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@ Reversible N-Heterocyclic Carbene-Induced a-H Abstraction in

Tungsten(VI) Imido Dialkyl Dialkoxide Complexes

Janis V. Musso,”” Mathis J. Benedikter,””” Dongren Wang,"” Wolfgang Frey,
Hagen J. Altmann,” and Michael R. Buchmeiser*® "

Abstract: The first reversible N-heterocyclic carbene (NHC)
induced a-H abstraction in tungsten(VIl) imido-dialkyl di-
alkoxide complexes is reported. Treatment of
W(NAr)(CH,Ph),(OtBu), (Ar=2,6-dichlorophenyl, 2,6-dime-
thylphenyl, 2,6-diisopropylphenyl) with different NHCs
leads to the formation of complexes of the type
W(NAr)(CHPh)(NHC)(CH,Ph)(OtBu) in excellent isolated
yields of up to 96%. The highly unusual release of the
tert-butoxide ligand as tBuOH in the course of the reaction
was observed. The formed alkylidene complexes and
tBuOH are in an equilibrium with the NHC and the dialkyl
complexes. Reaction kinetics were monitored by 'H NMR
spectroscopy. A correlation between the steric and elec-
tronic properties of the NHC and the reaction rates was
observed. Kinetics of a deuterium-labeled complex in
comparison to its non-deuterated counterpart revealed
the presence of a strong primary kinetic isotope effect
(KIE) of 4.2, indicating that a-H abstraction is the rate-de-
termining step (RDS) of the reaction. D

Since the characterization of the first tungsten-carbene com-
plexes by Fischer in 1964 the number of group 6 carbene
complexes has steeply increased and yielded a variety of
highly applicable developments,”~ one of the most prominent
being the discovery of olefin metathesis-active homogeneous
Group 6 catalysts by Schrock.™ The key step in the synthesis of
those catalysts is the formation of an alkylidene complex
which is—among alternative routes®”—usually achieved by
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the intramolecular abstraction of an a-hydrogen atom of an
alkyl ligand and elimination of the hydrogen-accepting
ligand.®? This process is believed to be induced by a sterically
crowded coordination sphere around the metal atom.®"
Nomura and Zhang reported the successful use of NHCs for
the a-H abstraction of vanadium(V) complexes of the type
V(NR)(CH,SiMe;); to the corresponding alkylidene complexes
V(NR)(CHSiMe;)(NHC)(CH,SiMe;) [R=1-adamantyl, 2,6-Me,C¢H;,
NHC = 1,3-bis(2,6-diisopropylphenyl)imidazole-2-ylidene]
(Scheme 1).'7 Those results encouraged us to initiate studies
towards the NHC-induced a-H abstraction in tungsten(VI)
imido dialkyl complexes in order to find a more direct route to
highly metathesis-active neutral and cationic tungsten imido
alkylidene NHC complexes similar to those that have previous-
ly been synthesized by our group."™ To our delight, the reac-
tion of W(N-2,6-Cl,C¢Hs)(CH,Ph),(OtBu), (1) with 1,3-dimesityl-
imidazol-2-ylidene (IMes) led to the rapid formation of the al-
kylidene complex W(N-2,6-Cl,C¢Hs)(CHPh)(IMes)(CH,Ph)(OtBu)
(2) in benzene at room temperature, which was obtained as a
1:1 mixture of the corresponding syn- and anti-isomer
(Jeu(syn) = 118.9 Hz, 'J(ant) = 140.1 Hz, Scheme 2).

At a first glance, the involvement of one of the tBuO ligands
in the a-H abstraction instead of the alkyl group and its elimi-
nation as tBuOH appears surprising. However, the rather
shielded a-carbon in the dialkyl species (0 =66.1 ppm) point
towards a low alkylidene character of the M—C bond and a full

R A }
) Ar—y N— AT Ar N
| = A
MesSiCHy—V~cH.siMe - » | CHSiMe;
Me SiCH/ 2 3 benzene, 80 °C, 18 h <\/7 CH,SiMe;
3o 15-60% N
Ar

