(9) 15.9826(11) which results in a smaller dihedral angle of 10)7etween
;H 94 287(3) 1029g01(5) the two quinolinole units. As in [Cr(babhqg)Cl(dmffhe axis
7 [°] 90 90 O3-Cr1-05 (deviating 2.5° from linearity) is almgmrfectly
V[A7] 2706.7(2) 2595.1(3) perpendicular with respect to the equatorial platefined by
Deaicc [9/CNT] 1.450 1.524 N1 N2 O1 and O2
w [mnY) 0.566 0.509 PN :
F(000) 1236 1228
Crystal size [mrj 0.25 x 0.21 x 0.06 0.15 x 0.09 x 0.03 Table 2. Selected bong lengths [A] for the gomme[@r(babhq)CI(dmf)]
Refins collected 22018 19006 (1b) and [Cr(babhg)OA¢dmf)] (2b) in comparison to other chromium(lil)
Independent reflns 5740 5491 salen complexes.
Rt 0.0465 0.1021
Rindices [1>2(1)] R. = 0.0452 R = 0.0437 Bond _ _[Cr(babha)X(dmd)] Average
Rindi I dat = 01222 01002 X=CI (1b) X = OAC™ (2b) [Cr(salen)X(L)]
indices (all data) WR; = 0. WR, = 0. Cri-o1 1.938(2) 1.929(3) 1917
Cr1-02 1.940(2) 1.946(3) 1.922
Cr1-N1 2.012(2) 2.009(4) 2.010
. Cr1—-N2 2.011(2 2.008(4 2.012
In complexes Ib) and @b), the chromium centres assumed an Crrl—Cll 2.3238 _ @) 2092
octahedral coordination sphere, whereby the balgzopnd was  Ccr1-03/¢ - 1.991(3) 2.001
coordinated to the chromium centre in the equatptane in a_ Cri-03/05/ 2.035(2) 2.018(3) 2.104

tetra-dentate fashion with J9,” coordination sphere. The|a] Average values for 16 [Cr(salen)X(L)] complexasording to a search in
anion, Ct or OAC, respectively, and a dmf solvent moleculthe Cambridge Structural Databd$e[b] O3 for 2b; X for [Cr(salen)X(L)]
were located in the axial positions. The bond Ieagibserved With X =Ns’, CN', OR;; [c] O3 for1b; OS5 for2b; L for [Cr(salem)X(L)] with

. R L = various neutral ligands.
for the two complexes are in the range typicallyrfd for 16
electron chromium(lll) salen complexes (Tabléd'3). Reaction of CO, and epoxides using 2a as catalyst
The chloro complexlp) exhibited a weak doming effect with
the chromium atom lying 0.099(1) A shifted towatkle anion-
ic ligand CI1 with respect to the plane represertedN1, N2,
01, and OZ.In consequence, the ligand is slightly folded glo
the axis Cr1-N3 giving rise to a dihedral anglel@f1(1)° be-
tween the two planar quinolinole units. The twistthe ligand

Complex2a with coordinated ethanol was tested as catalyst in
the reaction of C@with propylene oxide (PO) and cyclohexene
noxide (CHO) as representative epoxides with respecits
catalytic activity and product selectivity (Eq. hda2). As co-
catalyst, chloride was employed as Higtriphenylphosphine)-
iminium (PPN) or tetrabutylammonium (TBA) salt. Ditain

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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insight into kinetic details, the course of theateéan was fol- boundary was confirmed by the constant intensityhef char-

