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a b s t r a c t

The carbon-oxygen bond activation (COA) of epoxides with rhodium(II) and rhodium (III) porphyrins
have been examined. RhIII(ttp)H (1) (ttp¼ 5,10,15,20-tetratolylporphyrinato dianion) was found to cleave
the less sterically hindered carbon-oxygen bond of epoxides selectively at room temperature under
neutral conditions to generate the stoichiometric COA product rhodium porphyrin b-hydroxyl alkyls in
moderate to good yields.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Epoxides are synthetically important building blocks. Due to the
high ring strain in epoxides [1], the epoxide carbon-oxygen bond
activation (COA) has been achieved with both organic reagents and
transition metal complexes through a number of approaches. The
COA of epoxides with nucleophilic transition metal complexes
generally cleaves the sterically less hindered CeO bond via an SN2
pathway [2]. In contrast, electrophilic transition metal complexes
serve as Lewis acid catalysts to promote the rearrangement [3] and
the nucleophilic ring opening of epoxides [4]. The more substituted
CeO bond can be cleaved in the process, driven by the formation of
more stable carbocation. The oxidative addition of isobutylene
oxide with RhI(PMe3)3Br [5a-5c] and that of tetracyanoethylene
oxide with low valent Pt0 complexes such as Pt0(AsPh3), Pt0(PPh3)4
and Pt0[P(p-CH3C6H4)3]3 are reported to yield isolatable metal-
laoxetanes [5d-5e]. In addition, the radical CeO bond cleavage of
epoxides with titanocene(III) complexes, most notably Cp2TiCl
(Cp¼ cyclopentadienyl anion), have been utilized to generate
functionalized alcohols [6].

Our group is interested in the bond activation of small molecules
with rhodium porphyrins. We have previously reported the COA
of methanol with RhIII(ttp)H at 150 �C to give RhIII(ttp)CH3 via a
s-bond metathesis pathway [7]. In addition, the nucleophilic
substitution of phenyl alkyl ethers Ph-O-R (R¼ CH3 and benzyl)
with in situ generated RhI(ttp)- anion was achieved at 150 �C
in basic conditions to give the COA product rhodium porphyrin
alkyls RhIII(ttp)R [8]. Recently, RhII(tmp) (tmp¼ 5,10,15,20-
tetramesitylporphyrinato dianion) has been reported to undergo
carbon-carbon bond activation (CCA) with mono-substituted cy-
clopropanes at 25 �C under neutral reaction conditions to yield
RhIII(tmp)CH2CH2CH2R’ (R’¼eC(O)Ph, eC(O)CH3, eCN, -Ph,
eCO2Et) up to 52% yield [9].

The COA of epoxides with nucleophilic RhI(por)- in basic con-
ditions has been reported to generate the RhIII(por) b-hydroxyalkyl
complexes in moderate yield at 25 �C [2e-2g]. The reactivity be-
tween epoxides and other reactive rhodium porphyrin species
[RhII(por)]2 metalloradical and RhIII(por)H has yet to be explored.
Therefore, we sought to achieve the selective COA of epoxides with
rhodium porphyrin under mild, neutral conditions as in the CCA of
cyclopropanes. Herein, we report the [RhII(ttp)]2 (2) catalyzed
regio-selective stoichiometric COA of epoxides with RhIII(ttp)H (1)
at room temperature (eq 1).
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2. Results and discussion

2.1. Reactivity of epoxides with [RhII(ttp)]2 and RhIII(ttp)H

Propylene oxide (3a, 10 equiv) was found to react with
[RhII(ttp)]2 (2) in benzene-d6 in a sealed NMR tube to yield the COA
product RhIII(ttp)CH2CH(OH)CH3 (4a) and the dehydrogenation
product RhIII(ttp)CH2COCH3 (5a) in 19% and 70% yields, respectively
at r. t. in 1 d (eq 2). RhIII(ttp)CH2CH(OH)CH3 (4a) was suspected to
originate from the hydrogen atom abstraction from hydrogen
sources presence in the reaction mixture. To test the hypothesis,
RhIII(ttp)H (1), which is a good hydrogen atom source with bond
dissociation energy (BDE) of RhIII(ttp)eHz 60 kcalmol�1 [10],
reacted with 3a under similar reaction conditions to yield RhIII(ttp)
CH2CH(OH)CH3 (4a) quantitatively in 5min (eq 3). 2was generated
in about 2% yield. The reversible thermal reductive elimination of
RhIII(ttp)H (1) was responsible for the presence of [RhII(ttp)]2 (2) at
room temperature [10a,11]. The preliminary result showed that
RhIII(ttp)H (1) exhibited higher reactivity and better product
selectivity than that of [RhII(ttp)]2 (2) in the COA of epoxides.

The slower reaction rate of epoxide with [RhII(ttp)]2 (2) is
attributed to the steric repulsion arise upon the 1,2-metalloradical
addition. Wayland reported that the rhodium porphyrin metal-
loradical 1,2-insertion into acrylates was sensitive to both the steric
hindrance between the porphyrin ligands and the bridging alkyl
group [12]. The less sterically bulky [RhII(oep)]2 (oep¼ octae-
thylporphyrinato dianion) reacted with methyl acrylate to yield the
2 carbon alkyl bridged complex (oep)RhIIICH2CH(CO2Me)RhIII(oep)
selectively; the reactionwith the more bulky RhII(tmp) mainly gave
the 4 carbon alkyl bridged complex (tmp)RhIIICH2CH(CO2Me)
CH(CO2Me)CH2RhIII(tmp) in equilibrium to minimize the steric
repulsion between the two rhodium porphyrins [12]. Likewise, the
Scheme 1. Proposed Mechanism for the Epox
[RhII(ttp)]2 mediated COA of propylene oxide suffers from unfa-
vorable steric repulsion between the porphyrin ligands in RhIII(ttp)
CH2CH(CH3)ORhIII(ttp) (6a), the [RhII(ttp)]2 1,2-insertion rate was
therefore reduced (Scheme 1). In addition, the rhodium porphyrin
alkoxy intermediate RhIII(ttp)CH2CH(CH3)ORhIII(ttp) (6a) would
undergo facile b-hydride elimination to give RhIII(ttp)H (1) and
RhIII(ttp)CH2COCH3 (5a), thus eliminating the steric repulsion be-
tween the two Rh(ttp) moieties (Scheme 1). Lastly, the RhIII(ttp)H
(1) generated could be utilized to afford RhIII(ttp)CH2CH(OH)CH3
(4a) and a mixture of 4a and 5a was formed eventually. As a result
of the faster reaction rate and higher product selectivity, further
experiments employed RhIII(ttp)H (1) to explore the COA of
epoxides.

