
& Redox Chemistry

1,2,4,5-Tetrakis(tetramethylguanidino)-3,6-diethynyl-benzenes:
Fluorescent Probes, Redox-Active Ligands and Strong Organic
Electron Donors

Conrad Wagner, Franka Kreis, Dennis Popp, Olaf Hebner, Elisabeth Kaifer, and
Hans-Jçrg Himmel*[a]

Abstract: In this work, the change of reactivity induced by

the introduction of two para-ethynyl substituents (CCSi(iPr)3

or CCH) to the organic electron-donor 1,2,4,5-tetrakis(tetra-
methylguanidino)-benzene is evaluated. The redox-proper-

ties and redox-state dependent fluorescence are evaluated,
and dinuclear CuI and CuII complexes synthesized. The

Lewis-acidic B(C6F5)3 substitutes the proton of the ethynyl @

CCH groups to give new anionic @CCB(C6F5)3
@ substituents,

leading eventually to a novel dianionic strong electron
donor in its diprotonated form. Its two-electron oxidation
with dioxygen in the presence of a copper catalyst yields

the first redox-active guanidine that is neutral (instead of
cationic) in its oxidized form.

Introduction

Redox-active organic molecules are used in numerous applica-

tions,[1] for example, in electrochromic devices,[2, 3, 4] in redox re-
actions and proton-coupled electron transfer,[5–8] and as redox-
active ligands in coordination chemistry.[9–12] The interest in

these compounds is largely stimulated by the possibility to ra-
tionally tune the redox properties and further desired features

by the rich arsenal of organic synthesis strategies. Quinones
are particularly well-studied redox-active compounds, and are
found in numerous applications. For example, they are used as
stoichiometric reagents (often in combination with strong

acids) in a number of (Scholl-type) aryl-aryl coupling reac-

tions,[13, 14] and as redox catalysts for example, for the oxidation
of amines and alcohols.[15, 16] The anthraquinone process for hy-
drogen peroxide production is a large-scale industrial applica-
tion of quinones.[17, 18] They are also applied in some steps of

the synthesis of pharmaceuticals and drugs.[19] Moreover, o-qui-
nones/catecholates are prime examples for redox-active li-

gands that are currently intensively used in coordination
chemistry. Finally, their applications in organic redox-flow bat-

teries is currently studied.[20–23] Generally, quinones are neutral

in their oxidized form and dianionic in their reduced form.
Our group developed guanidino-functionalized aromatic

compounds (GFAs) as a powerful class of redox-active mole-
cules,[11, 24, 25–27] and demonstrated the use of GFAs in several
fields of modern research. Hence, GFAs like the redox-active

guanidines 1 a or 1 b (Scheme 1)[28] were found to be superior
reagents in proton coupled electron transfer reactions,[24, 29–32]

allowing a variety of aryl-aryl coupling reactions that were pre-
viously only feasible with quinones such as DDQ or chloranil
(CA).[32] They could also be used in materials, for example, sem-
iconducting devices[33] or „low-dimensional perovskites“.[34] Fi-

nally, GFAs like 1 a are versatile redox-active ligands in late-
transition metal complexes, establishing stable ligand-metal
bonding in three redox states of the ligand (neutral, radical
monocationic and dicationic).[25, 35–37] In this context it should
be noted that complexes with guanidine or guanidinate li-

gands[38–41] as well as other N-heterocyclic imino (NHI) ligands/
substituents[42–44] are intensively studied.

In several works we described intramolecular (reversible)
electron-transfer processes between GFA ligands and metal
atoms in mono- and dinuclear copper complexes,[11, 45–47] in-

cluding the first dinuclear copper complexes showing reversi-
ble, thermally stimulated redox isomerism (also denoted va-

lence tautomerism).[47]

Starting with the archetypical compounds 1 a and 1 b, sever-
al derivatives were obtained by substituting the two remaining

aromatic protons (e.g. by halides,[26, 48] nitro[48] or even addi-
tional guanidino groups[27]), or by modifying the guanidino

groups.[49, 50] These substitutions affect the redox properties as
well as the optical properties.[24]

Herein we report on the synthesis and the chemistry of com-
pounds, in which the two remaining aromatic protons of 1 a/
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1 b are substituted by ethynyl groups. Figure 1 shows the

Lewis structures of the three compounds 2 a, 2 b and 3 studied
in this work. The synthesis of 2 a was described in a prelimina-
ry work.[51] As detailed in the following, the peculiarities of
these three compounds are the redox-state dependent fluores-

cence, and the additional reactivity inscribed by the ethynyl
groups (especially for compound 3). Moreover, the first dinu-

clear metal complexes of 2 a and 3 are synthesized and ana-
lysed.

Results and Discussion

Synthesis and characterization of 1,2,4,5-tetrakis(tetrame-
thylguanidino)-3,6-diethynyl-benzenes

The synthesis of the three compounds (see Scheme 2) com-
mences with 4,7-dibromo-2,1,3-benzothiadiazole. Conversion

to 5,6-dinitro-4,7-bis[2-[tris(1-methylethyl)silyl]ethynyl]-2,1,3-
benzothiadiazole is followed by reduction to give 1,2,4,5-tet-

ra(amino)-3,6-bis-[(triisopropylsilyl)ethynyl]benzene. Reaction
with chloro-N,N,N’,N’-tetramethyl-formamidinium-chloride

leads to 2 a (43 % isolated yield)[51] and reaction with 2-chloro-

1,3-dimethyl-4,5-dihydro-1H-imidazolium-chloride leads to 2 b
(14 % isolated yield). The low isolated yield of 2 b is due to its
relatively high solubility in organic solvents that hampers its
isolation by precipitation. Removal of the two silyl groups from

compound 2 a is achieved with tetrabutylammonium fluoride
in THF, yielding pure compound 3 in good yield (78 %). The ad-

dition of an extra proton source is not required. The presence
of terminal alkynes was evidenced by NMR and IR spectrosco-
py. Hence, the two protons of the alkyne groups show at d =

3.05 ppm in the 1H NMR spectrum. In the IR spectrum, sharp
absorptions at 3260 and at 2084 cm@1 are assigned to the

alkyne stretching modes n(C@H) and n(C/C), respectively.
Interestingly, the three compounds differ distinctly in their

solubility. Compound 2 a is soluble in THF, but much less solu-

ble in Et2O or toluene. It is completely insoluble in more polar
solvents such as Me2CO or CH3CN. It is highly soluble in CH2Cl2,

but decomposes in this solvent within hours to unknown
products. By contrast, 2 b is much more soluble in CH3CN or

toluene. Compound 3 is generally barely soluble in standard
organic solvents, and seems to decompose within hours in tol-

Scheme 1. Lewis structures of GFA 1 a and 1 b and oxidized and reduced, protonated states of 1 a that could be used in PCET (2 e@/2 H+) reactions. The rele-
vant compounds are dications, in contrast to the neutral benzoquinone and dihydrobenzoquinone.

