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N-Heterocyclic Olefins as Organocatalysts for Polymerization:
Preparation of Well-Defined Poly(propylene oxide)**
Stefan Naumann,* Anthony W. Thomas, and Andrew P. Dove*

Abstract: The metal-free polymerization of propylene oxide
(PO) using a special class of alkene— N-heterocyclic olefins
(NHOs)—as catalysts is described. Manipulation of the
chemical structure of the NHO organocatalyst allows for the
preparation of the poly(propylene oxide) in high yields with
high turnover (TON > 2000), which renders this the most active
metal-free system for the polymerization of PO reported to
date. The resulting polyether displays predictable end groups,
molar mass, and a low dispersity (D,;<1.09). NHOs with an
unsaturated backbone are essential for polymerization to
occur, while substitution at the exocyclic carbon atom has an
impact on the reaction pathway and ensures the suppression of
side reactions.

N -Heterocyclic olefins (NHOs), cyclic derivatives of ketene
aminals (ene-1,1-diamines), comprise a group of highly
polarized alkenes.!! These compounds bear considerable
electron density on their exocyclic carbon atom, which can
be formally denoted as charge separation (Scheme 1a). This
unusual characteristic provides NHOs with remarkable
properties, some of which have been exploited for the
synthesis of NHO-metal complexes,” the formation of
NHO-CO, adducts,* or in Diels-Alder reactions./! Remark-
ably, Fiirstner et al. found that even a very simple NHO (1,3-
dimethyl-2-methyleneimidazoline Scheme 1b) confers more
electron density onto the metal center (see A) than typical N-
heterocyclic carbenes (NHCs).! Moreover, coordination to
the metal center was established to be end-on, in contrast to
the commonly encountered side-on coordination of olefins,
a clear testament to the strong polarization of the double
bond. Furthermore, NHOs were also recently applied in
Lewis pairs with aluminum-based co-catalysts for the poly-
merization of acrylates.[®!
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Scheme 1. a) Mesomeric structures for NHOs; b) Fiirstner's NHO-
rhodium complex, and c) transfer to monomer as a side reaction in
PO polymerization. M* = organic or inorganic counterion.

The structural versatility of NHOs makes them exciting
species that need to be explored more fully, the more so since
they are closely related to so-called deoxy-Breslow inter-
mediates, which are proposed to feature a prominent role in
NHC-based organocatalysis.”) Importantly, there are many
ways to actively tune the degree of the double-bond polar-
ization, which opens the possibility to design the reactivity of
the NHO. This can be achieved simply by manipulation of the
heterocycle. Charge separation is expected to be significantly
favored with an unsaturated five-membered backbone, as the
cyclic moiety can aromatize; this effectively “captures” the
positive charge and maximizes the electron density on the
exocyclic carbon atom. Likewise, positions R'-R* can easily
be varied by making use of well-established synthetic routes
to form N-heterocycles. Although this structural diversity has
so far only been explored to a limited degree, it potentially
couples NHC-like adaptability with carbanionic reactivity.
These characteristics suggest that NHOs will be ideally suited
for application in a field where high nucleophilicity and
basicity are essential.

Despite many recent advances in organocatalyzed poly-
merization, challenges remain to discover methods for the
efficient polymerization of several important monomers.
Propylene oxide, oligomers or polymers of which are mainly
used in industry as long-chain polyether-polyol components
for polyurethane formation,® is a prime example, as it has
proven difficult to polymerize in the absence of metal
activation. Organocatalysts alone typically display long
reaction times, low turnover numbers (TON), or side
reactions such as transfer to monomer (Scheme 1c), which
severely limit the accessible molecular weights and end-group
fidelity.”) Phosphazene bases have been successfully applied
to polymerize ethylene oxide,"™"! but were reported to
generate considerable levels of transfer to monomer when PO
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was used.'” Perhaps more relevant to these investigations,
Taton, Gnanou, and co-workers described an elegant, solvent-
free process catalyzed by NHCs, which enabled the prepara-
tion of poly(propylene oxide) (PPO) with well-defined end
groups and good control over the molecular weight.’
However, yields were limited to 30-40% at long reaction
times (3 days) at 50°C. NHC-CO, adducts have also been
used for the oligomerization of PO, although high catalyst
loadings and high temperature are required.'¥ Herein, we
present the first application of NHOs as organic catalysts to
overcome the difficulties in the metal-free synthesis of PPO.

