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ABSTRACT: Although synthesis and substitution reactions of chlorido
chromium(III) porphyrins Cr™(TPP)(CI)(L) (H,TPP = 5,10,15,20-
tetraphenyl porphyrin, L = pyridine, H,O, ROH, etc.), have been well-
for decades, an unexpected
dichotomous reactivity of Cr"™(TPP)(Cl)(H,O) (1) toward amines is
disclosed here. This reactivity leads to the application of 1 as highly
sensitive substoichiometric and irreversible ON switch for amine detection
by an autocatalytic pathway. The concomitant activation of O, by the 1/
amine system is furthermore exploited in an electrochemically driven

established in coordination chemistry

epoxidation of norbonene using O, as initial oxidant.

B INTRODUCTION

Chromium porphyrins were introduced in 1966 by Tsutsui and
co-workers with the synthesis of chromium(II) and chromium-
(II1) mesoporphyrin IX dimethyl ester."”” Shortly after, the
preparation of chromium meso-tetraphenyl porphyrins from
H,TPP and CrCl, in dimethyl formamide was reported by
Adler et al. (Scheme 1),® and an optimized aqueous purification
procedure was subsequently developed by Summerville et al. in
1977.*

The initially formed chromium(III) porphyrin complex is
considered to be the five-coordinate Cr™(TPP)(Cl) complex,
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which readily coordinates a sixth ligand L to form the respective
stable six-coordinate octahedral Cr'™(TPP)(CI)(L) complex 2.
Generally, the Cr'" ion cannot be easily removed from the
porphyrin macrocycle except upon exposure to strong mineral
acids.” Members of the Cr'(TPP)(CI)(L) family have been
thoroughly analyzed by cyclic voltametry,®™® electron para-
magnetic resonance (EPR),* and emission'®"" and UV—vis
spectroscopy.®'"'* All complexes show characteristic porphyrin
absorptions with the intense Soret band at ~445—460 nm and
the weaker Q bands at ~500—610 nm. Chromium(III)
porphyrins show additional absorptions in the near-UV as
well as in the near-IR region and have been classified as d-type
hyperporphyrins.''®> The exact energy of the porphyrin
absorption band strongly depends on the nature of the sixth
ligand L.

As shown in 1995, the commonly employed synthetic
procedure described by Summerville,* which includes an
aqueous workup, yields the aqua complex Cr™(TPP)(CI)-
(H,0) (1)."* The axial water ligand can easily be substituted by
other ligands L such as pyridine or ammonia (Scheme 1, 2a or
2b) as axial ligand exchange in chromium(II) porphyrins is
reported to be up to 10* times faster compared to other
chromium(III) complexes."' Substitution by several pyridine
derivatives occurs in a dissociative manner via the five-
coordinate intermediate Cr'(TPP)(Cl).!” This intermediate
is also generated photochemically by laser photolysis, which has
advanced further kinetic studies.'*'®'” Even though a direct
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comparison of all available studies dealing with thermal or
photoinitiated ligand exchange is difficult, a general trend for
the affinity of Cr''(TPP)(Cl) toward different donor atoms has
been extracted by Hoffman and Basolo, which follows the order
N> P > O ~ S.*° In the absence of steric restrictions, the
affinity of chromium(II) porphyrins toward nitrogen donor
ligands increases as the pKj of the ligand decreases.'> For
example, the binding constant of Cr''(TPP)(CI) for pyridine
(pK, = 8.73) in dichloromethane is reported to be K = 1.9 X
10° M™" while sec-butylamine (pK, = 3.44) binds 3.5 times
stronger (K = 6.6 X 10° M™1)."* The properties of
Cr™(TPP)(CI)(L) porphyrins 1 and 2 suggest their application
as colorimetric amine sensors for the following reasons: (a) the
complexes show intense absorptions in the visible spectral
region that are strongly dependent on the coordinated sixth
ligand L; (b) they display a very high affinity for nitrogen-
containing ligands and discriminate them from phosphorus,
oxygen, and sulfur-based ones, and (c) in contrast to zinc(II)
porphyrins often employed in amine sensing,’’** the
Cr''(porphyrinato) core is exceptionally stable toward acidic
and basic conditions. Hence, we had developed sensing
devices® for volatile amines based on Cr"(porphyrinato)
complexes applicable to the control of food freshness in easy-
to-use packaging foils.”*~>® Interestingly, the employed (aqua)-
(chlorido) (porphyrinato)chromium(III) complexes feature an
unexpected pronounced hypsochromic shift of the Soret and Q
bands in the reaction with NEt; as a prototypical volatile amine.
Furthermore, the reaction with NEt; is irreversible, a rather
unusual finding for a simple O-donor to N-donor ligand
substitution. !>

Here we disclose the puzzling reactivity and unusual color
change of 1 treated with triethylamine and other N-donor
ligands in solution. The distinct mechanism, which opens a
novel “green” pathway to oxido chromium(IV) porphyrins, is
clarified, and applications in the fields of amine sensing and
aerobic alkene epoxidation® are discussed.