2.2. Substrate scope of epoxide COA

The COA of mono and di-substituted alkyl epoxides with
RhIII(ttp)H (1) are successful. Propylene oxide (3a), isobutylene
oxide (3b) and cyclohexene oxide (3c) reacted with 1 rapidly to
yield RhIII(ttp)CH2CH(OH)CH3 (4a), RhIII(ttp)CH2C(OH)(CH3)2 (4b)
and RhIII(ttp)(c-hexyl)(2-OH) (4c) in quantitatively yields, respec-
tively at r. t. (Table 1, entries 1e3).

The COA of epoxides with RhIII(ttp)H (1) is sensitive to steric
hindrance and the reaction rate is reduced significantly with phenyl
substituted epoxides. RhIII(ttp)H (1) reactedwith styrene oxide (3d)
at r. t. for 3 d to give the COA product RhIII(ttp)CH2CH(OH)Ph (4d) in
83% yield together with the dehydrogenation product RhIII(ttp)
CH2COPh (5d) in 15% yield (Table 1, entry 4). 2,2-Diphenyloxriane
(3e) reacted slowly with RhIII(ttp)H (1) at r. t. to give RhIII(ttp)
CH2C(OH)Ph2 (4e) in 46% yield with [RhII(ttp)]2 (2) recovered in 52%
yield in 16 d (Table 1, entry 5). However, the sterically more hin-
dered trans-stilbene oxide (3f) did not react with RhIII(ttp)H (1) at r.
t., RhIII(ttp)H (1) and [RhII(ttp)]2 (2) were recovered in 57% and 37%
yields, respectively in 3 d (Table 1, entry 6).

The COA of epoxides with rhodium porphyrins in some cases
yielded the epoxide isomerization co-product. The COA of propyl-
ene oxide (3a) with RhIII(ttp)H (1) gave acetone in 2% yield in 5min
w.r.t Rh(ttp) added. The amount of acetone increased to 25% yield
when the reactionmixturewas allowed to stand for 20 h in the dark
(eq 4 and Table 1, entry 1). Similarly, the reaction between styrene
oxide (3d) and RhIII(ttp)H (1) gave acetophenone in 16% yield w.r.t
Rh(ttp) added in 3 d (Table 1, entry 4).
ide COA with RhIII(ttp)H and [RhII(ttp)]2.



Table 1
COA of Epoxides with RhIII(ttp)H.

Entry R1 R2 R3 Time 2/% [RhII(ttp)]2f/% Total yield/%

1a Me H H (3a) 5min 100 (4a) <2 ~100
2 Me Me H (3b) 5min 100 (4b) <2 ~100
3 H c-hexyl (3c) 5min 100 (4c) 0 ~100
4b,c Ph H H (3d) 3 d 83 (4d) 0 98
5d Ph Ph H (3e) 16 d 46 (4e) 52 98
6e Ph H Ph (3f) 3 d 0 (4f) 37 94

a Acetone formed in 2% yield w.r.t. Rh(ttp).
b Acetophenone formed in 16% yield w.r.t. Rh(ttp).
c RhIII(ttp)CH2COPh (5d) formed in 15% yield.
d Diphenylacetaldehyde formed in 42% yield w.r.t. Rh(ttp).
e RhIII(ttp)H was recovered in 57% yield.
f Yield of [RhII(ttp)]2 formed w.r.t. Rh(ttp) added.

C.M. Tam, K.S. Chan / Journal of Organometallic Chemistry 887 (2019) 80e8582
We rationalize that RhIII(ttp)CH2CH(OH)CH3 (4a) and RhIII(ttp)
CH2CH(OH)Ph (4d) undergo a consecutive b-hydride elimination
[13] to yield the corresponding enols, which then tautomerize
into ketones (Scheme 2). The b-hydride elimination of the water
soluble rhodium porphyrin b-hydroxyalkyl RhIII(tspp)CH2CH(OD)R
(tspp¼ tetra(p-sulfonatophenyl)porphyrinato dianion) is also
known to yield the corresponding ketones under thermal condi-
tions [14]. In contrast, RhIII(ttp)CH2C(OH)(CH3)2 (4b), which does
not bear any b-hydrogens, remained stable in the reaction mixture
for 7 d (eq 5 and Table 1, entry 2).

The COA of 2,2-diphenyloxriane (3e) with RhIII(ttp)H (1) gave
diphenylacetaldehyde in 42% yield in 16 d (Table 1, entry 5). The
isomerization of 3e to diphenylacetaldehyde catalyzed by Lewis
acids is well documented in the literature [3e,15]. Scheme 3 illus-
trates the proposed mechanism for the Lewis acid promoted
isomerization of 3e catalyzed by RhIII(ttp)H (1) and RhIII(ttp)
CH2C(OH)Ph2 (4e).