Figure 1. Lewis representations of the three 1,2,4,5-tetrakis(tetramethylguanidino)-3,6-diethynyl-benzene compounds studied in this work.
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uene and especially in CH2Cl2 solution. Please note that cyclic

voltammetry studies in CH2Cl2 are still possible (see below),
but no reactions of these compounds in this solvent could be

carried out. For comparison, compounds 1 a and 1 b are stable
and soluble in CH3CN and CH2Cl2 solutions. The differences in

solubility and stability limit a comparison of the reactivity of
the three compounds.

Table 1 compares some bond parameters for 2 a,[51] 2 b and

3, and the solid-state structures of 2 b and 3 are visualized in
Figure 2. In similarity to the structures of other GFAs, the CN3

planes of the guanidino groups are highly twisted with respect
to the central aromatic C6 ring plane (see the analysis of this
issue in ref. 52). Due to this preferred conformation, there is no
steric strain in the molecule. The imino N=C bond lengths (N1-

C4/N4-C9 in 2 a/2 b and N1-C7/N10-C22 in 3) are similar for all

compounds (shortest and longest bonds of 1.283(3) and
1.294(4) a, respectively), and fall in a typical range for N=C

double bonds in neutral guanidines.[24] These bonds are very
sensitive to changes in the electronic structure, and are elon-

gated significantly upon protonation, metal coordination or ox-
idation (see discussion below).

Scheme 2. Synthesis of the 2 a,[51] 2 b and 3. The yields refer to the isolated, pure compounds.

Table 1. Comparison of selected bond lengths (in a) for the three new
neutral GFAs and the compounds obtained upon two-electron oxidation.

bond 2 a[51] 2 a2 +(PF6
@)2 2 b 3 32 +(PF6

@)2

N1@C1
N4@C2

1.409(4)
1.411(4)

1.341(2)
1.298(2)

1.413(2)
1.401(3)

1.414(2)
1.408(2)N10@C5

1.336(1)
1.296(1)

N1@C4
N4@C9

1.294(4)
1.284(4)

1.334(2)
1.365(2)

1.283(3)
1.286(3)

1.290(2)N1@C7

1.292(2)N10@C22

1.342(1)
1.372(1)

C1@C2 1.408(4) 1.490(2) 1.408(2) 1.402(2) 1.498(1)
C1@C3 1.408(4) 1.385(2) 1.406(3) 1.412(2)C1@C6 1.389(1)
C2@C3 1.415(4) 1.446(2) 1.415(3) 1.412(2)C6@C5 1.443(1)
C3@C14 1.436(4) 1.431(2) 1.441(2) 1.442(2)C6@C29 1.425(2)
C14@C15 1.208(5) 1.209(3) 1.205(2) 1.195(2)C29@C30 1.199(1)

Figure 2. Illustration of the solid-state structures of 2 b and 3. Displacement
ellipsoids drawn at the 50 % probability level. Hydrogen atoms bound to
carbon were input at calculated positions and refined with a riding model.
Ethynyl hydrogens in green, all other hydrogens omitted. Selected bond
lengths are included in Table 1.
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Next, we inspected the optical properties of the three com-
pounds. Due to the huge difference in solubility, the spectra

had to be recorded in different solvents. The optical properties
of all discussed compounds are collected in Table 2. In the

electronic absorption spectra, all three compounds 2 a, 2 b and
3 display one band in the visible region, with maxima of ab-

sorption at 433 (2 a in THF), 429 (2 b in THF) and 420 (3 in tolu-
ene) nm (see Figure 3 for compound 3 in toluene). The extinc-

tion coefficient is only slightly higher for 2 a than for 2 b (by

ca. 10 %), but significantly higher than for 3. All three com-
pounds show relatively strong fluorescence (maximum of emis-

sion at 502 (2 a), 504 (2 b) and 500 (3) nm, see Figure 3), in dif-
ference to the fluorescent-silent compounds 1 a and 1 b. The

quantum yields increase in the row 3 (F= 12 %) <2 a (F=

18 %) <2 b (F= 31 %). The more rigid guanidino groups in 2 b
might be responsible for the remarkable difference in the

quantum yield between 2 a and 2 b (both in THF solution). In
this context it is worth noting that the quantum yield of fluo-

rescence of 2 a in solution massively increases upon decrease
of the temperature.[51]

Quantum-chemical calculations (B3LYP/def2-TZVP) were car-
ried out to get information about the nature of the electronic

transition. The calculated lowest-energy electronic transition

(TD-DFT calculation) is in excellent agreement with the experi-

mental results (observed: 433 nm for 2 a and 420 nm for 3 ;
calcd 429 nm for 2 a[51] and 403 nm for 3), and can safely be as-

signed to the HOMO!LUMO transition (see Supporting Infor-
mation, Figures S47 and S48). The C6 ring and the guanidino

groups, but not the ethynyl groups contribute to the HOMO
orbital. By contrast, the LUMO is localized on the C6 ring and

the ethynyl groups, and the guanidino groups contribute only
marginally (see Figure 4). Hence, in the HOMO!LUMO transi-
tion an electron is excited from one p-system to an orthogonal

p-system, like in typical cross-conjugated cruciform fluoro-
phores.[53]

Redox properties

The redox properties are first analysed in electrochemical stud-
ies. In Table 3, the redox potentials obtained from cyclic vol-

tammetry (CV) for the compounds 2 a, 2 b and 3 are compared
with those of 1 a and 1 b. In all cases a quasi-reversible two-

electron redox process is observed. At high potentials, a one-
electron redox process follows, leading eventually to the GFA

trication. The alkynyl groups shift the redox potential to slight-

ly higher values. This shift is larger for the CCH groups than for
the CCSi(iPr)3 groups. Compound 3 in CH2Cl2 solution (see

Figure 5) shows the quasi-reversible two-electron redox pro-
cess, assigned to the redox couple 32 +/3, with the highest po-
tential (E1/2 =@0.61 V, Eox =@0.49 V) of the tetrakis-guanidine
compounds studied herein. Another reversible one-electron

process which is usually observed for GFAs (GFA2 +/GFA·3 +), is
also expected for 3. However, the potential window in di-
chloromethane and the one-electron process seem to be in

Table 2. Comparison of the optical properties for several compounds:
2 a, (2 a + 2 H)2+(PF6

@)2, (2 a)2 +(PF6
@)2, 2 b and 5 in THF, (2 a + 4 H)4+(Cl@)4

and 32 +(PF6
@)2 in CH3CN, 3 in toluene, 4 in CH2Cl2 (fluorescence quantum

yield F, life time t).