lowed byin situ IR spectroscopy. acteristic signal at 2339 chfor CO, (not shown in Figure 2).
Closer inspection of the IR profile revealed theeaaire of the
o o i carbonatev(C=0) stretch vibration characteristic for polycar-
(m+0)CO, + (n+0) /A Al *{Oﬁﬂoﬁu o oo bonate at 1743 cthover the entire course of the reaction. Thus,
o oe "Jm )Pj a direct pathway to formation of cPC must be presen
P ¢ @ The position of the carbonatéC=0) stretch vibration assigned
o o to cPC shifted from 1809 cin(t = 0 min) to 1784 cm (t =
 Con + i @O (241 \hoﬁo . o)ko Q)ko 10 h) indicating that specific intermolecular irgetions in the
+o 2 +0 — o) +to <\:§ + o <:§ reaction mixture change. Comparison with the posi®f the
o e nm carbonate signal in mixture with a typical polyethe
CHO Eg}%; mggf;kr;;t o cis-cCHC  trans-cCHC ® (1000 g/mol, 115 gdl, 1817 cm?) as well as of the neat com-
pounds (cPC 1782 cin polypropylenecarbonate 1743 ¢n

* End group of the polymer chain suggests that mutual interactions between the oatbagroups
weaken the C=0 band in the highly polar environn@ntPC
The reaction of C® with PO provided cyclic propylene-and give rise to the shift of the carbonate vilmatto lower
carbonate (cPC) as the sole product in 87% yielabl@ 3, wave numbers during the reaction.

Entry 1). In contrast, the reaction of ¢®ith CHO gave poly-
cyclohexenecarbonate (pCHC) in 76 % yield, whildydittle
cyclic cyclohexenecarbonate (cCHC) was formed (Q.2¢
(Table 3, Entry 2). Later corresponds to a raticcyélic car-
bonate (cCHC) to carbonate linkages in pCl@rj of < 0.01.
Analysis by'H-NMR spectroscopy showed that the polymeri-
product contained a high amount of carbonate re@etunits
[CeH1cOC(O)O), (97%) and few ether repetition units
[CsH100]n (3%) corresponding to a ratio of carbonate to reth
linkages in the polymer chaim(n) of 34.1 (Eq. 2). Gel perme-
ation chromatography showed that the polymer halecular
weight of 3831 g/mol with a polydispersity of 1.2.

Intensity [a.u.]

Table 3 Yield and selectivity in the copolymerisatiof CQ and epoxides
using catalyst [Cr(babhq)ONELOH)] 2a as well as analytic data for the
product obtained!

. Time Yield Selectivity! M9
EntryEpoxide [h]  [%] o/m olo' m/n  [g/mol] PDI
1 PA? 3 87 onlycyclic - - - -
2 CHOY 3 767 <0.01 - 34.1 3831 1.2 Figure 2. Time-resolved IR spectra of the reaction of CO, and PO with
3 pPd" 45 >99 onlycyclic - - - - [Cr(babhq)OACT(EtOH)] (2a) at 100°C.
4 cHd" 6 697 0.30 0.77 304 4543 12

8 Reaction conditions: neat, 100 96:(CO,) = 20 bar!™ Determined byH-  11'€ kir?etics of th&a catalysed reaction of GG&nd _(_:yc_lohex-
NMR spectroscopyp/m = ratio of cyclic carbonate to carbonate linkagres e€ne oxide (Table 3, Entry 2) was also followed wittsitu IR
the polymero/o’ = ratio of cis- to trans-cCHC; m/m ratio of carbonate to spectroscopy (Figure 3). The intensity of the chimastic

ether units in the polymer; — = not applicabfeDetermined by gel permea- _. .
tion chromatography against polystyrene of knownlemdar weight as signals for CHO at 1436, 890, 875, 835, 779, 748 declined

standard ¥ The concentration profiles indicatéth to remain active at the Over 12 h, while the intensity of the signals a#9,71325,
end of the reactior! PPNCI as co-catalysea/PPNCI 1/2.51 1,8-octane- 1276, 1226, 1159, 1020, 987, 966, 933, 850" dncreased

diolTBACI as additive/co-catalysPalTBACI 1/3.3. consistent with the formation of pCHE! Quantitative analysis
of the IR profile showed that CHO was convertedp@HC
with an initial reaction rate of 61 mgly(mol.min)™. The
absence of diffusion limitations across the gasitigphase
boundary was confirmed by the constant intensityhef char-
acteristic signal at 2336 chfor CO, dissolved in the reaction
mixture. Also in case of pCHC as product, the sidoa the
carbonatey(C=0) stretch vibration shifted to lower wave num-
bers (from 1749 to 1743 ¢t although the red shift was less
pronounced.

