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Photochemical generation and reactivity of a new 
phthalocyanine-manganese-oxo intermediate  
Tristan Skipworth,a Seth Klaine,a and Rui Zhang*a 

The first phthalocyanine-manganese-oxo intermediate was 
successfully generated by visible-light photolysis of chlorate or 
nitrite manganese(III) precursors, and its reactivity towards organic 
substrates was kinetically probed and compared with other related 
porphyrin-metal-oxo intermediates. 

The ubiquitous cytochrome P-450 enzymes (P450s) found in 
nature with an iron porphyrin core serves as an inspiration for 
the pursuit of efficient and controllable oxidation catalysis.1-4 To 
this end, many synthetic metal complexes such as 
metalloporphyrins and metallocorroles have been largely 
synthesized as enzyme-like catalysts for a wide range of 
catalytic transformations.5-11 In turn, non-natural metal 
phthalocyanine complexes (MPc’s) are highly desirable not only 
because of their structural resemblance to heme-containing 
macrocycles (Scheme 1), but also due to their exceptional redox, 
optical properties, and ease of straightforward synthesis on a 
large scale.12 Thus, MPc’s and their binuclear complexes have 
been found extensive applications as redox catalysts13-17 
including the industrial Merox process.18 

Scheme 1. Structures of metal porphyrin, corrole and 
phthalocyanine

In enzymatic and synthetic catalysis, a high-valent transition 
metal-oxo intermediate is typically formed as the reactive 
oxygen atom transfer (OAT) species.19-22 In this context, 
extensive efforts have been directed to metalloporphyrin as 
P450s models, and a variety of active metal-oxo species were 
produced and characterized to elucidate the oxidation 
mechanisms.19, 23,24 In striking contrast, the mechanistic aspects 
of MPc’s catalytic oxidation are still less explored, especially the 
identification and characterization of the active metal-oxo 
species.25 To date, only one high-valent iron(IV)-oxo radical 
cation species on the phthalocyanine platforms has been 
detected and spectroscopically characterized.26. The formation 
of a diiron-oxo species was also evidenced in µ-nitrido bis-
phthalocyanines.27 These findings suggest that mechanistic 
features of MPc-mediated oxidations can be similar to those 
mediated by their porphyrinoid analogs. Nevertheless, the 
reactivity of metal-oxo species containing phthalocyanines has 
never been reported.

To generate and study highly reactive metal-oxo 
intermediates, photochemical reactions are intrinsically 
advantageous because activation is achieved by the absorption 
of a photon, which leaves no residue. On the contrary, most 
chemical methods rely on the use of toxic or polluting reagents. 
In this regard, our previously published works28, 29 have 
demonstrated that the photochemical production of high-
valent transition metal-oxo derivatives is a promising approach 
with general synthetic utility. As a result, various transition 
metal-oxo intermediates containing different metals on 
macrocyclic systems, such as porphyrin,30-34 corrole35, 36 and 
salen ligands37 have been successfully produced and studied in 
real time. In this work, we report the application of the 
photochemical approach using visible light to generate and 
study a reactive Pc-metal-oxo intermediate that is currently 
identified as the manganese(IV)-oxo species. Following its 
generation, the reactivity of this new manganese-oxo species 
was kinetically probed with organic substrates, including 
alkenes, benzylic hydrocarbons and alcohols, and sulfides. To the 
best of our knowledge, this work presents the first 
photochemical generation and reactivity study of metal-oxo 
species on the phthalocyanine platform that can be directly 
compared with the related porphyrin-metal-oxo species.
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Scheme 2. Visible light generation of a phthalocyanine-
manganese-oxo species

