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Abstract Regioselective carbon-carbon bond activation of cyclopro-
panes by Rh'(tmp) (tmp = 5,10,15,20-tetramesitylporphyrinato dian-
ion) was achieved at room temperature under neutral conditions to
yield corresponding rhodium-porphyrin alkyls. This reaction can toler-
ate water, and functional groups are compatible.
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Cyclopropanes are important starting materials for ver-
satile 3-carbon linear and branched building blocks for or-
ganic synthesis. The utility of cyclopropanes in organic
chemistry arises from their unique structural and electron-
ic characteristics. The resemblance of cyclopropane chem-
istry to that of carbon-carbon double bonds provides nu-
merous synthetic possibilities such as addition to carbon-
carbon bonds, which results in ring cleavage. The ring
strain-release energy (ca. 26.5 kcal/mol)! associated with
ring cleavage can provide a major driving force to achieve
carbon-carbon bond activation (CCA) for various skeletal
and chemical transformation.

Polar reagents such as hydrogen halide add to the C-C
bonds of cyclopropanes for direct ring cleavage in conven-
tional organic reactions without catalyst. Monosubstituted
cyclopropanes undergo 1,3-addition of hydrogen halide to
cyclopropanes to give linear n-propyl halides, while the re-
gioselectivity of the halide atom is highly dependent on the
substituted functional groups (Scheme 1).2 Cyclopropanes
with an electron-withdrawing group (FG = COCH;, COPh,
COOH, CN) undergo nucleophilic attack with halide at the
less substituted carbon (Scheme 1, A). However, nucleophil-
ic attack by halide to benzyl cyclopropane occurs at the
more substituted carbon (Markovnikov addition, Scheme 1, B).
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Scheme 1 Substrate dependent regioselectivity for the addition of HX
to cyclopropanes

The direct addition of nonpolar reagents such as hydro-
gen gas, tin hydride, and silane to cyclopropanes in neutral
conditions is more difficult than that of polar ones. Transi-
tion-metal catalysts often affect the reaction regioselectivi-
ty.3 Chirik has reported the rhodium-catalyzed ring-open-
ing hydrogenation of cyclopropanes. H, is added to cyclo-
propanes to give a linear propane through 1,3-addition, for
phosphine-containing chelating substrates or a branched
propane through 1,2-addition to nonchelating substrates
(Scheme 2, A).4
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Scheme 2 Selectivity for addition of nonpolar species to cyclopro-
panes
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Besides substrates, catalysts also control the chemo-
and regioselectivity of the addition to cyclopropanes. The
addition of triethylsilane to vinyl cyclopropane catalyzed by
the Wilkinson complex affords the 1,3-addition cyclopropyl
ring product without reaction at the double bond, which is
in contrast with the H,PtClg-catalyzed reaction giving the
1,2-addition product at the double bond (Scheme 2, B).

Furthermore, the radical addition of nonpolar reagents
to cyclopropane is highly dependent on reaction condi-
tions. Upon irradiation with ultraviolet light or initiation by
AIBN, tributyltin hydride adds to cyclopropyl phenyl ketone
to afford the 1,3-addition ring-opening product. However,
cyclopropyl phenyl ketone is reduced thermally by tribut-
yltin hydride to give the cyclopropylcarbinol (Scheme 2, C).6
Therefore, the chemoselective and regioselective addition
of nonpolar reagents to cyclopropane remains to be de-
fined.

Our group has focused on the study of the selective ali-
phatic carbon-carbon bond activation mediated by rhodi-
um-porphyrin complexes for the past 16 years.” Rh'(por)
(por = porphyrinato dianion) (Figure 1) exists as the metal-
loradical with Rh" bearing an odd electron at the dz? fron-
tier molecular orbital. For the sterically less hindered por-
phyrins, such as ttp (ttp = 5,10,15,20-tetratolylporphyrina-
to dianion) or oep (oep = octylethylporphyrinato dianion),
dimerization of Rh'(por) occurs to afford [Rh'(por)],.8 With
the bulky porphyrin tmp ligand, Rh'(tmp) is monomeric in
nature. Rh(por)H is a nonpolar reagent due to the mainly
covalent Rh-H bond. Previously, we have reported the
Rh'(ttp)-catalyzed 1,2-addition of Rh(ttp)H to the C-C
bond of cyclooctane to afford the ring-opening product of
Rh(ttp)(n-octyl) (Scheme 3).° Therefore, as part of our long-
term interest, we now report the regioselective room-tem-
perature CCA of cyclopropanes by the metalloradical

Rh'(ttp)e O ——= Rh'(ttp)n-octyle ————> Rh”( o Rh"(ttp)n-octyl

Scheme 3 Rh'(ttp)-catalyzed 1,2-addition of Rh(ttp)H to cyclooctane

Rh'(oep): X = Et, R=H
Rh'(ttp): X = H, R = 4-MeCgH,
Rh'(tmp): X = H, R = 2,4,6-MeCgH,

Figure 1 Structures of rhodium-porphyrin complexes

Rh!(tmp) to afford linear ring-opening products through
1,3-addition under neutral conditions.