B RESULTS AND DISCUSSION

The aqua complex 1 was prepared according to the literature
from CrCl, and H,TPP giving intermediate Cr(TPP) (3) and
its subsequent aeral oxidation to 1.%"*'? Its correct formation is
corroborated by field desorption (FD) and electrospray
ionization (ESI) mass spectrometry (MS) (m/z = 682.18
[M—CI]*; m/z = 699.14 [M—H,0]"; Supporting Information,
Figure S1). The UV—vis absorption spectrum of 1 in CH,Cl,
shown in Figure la (black curve) fully conforms to literature
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Figure 1. . UV—vis absorption spectra in CH,Cl, of (a) 1 (black), (b)
1 with excess pyridine (dashed green), and (c) 1 with excess NEt;
(red). (inset) Photographs of the respective solutions.

data.* The olive-green colored solution exhibits a strong Soret
band at 448 nm, Q-band absorptions at 563 and 603 nm, and a
quite prominent ligand-to-metal charge transfer band at 396 nm
(Figure 1a). Exposure of this solution to excess pyridine (py)
leads to the expected formation of Cr™(TPP)(Cl)(py) (2a)
and a rather unremarkable color change to grass-green (Figure
1b). This is caused by the expected bathochromic shift of the
absorption bands to 458 nm (Soret band) and to 572/610 nm
(Q bands), respectively (Figure 1, dashed green curve). As
bathochromic shifts are typically observed for substitutions of
oxygen donor ligands by nitrogen donors at chromium(III)
porphyrins,*'* this observation corresponds well to values
reported in the literature for the aqua-to-pyridine ligand
substitution in toluene* or in CH,Cl,.">

Fully unexpected, a solution of 1 in CH,Cl, turns bright red
in the presence of triethylamine. Hypsochromic shifts are
observed with the Soret band at 431 nm, the Q-band at 544
nm, and the ligand-to-metal charge transfer band at ~380 nm
(Figure 1c). This observation suggests that a different complex
is formed instead of the expected substitution product
Cr™(TPP)(CI)(NEt;) (2¢) (Scheme 1).

UV-vis, IR, and 'H NMR analyses of the resulting red
solution clearly suggest that the diamagnetic oxido chromium-
(IV) complex Cr''(TPP)(O) (4) was formed quantitatively
(Scheme 2 and Supporting Information, Figures S2 and

Scheme 2. Known Routes to Cr"¥ Complex 4
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$3).>°7>* The oxido complex 4 has been previously prepared
by aerobic oxidation of the chromium(II) complex 3,>** by
oxygenation of 1 with strong oxygen atom transfer reagents
(iodosylbenzene,*'**35 meta-chloroperoxybenzoic acid
(MCPBA),*® sodium hypochlorite,® tert-butyl hydroperox-
ide,>* p-cyano-N,N-dimethylaniline N-oxide/photoexcita-
tion’”), and via aerobic oxidation under acidic (HCI)
conditions and subsequent basic workup possibly via a
dichlorido intermediate 5~ and its porphyrin radical cation
complex 5% (Scheme 2). To the best of our knowledge,
formation of the oxido chromium(IV) complex 4 by amines
under ambient conditions (humid air) has not yet been
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reported. Interestingly, Cr'(corrolato)(O) complexes have
been directly obtained from free-base corrole, Cr(CO),, and
O,, showing that corroles stabilize high metal oxidation states.>®
The only feasible oxidant in the present reaction scheme 1/
NEt; is dioxygen as well. However, as the chromium(III)
complex 1 itself is completely inert toward dioxygen the amine
obviously activates 1 prior to the oxidation by O,. As the
reaction with O, also occurs in the absence of light a
photochemical pathway such as found for an (octakis(p-tert-
butylphenyl)-corrolazinato)manganese(III) complex® is ex-
cluded.

A possible first route requires an initial reduction of Cr'™ to
Cr"" (3) by the amine and further reaction of the Cr" complex 3
with O, corresponding to a reductive activation by electron
transfer. A second possible pathway occurs via a hydroxido
complex [Cr™(TPP)(OH)(Cl)]~ (67) obtained by proton
transfer. To observe the initially formed active species in this
complex reaction scheme 1 — 4 we first investigated the
reaction of 1 with NEt; in the absence of dioxygen.

Reaction of 1 with NEt; in the Absence of Dioxygen.
Chromium(III) porphyrin 1 is treated with 0.5 equiv, 1.0 equiv,
or excess of NEt; in CH,Cl, under exlusion of O,, and the
respective UV—vis spectra are depicted in Figure 2.
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Figure 2. UV/vis absorption spectra of 1 in CH,Cl, under Ar
atmosphere; (a) 1 (black, solid) and after the addition of (b) 0.5 equiv
of NEt, (red, solid), (c) 1.0 equiv of NEt; (dark blue, solid) and (d)
excess of NEt; (green, dashed).