The COA of styrene oxide (3d) with RhIII(ttp)H (1) gave the
dehydrogenation product RhIII(ttp)CH2COPh (5d) in 15% yield at r. t.
in 3 d (eq 6 and Table 1, entry 4). RhIII(ttp)CH2COPh (5d) was not
generated from RhIII(ttp)H (1) and acetophenone at r. t. The carbon
hydrogen bond activation (CHA) of acetophenone with RhIII(ttp)H
(1) is known to operate only at a high temperature of 200 �C to give
RhIII(ttp)CH2COPh (5d) in quantitative yield via [RhII(ttp)]2 (2) in-
termediate (eq 7) [16].
Scheme 2. Proposed Mechanism for the
In addition, the COA product RhIII(ttp)CH2CH(OH)Ph (4d) is
unlikely a productive intermediate to 5d at r. t. Previous reports
indicated the CHA of acetone with b-hydroxyl alkyl complexes
RhIII(ttp)CH2CH2OH was slow 50 �C to give the dehydrogenation
product RhIII(ttp)CH2COCH3 in 17% yield in 2 d (eq 8) [17]. Based on
the current data, RhIII(ttp)CH2COPh (5d) is proposed to originate
from the COA of styrene oxide (3d) with the small amount of
[RhII(ttp)]2 present in RhIII(ttp)H as illustrated in Scheme 1.

2.3. Proposed mechanism for the COA of epoxides

Scheme 4 illustrates the [RhII(ttp)]2 (2) catalyzed RhIII(ttp)H (1)
insertion pathway for the regio-selective COA of epoxides. The
thermal reductive elimination of RhIII(ttp)H (1) generates a small
amount of [RhII(ttp)]2 (2) in equilibrium [10a,11]. The homolysis of
the weak (ttp)RhIIeRhII(ttp) (BDEz 12 kcalmol�1) produces the
monomeric RhII(ttp) metalloradical [10]. The RhII(ttp) metal-
loradical cleaves the less hindered CeO bond of epoxides to
generate the oxygen centered radical intermediate 7. 7 is rapidly
trapped with RhIII(ttp)H to give the COA product 4 and regenerate
the RhII(ttp) metalloradical.

3. Conclusion

In summary, we have achieved the regio-selective CeO bond
cleavage of epoxides at the less substituted CeO bond. [RhII(ttp)]2
metalloradical catalyzed the 1,2-insertion of epoxides with
RhIII(ttp)H at room temperature under neutral conditions to give
the rhodium porphyrin b-hydroxyl alkyls complexes in moderate to
good yields.

4. Experimental section

All materials were obtained from commercial suppliers and
used without further purification unless otherwise specified.
TEMPO (2,2,6,6-Tetramethyl-1-piperidinyloxy) was purified by
sublimation before used. H2(ttp) [18], [RhII(ttp)]2 (2) [19] and
RhIII(ttp)H (1) [20], trans-stilbene oxide (3f) [21], 2,2-
diphenyloxirane (3e) [22], were prepared according to literature.

1H NMR spectra were recorded on a Bruker AV-400 (400MHz)
spectrometer. Spectra were referenced to the residual proton
resonance in C6D6 (d 7.15 ppm) or CDCl3 (d 7.26 ppm) or with
Formation of Ketone Co-Products.



Scheme 3. Proposed Mechanism for the Lewis Acid Catalyzed Isomerization of 4e.

Scheme 4. Proposed Mechanism for the COA of Epoxide with RhIII(ttp)H.
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tetramethylsilane (TMS, d 0.00 ppm) as the internal standard.
Chemical shifts (d) are reported in parts per million (ppm).
Coupling constants (J) are reported in hertz (Hz). 13C NMR spectra
were record on a Bruker AVIII-700 (175MHz) spectrometer and
were referenced to CDCl3 (d 77.1 ppm). MALDI-TOFMS spectrawere
recorded on a Bruker Autoflex speed MALDI-TOF with DCTB as
matrix and PPG-1000 as internal standard. ESI MS were recorded
on a Thermo QEF MS in the positive ion mode.

All reactions in 0.5ml benzene-d6 were carried out in a flame-
sealed NMR tube in vacuum with the reaction mixture degassed
with three freeze(77 K)-pump(0.005mmHg)-thaw cycles, then
wrapped with aluminum foil to protect from exposure to room
light before 1H NMR measurements. Benzene stock solutions of
[RhII(ttp)]2 (2) and RhIII(ttp)H (1) were prepared separately, trans-
ferred to the reaction vessel under N2. Benzene-d6 stock solution of
epoxides were prepared separately and transferred to the reaction
vessel.

4.1. Experimental procedures

4.1.1. Reaction of [RhII(ttp)]2 with of propylene oxide
[RhII(ttp)]2 (2, 1.5mg, 0.00097mmol) and propylene oxide (3a,

1.4 ml, 0.019mmol) were added into a sealed tube in 0.50ml of C6D6.
The brown mixture was degassed for three freeze-thaw-pump cy-
cles (77 K, 0.005mmHg) and then flame sealed. The tube was
wrapped with aluminum foil and allowed to stand in dark for 1 d.
The reaction progress was monitored by 1H NMR spectroscopy at
particular time intervals and the NMR yields were taken. RhIII(ttp)
CH2CH(OH)CH3 (4a) and RhIII(ttp)CH2COCH3 (5a) were formed in
19% and 70% yields, respectively. [RhII(ttp)]2 (2) was recovered in
16% yield. Compound 4a: 1H NMR (CDCl3, 400MHz) d �4.90
to �4.97 (m, 2H), �4.15 (s, 1H), �2.34 (m, 1H), �1.45 (d, J¼ 6.3 Hz,
2H), 2.70 (s, 12H), 7.54 (d, J¼ 7.9 Hz, 8H), 8.02 (d, J¼ 7.1 Hz, 4H),
8.06 (d, J¼ 7.0 Hz, 4H), 8.77 (s, 8H). 1H NMR (C6D6, 400MHz)
d �4.48 to �4.57 (m, 2H), �3.72 (s, 1H), �1.93 (m, 1H), �1.38 (d,
J¼ 6.4 Hz, 2H), 2.40 (s, 12H), 7.24 (d, J¼ 7.6 Hz, 4H), 7.34 (d,
J¼ 7.4 Hz, 4H), 8.06 (d, J¼ 7.0 Hz, 4H), 8.16 (d, J¼ 6.8 Hz, 4H), 8.98
(s, 8H). 13C NMR (CDCl3, 175MHz) d 19.2, 21.9, 22.1 (d, 1JRh-
C¼ 28.5 Hz), 65.7, 122.9, 127.8, 132.1, 132.2, 133.9, 134.4, 137.7, 139.2,
143.6. HRMS (MALDI) calcd. for (C51H43N4ORh)þ: m/z 830.2492.
Found: m/z 830.2485. Compound 5a: 1H NMR (CDCl3, 400MHz)
d �4.63 (d, 2JRh-H¼ 3.9 Hz, 2H), �1.80 (s, 3H), 2.70 (s, 12H), 7.54 (d,
J¼ 6.6 Hz, 8H), 8.02 (d, J¼ 7.3 Hz, 4H), 8.08 (d, J¼ 7.4 Hz, 4H), 8.78
(s, 8H).