NHOs 1-3 (Scheme 2a) were prepared to determine the
influence of the ring architecture on the reactivity. By using
a convenient procedure to generate the target molecules from
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Scheme 2. a) Catalysts prepared for this study and b) generalized
synthetic procedure.
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their precursor salts®!! by deprotonation with KH,!21¢]
(Scheme S1), the NHOs were obtained after filtration and
evaporation of the solvent, and could be used without further
purification. Notably, NMR spectroscopic analysis revealed
that the signals for the olefinic CH, protons appear strongly
shifted towards high field (6 = 3.29-2.84 ppm, Figure S2), thus
mirroring the increased electron density. NHO 3 displayed
the strongest shift, in accordance with literature data,?
which can be attributed to the stronger contribution of the
charge-separated mesomeric state that is a consequence of
aromatization. The ring-opening polymerization (ROP) of
PO was investigated in the bulk phase at 50°C in the presence
of benzyl alcohol (BnOH) as an initiator at only 0.1 % catalyst
loading (NHO/BnOH/PO =1:10:1000). The initial results
immediately revealed the impact of the N-heterocyclic ring
system. While NHOs 1 and 2 did not yield any polymer, NHO
3 generated PPO with 57 % monomer conversion after 18.5 h,
thus rendering this NHO more than four times more active
than the benchmark NHC-based setup!"? (Table 1, entry 3).
Moreover, when the reaction time was extended, near
quantitative yields (96 %) were achieved (Table 1, entry 7).
However, although analysis by gel-permeation chromatogra-
phy (GPC) showed a very well-defined main peak (Py <
1.07), a small high-molecular-weight impurity was also
observed (Figure S3). Although minor, this observation
suggested the presence of at least two different propagating
species.

While NHC-catalyzed polymerization has been extended
to the ROP of PO, ethylene oxide,'”! lactones, ™ and
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Table 1: Bulk polymerization of PO at 50°C using NHOs 1-4.

Entry NHO Time NHO/BnOH/ Conversion M, Dy
(h] PO [%]"! [gmol "

1 1 18.5 1:10:1000 0 - -

2 2 18.5 1:10:1000 0 - -

3 3 18.5 1:10:1000 57 3500 1.04
4 4 18.5 1:10:1000 43 3500 1.06
5 3 18.5  1:0:1000 <5 18001 2.47
6 4 18.5 1:0:1000 0 - -

7 3 68 1:10:1000 96 5600 1.06
8 4 68 1:10:1000 88 6700 1.04

[a] Calculated from 'H NMR spectra. [b] Determined by GPC analysis
(CHCl,, polystyrene standards). [c] GPC chromatogram multimodal.

siloxanes,"” a mechanistic duality that involves both “basic”
and “nucleophilic” mechanisms has been proposed.’=?*?! It is
reasonable to assume that two different mechanistic pathways
are also possible for NHO-catalyzed polymerization
(Scheme 3): i) deprotonation of the initiator to induce
a more classical anionic polymerization of PO, with the
NHO as a non-innocent counterion that interacts with the
propagating chain end (equivalent to the “basic” mechanism
in NHC-catalyzed processes) and ii) nucleophilic attack of the
NHO on the monomer with subsequent zwitterionic poly-
merization (equivalent to the “nucleophilic” mechanism in
NHC-catalyzed processes). Liberation of the catalyst from
the latter, proposed zwitterionic state, by nucleophilic sub-
stitution is strongly disfavored for NHCs, as shown by recent
DFT calculations.™ Such an elimination is even less likely for
NHOs on account of the difference made by the additional
carbon atom in the zwitterionic structure, hence trapping the
NHO and preventing interconversion of the two propagating
species, thus resulting in a multimodal molecular-weight
distribution. We therefore reasoned that NHO 3 should also
yield PPO in the absence of BnOH. Indeed, the subsequent
bulk ROP of PO in the presence of only NHO 3 (Table 1,
entry 5) resulted in isolation of a polymer, although in low
yield (< 5%, Figure S4). Analysis of the resultant polymer by
GPC revealed a multimodal distribution with a high molec-
ular weight (number-average molecular weight, M,, up to
11000 gmol ™).

