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Abstract: Salts of the tetrakis(pentafluoroethyl)aluminate

anion [Al(C2F5)4]@ were obtained from AlCl3 and LiC2F5. They

were isolated with different counter-cations and character-
ized by NMR and vibrational spectroscopy and mass spec-

trometry. Degradation of the [Al(C2F5)4]@ ion was found to

proceed via 1,2-fluorine shifts and stepwise loss of CF(CF3)

under formation of [(C2F5)4@nAlFn]@ (n = 1–4) as assessed by

NMR spectroscopy and mass spectrometry and supported
by results of DFT calculations. In addition, the [(C2F5)AlF3]@

ion was structurally characterized.

Introduction

Perfluoroalkyl-substituted borate anions are among the most

weakly coordinating anions (WCAs), known to date.[1, 2] Espe-
cially, the homoleptic tetrakis(trifluoromethyl)borate anion

[B(CF3)4]@ (Figure 1)[3–5] and related mixed perfluoroalkylfluoro-
borate anions [RF

xBF4@x]
@ (x = 1–3; RF = perfluoroalkyl)[6, 7] have

found widespread applications, for example, for the stabiliza-
tion of highly reactive cations,[1, 6] in catalysis,[8] ionic liquids

(ILs),[9] and battery applications.[4, 10] In addition, perfluoroalkyl-

boron compounds with functional groups were synthesized,[6, 7]

for example, RF
3BCO (RF = CF3,[11] C2F5,[12] C3F7

[12]), [(CF3)3BCPnic]@

(Pnic = N,[13] P, As),[14] [(C2F5)BX3]@ (X = H,[15] CN[16]), and the de-
composition pathway of perfluoroalkylboranes, for example,

(CF3)3B, was elucidated.[17]

In contrast to perfluoroalkylboron derivatives, related per-
fluoroalkyl compounds of boron’s higher homologues gallium,

indium, and thallium have been rarely, studied. The tetrakis(tri-
fluoromethyl)gallate anion [Ga(CF3)4]@ ,[19] the gallane

Ga(CF3)3,[20] and some of its adducts (CF3)3Ga·L (L = PMe3,
AsMe3)[20] have been synthesized and characterized by NMR

spectroscopy. Recently, Hoge and co-workers reported on salts
of the tetrakis(pentafluoroethyl)gallate anion [Ga(C2F5)4]@

(Figure 1) and its application in Li-ion batteries.[18] In addition,

first examples of related tris(pentafluoroethyl)gallane deriva-
tives were described.[18, 21] Tris(trifluoromethyl)indium In(CF3)3,[22]

some donor-stabilized adducts (CF3)3In·L (L = PMe3,[22] DMF),
and few additional perfluoroalkylindium compounds, for exam-

ple, (CF3)2InCl,[19] were reported.[19, 23, 24] Perfluoroalkylindium
compounds and partially fluorinated indium organyls were ap-

plied in synthetic organic chemistry.[25] Similar to (CF3)3M (M =

Ga, In), tris(trifluoromethyl)thallium (CF3)3Tl was obtained via
metal vapor deposition synthesis.[26] In addition, some adducts

with donor molecules (CF3)3Tl·PMe3
[26] and (CF3)3Tl·2 L (L = DMF,

DMSO, Py)[19] and a few further thallium derivatives with one

or more perfluoroalkyl groups were reported,[24, 26, 27] including
a NMR report on the homoleptic thallate anion [Tl(CF3)4]@ .[24]

In case of perfluoroalkylaluminum, computational studies

were performed, for example, on the Lewis acidity of
Al(CF3)3,[28] but to the best of our knowledge, neither AlRF

3 nor
the corresponding anions [AlRF

4]@ are known, to date. The sole
experimental information on perfluoroalkylaluminum com-

pounds provided in the literature are on the reaction
of Li[AlH4] with perfluoropropyl iodide to give

Li[Al(CF2CF2CF3)H2I] .[29, 30] However, only limited spectroscopic

data were presented.[30] The formation of trifluoromethyl alumi-

Figure 1. Homoleptic perfluoroalkylated anions of boron ([B(CF3)4]@[3]), alumi-
num, and gallium ([Ga(C2F5)4]@[18]).
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num compounds via metal vapor deposition was claimed but
without any spectroscopic evidence.[26, 31]

Here, we report on salts of the tetrakis(pentafluoroethyl)alu-
minate anion [Al(C2F5)4]@ and present a detailed spectroscopic

characterization. The degradation of the [Al(C2F5)4]@ ion via the
pentafluoroethylfluoroaluminate ions [(C2F5)4@nAlFn]@ (n = 1–3)

to give [AlF4]@ is described and the discussion is aided by re-
sults of DFT calculations.

Results and Discussion

Synthetic aspects

Pentafluoroethyl lithium was reacted with aluminum trichloride

in diethyl ether to give Li[Al(C2F5)4] (Scheme 1). The pentafluor-

oethyl group was employed as substituent because of its high
stability[16, 17, 32] compared to the trifluoromethyl group, which

tends to degrade via difluorocarbene elimination as shown for
many trifluoromethylated compounds.[17, 32–36] The Hoge group

has developed an alternative synthesis for Li[Al(C2F5)4] in paral-
lel to our study using the silane Si(C2F5)3H and Li[AlH4] as start-

ing materials.[37] The crude product obtained from LiC2F5 and

AlCl3 in ether contained three aluminum-containing side prod-
ucts, the anions [(C2F5)3AlF]@ , [(C2F5)2AlF2]@ , and, most likely,

[(C2F5)3AlOEt]@ or less probable (C2F5)3Al·OEt2, as assessed by
multinuclear NMR spectroscopy. The best result with respect to

the [Al(C2F5)4]@ content in the crude reaction mixture was ach-
ieved with a molar ratio of 1:3.0 to 1:3.5 for AlCl3 :LiC2F5. More
than 3.5 equivalents of LiC2F5 resulted in the formation of side

products of unknown composition. The lithium salt Li[Al(C2F5)4]
is stable in diethyl ether for several hours and such solutions

were successfully employed in metatheses. Solid
Li(OEt2)x[Al(C2F5)4] was obtained by removal of all volatiles.

However, Li(OEt2)x[Al(C2F5)4] underwent fast decomposition in
the solid state. Thus, immediate uptake of the solid in acetoni-

trile resulted in significant amounts of insoluble products and

after three days of storage of the solid all [Al(C2F5)4]@ had de-
composed.