Compound lmax, abs. [nm] (e [m@1 cm@1]) lmax, em. [nm] F t [ns]

2 a 332 (32 200), 433 (10 900) 502 0.18 2.3
(2 a+ 2H)2 +(PF6

@)2 293 (82 100), 419 (13 300) 508 0.31 3.9
(2 a+ 4H)4 +(Cl@)4 279 (47 000), 392 (4800) 477 0.33 5.3
(2 a)2 +(PF6

@)2 346 (21 200), 446 (32 100) – – –
2 b 330 (30 000), 429 (10 000) 504 0.31 a
3 313 (12 500), 420 (6200) 500 0.12 a
32 +(PF6

@)2 330 (11 600), 433 (32 300) – – –
4 299 (23 600), 401 (8300) 445 b b
5 323 (23 800), 455 (29 600) – – –

[a] Not determined. [b] Fluorescence signal too weak.

Figure 3. UV-vis and luminescence spectra recorded for compound 3 (tolu-
ene) and 32+(PF6

@)2 (acetonitrile).

Figure 4. Isodensity plots of HOMO and LUMO for 3. The HOMO—LUMO
transition excites electrons from one p-system (involving the guanidino
groups) to an orthogonal p-systems (involving the ethynyl groups), offering
a qualitative explanation for the fluorescence properties. Contour values for
the isodensity plots are :0.02 Bohr(@3/2).

Table 3. Potentials (Eox and E1/2, both given relative to Fc+/Fc, 100 mV s-1

scan rate) from CV measurements in CH2Cl2 (N(nBu)4PF6 as supporting
electrolyte, Ag/AgCl reference electrode).

Redox couple 1 a 1 b 2 a 2 b 3

GFA/GFA2 + Eox [V] @0.62 @0.74 @0.60 @0.63 @0.49
E1/2 [V] @0.70 @0.79 @0.65 @0.69 @0.61

GFA2+/GFA3+ Eox [V] 0.64 0.70 0.80 0.77 ~0.73 V
E1/2 [V] 0.60 0.66 0.76 0.72
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proximity to each other (see Supporting Information, Fig-

ure S11). Therefore, it cannot be assigned properly, yet the
value is estimated at Eox~0.73 V. Please note that although

compound 3 decomposes slowly in CH2Cl2 solutions, its life-
time is sufficiently high for cyclic voltammetry studies.

Motivated by the results of the cyclic voltammetry measure-

ments, we reacted compound 3 with oxidizing reagents. Reac-
tion of 3 with two equivalents of ferrocenium hexafluorophos-

phate in acetonitrile at room temperature indeed leads to
clean two-electron oxidation (Scheme 3). The product salt 32 +

(PF6
@)2, obtained in 89 % isolated yield, can be re-crystallized

by slow diffusion of diethyl ether into an acetonitrile solution.

In the UV-vis spectrum, a small bathochromic shift of the

lowest-energy absorption from lmax = 420 nm to 433 nm upon
oxidation is measured (see Table 2). Interestingly, this small

shift is accompanied by a massive increase of the extinction
coefficient (by a factor of 5.2). Moreover, oxidation completely

extinguishes the fluorescence signal.
As already mentioned, compound 3 consists of two cross-

conjugated p-systems. The donor p-system, being the HOMO

of the neutral compound, involves the aromatic ring and the
guanidino groups. The acceptor p-system, being the LUMO of

the neutral compound, involves the aromatic ring and the al-
kynyl groups. Hence the compound could be described as a

cross-conjugated cruciform chromophore. For the dication 32+ ,

the LUMO is localized on the central C6 ring and the guanidino
groups (see Supporting Information, Figure S48), in similarity

to the HOMO of the neutral compound. However, the HOMO
(ag symmetric) and HOMO-1 (au symmetric) of 32 + are centred

on the alkynyl groups, the central C6 ring, and the guanidino
groups. For 3, the lowest-energetic electronic excitation (calcu-

lated at 402.7 nm) is a pure HOMO!LUMO transition. Accord-
ing to TD-DFT (B3LYP/def2-TZVP), the HOMO!LUMO transi-
tion of 32 + (calculated at 675.9 nm) is symmetry forbidden,
since both orbitals exhibit ag symmetry. Thus, an electronic ex-
citation with high HOMO-1 ! LUMO character (77.5 %), calcu-
lated at 439.2 nm, is assigned to the observed band at 433 nm
(see Supporting Information, Figure S47). The distinct changes

of the electronic excitations are responsible for the extinction
of fluorescence upon oxidation of 3.

Hence compound 3 shows distinct redox-state dependent

fluorescence, meaning that the fluorescence signal could be
used as a probe for its redox state.

Figure 6 illustrates the solid-state structure of 32 +(PF6
@)2, and

some structural parameters are included in Table 1. The signifi-

cant differences between the C@C bond distances in the C6

Figure 5. CV curves for 2 b and 3 in CH2Cl2 solution (1 mm) (with 0.1 m
N(nBu)4PF6 as supporting electrolyte, Ag/AgCl reference electrode,
100 mV s@1 scan rate). Potentials given vs. the redox-couple ferrocenium/fer-
rocene (Fc+/Fc).

Scheme 3. Two-electron oxidation of 3 with ferrocenium hexafluorophosphate to give the salt 32 +(PF6
@)2.

Figure 6. Illustration of the structure of 32 +(PF6
@)2 in the solid state. Dis-

placement ellipsoids drawn at the 50 % probability level. Hydrogen atoms
bound to carbon were input at calculated positions and refined with a
riding model. Ethynyl hydrogens in green, all other hydrogens omitted. Se-
lected bond lengths are included in Table 1.
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ring (C1-C2 1.498(1) a, C1-C3 1.389(1) a and C2-C3’ 1.443(1) a)
signal loss of aromaticity. The imino N=C bond distances of

neutral 3 (1.290(2)/1.292(2) a) are elongated to 1.342(1)/
1.372(1) a in 32+(PF6

@)2. After oxidation, the C1@N1/C2@N4

bond distances are shorter than the N1-C4/N4-C9 bond distan-
ces. Although aromaticity is removed, the central C6 ring re-
mains planar, in line with the absence of steric strain in the
compound.