To produce well-defined PPO, we sought to block the
supposedly zwitterionic pathway by increasing the steric
congestion of the catalytically active site. Hence, NHO 4 was
synthesized, which bears two methyl groups on the exocyclic
carbon atom. In addition to increased steric demands, this
modification was proposed to enhance the basicity of the
NHO on account of the generation of a latent tertiary
carbanion (NHO 3 would generate a primary carbanion), and
thus favor the anionic over the zwitterionic mechanism.
Gratifyingly, under the same conditions outlined above, NHO
4 yielded PPO with low dispersity and a monomodal molec-
ular weight distribution (Table 1, entry4; Figure S3).
Although this was coupled with a slightly decreased activity
compared to NHO 3, the molecular weight of the prepared
polymer was fully predictable from the monomer/initator
ratio as a consequence of the elimination of the side reactions
(Figure S5). Importantly, NHO 4 did not yield any polymer
when treated with PO in the absence of alcohol (Table 1,
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entry 6), thereby revealing a sharp contrast to typical NHC
reactivity.”¥) MALDI-ToF MS analysis of the PPO produced
using NHO 4 underlined the well-defined nature of the
polymerization (Figure 1). A single distribution was
observed, with the major signal in the spectrum consistent
with that calculated for a sodium-charged PPO initiated by
benzyl alcohol. As supported by NMR spectroscopic analysis
of the polymer, no allyl-terminated polymer chains were
observed which indicates an absence of hydrogen abstraction
as a relevant side reaction (Scheme 1).” Similar MALDI-ToF
MS analysis of the PPO generated by NHO 3 additionally
showed the expected high-molecular-weight impurity (Fig-
ure S6). These observations further corroborate the proposed
polymerization mechanism.

Clearly, the interaction of NHOs 1-4 with hydroxy groups
is crucial for the success of the polymerization. To investigate
these interactions further, a series of '"H NMR spectroscopy
experiments was conducted (CsDg, BhnOH/NHO = 1:1, ambi-
ent temperature; Figures S7 and S8). The addition of NHO
1 to BnOH resulted in the disappearance of both the olefinic
and -OH signals, which indicates some degree of interaction;
the other signals showed little or no shift. However, this
gradually changed when going from NHO 2 and 3 to NHO 4.
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Figure 1. a) MALDI-ToF mass spectrum of PPO prepared by 4 (Table 1,
entry 4), b) expansion, and c) calculated mass of sodium-charged PPO
initiated by BnOH.
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Scheme 3. Major (anionic) and minor (zwitterionic) mechanisms proposed for the polymerization of PO using 3. Box: Zwitterion derived from NHC.
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NHO 4 resulted in the appearance of a single broad resonance
at 0 =13.17 ppm, which most likely represents a significantly
deshielded alcoholic proton.”?! In contrast, a broad signal is
observed at 0 =4.65 ppm in the presence of NHO 3. Most
likely, this series of spectra show BnOH-NHO complexes in
different stages of the deprotonation process: the stronger
base, 4, is able to abstract the proton of the alcohol to a higher
degree than 3, the weaker base. Consistently, the methylene
unit Ar-CH,-OH is shifted stepwise towards low field (6 =
4.44,4.67,5.05, and 5.19 ppm for NHOs 1-4, respectively) and
likewise the convoluted aromatic region of BnOH becomes
increasingly differentiated. Both observations are again in
line with increasing deprotonation, which will increase the
negative charge on the oxygen atom (and therefore the
shielding of the adjacent methylene moiety) and also
strengthen the inductive effect on the aromatic ring. This
outcome strongly emphasizes the difference in the reactivity
of the studied NHOs. Since NHOs 1 and 2 do not yield PPO,
but NHOs 3 and 4 do, these interactions seem critical to
defining the reactivity that has to be surpassed to induce
polymerization.

Once it had been established that catalyst 4 was able to
produce highly defined and monomodal PPO, further inves-
tigations of the key properties of the polymerization of PO
catalyzed by this NHO were undertaken. Identical but
independent polymerizations were stopped after different
reaction times, to correlate the conversion and molecular
weight. Notably, this resulted in a perfectly linear relationship
(Figure 2) over the range 1700-6700 gmol !, while maintain-
ing low dispersity (P <1.09). Additionally, with the pro-
posed role of the NHO as the catalyst and BnOH as the
initiator, a change in the ratios was anticipated to have
distinct consequences on the molecular weight of the
resultant PPO. Although a higher loading of NHO 4 at
constant BnOH/PO resulted in a more rapid polymerization,
the molecular weight remained within the expected range
(Table 2, entry 1; compare Table 1, entry 4 and Figure S5). In
a complementary manner, doubling the amount of BnOH (to
target a degree of polymerization (DP) of 50) halved the
resulting molecular weight, while a target DP =200 yielded
PPO with a molecular weight greater than 10000 gmol™
(Table 2, entries 2 and 4). When the target DP was increased
further to 300, the monomer conversion dropped significantly
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Figure 2. Monomer conversion versus molecular weight (M,, GPC).
4/BnOH/PO=1:10:1000, 50°C, bulk.