The reaction of aluminum trichloride with LiC2F5 in the pres-
ence of potassium or rubidium fluoride yielded M[Al(C2F5)4]

(M = K, Rb) as solids with small amounts of M[(C2F5)3AlF] as side
products (Scheme 1). Removal of Rb[(C2F5)3AlF] was achieved

by further work-up to yield pure Rb[Al(C2F5)4] that was charac-
terized by IR and Raman spectroscopy (Figure S23 in the Sup-
porting Information). These salts showed slow decomposition

in the solid state under an inert atmosphere inside a glovebox.
Decomposition of these solids is much slower than of

Li(OEt2)x[Al(C2F5)4] , which is rationalized by the high fluoride
ion affinity of the lithium cation. Full decomposition of

M[Al(C2F5)4] (M = K, Rb) was observed after approximately
2 months, only. According to elemental analysis of the solid re-

mainder after 2 months, most of the fluoroorganic content had

been lost. However, the NMR spectra of the solid remainder
suspended in dichloromethane proved the formation of fluori-

nated substances during decomposition (vide infra).
Metatheses using ethereal solutions of Li[Al(C2F5)4] and

Rb[Al(C2F5)4] with [PPh4]Cl or PNPCl (PNP = bis(triphenylphos-
phane)iminium) afforded the corresponding tetrakis(penta-

fluoroethyl)aluminates (Scheme 1). The highest stability of all

[Al(C2F5)4]@ salts studied herein was found for PNP[Al(C2F5)4]
that was stable over months in the solid state and has shown

no decomposition up to 80 8C (DSC). In contrast, salts with less
bulky cations such as [PPh4][Al(C2F5)4] disclosed much faster

degradation in the solid state.

Spectroscopic characterization of PNP[Al(C2F5)4]

PNP[Al(C2F5)4] was characterized, in detail, by multinuclear

NMR spectroscopy, vibrational spectroscopy, mass spectrome-
try, and elemental analysis. The 27Al NMR signal of the

[Al(C2F5)4]@ ion at 107.3 ppm is split into nine lines with
2J(27Al,19F) of 32 Hz due to the coupling to four CF2 groups

(Figure 2). The 19F NMR spectrum shows two signals in the

solid state as well as in solution (Figure 2). In CD2Cl2 solution,
the signal corresponding to the CF3 groups is located at

@83.9 ppm and the one for the CF2 groups at @128.4 ppm.
The latter signal is split into a sextet as a result of 2J(27Al,19F)
coupling of 31 Hz. In the solid-state 19F NMR spectrum two
broad singlets that are shifted to slightly higher resonance fre-

quencies compared to the NMR spectrum in solution are ob-
served. In the 13C{19F} NMR spectrum the signals of the CF2 and
CF3 groups at 124.8 and 121.2 ppm are split into sextets with
1J(27Al,13C) = 123 Hz and 2J(27Al,13C) &9 Hz (Figure 2). In the
solid state 13C{19F} CP/MAS NMR spectrum the signals are locat-

ed at 125 and 122 ppm, respectively. Only the signal of the CF2

groups shows the coupling to 27Al with around 120 Hz.

Degradation of [Al(C2F5)4]@@ via [(C2F5)4@@nAlFn]@@ (n = 1–4)

The degradation of tetraphenylphosphonium tetrakis(penta-
fluoroethyl)aluminate and of PNP[Al(C2F5)4] in diethyl ether was

investigated by NMR spectroscopy. The reaction proceeds via
successive loss of the pentafluoroethyl groups under formationScheme 1. Synthesis of tetrakis(pentafluoroethyl)aluminates.
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of the anions [(C2F5)3AlF]@ , [(C2F5)2AlF2]@ , [(C2F5)AlF3]@ , and
[AlF4]@ (Figure 3). In addition to the NMR spectroscopic charac-

terization, all anions were identified by mass spectrometry (Fig-
ure S24 and S25 in the Supporting Information). The assign-
ment of the 27Al and 19F NMR signals of the anions

[(C2F5)4@nAlFn]@ (n = 0–4) is aided by correlation spectra, selec-
tive decoupling experiments, and NMR data calculated at the
B3LYP/6-311 + + G(2d,p) level of theory (Table 1, Figure S26–
S32 in the Supporting Information). The 19F NMR chemical
shifts of the anions [(C2F5)4@nAlFn]@ (n = 0–4) are in narrow
ranges: CF3 @83.6 to @84.6 ppm, CF2 @127.7 to @133.1 ppm,

and AlF @180.5 to @195.9 ppm. In contrast, d(27Al) reveals a
distinct trend along the series with a reduction of d(27Al) of ca.
12–18 ppm per exchange of C2F5 against fluorine (Figure 3 and

Table 1). An analogous behavior with larger differences was re-
ported for [(CH3)4@nAlFn]@ (n = 1–4).[38, 39] A further similar, univo-

cal trend was found for 1J(27Al,19F) that strongly decreases with
decreasing number of pentafluoroethyl groups at aluminum.

The coupling between 19F of the CF2 units and 27Al shows a

parallel but less pronounced trend, whereas 1J(27Al,13C) reveals
opposite behavior (Table 1). The decomposition of [Al(C2F5)4]@

in diethyl ether is accompanied by the formation of pentafluor-
oethylfluoroaluminium species with ethoxy groups and/or di-

ethyl ether coordinated to aluminum as indicated by the NMR

spectra depicted in Figure S28–S30 in the Supporting Informa-
tion.