The kinetics of th@a catalysed reaction of G@&nd PO (Table
3, Entry 1) was followed withn situ IR spectroscopy. The
intensity of the characteristic signal for PO a7 &' declined
rapidly. Consistent with the initial catalyst sanegey, an in-
creasing intensity of the signals at 1809, 138752131168,
1114, 1074, 1041, 775, and 709 tindicated the formation of
cyclic propylenecarbonate as the sole product (€i@). Quan-
titative analysis of the IR profile showed that R@s converted
to cPC with an initial reaction rate of 178 mglmol.;min)™.
The absence of diffusion limitations across thelgpgd phase

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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Last but not least, the reaction of C®ith epoxides (PO and
CHO) was performed in the presence of 1,8-octahédistudy
the extent of chain transfer, which is rapid ferg, Znf*®! and cis-cCHC
Al-7 pased catalysts. In the presence of an alcoholjasim
results were observed with respect to substrateifgpy. As
shown in Table 3, Entry 3, the reaction of £and PO provided
cyclic propylenecarbonate (cPC) in high yields (#)9Unex-
pectedly, in the reaction of G@nd CHO the chemoselectivity
had changed significantly. A mixture of 77% polylmjexene-
ethercarbonate and 23% cyclic cyclohexenecarbomate ob-
tained, which corresponds to a ration of 0.30. The enhanced
cCHC formation can be attributed to the degradatibgrow-

trans-cCHC ,/ ‘

T — T — 1 1
ing polymer chains by back-bitiff;** which might be in- 19q9 1850 1800 1750 1700
duced by the higher polarity of the medium duehe tise of
1,8-octanediol \(ide infra). Analysis of the polymeric product
by 1H'NMR spectroscopy showed the ratio of Carbonm@' Figure 4 Analysis of the region characteristic for the cCHC v(C=0) stretch vibra-
es to ether linkages in the polycyclohexenecarleo@atn 34.1) tion in the time-resolved IR spectra recorded during the reaction of CO; and CHO

Wave number [cm™]

to be similar to the product obtained in the abseat 1,8- with [Cr(babhq)OAcF(EtOH)] in the presence of 1,8-octanediol.

octanediol (30.4). Thus an equally high amount afbonate

repetition units [OEH,;OC(0O)}, was incorporated into the - i i )
polymer (97%). The comparable molecular weight &6%3 followed by insertion of cyclohexene oxidB)( Insertion of the
next CQ molecule into the metal-alcoholate bond provides th

coordinated carbonate complé€x Subsequent coordination of
an epoxide molecule to the central chromium atorop@pa-
nied by dissociation of an OAcanion triggers the rearrange-
e e ment of the coordination geometry to the distoppedand-like
__ - 1226 T~ facial geometry of comple®. The preference of the babhqg
' ligand to adopt an equatorial coordination sphadlifates the
succeeding intramolecular insertion of the epoxmelecule
into the growing polymer chain according to an msghere

under concomitant release of one proton to give pierA

g/mol and a mono-modal molecular weight distribat{goly-
dispersity 1.2) suggests that the living characfeéhe polymer-
isation reaction prevails over chain transfer reast