Table 2: Bulk polymerization of PO at 50°C using NHO 4.

Entry Time NHO/BnOH/  Conversion M, Dy,
(h] PO (%] [gmol™']"

1 18.5 2:10:1000 66 5100 1.04
2 68 1:20:1000 92 3900 1.06
3 68 1:10:1000 88 6700 1.04
4 68 1:5:1000 84 10100 1.05
5 68 1:3.3:1000 59 9300 1.06
6 138 1:3.3:1000 75 12000 1.06
7 113 1:30:3000 73 5800 1.04
8 113 1:100:10000 26 2100 1.06

[a] Calculated from "H NMR spectra. [b] Determined by GPC analysis
(CHCl,, polystyrene standards).

(Table 2, entry 5) and remained below the level of the lower
DP polymerizations even when the reaction time was
extended (Table 2, entry 6). Nonetheless, a molecular weight
of 12000 gmol ' was achieved in this way, which is atypically
high for PPO derived by organocatalysis. These results
suggest that the presence of BnOH is important to retain
high catalyst activities, possibly as a result of increased overall
solution polarity and lower viscosity of the solution as a result
of lower molecular weight polymers. Importantly, not only is
the rate of monomer consumption influenced, but also the
occurrence of transfer to monomer. While this is virtually
absent for NHO/BnOH ratios of 1:10 or higher, it gets more
noticeable for low BnOH loadings (1:5 or lower, DP > 200)
(Figures S9 and S10), most likely a consequence of the
decreased ratio of alcohol to monomer leading to increased
competition for proton abstraction from PO in preference to
the alcohol.

Finally, to further determine the limits of the ROP of PO
by NHO 4, reactions with very low NHO loadings were
conducted, using the aforementioned optimized conditions of
PO/BnOH =100:1. Interestingly, with 3000 equivalents of
monomer (Table 2, entry 7), a relatively high conversion of
73 % was achieved. This corresponds to a TON of about 2200,
unrivalled by competing organocatalytic systems to date. A
further increase to 10000 equivalents of PO (0.01 % NHO) at
the same polymerization time resulted in a further increased
TON of 2600 (at 26 % monomer conversion), thereby under-
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lining the robustness of the catalyst and the absence of
relevant poisoning by impurities. In both cases, transfer to
monomer was insignificant (Figure S11).

In conclusion, we have reported the first example of an
NHO-catalyzed organopolymerization. Through manipula-
tion of the NHO structure we have shown that the nature of
the heterocyclic ring is a key factor in determining the activity
in the polymerization of PO. Imidazolium-based catalysts
show a high performance, while their saturated five- and six-
membered counterparts do not polymerize PO at all
Furthermore, it was demonstrated that the exocyclic carbon
atom is a decisive tuning site of the catalysts, and can be used
to suppress undesired side reactions. Increased steric con-
gestion and basicity, as present in NHO 4, enabled the
synthesis of well-defined PPO in a highly controlled manner,
while at the same time, to the best of our knowledge, this
NHO emerged as the most active organocatalyst for PO
polymerization reported to date. The distinct NHO carba-
nionic reactivity can be expected to allow access to further
highly challenging fields in organopolymerization, especially
since the catalysts can be readily tailored, as shown in this
study.

Keywords: N-heterocyclic olefins - organocatalysis -
poly(propylene oxide) - ring-opening polymerization

How to cite: Angew. Chem. Int. Ed. 2015, 54, 9550-9554
Angew. Chem. 2015, 127, 9686—9690

[1] See, for example: a) P.P. Ponti, J. C. Baldwin, W. C. Kaska,
Inorg. Chem. 1979, 18, 873-875; b) U. Gruseck, M. Heusch-
mann, Chem. Ber. 1987, 120, 2053 -2064; c) N. Kuhn, H. Bohnen,
J. Kreutzberg, D. Bliser, R. Bose, J. Chem. Soc. Chem. Commun.
1993, 1136-1137; d) R. S. Ghadwal, S. O. Reichmann, F. Engel-
hardt, D. M. Andrada, G. Frenking, Chem. Commun. 2013, 49,
9440-9442.

a) N. Kuhn, H. Bohnen, D. Bliser, R. Bose, Chem. Ber. 1994, 127,

1405-1407; b) H. Schumann, M. Glanz, J. Winterfeld, H.