R = 2,6-dimethylphenyl, adamantyl
Ar = 2,6-PryCqHs

Scheme 1. Nomura’s NHC-induced a-H abstraction in vanadium(V) com-
plexes.
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Scheme 2. Reaction of 1 with IMes to 2 under concomitant elimination of
tBUOH.
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involvement of the p-orbital in the M—C, C—H and C—C bonds.
In turn, this leads to a lower basicity compared to the fully de-
veloped lone pair of the alkoxide.™ Notably, for a quantitative
description, the values for d,;, d,, and d5; would have to be de-
termined. Although the elimination of alkoxides in silica-sup-
ported metathesis catalysts has been proposed as a possible
deactivation pathway in computational studies,"*"'® to the
best of our knowledge, this is the first case in organometallic
chemistry in which the elimination of an alkoxide ligand is ex-
ploited synthetically while the benzyl ligand does not act as an
acceptor for the eliminated hydrogen as observed in a-H ab-
straction reactions of other tungsten(VI) imido dialkyl dialkox-
ide complexes.”

The reaction of 1 with IMes was conducted again in CiDg
and monitored by 'H NMR spectroscopy. At an initial concen-
tration of 37 mm of IMes and 1, the reaction reached its equi-
librium state at 40% conversion after 90 min. We hypothesize
that the eliminated tBuOH is evaporated to a large extent in
course of the work-up procedure, thereby shifting the equilib-
rium towards the product side, which serves as an explanation
for the isolated yield of 78%. To prove this assumption, tBUOH
was added to the isolated alkylidene complex 2, which indeed
resulted again in the described equilibrium.

Single crystals of 2 were grown from a pentane solution at
—35°C. A thermal ellipsoid drawing of the structure is depicted
in Figure 1. Compound 2 crystallizes in the monoclinic space
group, P2,/n, a=1031.21(3) pm, b=2104.93(8) pm, c=
1896.91(5) pm, a=y=90°, £=91.105(2)°, Z=4. In the solid
state, 2 adopts a square pyramidal (SP) configuration with the
alkylidene ligand occupying the apical position and all other li-
gands laying in the equatorial plane. The sterical bulk of the

Figure 1. Single crystal X-ray structure of 2 displayed as a thermal ellipsoid
plot (50% probability). Relevant bond lengths (pm) and angles (°): W(1)—
N(3) 1.704(4), W(1)—0O(1) 1.920(4), W(1)—C(32) 1.911(5), W(1)—C(39) 2.250(7),
W(1)—C(1) 2.312(6), C(1)—N(1) 1.373(9), C(1)—-N(2) 1.371(9); N(3)-W(1)-O(1)
148.9(3), N(3)-W(1)-C(32) 104.9(4), O(1)-W(1)-C(32) 106.1(3), N(3)-W(1)-C(39)
91.7(2), O(1)-W(1)-C(39) 87.3(2), C(32)-W(1)-C(39) 90.0(4), N(3)-W(1)-C(1)
94.3(2), O(1)-W(1)-C(1) 83.1(2), C(32)-W(1)-C(1) 96.8(3), C(39)-W(1)-C(1)
169.5(2), N(1)-C(1)-N(2) 102.5(5).

mesityl groups leads to a high degree of distortion of the SP
configuration, which is indicated by a calculated 75 value'” of
0.34. The NHC takes the position trans to the benzyl ligand,
which shows a rather long bond distance for a W—C single
bond of 231.2(6) pm compared to other tungsten alkyl com-
plexes.” This can be explained by a structural trans effect in-
duced by the strong o-donor properties of the NHC.

A screening of different NHCs and tungsten complexes with
a variation of the imido ligands is depicted in Scheme 3. With
the exception of 9, all complexes were obtained in good to ex-
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N [short reaction times of minutes to few hours at rt]
b z
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) N7 W ) [quick and easy work-up] )
PhCHar. 5, +OfBu / v 2 [high atom economy compared to other routes to W-alkylidene
W - tBUOH 1 tBuO R
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Scheme 3. Scope of NHC-induced a-H abstraction.
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cellent isolated yields between 69% (10) and 96% (7). Reac-
tions were conducted in benzene at room temperature and
gave access to the desired products in short reaction times
of—in most cases—only several minutes to a few hours. We
assume that a 2,6-substitiution pattern of the imido-ligand
contributes to a crowded coordination sphere and is therefore
required for an efficient a-H abstraction, although we have no
experimental evidence, since the preparation of the analogous
W(N-3,5-dichlorophenyl)(CH,Ph),(OtBu), and W(N-3,5-dimethyl-
phenyl)(CH,Ph),(OtBu), complexes failed. While the reaction of
the analogous W"' imido dineophyl dialkoxide complexes with
various NHCs also resulted in the desired o-H abstraction, the
products turned out to be unstable at room temperature and
readily decomposed before full characterization could be com-
pleted.

