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Mechanochemical in situ generated gas reactant for the solvent-free

hydrogenation of porphyrins

Marta Pineiro @, Carla Gomes and Mariana Peixoto

University of Coimbra, Department of Chemistry and CQC, Coimbra, Portugal

ABSTRACT

The synthesis of chlorins was performed by hydrogenation of porphyrins using diimide generated
and consumed under mechanical activation. The reaction conditions achievable under ball milling,
absence of solvent and use of hydrazine hydrate as diimide source, allowed the hydrogenation of
porphyrins with high conversion, high selectivity, and nearly ideal sustainability scores (atom

economy of 97% and E-factor of 0.96).

Introduction

Mechanochemistry has emerged as a tool for organic
synthesis (7-7) that allows reactions in neat conditions
using solid reactants or through liquid assisted mechan-
ochemistry (8). The use of neat conditions led to an
improvement of the sustainability, avoiding the reaction
solvent, the major source of waste in the chemical indus-
try, and led to new reaction outcomes, that make this
technique an important tool for the development of
new sustainable reactions (9-74). More scarce and
recent are the examples of mechanochemistry involving
gas reactants (75-17). The in situ generation and con-
sumption of gaseous reagents by ball milling tech-
niques, on one hand, reduce direct handling of, and
exposure to toxic or highly reactive substances and on
the other hand increase stoichiometric control reducing
the accumulation of large amounts of solvent waste
contaminated with unreacted toxic reagents, is only in
the beginning. There are only a few examples of hydro-
genation of organic compounds under mechanical con-
ditions using gas reactants (18), generation of hydrogen
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from dimethylamine borane for hydrogenation of olefins
catalysed by Wilkinson's catalyst (79), the use of
polymethylhydrosiloxane as a hydrogen source for the
reduction of carbonyl groups (20) and the used of het-
erogenous Ru catalyst, water and hydrogen for the
hydrolytic hydrogenation of cellulose to sorbitol (27).
Chlorins are the tetrapyrrolic macrocycle core of
chlorophylls, one of the most abundant pigments of
life. The function of chlorins in nature is undoubtedly
related to their unique photophysical properties, which
are also the basis for many of their applications (22-26).
The synthesis of meso-substituted chlorins recently
reviewed by Taniguchi and Lindsey (27), can be achieved
using diverse strategies through controlled porphyrino-
gen oxidation (28), exploring the reactivity of pyrrole as a
synthetic unit in cyclization reactions (29) or via hydro-
genation of meso-substituted porphyrins (Scheme 1).
These hydrogenation reactions, which mostly use
diimide as reducing agent and p-toluenesulfonylhydra-
zine as diimide source- based on the original method
described by Whitlock (30) - suffer from several
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Scheme 1. Synthetic routes to meso-substituted chlorins.

drawbacks: large excess of diimide source, large
amounts of solvents and base, long reaction times or
high temperature, reaction waste with large amounts
of p-toluenesulfinic acid and the selectivity to chlorin is
not easy to control. The most critical aspect is the
control of the reaction conditions to obtain chlorin selec-
tively, avoiding the synthesis of the related bacterio-
chlorin (tetrahydroporphyrin) ~ through  double
hydrogenation at opposite pyrrole rings. Nevertheless,
the selectivity can be improved by re-oxidation using
MnO, or hydrogen peroxide and iron trichloride as
oxidant (37, 32).

Herein, we describe the synthesis of chlorins through
the hydrogenation of the porphyrin macrocycle under
mechanochemical action in solvent-free conditions
using hydrazine hydrate for the in situ generation and
consumption of diimide (gas, melting point —80°C),
which acts as a reducing agent.

Results and discussion

Looking for alternatives for the reduction of meso-tetra-
arylporphyrins with increased sustainability, we looked
into the mechanochemical reduction of porphyrins
with hydrazines to selectively synthesized chlorins
(Scheme 2).

&

R 5 (30 Hz, 3 h)

OMe

R
1R= OMe

NH,NH, aq. (5.5 Equiv.) H

Initially, we performed the reaction between 5,10,15,20-
tetrakis(3,4-dimethoxyphenyl)porphyrin (33), chosen as a
model compound, and p-toluenesulfonylhydrazine,
under mechanical action. Using 10 equivalents of p-tolu-
nesulfonylhydrazine and a ball milling system with
10 mL jars and two steel balls with 7 mm of diameter
during 3 h at 25 Hz, no reduction products were identified
by UV-Vis or 'H NMR analysis. The increase of the number
of equivalents of p-toluenesulfonylhydrazine (12.5 and
25 equiv), the addition of a base (K,COs, DBU or KOH) in
1:1 ratio to p-toluenesulfonylhydrazine to promote the
decomposition in basic media, the increase of the ball
milling frequency to 30 Hz or the increase of the reaction
time to 7 h did not result in the promotion of any reaction,
recovering in all cases the initial porphyrin.