Hemling, N. Kuhn, H. Bohnen, D. Bléser, R. Bose, J. Organomet.

Chem. 1995, 493, C14; ¢) S. M. Ibrahim Al-Rafia, A. C. Mal-

colm, S.K. Liew, M.J. Ferguson, R. McDonald, E. Rivard,

Chem. Commun. 2011, 47, 6987-6989; d) A. Glockner, S.

Kronig, T. Bannenberg, C. G. Daniliuc, P. G. Jones, M. Tamm,

J. Organomet. Chem. 2013, 723, 181-187; ¢) S. Kronig, P. G.

Jones, M. Tamm, Eur. J. Inorg. Chem. 2013, 2301 -2314.

[3] Y.-B. Wang, Y.-M. Wang, W.-Z. Zhang, X.-B. Lu, J. Am. Chem.
Soc. 2013, 135, 11996 —-12003.

[4] U. Gruseck, M. Heuschmann, Tetrahedron Lett. 1987, 28, 6027 -
6030.

[5] A. Fiirstner, M. Alcarazo, R. Goddard, C. W. Lehmann, Angew.
Chem. Int. Ed. 2008, 47, 3210-3214; Angew. Chem. 2008, 120,
3254 -3258.

[6] a) Y.-B. Jia, Y.-B. Wang, W.-M. Ren, T. Xu, J. Wang, X.-B. Lu,

Macromolecules 2014, 47, 1966-1972; b) Y.-B. Jia, W.-M. Ren,

S.-J. Liu, T. Xu, Y.-B. Wang, X.-B. Lu, ACS Macro Lett. 2014, 3,

896 -899.

a) B. Maji, M. Horn, H. Mayr, Angew. Chem. Int. Ed. 2012, 51,

6231-6235; Angew. Chem. 2012, 124, 6335-6339; b) H. Mayr, S.

Lakhdar, B. Maji, A. R. Ofial, Beilstein J. Org. Chem. 2012, 8,

1458 -1478; ¢) S. Naumann, A. P. Dove, Polym. Chem. 2015, 6,

3185-3200; d) S.-i. Matsuoka, Y. Ota, A. Washio, A. Katada, K.

Ichioka, K. Takagi, M. Suzuki, Org. Lett. 2011, 13, 3722 -3725;

e) A. T. Biju, M. Padmanaban, N. E. Wurz, F. Glorius, Angew.

[2

—_—

[7

—

www.angewandte.org

die

Chemie

9553


http://dx.doi.org/10.1021/ic50193a071
http://dx.doi.org/10.1002/cber.19871201217
http://dx.doi.org/10.1039/c39930001136
http://dx.doi.org/10.1039/c39930001136
http://dx.doi.org/10.1039/c3cc45652h
http://dx.doi.org/10.1039/c3cc45652h
http://dx.doi.org/10.1002/cber.19941270814
http://dx.doi.org/10.1002/cber.19941270814
http://dx.doi.org/10.1016/0022-328X(95)05435-R
http://dx.doi.org/10.1016/0022-328X(95)05435-R
http://dx.doi.org/10.1039/c1cc11737h
http://dx.doi.org/10.1016/j.jorganchem.2012.10.014
http://dx.doi.org/10.1002/ejic.201201516
http://dx.doi.org/10.1021/ja405114e
http://dx.doi.org/10.1021/ja405114e
http://dx.doi.org/10.1016/S0040-4039(00)96855-2
http://dx.doi.org/10.1016/S0040-4039(00)96855-2
http://dx.doi.org/10.1002/anie.200705798
http://dx.doi.org/10.1002/anie.200705798
http://dx.doi.org/10.1002/ange.200705798
http://dx.doi.org/10.1002/ange.200705798
http://dx.doi.org/10.1021/ma500047d
http://dx.doi.org/10.1021/mz500437y
http://dx.doi.org/10.1021/mz500437y
http://dx.doi.org/10.1002/anie.201202327
http://dx.doi.org/10.1002/anie.201202327
http://dx.doi.org/10.1002/ange.201202327
http://dx.doi.org/10.3762/bjoc.8.166
http://dx.doi.org/10.3762/bjoc.8.166
http://dx.doi.org/10.1039/C5PY00145E
http://dx.doi.org/10.1039/C5PY00145E
http://dx.doi.org/10.1021/ol201380m
http://dx.doi.org/10.1002/anie.201103555
http://www.angewandte.org