3  mechanisn¥? The vacant coordination site is filled by simul-
‘E taneous coordination of an OA@nion to the chromium atom
g providing complexE(1) being equivalent t&(2). Insertion of
E another C@ molecule into the chromium alcoholate bond starts
(I)AcF .
- N, 1 eiN OAc
1000 (o/ |r\o> (N ........ Clr ....... N 0
2a HOEt o
600 oo et \‘-‘“4‘ +Co, | +OACT co c O>: o
Wave W Zl -HOACF ’ Qg -OAcF
Ini-
OAc™ tiation OAc” 0
(Nér‘N> (N........Crt.....--N> OC(0)OEt N/—(!r\N
Figure 3. Time-resolved IR spectra of the reaction of CO, and CHO with 0”1 o 07 0”1 o <O(|\O
[Cr(babhq)OAC(EtOH)] at 100°C. A Oﬁo O g & Copolymerisation D OFO ,‘O
OEt o
. . . OC(O)OEt
Closer inspection of the time-resolved IR spectravsed that (\) +oy
the formation of pCHC was followed by an increasimignsity oA . o OC(O)0Et
. "y, Tt FOun, T
of bands at 1817 and 1804 ¢rassigned to the(C=0) stretch @; ;clr;g) Ac g e (/;“
vibration of transcCHC andcis-cCHC, respectively (Figure =N %
4) 2% This is indicative of consecutive reaction pathsvégad- E@ w = H
ing to the formation of cCHC. O#O O%O
. . . ) o
For analysis, let us start with the mechanism foe to < Etoc(o)oﬁ
EtOC(0)0

polymerization of CQ and CHO shown in Scheme 3. Analo-
gous to the cobalt counterp&H, the reaction is most likely

initiated by insertion of C@into the cobalt-ethanol bond @& Scheme 3. Inner-sphere mechanism proposed forofplymerisation

of CO, and cyclohexene oxide.

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012
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the next copolymerization cycle. Note that the mg@r tenden- mation ofcis- andtrans-cCHC in the initial phase of the reac-
cy of thebis(hydroxyquinoline) ligand to return to an equatbrigion suggests that an inner-sphere and a disseeidtig clos-
coordination geometry compared to Salen ligandsabéses ing mechanism may be operative.

intermediateD and the associated short life-time may be the

o

reason for the high activity of compl@a. O
The differences in the propensity to form cyclicbmnate dur-
ing the 2a catalysed reaction of GOwith epoxides must be ¢ o-

RS

0
O)ko
related to the diverging geometric constraint af thvo epox- A |:>
ides!®™ as PO and CHO bind with essentially equal stretgth < >
anti-attack O
propylene oxide inserts into the metal O cis-cCHC

metal centre§+2°
* Most likely,

carbonate bond of compleX with similar concomitant rear- Scheme 5. Mechanism proposed for the formatiorcistCHC by
rangement of the coordination geometry to a distbtacial Packbiting of free poly-cyclohexene-carbonate.

geometry analogous to compl& (Scheme 4D’). Likewise,
the epoxide ring is opened by nucleophilic attatkhe car-
bonate carbonyl oxygen. However, in contrast tolalyexene

Thus, it is the restricted geometry of the polyoyexene-
carbonate chain, which hinders the formation of ECtla

oxide, the small size of the propylene oxide moleaenders
simultaneous formation of a bond between the emorid/gen
atom and the carbonyl carbon atom feasible. Theawitant
release of ethanol is facilitated by transfer gbraton to the
terminal group. Last, the cPC formed dissociatesnfthe co-

backbiting and favours formation of polymeric pCHC.

Conclusions

In this study, we have demonstrated the synthewischarac-
terization of [Cr(babhq)OAGEtOH)] (OAC™ = CRCO,) as

ordination sphere of the chromium complex followsdcoor-
dination of ethanol to regenerd&ta.
« A direct pathway for the formation of cPC mechanisray

involve insertion of the relatively small propyle&ide into superior stability against hydrolysis and oxidatikegradation
the metal-carbonate bond of complax(Scheme 4A"). The compared to salen ligand based catalysts. Thei&istidy on
flexibility of the initial polymer chain may allofor subsequent e reaction of Cowith epoxides reveals a direct pathway to
formation of cPCvia an inner-sphere backbiting mechage formation of cyclic carbonate in case of prepg oxide
nism!*®#19 Also a dissociative mechanism may account for thehiie in case of cyclohexene oxide most of the icychrbonate
formation of cPC (similar to cCH@jde infrg). However, even g formed by backbiting of the polycarbonate chaine differ-
upon exhaustive inspection of the-situ IR spectra obtained gpces in chemoselectivity are rationalised on bafsin inner-
under our reaction conditions formation of intermagel poly- sphere mechanism. Such molecular insight is theopition
propylenecarbonate moieties was not detectable. for further tuning of the coordination sphere ofatgsts for the
reaction of CQ with epoxides in regard to substrate specificity,
activity and product selectivity.