It was observed that both the reaction rates and yields
highly depend on the combination of the imido ligand the
NHC used. Thus, the reaction of IMes and 6 required several
days to reach equilibrium and resulted only in a moderate
yield of 58% whereas no conversion was observed for the
analogous reaction with the more sterically demanding 1,3-di-
isopropylimidazol-2-ylidene (IPr).

Similar to 2, in the solid state, 11 adopts a SP configuration
and crystallizes in the monoclinic space group, P2,/c, a=
2053.71(9) pm, b=961.56(4) pm, ¢ =2024.87(9) pm, o=y =90°,
p=112.431(2)°, Z=4 (Figure 2). The t5 value was 0.016, indicat-
ing an almost perfect SP configuration. It can be assumed that
the lower degree of distortion originates from the lower steric
demand of the isopropyl groups of the NHC compared to 2.
The lower steric bulk of IPr is reflected by higher reaction rates
compared to IMes for R?=Me (Table 1).

It was anticipated that the reaction kinetics correlate with
the Tolman electronic parameter (TEP)"®'? and the percent
buried volume (%V,,)?*?" of the NHC. The kinetics of several

,.\«»l\ %f/ )

I
I s /l\ \
— "\ - w1 o1 '
’\F—/.
N N3 Lo

st

N

Figure 2. Single crystal X-ray structure of 11 displayed as a thermal ellipsoid
plot (50% probability). Relevant bond lengths (pm) and angles (°): W(1)—
N(3) 1.7756(19), W(1)—O(1) 1.9049(16), W(1)—C(22) 1.912(2), W(1)—C(29)
2.225(2), W(1)—C(1) 2.279(2), C(1)—N(1) 1.359(3), C(1)—N(2), N(3)-W(1)-O(1)
154.72(8), N(3)-W(1)-C(22) 101.39(10), O(1)-W(1)-C(22) 103.70(9), N(3)-W(1)-
C(29) 94.02(9), O(1)-W(1)-C(29) 86.79(8), C(22)-W(1)-C(29) 95.31(10), N(3)-
W(1)-C(1) 87.05(8), O(1)-W(1)-C(1) 82.20(8), C(22)-W(1)-C(1) 108.30(9), C(29)-
W(1)-C(1) 155.70(9), N(1)-C(1)-N(2) 103.7(2).
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Table 1. Reaction kinetics of NHC-induced a-H abstraction.

kys-c (Lmol™"'s™") R'=Cy R — Pr R'=Mes
=l 2.72+0.06x107" 9.24+0.19%x1072 6.31+13x10°°
R’=Me 1.1240.01x1072 4934+ 0.09x10°> 4.934+0.15x10~*

R?=iPr 7.514007x10 % 4.93+0.15x10* n.d.

[a] No conversion.

reactions were therefore monitored by '"H NMR and compared
to the steric and electronic properties of the NHCs used as
summarized in the literature (Table 2)."®*" The combination of
the comparably small and electron-withdrawing 2,6-dichloro-
phenylimido ligand with 1,3-dicyclohexylimidazol-2-ylidene
(ICy) and IPr, both having a %V,, of 27.5 and a TEP of
2049.5 cm™" and 2050.3 cm™’, respectively, resulted in fast reac-
tion rates with kys.c=2.27x10""Lmol™'s™" and kys-c=9.24x
107" Lmol™'s™" that were pushing the limits of reaction moni-
toring by 'H NMR. The rate constant for the reaction of the
same complex with the more sterically demanding IMes
(36.5%V,,) was determined as kys-c=6.31x107>Lmol™"'s™".
This trend continues in the reactions of 3. With ICy, the highest
reaction rate of ky.c=1.12x1072Lmol™'s™' was observed,
while the reaction rates with IPr and IMes were determined as
kys.c=4.93x107Lmol's7'and  kys.c=4.93x107*Lmol's".
Lastly, the reactions of 4 with IPr and ICy, respectively, revealed
smaller rate constants compared to the analogous reactions of
3, which can be explained by the higher steric bulk of the iso-
propyl groups. This can also be considered the reason for the
poor reactivity of 4 and IMes, for which no conversion was ob-
served. No intermediates were observed by NMR In all the
monitored reactions, however, their formation could not be
fully ruled out at that stage. Therefore, two reaction pathways
seemed plausible (Scheme 4).