The absorption bands of 1 are replaced by new bands at
higher energies, their intensities being proportional to the
amount of added NEt; with a quantitative conversion
accomplished with 1 equiv of NEt;. An excess of NEt; does
not further change the spectrum. The charge-transfer band
~396 nm is diminished, the Soret band is shifted from 448 to
435 nm, and the Q bands are shifted from 563 to 557 nm and
from 603 to 596 nm, respectively. These spectral data differ
from those of 4 and pyridine complex 2a suggesting neither
oxidation of 1 nor substitution of the H,O ligand by NEt;.
Isosbestic points at 404, 442, and 562 nm indicate a clean
reaction without observable intermediates. A similar spectral
behavior of chromium(III) porphyrins has been described in
the literature for the substitution of a chlorido ligand by an
alkoxido ligand.** In the present case this either indicates
deprotonation of the aqua ligand by NEt; giving [Cr" (TPP)-
(OH)(CI)]™ (67) and subsequent substitution of the chlorido
ligand by H,O to form Cr'(TPP)(OH)(H,0) (7)*' or direct
substitution of the chlorido ligand of 1 by hydroxide (7). The
latter reaction might be less favorable as the aqua ligand in 1 is
only weakly trans-activating. The formation of hydroxido

complexes (67, 7) is further supported by the reaction of 1
with LiOH. Treatment of 1 with a deoxygenated solution of
LiOH in CH,Cl, results in exactly the same absorption
spectrum as that of the addition of NEt; to 1 (Figure 3).
Subsequent exposure of both solutions to air results in the slow
formation of 4.

Abs / a.u.

0- T T : T T T T 1
350 400 450 500 550 600 650 700
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Figure 3. UV—vis absorption spectra in CH,Cl, under Ar atmosphere
of (a) 1 (solid black curve), (b) 1 with 1 equiv of NEt; (solid red
curve), (c) 1 with excess of LIOH (dashed blue curve), and (d) 1 with
1 equiv of CoCp*, (dotted green curve). (inset) Magnifications of the
Q-band region.

No Cr(TPP) intermediate 3 with its characteristic Soret
band at 420 nm*** is observed by UV—vis spectroscopy after
addition of NEt; or OH™ to 1. Attempts to chemically reduce
the aqua complex 1 to 3 by 1 equiv of decamethylcobaltocene
CoCp*, (E,, = —1.94 V in CH,Cl, vs ferrocene/
ferrocenium)44 only resulted in the formation of 67/7 instead
of Cr''(TPP), as seen from the absorption spectrum in Figure 3
(dotted green curve; minor differences in the near-UV region
result from [CoCp*,]* absorptions). We ascribe this
observation to proton reduction by CoCp*,* resulting in a
net deprotonation of 1 as observed for the reactions of 1 with
NEt; or with OH"™. Hence, a reductively initiated pathway via 3
seems unlikely. Furthermore, the redox potential of NEt; (E;
= 0.47 V in CH;CN vs ferrocene/ferrocenium)* is insufficient
to reduce 1 (E, = —1.33 V; irreversible; ' = Cr").* In fact,
the cyclic and square-wave voltammetric data confirm that the
Cr'™ — Cr" reduction is even more difficult in the presence of
LiOH (Ep = —1.54 V; irreversible; Cr'"" — Cr") (Supporting
Information, Figure S4). This is in good agreement with the
proposed formation of hydroxido complexes 6~ and/or 7. The
assignment is furthermore consistent with results published for
Cr™(OEP)(Cl) complexes (OEP = octaethylporphyrin)
showing a 0.26 V shift by chlorido-to-hydroxido substitution
in dimethylsulfoxide.** First and second reversible oxidations
to the porphyrin radical cation and the porphyrin dication are
slightly affected by the presence of LiOH (Supporting
Information, Figure S4). The first wave shifts from 0.44 to
0.41 V, and the second one shifts from 0.93 to 0.91 V. A weak
wave around 0.17 V is assigned to the oxidation of chloride
(Ey;» = 0.18 V in CH,CN vs ferrocene/ferrocenium).** In
summary all spectroscopic evidence points to the presence of
hydroxido complexes 6~ and/or 7 in the presence of NEt; or
LiOH under anaerobic conditions.

DFT Studies on the Reaction of 1 with NEt;. The
conceivable reaction products of 1 with NEt; have been studied
by density functional calculations (B3LYP, LANL2DZ, iefpcm
model for CH,Cl,; Figure 4),*” and selected metrical data are
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7 + [HNEt;]CI
+5

Figure 4. DFT (B3LYP, LANL2DZ, iefpcm model for CH,Cl,) optimized structures and relative thermal energies of 1+NEt;+H,0; 2c¢+2H,0,
[HNEt;*][67]+H,0, and 7+HNEt,Cl. CH hydrogen atoms are omitted for clarity. Distances are given in A; energies are given in kJ mol™".