In the course of our continuing research on room-tem-
perature C(CO)-C(a) bond activation of isopropyl ketones,!°
we initially aimed to realize the C(CO)-C(a) bond activation
of cyclopropyl phenyl ketone by Rh(tmp)OH, which could
be generated by the reaction of Rh'(tmp) (1a) with H,0
(Scheme 4, pathway A). To our surprise, we have discovered
cyclopropyl phenyl ketone underwent chemoselective and
regioselective CCA of the cyclopropyl group without C(CO)-
C(a) cleavage in the presence of H,0. The cyclopropyl ring
was cleaved in neutral conditions at 25 °C in 10 minutes to
give the linear 1,3-addition product Rh(tmp)CH,CH,CH,COPh
(2a) in 46% yield (Scheme 4, pathway B), and the branched
1,2-addition product was not observed (Scheme 4, pathway
Q). Since the pK, of Rh(ttp)H is about 11,'! the more elec-
tron-rich Rh!(tmp)- would hardly form under neutral con-
ditions. Therefore, it distinguishes in mechanism from the
reported ring-cleavage reaction of cyclopropane derivatives
with performed Rh'(oep)~ anion (Equation 1).'> We then
further explored the substrate scope and conducted mecha-
nistic studies of this chemical transformation.
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Scheme 4 Discovery of selective CCA of cyclopropane
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Cyclopropyl phenyl ketone was used as the model com-
pound to optimize the reaction conditions. When the reac-
tion temperature was increased from 25 °C to 50 °C, the
product yield of Rh(tmp)CH,CH,CH,COPh (2a) ranged from
46-52%, which did not change significantly (Table 1, entries
1 and 2). Lowering the substrate loading from 800 equiva-
lents in solvent-free conditions to 100 equivalents in ace-
tone, the reaction also proceeded to give
Rh(tmp)CH,CH,CH,COPh (2a) in 48% yield (Table 1, entry
3). In contrast to the C(O)-C bond activation of ketones,!°
where the addition of H,0 promotes the reaction yield, H,0
was not necessary for the ring opening of cyclopropanes.
The product was obtained in a similar yield of 44% without
water added (Table 1, entry 4). However, it also demonstrat-
ed that this transformation could tolerate water. It has been
reported that the promoter ligand PPh; can increase the
product yield.'* The yield of Rh(tmp)CH,CH,CH,COPh (2a)
was indeed reduced to 24% in the absence of PPh; (Table 1,
entry 5). Coordinated PPh; of (PPh;)Rh(tmp) is shown to
increase the electron density on rhodium and then promote
the odd electron to a higher energy level, thus increasing its
reactivity.!® Since we did not observe any effect of H,O on
rate and yield (Table 1, entries 3 and 4), we further investi-
gated the reaction in benzene. The reaction proceeded even
better in benzene solvent to afford Rh(tmp)CH,CH,CH,COPh
(2a) in 52% yield (Table 1, entry 5).

Table 1 Optimization of Conditions

o
H,0, PPhg Ph
Rh'(tmp) + pp ———— ————— (tmp)Rh'"W
No, dark, temp, 10 min
solvent o
1a (100 equiv) 2a
Entry  Temp (°C) H,O loading PPh;loading Solvent Yield (%)
1 25 50 1 solvent-free? 46
2 50 50 1 solvent-free? 52
3 25 50 1 acetone 48
4 25 0 1 acetone 44
5 25 0 0 acetone 24
6 25 0 1 benzene 52

2800 equiv of cyclopropyl phenyl ketone were added.

As Rh(tmp)H is generated by the reaction of of Rh'(tmp)
with H,0,'#4 deuterated-water-labeling experiment was car-
ried out to investigate whether the H source of the CCA
product of cyclopropanes is from water. However, the reac-
tion yielded no d;-enriched product (Equation 2). This re-
sult corroborates that H,0 was not necessary in the CCA of
cyclopropanes. As the ketone substrate has been shown to
be the H atom donor in our reported photocatalytic C(CO)-
C(a) bond activation of ketones,'> we rationalize the sub-
strate, likely the weak a-C-H bond of cyclopropyl phenyl
ketone, is the H atom source.

acetone
H

[e) D,0O (50 equiv)
PPh3 (1 equiv) Ph
Rh(tmp) + _— (tmp)RhW
Ph N, dark, 25 °C, 10 min o