One feasible pathway proceeds via a concerted mechanism
(Pathway A). The NHC binds to the metal and at the same
time tBUOH is eliminated without the formation of intermedi-
ates. In this case, C—H bond cleavage is involved in the rate-
determining step (RDS). On the contrary, a two-step mecha-
nism is plausible, in which the binding of the NHC results in
the formation of Intermediate 1 which, in a consecutive step,
undergoes o-H abstraction (Pathway B). The first step has to
be slow and therefore the RDS since the buildup of Intermedi-
ate 1 was not observed by NMR. As shown by Schrock et al.;
deuterium-labeling can be an efficient tool for the elucidation
of the mechanistic details of the formation of tungsten alkyli-
dene complexes.””? Therefore, the deuterium-labeled com-
plex 1d was synthesized from commercially available toluene-

Table 2. Buried volumes (%V,,,) and Tolman electronic parameters (TEP)
of the NHCs used.['®2"

%V, (@ 2 A, AUCI(NHC)) TEP (cm™)
R'=/Pr 275 20503
R'=Cy 275 2049.5
R'=Mes 365 2049.6

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Intermediate 1

Scheme 4. Plausible reaction pathways for a-H abstraction.

dg in a radical chlorination reaction using sulfuryl chloride,®
subsequent synthesis of benzylmagnesium chloride-d,,*!
which in the reaction with W(N-2,6-dichlorophenyl)-
Cl,(OtBu),(THF) gave access to 1d. The kinetics of the reaction
of 1d and IMes were monitored with the aforementioned
technique to obtain a rate constant of k,s-:c=1.49(£0.02)x
1073 Lmol™"s™" (Scheme 5). A comparison of the kinetics of the
non-deuterated complex 1 and the deuterated complex 1d re-
vealed a kinetic isotope effect (KIE) of k,/kp=4.2. This can be
considered a strong primary KIE®® and is an indication that C—
H bond cleavage is involved in the RDS.?® Consequently, coor-
dination of the NHC in pathway B cannot be rate determining.
Together with the mechanistic considerations and the ob-
served absence of intermediates in 'H NMR, we conclude that
a concerted mechanism (Pathway A) is operative.

Based on the data outlined above, another reaction mecha-
nism that comprises the deprotonation of the dialkyl complex
by the NHC (Scheme 6) is also highly unlikely since signals of
intermediary imidazolium salts could not be observed by
'H NMR spectroscopy.

In this hypothetical case, the deprotonation step of the di-
alkyl complex 1 to intermediate 2 has to be slow and there-
fore rate-determining. The subsequent protonation of an OtBu-
ligand, on the other hand, would have to be fast since inter-
mediate 2 was not observed by 'H NMR. There are several in-
dications, that this mechanism is not operative. However, No-
mura’s investigations on the NHC induced a-H abstraction of

N N~ Cl

+ \_/ Mes

cl (¢] J /D, CeDs
o DKD - BuOD /— N 1.

70 | I
CeDs W, CeDs Mes tBuo’ \LD cl

tBuO" OtBu CeDs

1d 2d

Scheme 5. Reaction of deuterated complex 1d with IMes.
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Scheme 6. Reaction mechanism involving an imidazolium salt.

vanadium(V) trialkyl complexes show that, in some cases, the
extremely basic NHCs® ¥ with pK, values in the range of —6.8
o —11.2"% are interchangeable with only mildly basic phos-
phines such as PMe,?” having a pK, of 5.35 (pK, values calcu-
lated from the pK, values of the conjugated acids in aqueous
solution).®" |n addition, our kinetic measurements suggest
that the rate constant is in correlation with the o-donor prop-
erties of the used NHCs whereas no link to basicity was found.
The combination of those considerations again leads us to
conclude that a concerted mechanism is present.

In summary, the first reversible NHC induced a-H abstraction
in tungsten(Vl) imido dialkyl complexes has been accom-
plished in excellent isolated yields of up to 96%. The reaction
sequence can be considered highly atom-economic compared
to previously published routes to W-alkylidene com-
plexes®?3233 since the only byproducts in the 4-step sequence
from W(O)Cl, are CO,, LiCl, MgCl, and tBuOH. We found that
the reaction kinetics correlate with the electronic and steric
properties, both of the imido ligand and the NHC, and the a-H
abstraction is the RDS of the reaction. The formed alkylidene
complexes are excellent candidates for the synthesis of highly
metathesis active cationic complexes similar to those that have
been published previously by our group!*3*>® since they al-
ready contain the NHC that is required for the delocalization of
the positive charge.®?” We are currently working on those cat-
ionic complexes; results will be reported in due course.