Table 1. Selected Bond Lengths [A] and Angles [deg] of 1 in the Solid State'* and as Derived from DFT Calculations

1 (XRD)* 1 (DFT)? [HNEt;*][67] 7 2c
X =Cl X =Cl X =Cl X = OH X=Cl

L = H,0 L = H,0 L = HO--H L = H,0 L = NEt;
Cr—X 2.242(3) 2.388 2474 1.883 2436
Cr-L 2.239(3) 2.066 1.967 2.148 2471
Cr—N(porph)© 2.031(2) 2.0514 2.0574 2.060 2.049
O-H 0.974/0.974 0.978/1.396 0.981
H-N 1.144
X—Cr—L 180.0 179.9 178.1 179.3 178.1
X—Cr—N(porph)© 89.0(1) 9223 90.0 932 89.0
L—Cr—N(porph)© 91.0(1) 87.7 90.0 86.8 91.0
out-of-plane distance
Cr—porph 0.035 to X 0.073 to X 0.018 to L 0.109 to X 0.119 to L
Do 0.1316 0.1608 0.1504 0.4638
E/KJ mol™! 0 -6 +5 +74

“From ref 14. "(B3LYP, LANL2DZ, iefpcm model for CH,Cl,) for 1+NEt;+H,0, [HNEt;][67]+H,0, 7+[HNEt;]Cl, and 2c+2H,0. “Values
averaged for the four nitrogen atoms of the porphyrin. 9Total out-of-plane distortions as obtained from normal structural decomposition (NSD)*®
analyses.

summarized in Table 1. Substitution of the aqua ligand by NEt; decomposition (NSD))* and the derived total out-of-plane
to give 2c is calculated to be thermodynamically distavored by distortion D, of the porphyrin clearly reveal a rather strong
74 kJ mol™' (Figure 4, Table 1). The normal coordinate distortion of the porphyrin due to the NEt; coordination. This
analysis of the porphyrin deformation (normal structural is also reflected in the out-of-plane displacement of the
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chromium toward the amine (Table 1). All these distortions
imposed by the steric bulk might account for the low stability of
the NEt; complex 2c.

On the other hand, attack of NEt; at the aqua ligand of 1
gives the hydroxido complex 6~ with an asymmetric hydrogen
bond to the ammonium ion; hence, a hydrogen-bonded contact
ion pair [HNEt;*][67] is formed (Figure 4). This proton
transfer is thermodynamically favorable by 6 kJ mol™. Almost
isoenergetic to hydrogen-bonded 6~ is the neutral (aqua)-
(hydroxido)chromium(III) complex 7 and triethylammonium
chloride (Figure 4). Complex 7 might be easily formed from 6~
due to the stronger trans influence of OH™ (67: Cr—Cl 2.47 A)
as compared to H,O (1: Cr—Cl 2.39 A) labilizing the Cr—Cl
bond. Hence, both complexes 6 and 7 should be in
equilibrium in alkaline solution. Especially the anionic complex
6~ might be susceptible toward oxidation by O, similar to the
reactivity of the proposed dichlorido intermediate §7.°°
Formation of electron-rich anionic Cr'! complexes is thus
likely the key factor for the oxidation of 1 with dioxygen as no
reaction of 1 with O, is observed in the absence of OH™ or CI".

Reaction of 1 with other Nitrogenous Bases. As the
results presented so far indicate that H,O ligand substitution
does not occur at 1 with NEt; but that NEt; acts as a Bronsted
base instead, different nitrogen-based ligands of different
basicity and steric demand were investigated. The results are
compiled in Scheme 3.

Scheme 3. Dichotomous Reactivity of 1 with Potential N
Ligands under Ambient Conditions®
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“py = pyridine.

The weak base pyridine (pK, = 8.7**) substitutes for the
aqua ligand to give the pyridine complex 2a.'> Similarly,
ammonia (pK, = 4.8*") yields the respective green ammine
complex 2b by ligand substitution (Supporting Information,
Figure SS). The stronger bases NEt; (gKb = 32°°), HNEt,
(pKy = 3.0°°), and HN('Pr), (pK,, = 2.9°°) finally yield the red
oxido chromium(IV) complex 4. The same observation holds
for the weakly coordinating but strong base 1,8-

diazabicyclo[5.4.0Jundec-7-ene (DBU, pK, = 2.0°°). On the
other hand sterically demanding 2,6-lutidine (pK,, = 7.2*%) is
neither competent to substitute nor to deprotonate the aqua
ligand. As sec-butylamine (pK;, = 3.44) has been reported to
coordinate to Cr''* a clear reactivity borderline between ligand
deprotonation (Brensted acid/base reaction; pK, < 3.2) and
ligand substitution is obvious (Lewis acid/base reaction; pKj, >
3.4).

Reactions of Cr'"(TPP)(CI)(THF) (8). To strengthen the
conclusion that deprotonation of the aqua ligand in 1 is the key
step in the conversion of 1 to 4 initiated by NEt; water-free
Cr'"(TPP)(CI)(THF) (8) was treated with NEt;. The
tetrahydrofuran (THF) complex 8 was prepared by dissolving
1 in THF and drying the solution with CaCl,. The spectral data
of 8 are in full accordance with literature values (Supporting
Information, Figure S6).* Treating 8 with excess NEt; in THF
under exclusion of dioxygen and water does not give any
spectral changes (Supporting Information, Figure S6).
Obviously NEt; is unable to replace THF in 8 to give 2c¢ in
the presence of excess THF and even in anhydrous CH,ClL,.
Dissolving 8 in CH,Cl, under humid air and addition of NEt;
forms 4 albeit much slower than in the reaction starting from 1.
Likely, the aqua complex 1 or the hydroxido complexes 6~/7
have to be formed first from 8.

