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ABSTRACT: A kinetic, product, and computational study on the
reactions of the cumyloxyl radical with monosubstituted cyclo-
pentanes and cyclohexanes has been carried out. HAT rates, site-
selectivities for C−H bond oxidation, and DFT computations
provide quantitative information and theoretical models to explain
the observed patterns. Cyclopentanes functionalize predominantly
at C-1, and tertiary C−H bond activation barriers decrease on
going from methyl- and tert-butylcyclopentane to phenylcyclopen-
tane, in line with the computed C−H BDEs. With cyclohexanes,
the relative importance of HAT from C-1 decreases on going from
methyl- and phenylcyclohexane to ethyl-, isopropyl-, and tert-
butylcyclohexane. Deactivation is also observed at C-2 with site-
selectivity that progressively shifts to C-3 and C-4 with increasing
substituent steric bulk. The site-selectivities observed in the corresponding oxidations promoted by ethyl(trifluoromethyl)dioxirane
support this mechanistic picture. Comparison of these results with those obtained previously for C−H bond azidation and
functionalizations promoted by the PINO radical of phenyl and tert-butylcyclohexane, together with new calculations, provides a
mechanistic framework for understanding C−H bond functionalization of cycloalkanes. The nature of the HAT reagent, C−H bond
strengths, and torsional effects are important determinants of site-selectivity, with the latter effects that play a major role in the
reactions of oxygen-centered HAT reagents with monosubstituted cyclohexanes.

■ INTRODUCTION

Aliphatic C−H bond functionalization is now a well-accepted
method of late-stage functionalization.1 The direct introduc-
tion of a variety of functional groups in place of H is currently
one the most investigated approaches to new synthetic
methodology.2 Radical substitution processes are perhaps the
oldest known methods for aliphatic C−H functionalization.
However, because of the multitude of C−H bonds displayed
by most organic molecules, often characterized by similar
reactivity and steric accessibility, site-selectivity represents one
of the major challenges associated with these processes.
Substituted cycloalkanes are important structural motifs in

natural occurring terpenes and derivatives (Figure 1). For the
development of synthetically useful procedures for aliphatic
C−H bond functionalization, cyclic and polycyclic substrates
bearing cyclohexane rings such as menthol, sclareolide,
giberellic acid, artemisinin, and their derivatives are custom-
arily employed as model substrates to implement site-
selectivity in these processes.2c Moreover, C−H bond
functionalization steps have been successfully employed for
the oxidative diversification of polycyclic natural products,
providing access to a large array of structures.3

Although such complex examples as these have been
studied,2c,4 a general understanding of the factors that govern
site-selectivity in undirected C−H bond functionalization of
saturated carbocycles is still lacking. Such information would
be highly valuable for the preparation of substituted cyclo-
hexanes that are broadly represented in common industrial
products (Figure 2).5

The reactions of monosubstituted cyclohexanes bearing tert-
butyl and phenyl have been explored with radical and radical-
like hydrogen atom transfer (HAT) reagents such as iodanyl
radicals,6 photoexcited decatungstate (DT*),7 cytochrome
P450,8 iron and manganese-oxo species,9 and methyl-
(trifluoromethyl)dioxirane (TFDO),10 as well as with rhodium
and iron carbenes.11,12 Figure 3 summarizes previous literature
data: C−H bond functionalization occurs selectively at
secondary C-3 and C-4 ring positions with P450s, Rh- and
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Fe-catalyzed carbene insertion, and several radical reagents
with limited or no formation of products derived from
functionalization at C-1 (i.e., at the intrinsically weaker tertiary
C−H bond) or C-2 (Figure 3). On the other hand, azidation13

of both substrates and functionalization of phenylcyclohexane
promoted by the PINO radical14 have been shown to occur
exclusively at C-1. Steric and electronic effects are usually
invoked to account for the observed site-selectivity. Selective

functionalization at C-2 of monosubstituted cyclohexanes
could only be achieved by means of directed strategies (1,5-
HAT, Pd-catalyzed directed by amide functionalities),15 where
the transformation requires however the incorporation of a
directing group (DG) into the ring substituent.
Bietti et al. recently proposed an explanation for the selective

functionalization at C-3 and C-4 ring positions generally
observed in the reaction of tert-butylcyclohexane with HAT

Figure 1. Examples of natural products containing oxygenated cycloalkane rings.