Experimental details and characterization data

The Supporting Information is available free of charge from the
publisher.

CCDC 1981737 (2), 1981738 (5) and 1981739 (11) contain the sup-
plementary crystallographic data for this paper. These data are pro-
vided free of charge by The Cambridge Crystallographic Data
Centre.

Acknowledgements

Financial support by the Deutsche Forschungsgemeinschaft
DFG (grant numbers BU2174/22-1 and 358283783-CRC 1333) is
gratefully acknowledged.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://www.ccdc.cam.ac.uk/services/strctures?id=doi:10.1002/chem.202000840
http://www.ccdc.cam.ac.uk/
http://www.ccdc.cam.ac.uk/
http://www.chemeurj.org

Chemistry—A European Journal

Communication

doi.org/10.1002/chem.202000840

Chemistry

Europe

Conflict of interest

The authors declare no conflict of interest.

Keywords: alpha-hydrogen elimination -

alkylidene - N-

heterocyclic carbenes - tungsten

(1

[2]

[10]

[11]
[12]
[13]
[14]

[15]

[16]

Chem. Eur. J. 2020, 26, 8709 -8713

E. O. Fischer, A. Maasbol, Angew. Chem. Int. Ed. Engl. 1964, 3, 580-581;
Angew. Chem. 1964, 76, 645 - 645.

K. H. D6tz, Angew. Chem. Int. Ed. Engl. 1975, 14, 644 -645; Angew. Chem.
1975, 87, 634-635.

M. Gémez-Gallego, M. J. Manchefio, M. A. Sierra, Acc. Chem. Res. 2005,
38, 44-53.

R. R. Schrock, Acc. Chem. Res. 1990, 23, 158-165.

L. K. Johnson, S.C. Virgil, R. H. Grubbs, J. W. Ziller, J. Am. Chem. Soc.
1990, 712, 5384-5385.

J. C. Bryan, J. M. Mayer, J. Am. Chem. Soc. 1990, 112, 2298 -2308.

L. K. Johnson, R.H. Grubbs, J. W. Ziller, J. Am. Chem. Soc. 1993, 115,
8130-8145.

R.R. Schrock, J.S. Murdzek, G.C. Bazan, J. Robbins, M. DiMare, M.
O’Regan, J. Am. Chem. Soc. 1990, 112, 3875-3886.

R. R. Schrock, R.T. DePue, J. Feldman, K. B. Yap, D. C. Yang, W. M. Davis,
L. Park, M. DiMare, M. Schofield, Organometallics 1990, 9, 2262-2275.
W. A. Nugent, J. M. Mayer, J. M. Mayer, Metal-ligand Multiple Bonds: The
Chemistry of Transition Metal Complexes Containing Oxo, Nitrido, Imido,
Alkylidene or Alkylidene Ligands, Wiley New York: 1988.

J. Feldman, R. R. Schrock, Prog. Inorg. Chem. 1991, 39, 1-74.

W. Zhang, K. Nomura, Organometallics 2008, 27, 6400 - 6402.

D. A. Imbrich, 1. Elser, W. Frey, M. R. Buchmeiser, ChemCatChem 2017, 9,
2996 -3002.

C. P. Gordon, K. Yamamoto, K. Searles, S. Shirase, R. A. Andersen, O. Ei-
senstein, C. Copéret, Chem. Sci. 2018, 9, 1912-1918.

A.-M. Leduc, A. Salameh, D. Soulivong, M. Chabanas, J.-M. Basset, C. Co-
péret, X. Solans-Monfort, E. Clot, O. Eisenstein, V. P. W. B6hm, M. Roper,
J. Am. Chem. Soc. 2008, 130, 6288 -6297.