Coordination chemistry

Reactions of GFA 2 a with CuII compounds could lead to elec-
tron transfer and/or formation of dinuclear copper complexes.
We found different products for reactions with CuCl2 and
Cu(OAc)2 (Scheme 4). With Cu(OAc)2 in THF solution, the para-
magnetic dinuclear CuII complex [2 a{Cu(OAc)2}2] is formed,

with a neutral ligand unit. The complex is isolated in a yield of
55 %. The UV-vis spectrum of a THF solution displays a band at
438 nm, with a miniscule bathochromic shift with respect to
free 2 a. The fluorescence is completely extinguished upon
copper coordination. The solid state structure, as derived from
XRD analysis of crystals grown from a saturated CH3CN solu-

tion, is displayed in Figure 7. Each copper atom binds to four

ligand atoms and in addition interacts weakly with two further
oxygen atoms of the acetate ligands (see Table 4). As expected,

the imino N = C bond distances of 2 a are considerably elon-
gated upon complexation (from 1.294(4)/1.284(4) a in free 2 a
to 1.344(1)/1.345(1) a in [2 a{Cu(OAc)2}2] , see Table 4), in line
with significant p-contributions to the metal-ligand bonding.[54]

The cyclic voltammogram of [2 a{Cu(OAc)2}2] shows several oxi-

dation waves (at @0.30, @0.16 and + 0.13 V), and an intense
reduction wave at @0.67 V (see Supporting Information, Fig-

ure S19). The redox processes responsible for these waves are

clearly not reversible. Most likely, oxidation initiates decompo-

sition of the complex. This behaviour is in stark contrast to
that of complexes [1 a{M(OAc)2}2] (M = Cu, Ni or Pd), that could

be reversibly oxidized in two one-electron steps, allowing the

isolation of salts of the monocation [1 a{M(OAc)2}2]+ (with radi-
cal monocationic 1 a· + units) and the dication [1 a{M(OAc)2}2]2 +

(with dicationic 1 a2 + units).[35, 36]

In the case of reaction of 2 a with CuCl2, formation of the re-

spective complex was neither observed in solution nor in the
solid state. Instead, a redox reaction took place, leading to the

diamagnetic salt (2 a)2 +(CuCl2
@)2 (oxidized guanidine, CuI

anions), as concluded from the crystal data and the NMR spec-
tra in solution. For comparison, the reaction of 1 a with

2 equiv. of CuCl2 gives a dinuclear copper complex [1 a(CuCl2)2]

Scheme 4. a) Different outcome of the reactions of 2 a with one of the two CuII compounds CuCl2 and Cu(OAc)2. b) Reaction of 1 a with 2 equiv. of CuCl2 (see
ref. [46] for details).

Figure 7. Illustration of the solid-state structures of the complex
[2 a{Cu(OAc)2}2] (left) and the salt (2 a)2 +(CuCl2

@)2. Displacement ellipsoids
drawn at the 50 % probability level. All hydrogen atoms omitted.
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that changes its electronic structure with the environment

(Scheme 4).[46] In the solid state and CH2Cl2 solution, a para-
magnetic dinuclear CuII complex with reduced, neutral guani-

dine ligand is present, and in more polar solvents (CH3CN or

DMSO) a diamagnetic dinuclear CuI complex with oxidized, di-
cationic guanidine ligand.

In another experiment, we reacted 2 a with CuI. This reaction
leads to the dinuclear CuI complex [2 a(CuI)2] in 82 % isolated

yield. Figure 8 displays the structure of the complex in the
solid state. As expected, the imino N=C double bond lengths

increase upon coordination, from 1.294(4)/1.284(4) a in 2 a to

1.326(3)/1.327(3) a in [2 a(CuI)2] . In the UV-vis spectrum (CH2Cl2

solution), the band in the visible region experiences a slight

bathochromic shift (447 nm for [2 a(CuI)2] in CH2Cl2 solution
compared with 433 nm for 2 a in THF solution). Interestingly,

the fluorescence is completely extinguished, in line with the
results obtained for coordination of CuI to tetrakisguanidino-
phenazine ligands.[55] TD-DFT calculations (B3LYP/def2-TZVP)

found a relatively strong electronic excitation (HOMO-2!
LUMO) at 453.5 nm and a weak excitation (HOMO!LUMO) at

486.4 nm (see Supporting Information, Figures S51 and S52).
While the LUMO is centred predominantly at the C6 ring and

the ethynyl groups, the HOMO and HOMO-1 are located on
the C6 ring, the guanidino groups and the CuI groups. Hence

the orbitals involved in the electronic excitations are signifi-
cantly different to those involved for free 2 a.

Then, we reacted the complex [2 a(CuI)2] with an excess of I2

(3 equivalents) in an attempt to isolate a complex with an oxi-

dized guanidine ligand unit. However, the metal-free salt
(2 a)2 +(I3

@)2 is isolated in pure form in 55 % yield (see
Scheme 5 a). This result indicates that the metal-ligand bonds
break upon ligand oxidation. In the case of the analogue com-
plex [1 a(CuI)2] , reaction with I2 gives a diamagnetic coordina-

tion polymer {[1 a(CuI)2](I3)2}n with twofold oxidized bridging
guanidine ligand units(see Scheme 5 b).[56] Interestingly, this

chain polymer is found to be an electric semiconductor with a

relative small band gap of 1.05 eV (as estimated from an Arrhe-
nius plot of the temperature dependence of the electrical con-

ductivity). Hence all attempts to obtain a dinuclear copper
complex with the oxidized, dicationic form 2 a2 + as ligand,

failed. The reason for the distinctly different ligand behaviours
of 2 a and 1 a is not yet clear, but it might arise from the slight-

ly higher redox potential of 2 a (see Table 3) and probably also

from the differences in solubility and applied solvents that
might shift possible equilibria to other sides.

We also studied the coordination chemistry of compound 3
(Scheme 6). Complexation with CuI gave [3(CuI)2] in 63 % yield.