In CH3CN, the readily soluble tetra-tert-butylphthalocyanine 
manganese(III) chloride, denoted as MnIII(tBu4-Pc)Cl (1), was treated 
with 2 equivalents of Ag(ClO3) or Ag(NO2) to form the corresponding 
MnIII(PctBu4)(ClO3) (2a) or MnIII(PctBu4)(NO2) (2b) (Scheme 2), and 
their formation was indicated by UV-vis spectroscopy (Fig. S1 in ESI). 
Compounds 2 are highly photo-labile, and subsequent irradiation of 
2a in CH3CN with visible light (120W from a SOLA light engine 
Lumencor) produced an ocean-blue transient 3 with the 
characteristic absorbances at 620 (Q-band) and 325 nm (Soret-band). 
Figure 1 shows the time-resolved spectra for the photochemical 
transformation of 2 to 3 over a period of 40 s with clean isosbestic 
points at 775, 656, 454, and 336 nm.  The distinct blue-shift observed 
in the Q-band of species 3 is suggestive of redox transformation 
occurring on the metal center instead of the ligand, because the 
ligand-based transformations typically result in a collapse of the Q-
band and formation of a broad band at around 500 nm.38 The same 
species 3 apparently was also formed from nitrite 2b upon 
irradiation,  albeit with slightly reduced efficiency compared to 2a 
(see Fig. S2 in ESI). Under identical conditions, however, continuous 
photolysis of manganese(III) phthalocyanines containing chloride, 
perchlorate, or nitrate did not result in any noticeable reactions. 
Control experiments showed that no species 3 was formed in the 
absence of light. Moreover, the generation of 3 was found to be 
slower when the power of the irradiating light decreased (see Inset 
of Figure 1). It should be noted that attempts to produce the 
manganese-oxo 3 at a higher concentration (> 10-4 M) were not 
successful due to the total blockage of the visible light, resulting in 
inert photochemical reactions.
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Fig. 1. Time-resolved spectra of 3 following irradiation of 2a (2 x 10-5 
M) with visible light (120 W) in CH3CN solution at 23 oC over 40 s. 

Inset is kinetic traces monitored at 620 nm with different power of 
irradiating lights.

The photo-generated species 3 was characterized by electron 
spray ionization mass spectrometry (ESI MS) that we recently used 
to detect high-valent manganese(IV)-oxo porphyrins39 and 
chromium(IV)/(V)-oxo porphyrins.40 As shown in Figure 2, the ESI-MS 
spectrum exhibited a moderate cluster at m/z = 808.3 that perfectly 
matches the calculated M+1 of [Mn(tBu4-Pc)(O)], along with a strong 
peak at m/z = 791.3 assigned to the stable ionic fragment of 
[Mn(tBu4-Pc)]+. Of note, the simulated isotope distribution pattern 
for [Mn(tBu4-Pc)(O)] obtained through calculation was found to be in 
agreement with the observed pattern(see inset of Figure 2A). 
Importantly, when a small amount of H2

18O was added to the sample 
of 3 and incubated for 2 min, the ESI MS spectrum (Figure 2B) 
revealed that the molecular peak of m/z 808, i.e. [Mn(tBu4-Pc)(16O)], 
partially shifted to m/z 810 (approximate 55%), which corresponds 
to 18O-substituted [Mn(tBu4-Pc)(18O)]. This observation is in 
accordance with the expected behavior of high-valent metal-oxo 
species, wherein the oxo ligand exchanges with 18O-labelled H2
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Fig.2. (A) ESI-MS spectrum in a positive mode of 3 (2 x 10-5 M) in 
CH3CN. Inset showing the simulated isotope distribution pattern for 
[Mn(tBu4-Pc)(O)]; (B) ESI-MS spectrum of 18O-labelled 3 after 2 min 
incubation with 15 µL H2

18O per 1 mL of 2 x 10-5 M solution.

The preparative reaction with an alkene substrate confirmed that 
transient 3 is a reactive OAT species. Chlorate precursor 2a (10 µmol) 
was prepared by mixing 1 with 2 equiv. of Ag(CO3) in CH3CN (20 mL); 
under visible light irradiation for 5 min, the yield of 3 determined by 
UV-visible spectroscopy was > 95%. An excess of cis-cyclooctene was 
added, and after 30 min, the mixture was analyzed by quantitative 
GC-MS, which showed the presence of cis-cyclooctene oxide in 92% 
yield based on precursor 2a. In a similar fashion, stoichiometric  
oxidations of other organic substrates were conducted, and the 
resulting oxidized products and their corresponding yields were 
determined and documented in Table1, and corresponding GC traces 
are in ESI.