X. Solans-Monfort, C. Coperet, O. Eisenstein, J. Am. Chem. Soc. 2010,
132, 7750-7757.

[17]

[18]
[19]

[20]

31]
[32]

[33]
[34]
[35]

[36]

[37]

A. W. Addison, T. N. Rao, J. Reedijk, J. van Rijn, G. C. Verschoor, J. Chem.
Soc. Dalton Trans. 1984, 1349-1356.

D. J. Nelson, S. P. Nolan, Chem. Soc. Rev. 2013, 42, 6723 -6753.

T. Droge, F. Glorius, Angew. Chem. Int. Ed. 2010, 49, 6940-6952; Angew.
Chem. 2010, 722, 7094-7107.

A. Poater, B. Cosenza, A. Correa, S. Giudice, F. Ragone, V. Scarano, L. Cav-
allo, Eur. J. Inorg. Chem. 2009, 1759-1766.

A. Gomez-Suarez, D.J. Nelson, S.P. Nolan, Chem. Commun. 2017, 53,
2650 -2660.

R.R. Schrock, K.-Y. Shih, D. A. Dobbs, W. M. Davis, J. Am. Chem. Soc.
1995, 117, 6609-6610.

M. S. Kharasch, H. C. Brown, J. Am. Chem. Soc. 1939, 61, 2142-2150.

D. C. Griffiths, G. B. Young, Organometallics 1989, 8, 875-886.

H. Kwart, Acc. Chem. Res. 1982, 15, 401-408.

M. Gémez-Gallego, M. A. Sierra, Chem. Rev. 2011, 111, 4857 - 4963.

N. Wang, J. Xu, J. K. Lee, Org. Biomol. Chem. 2018, 16, 8230-8244.

T.L. Amyes, S. T. Diver, J. P. Richard, F. M. Rivas, K. Toth, J. Am. Chem. Soc.
2004, 126, 4366 -4374.

K. Nomura, X. Hou, Dalton Trans. 2017, 46, 12-24.

P-Donor Ligands Based in part on the article P-Donor Ligands by C. A.
McAuliffe, A. G. Mackie in the Encyclopedia of Inorganic Chemistry, 1st
ed., Wiley, 2011.

C. A. Streuli, Anal. Chem. 1960, 32, 985-987.

W. C.P. Tsang, K. C. Hultzsch, J.B. Alexander, P.J. Bonitatebus, R.R.
Schrock, A. H. Hoveyda, J. Am. Chem. Soc. 2003, 125, 2652 - 2666.

S.F. Pedersen, R.R. Schrock, J. Am. Chem. Soc. 1982, 104, 7483-7491.
M. J. Benedikter, R. Schowner, . Elser, P. Werner, K. Herz, L. Stohr, D. A.
Imbrich, G. M. Nagy, D. Wang, M. R. Buchmeiser, Macromolecules 2019,
52, 4059 -4066.

M. R. Buchmeiser, Chem. Eur. J. 2018, 24, 14295-14301.

R. Schowner, W. Frey, M. R. Buchmeiser, J. Am. Chem. Soc. 2015, 137,
6188-6191.

K. Herz, M. Podewitz, L. Stéhr, D. Wang, W. Frey, K. R. Liedl, S. Sen, M. R.
Buchmeiser, J. Am. Chem. Soc. 2019, 141, 8264 -8276.