Figure 2. Common industrial products containing substituted cyclohexanes.
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reagents on the basis of the results obtained with the
prototypical HAT reagent CumO•.16 A decrease in the
second-order rate constant for HAT (kH) was measured on
going from cyclohexane and methylcyclohexane to tert-
butylcyclohexane. This behavior has been rationalized on the
basis of the operation of deactivating torsional effects on HAT
from the C−H bonds at C-1 and C-2 ring positions and, in
keeping with a decreased reactivity of these bonds, appears to
be in line with the site-selectivities observed in the product
studies discussed above. In the transition state for HAT from
the tertiary axial C−H bond (C-1) to CumO•, planarization of
the incipient carbon-centered radical forces the C−R bond
toward an unfavorable eclipsed interaction with the equatorial
C−H bonds at the adjacent positions (Scheme 1A, X =
CumO), causing an increase in torsional strain and a
corresponding deactivation toward HAT from this site.

C−H bond deactivation at C-2 (and C-6) can also be
accounted for on the basis of an increase in torsional strain in
the HAT transition state, where planarization of the incipient
carbon centered radical forces the remaining C−H bond
toward an unfavorable eclipsed interaction with the C−R bond
at the adjacent position (Scheme 1B). In both cases, the
contributions of these deactivating effects are expected to
increase with increasing steric bulk of the R group.
In order to provide a deeper understanding of the factors

that govern reactivity and site-selectivity in HAT-based C−H
bond functionalization of cycloalkane derivatives, and to fully
account for the patterns described in Figure 3, we report an
experimental and theoretical study of the reactivities and site-
selectivities in hydrogen-atom abstraction and C−H oxidative
functionalizations of the monosubstituted cyclopentanes and
cyclohexanes shown in Scheme 2. Reactions of the cumyloxy
radical (CumO•) are compared with those of a reactive
dioxirane, ethyl(trifluoromethyl)dioxirane (ETFDO), and in
some cases, with the results of previous studies on C−H bond

azidations and functionalizations promoted by the phthali-
mide-N-oxyl (PINO) radical. Time-resolved kinetics, product
studies, and computations of C−H BDEs and reaction barriers
described herein have led to a detailed understanding of the
selectivities that can be achieved in these reactions.

■ EXPERIMENTAL RESULTS
Reactions with CumO•. Time-Resolved Kinetic Studies. CumO•

was generated following 355 nm laser flash photolysis (LFP) of argon-
saturated acetonitrile or chlorobenzene solutions (T = 25 °C)
containing 1.0 M dicumyl peroxide. In these solvents, CumO• is
characterized by a broad absorption band in the visible region of the
spectrum centered at 485 nm and in the absence of added substrate
decays mainly by C−CH3 β-scission.

17 The reactions of CumO• with
the different cycloalkanes were studied using the LFP technique
following the decay of the CumO• visible absorption band as a
function of substrate concentration. The observed rate constants
(kobs) gave excellent linear relationships when plotted against
substrate concentration, and the second-order rate constants for
HAT (kH) were derived from the slope of these plots (see the
Supporting Information). The kH values measured in acetonitrile, for
reaction of CumO• with cyclopentane, methylcyclopentane, cyclo-
hexane, methylcyclohexane, tert-butylcyclohexane, and phenylcyclo-
hexane, are available from previous studies.16,18,19 Because of the poor
solubility of tert-butylcyclopentane in acetonitrile, the reaction of
CumO• with this substrate has now been studied in chlorobenzene.
As a matter of comparison, the reactions of methylcyclopentane and
tert-butylcyclohexane were also studied in chlorobenzene, and no
kinetic solvent effect was observed. The measured kH values for
reaction of CumO• with the substrates displayed in Scheme 2 are
collected in Table 1.

