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ABSTRACT: A strategy for the activation of C−O bonds in
alcohols via a carbonylation−homolysis−decarboxylation
process is described. Using readily available cobalt(II)
porphyrin precursors, carbonylation of simple alcohols
provides access to alkoxycarbonyl cobalt(III) complexes.
Spectroscopic, crystallographic, and computational methods
are used to provide structural details and an estimate for the Co−C bond dissociation energy of an alkoxycarbonylcobalt(III)
complex of 39.8 kcal/mol for the first time. Visible light irradiation in the presence of the radical trapping agent TEMPO and a
thiol reducing agent demonstrates the cleavage of the alcohol C−O bond under oxidative and reductive conditions, respectively.
Addition of a stoichiometric reducing agent allows the use of a catalytic amount of hindered thiol for the reduction of a benzylic
alcohol to the corresponding hydrocarbon.

■ INTRODUCTION

Alcohols are one of the most abundant classes of organic
molecules, with the hydroxyl group being prevalent in naturally
occurring feedstocks such as sugars and complex natural
products. Alcohols are also valuable synthetic intermediates,
being readily introduced and converted to a myriad of other
functional groups. Most transformations, however, require
preactivation of the hydroxyl group due to the relatively inert
nature of the C−OH bond.1 In particular, radical chemistry
relies on conversion to a halide or xanthate ester as a means to
overcome the strong C−O bond, which can be weakened by
the formation of an adjacent radical (Scheme 1A).2 Trans-
formations such as the Barton−McCombie deoxygenation
facilitate cleavage of the strong C−O bond through the
reaction of a xanthate ester with a tin radical species following
the mechanistic pathway shown in Scheme 1B.3 More recently,
iridium photocatalysis were utilized to generate radical (or
radical anion) intermediates that fragment4 and in 2018, Rovis,
Doyle, and co-workers reported a unique direct deoxygenation
via C−O homolysis of phosphoranyl radicals (Scheme 1C).5 It
remains an important goal to identify systems that avoid
stoichiometric preactivation and generate benign, low-molec-
ular-weight byproducts. The ability to directly activate a wide
variety of alcohols using an earth-abundant metal catalyst
would represent a very valuable advance in the efficient use of
alcohols in radical chemistry.
Coenzymes B12 (adenosylcobalamin, methylcobalamin, etc.)

have been extensively studied for their ability to undergo
reversible Co−C bond cleavage to generate carbon-centered
radicals in numerous important enzymatic processes.6 Many
model systems have been developed to mimic this homolytic
bond cleavage that are more synthetically available, such as

cobalt complexes with salen, salophen, and dimethylgyloxime
ligands.7 Alkylcobalt derivatives of these complexes are
typically synthesized from alkyl halides, and thermal- or
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Scheme 1. Strategies for C−O Bond Activation of Alcohols
Utilizing Cobalt Porphyrins

Article

pubs.acs.org/OrganometallicsCite This: Organometallics 2019, 38, 4570−4577

© 2019 American Chemical Society 4570 DOI: 10.1021/acs.organomet.9b00552
Organometallics 2019, 38, 4570−4577

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
IO

W
A

 o
n 

Ja
nu

ar
y 

2,
 2

02
0 

at
 1

8:
49

:0
9 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

pubs.acs.org/Organometallics
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.organomet.9b00552
http://dx.doi.org/10.1021/acs.organomet.9b00552


light-driven homolysis8 leads to radical cyclizations9 and
initiation of living radicals for polymerizations.10,11 Pattenden
and co-workers have demonstrated stoichiometric radical
cyclizations12 and intermolecular Michael additions with cobalt
salophen pyridine complexes13 while Carreira and co-workers
used cobaloximes in a catalytic Heck-type coupling.14

While the synthesis and reactivity of the analogous
alkylcobalt porphyrin complexes have been studied,15−17

including determining their Co−C bond dissociation ener-
gies,18,19 much less is known about the acyl and alkoxycarbonyl
complexes. Chan and co-workers reported isolable acyl
Co(por) complexes (por = porphyrinato dianion) as
intermediates in a photochemical C−C bond activation of
ketones.20 Only one alkoxycarbonyl derivative has been
reported by Fu and co-workers for the initiation of living
radical polymerization.21 Development of a general synthesis of
alkoxycarbonyl porphyrin complexes would facilitate further
structure and reactivity studies.
We envisioned that the C−O bond cleavage of alcohols

could be achieved via decarboxylation of alkoxycarbonyl
radicals generated via alcohol carbonylation (Scheme 1D).22

In this way, a classic organometallic process could be merged
with cobalt-mediated radical chemistry to ultimately develop a
catalytic C−O bond cleavage via a polar/radical crossover
process. Herein, we describe the efficient synthesis of
porphyrin-derived cobalt alkoxycarbonyl complexes and the
study of the radical generation with visible light. This strategy
enables the C−O bond activation of alcohols and alkyl radical
generation with carbon dioxide as the only byproduct and
establishes the fundamental processes for a cobalt-mediated
C−O bond activation strategy.