Crystallization of a decomposition mixture of PNP[Al(C2F5)4]
afforded single crystals of PNP[(C2F5)AlF3]·Et2O and PNP[AlF4]

providing additional evidence for the successive replacement

of C2F5 by fluorine during degradation of [Al(C2F5)4]@ . In both
crystals studied, partial disorder of Al@F with Al@Cl was ob-
served. The presence of chlorine is due to PNPCl that was em-
ployed in metatheses. PNP[(C2F5)AlF3]·Et2O crystallizes in the tri-
clinic space group P1̄ with Z = 2 and PNP[AlF4] in the mono-
clinic space group P21/c with Z = 8. The bond parameters of

the [(C2F5)AlF3]@ anion (Figure 3) are in good agreement to
values derived from DFT calculations (Table 2). A similar good
agreement was achieved for experimental and calculated data

of [Al(C2F5)4]@ ,[37] [AlF4]@ ,[38, 40, 41] and [Ga(C2F5)4]@[18] (Table 2). The
crystal structure of [PPh4][Al(C2F5)4] is reported in the parallel

contribution by Hoge et al.[37] The calculated bonding parame-
ters of the anions [(C2F5)4@nAlFn]@ (n = 0–4) are very close. How-

ever, trends have been found for d(M@C) and d(M@F) that are

predicted to decrease and increase, respectively, with decreas-
ing number of C2F5 groups (Table 2). The experimental and cal-

culated bond distances of [M(C2F5)4]@ (M = Al, Ga) are almost
the same (Table 2), which nicely fits to the almost identical co-

valent radii of gallium (122 pm) and aluminum (121 pm).[42]

Figure 2. Selected NMR spectra of PNP[Al(C2F5)4] in CD2Cl2.

Figure 3. Decomposition of [PPh4][Al(C2F5)4] in Et2O monitored by 27Al NMR
spectroscopy (bottom) and the [(C2F5)AlF3]@ ion that is disordered with
[(C2F5)AlClF2]@ in PNP[(C2F5)AlF3]·Et2O (top).
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Fluoroorganic compounds are formed as byproducts of the
degradation of [(C2F5)4@nAlFn]@ (n = 0–3) in solution and the

solid state. In Scheme 2 the fluoroorganic molecules are de-
picted that were identified by NMR spectroscopy and in the

Supporting Information the spectra and experimental as well
as calculated data are provided (Figures S33–S46, Tables S2

and S3). The formation of all fluoroorganic derivatives assigned

is rationalized by initial elimination of fluoro(trifluoromethyl)-
carbene CF(CF3)[43] from the pentafluoroethylaluminate anions:

A) trans-CF3CF=CFCF3 (1) is the dimer of CF(CF3), B) 1,1,1,2-tet-
rafluoroethane (3) and pentafluoroethane (4) are formed from

the carbene and dichloromethane, C) ethyl trifluorovinyl ether
(5) and fluoroethane (6) are derived from CF(CF3) and diethyl

ether, and D) the diasteromeric cyclopropanes cis-7
and trans-7 are the result of the addition of CF(CF3)

to 5 (Scheme 2).

Theoretical study on the degradation pathway of
[Al(C2F5)4]@@

Only limited information on decomposition path-

ways of pentafluoroethyl derivatives can be found in
the literature. Pentafluoroethyltetrafluorophosphor-

ane (C2F5)PF4 was reported to extrude CF(CF3) on
platinum at 240 8C.[44] Thermolysis of pentafluoroe-

thyltrifluorosilane (C2F5)SiF3 at 160 8C gives both

dimers of CF(CF3), trans-CF3CF=CFCF3 (1) and cis-
CF3CF=CFCF3 in 92 % yield, together with SiF4.[35, 43, 45]

Later, (C2F5)3SiF was found to result in trans-CF3CF=

CFCF3 (1) and cis-CF3CF=CFCF3, together with SiF4,

(C2F5)SiF3, and further fluoroorganic compounds,
upon thermolysis at 180 8C for 1 h.[36] Silane

(C2F5)SiF3 was employed as source for CF(CF3) and in

carbene trapping reactions,[43] for example, with
PF3.[44] The formation of CF(CF3) from (C2F5)SiF3 and

(C2F5)PF4 was explained by intramolecular 1,2-fluo-
rine shifts (Ca@F activation) from CF2 to silicon and

phosphorus, respectively.[35, 43, 44] The release of
CF(CF3) from silane (C2F5)SiF3 was predicted by DFT

calculations to proceed barrierless and to be endergonic

(141.8 kJ mol@1).[46] Ca@F activation and formation of fluorocar-
benes CF(CF2R) is a general reaction of trifluorosilanes of the

type (RCF2CF2)SiF3 (e.g. R = H).[43] An X-ray crystallographic
study on pentafluoroethyl lithium provided evidence for a Li/F

carbenoid,[33] which can be regarded as a further indication for
the favorable release of CF(CF3) upon degradation of penta-

fluoroethyl compounds.

The degradation of the [Al(C2F5)4]@ anion was modeled using
DFT calculations (Figure 4). 1,2-fluorine shifts (Ca@F activation)

via CF(CF3) extrusion and 1,3-fluorine shifts (Cb@F activation)

Table 1. Experimental and calculated NMR parameters of [(C2F5)4@nAlFn]@ (n = 0–4).[a,b]

anion [Al(C2F5)4]@ [(C2F5)3AlF]@ [(C2F5)2AlF2]@ [(C2F5)AlF3]@ [AlF4]@

d(27Al)[c] 107.7 (108.0) 95.2 (95.1) 77.3 (76.5) 61.1 (61.0) 49.1[d,e] (50.3)
115.4 102.6 81.1 64.3 51.8

d(19F) Al-F – @191.6 @180.5 @182.7 @195.9[d]

– @246.7 @229.2 @232.9 @250.5
d(19F) CF2 @127.7 @131.8 @133.5 @133.1 –

@151.3 @154.7 @156.2 @156.0 –
d(19F) CF3 @83.6 @83.9 @84.3 @84.6 –

@103.8 @104.1 @104.6 @105.0 –
d(13C) CF2 124.8[d] n.o.[f] n.o. n.o. –

135.6 135.2 135.5 136.8 –
d(13C) CF3 121.2[d] n.o. n.o. n.o. –

133.6 134.1 134.5 135.1 –
1J(27Al,19F) – 125 87 n.o.[g] n.o. (38)[g]

2J(27Al,19F) 32 32 31 29 –
1J(27Al,13C) 123 135[h] 149[h] n.o. –

[a] Cation: [PPh4]+ ; solvent: Et2O with a (CD3)2CO capillary. [b] Calculated values in ital-
ics; B3LYP/6-311 + + G(2d,p)//B3LYP/6-311 + G(d,p). [c] Solid state NMR spectroscopic
data in brackets. [d] Cation: PNP+ ; solvent: CD2Cl2. [e] Literature data for [AlF4]@ in
CD3CN: d(27Al) = 49.2 ppm, d(19F) =@194.2 ppm, 1J(27Al,19F) = 37.8 Hz.[40] [f] n.o. = not
observed. [g] The fluoroaluminate anions undergo fluorine exchange as proven by 19F-
19F EXSY experiments (Figure S31 and S32 in the Supporting Information). So,
1J(27Al,19F) coupling was not observed for [(C2F5)AlF3]@ and [AlF4]@ , rarely for
[(C2F5)2AlF2]@ , and in many spectra the signal of [(C2F5)3AlF]@- was broad without any
resolved 1J(27Al,19F) coupling. A similar, concentration-dependent effect was reported
for [AlF4]@ .[40] [h] 13C satellites of the 27Al{19F} NMR spectrum.