From the sustainability point of view, hydrazine
hydrate oxidation, a known source of diimide either by
catalytic or thermal decomposition, is more interesting
than sulfonylhydrazines because it only generates N,
and H, after complete decomposition avoiding the for-
mation of p-toluenesulfinic acid reducing to the
minimum the generation of waste. Hydrazine hydrate
was successfully used, in fairly sustainable conditions,
for the catalyst-free reduction of alkenes in the presence
of oxygen at 35 °C in ethanol (34). Under those reaction
conditions, only traces of the desired chlorin were
obtained, 26% after 7 days at 35 °C. Therefore, we per-
formed the reduction of 5,10,15,20-tetrakis(3,4-
dimethoxyphenyl)porphyrin using hydrazine hydrate
(20 pL, 5.5 equiv) under ball milling at 30 Hz frequency.
After 2 h a conversion of 63% was obtained with 90%
selectivity for the desired chlorin (entry 1, Table 1).
Increasing the reaction time to 3 h, increases conversion
to 85% of chlorin (entry 2, Table 1) while selectivity
remained unchanged. The increase of the reaction
time to 4 h (entry 3, Table 1) or increase of hydrazine
hydrate equivalents and reaction time (entry 4, Table
1) do not significantly change conversion or selectivity
to chlorin. Considering the mechanism for the catalytic
decomposition of hydrazine hydrate to form diimide

2 Chlorin 3 Bacteriochlorin

Scheme 2. Reduction of 5,10,15,20-tetrakis(3,4-dimethoxyphenyl)porphyrin to the corresponding chlorin and bacteriochlorin.



Table 1. Optimization of the reaction conditions for the
dimethoxyphenyl)porphyrin.
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reduction of 50 mg (0.06 mmol) of 5,10,15,20-tetrakis(3,4-

Reaction product according with Scheme 2

Entry Hydrazine hydrate (equiv) Time (h) 1 (%)? 2 (%)? 3 (%)° Conversion (%) Selectivityb (%)
1 55 2 37 57 6 63 90
2 55 3 15 72 13 85 85
3 55 4 17 75 8 83 90
4 10 6 15 76 9 85 89
5 25 3 27 65 8 73 89

Determined by "H NMR from the reaction crude in accordance with the data previously described (38).

PSelectivity to chlorin 2, the other reaction product is bacteriochlorin 3.

jointly with the mechanism of the macrocycle reduction,
in which it is established that only the syn diimide is
capable of transferring the hydrogen atoms (31) at
least two equivalents of hydrazine hydrate will be
necessary to reduce one porphyrin. Using 2.5 equiv of
hydrazine hydrate (entry 5, Table 1) a significative
decrease of conversion was observed. Therefore, the
best results were obtained milling the porphyrin with
5.5 equivalents of hydrazine hydrate at 30 Hz during 3 h.

Hydrazine could be transformed into diimide by cat-
alytic decomposition mediated by metals or through
thermal decomposition, forming syn and anti diimide
(35,36) or ammonia and syn diimide (37), respectively.
Under mechanical action using the optimize reaction
conditions described we observed gas pressure build-
up in the jars, when they were opened after the
milling, and also the reduction of the porphyrin. There-
fore, it is possible conclude that syn diimide was
formed (the only form of diimide capable of performing
the reduction because it is assumed to be a synchronous
transport of hydrogen through a cyclic transition state)
(31, 35). To clarify the role of mechanical activation in
the decomposition of hydrazine hydrate and to
exclude the possibility of the metal from the container
being the catalyst of the reaction, the reaction was per-
formed in Teflon jars with Teflon spheres, under these
conditions the same amount of chlorin was obtained.
The reaction mixture was placed into the ball milling

Figure 1. Picture of the reaction crude after 3 h of ball milling.

container and instead of milling, mechanical stirring
was applied, after 3h the reactants remained
unchanged. These results imply that mechanical action
is necessary to decompose hydrazine hydrate and
produce diimide.

The absence of solvent and waste from the source of
the reducing agent make the isolation of the final
product very easy, since it is a solid containing only
the original porphyrin, chlorin and traces of bacterio-
chlorin (for NMR analysis of the reaction crude see sup-
plementary materials, Figure S1), without other organic
compounds or inorganic salts, Figure 1.