■ RESULTS AND DISCUSSION

We first turned our attention to the synthesis of alkoxycarbonyl
cobalt porphyrin complexes with representative alcohols. Fu
and co-workers have demonstrated the synthesis of a
methoxycarbonylcobalt tetramesitylporphyrin (TMP) using
methanol and silver(I) triflate under CO.21 Unfortunately,
this synthesis was not effective with more complex alcohols in
our hands, giving only undesired side products. As such, we
have developed a method informed by previous work from our
group on the carbonylation of salen and salophen cobalt
complexes and other related reports.22−24 Both methods are
quite general, tolerating a wide range of alcohols and ligand
substitution patterns.
We first evaluated the oxidant required for this trans-

formation, finding many inorganic oxidants and weaker
benzoquinones ineffective. A strong oxidant such as DDQ
was optimal for the in situ oxidation without interfering with
the carbonylation process. As shown in Table 1, optimized
conditions using 1 equiv of DDQ and 5 equiv of alcohol
produced complexes 5−8 in good yields following purification
by recrystallization. This method was efficient for 1°, 2°, and
3° alcohols. These complexes are air stable at room
temperature for months; however, they are highly labile on
either silica gel or alumina, resulting in decomposition to the
Co(II) porphyrin starting material. This method of carbon-
ylation was then tested on a wider range of porphyrin ligands
with differing electronics (Table 2). Oxidation/carbonylation
of 1-phenethanol with electron-rich porphyrin systems such as
TAP, TPP, and OEP gave excellent conversion to complexes
9−11, respectively. The same transformation with the

electron-deficient porphyrin TFP was achieved, albeit in
lower yield (12, 56%).

Structural and Spectroscopic Studies. In order to
obtain detailed structural information, we carried out X-ray
diffraction studies. Crystals of complex 9 were grown by slow
diffusion of pentane into CHCl3, resulting in long thin red
crystals with the complex adopting a square-pyramidal
geometry (Figure 1). This pentacoordinate form is commonly
observed in similar porphyrin systems that contain acyl20 and
vinyl25 substituents. The alkoxycarbonyl complex has a slightly
shorter Co−C1 bond length in comparison to the acyl
substituents (1.906 Å vs 1.922−1.926 Å) and comparable Co−
N bond lengths. The cobalt is displaced above the porphyrin
plane toward the apical carbonyl group (C1), which is also
observed in the other acyl and amine26 complexes but not in
the instance with an apical vinyl group. This may result from a
greater degree of back-bonding into the π* orbital of the
alkoxycarbonyl substituent that is less pronounced in the vinyl
counterpart.
The C−Co bond dissociation energies (BDE) of a variety of

alkyl cobalt complexes have been measured experimentally
through the extensive studies of Halpern and others, and more
recently DFT calculations have provided estimates for many
more complexes.27−29 The C−Co BDEs for alkoxycarbonyl
complexes, on the other hand, have not been reported to the
best of our knowledge. We calculated complex 9’s C−Co BDE
using the BP86 functional that was found to correctly predict
BDEs for alkyl C−Co BDEs (see the Supporting Information
for more details).19,30,31 The predicted structure using DFT

Table 1. Oxidative Carbonylation of a PMP-porphyrin
Complexa

aReaction conditions: Co(por) (0.25 mmol), alcohol (1.25 mmol),
DDQ (0.25 mmol), toluene (20 mL), 7 atm of CO, room
temperature. DDQ = 2,3-dichloro-5,6-dicyano-1,4-benzoquinone.
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showed excellent agreement with the crystal structure (Figure
2) with a calculated C−Co bond length of 1.892 vs 1.906 Å in
the crystal structure. In comparison to other Co−alkyl
complexes, the calculated bond dissociation energy was fairly
high at 39.8 kcal/mol.
With the structure of the alkoxycarbonyl complexes

confirmed, we further examined their spectroscopic character-
istics. The UV−vis absorption spectrum for compound 9
(Figure 3) exhibited a strong Soret band at 424 nm and
another maximum at 540 nm. The absorption maxima are well-
suited for photochemical activation using green or violet light
(vide infra). Excitation at either band gave no measurable
fluorescence for compound 9.

Reactivity Studies. We next examined the reactivity of the
alkoxycarbonyl compounds under activation with visible light
to determine if they retain behavior similar to that of vitamin
B12 and their alkylcobalt counterparts. We anticipated that
visible light corresponding to the absorption bands above
would be sufficient to homolyze the Co−C bond. To compare,
the energy of green photons at the emission maximum of a
simple LED source (515 nm) is 55.5 kcal/mol, more than
sufficient to cleave the C−Co bond.
Radical trapping experiments were performed with benzylic

alcohol derivatives, TEMPO, and various light sources (Table
3).32 On the basis of studies by Newcomb and Pattenden, we
expected to observe the decarboxylated products due to the
rapid formation of stabilized benzylic radicals from the
intermediate acyl radical.33,34 Efficient radical generation
could be achieved with a 390 nm LED source, and green

Table 2. Oxidative Carbonylation with Substituted
Porphyrins

aReaction conditions: Co(por) (0.25 mmol), alcohol (1.25 mmol),
DDQ (0.25 mmol), toluene (20 mL), 7 atm of CO, room
temperature. bReaction conditions: Co(OEP) (0.25 mmol), alcohol
(0.75 mmol), DDQ (0.25 mmol), toluene (15 mL), 7 atm of CO,
room temperature. Reduced amount of alcohol to facilitate isolation.

Figure 1. X-ray crystal structure of 9 with thermal ellipsoids at the
50% probability level. The compound crystallizes as a racemate; only
one enantiomer is shown for clarity. Selected bond lengths (Å) and
angles (deg): Co−C1 1.906(2), Co−N1 1.963(2), Co−N2 1.958(2),
Co−N3 1.945(2), Co−N4 1.956(2); C1−Co−N3 95.45, C1−Co−
N4 88.17, C1−Co−N1 96.45, C1−Co−N2 90.87, N3−Co−N4
89.79, N4−Co−N1 90.41, N3−Co−N2 89.76, N1−Co−N2 90.32.