Reaction of 3 with Cu(OAc)2 resulted in the formation of the
complex [3{Cu(OAc)2}2] in 55 % yield. Hence, dinuclear CuI as

well as CuII complexes of the neutral ligand could be synthe-

sized. The solid-state structures of both complexes are illustrat-
ed in Figure 9, and selected bond lengths are compiled in

Table 4. In both cases, the fluorescence is completely extin-
guished upon copper coordination (see the analysis of the

electronic excitations for [3(CuI)2] with TD-DFT in the Support-
ing Information, Figures S49 and S50).

Cyclic voltammograms of [3{Cu(OAc)2}2] in CH2Cl2 solution

show only irreversible redox processes (see Supporting Infor-
mation, Figure S33), for example, two oxidation waves at

Table 4. Comparison of selected bond lengths (in a) for the copper-con-
taining compounds synthesized and characterized in this work.

Bond [2 a(CuI)2] 2 a2+(CuCl2
-)2 [2 a(CuOAc)2] [3(CuI)2] [3(CuOAc)2]

N1@C1
N4@C2

1.411(3)
1.405(3)

1.304(3)
1.315(3)

1.407(1)
1.407(1)

1.410(7)
1.414(7)

1.403(2)
1.409(2)

N1@C4
N4@C9

1.326(3)
1.327(3)

1.352(3)
1.366(2)

1.344(1)
1.345(1)

1.335(7)
1.328(7)

1.340(3)
1.350(3)

C1@C2 1.399(3) 1.506(3) 1.403(1) 1.414(7) 1.402(3)
C1@C3 1.418(3) 1.428(3) 1.417(1) 1.413(7) 1.411(3)
C2@C3 1.420(3) 1.407(3) 1.418(1) 1.406(7) 1.414(3)
C3@C14 1.438(3) 1.433(3) 1.432(1) 1.445(7) 1.436(3)
C14@C15 1.208(3) 1.218(3) 1.212(2) 1.191(8) 1.192(3)
N1@Cu1 2.028(2) – 2.000(1) 2.022(4) 1.997(2)
N4@Cu1 2.039(2) – 1.988(1) 2.026(4) 1.984(2)
Cu1@I1 2.431(1) – – 2.450(1) –
Cu1@O1 – – 1.946(1) – 1.976(2)
Cu1@O2 2.684(1) 2.601(2)
Cu1@O3 1.971(1) – 1.962(2)
Cu1@O4 2.657(1) 2.685(2)

Figure 8. Illustration of the solid-state structures of the dinuclear CuI complex [2 a(CuI)2] (left) and the salt (2 a)2 +(I3
@)2 formed upon oxidation of [2 a(CuI)2]

with I2. Displacement ellipsoids drawn at the 50 % probability level. All hydrogen atoms omitted.
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@0.30 V and @0.05 V, as well as a broad shoulder at @0.45 V. A

sharp reduction wave is detected at @0.45 V. The irreversibility
of the redox events might point again to the cleavage of the

metal-ligand bonds upon ligand oxidation. The complex
[3(CuI)2] is stable in solution under inert-gas, but is rapidly

transformed to other products upon contact to air (see Sup-

porting Information for a preliminary UV-vis spectroscopic
study on this issue, Figure S30). In this case, C@C coupling re-

actions might take place. The product is not soluble in stan-
dard organic solvents, in line with a polymeric structure. The

rational synthesis of such coupling products is an attractive
goal, which is however clearly outside the scope of this work.

The synthesis of [3(CuCl2)2] was attempted but the complex

could not be isolated, suggesting a similar reactivity as com-
pound 2 a. Again we observe a different behaviour to that of

1 a, for which the dinuclear copper complex [1 a(CuCl2)2] is
formed.

The results of this study show that compounds 2 a and 3
could be used for the synthesis of dinuclear CuII and CuI com-
plexes. However, with the oxidized form of the ligands, the

complexes are not stable and the metal-ligand bond is
cleaved. This is in marked contrast to the properties of 1 a,

that forms stable complexes in the neutral and in the oxidized
form. The differences are most likely caused by the higher

Scheme 5. a) Synthesis of a dinuclear CuI complex of 2 a and its oxidation with I2. b) Illustration of the reaction sequence for the analogue reaction with 1 a.
The different solvents applied in the reactions are due to the large differences in solubility between 1 a and 2 a and their complexes.

Scheme 6. Synthesis of the complexes [3(CuI)2] and [3{Cu(OAc)2}2] .
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redox potentials of 2 a and 3 compared with 1 a, and to some
extend maybe also by the differences in the applied solvents

(which are necessary due to the large differences in solubility)
that might affect the position of equilibria. For 3, further reac-

tivity arises from the terminal alkynyl groups, and is currently
studied in our group.

Reactivity at the terminal alkynyl hydrogens of compound 3

Next, we tested the possibility to replace the protons from the
two terminal alkynyl groups by reaction with a Lewis acid.

Indeed, reaction of compound 3 with two equivalents of tris-
(pentafluorophenyl)borane in toluene at 60 8C gives the neutral

zwitterionic bis-alkynylboronate compound 4 in 65 % isolated

yield (Scheme 7). In this reaction, the proton of each terminal
alkyne group is replaced by the borane, and the released

proton captured by one of the guanidino groups. The reaction
is an example of terminal alkyne activation by frustrated Lewis

pairs. The previously reported reactions of a terminal alkyne
RCCH (various rests R, for example, Ph or H, were tested) with
the frustrated Lewis pair combination B(C6F5)3 and a bulky

Lewis base LB (e.g. tBu3P) yield salts [LBH]+[RCCB(C6F5)3]@ that
could react further with the Lewis base or acid.[57, 58, 59] In our re-

action, the terminal alkyne and the basic guanidino groups are
assembled in one molecule, and therefore an overall neutral

compound is obtained.
The compound is soluble in CH2Cl2 (in contrast to 2 a/2 b or

3 without signs of decomposition) and acetone, but insoluble

in most other solvents (including CH3CN). It can be crystallized
from a saturated dichloromethane solution. Compound 4 is

Figure 9. Illustration of the solid-state structures of a) [3{Cu(OAc)2}2] and b)
[3(CuI)2] . Displacement ellipsoids drawn at the 50 % probability level. Hydro-
gen atoms bound to carbon were input at calculated positions and refined
with a riding model. Ethynyl hydrogens in green, all other hydrogens omit-
ted.