The optimize reaction conditions were used for the
synthesis of several chlorins (Table 2).

Regarding the substituent at the meso position all
compounds were obtained with high yields and selectiv-
ity for the chlorin. Bulky substituents at the ortho pos-
ition of the phenyl ring gave good yields as expected
because this substitution favors the stability of
reduced macrocycles (28, 39).

Determining the environmental standpoint of our
methodology compared with those previously
described in the literature and the resulting

Table 2. Substrate scope of the mechanochemical reduction of
porphyrins.

R R
R R _(30Hz,3h) R R
NH.NH; aq. (5.5 Equiv.) H
H

R H H R
R Yield (%)?
phenyl 48
2-chlorophenyl 78
2,6-dichlorophenyl 68
4-bromophenyl 63
4-tert-butylphenyl 25
4-methoxyphenyl 68
3-methoxyphenyl 73
3-hydroxyphenyl 55

%Yield determined by "H NMR. Characterization in accordance with the data
previously described (32, 38, 40).
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Table 3. Calculated green metrics of previous reports and this
process.

Atom E-

Method Economy Factor  EcoScale

Withlock et al. Diimide generation with 72.2 132.1 25
base in solution (30).

Pereira et al. Diimide thermal 823 3.95 54.4
generation (37).

This work. Diimide mechanical 96.6 0.96 63
generation

improvement obtained introducing mechanochemistry
requires assessment of the metrics.

Mechanochemistry  enables  the  solvent-free
reduction of porphyrins to chlorins with hydrazine
hydrate, which is a precursor for CO-free H, production,
therefore the reaction waste is only formed by diatomic
gases and the reaction is performed with 100% of
carbon efficiency and a very high atom economy of
97% (Table 3). The elimination of the solvent and the
reduction of the mass of waste allows to decrease the
E-factor (41) value to decimal proximity to the ideal
value (0.96). To complete this mass-based metric EcoS-
cale was determined. EcoScale is a post-synthetic
metric that takes into consideration price, safety, reac-
tion operation conditions as well as isolation and purifi-
cation steps (42, 43). For our method, a EcoScale value of
63 was obtained, the highest of the known methods. The
deviation of the ideal value reflects the safety issues of
the use of reactants capable of generating inflammable
gases, inherent to this reaction. Table 3 (for details see
supplementary materials, section S2).

Conclusion

In conclusion, mechanochemistry reveals to be an efficient
way to decompose hydrazine hydrate to generate diimide
gas opening the way to metal free, carbon-free hydrogen-
ations. Under mechanical action it was possible to
promote diimide reaction with porphyrins to yield the
desired chlorins in high yield. The methodology developed
using mechanochemistry, hydrazine hydrate and solvent-
free conditions have very high atom economy, high con-
version, high selectivity and minimum waste generation,
thus approaching to the Green Chemistry ideals.

Material and methods

Aldehydes  (3,4-dimethoxybenzaldehyde  (120-14-9;
Aldrich, 99%); 3-methoxybenzaldehyd (591-31-1; Aldrich,
97%); 2,6-dichlorobenzaldehyde (83-38-5; Aldrich, 99%);
pyrrole (109-97-7; Alfa Aesar, 98"), deuterated chloroform
or dimethyl sulfoxide-d6 (865-49-6; VWR Chemicals,
+0,03%TMS)).

Porphyrins were obtained by MW assisted methods
(25, 26).

Ball milling reactions were performed in a Retsch MM
400 with constant frequency and time monitoring. Steel
jars (10 mL) and balls (7 mm diameter, 1.40 g), were used
as well as Teflon jars (10 mL) and balls (10 mm diameter,
1.759). '"H NMR spectra were registered at room
temperature in a Bruker Avance Il or Bruker-
AMX spectrometer, operating at 400 MHz and 300
MHz, respectively. TMS was the internal standard used.
Chemical shifts (8) and coupling constants (J) are indi-
cated in ppm and Hz, respectively.

Typical procedure

About 50 mg of porphyrin 20 uL of hydrazine hydrate
50-60% (5.5 equiv) and two steel spheres were placed
in a steel jar and submitted to mechanical action in a
ball milling system (Retsch 400 MM) at 30 Hz during
3 h. The solid reaction crude was dissolved in deuterated
chloroform and analyzed by "H NMR.