Figure 3. Summary of the selectivities for radical or radical-like
functionalization of monosubstituted cyclohexanes: (a) ref 13; (b) ref
14; (c) ref 15; (d) ref 6; (e) ref 7; (f) ref 8; (g) ref 9; (h) ref 10; (i)
ref 11; (j) ref 12.

Scheme 1. Transition Structures for HAT from the C−H
Bonds at C−1 (A) and C−2 (B) of Monosubstituted
Cyclohexanes

Scheme 2. Structure of the Substrates and HAT Reagents

Table 1. Second-Order Rate Constants (kH) for Reaction of
the Cumyloxyl Radical (CumO•) with Substituted
Cycloalkanesa

substrate kH (M−1 s−1) ref

cyclopentane (9.54 ± 0.08) × 105 16
methylcyclopentane (1.31 ± 0.02) × 106 16

(1.32 ± 0.02) × 106b this work
tert-butylcyclopentane (1.08 ± 0.03) × 106b this work
phenylcyclopentane (2.05 ± 0.01) × 106 this work
cyclohexane (1.1 ± 0.1) × 106 18
methylcyclohexane (1.01 ± 0.05) × 106 16
ethylcyclohexane (9.8 ± 0.2) × 105 this work
isopropylcyclohexane (1.17 ± 0.01) × 106 this work
tert-butylcyclohexane (8.2 ± 0.3) × 105 16

(8.01 ± 0.07) × 105b this work
phenylcyclohexane (9.1 ± 0.2) × 105 19

aMeasured in argon-saturated acetonitrile solution at T = 25 °C
employing 355 nm LFP: [dicumyl peroxide] = 1.0 M. bMeasured in
PhCl solution.
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Product Studies. Product analysis of the reactions of CumO•

with the cyclopentane and cyclohexane substrates was performed.
CumO• was generated by 310 nm steady-state photolysis of oxygen-
saturated acetonitrile or chlorobenzene solutions containing 0.1 M
dicumyl peroxide. In the presence of the substrate (0.30 M), HAT
from the aliphatic C−H bonds occurs, and the carbon-centered
radicals thus formed are rapidly trapped by reaction with oxygen to
give peroxyl radical intermediates that evolve to the oxidation
products (ketones and secondary and tertiary alcohols, Scheme 3).

The reactions were carried out in acetonitrile at T = 25 °C for an
irradiation time of 9 h. Because of the solubility issues discussed
above, the reactions of tert-butylcyclopentane have been carried out in
chlorobenzene. Full details of these studies and the product
distributions thus obtained are reported in the Supporting
Information. In the reactions of CumO• with methyl-, phenyl-, and
tert-butylcycloalkanes, formation of the tertiary alcohol deriving from
HAT at C-1 has been observed, accompanied by secondary alcohols
and ketones at the other ring positions, derived from HAT at C-2, C-
3, and, with cyclohexane substrates, C-4, and from the follow-up
oxidation of the first-formed secondary alcohol products (Scheme 4).
No evidence for the formation of oxidation products deriving from
HAT from the methyl and tert-butyl groups has been obtained, in
agreement with the low reactivity displayed by unactivated methyl C−
H bonds toward CumO•.17 Because of the competitive and facile
oxidation of the first formed secondary alcohol products, no
information on the cis−trans stereoselectivity has been obtained.20,21

In the reactions of CumO• with ethyl- and isopropylcyclohexane, in
addition to the above-mentioned products deriving from oxidation at
the ring positions, formation of 1-cyclohexylethanol, cyclohexylme-
thylketone, and 2-cyclohexyl-2-propanol was observed, derived from
HAT from side-chain C−H bonds and, with the former substrate,
overoxidation of the first formed secondary alcohol product. Because
HAT to CumO• occurs in competition with C−CH3 β-cleavage,
cumyl alcohol and acetophenone are always found in the reaction
mixture along with these products. In order to simplify product
identification and quantitative GC analysis by decreasing the number
of products, thus preventing overlap between the GC peaks of
structural and stereoisomeric alcohol products, the reaction mixtures
have been subjected to follow-up oxidation with chromic acid, which
results in the quantitative oxidation of all secondary alcohols into the
corresponding ketones, leading to the formation of a single oxidation
product (ketone or tertiary alcohol) for each oxidizable position (for
details, see the Supporting Information). The product distributions,
normalized on a per-hydrogen basis, for reaction of CumO• with
monosubstituted cyclopentanes and cyclohexanes are displayed in
parts A and B, respectively, of Figure 4.
By combining the product distribution for a given monosubstituted