Scheme 7. Synthesis of compounds 4 and 5 from 3.
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only weakly fluorescent, with the maximum of emission at
445 nm (lex = 315 nm), showing a significant shift compared to

500 nm for compound 3 (lex = 420 nm) The fluorescence signal
is extremely temperature-sensitive. It rises at lower tempera-

tures and decreases at higher temperatures (see Supporting In-
formation, Figure S37). Twofold deprotonation of this com-

pound would result in a dianionic, extremely electron-rich GFA.
Unfortunately, all attempts to deprotonate this compound

(using triethylamine, butyllithium or sodium amide) failed and

resulted in the recovery of unreacted 4. On the other hand, ox-
idation of 4 coupled with deprotonation using catalytic

amounts of copper salts with O2 is successful, giving the zwit-
terionic compound 5 in 44 % isolated yield. The catalyst is

equal to that previously used for oxidation of protonated 1 a
with O2 (see also Scheme 1).[30] The new compound 5 is quite

soluble in Me2CO or THF, but to our surprise almost insoluble

in CH2Cl2. The solid-state structures of 4 and 5 are shown in
Figure 10, and selected structural parameters are compiled in

Table 5. In 4, the C@C bond distances in the central C6 ring
vary only slightly (1.402(3)/1.407(3) and 1.415(3) a for C1-C2/

C1-C3 and C2-C3). By contrast, they vary much in 5 (1.497(2)/
1.382(3)/1.449(3) a for C1@C2/C1@C3 and C2@C3), indicating

loss of aromaticity. Moreover, the N1@C1 and N4@C2 bond

lengths are considerably shorter in 5 compared with 4. On the
other hand, the effect of oxidation on the bond lengths within

the alkynyl groups is miniscule. Hence the structural compari-
son between 4 and 5 is in line with the Lewis structures in

Scheme 7.
As observed upon oxidation of 2 a or 3, the electronic ab-

sorption of 4 in the visible region experiences a bathochromic

shift upon oxidation (accompanied in this case by deprotona-
tion), from 401 nm in 4 to 455 nm in 5, and also a massive in-

crease in its extinction coefficient (by a factor of 3.6). The fluo-

rescence, being already small in 4 at room temperature, is ex-

tinguished in 5.
Cyclic voltammetry was used to obtain information about

the reduction potential (see Figure 11). In DMF solution, a re-
versible two-electron redox process, assigned to the redox

couple 5/52@, is detected at E1/2 =@0.83 V vs. Fc+/Fc (Eox =

@0.75 V). A one-electron process, assigned to the redox couple

5· +/5, occurs at E1/2 = + 0.91 V vs. Fc+/Fc (Eox = + 0.97 V). An-

other oxidation wave at Eox = + 1.26 V vs. Fc+/Fc clearly be-
longs to an irreversible redox event, presumably leading to

degradation. Moreover, the voltammogram shows weaker
waves (at @0.33 V in direction of oxidation and @1.40 V in di-

rection of reduction). These waves are presumably caused by
the extremely high reactivity of 52@, that quickly undergoes re-

actions with dioxygen or other oxidizing impurities. Hence the

redox potential of the reduced, dianionic form 52@ is signifi-
cantly lower than those of 1 a or 2 a. In fact, 52@ has the lowest

redox potential of all tetrakisguanidines. On the other hand, its

Figure 10. Illustration of the solid-state structures of 4 and 5 in the solid state. Displacement ellipsoids drawn at the 50 % probability level. Hydrogen atoms
bound to nitrogen (green colour) were located in difference Fourier syntheses and refined, either fully or with appropriate distance and/or symmetry. Methyl
hydrogen atoms omitted.

Table 5. Comparison of selected bond lengths (in a) of compounds 4
and 5.

Bond 4 5

N1@C1
N4@C2

1.421(3)
1.399(3)

1.344(3)
1.290(3)

N1@C4
N4@C9

1.347(2)
1.307(3)

1.334(2)
1.349(3)

C1@C2 1.402(3) 1.497(2)
C1@C3 1.407(3) 1.382(3)
C2@C3 1.415(3) 1.449(3)
C3@C14 1.437(2) 1.429(2)
C14@C15 1.208(3) 1.204(3)
C15@B1 1.595(3) 1.592(2)
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redox potential is still slightly higher than that of the strongest

guanidine electron donor, hexakis(N,N’-dimethyl-N,N’-ethylene-
guanidino)-benzene, for which an E1/2 value of @0.96 V vs.

Fc+/Fc was obtained.[27] So far, it was not possible to isolate a
salt of the dianion 52@, which appears to be extremely reactive

and sensitive to dioxygen.

Conclusions

In this work the chemistry of redox-active 1,2,4,5-tetrakis(tetra-
methylguanidino)-3,6-diethynyl-benzenes (compounds 2 a, 2 b
and 3) are studied. Substitution of the remaining two hydro-
gens of the redox-active guanidine 1,2,4,5-tetrakis(guanidino)-

benzene by ethynyl groups leads to redox-active compounds

with redox-state dependent fluorescence. The fluorescence of
the neutral reduced forms is extinguished upon oxidation. The

four guanidino groups allow the use of the compounds as
redox-active bridging ligands in several dinuclear CuI and CuII

complexes. In contrast to 1,2,4,5-tetrakis(guanidino)benzene,
the guanidine-metal bond is cleaved upon ligand oxidation.

One of the new compounds synthesized in this work has

two terminal alkynyl groups (3). Reaction of this compound
with two equivalents of the Lewis acid B(C6F5)3 leads to migra-

tion of the two C@H protons to the guanidino groups and for-
mation of two new C@B bonds by addition of two equivalents

of the borane (4). Hence the combination 3/ B(C6F5)3 acts as a
frustrated Lewis pair that activates the terminal alkyne groups.

The catalytic oxidation/deprotonation of 4 with dioxygen leads
to the first redox-active guanidine that is neutral (instead of di-
cationic) in its twofold oxidized state (5). Consequently, its re-
duction occurs at the lowest reduction potential ever mea-
sured for redox-active tetrakis-guanidine compounds.

The results of this study show that redox-active 1,2,4,5-tetra-
kis(tetramethylguanidino)-3,6-diethynyl-benzenes display a di-

verse chemistry. The topic of ongoing research in our group is
their use (after substitution of the protons in 3 by organic
groups with suitable functionalities) as building blocks for the

construction of metal–organic frameworks. We are also system-
atically studying how substituents at the alkynyl groups affect

the redox-state dependent fluorescence properties.