4.1.2. Reaction of RhIII(ttp)H with propylene oxide
RhIII(ttp)H (1, 1.5mg, 0.0019mmol) and propylene oxide (3a, 1.4

ml, 0.019mmol) were added into a sealed tube in 0.50ml of C6D6.
The orange mixture was degassed for three freeze-thaw-pump
cycles (77 K, 0.005mmHg) and then flame sealed. The tube was
wrapped with aluminum foil and allowed to stand in dark at room
temperature. The reaction progress was monitored by 1H NMR
spectroscopy at particular time intervals and the NMR yields were
taken. RhIII(ttp)CH2CH(OH)CH3 (4a) was formed in quantitative
amount in 5min.

4.1.3. Reaction of RhIII(ttp)H with isobutylene oxide
RhIII(ttp)H (1, 1.5mg, 0.0019mmol) and isobutylene oxide (3b,

1.7 ml, 0.019mmol) were added into a sealed tube in 0.50ml of C6D6.
The orange mixture was degassed for three freeze-thaw-pump
cycles (77 K, 0.005mmHg) and then flame sealed. The tube was
wrapped with aluminum foil and allowed to stand in dark for
5min. The reaction progress was monitored by 1H NMR spectros-
copy at particular time intervals and the NMR yields were taken.
RhIII(ttp)CH2C(OH)(CH3)2 (4b) was formed in quantitative amount.
Compound 4b: 1H NMR (C6D6, 400MHz) d �4.41 (d, 2JRh-H¼ 2.9 Hz,
2H),�3.87 (s,1H),�1.84 (s, 6H), 2.40 (s,12H), 7.26 (d, J¼ 7.7 Hz, 4H),
7.33 (d, J¼ 7.4 Hz, 4H), 8.12 (d, J¼ 8.4 Hz, 4H), 8.15 (d, J¼ 8.6 Hz,
4H), 8.98 (s, 8H). 13C NMR (CDCl3, 175MHz) d 21.7, 25.8, 27.5 (d, 1JRh-
C¼ 29.2 Hz), 71.0, 123.0, 127.6, 127.6, 131.9, 133.6, 134.1, 137.5, 138.9,
143.6. HRMS (ESI) calcd. for (C52H45N4ORh)þ:m/z 844.2648. Found:
m/z 844.2720.

4.1.4. Reaction of RhIII(ttp)H with cyclohexene oxide
RhIII(ttp)H (1, 1.5mg, 0.0019mmol) and cyclohexene oxide (3c,

2.0 ml, 0.019mmol) were added into a sealed tube in 0.50ml of
C6D6. The orange mixture was degassed for three freeze-thaw-
pump cycles (77 K, 0.005mmHg) and then flame sealed. The tube
was wrapped with aluminum foil and allowed to stand in dark for
5min. The reaction progress was monitored by 1H NMR spectros-
copy at particular time intervals and the NMR yields were taken.
RhIII(ttp)(c-hexyl)(2-OH) (4c) was formed in quantitative amount.
Compound 4c: 1H NMR (C6D6, 400MHz) d �4.01 to �4.11 (m,
1H), �3.85 to �3.87 (m, 1H), �3.63 to �3.69 (m, 1H), �3.58 (s,
1H), �1.74 to �1.77 (m, 1H), �1.11 to �1.67 (m, 1H), �0.75 to �0.79
(m, 3H), �0.19 (m, 1H), �0.08 (m, 1H), 2.40 (s, 12H), 7.28 (d,
J¼ 7.5 Hz, 4H), 7.32 (d, J¼ 7.5 Hz, 4H), 8.13 (d, J¼ 7.7 Hz, 4H), 8.16 (d,
J¼ 7.8 Hz, 4H), 8.96 (s, 8H). 1H NMR (CDCl3, 700MHz) d �4.39
to �4.45 (m, 1H, Ha), �4.33 to �4.35 (m, 1H, Hb), �4.19 (m, 1H,
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Hc), �4.13 to �4.17 (m, 1H, Hd), �2.13 to �2.16 (m, 1H, He), �1.22
to �1.28 (m, 1H, Hf), �1.06 to �1.11 (m, 1H, Hg), �0.80 to �0.86 (m,
1H, Hh), �0.66 (m, 1H, Hi), �0.31 (m, 1H, Hj), 0.03 to 0.05 (m, 1H,
Hk), 2.68 (s,12H), 7.53 (d, J¼ 7.0 Hz, 8H), 8.01 (d, J¼ 8.0 Hz, 8H), 8.73
(s, 8H). 13C NMR (CDCl3, 175MHz) d 21.7, 22.8, 25.6, 30.1, 33.4, 43.8
(d, 1JRh-C¼ 32.4 Hz), 72.6, 123.0, 127.5, 127.6, 132.0, 133.5, 134.3,
137.5, 138.9, 143.4. HRMS (ESI) calcd. for (C54H47N4ORhþ Na)þ:m/z
893.2697. Found: m/z 893.2700.