Manuscript received: February 14, 2020

Accepted manuscript online: March 23, 2020

Version of record online: June 25, 2020

www.chemeurj.org

8713

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

European Chemical
Societies Publishing


https://doi.org/10.1002/anie.196405801
https://doi.org/10.1002/anie.196405801
https://doi.org/10.1002/anie.196405801
https://doi.org/10.1002/ange.19640761405
https://doi.org/10.1002/ange.19640761405
https://doi.org/10.1002/ange.19640761405
https://doi.org/10.1002/anie.197506442
https://doi.org/10.1002/anie.197506442
https://doi.org/10.1002/anie.197506442
https://doi.org/10.1021/ar040005r
https://doi.org/10.1021/ar040005r
https://doi.org/10.1021/ar040005r
https://doi.org/10.1021/ar040005r
https://doi.org/10.1021/ar00173a007
https://doi.org/10.1021/ar00173a007
https://doi.org/10.1021/ar00173a007
https://doi.org/10.1021/ja00169a075
https://doi.org/10.1021/ja00169a075
https://doi.org/10.1021/ja00169a075
https://doi.org/10.1021/ja00169a075
https://doi.org/10.1021/ja00162a034
https://doi.org/10.1021/ja00162a034
https://doi.org/10.1021/ja00162a034
https://doi.org/10.1021/ja00071a026
https://doi.org/10.1021/ja00071a026
https://doi.org/10.1021/ja00071a026
https://doi.org/10.1021/ja00071a026
https://doi.org/10.1021/ja00166a023
https://doi.org/10.1021/ja00166a023
https://doi.org/10.1021/ja00166a023
https://doi.org/10.1021/om00158a025
https://doi.org/10.1021/om00158a025
https://doi.org/10.1021/om00158a025
https://doi.org/10.1021/om8007822
https://doi.org/10.1021/om8007822
https://doi.org/10.1021/om8007822
https://doi.org/10.1002/cctc.201700189
https://doi.org/10.1002/cctc.201700189
https://doi.org/10.1002/cctc.201700189
https://doi.org/10.1002/cctc.201700189
https://doi.org/10.1039/C7SC05039A
https://doi.org/10.1039/C7SC05039A
https://doi.org/10.1039/C7SC05039A
https://doi.org/10.1021/ja800189a
https://doi.org/10.1021/ja800189a
https://doi.org/10.1021/ja800189a
https://doi.org/10.1021/ja101597s
https://doi.org/10.1021/ja101597s
https://doi.org/10.1021/ja101597s
https://doi.org/10.1021/ja101597s
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1039/DT9840001349
https://doi.org/10.1039/c3cs60146c
https://doi.org/10.1039/c3cs60146c
https://doi.org/10.1039/c3cs60146c
https://doi.org/10.1002/anie.201001865
https://doi.org/10.1002/anie.201001865
https://doi.org/10.1002/anie.201001865
https://doi.org/10.1002/ange.201001865
https://doi.org/10.1002/ange.201001865
https://doi.org/10.1002/ange.201001865
https://doi.org/10.1002/ange.201001865
https://doi.org/10.1002/ejic.200801160
https://doi.org/10.1002/ejic.200801160
https://doi.org/10.1002/ejic.200801160
https://doi.org/10.1039/C7CC00255F
https://doi.org/10.1039/C7CC00255F
https://doi.org/10.1039/C7CC00255F
https://doi.org/10.1039/C7CC00255F
https://doi.org/10.1021/ja00129a032
https://doi.org/10.1021/ja00129a032
https://doi.org/10.1021/ja00129a032
https://doi.org/10.1021/ja00129a032
https://doi.org/10.1021/ja01877a048
https://doi.org/10.1021/ja01877a048
https://doi.org/10.1021/ja01877a048
https://doi.org/10.1021/om00106a004
https://doi.org/10.1021/om00106a004
https://doi.org/10.1021/om00106a004
https://doi.org/10.1021/ar00084a004
https://doi.org/10.1021/ar00084a004
https://doi.org/10.1021/ar00084a004
https://doi.org/10.1039/C8OB01667D
https://doi.org/10.1039/C8OB01667D
https://doi.org/10.1039/C8OB01667D
https://doi.org/10.1021/ja039890j
https://doi.org/10.1021/ja039890j
https://doi.org/10.1021/ja039890j
https://doi.org/10.1021/ja039890j
https://doi.org/10.1039/C6DT03757G
https://doi.org/10.1039/C6DT03757G
https://doi.org/10.1039/C6DT03757G
https://doi.org/10.1021/ac60164a027
https://doi.org/10.1021/ac60164a027
https://doi.org/10.1021/ac60164a027
https://doi.org/10.1021/ja0210603
https://doi.org/10.1021/ja0210603
https://doi.org/10.1021/ja0210603
https://doi.org/10.1021/ja00390a016
https://doi.org/10.1021/ja00390a016
https://doi.org/10.1021/ja00390a016
https://doi.org/10.1021/acs.macromol.9b00422
https://doi.org/10.1021/acs.macromol.9b00422
https://doi.org/10.1021/acs.macromol.9b00422
https://doi.org/10.1021/acs.macromol.9b00422
https://doi.org/10.1002/chem.201802497
https://doi.org/10.1002/chem.201802497
https://doi.org/10.1002/chem.201802497
https://doi.org/10.1021/jacs.5b03788
https://doi.org/10.1021/jacs.5b03788
https://doi.org/10.1021/jacs.5b03788
https://doi.org/10.1021/jacs.5b03788
https://doi.org/10.1021/jacs.9b02092
https://doi.org/10.1021/jacs.9b02092
https://doi.org/10.1021/jacs.9b02092
http://www.chemeurj.org