Acknowledgements

The authors gratefully acknowledge financial support by the

Deutsche Forschungsgemeinschaft (DFG).

Conflict of interest

The authors declare no conflict of interest.

Keywords: copper · guanidine · organic electron donors ·
redox chemistry · redox-active ligand

[1] Organic Redox Systems, Synthesis Properties and Applications, Ed. T. Nishi-
naga, John Wiley & Sons, Inc. , Hoboken, New Jersey 2016.

[2] a) R. J. Mortimer, Chem. Soc. Rev. 1997, 26, 147 – 156; b) D. R. Rosseinsky,
R. J. Mortimer, Adv. Mater. 2001, 13, 783 – 793; c) R. J. Mortimer, Annu.
Rev. Mater. Res. 2011, 41, 241 – 268.

[3] a) P. M. S. Monk, R. J. Mortimer, D. R. Rosseinsky, Electrochromism : funda-
mentals and applications, VCH, Weinheim 1995 ; b) Electrochromic mate-
rials and devices (Ed. : Editior), Wiley-VCH, Weinheim 2015 ; c) R. J. Mor-
timer, Electrochim. Acta 1999, 44, 2971 – 2981; d) R. J. Mortimer, A. L.
Dyer, J. R. Reynolds, Displays 2006, 27, 2 – 18; e) R. J. Mortimer, T. S.
Varley, Chem. Mater. 2011, 23, 4077 – 4082.

[4] a) V. Balzani, A. Credi, F. M. Raymo, J. F. Stoddart, Angew. Chem. Int. Ed.
2000, 39, 3348 – 3391; Angew. Chem. 2000, 112, 3484 – 3530; b) P. Aude-
bert, F. Miomandre, Chem. Sci. 2013, 4, 575 – 584; c) I. Pochorovski, F.
Diederich, Acc. Chem. Res. 2014, 47, 2096 – 2105; d) M. Irie, T. Fukamina-
to, K. Matsuda, S. Kobatake, Chem. Rev. 2014, 114, 12174 – 12277; e) J.
Nagasaki, S. Hiroto, H. Shinokubo, Chem. Asian J. 2017, 12, 2311 – 2317.

[5] M. H. V. Huynh, T. J. Meyer, Chem. Rev. 2007, 107, 5004 – 5064.
[6] D. R. Weinberg, C. J. Gagliardi, J. F. Hull, C. F. Murphy, C. A. Kent, B. C.

Westlake, A. Paul, D. H. Ess, D. G. McCafferty, T. J. Meyer, Chem. Rev.
2012, 112, 4016 – 4093.

[7] „Proton-Coupled Electron Transfer : A Carrefour of Chemical Reactivity Tra-
ditions“, Eds. S. Formosinho, M. Barroso, RSC Catalysis Series No. 8,
Royal Society of Chemistry 2012.

[8] J. J. Warren, T. A. Tronic, J. M. Mayer, Chem. Rev. 2010, 110, 6961 – 7001.
[9] a) O. R. Luca, R. H. Crabtree, Chem. Soc. Rev. 2013, 42, 1440 – 1459;

b) W. I. Dzik, J. I. van der Vlugt, J. N. H. Reek, B. de Bruin, Angew. Chem.
Int. Ed. 2011, 50, 3356 – 3358; Angew. Chem. 2011, 123, 3416 – 3418; c) V.
Lyaskovskyy, B. de Bruin, ACS Catal. 2012, 2, 270 – 279; d) V. K. K. Pra-
neeth, M. R. Ringenberg, T. R. Ward, Angew. Chem. Int. Ed. 2012, 51,
10228 – 10234; Angew. Chem. 2012, 124, 10374 – 10380.

[10] J. Jacquet, M. Desage-El Murr, L. Fensterbank, ChemCatChem 2016, 8,
3310 – 3316.

[11] H.-J. Himmel, Inorg. Chim. Acta 2018, 481, 56 – 68.
[12] K. M. Carsch, I. M. DiMucci, D. A. Iovan, A. Li, S.-L. Zheng, C. J. Titus, S. J.

Lee, K. D. Irwin, D. Nordlund, K. M. Lancaster, T. A. Betley, Science 2019,
365, 1138 – 1143.

[13] M. Grzybowski, K. Skonieczny, H. Butenschçn, D. T. Gryko, Angew. Chem.
Int. Ed. 2013, 52, 9900 – 9930; Angew. Chem. 2013, 125, 10084 – 10115.

[14] M. Grzybowski, B. Sadowski, H. Butenschçn, D. T. Gryko, Angew. Chem.
Int. Ed. 2019, 58, 2998 – 3027; Angew. Chem. 2019, 131, 3020 – 3050.

[15] A. E. Wendlandt, S. S. Stahl, Angew. Chem. Int. Ed. 2015, 54, 14638 –
14658; Angew. Chem. 2015, 127, 14848 – 14868.

[16] B. Li, A. E. Wendlandt, S. S. Stahl, Org. Lett. 2019, 21, 1176 – 1181.
[17] J. M. Campos-Martin, G. Blanco-Brieva, J. L. G. Fierro, Angew. Chem. Int.

Ed. 2006, 45, 6962 – 6984; Angew. Chem. 2006, 118, 7116 – 7139.
[18] H.-G. Korth, P. Mulder, J. Org. Chem. 2020, 85, 2560 – 2574.
[19] A. Bhattacharya, L. M. DiMichele, U.-H. Dolling, A. W. Douglas, E. J. J. Gra-

bowski, J. Am. Chem. Soc. 1988, 110, 3318 – 3319.
[20] J. Winsberg, T. Hagemann, T. Janoschka, M. D. Hager, U. S. Schubert,

Angew. Chem. Int. Ed. 2017, 56, 686 – 711; Angew. Chem. 2017, 129, 702 –
729.

[21] M. Miroshnikov, K. P. Divya, G. Babu, A. Meiyazhagan, L. M. R. Arava,
P. M. Ajayan, G. John, J. Mater. Chem. A 2016, 4, 12370 – 12386.

Figure 11. Cyclic voltammogram for 5 in DMF solution (1 mm) (with 0.1 m
N(nBu)4PF6 as supporting electrolyte, Ag/AgCl reference electrode, scan rate
100 mV s@1). Potentials given vs. the redox couple ferrocenium/ferrocene
(Fc+/Fc).