well as the successful application of the complgxcatalyst in
the reaction of C@®and epoxides to carbonate esters. The use o
bis(hydroxyquinoline) ligands provides a catalytic teys with

Bi FACOH
/ N ¢ j
N Eto.Z O

N o j‘g Acknowledgements

N —
= \ <
Me

0y N
D' 0>¢’o/---- 7 FAcO— ;/C\r

Alexandra Keldenich and Maurice Cosemans are thhrie
the experimental support. Marcel Liauw, Dirk Engelad

Scheme 4. Mechanism propased for the formatioryclicpropylene Clemens Minnich are gratefully acknowledged forirttoentri-

carbonate (left) and alternative backbiting meckmnibased on an bution to establishing thim situ IR spectroscopy on this sys-
intermediate chromiun©O-ethyl-2-carbonate-2-methylethanolate comtem. Burkhard Kohler is recognised for suggestitrgcsural

plex (&', right). variants of thebis(hydroxychinoline) ligand and Willem K.
Offermans for proofreading the manuscript.

A O

* Regarding the formation of cCHC, the restricted gety
of the .cyclohexene ring dlsfa_vours suc_h_ an innéresp cCHC Notes and references
formation step. An alternative backbiting pathwayaymbe
triggered by dissociation of the polymer chain frtme coordi- 2 cAT Catalytic Center, RWTH Aachen University,
nation sphere of the chromium compléxti-attack of a free  Worringerweg 1, 52074 Aachen, Germany, Fax: +498%22593
; i _ E-mail: thomas.mueller@catalyticcenter.rwth-aachen.de
Carbox.ylate end group on the cyclohexene r!ng !alrcbon b |ehrstuhl fiir Technische Chemie und PetrolchetfiiglC,
formation according to ay@ mechanism providesis-cCHC RWTH Aachen University, Worringerweg 1, 52074 Aath&ermany
(Scheme k The propensity of the cyclohexene ring to adapt® Fachbereich Chemie, Philipps-Universitat Marburg
boat conformation and nucleophile attack of thenteal car-  Hans-Meerwein-Strafe, 35032 Marburg, Germany
. . . ) E-mail: jsu@staff.uni-marburg.de
boxylate group insynposition to yieldtranscCHC is less

. . . . . T Electronic Supplementary Information (ESI) avalda [experimental
favoured due to the high ring strain. Likewise, gazallel for- details]. See DOI: 10.1039/b000000x/

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5



Catalysis Science & Technology

1 a) P. Markewitz, W. Kuckshinrichs, W. Leitner,Linssen, P. Zapp,

R. Bongartz, A. Schreiber, T. E. Mulle€Energy Environ. Sci 2012,5,

7281; b) T. E. MullerPreprints of SymposjaACS 200853, 317.

2 M. Peters, B. Kéhler, W. Kuckshinrichs, W. Leitn®. Markewitz,
T. E. Miller,ChemSusChe2011,4, 1216.

% a) J. Langanke, A. Wolf, J. Hofmann, K. Miller, M. Subhani, T.
E. Mduller, W. Leitner, C. Gurtler,Green Chem 2014, DOI:
10.1039/C3GC41788C; b) W. Keim, M. Hdlscher, C. t@iiy M. Pe-
ters, T. E. Muller, W. LeitneiZ. Naturforsch2012,67b, 1; c) M. Pe-
ters, T. E. Muller, W. Leitnetce 2009,813 46.