cyclopentane or cyclohexane displayed in Figure 4 with the

corresponding kH value (Table 1), it is possible to derive the
normalized rate constants (kH(norm)) for HAT from each site of this
substrate to CumO•. The kH(norm) values obtained for the
monosubstituted cyclopentanes and cyclohexanes are collected in
Figures 5 and 6, respectively.

The degree of activation (in blue) or deactivation (in red) for the
C−H bonds of these substrates with respect to cyclopentane and
cyclohexane (krel) can be obtained by comparing these values with the
normalized rate constant for HAT from a single secondary C−H bond
of these latter substrates (kH(norm) = 9.5 × 104 and 9.2 × 104 M−1

s−1, respectively).16

Computational Results. Conformational searches were carried
out by means of Spartan’18 software22 at the MMFF level, followed
by preoptimization of their geometry by the semiempirical PM623

method. The structures of reactants and transition states were then
optimized using unrestricted calculations with the density functional

Scheme 3. HAT-Based Aliphatic C−H Bond Oxygenation
Promoted by CumO•

Scheme 4. Structure of the Products Observed in the Oxygenation of Monosubstituted Cyclopentanes and Cyclohexanes
Promoted by CumO•

Figure 4. Product ratios on a per-hydrogen basis for reactions of
CumO• with monosubstituted cyclopentanes and cyclohexanes.

Figure 5. Normalized rate constants (kH(norm)) for HAT from the
C−H bonds of monosubstituted cyclopentanes to the cumyloxyl
radical (CumO•) and reactivity ratios (krel) with respect to
cyclopentane.
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ωB97X-D24 with the 6-31G (d) basis set. Frequency analyses were
carried out on these stationary points to verify that they are energy
minima or saddle points (transition states). Single-point energies with
a more extensive basis set were carried out with UωB97X-D/6-311+
+G (d, p) on the optimized geometries. The solvent effects for
CH3CN were included with the CPCM25 model. All calculations were
performed with Gaussian 16.26

The DFT activation barriers for reactions of CumO• with a series
of monosubstituted cyclopentane and cyclohexane derivatives are
listed in Table 2. ΔG⧧(cal) is the activation barrier for HAT from the
C−H bond at a given position. For methylenic sites, ΔG⧧(cal)
represents the activation barriers for the C−H bonds that are trans or
cis to the ring substituent. Also collected in Table 2 are the
corresponding C−H BDEs. Full details are provided in Table S6.1.
The transition structures for HAT from the different C−H bonds

of monosubstituted cyclopentanes and cyclohexanes to CumO• are
displayed in Tables 3 and 4, respectively.
In Tables 5 and 6, the calculated activation barriers (ΔG⧧(cal)) for

the reaction of CumO• with monosubstituted cyclopentanes and
cyclohexanes are compared with the corresponding experimental
values (ΔG⧧(exp)) derived from the kH(norm) values displayed in
Figures 5 and 6, respectively.
The calculations are consistent with the experimental results, with

mean absolute errors (MAE) and root mean square errors (RMSE) of
0.76 and 0.96 kcal/mol, respectively. The differences between
calculations and experiments are within 1 kcal/mol on average,
although larger deviations are found for HAT from C-3 of
methylcyclopentane, C-4 of methylcyclohexane, and C-1 and C-2 of
tert-butylcyclohexane. Figure 7 shows a correlation between the
calculated and experimental values (R2 = 0.79), although there are
three outliers (C-2 of phenylcyclohexane, C-2 of tert-butylcyclopen-
tane, and C-1 of methylcyclohexane). The barriers were under-
estimated by calculations compared with the experimental barriers for
these three substrates, while the calculations overestimated the
barriers for other substrates (see Tables 5 and 6 and discussion
below). The computed barriers are more sensitive to the relative
position of the C−H bond than the experimental values.
As a matter of comparison, DFT activation barriers have also been