Chem. Eur. J. 2020, 26, 10336 – 10347 www.chemeurj.org T 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim10346

Chemistry—A European Journal
Full Paper
doi.org/10.1002/chem.202001557

https://doi.org/10.1039/cs9972600147
https://doi.org/10.1039/cs9972600147
https://doi.org/10.1039/cs9972600147
https://doi.org/10.1002/1521-4095(200106)13:11%3C783::AID-ADMA783%3E3.0.CO;2-D
https://doi.org/10.1002/1521-4095(200106)13:11%3C783::AID-ADMA783%3E3.0.CO;2-D
https://doi.org/10.1002/1521-4095(200106)13:11%3C783::AID-ADMA783%3E3.0.CO;2-D
https://doi.org/10.1146/annurev-matsci-062910-100344
https://doi.org/10.1146/annurev-matsci-062910-100344
https://doi.org/10.1146/annurev-matsci-062910-100344
https://doi.org/10.1146/annurev-matsci-062910-100344
https://doi.org/10.1016/S0013-4686(99)00046-8
https://doi.org/10.1016/S0013-4686(99)00046-8
https://doi.org/10.1016/S0013-4686(99)00046-8
https://doi.org/10.1016/j.displa.2005.03.003
https://doi.org/10.1016/j.displa.2005.03.003
https://doi.org/10.1016/j.displa.2005.03.003
https://doi.org/10.1021/cm201951n
https://doi.org/10.1021/cm201951n
https://doi.org/10.1021/cm201951n
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3348::AID-ANIE3348%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3348::AID-ANIE3348%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3348::AID-ANIE3348%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3773(20001002)39:19%3C3348::AID-ANIE3348%3E3.0.CO;2-X
https://doi.org/10.1002/1521-3757(20001002)112:19%3C3484::AID-ANGE3484%3E3.0.CO;2-O
https://doi.org/10.1002/1521-3757(20001002)112:19%3C3484::AID-ANGE3484%3E3.0.CO;2-O
https://doi.org/10.1002/1521-3757(20001002)112:19%3C3484::AID-ANGE3484%3E3.0.CO;2-O
https://doi.org/10.1039/C2SC21503A
https://doi.org/10.1039/C2SC21503A
https://doi.org/10.1039/C2SC21503A
https://doi.org/10.1021/ar500104k
https://doi.org/10.1021/ar500104k
https://doi.org/10.1021/ar500104k
https://doi.org/10.1021/cr500249p
https://doi.org/10.1021/cr500249p
https://doi.org/10.1021/cr500249p
https://doi.org/10.1002/asia.201700840
https://doi.org/10.1002/asia.201700840
https://doi.org/10.1002/asia.201700840
https://doi.org/10.1021/cr0500030
https://doi.org/10.1021/cr0500030
https://doi.org/10.1021/cr0500030
https://doi.org/10.1021/cr200177j
https://doi.org/10.1021/cr200177j
https://doi.org/10.1021/cr200177j
https://doi.org/10.1021/cr200177j
https://doi.org/10.1021/cr100085k
https://doi.org/10.1021/cr100085k
https://doi.org/10.1021/cr100085k
https://doi.org/10.1039/C2CS35228A
https://doi.org/10.1039/C2CS35228A
https://doi.org/10.1039/C2CS35228A
https://doi.org/10.1002/anie.201006778
https://doi.org/10.1002/anie.201006778
https://doi.org/10.1002/anie.201006778
https://doi.org/10.1002/anie.201006778
https://doi.org/10.1002/ange.201006778
https://doi.org/10.1002/ange.201006778
https://doi.org/10.1002/ange.201006778
https://doi.org/10.1021/cs200660v
https://doi.org/10.1021/cs200660v
https://doi.org/10.1021/cs200660v
https://doi.org/10.1002/anie.201204100
https://doi.org/10.1002/anie.201204100
https://doi.org/10.1002/anie.201204100
https://doi.org/10.1002/anie.201204100
https://doi.org/10.1002/ange.201204100
https://doi.org/10.1002/ange.201204100
https://doi.org/10.1002/ange.201204100
https://doi.org/10.1002/cctc.201600616
https://doi.org/10.1002/cctc.201600616
https://doi.org/10.1002/cctc.201600616
https://doi.org/10.1002/cctc.201600616
https://doi.org/10.1016/j.ica.2017.07.069
https://doi.org/10.1016/j.ica.2017.07.069
https://doi.org/10.1016/j.ica.2017.07.069
https://doi.org/10.1126/science.aax4423
https://doi.org/10.1126/science.aax4423
https://doi.org/10.1126/science.aax4423
https://doi.org/10.1126/science.aax4423
https://doi.org/10.1002/anie.201210238
https://doi.org/10.1002/anie.201210238
https://doi.org/10.1002/anie.201210238
https://doi.org/10.1002/anie.201210238
https://doi.org/10.1002/ange.201210238
https://doi.org/10.1002/ange.201210238
https://doi.org/10.1002/ange.201210238
https://doi.org/10.1002/anie.201505017
https://doi.org/10.1002/anie.201505017
https://doi.org/10.1002/anie.201505017
https://doi.org/10.1002/ange.201505017
https://doi.org/10.1002/ange.201505017
https://doi.org/10.1002/ange.201505017
https://doi.org/10.1021/acs.orglett.9b00111
https://doi.org/10.1021/acs.orglett.9b00111
https://doi.org/10.1021/acs.orglett.9b00111
https://doi.org/10.1002/anie.200503779
https://doi.org/10.1002/anie.200503779
https://doi.org/10.1002/anie.200503779
https://doi.org/10.1002/anie.200503779
https://doi.org/10.1002/ange.200503779
https://doi.org/10.1002/ange.200503779
https://doi.org/10.1002/ange.200503779
https://doi.org/10.1021/acs.joc.9b03286
https://doi.org/10.1021/acs.joc.9b03286
https://doi.org/10.1021/acs.joc.9b03286
https://doi.org/10.1021/ja00218a062
https://doi.org/10.1021/ja00218a062
https://doi.org/10.1021/ja00218a062
https://doi.org/10.1002/anie.201604925
https://doi.org/10.1002/anie.201604925
https://doi.org/10.1002/anie.201604925
https://doi.org/10.1002/ange.201604925
https://doi.org/10.1002/ange.201604925
https://doi.org/10.1002/ange.201604925
https://doi.org/10.1039/C6TA03166H
https://doi.org/10.1039/C6TA03166H
https://doi.org/10.1039/C6TA03166H
http://www.chemeurj.org
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