Figure 2. Overlay of the optimized structure at the BP86/LanL2DZ
level of theory (green) and X-ray crystal structure of compound 9
(red).

Figure 3. Absorption spectra of 9 in CHCl3.
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LEDs (510−520 nm) also gave full conversion, however with a
longer reaction time (16 h). A higher intensity LED lamp with
emission maxima at 450 and 550 nm achieved the same
conversion in 4 h.35 Some homolysis was observed with 440
and 456 nm light sources; however, these mismatched
wavelengths were much less effective, as expected from the
observed absorption spectra.
Under these conditions, efficient homolysis and loss of CO2

occurred and TEMPO adducts 13 and 14 were isolated in 58−
80% yield (Table 3); as expected, only decarboxylated
products were observed. Co(TAP), Co(TPP), and Co(OEP)
were also isolated from these reactions, indicating that no
major decomposition of the Co-porphyrin complexes took
place under these reaction conditions. Interestingly, when the
p-bromobenzyloxycarbonyl compound was subjected to
irradiation conditions, the TEMPO-trapped product was
isolated without loss of the bromine atom. This outcome
demonstrates that this method of radical generation tolerates
aryl bromides, a reactive source of radicals under traditional
initiation conditions.
To further explore the utility of this strategy to

deoxygenation, irradiation in the presence of a hydrogen
atom donor was performed. We focused on thiols on the basis
of the favorable thermodynamics of H atom transfer between
thiols and the transient benzylic radical (S−H BDE = 82 kcal/
mol for thiophenol, C−H BDE = 86 kcal/mol for ethyl-
benzene).36−39 Initial studies found that the thiophenol
underwent rapid dimerization to disulfide under our reaction
conditions; therefore, more sterically hindered thiols were
examined (Table 4). Introducing methyl or isopropyl
substituents at the ortho positions slowed dimerization and
increased the yield of ethylbenzene (entry 1, 43% yield). Even

with an excess of hindered thiol 15, only moderate yields were
achieved along with full consumption of thiol to disulfide. We
explored Hantzsch ester 19 as a stoichiometric reducing agent
to regenerate the thiol from the thiyl radical 18 (Scheme 2),

which could address the issue of disulfide formation.
Gratifyingly, inclusion of Hantzsch ester increased the yield
of ethylbenzene to 94% (entry 2). Although Hantzsch ester
was not effective in the absence of thiol (<5% yield), it was
highly efficient at turning over the thiyl radical and allowed the
H atom donor to be reduced to substoichiometric quantities,
providing ethylbenzene in 86% yield (entry 3). These studies
demonstrate that decarboxylation and reductive radical
trapping can be achieved with these complexes under mild
conditions.

■ CONCLUSIONS
We have synthesized several new alkoxycarbonyl complexes of
cobalt porphyrins and examined their structure and reactivity.
Alcohols undergo efficient carbonylation with Co-porphyrins
to produce alkoxycarbonyl cobalt species featuring different
substitution patterns. These complexes are estimated to have
Co−C BDEs of 39.8 kcal/mol by computational methods and
absorb visible light to produce acyl radicals that readily
decarboxylate. Trapping of the alkyl radicals with TEMPO and
a thiol reducing agent provides a proof of concept for
decarboxylation and reduction protocols in the presence of
cobalt porphyrins. This approach enables the C−O bond
activation of alcohols via alkyl radical generation with carbon
dioxide as the only byproduct and establishes the fundamental

Table 3. TEMPO Trapping Experimentsa

aReaction conditions: 8, 10, or 11 (0.02 mmol), TEMPO (0.04
mmol), CHCl3 (2 mL), room temperature. TEMPO = (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl.

Table 4. Hydrogen Atom Transfer Studies Using a Sterically
Hindered Thiol

Scheme 2. Proposed Turnover of Thiol with Hantzsch Ester
19
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processes for a cobalt-mediated C−O bond activation strategy.
Efforts to extend this carbonylation−homolysis−decarboxyla-
tion process to a catalytic method analogous to the Barton−
McCombie deoxygenation are ongoing and will be reported in
due course.

■ EXPERIMENTAL SECTION
1H and 13C NMR spectra were recorded on a Bruker Avance Neo 400
MHz spectrometer unless otherwise indicated and were internally
referenced to residual protio solvent signal (note: DMSO-d6
referenced at δ 2.50 and 39.52 ppm, respectively; CDCl3 referenced
at δ 7.26 and 77.16 ppm, respectively). Data for 1H NMR are
reported as follows: chemical shift (δ, ppm), integration, multiplicity
(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, app =
apparent), and coupling constant (Hz). Data for 13C NMR are
reported in terms of chemical shift, and no special nomenclature is
used for equivalent carbons. IR spectra were recorded on a Bruker
Alpha FT-IR spectrometer. Exact masses were recorded on an Agilent
LCTOF instrument using direct injection of samples in methanol into
the electrospray source (ESI) with positive ionization. LEDs were
purchased from Kessil (http://www.kessil.com/photoredox/
Products.php).
General Methods. All reactions were carried out in oven-dried or

flame-dried glassware charged with a magnetic stir bar, were prepared
under an inert nitrogen atmosphere, and were subsequently degassed
with carbon monoxide. Solvents were dried by passage through
alumina columns. Commercially available alcohols were distilled from
calcium hydride prior to use. Co(II) porphyrins were prepared
according to known literature procedures or purchased and used as
received.40−43