calculated for the reactions of the azide and PINO radicals with both
tert-butyl- and phenylcyclohexane, the results for which have been
presented above (Figure 3). The ΔG⧧(cal) values are listed in Table
7.
Reactions with ETFDO. Product studies on the reactions of

methyl- and tert-butycyclopentane and of methyl-, ethyl-, isopropyl-,
and tert-butylcyclohexane with in situ generated ETFDO were also
carried out. For these processes, recent computational studies support
a mechanism that proceeds through rate-determining HAT from a
substrate C−H bond to the dioxirane, followed by in-cage collapse of
the radical pair to give the hydroxylation product and the ketone,
precursor of the dioxirane (Scheme 5).27,28

ETFDO was generated by a slight modification of a previously
described portionwise addition protocol, based on the successive
additions of Oxone (4 × 1 equiv), NaHCO3 (4 × 4 equiv), and 1,1,1-
trifluoro-2-butanone (4 × 0.2 equiv) to a 1,1,1,3,3,3-hexafluoro-2-

Figure 6. Normalized rate constants (kH(norm)) for HAT from the
C−H bonds of monosubstituted cyclohexanes to the cumyloxyl
radical (CumO•) and reactivity ratios (krel) with respect to
cyclohexane.

Table 2. Calculated Activation Barriers (ΔG⧧(cal)) for HAT
from the C−H Bonds of Cyclopentane and Cyclohexane
Derivatives to the Cumyloxyl (CumO•) Radical and
Calculated BDEs for the Corresponding C−H Bonds

Table 3. Transition Structures along with Calculated
Activation Barriers (ΔG⧧(cal), Blue Number) for Reactions
of the Cumyloxyl Radical (CumO•) with Monosubstituted
Cyclopentanesa

aThe bond distances for C−H and O−H are in Å; energies are given
in kcal/mol.
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propanol (HFIP)/H2O/CH2Cl2 (3.0:1.0:0.75) solvent mixture
containing the substrate and Bu4NHSO4 (0.05 equiv) at T = 0 °C
for an overall 48 h reaction time.29 Full details of these studies are
reported in the Supporting Information. Under these conditions, the
same oxygenation products observed in the corresponding reactions
promoted by the CumO•/O2 system, namely ketones and secondary
and tertiary alcohols, are formed. The product distributions,
normalized on a per-hydrogen basis, for reaction of ETFDO with
monosubstituted cyclopentanes and cyclohexanes are displayed in
parts A and B, respectively, of Figure 8.

■ DISCUSSION
Starting from the reactions of CumO• with the monosub-
stituted cyclopentanes, the normalized product distributions
displayed in Figure 4A show that with all three substrates
functionalization predominantly occurs at the tertiary C−H
bond. The normalized kinetic data displayed in Figure 5 for

CumO• show that, as compared to cyclopentane, activation at
C-1 is observed for all three substrates, with the degree of
activation that significantly increases on going from the tertiary
C−H bonds of methyl- and tert-butylcyclopentane (krel = 7.0
and 4.3, respectively) to the tertiary benzylic C−H bond of
phenylcyclopentane (krel = 15), in line with the computed
BDEs displayed in Table 2. Comparison between the
kH(norm) values for HAT from cyclopentane and from the
C-1-H bond of methyl- and phenylcyclopentane (kH(norm) =
9.5 × 104, 6.7 × 105, and 1.4 × 106 M−1 s−1, respectively), with
those measured for HAT from a secondary C−H bond of
pentane,19 and from a tertiary C−H bond of two
representative substrates such as 2,3-dimethylbutane and
cumene to CumO• (kH(norm) = 5.2 × 104, 2.8 × 105 and
5.6 × 105 M−1 s−1, respectively),30 shows a similar trend for the
cyclic and acyclic systems. The cyclopentyl C−H bonds are in
all cases more reactive than their acyclic counterparts by a
factor ∼2. This picture is indicative of a comparable role
played by steric effects in the two systems, indicating moreover
a negligible role in the cyclopentyl derivatives for deactivating
torsional effects such as those depicted in Scheme 1A.