4 a) Z. Qin, C. M. Thomas, S. Lee, G. W. Coatasgew. Chem. Int.
Ed. 2003,42, 5484; b) D. J. Darensbourg, C. C. Fang, J. L.deosl
Organometallic®2004,23, 924; c) X.-B. Lu, L. Shi, Y.-M. Wang, R.
Zhang, Y.-J. Zhang, X.-J. Peng, Z.-C. Zhang, B.XiAm. Chem.
S0c.2006,128 1664; d) D. J. Darensbourg, P. Bottarelli, JAR-
dreatta,Macromolecule2007,40, 7727; e) B. Li, R. Zhang, X.-B.
Lu, Macromolecule2007,40, 2303; f) D.-Y. Rao, B. Li, R. Zhang,
H. Wang, X.-B. Lu,Inorg. Chem.2009, 48, 2830; g) L. Guo, C.
Wang, W. Zhao, H. Li, W. Sun, Z. Shdbalton Trans.2009, 5406;
h) D. J. Darensbourg, J. R. Andreatta, M. J. JumgrdaH. Reiben-
spies, Dalton Trans.2009, 8891; i) Y. Niu, W. Zhang, H. Li, X.
Chen, J. Sun, X. Zhuang, X. Jirgplymer2009,50, 441; j) S. |. Va-
gin, R. Reichardt, S. Klaus, B. Riegédr,Am. Chem. So2010,132,
14367; k) T. E. Muller, C. Gurtler, M. Wohak, J. tf@mnn, M. A.
Subhani, M. Cosemans, W. Leitnd?CT Pat. Appl 2012 WO
063979; I) T. E. Muller, C. Gurtler, M. Wohak, Jothann, M. A.
Subhani, M. Cosemans, W. Leitnd?CT Pat. Appl.2012 WO
063980.

5 X.-B. Lu, D. J. Darensboui@hem. Soc. Rev201241, 1462.

6 a) X.-B. Lu, Y. WangAngew. Chem. Int. EQ004,43, 3574; b) D. J.
Darensbourg, S. J. Wilsod, Am. Chem. So2011,133 18610; c)
G.-P. Wu, W.-M. Ren, Y. Luo, B. Li, W.-Z. Zhang,-B. Lu, J. Am.
Chem. Soc2012,134, 5682. d) X.-B. Lu, D. J. Darensbour@hem.

Soc. Rev2012,41, 1462. e) E. K. Noh, S. J. Na, S. Sujith, S. W~

Kim, B. Y. Lee,J. Am. Chem. So2007,129 8082.

" a) G. W. Coates, D. R. Mooré&ngew. Chem. Int. EQ2004, 43,
6618-6639; b) D. J. Darensbouf@hem. Rev2007,107, 2388-2410;
c) M. R. Kember, A. Buchard, C. K. William&€hem. Commun.
2011,47, 141-163; d) P. P. Pescarmona, M. Taherim€htal. Sci.
Technol 2012,2, 2169-2187; e) C. Chatterjee, M. H. Chisholm,
org. Chem2012,51, 12041-12052.

8 a) Y.-M. Shen, W.-L. Duan, M. Shl, Org. Chem2003,68, 1559; b)
Y.-M. Shen, W.-L. Duan, M. ShEur. J. Org. Chem2004,14, 3080;
c) D. J. Darensbourg, R. M. Mackiewicz, J. L. Radg€. C. Fang,

6 | J. Name., 2012, 00, 1-3

D. R. Billodeaux, J. H. Reibenspidaprg. Chem2004,43, 6024; d)
H. Tanaka, Y. Kitaichi, M. Sato, T. Ikeno, T. Yansa€hem. Lett.
2004,33, 676; e) W. Yamada, Y. Kitaichi, H. Tanaka, T. iKag, M.
Sato, T. Ikeno, T. Yamad8ull. Chem. Soc. Jpr2007,80, 1391; f)
D. J. Darensbourg, M. Ulusoy, O. Karroonnirum, RPRIland, J. H.
Reibenspies, B. Cetinkay&Jacromolecules2009, 42, 6992; g) L.
Guo, C. Wang, W. Zhao, H. Li, W. Sun, Z. Sh&uslton Trans.
2009,27, 5406; h) K. Nakano, M. Nakamura, K. NozaWiacromol-
ecules2009,42, 6972.