General Procedures. Procedure A. To a mixture of Co(II)
porphyrin and DDQ were added 20 mL of toluene and the respective
alcohol. The reaction mixture was degassed and pressurized to 7 atm
of CO using a Parr pressure vessel and stirred for the indicated time,
in the dark, at room temperature. Upon completion of the reaction,
the solvent was removed and the crude reaction mixture was
recrystallized from CH2Cl2 and heptane. The red precipitate was
filtered through Celite and washed several times with heptane to
remove excess unreacted alcohol. Subsequent washing with 2/1
hexanes/CH2Cl2 separated the product from the remaining Co(II)
starting material. The red Co(III) filtrate was concentrated to yield a
red solid. No further purification was required.
Procedure B. To a mixture of alkoxycarbonylcobalt(II) porphyrin

and TEMPO was added 1.5 mL of CHCl3, and the reaction mixture
was degassed by three cycles of freeze−pump−thaw. The reaction
mixture was stirred for 4 h at room temperature and irradiated by
450/550 nm LEDs. Upon completion, the Co(II) product was
precipitated by addition of heptane. Filtration through Celite on
washing several times with heptane separated the TEMPO-trapped
product, and subsequent washing with CH2Cl2 isolated the Co(II)
porphyrin. Concentration of the filtrates gave the desired products
with no further purification required.
Ethoxycarbonylcobalt meso-(4-Methoxyphenyl)porphyrin

(5). This compound was prepared according to the general procedure
A using 198 mg of cobalt meso-(4-methoxyphenyl)porphyrin (0.25
mmol, 1 equiv), 73 μL of ethanol (1.25 mmol, 5 equiv), and 56.7 mg
of DDQ (0.25 mmol, 1 equiv). After 16 h, the reaction mixture was
worked up as outlined in the general procedure. The reaction afforded
a red solid (189 mg, 0.22 mmol, 87%): IR (film) 2931, 1691, 1570,
1287, 1001 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.89 (s, 8H, por-
H), 8.04 (d, J = 8.0 Hz, 8H, PMP), 7.25 (d, J = 8.4 Hz, 8H, PMP),
4.07 (s, 12H, OCH3), 1.64 (q, J = 7.0 Hz, 2H, CH2CH3), −0.74 (t, J
= 7.0 Hz, 3H, CH2CH3);

13C NMR (100 MHz, CDCl3) δ 159.5,
145.9, 134.8, 134.3, 132.7, 121.8, 112.48, 62.67, 55.68, 13.01; HRMS
(ESI) m/z calcd for C51H42CoN4O6 (M+ H)+ 865.2431, found
865.2453.
Benzyloxycarbonylcobalt meso-(4-Methoxyphenyl)-

porphyrin (6). This compound was prepared according to the
general procedure A using 198 mg of cobalt meso-(4-methoxyphenyl)-

porphyrin (0.25 mmol, 1 equiv), 130 μL of benzyl alcohol (1.25
mmol, 5 equiv), and 56.7 mg of DDQ (0.25 mmol, 1 equiv). After 16
h, the reaction mixture was worked up as outlined in the general
procedure. The reaction afforded a red solid (215 mg, 0.23 mmol,
93%): IR (film) 2933, 1688, 1606, 1246, 1025 cm−1; 1H NMR (400
MHz, CDCl3) δ 8.89 (s, 8H, por-H), 7.92 (s, br, 8H, PMP), 7.24 (d, J
= 8.0 Hz, 8H, PMP), 7.03 (t, J = 7.4 Hz, 1H, Ph), 6.86 (t, J = 7.5 Hz,
2H, Ph), 5.34 (d, J = 7.5 Hz, 2H, Ph), 4.07 (s, 12H, OCH3), 2.63 (s,
2H, OCH2Ph);

13C NMR (10 MHz, CDCl3) δ 159.4, 145.9, 134.7,
134.3, 132.7, 127.8, 127.2, 126.3, 121.8, 112.4, 67.9, 55.7; HRMS
(ESI) m/z calcd for C56H43CoN4O6 M

+ 926.2509, found 926.252
tert-Butyloxycarbonylcobalt meso-(4-Methoxyphenyl)-

porphyrin (7). This compound was prepared according to the
general procedure A using 198 mg of cobalt meso-(4-methoxyphenyl)-
porphyrin (0.25 mmol, 1 equiv), 119 μL of tert-butyl alcohol (1.25
mmol, 5 equiv), and 56.7 mg of DDQ (0.25 mmol, 1 equiv). After 16
h, the reaction mixture was worked up as outlined in the general
procedure. The reaction afforded a red solid (134 mg, 0.15 mmol,
60%): IR (film) 2928, 1692, 1507, 1247, 1027 cm−1; 1H NMR (500
MHz, CDCl3) δ 8.88 (s, 8H, por-H), 8.03 (s, 8H, PMP), 7.25 (d, J =
8.8 Hz, 8H, PMP), 4.07 (s, 12H, OCH3), −0.75 (s, 9H, t-Bu); 13C
NMR (125 MHz, CDCl3) δ 159.3, 145.6, 134.7, 134.4, 132.5, 121.0,
112.3, 55.6, 25.8; HRMS (ESI) m/z calcd for C53H45CoN4NaO6Na
(M + Na)+ 915.2569, found 915.2567.