1a (100 equiv) 2a, 41%

Equation 2

With the optimized reaction conditions, Rh(tmp) 1a
reacted with both polar and nonpolar cyclopropanes at
25 °C under neutral conditions to generate the regioselective
1,3-addition products with Rh(tmp) at the less substituted
carbon (Table 2). The reactivity of cyclopropyl methyl ketone
and cyclopropyl phenyl ketone is similar, and after 10 minutes,
the corresponding products Rh(tmp)CH,CH,CH,C(O)CH;
(2b) and Rh(tmp)CH,CH,CH,C(O)Ph (2a) were obtained in
51% and 52% yield, respectively (Table 2, entries 1 and 2).
Cyclopropyl cyanide also gave Rh(tmp)CH,CH,CH,CN (2c)
in 45% yield in 10 minutes at room temperature (Table 2,
entry 3). The reaction between Rh'(tmp) (1a) and cyclopro-
pyl benzene (Table 2, entry 4) was slower than that of ke-
tones and cyanide, and Rh(tmp)CH,CH,CH,Ph (2d) was ob-
tained in 42% yield after 2 hours. When the substituted
functional group was changed from ketone to ester, the re-
activity of cyclopropane decreased with 38% yield of
Rh(tmp)CH,CH,CH,COOEt (2e) formed after 4 days (Table 2,
entry 5). However, diethyl cyclopropane-1,1-dicarboxylate
reacted much faster to give the ring-opening CCA product
of Rh(tmp)CH,CH,CH(COOEt), (2f) in 67% after 10 minutes
(Table 2, entry 6).

Table 2 Substrate Scope

R! R!
PPh3 (1 equiv)
Rh(tmp) + V< 5 /\)\
R N,, dark, 25 °C, time (tmp)Rh R?
CeHe
1a (100 equiv) 2a—f
Entry R! R? Time Yield (%)
1 H C(O)Ph 10 min 2a52
2 H C(0)CH, 10 min 2b 51
3 H CN 10 min 2c45
4 H Ph 2h 2d 42
5 H COOEt 4d 2e38
6 COOEt COOEt 10 min 2f 67

Since the reaction products 2a-f are the formal 1,3-ad-
dition products of Rh(tmp)H to the cyclopropanes, we then
examined the reaction of cyclopropyl benzene with
Rh(tmp)H (1b) in benzene solvent. Rh(tmp)H (1b) indeed
reacted with cyclopropyl benzene at 25°C to afford
Rh(tmp)CH,CH,CH,Ph (2d) in 58% yield after 2 days, which
was much slower than that of Rh'(tmp) (1a, Equation 3).
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Rh'(tmp) +
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[H] = K or Rh(tmp)H

Scheme 5 Proposed mechanism of Rh'(tmp)-catalyzed ring opening of cyclopropane

Ph CeHs
Rh(tmp)H + s mpR > e
N, dark, 25 °C, 2 d
1b (100 equiv) 2d, 58%

Equation 3

As Rh(tmp)H is known to contain a small amount of
Rh'(tmp) in equilibrium in solution,'® we therefore propose
the reaction mechanism operates with a Rh'(tmp)-cata-
lyzed 1,3-addition of Rh(tmp)H into the C-C bond of cyclo-
propane, analogous to the Rh'(ttp)-catalyzed 1,2-addition
of Rh(ttp)H into the C-C bond of cyclooctane (Scheme 3).°

The relationship between substrate and the reaction
rate as well as the product yield also validates this proposal.
The attack of Rh'(tmp) to cyclopropane generates a
Rh(tmp) propyl carbon centered radical. The radical stabili-
ty is correlated to the corresponding C-H bond-dissociation
energy of substituted propane. Table 3 shows the a-C-H
bond dissociation energy of selected propane analogues.!”
The reaction rate and yield of various cyclopropanes indeed
increase with decreasing C-H bond-dissociation energy ex-
cept that of cyclopropyl benzene, possibly due to the larger
steric hindrance of the phenyl group.

Table 3 o-C-H Bond-Dissociation Energy (BDE) of Selected Propane
Analogues

Compound C-H bond BDE (kcal/mol)
H-CH(CH,)C(0)Ph 92.9
H-CH(CH,)C(0) CH, 92.3
H-CH(CH,)CN 94.0
H-CH(CH;)Ph 85.4
H-CH(CH,)COOEt 95.6
H-C(CH,CH,)(COOEL), 91.5

The slower CCA of cyclopropyl benzene with Rh(tmp)H
than that of Rh'"(tmp) further suggests the attack of
Rh'(tmp) at the carbon center is the rate-determining step,
followed by the rapid exothermic H atom abstraction.

On the basis of the above results and earlier re-
ports,>1>16 Scheme 5 shows the proposed reaction mecha-
nism for the ring opening of cyclopropyl benzene
by Rh(tmp) (1a) to afford the 1,3-addition product

Rh(tmp)CH,CH,CH,Ph (2d). Initially, Rh(tmp) (1a) cleaves
the C-C bond of the cyclopropyl group to afford the benzyl
carbon centered stabilized radical 3. Then the radical 3 ab-
stracts a hydrogen atom from the substrate'> or from the
weak Rh(tmp)H (1b) bond® to generate the 1,3-addition
product Rh(tmp)CH,CH,CH,Ph (2d).

In summary, we have discovered the room-temperature,
regioselective, metalloradical-catalyzed ring-opening CCA
of both polar and nonpolar cyclopropanes by
Rh"(tmp)/PPh; to afford 1,3-addition products in moderate
yields.'® The reaction is water tolerant and functional-
group compatible. Further studies are ongoing.
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