Angewandte

9554

Communications

Chem. Int. Ed. 2011, 50, 8412 -8415; Angew. Chem. 2011, 123,
8562-8565; f) Y. Zhang, E. Y.-X. Chen, Angew. Chem. Int. Ed.
2012, 51, 2465-2469; Angew. Chem. 2012, 124, 2515-2519.

[8] M. Ionescu, Chemistry and technology of polyols for polyur-
ethanes, Rapra Technology, Shawbury, Shrewsbury, Shropshire,
UK, 2005.

[9] For a review on polyether synthesis, see A.-L. Brocas, C.
Mantzaridis, D. Tunc, S. Carlotti, Prog. Polym. Sci. 2013, 38,
845-873.

[10] B. EBwein, N. M. Steidl, M. Moller, Macromol. Rapid Commun.
1996, 17, 143-148.

[11] For phosphazene catalysis in conjunction with lithium-based
compounds, see a) B. EBwein, M. Moller, Angew. Chem. Int. Ed.
Engl. 1996, 35, 623-625; Angew. Chem. 1996, 108, 703 -705;
b) H. Schmalz, M. G. Lanzendorfer, V. Abetz, A. H. E. Miiller,
Macromol. Chem. Phys. 2003, 204, 1056-1071; ¢) R. Joso, S.
Reinicke, A. Walther, H. Schmalz, A. H. E. Miiller, L. Barner,
Macromol. Rapid Commun. 2009, 30, 1009-1014; d)F.
Schacher, M. Miillner, H. Schmalz, A. H. E. Miiller, Macromol.
Chem. Phys. 2009, 210, 256 -262.

[12] For phosphazene- or phosphonium-catalyzed PO oligomeriza-
tion, see a) O. Rexin, R. Miihlhaupt, J. Polym. Sci. Part A 2002,
40, 864—-873; b) O. Rexin, R. Miihlhaupt, Macromol. Chem.
Phys. 2003, 204, 1102-1109; c¢)J. Zhao, G. Mountrichas, G.
Zhang, S. Pispas, Macromolecules 2010, 43, 1771 -1777.

[13] J. Raynaud, W. N. Ottou, Y. Gnanou, D. Taton, Chem. Commun.
2010, 46, 3203 -3205.

[14] R.Lindner, M. L. Lejkowski, S. Lavy, P. Deglmann, K. T. Wiss, S.
Zarbakhsh, L. Meyer, M. Limbach, ChemCatChem 2014, 6, 618 —
625.

[15] a) S. Saba, A. Brescia, M. K. Kaloustian, Tetrahedron Lett. 1991,
32,5031-5034; b) A. Aidouni, S. Bendahou, A. Demonceau, L.
Delaude, J. Comb. Chem. 2008, 10, 886—892; c) T. Peppel, C.

Roth, K. Fumino, D. Paschek, M. Kockerling, R. Ludwig,
Angew. Chem. Int. Ed. 2011, 50, 6661—-6665; Angew. Chem.
2011, 723, 6791-6795; d) A. R. Chianese, B. M. Zeglis, R. H.
Crabtree, Chem. Commun. 2004, 2176-2177.

[16] G. Ye, W. P. Henry, C. Chen, A. Zhou, C. U. Pittman, Tetrahe-
dron Lett. 2009, 50, 2135-2139.

[17] a)J. Raynaud, C. Absalon, Y. Gnanou, D. Taton, J. Am. Chem.
Soc. 2009, 131, 3201-3209; b)J. Raynaud, C. Absalon, Y.
Gnanou, D. Taton, Macromolecules 2010, 43, 2814 —-2823.