4 - B r omob e n z y l o x y c a r b o n y l c o b a l t me s o - ( 4 -
Methoxyphenyl)porphyrin (8). This compound was prepared
according to the general procedure A using 198 mg of cobalt meso-(4-
methoxyphenyl)porphyrin (0.25 mmol, 1 equiv), 234 mg of 4-
bromobenzyl alcohol (1.25 mmol, 5 equiv), and 56.7 mg of DDQ
(0.25 mmol, 1 equiv). After 16 h, the reaction mixture was worked up
as outlined in the general procedure. The reaction afforded a red solid
(226 mg, 0.23 mmol, 94%): IR (film) 2954, 1671, 1607, 1247, 1001
cm−1; 1H NMR (400 MHz, CDCl3) δ 8.89 (s, 8H, por-H), 7.89 (s, br,
8H, PMP), 7.23 (d, J = 8.8 Hz, 8H, PMP), 6.97 (d, J = 8.2 Hz, 2H,
Ph), 5.19 (d, J = 8.2 Hz, 2H, Ph), 4.07 (s, 12H, OCH3), 2.53 (s, 2H,
OCH2Ph);

13C NMR (125 MHz, CDCl3) δ 159.4, 145.8, 134.7,
134.4, 134.1, 132.8, 130.9, 128.3, 121.8, 112.5, 67.0, 55.7; HRMS
(ESI) m/z calcd for C56H42BrCoN4ONa+ 1027.1512, found
1027.1534.

1-Phenethyloxycarbonylcobalt meso-(4-Methoxyphenyl)-
porphyrin (9). This compound was prepared according to the
general procedure A using 198 mg of cobalt meso-(4-methoxyphenyl)-
porphyrin (0.25 mmol, 1 equiv), 151 μL of 1-phenylethanol (1.25
mmol, 5 equiv), and 56.7 mg of DDQ (0.25 mmol, 1 equiv). After 16
h, the reaction mixture was worked up as outlined in the general
procedure. The reaction afforded a red solid (216 mg, 0.23 mmol,
92%): IR (film) 2957, 2833, 1690, 1504, 1241, 996 cm−1; 1H NMR
(400 MHz, DMSO-d6) δ 8.76 (s, 8H, por-H), 7.90 (s, br, 8H, PMP),
7.33 (d, J = 8.8 Hz, 8H, PMP), 6.85 (t, J = 7.4 Hz, 1H, Ph), 6.70 (t, J
= 7.7 Hz, 2H, Ph), 4.95 (d, J = 7.3 Hz, 2H, Ph), 4.03 (s, 12H, OCH3),
2.90 (q, J = 6.2 Hz, 1H, OCHCH3), −0.75 (d, J = 6.5 Hz, 3H,
OCHCH3);

13C NMR (100 MHz, DMSO-d6) δ 158.8, 143.8, 143.7,
141.5, 134.5, 133.9, 132.1, 127.1, 126.1, 123.2, 119.0, 112.4, 69.2,
55.4, 21.3; HRMS (ESI) m/z calcd for C57H45CoN4O6Na (M + Na)+

963.2563, found 963.2533.
1-Phenethyloxycarbonylcobalt meso-Tetraphenylporphyr-

in (10). This compound was prepared according to the general
procedure A using 167 mg of cobalt tetraphenylporphyrin (0.25
mmol, 1 equiv), 151 μL of 1-phenylethanol (1.25 mmol, 5 equiv) and
56.7 mg of DDQ (0.25 mmol, 1 equiv). After 16 h, the reaction
mixture was worked up as outlined in the general procedure. The
reaction afforded a red solid (232 mg, 0.23 mmol, 94%): IR (film)
3055, 2925, 1693, 1599, 1351, 1003 cm−1; 1H NMR (400 MHz,
DMSO-d6) δ 8.73 (s, 8H, por-H), 8.14 (s, br, 4H, meso-Ph), 7.98 (s,
br, 4H, meso-Ph), 7.79−7.74 (m, 12H, meso-Ph), 6.85 (t, J = 7.4 Hz,
1H, Ph), 6.70 (t, J = 7.7 Hz, 2H, Ph), 4.97 (d, J = 7.2 Hz, 2H, Ph),
2.92 (q, J = 6.4 Hz, 1H, OCHCH3), −0.73 (d, J = 6.5 Hz, 3H,
OCHCH3);

13C NMR (100 MHz, DMSO-d6) δ 143.5, 143.4, 141.6,
133.5, 132.2, 127.7, 127.1, 126.9, 126.1, 123.2, 119.4, 69.4, 21.2;
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HRMS (ESI) m/z calcd for C53H37CoN4O6Na
+ 843.2141, found

843.2127.
1-Phenethyloxycarbonylcobalt Octaethylporphyrin (11).

This compound was prepared according to the general procedure A
using 59 mg of cobalt octaethylporphyrin (0.1 mmol, 1 equiv), 24 μL
of 1-phenylethanol (0.2 mmol, 2 equiv), and 22.7 mg of DDQ (0.1
mmol, 1 equiv). After 16 h, the reaction mixture was worked up as
outlined in the general procedure. The reaction afforded a red solid
(62.2 mg, 0.08 mmol, 84%): IR (film) 2964, 2870, 1697, 1263, 1021
cm−1; 1H NMR (400 MHz, CDCl3) δ 10.16 (s, 4H, meso), 6.79 (t, J
= 7.4 Hz, 1H, Ph), 6.67 (t, J = 7.6 Hz, 2H, Ph), 4.96 (d, J = 7.4 Hz,
2H, Ph), 4.17−3.97 (m, 16H, por-CH2CH3), 2.96 (q, J = 6.4 Hz, 1H,
OCHCH3), 1.93 (dd, J = 12.7, 7.4 Hz, 24H, por-CH2CH3), −0.82 (d,
J = 6.5 Hz, 3H, OCHCH3);