Table 2. Experimental and calculated bond distances of [(C2F5)4@nAlFn]@

(n = 0–4) and [Ga(C2F5)4]@ .[a,b]

Anion d(M@C) d(C@C) d(C@F2) d(C@F3) d(M@F)

[Al(C2F5)4]@[c] 204.0(2) 152.1(3) 138.4(3) 133.6(3) –
207.4 154.1 139.1 134.8 –

[Ga(C2F5)4]@[d] 204.14(11) 152.6(2) 137.72(13) 133.4(2) –
208.5 154.1 138.5 134.8 –

[(C2F5)3AlF]@ 207.3 153.9 139.3 134.9 170.3
[(C2F5)2AlF2]@ 206.9 153.8 139.5 135.0 170.5
[(C2F5)AlF3]@[e] 200.6(6) 149.9(8) 141.4(7) 134.0(10) 166.6(3)

206.8 153.8 139.8 135.2 171.0
[AlF4]@ – – – – 164.7(2)[f]

– – – – 171.7

[a] Calculated values in italics ; d in pm; mean values where applicable.
[b] B3LYP/6-311 + G(d). [c] [PPh4][Al(C2F5)4] ; Symmetry: S4.[37] [d] [PPh4]
[Ga(C2F5)4] ; Symmetry: S4.[18] [e] PNP[(C2F5)AlF3] ; the [(C2F5)AlF3]@ anion is
disordered with [(C2F5)AlClF2]@ (d(Al-Cl) = 211.9(4) [exptl] and 217.2 pm
[calcd]). [f] [PPh4][AlF4] .[41]

Scheme 2. Experimentally confirmed (data are given in the Supporting Infor-
mation) products of reactions of fluoro(trifluoromethyl)carbene CF(CF3),
which was released from pentafluoroethylaluminate anions during degrada-
tion. For cis-7 and trans-7 only one of the two enantiomers are depicted, re-
spectively.
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via release of tetrafluoroethylene (TFE) were considered. The

1,2-fluorine shift of the degradation of the first C2F5 group of
[Al(C2F5)4]@ has a significantly lower free activation energy

(DG*) than the 1,3-fluorine shift. Thus, Ca@F activation is pre-
dicted to be favorable, which is in perfect agreement to the

experimental findings (vide supra) because there is proof
solely for the formation of CF(CF3) as an intermediate

(Scheme 2) but no indication for the formation of TFE. Analo-
gous results were obtained for the depletion of the remaining

C2F5 groups at aluminum (Figure 4). In case of [(C2F5)AlF3]@ the
release of CF(CF3) corresponds to the free activation energy
since the transition state located is lower in energy than the

separated species [(C2F5)AlF3]@ and CF(CF3). In summary, the ex-
trusions of CF(CF3) are all endergonic but the follow-up reac-
tions of the highly reactive carbene, for example, dimerization
to trans-CF3CF=CFCF3 (1), make the full reaction sequence

strongly exergonic.
The successive degradation of the related gallate anion

[Ga(C2F5)4]@ (Figure 1)[18] that exhibits a much higher thermal

and chemical stability in its salts than [Al(C2F5)4]@ was studied
by DFT calculations, as well (Figure 4). The data available show

that the loss of CF(CF3) via an 1,2-fluorine shift is favored over
TFE elimination via an 1,3-fluorine shift. This behavior parallels

the findings for the related aluminate anions. Together with
earlier reports on (C2F5)SiF3,[35, 43, 45, 46] (C2F5)3SiF,[36] and

(C2F5)PF4
[43, 44] these results point toward a general mechanism

for the decomposition of pentafluoroethyl element com-
pounds. However, the extrusion of CF(CF3) requires significantly

more energy for the pentafluoroethylgallate anions compared
to the respective aluminate anions (>60 kJ mol@1), which is the

reason for the higher stability of [Ga(C2F5)4]@ compared to
[Al(C2F5)4]@ .

Conclusions

The reaction of pentafluoroethyl lithium with aluminum tri-
chloride provides a convenient synthetic entry to salts of the

tetrakis(pentafluoroethyl)aluminate [Al(C2F5)4]@ ion with differ-
ent cations. The combined experimental and theoretical study

on the pentafluoroethylaluminate anions shows that the deg-

radation proceeds via 1,2-fluorine shifts (Ca@F activation) and
loss of CF(CF3). The much higher stability of the related gallate

ions is rationalized by significantly higher barriers for the extru-
sion of the carbene CF(CF3).

Experimental Section

Full experimental details and characterization data for all com-
pounds and details of the DFT calculations are included in
the Supporting Information. Deposition Number(s) 1979821
(PNP[(C2F5)AlF3]·Et2O) and 1979820 (PNP[AlF4]) contain the supple-
mentary crystallographic data for this paper. These data are provid-
ed free of charge by the joint Cambridge Crystallographic Data
Centre and Fachinformationszentrum Karlsruhe Access Structures
service www.ccdc.cam.ac.uk/structures.
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Figure 4. Calculated free reaction energies (DG) and free activation energies
(DG*) for the consecutive degradation of pentafluoroethylaluminate and
pentafluoroethylgallate ions [(C2F5)4@nMFn]@ (n = 0–3, M = Al, Ga) (top), and
comparison of degradation of [Al(C2F5)4]@ via Ca@F or Cb@F activation
(bottom) (B3LYP/6-311 + G(d)).

Chem. Eur. J. 2020, 26, 13615 – 13620 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13619

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202000667

https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/services/structures?id=doi:10.1002/chem.202000667
https://www.ccdc.cam.ac.uk/structures/?
http://www.chemeurj.org


generous support. Open access funding enabled and organ-
ized by Projekt DEAL.

Conflict of interest

The authors declare no conflict of interest.

Keywords: aluminum · fluorine · perfluoroalkyl · weakly
coordinating anions

[1] I. M. Riddlestone, A. Kraft, J. Schaefer, I. Krossing, Angew. Chem. Int. Ed.
2018, 57, 13982 – 14024; Angew. Chem. 2018, 130, 14178 – 14221.