Table 4. Transition Structures along with Calculated
Activation Barriers (ΔG⧧(cal), Blue Number) for Reactions
of the Cumyloxyl Radical (CumO•) with Monosubstituted
Cyclohexanesa

aThe bond distances for C−H and O−H are in Å; energies are given
in kcal/mol.

Table 5. Calculated (ΔG⧧(cal)) and Experimental
(ΔG⧧(exp)) Activation Barriers for HAT from the C−H
Bonds of Monosubstituted Cyclopentanes to the Cumyloxyl
(CumO•) Radicala

aΔG⧧(exp) is obtained from the Eyring equation based on the
normalized rate constants (kH(norm)) displayed in Figure 5. As a
matter of comparison, in the reaction of CumO• with cyclopentane,
ΔG⧧(exp) = 10.7 kcal mol−1, obtained from the Eyring equation using
the rate constant displayed in Table 1.

Table 6. Calculated (ΔG⧧(cal)) and Experimental
(ΔG⧧(exp)) Activation Barriers for HAT from the C−H
Bonds of Monosubstituted Cyclohexanes to the Cumyloxyl
(CumO•) Radicala

aΔG⧧(exp) is obtained from the Eyring equation based on the
normalized rate constants (kH(norm)) displayed in Figure 6. As a
matter of comparison, in the reaction of CumO• with cyclohexane,
ΔG⧧(exp) = 10.7 kcal mol−1, obtained from the Eyring equation using
the rate constant displayed in Table 1.

Figure 7. Plot of the activation barriers from DFT calculations
(ΔG⧧(cal)) vs experiment (ΔG⧧(exp)). The latter is estimated from
the Eyring equation based on the normalized rate constants
(kH(norm)) obtained by experiment. The orange triangles are the
outliers, which have been excluded from the correlation.
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For all three substrates, weak deactivation is observed for the
secondary C−H bonds at C-2 (krel = 0.5−0.6), while no
significant effect is observed for the C−H bonds at C-3. This
indicates that HATs from these positions are not influenced by
the nature of the ring substituent.
Benzylic activation was observed in both experiments and

calculations, which is consistent with the early transition state
reflected by the transition structure (the C−H bond distance
for R = Ph is 1.22 Å while that for R = Me and tBu is 1.24 Å),

see Table 3. Weak deactivation for C-2 and no significant effect
at C-3 were found in experiments, while the calculation
overestimates the deactivation effect for C-2 of R = Me and
Ph; the deactivation for C-2 of R = tBu was not predicted in
calculations (Table 5).
For monosubstituted cyclohexanes, the kH values measured

for HAT to CumO• (Table 1) vary only between 8.2 × 105

and 1.17 × 106 M−1 s−1. Normalized product distributions and
rate constants displayed in Figure 4B and Figure 6 show that
the nature of the ring substituent strongly impacts on the
reactivity of the C−H bonds at C-1 and C-2. The rate constant
for HAT from the tertiary C−H bond (C-1) decreases on
going from methyl- and phenylcyclohexane to ethyl-,
isopropyl-, and tert-butylcyclohexane, and the relative
importance of HAT from C-2 decreases sharply with increasing
steric bulk of the ring substituent. Competitive HAT from side-
chain (SC) C−H bonds is observed only with ethyl- and
isopropylcyclohexane, with the relative importance of this
pathway increasing on going from the former to the latter
substrate, that is, with decreasing C−H BDE in the substituent.
For cyclohexane, kH(norm) = 9.2 × 104 M−1 s−1,16 and a