The 1H NMR signals of the methylene resonances of 4c could be
assigned on the basis of the COSY, HSQC and ROESY experiments.
The relative stereochemistry was assigned based on the ROESY
experiment. The ROESY experiment showed correlation between
Ha, He and Hh which indicated that these 3 protons are on the same
side of the cyclohexane ring in a 1,3-diaxial orientation. Similarly,
ROESY correlation between Hd, Hf and Hg put these 3 protons on the
opposite side of the ring in a 1,3-diaxial orientation. In combination
with the HSQC spectra which correlates specific protons attached
on a carbon, the Rh(ttp) and the OH group were therefore located
next to each other with trans stereochemistry.
4.1.5. Reaction of RhIII(ttp)H with styrene oxide
RhIII(ttp)H (1, 1.5mg, 0.0019mmol) and styrene oxide (3d, 2.0 ml,

0.019mmol) were added into a sealed tube in 0.50ml of C6D6. The
orange mixture was degassed for three freeze-thaw-pump cycles
(77 K, 0.005mmHg) and then flame sealed. The tube was wrapped
with aluminum foil and allowed to stand in dark for 3 d. The re-
action progress was monitored by 1H NMR spectroscopy at partic-
ular time intervals and the NMR yields were taken. RhIII(ttp)
CH2CH(OH)Ph (4d) and RhIII(ttp)CH2COPh (5d) were formed in 83%
and 15% yields, respectively. Compound 4d: 1H NMR (C6D6,
400MHz) d �2.99 to �3.04 (m, 2H), �2.02 to �2.09 (m, 1H), �1.68
(dd, J¼ 4.2 Hz, J¼ 9.6 Hz, 1H), �1.10 to �1.17 (dt, 2JH-H¼ 3.8 Hz, 3JH-
H¼ 11.3 Hz, 1H), 2.44 (s, 12H), 3.42 (d, J¼ 7.4 Hz, 2H), 6.01 (dt,
J¼ 32.2 Hz, J¼ 6.5 Hz, 2H), 6.49 (t, J¼ 7.2 Hz, 1H), 7.34 (d, J¼ 6.3 Hz,
8H), 8.08 (dd, J¼ 7.6 Hz, J¼ 2.0 Hz, 4H), 8.13 (dd, J¼ 7.6 Hz,
J¼ 2.0 Hz, 4H), 8.92 (s, 8H). 13C NMR (CDCl3, 175MHz) d 21.7, 28.6
(d, 2JRh-C¼ 28.4 Hz), 59.1, 121.2, 122.9, 124.6, 126.4, 126.6, 126.8,
127.6, 131.8, 131.9, 133.9, 134.0, 137.4, 139.2, 140.2, 143.4. HRMS (ESI)
calcd. for (C56H45N4ORh þ Na)þ: m/z 915.2541. Found: m/z
915.2530. Compound 5d: 1H NMR (C6D6, 400MHz) d �3.86 (d, 2JRh-
H¼ 4.0 Hz, 2H), 2.44 (s, 12H), 4.90 (d, J¼ 7.4 Hz, 2H), 6.42 (t,
J¼ 7.7 Hz, 2H), 6.80 (t, J¼ 7.3 Hz, 1H), 7.32 (d, J¼ 7.8 Hz, 4H), 7.35 (d,
J¼ 7.8 Hz, 4H), 8.05 (dd, J¼ 7.6 Hz, J¼ 1.6 Hz, 4H), 8.18 (dd,
J¼ 7.6 Hz, J¼ 1.7 Hz, 4H), 8.95 (s, 8H).
4.1.6. Reaction of RhIII(ttp)H with 2,2-diphenyloxirane
RhIII(ttp)H (1, 1.5mg, 0.0019mmol) and 2,2-diphenyloxirane

(3e, 3.8mg, 0.019mmol) were added into a sealed tube in 0.50ml
of C6D6. The orange mixture was degassed for three freeze-thaw-
pump cycles (77 K, 0.005mmHg) and then flame sealed. The tube
was wrapped with aluminum foil and allowed to stand in dark for
16 d. The reaction progress wasmonitored by 1H NMR spectroscopy
at particular time intervals and the NMR yields were taken.
RhIII(ttp)CH2C(OH)Ph2 (4e) was formed in 46% yield. [RhII(ttp)]2 (2)
was recovered in 52% yield. Compound 4e: 1H NMR (C6D6,
400MHz) d �3.62 (d, 2JRh-H¼ 3.0 Hz, 2H), �3.47 (s, 1H), 2.42 (s,
12H), 5.20 (d, J¼ 7.6 Hz, 4H), 6.30 (t, J¼ 7.6 Hz, 4H), 6.46 (t,
J¼ 7.2 Hz, 2H), 7.31 (d, J¼ 8.0 Hz, 8.0H), 8.08 (dd, J¼ 7.5 Hz,
J¼ 2.1 Hz, 4H), 8.12 (dd, J¼ 8.6 Hz, J¼ 2.1 Hz, 4H), 8.94 (s, 8H). 13C
NMR (CDCl3, 175MHz) d 21.7, 22.9 (d, 2JRh-C¼ 30.0 Hz), 76.6, 122.9,
123.6, 125.3, 126.7, 127.5, 127.6, 132.0, 134.1, 134.3, 137.4, 139.0,
143.5, 143.5. HRMS (ESI) calcd. for (C62H49N4ORh)þ: m/z 968.2956.
Found: m/z 968.2952.
4.1.7. Reaction of RhIII(ttp)H with trans-stilbene oxide
RhIII(ttp)H (1, 1.5mg, 0.0019mmol) and trans-stilbene oxide (3f,

3.8mg, 0.019mmol) were added into a sealed tube in 0.50ml of
C6D6. The brown mixture was degassed for three freeze-thaw-
pump cycles (77 K, 0.005mmHg) and then flame sealed. The tube
was wrapped with aluminum foil and allowed to stand in dark for
3 d. The reaction progress was monitored by 1H NMR spectroscopy
at particular time intervals and the NMR yields were taken.
RhIII(ttp)H (1) and [RhII(ttp)]2 (2) were recovered in 57% and 37%
yields, respectively.

Acknowledgement

This work was supported by the Hong Kong Research Grants
Council (GRF NO. 14300115) and the Direct Grant of CUHK. This
work was supported in part by a special equipment grant (No.SEG/
CUHK09) from the University Grants Committee of Hong Kong.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jorganchem.2019.02.023.