[2] I. Krossing, I. Raabe, Angew. Chem. Int. Ed. 2004, 43, 2066 – 2090; Angew.
Chem. 2004, 116, 2116 – 2142.

[3] E. Bernhardt, G. Henkel, H. Willner, G. Pawelke, H. Berger, Chem. Eur. J.
2001, 7, 4696 – 4705.

[4] M. Schmidt, A. Kehner, H. Willner, E. Bernhardt, Merck Patent GmbH,
EP1205480(A2), 2002.

[5] E. Bernhardt, M. Finze, H. Willner, Inorg. Chem. 2011, 50, 10268 – 10273.
[6] M. Finze, E. Bernhardt, H. Willner, Angew. Chem. Int. Ed. 2007, 46, 9180 –

9196; Angew. Chem. 2007, 119, 9340 – 9357.
[7] N. Y. Adonin, V. V. Bardin, Russ. Chem. Rev. 2010, 79, 757 – 785; G. Pa-

welke, H. Berger, Appl. Organomet. Chem. 1996, 10, 147 – 174; G. Pa-
welke, H. Berger, Coord. Chem. Rev. 2001, 215, 243 – 266.

[8] M. Finze, E. Bernhardt, M. Berkei, H. Willner, J. Hung, R. M. Waymouth,
Organometallics 2005, 24, 5103 – 5109.

[9] N. V. Ignat’ev, M. Finze, Eur. J. Inorg. Chem. 2019, 3539 – 3560; Z. B.
Zhou, H. Matsumoto, K. Tatsumi, Chem. Eur. J. 2005, 11, 752 – 766; Z.-B.
Zhou, H. Matsumoto, K. Tatsumi, Chem. Eur. J. 2006, 12, 2196 – 2212.

[10] Z. Huang, S. Wang, R. D. Dewhurst, N. V. Ignat’ev, M. Finze, H. Braunsch-
weig, Angew. Chem. Int. Ed. 2020, 59, 8800 – 8816; Angew. Chem. 2020,
132, 8882 – 8900; Z.-B. Zhou, M. Takeda, T. Fujii, M. Ue, J. Electrochem.
Soc. 2005, 152, A351 – A356; M. Ue, T. Fujii, Z.-B. Zhou, M. Takeda, S. Ki-
noshita, Solid State Ionics 2006, 177, 323 – 331.

[11] A. Terheiden, E. Bernhardt, H. Willner, F. Aubke, Angew. Chem. Int. Ed.
2002, 41, 799 – 801; Angew. Chem. 2002, 114, 823 – 825; M. Finze, E.
Bernhardt, A. Terheiden, M. Berkei, H. Willner, D. Christen, H. Oberham-
mer, F. Aubke, J. Am. Chem. Soc. 2002, 124, 15385 – 15398.

[12] M. Gerken, G. Pawelke, E. Bernhardt, H. Willner, Chem. Eur. J. 2010, 16,
7527 – 7536.

[13] M. Finze, E. Bernhardt, H. Willner, C. W. Lehmann, J. Am. Chem. Soc.
2005, 127, 10712 – 10722.

[14] M. Finze, E. Bernhardt, H. Willner, C. W. Lehmann, Angew. Chem. Int. Ed.
2004, 43, 4160 – 4163; Angew. Chem. 2004, 116, 4254 – 4257.

[15] P. T. Hennig, J. A. P. Sprenger, L. N. Schneider, N. V. Ignat’ev, M. Finze,
Chem. Commun. 2019, 55, 6110 – 6113.

[16] J. Landmann, J. A. P. Sprenger, P. T. Hennig, R. Bertermann, M. Grene, F.
Werthner, N. V. Ignat’ev, M. Finze, Chem. Eur. J. 2018, 24, 608 – 623.

[17] M. Finze, E. Bernhardt, M. Z-hres, H. Willner, Inorg. Chem. 2004, 43,
490 – 505.

[18] M. Niemann, B. Neumann, H.-G. Stammler, B. Hoge, Angew. Chem. Int.
Ed. 2019, 58, 8938 – 8942; Angew. Chem. 2019, 131, 9033 – 9038.

[19] D. Naumann, W. Strauss, W. Tyrra, J. Organomet. Chem. 1991, 407, 1 – 15.
[20] M. A. Guerra, S. K. Mehrotra, D. W. Dyer, R. J. Lagow, J. Organomet.

Chem. 1990, 390, c73 – c76.
[21] M. Niemann, B. Neumann, H.-G. Stammler, B. Hoge, Eur. J. Inorg. Chem.

2019, 3462 – 3475.
[22] M. A. Guerra, T. R. Bierschenk, R. J. Lagow, Rev. Chim. Miner. 1986, 23,

701 – 707.
[23] H. Schumann, T. D. Seuß, O. Just, R. Weimann, H. Hemling, F. H. Gçrlitz,

J. Organomet. Chem. 1994, 479, 171 – 186; Z.-H. Choi, W. Tyrra, Z. Anorg.
Allg. Chem. 1998, 624, 2015 – 2020.

[24] W. Tyrra, J. Fluorine Chem. 2001, 112, 149 – 152.
[25] M. Fujiu, Y. Nakamura, H. Serizawa, K. Aikawa, S. Ito, K. Mikami, Eur. J.

Org. Chem. 2012, 7043 – 7047; B. Xu, G. B. Hammond, Chem. Eur. J.
2008, 14, 10029 – 10035; B. Xu, M. S. Mashuta, G. B. Hammond, Angew.
Chem. Int. Ed. 2006, 45, 7265 – 7267; Angew. Chem. 2006, 118, 7423 –
7425.

[26] T. R. Bierschenk, T. J. Juhlke, W. I. Bailey, Jr. , R. J. Lagow, J. Organomet.
Chem. 1984, 277, 1 – 11.

[27] H. K. Nair, J. A. Morrison, Inorg. Chem. 1989, 28, 2816 – 2820.
[28] A. L. Gille, T. M. Gilbert, J. Chem. Theory Comput. 2008, 4, 1681 – 1689; S.

Sarmah, A. K. Guha, A. K. Phukan, Eur. J. Org. Chem. 2013, 3233 – 3239; J.
Brzeski, P. Skurski, Chem. Phys. Lett. 2019, 716, 106 – 111.