13C NMR (100 MHz, CDCl3) δ 143.2,
142.9, 143.1, 141.1, 127.1, 126.2, 123.6, 99.3, 72.3, 20.9, 20.1, 18.6;
HRMS (ESI) m/z calcd for C45H53CoN4O2Na (M + Na)+ 763.3393,
found 763.3426.
1 - P h e n e t h y l o x y c a r b o n y l c o b a l t T e t r a k i s -

(pentafluorophenyl)porphyrin (12). This compound was pre-
pared according to the general procedure A using 257 mg of cobalt
meso-tetrakis(pentafluorophenyl)porphyrin (0.25 mmol, 1 equiv), 53
μL of 1-phenylethanol (0.5 mmol, 2 equiv), and 56.7 mg of DDQ
(0.25 mmol, 1 equiv). After 16 h, the reaction mixture was worked up
as outlined in the general procedure. The reaction afforded a red solid
(165 mg, 0.14 mmol, 56%): IR (film) 2928, 1648, 1476 1217, 1007
cm−1; 1H NMR (400 MHz, CDCl3) δ 8.99 (d, J = 7.3 Hz, 8H, por-
H), 6.76 (d, J = 7.8 Hz, 1H, Ph), 6.63 (t, J = 7.6 Hz, 2H, Ph), 5.05 (d,
J = 7.7 Hz, 2H, Ph), 3.22 (q, J = 6.5 Hz, 1H, CHCH3), −0.57 (d, J =
6.5 Hz, 3H, CHCH3);

19F NMR (400 MHz, CDCl3) δ −133.93,
−137.47, −151.50; HRMS (ESI) m/z calcd for C53H17CoN4O2F20 Na
(M)+ 1180.0364, found 1180.0408.
1-((4-Bromobenzyl)oxy)-2,2,6,6-tetramethylpiperidine (13).

This compound was prepared according to the general procedure B
using 20 mg of 8 (0.02 mmol, 1 equiv) and 6.2 mg of TEMPO (0.04
mmol, 2 equiv). After 4 h, the reaction mixture was worked up as
outlined in the general procedure. The reaction afforded a clear oil
(4.8 mg, 0.015 mmol, 74%): IR (film) 2928, 1508, 1264, 734 cm−1;
1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.4 Hz, 2H, Ar), 7.16 (d, J
= 8.5 Hz, 2H, Ar), 4.69 (s, 2H, CH2Ar), 1.17 (d, J = 12.6 Hz, 12H),
1.07 (s, 6H); 13C NMR (101 MHz, CDCl3) δ 137.3, 131.3, 129.1,
121.2, 78.0, 60.0, 39.7, 33.1, 29.7, 20.3, 17.1); HRMS (ESI) m/z calcd
for C16H25BrNO (M + H)+ 326.1120, found 326.1118.
2,2,6,6-Tetramethyl-1-(1-phenylethoxy)piperidine (14). This

compound was prepared according to the general procedure B using
18.8 mg of 8 (0.02 mmol, 1 equiv) and 6.2 mg of TEMPO (0.04
mmol, 2 equiv). After 4 h, the reaction mixture was worked up as
outlined in the general procedure. The reaction afforded a clear oil (4
mg, 0.016 mmol, 80%): IR (film) 2924, 2136, 1966, 758 cm−1; 1H
NMR (400 MHz, CDCl3) δ 7.35−7.27 (m, 4H, Ph), 7.22 (m, 1H,
Ph), 4.78 (q, J = 6.7 Hz, 1H, CHCH3), 1.48 (d, J = 6.7 Hz, 3H,
CHCH3), 1.21 (m, 18H); 13C NMR (100 MHz, CDCl3) δ 160.8,
128.1, 127.3, 101.5, 59.9, 59.3, 39.6, 32.9, 29.5, 20.1, 17.0, 0.85;
HRMS (ESI) m/z calcd for C17H28NO (M + H)+ 262.2165, found
262.2164.
Computational Methods. Density functional theory (DFT)

calculations were performed using the Gaussian 09 suite.44 All
calculations were done using the generalized gradient approximation
(GGA) density functional BP86, which combines Becke’s 198845

exchange functional and Perdew’s 198646 correlation functional.
Geometry optimization and frequency calculations were performed in
the gas phase and at the default temperature of 298.15 K. The
resulting outputs were verified to be free of imaginary frequencies to
ensure that the optimized structures were local minima. The Co−C
bond dissociation energy was calculated as the subtraction of ΔfH° for
compound 9 from the sum of ΔfH° for the appropriate homolytic
dissociation products.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.organomet.9b00552.

Description of crystallographic methods and spectro-
scopic data (PDF)
Cartesian coordinates of DFT structures (XYZ)

Accession Codes
CCDC 1946972 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/data_request/cif, or by emailing
data_request@ccdc.cam.ac.uk, or by contacting The Cam-
bridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

■ AUTHOR INFORMATION
Corresponding Author
*E-mail for D.B.C.M.: david-martin@uiowa.edu.
ORCID
David B. C. Martin: 0000-0002-8084-8225
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by funding from the ACS Petroleum
Research Fund (57274-DNI1) and NSF (CHE-1751687).
Acknowledgment is made to the donors of the American
Chemical Society Petroleum Research Fund for partial support
of this research. NMR instrumentation for this research was
supported by funding from the NSF (CHE-1626673) and the
U.S. Army (W911NF-16-1-0523). Mass spectrometry instru-
mentation for this research was supported by funding from the
NSF (CHE-0541848). We thank Prof. W. Hill Harman (UC
Riverside) for helpful discussions and Dr. Charlene Tsay for X-
ray crystallographic analysis. D.B.C.M. is a member of the UC
Riverside Center for Catalysis.