References

[1] H.K. Eigenmann, D.M. Golden, S.W. Benson, Revised group additivity param-
eters for the enthalpies of formation of oxygen-containing organic com-
pounds, J. Phys. Chem. 77 (1973) 1687e1691. https://doi.org/10.1021/
j100632a019.

[2] (a) W.L. Mock, C. Bieniarz, Alkali-induced decomposition of (2-hydroxyalkyl)
cobaloximes, Organometallics 4 (1985) 1917e1925. https://doi.org/10.1021/
om00130a001;
(b) D.C. Harrowven, G. Pattenden, Cobalt mediated cyclisations of epoxy
olefins, Tetrahedron Lett. 32 (1991) 243e246. https://doi.org/10.1016/0040-
4039(91)80866-5;
(c) G.B. Gill, G. Pattenden, G.A. Roan, Cobalt p-cations in carbocyclic ring
constructions, Tetrahedron Lett. 37 (1996) 9369e9372. https://doi.org/10.
1016/S0040-4039(97)82966-8;
(d) S. Kulasegaram, R.J. Kulawiec, Palladium-catalyzed isomerization of aryl-
substituted epoxides: a selective synthesis of substituted benzylic aldehydes
and ketones, J. Org. Chem. 62 (1997) 6547e6561. https://doi.org/10.1021/
jo970743b;
(e) H. Ogoshi, J.-I. Setsune, Z.-I. Yoshida, Ring cleavage reactions of cyclopro-
pane derivatives with octaethylporphyrinatorhodium(I) anion, J. Organomet.
Chem. 185 (1980) 95e104. https://doi.org/10.1016/S0022-328X(00)94405-X;
(f) B.B. Wayland, S.L. Van Voorhees, K.J. Del Rossi, Formation and dehydration
of an (.alpha.,.beta.-dihydroxyethyl)rhodium porphyrin complex: potential
relevance to coenzyme B12-substrate complexes, J. Am. Chem. Soc. 109 (1987)
6513e6515. https://doi.org/10.1021/ja00255a048;
(g) Y.-Z. Han, M.S. Sanford, M.D. England, J.T. Groves, Mechanistic studies of an
unusual epoxide-forming elimination of a b-hydroxyalkyl rhodium porphyrin,
Chem. Commun. (2006) 549e551. https://doi.org/10.1039/B511974J.

[3] (a) F. Martínez, C. del Campo, E.F. Llama, High valence vanadium complex
promoted selective rearrangement of epoxides to aldehydes or ketones,
J. Chem. Soc., Perkin Trans. 1 (2000) 1749e1751. https://doi.org/10.1039/
B000965M;
(b) K. Suda, K. Baba, S.-i. Nakajima, T. Takanami, High-valent metal-
loporphyrin, Fe(tpp)OTf, catalyzed rearrangement of a,b-epoxy ketones into
1,2-diketones, Chem. Commun. (2002) 2570e2571. https://doi.org/10.1039/
B207328E;
(c) I. Karam�e, M.L. Tommasino, M. Lemaire, Iridium-catalyzed alternative of
the Meinwald rearrangement, Tetrahedron Lett. 44 (2003) 7687e7689.
https://doi.org/10.1016/S0040-4039(03)01593-4;
(d) M.W.C. Robinson, K.S. Pillinger, A.E. Graham, Highly efficient Meinwald
rearrangement reactions of epoxides catalyzed by copper tetrafluoroborate,
Tetrahedron Lett. 47 (2006) 5919e5921. https://doi.org/10.1016/j.tetlet.2006.
06.055;
(e) D.J. Vyas, E. Larionov, C. Besnard, L. Gu�en�ee, C. Mazet, Isomerization of
terminal epoxides by a [PdeH] catalyst: a combined experimental and theo-
retical mechanistic study, J. Am. Chem. Soc. 135 (2013) 6177e6183. https://
doi.org/10.1021/ja400325w;
(f) R. Umeda, M. Muraki, Y. Nakamura, T. Tanaka, K. Kamiguchi, Y. Nishiyama,
Rhenium complex-catalyzed Meinwald rearrangement reactions of oxiranes,
Tetrahedron Lett. 58 (2017) 2393e2395. https://doi.org/10.1016/j.tetlet.2017.
05.018.

[4] (a) N. Iranpoor, B. Zeynizadeh, TiCl3(OTf) and TiO(TFA)2 efficient catalysts for
ring opening of epoxides with alcohols, acetic acid and water, Synth.

https://doi.org/10.1016/j.jorganchem.2019.02.023
https://doi.org/10.1021/j100632a019
https://doi.org/10.1021/j100632a019
https://doi.org/10.1021/om00130a001
https://doi.org/10.1021/om00130a001
https://doi.org/10.1016/0040-4039(91)80866-5
https://doi.org/10.1016/0040-4039(91)80866-5
https://doi.org/10.1016/S0040-4039(97)82966-8
https://doi.org/10.1016/S0040-4039(97)82966-8
https://doi.org/10.1021/jo970743b
https://doi.org/10.1021/jo970743b
https://doi.org/10.1016/S0022-328X(00)94405-X
https://doi.org/10.1021/ja00255a048
https://doi.org/10.1039/B511974J
https://doi.org/10.1039/B000965M
https://doi.org/10.1039/B000965M
https://doi.org/10.1039/B207328E
https://doi.org/10.1039/B207328E
https://doi.org/10.1016/S0040-4039(03)01593-4
https://doi.org/10.1016/j.tetlet.2006.06.055
https://doi.org/10.1016/j.tetlet.2006.06.055
https://doi.org/10.1021/ja400325w
https://doi.org/10.1021/ja400325w
https://doi.org/10.1016/j.tetlet.2017.05.018
https://doi.org/10.1016/j.tetlet.2017.05.018


C.M. Tam, K.S. Chan / Journal of Organometallic Chemistry 887 (2019) 80e85 85
Commun. 29 (1999) 1017e1024. https://doi.org/10.1080/
00397919908086066;
(b) P.-Q. Zhao, L.-W. Xu, C.-G. Xia, Transition metal-based Lewis acid catalyzed
ring opening of epoxides using amines under solvent-free conditions, Synlett
5 (2004) 846e850. https://doi.org/10.1055/s-2004-817780;
(c) K. Venkatasubbaiah, X. Zhu, E. Kays, K.I. Hardcastle, C.W. Jones, Co(III)-
Porphyrin-Mediated highly regioselective ring-opening of terminal epoxides
with alcohols and phenols, ACS Catal. 1 (2011) 489e492. https://doi.org/10.
1021/cs200114x.