Reaction of 1 with Substoichiometric Amounts of
NEt;. All results described above were achieved using an excess
of strong bases. This leads to a rapid conversion of 1 to 4
within minutes with a stable (irreversible) absorption shift. The
distinct absorption changes, which are clearly visible to the
naked eye (Figure 1), had suggested the use of 1 incorporated
in a porous matrix™ ~ as a colorimetric sensor for basic
volatile amines>' ~>**° for the control of food freshness.>'~>>
To determine the detection limit 1 was treated with
stoichiometric and substoichiometric amounts of NEt;.

Figure Sa shows the temporal evolution of the UV-—vis
spectra of a solution of 1 in CH,Cl, after addition of 1 equiv of
NEt;. Under these conditions quantitative conversion of 1 to 4
is achieved in 60—90 min (red line). No isosbestic points are
found indicating the accumulation of intermediates. This is in
good agreement with the deprotonation/oxidation pathway
described above. 1 is initially deprotonated by NEt; to form
intermediate hydroxido complexes 6 /7 (Ago e = 435 nm),
which are subsequently oxidized by O, to the final product 4
(Agoret = 431 nm). Unexpectedly, addition of 0.1 equiv of NEt,
also lead to a quantitative conversion to 4 as shown in Figure
5Sb although this reaction is only completed after 14 h. For ease
of comparison, the 90 min spectrum of this reaction still
showing the presence of residual starting material is also plotted
in Figure Sb (red curve).

The rate of the conversion of 1 to 4 depends on the solvent
used. Reactions in nonpolar toluene (Figure 6a) are much
faster as compared to reactions in more polar CH,Cl, solutions
(Figure 5b). As O, solubility is similar in both solvents®* a
simple concentration effect is not responsible. In toluene the
reaction of 1 with 0.1 equiv of NEt; is already completed within
90 min instead of the 14 h required in CH,Cl,. Clean isosbestic
points are observed in the UV—vis spectra for the reaction in
toluene at 440 and 556 nm (Figure 6a). This indicates that the
intermediate (presumably 67/7) does not accumulate in
toluene but is rapidly oxidized by O,.

As the reaction of 1 with 0.1 equiv of NEt; in toluene is
quantitative within a reasonable amount of time studies with
even less amounts of NEt; were performed in toluene solution.
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Figure 5. Temporal evolution of UV—vis absorption spectra of 1 in

CH,Cl, after addition of (a) 1.0 equiv of NEt, and (b) 0.1 equiv of
NEt;. Red curves represent spectra after 90 min.

Addition of 0.01 and 0.001 equiv of NEt; also lead to a distinct
absorption change after 90 min as depicted in Figure 6b,c. In
both cases conversion to 4 is not yet quantitative after 90 min,
but it is obviously significantly larger than 1% or 0.1%,
respectively, as would be expected for a stoichiometric reaction
of 1 with NEt; to give 4. From the spectra depicted in Figure
6b,c conversions of 79% and 63% (based on 1) after 90 min are
determined for the reaction of 1 with 0.01 and 0.001 equiv of
NEt;, respectively.

To interpret this observation we take a closer look at the net
reaction of 1 to 4. The initial step is the deprotonation of 1 to
the intermediate 6~ (Scheme 4, base-initialized pathway),
which is subsequently oxidized to 4 by O,. In the net reaction
one chloride ion and one proton per chromium(III) porphyrin
1 is released apart from H,O formation. So far no details
concerning the oxidation mechanism, specifically, whether the
oxido ligand in 4 originates from water or from dioxygen, are
known. This will be addressed in future studies. From the
literature it is known that HCI can induce the autoxidation of 1
to 4 presumably via the dichlorido complex S~ (Scheme 4,
chloride-initiated pathway).*® Hence, only a small amount of
base (either strong nitrogenous bases or LiOH) is initially
required as one of the products, namely, the chloride ion, also
induces the transformation. This amplification by a product is a
typical autocatalytic process.

To confirm the proposed chloride effect, a solution of 1 in
CH,Cl, was treated with excess LiCl. Analysis of the resulting
UV—vis spectra over time shows that 1 is indeed slowly
converted to 4 under these conditions indicating the formation
of the dichlorido complex 57, which is subsequently oxidized to
4 (Supporting Information, Figure S7). This result confirms the
chloride-initiated pathway from 1 to 4 depicted in the lower
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Figure 6. Temporal evolution of UV—vis absorption spectra of 1 in
toluene after addition of (a) 0.1 equiv of NEt;, (b) 0.01 equiv of NEt;,
and (c) 0.001 equiv of NEt;. Red curves represent spectra after 90
min.

part of Scheme 4. Combination of both pathways explains the
hyper-stoichiometric conversion observed with respect to NEt;.
The initially inert chromium(III) complex 1 is deprotonated by
the amine generating the reactive intermediate 6~, which is
oxidized by dioxygen to give 4 and chloride. During that
reaction the base is consumed, but chloride accumulates
stoichiometrically opening a second activation pathway of 1 via
the formation of 57. This autocatalytic reaction finally results in
a slow, yet full conversion of 1 to 4.