■ REFERENCES
(1) Oyeyemi, V. B.; Keith, J. A.; Carter, E. A. Trends in Bond
Dissociation Energies of Alcohols and Aldehydes Computed with
Multireference Averaged Coupled-Pair Functional Theory. J. Phys.
Chem. A 2014, 118, 3039−3050.
(2) Crich, D.; Quintero, L. Radical Chemistry Associated with the
Thiocarbonyl Group. Chem. Rev. 1989, 89, 1413−1432.
(3) Barton, D. H. R.; McCombie, S. W. A New Method for the
Deoxygenation of Secondary Alcohols. J. Chem. Soc., Perkin Trans. 1
1975, 0, 1574−1585.
(4) Chenneberg, L.; Baralle, A.; Daniel, M.; Fensterbank, L.;
Goddard, J.-P.; Ollivier, C. Visible Light Photocatalytic Reduction of
O-Thiocarbamates: Development of a Tin-Free Barton-McCombie
Deoxygenation Reaction. Adv. Synth. Catal. 2014, 356, 2756−2762.
(5) Stache, E. E.; Ertel, A. B.; Rovis, T.; Doyle, A. G. Generation of
Phosphoranyl Radicals via Photoredox Catalysis Enables Voltage-
Independent Activation of Strong C-O Bonds. ACS Catal. 2018, 8,
11134−11139.
(6) Halpern, J. Mechanistic Aspects of Coenzyme B12-Dependent
Rearrangements. Organometallics as Free Radical Precursors. Pure
Appl. Chem. 1983, 55, 1059−1068.
(7) Bigotto, A.; Costa, G.; Mestroni, G.; Pellizer, G.; Puxeddu, A.;
Reisenhofer, E.; Stefani, L.; Tauzher, G. Extension of the model
Approach to the Study of Coordination Chemistry of Vit. B12 Group
Compounds. Inorg. Chim. Acta, Rev. 1970, 4, 41−49.

Organometallics Article

DOI: 10.1021/acs.organomet.9b00552
Organometallics 2019, 38, 4570−4577

4575

https://pubs.acs.org/doi/10.1021/acs.organomet.9b00552?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00552/suppl_file/om9b00552_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.organomet.9b00552/suppl_file/om9b00552_si_002.xyz
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1946972&id=doi:10.1021/acs.organomet.9b00552
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:david-martin@uiowa.edu
http://orcid.org/0000-0002-8084-8225
http://dx.doi.org/10.1021/acs.organomet.9b00552


(8) Pattenden, G. Simonsen Lecture. Cobalt-Mediated Radical
Reactions in Organic Synthesis. Chem. Soc. Rev. 1988, 17, 361.
(9) Bhandal, H.; Patel, V. F.; Pattenden, G.; Russell, J. J. Cobalt-
Mediated Radical Reactions in Organic Synthesis. Oxidative
Cyclisations of Aryl and Alkyl Halides Leading to Functionalised
Reduced Heterocycles and Butyrolactones. J. Chem. Soc., Perkin Trans.
1 1990, No. 10, 2691.
(10) Wayland, B. B.; Basickes, L.; Mukerjee, S.; Wei, M.; Fryd, M.
Living Radical Polymerization of Acrylates Initiated and Controlled
by Organocobalt Porphyrin Complexes. Macromolecules 1997, 30,
8109−8112.
(11) Zhao, Y.; Yu, M.; Zhang, S.; Wu, Z.; Liu, Y.; Peng, C.-H.; Fu, X.
A Well-Defined, Versatile Photoinitiator (Salen)Co-CO 2 CH 3 for
Visible Light-Initiated Living/Controlled Radical Polymerization.
Chem. Sci. 2015, 6, 2979−2988.
(12) Patel, V. F.; Pattenden, G. Free Radical Reactions in Synthesis.
Homolysis of Alkylcobalt Complexes in the Presence of Radical-
Trapping Agents. J. Chem. Soc., Perkin Trans. 1 1990, No. 10, 2703.
(13) Coveney, D. J.; Patel, V. F.; Pattenden, G.; Thompson, D. M.
Acylcobalt Salophen Reagents. Precursors to Acyl Radical Inter-
mediates for Use in Carbon-to-Carbon Bond-Forming Reactions to
Alkenes. J. Chem. Soc., Perkin Trans. 1 1990, No. 10, 2721.
(14) Weiss, M. E.; Kreis, L. M.; Lauber, A.; Carreira, E. M. Cobalt-
Catalyzed Coupling of Alkyl Iodides with Alkenes: Deprotonation of
Hydridocobalt Enables Turnover. Angew. Chem., Int. Ed. 2011, 50,
11125−11128.
(15) Stolzenberg, A. M.; Cao, Y. Alkyl Exchange Reactions of
Organocobalt Porphyrins. A Bimolecular Homolytic Substitution
Reaction. J. Am. Chem. Soc. 2001, 123, 9078−9090.
(16) Gridnev, A. A.; Ittel, S. D.; Wayland, B. B.; Fryd, M. Isotopic
Investigation of Hydrogen Transfer Related to Cobalt-Catalyzed Free-
Radical Chain Transfer. Organometallics 1996, 15, 5116−5126.
(17) Peng, C.-H.; Li, S.; Wayland, B. B. Formation and
Interconversion of Organo-Cobalt Complexes in Reactions of
Cobalt(II) Porphyrins with Cyanoalkyl Radicals and Vinyl Olefins.
Inorg. Chem. 2009, 48, 5039−5046.
(18) Geno, M. K.; Halpern, J. Why Does Nature Not Use the
Porphyrin Ligand in Vitamin B12? J. Am. Chem. Soc. 1987, 109,
1238−1240.
(19) Qi, X.-J.; Li, Z.; Fu, Y.; Guo, Q.-X.; Liu, L. Anti-Spin-
Delocalization Effect in Co-C Bond Dissociation Enthalpies. Organo-
metallics 2008, 27, 2688−2698.
(20) Lee, S. Y.; Fung, H. S.; Feng, S.; Chan, K. S. Visible Light
Photocatalysis of Carbon-Carbon σ-Bond Anaerobic Oxidation of
Ketones with Water by Cobalt(II) Porphyrins. Organometallics 2016,
35, 2480−2487.
(21) Zhao, Y.; Yu, M.; Zhang, S.; Liu, Y.; Fu, X. Visible Light
Induced Living/Controlled Radical Polymerization of Acrylates
Catalyzed by Cobalt Porphyrins. Macromolecules 2014, 47, 6238−
6245.
(22) Chambers, D. R.; Sullivan, R. E.; Martin, D. B. C. Synthesis and
Characterization of Alkoxycarbonyl Cobalt Complexes via Direct
Carbonylation Methods. Organometallics 2017, 36, 1630−1639.
(23) Jaynes, B. S.; Ren, T.; Masschelein, A.; Lippard, S. J.
Stereochemical Control of Reactivity in Cobalt(III) Alkyl Complexes
of the Tropocoronand Ligand System. J. Am. Chem. Soc. 1993, 115,
5589−5599.
(24) Bao, Q. B.; Rheingold, A. L.; Brill, T. B. Extreme
Electrophilicity of Coordinated Carbon Monoxide in [CpCo(Dppe)-
CO]2+. Organometallics 1986, 5, 2259−2265.
(25) Fritsch, J. M.; McNeill, K. Aqueous Reductive Dechlorination
of Chlorinated Ethylenes with Tetrakis(4-Carboxyphenyl)Porphyrin
Cobalt. Inorg. Chem. 2005, 44, 4852−4861.
(26) Byrn, M. P.; Curtis, C. J.; Hsiou, Y.; Khan, S. I.; Sawin, P. A.;
Tendick, S. K.; Terzis, A.; Strouse, C. E. Porphyrin Sponges:
Conservative of Host Structure in over 200 Porphyrin-Based Lattice
Clathrates. J. Am. Chem. Soc. 1993, 115, 9480−9497.
(27) Tsou, T. T.; Loots, M.; Halpern, J. Kinetic Determination of
Transition Metal-Alkyl Bond Dissociation Energies: Application to