[5] (a) D. Milstein, J.C. Calabrese, Oxidative addition of unactivated epoxides to
iridium(I) complexes. Formation of stable cis-hydridoformylmethyl and
-acylmethyl complexes, J. Am. Chem. Soc. 104 (1982) 3773e3774. https://doi.
org/10.1021/ja00377a062;
(b) D. Milstein, The first isolated, stable cis-hydridoalkylrhodium complexes
and their reductive elimination reaction, J. Am. Chem. Soc. 104 (1982)
5227e5228. https://doi.org/10.1021/ja00383a039;
(c) M.J. Calhorda, A.M. Galvao, C. Unaleroglu, A.A. Zlota, F. Frolow, D. Milstein,
Rhodaoxetane: synthesis, structure, and theoretical evaluation, Organome-
tallics 12 (1993) 3316e3325. https://doi.org/10.1021/om00032a062;
(d) R. Schlodder, J.A. Ibers, M. Lenarda, M. Graziani, Structure and mechanism
of formation of the metallooxacyclobutane complex bis(triphenylarsine)tet-
racyanooxiraneplatinum, the product of the reaction between tetracyanoox-
irane and tetrakis(triphenylarsine)platinum, J. Am. Chem. Soc. 96 (1974)
6893e6900. https://doi.org/10.1021/ja00829a014;
(e) M. Lenarda, R. Ros, O. Traverso, W.D. Pitts, W.H. Baddley, M. Graziani,
Reactions of tetracyanoethylene oxide with some noble metal complexes,
Inorg. Chem. 16 (1977) 3178e3182. https://doi.org/10.1021/ic50178a039.

[6] (a) T.V. RajanBabu, W.A. Nugent, Selective generation of free radicals from
epoxides using a transition-metal radical. A powerful new tool for organic
synthesis, J. Am. Chem. Soc. 116 (1994) 986e997. https://doi.org/10.1021/
ja00082a021;
(b) J.M. Cuerva, A.G. Campa~na, J. Justicia, A. Rosales, J.L. Oller-L�opez, R. Robles,
D.J. C�ardenas, E. Bu~nuel, J.E. Oltra, Water: the ideal hydrogen-atom source in
free-radical chemistry mediated by TiIII and other single-electron-transfer
metals? Angew. Chem. Int. Ed. 45 (2006) 5522e5526. https://doi.org/10.1002/
anie.200790043;
(c) T. Kawaji, N. Shohji, K. Miyashita, S. Okamoto, Non-Cp titanium alkoxide-
based homolytic ring-opening of epoxides by an intramolecular hydrogen
abstraction in b-titanoxy radical intermediates, Chem. Commun. 47 (2011)
7857e7859. https://doi.org/10.1039/C1CC12969D;
(d) A. Cang€onül, M. Behlendorf, A. Gans€auer, M. van Gastel, Radical-based
epoxide opening by titanocenes, Inorg. Chem. 52 (2013) 11859e11866.
https://doi.org/10.1021/ic401403a.

[7] H.S. Fung, Y.W. Chan, C.W. Cheung, K.S. Choi, S.Y. Lee, Y.Y. Qian, K.S. Chan,
Reactivity studies of rhodium(III) porphyrins with methanol in alkaline media,
Organometallics 28 (2009) 3981e3989. https://doi.org/10.1021/om801029k.

[8] C. Chen, K.S. Chan, Alkyl carboneoxygen bond cleavage of aryl alkyl ethers by
iridiumeporphyrin and rhodiumeporphyrin complexes in alkaline media,
Organometallics 36 (2017) 3456e3464. https://doi.org/10.1021/acs.
organomet.7b00386.

[9] S. Feng, K.S. Chan, Regioselective and room-temperature carbonecarbon bond
activation of cyclopropanes by rhodium(II) porphyrin, Synlett 29 (2018)
759e763. https://doi.org/10.1055/s-0036-1589129.
[10] (a) B.B. Wayland, S. Ba, A.E. Sherry, Activation of methane and toluene by
rhodium(II) porphyrin complexes, J. Am. Chem. Soc. 113 (1991) 5305e5311.
https://doi.org/10.1021/ja00014a025;
(b) B.B. Wayland, Rh-Rh, Rh-H, Rh-C and Rh-O bond energies in (OEP)Rh
complexes: thermodynamic criteria for addition of M-H and M-M bonds to C-
O and C-C multiple bonds, Polyhedron 7 (1988) 1545e1555. https://doi.org/
10.1016/S0277-5387(00)81781-7.

[11] B.B. Wayland, S. Ba, A.E. Sherry, Reactions of hydrogen or deuterium molecule
with a rhodium(II) metalloradical: kinetic evidence for a four-centered tran-
sition state, Inorg. Chem. 31 (1992) 148e150. https://doi.org/10.1021/
ic00027a031.

[12] B.B. Wayland, G. Poszmik, M. Fryd, Metalloradical reactions of rhodium(II)
porphyrins with acrylates: reduction, coupling, and photopromoted poly-
merization, Organometallics 11 (1992) 3534e3542. https://doi.org/10.1021/
om00059a016.

[13] K.W. Mak, K.S. Chan, Novel 1,2-rearrangement of porphyrinatorhodium(III)
alkyls: cis b-hydride elimination/olefin Metal�Hydride insertion pathway,
J. Am. Chem. Soc. 120 (1998) 9686e9687. https://doi.org/10.1021/ja9808548.

[14] J. Zhang, B.B. Wayland, L. Yun, S. Li, X. Fu, Reactivity and kineticemechanistic
studies of regioselective reactions of rhodium porphyrins with unactivated
olefins in water that form b-hydroxyalkyl complexes and conversion to ke-
tones and epoxides, Dalton Trans. 39 (2010) 477e483. https://doi.org/10.
1039/B912219B.