The kinetic traces suggest that the base-initialized pathway
via 6~ (early stages) proceeds faster than the chloride-initialized
pathway via 5~ (later stages, Figure 7). The slower reaction via
intermediate $” can either be ascribed to a less-favorable
activation of 1 to form of §~ or a slower reaction of 5§~ with O,.

Colorimetric Amine Sensing with 1. As 1 switches the
color from green to red (Figure 1) upon exposure to
nitrogenous bases with pK, < 3.2, aqua complex 1 can be
used as a simple colorimetric base indicator. Yet it shows
distinct features distinguishing 1 from conventional colori-
metric pH indicators. On the one hand the color change is
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Scheme 4. Reaction Pathways of Inert 1 to 4 via Anionic
Intermediates 5~ or 6~
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Figure 7. Kinetic traces of (a) 1 and 1 equiv of NEt; in CH,CL,
(black), (b) 1 and 0.1 equiv of NEt; in CH,Cl, (red), and (c) 1 and
excess of LiCl in CH,Cl, (blue) under ambient conditions.

irreversible. The initially reversibly formed species 67/7 are
subsequently oxidized irreversibly to form 4, which is
responsible for the observed red color. On the other hand
even substoichiometric amounts of bases are detected with a
full color change of the sensor, as the reaction is autocatalyti-
cally driven to completion by the released chloride (although
slower). Sensor systems based on 1 can therefore be
advantageously used for sensing applications that require a
highly sensitive (amplified) ON response toward an analyte
rather than quantification of the analyte via reversible binding.>
Possible applications are the detection of toxic amine release
into the environment or amine detection for the control of food
freshness.>' ~>* Because the detection event is easily visible to
the human eye with its irreversible color change from green to
red (Figure 1), the use of 1 or its derivatives leads to simple but
powerful sensing devices.”* >® As the chromium porphyrin
chromog)hores can be successfully embedded in a suitable
matrix’*">® for gas-sensing devices, false positive signals
resulting from adventitious CI” or OH™ are avoided, and
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only strong volatile amines will trigger the sensor to the ON
state.

Dioxygen Activation with 1/Base. As epoxides are
extremely valuable building blocks in synthetic organic
chemistry a variety of protocols have been developed for the
production of epoxides from olefins.”® Essentially all protocols
use oxidants such as hydroperoxides, peracids, hypochlorite, or
iodosylbenzene.”” Notable exceptions are the industrial aerobic
epoxidation of ethane to ethylene oxide by an Al,O-supported
silver catalyst®® and the aerobic epoxidation of olefins by
Ru"!(porphyrinato)(0),,*"*® Ru(salen)(0O), complexes,”” and
a Ru'v(6,6'-(SePh)-2,2"-bpy),(0), complex™ as well as a
recently reported MOF based on Mn(salen) complexes.*

Epoxidation of olefins starting from 1 and MCPBA or
iodosylbenzene/pentafluoro iodosylbenzene®*® as well as an
electrochemically driven epoxidation using 4°"% have been
described before. In all cases reactive high-valent [Cr'(TPP)-
(O)]* species (4%) are believed to be involved, although
epoxidations with oxido chromium(V) complexes (in the gas
phase) are shown to be formally spin-forbidden due to the
different spin states of d' Cr¥ (doublet) and d® Cr'" (quartet).*®

We now have a clean pathway from 1 to 4 at hand by
activation of 1 with bases and oxidation with O, instead of
strong oxidants such as iodosylbenzene. Hence, the oxido
chromium(IV) complex 4 prepared from 1/LiOH/O, was
employed in an electrochemical epoxidation of norbonene via
single-electron oxidation of 4 to the reactive oxido chromium-
(V) porphyrin 4". Indeed, (spectro)electrochemical oxidation
of 4 to 4" yields the Cr" oxido complex, which is characterized
by its Soret band at 411 nm with half of the original Soret band
intensity as expected for 4* (Figure 8a).>"** An X-band EPR
spectrum of this solution showed resonances at g < 2.0
expected for a d' Cr" complex (g, = 1.9865, g, = 1.9780; 77 K;

a) 431

'

—a
—4* (after 50 min
@ 0.28 V vs. Fc)

1

Abs. / a.u.