[29] M. Hauptschein, A. J. Saggiomo, C. S. Stokes, J. Am. Chem. Soc. 1956, 78,
680 – 682.

[30] R. S. Dickson, G. D. Sutcliffe, Aust. J. Chem. 1972, 25, 761 – 768.
[31] R. J. Lagow, L. L. Gerchman, R. A. Jacob, US 3992424, Massachusetts In-

stitute of Technology, 1977.
[32] M. Wiesemann, B. Hoge, Chem. Eur. J. 2018, 24, 16457 – 16471.
[33] B. Waerder, S. Steinhauer, B. Neumann, H.-G. Stammler, A. Mix, Y. V. Vish-

nevskiy, B. Hoge, N. W. Mitzel, Angew. Chem. Int. Ed. 2014, 53, 11640 –
11644; Angew. Chem. 2014, 126, 11824 – 11828.

[34] G. K. S. Prakash, F. Wang, Z. Zhang, R. Haiges, M. Rahm, K. O. Christe, T.
Mathew, G. A. Olah, Angew. Chem. Int. Ed. 2014, 53, 11575 – 11578;
Angew. Chem. 2014, 126, 11759 – 11762; P. G. Gassman, N. J. O’Reilly, Tet-
rahedron Lett. 1985, 26, 5243 – 5246; R. D. Chambers, H. C. Clark, C. J.
Willis, J. Am. Chem. Soc. 1960, 82, 5298 – 5301; H. Beckers, H. Berger, J.
Organomet. Chem. 1990, 385, 207 – 219; H. C. Clark, C. J. Willis, J. Am.
Chem. Soc. 1960, 82, 1888 – 1891; R. Eujen, N. Jahn, J. Fluorine Chem.
1995, 71, 75 – 79; H. C. Clark, C. J. Willis, J. Am. Chem. Soc. 1962, 84,
898 – 900; R. J. Lagow, R. Eujen, L. L. Gerchman, J. A. Morrison, J. Am.
Chem. Soc. 1978, 100, 1722 – 1726; W. Mahler, Inorg. Chem. 1963, 2, 230;
R. G. Cavell, R. C. Dobbie, W. J. R. Tyerman, Can. J. Chem. 1967, 45,
2849 – 2853.

[35] K. G. Sharp, T. D. Coyle, Inorg. Chem. 1972, 11, 1259 – 1264.
[36] S. Steinhauer, J. Bader, H.-G. Stammler, N. V. Ignat’ev, B. Hoge, Angew.

Chem. Int. Ed. 2014, 53, 5206 – 5209; Angew. Chem. 2014, 126, 5307 –
5310.

[37] N. Tiessen, B. Neumann, H.-G. Stammler, B. Hoge, Chem. Eur. J. 2020,
https://doi.org/10.1002/chem.202000668.

[38] J. Pinkas, H. W. Roesky, J. Fluorine Chem. 2003, 122, 125 – 150.
[39] H. W. Roesky, A. Stasch, H. Hatop, C. Rennekamp, D. H. Hamilton, M.

Noltemeyer, H.-G. Schmidt, Angew. Chem. Int. Ed. 2000, 39, 171 – 173;
Angew. Chem. 2000, 112, 177 – 179; M. R. Kopp, B. Neumeller, Z. Anorg.
Allg. Chem. 1999, 625, 363 – 367.

[40] N. Herron, D. L. Thorn, R. L. Harlow, F. Davidson, J. Am. Chem. Soc. 1993,
115, 3028 – 3029.

[41] M. Ferbinteanu, H. W. Roesky, F. Cimpoesu, M. Atanasov, S. Kçpke, R.
Herbst-Irmer, Inorg. Chem. 2001, 40, 4947 – 4955.

[42] B. Cordero, V. Gomez, A. E. Platero-Prats, M. Reves, J. Echeverria, E. Cre-
mades, F. Barragan, S. Alvarez, Dalton Trans. 2008, 2832 – 2838.

[43] D. L. S. Brahms, W. P. Dailey, Chem. Rev. 1996, 96, 1585 – 1632.
[44] W. Mahler, J. Am. Chem. Soc. 1968, 90, 523 – 524.
[45] N. N. Buravtsev, L. S. German, A. S. Grigor’ev, Y. A. Kolbanovskii, A. A. Ov-

syannikov, A. Y. Volkonskii, Mendeleev Commun. 1993, 3, 133 – 134; N. N.
Buravtsev, Y. A. Kolbanovskii, Y. A. Borisov, Russ. J. Phys. Chem. B 2013, 7,
127 – 132.

[46] C. J. Cramer, M. A. Hillmyer, J. Org. Chem. 1999, 64, 4850 – 4859.

Manuscript received: February 7, 2020

Accepted manuscript online: March 13, 2020

Version of record online: July 20, 2020

Chem. Eur. J. 2020, 26, 13615 – 13620 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim13620