[15] (a) N. Humbert, D.J. Vyas, C. Besnard, C. Mazet, An air-stable cationic iridium
hydride as a highly active and general catalyst for the isomerization of ter-
minal epoxides, Chem. Commun. 50 (2014) 10592e10595. https://doi.org/10.
1039/C4CC05260A;
(b) M.J. Gonz�alez, J. Gonz�alez, R. Vicente, An alternative reaction outcome in
the gold-catalyzed rearrangement of 1-alkynyloxiranes, Eur. J. Org. Chem.
(2012) 6140e6143. https://doi.org/10.1002/ejoc.201201191.

[16] H.S. Fung, B.Z. Li, K.S. Chan, Mild and selective C(CO)eC(a) bond cleavage of
ketones by rhodium(III) porphyrins: scope and mechanism, Organometallics
31 (2012) 570e579. https://doi.org/10.1021/om200788p.

[17] C.S. Chan, S.Y. Lee, K.S. Chan, Mild and selective C(CO)eC(a) bond activation of
ketones with rhodium(III) porphyrin b-hydroxyethyl, Organometallics 32
(2013) 151e156. https://doi.org/10.1021/om3009519.

[18] A.D. Adler, F.R. Longo, J.D. Finarelli, J. Goldmacher, J. Assour, L. Korsakoff,
A simplified synthesis for meso-tetraphenylporphine, J. Org. Chem. 32 (1967)
476. https://doi.org/10.1021/jo01288a053.

[19] K.S. Chan, Y.-B. Leung, Syntheses of rhodium and iridium (Octaethylpor-
phyrinato)metal dimers from TEMPO, Inorg. Chem. 33 (1994) 3187. https://
doi.org/10.1021/ic00092a028.

[20] H. Ogoshi, J. Setsune, Z. Yoshida, Hydridorhodium(III) porphyrin and
porphyrin rhodium(II) dimer, J. Am. Chem. Soc. 99 (1977) 3869e3870. https://
doi.org/10.1021/ja00453a071.

[21] M.W.C. Robinson, A.M. Davies, R. Buckle, I. Mabbett, S.H. Taylor, A.E. Graham,
Epoxide ring-opening and Meinwald rearrangement reactions of epoxides
catalyzed by mesoporous aluminosilicates, Org. Biomol. Chem. 7 (2009)
2559e2564. https://doi.org/10.1039/B900719A.

[22] M.W.C. Robinson, K.S. Pillinger, I. Mabbett, D.A. Timms, A.E. Graham, Cop-
per(II) tetrafluroborate-promoted Meinwald rearrangement reactions of ep-
oxides, Tetrahedron 66 (2010) 8377e8382. https://doi.org/10.1016/j.tet.2010.
08.078.

https://doi.org/10.1080/00397919908086066
https://doi.org/10.1080/00397919908086066
https://doi.org/10.1055/s-2004-817780
https://doi.org/10.1021/cs200114x
https://doi.org/10.1021/cs200114x
https://doi.org/10.1021/ja00377a062
https://doi.org/10.1021/ja00377a062
https://doi.org/10.1021/ja00383a039
https://doi.org/10.1021/om00032a062
https://doi.org/10.1021/ja00829a014
https://doi.org/10.1021/ic50178a039
https://doi.org/10.1021/ja00082a021
https://doi.org/10.1021/ja00082a021
https://doi.org/10.1002/anie.200790043
https://doi.org/10.1002/anie.200790043
https://doi.org/10.1039/C1CC12969D
https://doi.org/10.1021/ic401403a
https://doi.org/10.1021/om801029k
https://doi.org/10.1021/acs.organomet.7b00386
https://doi.org/10.1021/acs.organomet.7b00386
https://doi.org/10.1055/s-0036-1589129
https://doi.org/10.1021/ja00014a025
https://doi.org/10.1016/S0277-5387(00)81781-7
https://doi.org/10.1016/S0277-5387(00)81781-7
https://doi.org/10.1021/ic00027a031
https://doi.org/10.1021/ic00027a031
https://doi.org/10.1021/om00059a016
https://doi.org/10.1021/om00059a016
https://doi.org/10.1021/ja9808548
https://doi.org/10.1039/B912219B
https://doi.org/10.1039/B912219B
https://doi.org/10.1039/C4CC05260A
https://doi.org/10.1039/C4CC05260A
https://doi.org/10.1002/ejoc.201201191
https://doi.org/10.1021/om200788p
https://doi.org/10.1021/om3009519
https://doi.org/10.1021/jo01288a053
https://doi.org/10.1021/ic00092a028
https://doi.org/10.1021/ic00092a028
https://doi.org/10.1021/ja00453a071
https://doi.org/10.1021/ja00453a071
https://doi.org/10.1039/B900719A
https://doi.org/10.1016/j.tet.2010.08.078
https://doi.org/10.1016/j.tet.2010.08.078

	Regio-selective metalloradical catalyzed carbonoxygen bond cleavage of epoxides with rhodium porphyrin hydride
	1. Introduction
	2. Results and discussion
	2.1. Reactivity of epoxides with [RhII(ttp)]2 and RhIII(ttp)H
	2.2. Substrate scope of epoxide COA
	2.3. Proposed mechanism for the COA of epoxides

	3. Conclusion
	4. Experimental section
	4.1. Experimental procedures
	4.1.1. Reaction of [RhII(ttp)]2 with of propylene oxide
	4.1.2. Reaction of RhIII(ttp)H with propylene oxide
	4.1.3. Reaction of RhIII(ttp)H with isobutylene oxide
	4.1.4. Reaction of RhIII(ttp)H with cyclohexene oxide
	4.1.5. Reaction of RhIII(ttp)H with styrene oxide
	4.1.6. Reaction of RhIII(ttp)H with 2,2-diphenyloxirane
	4.1.7. Reaction of RhIII(ttp)H with trans-stilbene oxide


	Acknowledgement
	Appendix A. Supplementary data
	References