Organocobalt Compounds Related to B12 Coenzymes. J. Am. Chem.
Soc. 1982, 104, 623−624.
(28) Simoes, J. A. M.; Beauchamp, J. L. Transition Metal-Hydrogen
and Metal-Carbon Bond Strengths: The Keys to Catalysis. Chem. Rev.
1990, 90, 629−688.
(29) Werner, H.; Hofmann, L.; Zolk, R. Basische Metalle, LX
Synthese und Reaktionen von Komplexen mit Co-CO2R-Bindungen.
Die Kristall- und Molekülstruktur von C5H5Co(CO2Me)2PMe3.
Chem. Ber. 1987, 120, 379−385.
(30) Kozlowski, P. M.; Kamachi, T.; Toraya, T.; Yoshizawa, K. Does
Cob(II)Alamin Act as a Conductor in Coenzyme B12 Dependent
Mutases? Angew. Chem., Int. Ed. 2007, 46, 980−983.
(31) Hirao, H. Which DFT Functional Performs Well in the
Calculation of Methylcobalamin? Comparison of the B3LYP and
BP86 Functionals and Evaluation of the Impact of Empirical
Dispersion Correction. J. Phys. Chem. A 2011, 115, 9308−9313.
(32) Finke, R. G.; Smith, B. L.; Mayer, B. J.; Molinero, A. A. Cobalt-
Cobalt Bond Homolysis and Bond Dissociation Energy Studies for
the Coenzyme B12 Analog RCo[C2(DO)(DOH)Pn]I (R = PhCH2-,
(CH3)3CCH2-). Inorg. Chem. 1983, 22, 3677−3679.
(33) Simakov, P. A.; Martinez, F. N.; Horner, J. H.; Newcomb, M.
Absolute Rate Constants for Alkoxycarbonyl Radical Reactions. J. Org.
Chem. 1998, 63, 1226−1232.
(34) Patel, V. F.; Pattenden, G.; Thompson, D. M. Cobalt-Mediated
Reactions in Synthesis. The Degradation of Carboxylic Acids to
Functionalised Noralkanes via Acylcobalt Salophen Intermediates. J.
Chem. Soc., Perkin Trans. 1 1990, No. 10, 2729.
(35) Kessil LED lamp A160WE “Tuna Sun”, with emission maxima
at 450 and 550 nm. See https://www.kessil.com/products/
freshwater_A160.php for more information.
(36) Roberts, B. P. Polarity-Reversal Catalysis of Hydrogen-Atom
Abstraction Reactions: Concepts and Applications in Organic
Chemistry. Chem. Soc. Rev. 1999, 28, 25−35.
(37) Mayer, J. M. Understanding Hydrogen Atom Transfer: From
Bond Strengths to Marcus Theory. Acc. Chem. Res. 2011, 44, 36−46.
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