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202000667

https://doi.org/10.1002/anie.201710782
https://doi.org/10.1002/anie.201710782
https://doi.org/10.1002/anie.201710782
https://doi.org/10.1002/anie.201710782
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1002/ange.201710782
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1002/anie.200300620
https://doi.org/10.1002/ange.200300620
https://doi.org/10.1002/ange.200300620
https://doi.org/10.1002/ange.200300620
https://doi.org/10.1002/ange.200300620
https://doi.org/10.1002/1521-3765(20011105)7:21%3C4696::AID-CHEM4696%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3765(20011105)7:21%3C4696::AID-CHEM4696%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3765(20011105)7:21%3C4696::AID-CHEM4696%3E3.0.CO;2-5
https://doi.org/10.1002/1521-3765(20011105)7:21%3C4696::AID-CHEM4696%3E3.0.CO;2-5
https://doi.org/10.1021/ic201319h
https://doi.org/10.1021/ic201319h
https://doi.org/10.1021/ic201319h
https://doi.org/10.1002/anie.200700826
https://doi.org/10.1002/anie.200700826
https://doi.org/10.1002/anie.200700826
https://doi.org/10.1002/ange.200700826
https://doi.org/10.1002/ange.200700826
https://doi.org/10.1002/ange.200700826
https://doi.org/10.1070/RC2010v079n09ABEH004136
https://doi.org/10.1070/RC2010v079n09ABEH004136
https://doi.org/10.1070/RC2010v079n09ABEH004136
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C147::AID-AOC462%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C147::AID-AOC462%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1099-0739(199604)10:3/4%3C147::AID-AOC462%3E3.0.CO;2-F
https://doi.org/10.1016/S0010-8545(01)00318-6
https://doi.org/10.1016/S0010-8545(01)00318-6
https://doi.org/10.1016/S0010-8545(01)00318-6
https://doi.org/10.1021/om050463j
https://doi.org/10.1021/om050463j
https://doi.org/10.1021/om050463j
https://doi.org/10.1002/ejic.201900403
https://doi.org/10.1002/ejic.201900403
https://doi.org/10.1002/ejic.201900403
https://doi.org/10.1002/chem.200400817
https://doi.org/10.1002/chem.200400817
https://doi.org/10.1002/chem.200400817
https://doi.org/10.1002/chem.200500930
https://doi.org/10.1002/chem.200500930
https://doi.org/10.1002/chem.200500930
https://doi.org/10.1002/anie.201911108
https://doi.org/10.1002/anie.201911108
https://doi.org/10.1002/anie.201911108
https://doi.org/10.1002/ange.201911108
https://doi.org/10.1002/ange.201911108
https://doi.org/10.1002/ange.201911108
https://doi.org/10.1002/ange.201911108
https://doi.org/10.1149/1.1848211
https://doi.org/10.1149/1.1848211
https://doi.org/10.1149/1.1848211
https://doi.org/10.1149/1.1848211
https://doi.org/10.1016/j.ssi.2005.10.023
https://doi.org/10.1016/j.ssi.2005.10.023
https://doi.org/10.1016/j.ssi.2005.10.023
https://doi.org/10.1002/1521-3773(20020301)41:5%3C799::AID-ANIE799%3E3.0.CO;2-S
https://doi.org/10.1002/1521-3773(20020301)41:5%3C799::AID-ANIE799%3E3.0.CO;2-S
https://doi.org/10.1002/1521-3773(20020301)41:5%3C799::AID-ANIE799%3E3.0.CO;2-S
https://doi.org/10.1002/1521-3773(20020301)41:5%3C799::AID-ANIE799%3E3.0.CO;2-S
https://doi.org/10.1002/1521-3757(20020301)114:5%3C823::AID-ANGE823%3E3.0.CO;2-J
https://doi.org/10.1002/1521-3757(20020301)114:5%3C823::AID-ANGE823%3E3.0.CO;2-J
https://doi.org/10.1002/1521-3757(20020301)114:5%3C823::AID-ANGE823%3E3.0.CO;2-J
https://doi.org/10.1021/ja0209924
https://doi.org/10.1021/ja0209924
https://doi.org/10.1021/ja0209924
https://doi.org/10.1002/chem.201000211
https://doi.org/10.1002/chem.201000211
https://doi.org/10.1002/chem.201000211
https://doi.org/10.1002/chem.201000211
https://doi.org/10.1021/ja0516357
https://doi.org/10.1021/ja0516357
https://doi.org/10.1021/ja0516357
https://doi.org/10.1021/ja0516357
https://doi.org/10.1002/anie.200454034
https://doi.org/10.1002/anie.200454034
https://doi.org/10.1002/anie.200454034
https://doi.org/10.1002/anie.200454034
https://doi.org/10.1002/ange.200454034
https://doi.org/10.1002/ange.200454034
https://doi.org/10.1002/ange.200454034
https://doi.org/10.1039/C9CC02935D
https://doi.org/10.1039/C9CC02935D
https://doi.org/10.1039/C9CC02935D
https://doi.org/10.1002/chem.201703685
https://doi.org/10.1002/chem.201703685
https://doi.org/10.1002/chem.201703685
https://doi.org/10.1021/ic0350640
https://doi.org/10.1021/ic0350640
https://doi.org/10.1021/ic0350640
https://doi.org/10.1021/ic0350640
https://doi.org/10.1002/anie.201904197
https://doi.org/10.1002/anie.201904197
https://doi.org/10.1002/anie.201904197
https://doi.org/10.1002/anie.201904197
https://doi.org/10.1002/ange.201904197
https://doi.org/10.1002/ange.201904197
https://doi.org/10.1002/ange.201904197
https://doi.org/10.1016/0022-328X(91)83135-Q
https://doi.org/10.1016/0022-328X(91)83135-Q
https://doi.org/10.1016/0022-328X(91)83135-Q
https://doi.org/10.1016/0022-328X(90)85109-C
https://doi.org/10.1016/0022-328X(90)85109-C
https://doi.org/10.1016/0022-328X(90)85109-C
https://doi.org/10.1016/0022-328X(90)85109-C
https://doi.org/10.1002/ejic.201900486
https://doi.org/10.1002/ejic.201900486
https://doi.org/10.1002/ejic.201900486
https://doi.org/10.1002/ejic.201900486
https://doi.org/10.1016/0022-328X(94)84105-5
https://doi.org/10.1016/0022-328X(94)84105-5
https://doi.org/10.1016/0022-328X(94)84105-5
https://doi.org/10.1002/(SICI)1521-3749(1998120)624:12%3C2015::AID-ZAAC2015%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3749(1998120)624:12%3C2015::AID-ZAAC2015%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3749(1998120)624:12%3C2015::AID-ZAAC2015%3E3.0.CO;2-F
https://doi.org/10.1002/(SICI)1521-3749(1998120)624:12%3C2015::AID-ZAAC2015%3E3.0.CO;2-F
https://doi.org/10.1016/S0022-1139(01)00484-5
https://doi.org/10.1016/S0022-1139(01)00484-5