350 400 450 500 550 600 650
A/nm

b) 448

1 t — 4*(generated from 4

@ 0.28 V vs. Fc)
— + exc. norbonene

500 550 600 650

A/nm

50 400 450

Figure 8. (a) Spectroelectrochemical oxidation of 4 in CH,Cl,/0.1 M
("BuyN)(PF;) and (b) UV—vis spectrum after subsequent addition of
norbonene to 4.
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CH,Cl,; Supporting Information, Figure $8).5* Addition of
norbonene caused the Soret band of 4* to disappear with
concomitant appearance of the absorption bands of 1 similar to
those reported in electrochemical studies (Figure 8b).61¢
Finally, gas chromatography (GC) analysis of the solution from
a bulk electrolysis of 4 in the presence of norbornene revealed
the formation of exo-norbornene oxide during the course of the
reaction by comparison with an authentic sample (see
Supporting Information, Figures S9 and S10) similar to results
reported in refs 61 and 62 starting from 4 prepared by
conventional oxygenation of 1. Oxidative electrolysis of 4 in the
presence of excess norbonene yields the Cr™ complex 1
without accumulation of 4" according to spectroelectrochemical
studies suggesting that the oxygen atom transfer to norbonene
is comparably fast under these conditions (Supporting
Information, Figure S11). Future studies will be devoted to
optimizing the reaction conditions (base, porphyrin substitu-
ents,% dioxygen pressure, solvent, electrolyte), to exploring the
substrate scope, and eventually to designing an electrocatalytic
cycle using 1/OH™ with O, as abundant, low-cost, and
environmentally benign oxidant.®*~%®

B CONCLUSION

In this study we disclosed the disjunctive mechanistic pathways
of the reaction of different amines with the chromium(III)
porphyrinato complex Cr™(TPP)(CI)(H,0) (1). Less basic
amines L with pKy > 3.4 act as Lewis bases substituting the
aqua ligand to give green Cr"'(TPP)(CI)(L) complexes (2).
However, amines with pK, < 3.2 act as Brensted bases
deprotonating the aqua ligand to give the anionic hydroxido
complex [Cr"'(TPP)(CI)(OH)]~ (67). The latter is susceptible
toward irreversible oxidation by dioxygen to the bright red
oxido chromium(IV) complex Cr'V(TPP)(O) (4). Hence, 1
discriminates weakly and strongly basic amines by a distinct
colorimetric green/red response. Furthermore, the activation/
oxidation reaction sequence of the 1/amine/O, system is
autocatalytic as 1 is also activated by chloride, which is
stoichiometrically produced during the reaction. The irrever-
sible formation of red 4 renders 1 a very sensitive amine-
triggered ON switch, which is highly suitable for applications in
food freshness control. The chromogenic signal is not only
stable over time but also strongly amplified by the disclosed
autocatalytic pathway. Furthermore, the green formation of the
oxido chromium(IV) complex 4 by dioxygen (instead of
hypochlorite, peracids, or iodosylbenzene) allows the use of this
highly desirable oxidant for the (electrochemical) production of
value-added products such as epoxides.

B EXPERIMENTAL SECTION

Porphyrin complex 1 was prepared according to reported methods,
and analytical properties conform with literature data.' Solvents and
triethylamine for measurements under inert atmosphere were dried by
standard methods and degassed by three pump—thaw cycles using
argon. Other reagents were used as received from commercial
suppliers (Sigma-Aldrich). UV—vis spectra were recorded on a Varian
Cary 5000 spectrometer using 1.0 cm cells (Hellma, Suprasil). Samples
for measurements under inert atmosphere were prepared in a glovebox
and were measured in 1.0 cm quartz cells equipped with a Young valve.
The NMR spectrum was recorded on a Bruker Avance DRX 400
spectrometer at 400.31 MHz ("H). Resonances are reported in ppm
versus the solvent signal as internal standard CHCL; ('H: 6 = 7.26
ppm). Samples for mass spectrometry were dissolved in acetonitrile.
FD mass spectra were recorded on an FD Finnigan MAT9S
spectrometer. ESI mass spectra were recorded on a Micromass Q-