Characterization

5,10,15,20-tetrakis(3,4-dimethoxyphenyl)chlorin 'H
NMR &, ppm (300 MHz, CDCls, Me,Si): 8.64 (2H, d, J=
5Hz), 8.48 (2H, s), 8.24 (2H, d, J=5Hz), 7.67 (4H, d, J=
5Hz), 7.39 (4H, d, J=5Hz), 7.16 (4H, t, J=15Hz), 4.2
(4H, s), 4.14 (6H, s), 4.11 (6H, s), 3.95 (12H, s), —1.44
(2H, s). Characterization is in accordance with that pre-
viously described (38, 40).
5,10,15,20-tetra-phenyichlorin 'H NMR §, ppm
(300 MHz, CDCl;, Me,Si): 8.56 (2H, d, J=4.9 Hz), 8.42
(2H, s), 8.17 (2H, d, J=49 Hz), 8.10 (4H, dd, J1=7.7 Hz,
J2=1.6Hz), 7.87 (4H, m), 7.68 (12H, m), 4.16 (4H, s),
—1.45 (2H, bs). Characterization is in accordance with
that previously described (32).
5,10,15,20-tetrakis(2-chlorophenyl)chlorin "H NMR
6, ppm (300 MHz, CDCls, Me,Si): 8.45 (2H, d, J=4.9 Hz),
8.28 (2H, s), 8.09 (2H, d, J=4.9 Hz), 7.98-7.95 (4H, m),
7.80-7.56 (12H, m), 4.12 (s, 4H), —1.40 (2H, s). Character-
ization is in accordance with that previously described
(40).
5,10,15,20-tetrakis(2,6-dichlorophenyl)chlorin 'H
NMR &, ppm (300 MHz, CDCls, Me,Si): 8.46 (2H, d, J=
4.8 Hz), 8.27 (2H, s), 8.09 (2H, d, J=4.8 Hz), 7.67 (12, m),
4.09 (4H, s), —1.31 (2H, bs). Characterization is in accord-
ance with that previously described (32).
5,10,15,20-tetrakis(4-bromophenyl)chlorin H
NMR &, ppm (400 MHz, CDCls, Me,Si): 8.55 (2H, d, J=
4.8 Hz), 8.39 (2H, s), 8.18 (2H, d, J=4.8 Hz), 7.94 (4H, d,
J=8Hz), 7.81 (8H, d, J=8Hz), 7.72 (4H, d, /=8 Hz),



4.14 (4H, s), —1.53 (2H, bs). Characterization is in accord-
ance with that previously described (27).
5,10,15,20-tetrakis(4-tert-butylphenyl)chlorin 'H
NMR 6, ppm (300 MHz, CDCl;, Me,Si): 8.59 (2H, d, J=
4.8 Hz), 8.43 (2H, s), 8.17 (2H, d, J=4.8 Hz), 7.77 (8H, d,
J=84Hz), 767 (8H, d, /=84 Hz), 415 (4H, s), 1.56
(18H, s), 1.54 (18H, s), —1.41 (2H, bs). Characterization
is in accordance with that previously described (32).
5,10,15,20-tetrakis(4-methoxyphenyl)chlorin 'H
NMR &, ppm (300 MHz, CDCl;, Me,Si): 8.58 (2H, d, J=
4.8 Hz), 8.44 (2H, s), 8.19 (2H, d, J=4.8 Hz), 8.01 (4H, d,
J=85Hz), 776 (4H, d, J=85Hz) 721 (4H, d, J=
8.3 Hz), 7.19 (4H, d, J=8.3 Hz), 4.143 (4H, s), 4.05 (12H,
s), —1.43 (2H, bs). Characterization is in accordance
with that previously described (32).
5,10,15,20-tetrakis(3-methoxyphenyl)chlorin 'H
NMR &, ppm (400 MHz, CDCl;, Me,Si): 8.62 (2H, d, J=
4.6 Hz), 8.46 (2H, s), 8.23 (2H, d, J=4.6 Hz), 7.70 (4H,
m), 7.59 (4H, m), 7.44 (4H, m), 7.24 (4H, m), 4.19 (4H, s),
3.94 (12H, s), —1.49 (2H, bs). Characterization is in accord-
ance with that previously described (32).
5,10,15,20-tetrakis(3-hydroxyphenyl)chlorin H
NMR &, ppm (400 MHz, DMSO-d6, Me,Si): 8.63 (2H, d, J
=4.8Hz), 837 (2H, s), 824 (2H, d, J=4.8 Hz), 7.51 (6H,
m), 7.26 (10H, m), 4.16 (4H, s), —1.65 (2H, bs). Characteriz-
ation is in accordance with that previously described (32).
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