[18] a) G. W. Nyce, T. Glauser, E.F. Connor, A. Mdck, R. M.
Waymouth, J. L. Hedrick, J. Am. Chem. Soc. 2003, 125, 3046 —
3056; b) N. E. Kamber, W. Jeong, S. Gonzalez, J. L. Hedrick,
R. M. Waymouth, Macromolecules 2009, 42, 1634-1639; c) S.
Naumann, F. G. Schmidt, W. Frey, M. R. Buchmeiser, Polym.
Chem. 2013, 4, 4172-4181; d) G. O. Jones, Y. A. Chang, H. W.
Horn, A. K. Acharya, J. E. Rice, J. L. Hedrick, R. M. Waymouth,
J. Phys. Chem. B 2015, 119, 5728 -5737.

[19] a) B. G. G. Lohmeijer, G. Dubois, F. Leibfarth, R. C. Pratt, F.
Nederberg, A. Nelson, R. M. Waymouth, C. Wade, J. L. Hedrick,
Org. Lett. 2006, 8, 4683-4686; b) M. Rodriguez, S. Marrot, T.
Kato, S. Stérin, E. Fleury, A. Baceiredo, J. Organomet. Chem.
2007, 692, 705-708; c) H. A. Brown, Y. A. Chang, R. M. Way-
mouth, J. Am. Chem. Soc. 2013, 135, 18738 -18741.

[20] M. Fevre, J. Pinaud, Y. Gnanou, J. Vignolle, D. Taton, Chem. Soc.
Rev. 2013, 42, 2142.

[21] H. A. Brown, R. M. Waymouth, Acc. Chem. Res. 2013, 46,2585 —
2596.

[22] T.K. Sen, S. C. Sau, A. Mukherjee, A. Modak, S. K. Mandal, D.
Koley, Chem. Commun. 2011, 47, 11972-11974.

Received: May 7, 2015
Published online: July 1, 2015

www.angewandte.org

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 9550 -9554


http://dx.doi.org/10.1002/anie.201103555
http://dx.doi.org/10.1002/ange.201103555
http://dx.doi.org/10.1002/ange.201103555
http://dx.doi.org/10.1002/anie.201108019
http://dx.doi.org/10.1002/anie.201108019
http://dx.doi.org/10.1002/ange.201108019
http://dx.doi.org/10.1016/j.progpolymsci.2012.09.007
http://dx.doi.org/10.1016/j.progpolymsci.2012.09.007
http://dx.doi.org/10.1002/macp.200390077
http://dx.doi.org/10.1002/marc.200900031
http://dx.doi.org/10.1002/macp.200800557
http://dx.doi.org/10.1002/macp.200800557
http://dx.doi.org/10.1002/pola.10163
http://dx.doi.org/10.1002/pola.10163
http://dx.doi.org/10.1002/macp.200390086
http://dx.doi.org/10.1002/macp.200390086
http://dx.doi.org/10.1021/ma902590w
http://dx.doi.org/10.1039/b925415c
http://dx.doi.org/10.1039/b925415c
http://dx.doi.org/10.1002/cctc.201300802
http://dx.doi.org/10.1002/cctc.201300802
http://dx.doi.org/10.1016/S0040-4039(00)93420-8
http://dx.doi.org/10.1016/S0040-4039(00)93420-8
http://dx.doi.org/10.1021/cc800101k
http://dx.doi.org/10.1002/anie.201100199
http://dx.doi.org/10.1002/ange.201100199
http://dx.doi.org/10.1002/ange.201100199
http://dx.doi.org/10.1039/b409672j
http://dx.doi.org/10.1016/j.tetlet.2009.02.160
http://dx.doi.org/10.1016/j.tetlet.2009.02.160
http://dx.doi.org/10.1021/ja809246f
http://dx.doi.org/10.1021/ja809246f
http://dx.doi.org/10.1021/ma902676r
http://dx.doi.org/10.1021/ja021084+
http://dx.doi.org/10.1021/ja021084+
http://dx.doi.org/10.1021/ma802618h
http://dx.doi.org/10.1039/c3py00548h
http://dx.doi.org/10.1039/c3py00548h
http://dx.doi.org/10.1021/acs.jpcb.5b01595
http://dx.doi.org/10.1021/ol0614166
http://dx.doi.org/10.1016/j.jorganchem.2006.10.006
http://dx.doi.org/10.1016/j.jorganchem.2006.10.006
http://dx.doi.org/10.1021/ja409843v
http://dx.doi.org/10.1039/c2cs35383k
http://dx.doi.org/10.1039/c2cs35383k
http://dx.doi.org/10.1021/ar400072z
http://dx.doi.org/10.1021/ar400072z
http://dx.doi.org/10.1039/c1cc15032d
http://www.angewandte.org