Table 1. Stoichiometric oxidations of organic substrates by 3a

substrate oxidized products (yield%)b

cis-cyclooctene cis-cyclooctene oxide (92%)
cyclohexene cyclohexene oxide (12%), 2-cyclohexenol (9%), 

2-cyclohexenone (37%)
styrene styrene oxide (30%), benzaldehyde (46%)
ethylbenzene 1-phenylethanol (11%), acetophenone (40%)
1-phenylethanol acetophenone (94%)
thioanisole sulfoxide (76%), sulfone (9%)

aReactions for product analysis were carried out in CH3CN at a higher amount 
of 3 (ca. 10 µmol) and a large excess of organic substrates in 20 mL vial and 
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monitored by UV-vis spectroscopy for completion of the reaction. b Oxidized 
products were identified by GC-MS with an MSD libraries from Agilent . Yields 
were calculated based on precursor 2a used for generation of 3 (> 95%) by GC 
analysis of the spent reaction solutions with internal standard

In this study, each of the reactions of [MnIV(Pc)(O)] with above 
mentioned substrates appeared to be a two-electron process, 
despite not detecting the formation of Mn(II) product. Figure 3A 
shows the representative time-resolved spectra of species 3 reacting 
with various two-electron reductants such as ethylbenzene. Clean 
isosbestic points were observed with all substrates in time-resolved 
spectra, suggesting the conversion of 3 to manganese(III) product 
does not involve any accumulated intermediates. This spectral 
observation in Figure 2 A. indicates that oxidation reactions of the 
transient MnII products resulting from the oxidation of substrate 
occur at a faster rate than that of the reactions of [MnIV(Pc)(O)] with 
the substrate, consistent with previous findings with [MnIV(Por)O], 
where the MnIII complex is also formed as the final product in the 
two-electron process.39 In kinetic studies, we monitored the 
absorbance in the Q-band at 620 nm, which decreased over the 
course of reaction. As shown in Figure 3B, the pseudo-first-order 
decay rate constants increased linearly with substrate concentration. 
The kinetic data were solved by eq. 1, where kobs is the observed rate 
constant, k0 is the background rate constant (near-zero), kox is the 
second-order rate constant for oxidation of substrate, and [Sub] is 
the concentration of substrate. The second-order rate constants for 
3 are summarized in Table 2. For the purpose of comparison, a 
limited number of absolute rate constants for reactions by other 
reactive metal-oxo porphyrins in acetonitrile is also included.

kobs = k0 + kox[Sub] eq. 1
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Fig. 3. (A) Time-resolved spectra of species 3 reacting in CH3CN 
solution with ethylbenzene (1.2 M) over 100 s at 23 ± 2 ºC; (B) 
Kinetic plots of the observed rate constants for the reaction of 3 
versus the concentrations of organic substrates.

In general, the photo-generated species 3 is capable of oxidizing 
many organic substrates successfully. However, kinetic data in Table 
1 revealed that the reactivity of species 3 is modest, with rate 
constants of kox ranging from 4.1  10-3 M-1s-1 for cis-cyclooctene to 
1.3 M-1s-1 for thioanisole. When compared with other high-valent 
metal-oxo species, the reactivity of 3 is similar to that of a neutral 
manganese(IV)-oxo species containing a highly electron-deficient 
porphyrin ligand (TPFPP = 5,10,15,20-tetrakis
(pentafluorophenyl)porphyrin).39 In contrast, the related 
manganese(V)-oxo TPFPP cation produced in our previous studies30 
is considerably more reactive than species 3. For example, the rate 
constants for oxidations by TPFPP-manganese(V)-oxo species of 
styrene and ethylbenzene are at least 6 orders of magnitude larger 
than those for oxidations by 3. With the same substrate, iron(IV)-oxo 
tetramesitylphenylporphyrin (TMP) radical cation,42 compound I 