9 a) J. Sundermeyer, F.-M. Mei, WO 2006131381 ZID§ b) A.

Jacob, S. Wershofen, S. Klein, J. Sundermeyer, [i, MVO

20090951642009 c) J. Sundermeyer, F.-M. Mei, EP 1893563 B1

2011

Marcus Harrer, Ph.D. Thesis, Philipps-Univerdié@rburg,2012

J. Sundermeyer, J. Putterlik, M. Foth, J. S. FilldRamesarChem.

Berichte 1994,127, 1201.

a) G. Costa, G. Mestroni, G. Pellizdr,Organomet. Chen1968,15,

187; b) A. Nishinaga, T. Kondo, T. Matsuu@hem. Lett1985, 905.

13 C. Elschenbroich, OrganometallchemiB,esi., Teubner Verlag, Wies-

baden,2005 b) Q. B. Bao, A. L. Rheingold, T. B. BrilDrganome-

tallics 1986,5, 2259.

F. H. Allen, Acta Crystallogr., Sect. B: Struct. Sc2002,58, 380;

accessed May 21, 2012.

D. J. Darensbourg, R. M. Mackiewicz, A. L. PhelgsL. Rodgers,

Prepr. Pap.-Am. Chem. Soc., Div. Fuel Ch@604,49 (1) 5.

a) Y. Dienes, W. Leitner, M. G. J. Muller, W. Kffermans, T.

Reier, A. Reinholdt, T. E. Weirich, T. E. Mullégreen Chem.2012,

14, 1168-1177; b) J. Langanke, A. Wolf, J. Hofmann,B6hm, M.

A. Subhani, T. E. Muller, W. Leitner, C. Glrtlésreen Chem 2014,

DOI: 10.1039/C3GC41788C.

G. A. Luinstra, G. R. Haas, F. Molnar, V. Berrth&. Eberhardt, B.

Rieger,Chem. Eur. J2005,11, 6298.

W. Kuran, T. ListosMacromol. Chem. Phy4994,195 977.

a) G. A. Luinstra, G. R. Haas, F. Molnar, V. Baart, R. Eberhardt,

B. Rieger,Chem. Eur. J2005,11, 6298; b) X. B. Lu, S. Shi, Y. M.

Wang, R. Zhang, Y. J. Zhang, X. J. Peng, Z. C. gh&n Li, J. Am.

Chem. Soc2006,128, 1664.

a) A. Bouchard, M. R. Kember, K. Sandeman, C\WKlliam, Chem.

Comm. 2010,47, 212; b) C. Chatterjee, M. H. Chisholrimorg.

Chem 2012,51, 12041.

S. Elmas, M. A. Subhani, H. Vogt, W. Leitner, H.Muller, Green

Chem 2013,15, 1356. .

For an analogy, see K. L. Fow, S. Jaenicke, TMd#ller, C. Sievers,

J. Mol Cat. A: Chem2008,279, 239.

10

11

12

14

15

16

17

18

20

21

22

This journal is © The Royal Society of Chemistry 2012

Page 6 of 7



Page 7 of 7 Catalysis Science & Technology

3 gee also D. J. Darensbourg, J. C. Yarbrough,r@iz,@. C. Fang,).
Am. Chem. So2003,125, 7586.

2 @) D. J. Darensbourg, D. R. Billodeaux, L. M. é&e0rganometal-
lics 2004,23, 5286; b) D. J. Darensbourg, S. A. Niezgoda, M. W.
Holtcamp, J. D. Draper, J. H. Reibenspiemrg. Chem 1997, 36,
2426.

% Pp. Chen, M. H. Chisholm, J. C. Gallucci, X. Zha#g Zhou,Inorg.
Chem 2005 ,44, 2588.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7