https://doi.org/10.1016/S0022-1139(01)00484-5
https://doi.org/10.1002/ejoc.201201116
https://doi.org/10.1002/ejoc.201201116
https://doi.org/10.1002/ejoc.201201116
https://doi.org/10.1002/ejoc.201201116
https://doi.org/10.1002/chem.200801367
https://doi.org/10.1002/chem.200801367
https://doi.org/10.1002/chem.200801367
https://doi.org/10.1002/chem.200801367
https://doi.org/10.1002/anie.200602823
https://doi.org/10.1002/anie.200602823
https://doi.org/10.1002/anie.200602823
https://doi.org/10.1002/anie.200602823
https://doi.org/10.1002/ange.200602823
https://doi.org/10.1002/ange.200602823
https://doi.org/10.1002/ange.200602823
https://doi.org/10.1016/0022-328X(84)80673-7
https://doi.org/10.1016/0022-328X(84)80673-7
https://doi.org/10.1016/0022-328X(84)80673-7
https://doi.org/10.1016/0022-328X(84)80673-7
https://doi.org/10.1021/ic00313a026
https://doi.org/10.1021/ic00313a026
https://doi.org/10.1021/ic00313a026
https://doi.org/10.1021/ct8001859
https://doi.org/10.1021/ct8001859
https://doi.org/10.1021/ct8001859
https://doi.org/10.1002/ejic.201300329
https://doi.org/10.1002/ejic.201300329
https://doi.org/10.1002/ejic.201300329
https://doi.org/10.1016/j.cplett.2018.12.015
https://doi.org/10.1016/j.cplett.2018.12.015
https://doi.org/10.1016/j.cplett.2018.12.015
https://doi.org/10.1021/ja01584a044
https://doi.org/10.1021/ja01584a044
https://doi.org/10.1021/ja01584a044
https://doi.org/10.1021/ja01584a044
https://doi.org/10.1071/CH9720761
https://doi.org/10.1071/CH9720761
https://doi.org/10.1071/CH9720761
https://doi.org/10.1002/chem.201801292
https://doi.org/10.1002/chem.201801292
https://doi.org/10.1002/chem.201801292
https://doi.org/10.1002/anie.201406564
https://doi.org/10.1002/anie.201406564
https://doi.org/10.1002/anie.201406564
https://doi.org/10.1002/ange.201406564
https://doi.org/10.1002/ange.201406564
https://doi.org/10.1002/ange.201406564
https://doi.org/10.1002/anie.201406505
https://doi.org/10.1002/anie.201406505
https://doi.org/10.1002/anie.201406505
https://doi.org/10.1002/ange.201406505
https://doi.org/10.1002/ange.201406505
https://doi.org/10.1002/ange.201406505
https://doi.org/10.1016/S0040-4039(00)95005-6
https://doi.org/10.1016/S0040-4039(00)95005-6
https://doi.org/10.1016/S0040-4039(00)95005-6
https://doi.org/10.1016/S0040-4039(00)95005-6
https://doi.org/10.1021/ja01505a007
https://doi.org/10.1021/ja01505a007
https://doi.org/10.1021/ja01505a007
https://doi.org/10.1016/0022-328X(90)87285-L
https://doi.org/10.1016/0022-328X(90)87285-L
https://doi.org/10.1016/0022-328X(90)87285-L
https://doi.org/10.1016/0022-328X(90)87285-L
https://doi.org/10.1021/ja01493a014
https://doi.org/10.1021/ja01493a014
https://doi.org/10.1021/ja01493a014
https://doi.org/10.1021/ja01493a014
https://doi.org/10.1016/0022-1139(94)03156-T
https://doi.org/10.1016/0022-1139(94)03156-T
https://doi.org/10.1016/0022-1139(94)03156-T
https://doi.org/10.1016/0022-1139(94)03156-T
https://doi.org/10.1021/ja00865a004
https://doi.org/10.1021/ja00865a004
https://doi.org/10.1021/ja00865a004
https://doi.org/10.1021/ja00865a004
https://doi.org/10.1021/ja00474a013
https://doi.org/10.1021/ja00474a013
https://doi.org/10.1021/ja00474a013
https://doi.org/10.1021/ja00474a013
https://doi.org/10.1021/ic50005a065
https://doi.org/10.1139/v67-460
https://doi.org/10.1139/v67-460
https://doi.org/10.1139/v67-460
https://doi.org/10.1139/v67-460
https://doi.org/10.1021/ic50112a021
https://doi.org/10.1021/ic50112a021
https://doi.org/10.1021/ic50112a021
https://doi.org/10.1002/ange.201400291
https://doi.org/10.1002/ange.201400291
https://doi.org/10.1002/ange.201400291
https://doi.org/10.1002/chem.202000668
https://doi.org/10.1016/S0022-1139(03)00093-9
https://doi.org/10.1016/S0022-1139(03)00093-9
https://doi.org/10.1016/S0022-1139(03)00093-9
https://doi.org/10.1002/(SICI)1521-3773(20000103)39:1%3C171::AID-ANIE171%3E3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-3773(20000103)39:1%3C171::AID-ANIE171%3E3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-3773(20000103)39:1%3C171::AID-ANIE171%3E3.0.CO;2-N
https://doi.org/10.1002/(SICI)1521-3757(20000103)112:1%3C177::AID-ANGE177%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3757(20000103)112:1%3C177::AID-ANGE177%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3757(20000103)112:1%3C177::AID-ANGE177%3E3.0.CO;2-J
https://doi.org/10.1002/(SICI)1521-3749(199902)625:2%3C363::AID-ZAAC363%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1521-3749(199902)625:2%3C363::AID-ZAAC363%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1521-3749(199902)625:2%3C363::AID-ZAAC363%3E3.0.CO;2-6
https://doi.org/10.1002/(SICI)1521-3749(199902)625:2%3C363::AID-ZAAC363%3E3.0.CO;2-6
https://doi.org/10.1021/ja00060a082
https://doi.org/10.1021/ja00060a082
https://doi.org/10.1021/ja00060a082
https://doi.org/10.1021/ja00060a082
https://doi.org/10.1021/ic010131g
https://doi.org/10.1021/ic010131g
https://doi.org/10.1021/ic010131g
https://doi.org/10.1039/b801115j
https://doi.org/10.1039/b801115j
https://doi.org/10.1039/b801115j
https://doi.org/10.1021/cr941141k
https://doi.org/10.1021/cr941141k
https://doi.org/10.1021/cr941141k
https://doi.org/10.1021/ja01004a075
https://doi.org/10.1021/ja01004a075
https://doi.org/10.1021/ja01004a075
https://doi.org/10.1070/MC1993v003n04ABEH000254
https://doi.org/10.1070/MC1993v003n04ABEH000254
https://doi.org/10.1070/MC1993v003n04ABEH000254
https://doi.org/10.1134/S1990793113020115
https://doi.org/10.1134/S1990793113020115
https://doi.org/10.1134/S1990793113020115
https://doi.org/10.1134/S1990793113020115
https://doi.org/10.1021/jo990248a
https://doi.org/10.1021/jo990248a
https://doi.org/10.1021/jo990248a
http://www.chemeurj.org