TOEF-Ultima spectrometer. Electrochemical experiments were carried
out on a BioLogic SP-50 voltammetric analyzer using a glassy carbon
working electrode, a platinum wire as a counter electrode, and a 0.01
M Ag/AgNOs; electrode as a reference electrode. The measurements
were carried out at a scan rate of 200 mV s~ for cyclic voltammetry
experiments and for square wave voltammetry experiments at negative
potentials and of 100 mV s~ for positive potentials. 0.1 M
("Bu,N)(PF,;) was used as a supporting electrolyte in CH,CL,.
Potentials are given relative to the ferrocene/ferrocenium redox couple
(Ey;, = 265 = S mV under the experimental conditions).
Spectroelectrochemical experiments were performed using a thin
layer quartz glass (path length 1 mm) cell kit (GAMEC
Analysentechnik, Illingen, Germany) equipped with a Pt gauze
working electrode, a Pt counter electrode and a Ag/AgNO; reference
electrode (107> M solutions in CH,Cl, containing 0.1 M ("Bu,N)-
(PFg)). CW EPR spectra (X-band; ca. 9.4 GHz; ca. 20 mM) were
measured on a Miniscope MS 300 at 298 K (Magnettech GmbH,
Berlin, Germany). Settings were as follows: center field: 2499.01 G;
modulation amplitude: 3000 mG; receiver gain: 5.0; microwave
attenuation: 3 dB; sweep time: 120 s. g values are referenced to
external Mn** in ZnS (g = 2.118, 2.066, 2.027, 1.986, 1.946, 1.906).
Simulations of EPR spectra were performed with EasySpin (v 4.0.0)%
for MatLab (R2007b). Bulk electrolysis of CH,Cl, solutions
containing 4 (4.6 X 107 M) and 100 equiv of exo-norbornene was
performed in an electrochemical cell with two separated magnetically
stirred compartments. The anode chamber was connected to the
cathode chamber by a P2 glass filter membrane. A platinum mesh was
used as anode, and a platinum wire was used as cathode. The Ag/
AgNOj reference electrode was placed in the anode chamber. 0.5 M
(nBu,N)(ClO,) was used as the supporting electrolyte. The voltage
was set to 0.48 V (vs Fc/Fc") for a period of 2 h. GC measurements
were performed on a GC-2010 gas chromatograph (Shimadzu, Japan)
equipped with a HP-S silica capillary column (Agilent Technologies,
USA; length 30 m, inner diameter: 0.25 mm, layer thickness of
stationary phase: 0.5 ym) and a flame ionization detector. Carrier gas:
hydrogen gas; temperature of injector: 250 °C; temperature of
detector: 310 °C; column inlet pressure 64 kPa. Program: start
temperature for 5 min: 30 °C; heating rate: 5 °C min~, end
temperature: 100 °C.

Density Functional Calculations. These were carried out with
the Gaussian09/DFT series*’ of programs. The B3LYP formulation of
density functional theory was used employing the LANL2DZ basis set.
No symmetry constraints were imposed on the molecules. The
presence of energy minima of the ground states was checked by
analytical frequency calculations. Solvent modeling was done employ-
ing the integral equation formalism polarizable continuum model
(IEFPCM, dichloromethane). The approximate free energies at 298 K
were obtained through thermochemical analysis of the frequency
calculation, using the thermal correction to Gibbs free energy as
reported by Gaussian09.

UV—vis Experiments Using 1. For all measurements 107 M
solutions of 1 in CH,Cl, or toluene were employed. This solution (3
mL) was transferred to a UV—vis cuvette to measure the initial UV—
vis spectrum. For reactions with excess amines 10 yL of the respective
neat amines were added. Excess LiCl was added in the form of 100 uL
of a saturated solution in CH,Cl,. For experiments using 1.0, 0.1, 0.01,
or 0.001 equiv solutions of NEt;, LiOH or CoCp*, (Cp* =
pentamethylcyclopentadienyl) were prepared separately in the
respective solvent with 100 uL containing the given equivalents. All
cuvettes were shaken vigorously to ensure complete mixture before the
measurements. Spectra recorded were numerically corrected for the
respective concentration change by dilution.

UV—vis Experiments Using 8. A 107° M solution of 1 was
prepared in dry THF and stirred with dry solid CaCl, under inert
atmosphere for 30 min. An aliquot of this solution was transferred to a
cuvette with a Young valve via a syringe equipped with a syringe filter.
The UV—vis spectrum of this solution matches the literature data for
8.* A further filtered aliquot was treated with excess dry NEt;. The
UV—vis spectrum of this solution remained unchanged. After 3 h the
volatiles of this solution were removed under reduced pressure. The
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remaining solid was redissolved in CH,Cl, under humid air, and excess
NEt; was added. UV—vis spectra indicated the slow formation of 4.

Characterization of 4. '"H NMR: A sample of 1 in CDCl; was
treated with excess of NEt; under air. The formation of 4 was
monitored by UV—vis spectroscopy.’®*' The solution was concen-
trated to give a concentration suitable for '"H NMR spectroscopic
analysis. '"H NMR (400 MHz, T = 298 K): § = 9.08 (s, 8H, CHP™"),
8.28 (br. s, 4 H, CH™), 8.16 (br. s, 4 H, CH*™°), 7.78 (br. s, 12 H,
CH™e#p*) 31 Bor TR measurements a sample of 1 in CH,Cl, was
treated with LiOH/air, and the complete formation of 4 was checked
by UV—vis spectroscopy prior to recording the IR spectrum of 4 in
CH,CL,. IR(CH,CL): & = 1021 (m, CrO), 998 (s) cm™'.*!

B ASSOCIATED CONTENT
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Spectral characterization of 1, 4, and 47; cyclic and square-wave
voltammograms of 1 with/without addition of LiOH; UV—vis
spectrum of the reaction of 1 with excess NH; in CH,Cl,; UV/
vis spectra of 8 in THF, 8 in THF with exc. NEt;, 8 in CH,Cl,
with exc. NEt; ; UV—vis spectra of the reaction of 1 with LiCl;
X-band EPR spectrum of 4*; GC of the electrolysis solution of
4 and 100 equiv of norbonene; spectroelectrochemical
oxidation of 4 in the presence of norbonene; Cartesian
coordinates of all optimized structures. This material is available
free of charge via the Internet at http://pubs.acs.org.
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