analogue, also reacted more than 3 orders of magnitude faster than 
species 3. In addition, a kinetic isotope effect (KIE) was probed using 
ethylbenzene-d10 as the substrate. However, its oxidation rate is too 
slow to be precisely determined (kobs < 10-4 s-1, near the range of self-
decay rate), indicating a substantial KIE value of > 10. Previously 
reported studies have shown much smaller KIE values of 2.330 for 
TPFPP-manganese(V)-oxo and 9.939 for TPFPP-manganese(IV)-oxo 
species, respectively.

Table 2. Second-order rate constants for oxidations of organic 
substrates by 3 and other known metal-oxo porphyrinsa

substrate 3b [MnIV(TPFPP) (O)]c [MnV(TPFPP)(O)]+ d [FeIV (TMP)(O)]+. e

cis-cyclooctene (4.1 ± 0.4)E-3 (1.8 ± 0.4)E-2 (6.2 ± 0.2)E1

cyclohexene (9.4 ± 0.5)E-3 (6.8 ± 0.1)E1

PhCH=CH2 (3.1 ± 0.3)E-1 (6.1 ± 0.3)E5 (1.9 ± 0.1)E1

PhCH2CH3 (1.8 ± 0.5)E-2 (7.1 ± 0.3)E-1 (1.1 ± 0.1)E5 1.6 ± 0.1
PhCH(OH)CH3 (8.9 ± 0.2)E-2

4-F-PhSCH3 1.3 ± 0.3 2.0 ± 0.1

a In CH3CN at ambient temperature with the units of M-1s-1; b From this work; 
c Data from ref.39 ;  d Data from ref.30; e  Data from ref.42.

In light of its relatively low reactivity that is comparable to that 
of the related porphyrin-manganese(IV)-oxo intermediates, the 
structure of 3 was formulated as the Pc-manganese(IV)-oxo species, 
i.e. [MnIV(tBu4-Pc)(O)] shown in Scheme 2.  Correspondingly, the 
photo-generation of [MnIV(tBu4-Pc)(O)] is rationalized by homolytic 
cleavage of the O–X (X = Cl or N) bond that resulted in one-electron 
oxidation of the metal. Although a heterolytic pathway could be 
possible, but unlikely in this study due to the fact that it would 
produce much more reactive manganese(V)-oxo species, which is not 
supported by our reactivity studies.  Analogous photo-ligand 
cleavage reactions involving same homolytic photolysis of 
corresponding chlorate or nitrite precursors were previously 
employed to generate [MnIV(Por)(O)],39 [MnV(corrole)(O)],35, 36 
[FeIV(Por)(O)]43 and [CrIV(Por)(O)].37 To further validate the 
generation of MnIV-oxo species, trimethylamine was used as a one-
electron reductant, which rapidly reduced 3 to MnIII product without 
formation of any intermediate (see Fig. S3 in ESI).

In conclusion, we report a photochemical generation and 
characterization of a novel manganese(IV)-oxo phthalocyanine 
species. Its reactivity was kinetically probed with different two-
electron reductants, allowing for a direct comparison with other 
high-valent porphyrin-metal-oxo intermediates. The assignment of a 
manganese(IV)-oxo structure to transient 3, rather than a 
manganese(V)-oxo or manganese(IV)-oxo radical cation, is tentative 
until the species can be produced in higher concentrations that 
permit more in-depth characterization such as EPR analysis. 
Nonetheless, the manganese(IV)-oxo formulation is supported by 
the UV-vis spectrum, the one-electron reduction of 3 to 
manganese(III) product without intermediate detection, and 
especially its modest reactivity, as well as the similar photochemical 
reactions that produced other metal-oxo intermediates. We are 
currently investigating mechanistic aspects of the photo-generated 3 
in oxidation reactions, as well as exploring photo-synthetic 
methodologies to produce other high-valent metal-oxo 
phthalocyanines that have not yet been discovered.
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