slight increase in the rate constant for HAT from C-1 is only
observed for methyl- and phenylcyclohexane (krel = 1.5 and
1.9, respectively). An up to 2.5-fold decrease in kH(norm) is
observed for isopropyl- and tert-butylcyclohexane (krel = 0.7
and 0.4, respectively). These values are in all cases lower than
the values obtained for HAT from the tertiary C−H bonds of
representative acyclic substrates such as 2,3-dimethylbutane
and cumene (kH(norm) = 2.8 × 105 and 5.6 × 105 M−1 s−1,
respectively),30 with a value for HAT from the exocyclic
tertiary C−H bond of isopropylcyclohexane (kH(norm) = 2.2
× 105 M−1 s−1) that is only slightly lower than that from 2,3-
dimethylbutane. The tertiary C−H bonds of the corresponding
cyclopentane derivatives discussed above have krel(cyclo-
pentane/cyclohexane) = 4.8, 11.7, and 7.8, respectively, for R
= Me, tBu, and Ph, pointing toward a certain extent of
deactivation for the tertiary C−H bonds of the cyclohexanes.
Deactivation is also observed for the secondary C−H bonds

at C-2, with the kH(norm) value that decreases with increasing
steric bulk of the ring substituent approaching a factor 20 (krel
= 0.04) with tert-butylcyclohexane.
Comparison of the results obtained in the reactions of

CumO• with the monosubstituted cyclopentanes and cyclo-
hexanes indicates that C−H bond deactivation at C-1 and C-2
cannot be accounted for on the basis of steric effects but
instead is a result of the deactivating torsional effects discussed
above (Scheme 1) that operate mainly in the cyclohexane
derivatives.
With all monosubstituted cyclohexanes, no significant effect

is observed for the C-3 and C-4 C−H bonds; a slightly higher
reactivity is observed for C-3 C−H bonds as compared to the
latter ones. The C-3/C-4 reactivity ratio is not influenced to
any significant extent by the nature of the ring substituent.
Calculations overestimate the activation barriers for HAT

from C-3 and C-4 for all the R-groups, but consistent trends
are found from both calculations and experiments: (1)
deactivation at C-1 and C-2 for R = tBu; (2) no benzylic
activation for R = Ph; (3) constant barriers at C-3 and C-4 and
constant C-3/C-4 reactivity ratio irrespective of the nature of
R.
The transition structures for the reactions of CumO• with

the monosubstituted cyclohexanes are displayed in Table 4.
The C−H bond lengths at C-1 for R = Me, Et, and tBu are

Table 7. Calculated Activation Barriers (ΔG⧧(cal)) for HAT
from the C−H Bonds of tert-Butyl- and Phenylcyclohexane
to the Azide (N3

•) and Phthalimide-N-oxyl (PINO) Radicals

radical C−H ΔG⧧(cal) (kcal mol−1)

N3
• R = Ph C-1 (ax) 13.8

R = Ph C-2 (cis-ax) 18.2
R = Ph C-2 (trans-eq) 17.4
R = Ph C-3 (trans-ax) 17.0
R = Ph C-3 (cis-eq) 17.7
R = Ph C-4 (cis-ax) 17.5
R = Ph C-4 (trans-eq) 17.9
R = tBu C-1 (ax) 14.3
R = tBu C-2 (cis-ax) 17.8
R = tBu C-2 (trans-eq) 18.7
R = tBu C-3 (trans-ax) 17.2
R = tBu C-3 (cis-eq) 17.2
R = tBu C-4 (cis-ax) 17.4
R = tBu C-4 (trans-eq) 17.8

PINO R = Ph C-1 (ax) 18.6
R = Ph C-2 (cis-ax) 25.8
R = Ph C-2 (trans-eq) 25.6
R = Ph C-3 (trans-ax) 24.5
R = Ph C-3 (cis-eq) 25.5
R = Ph C-4 (cis-ax) 23.8
R = Ph C-4 (trans-eq) 25.1
R = tBu C-1 (ax) 23.1
R = tBu C-2 (cis-ax) 25.9
R = tBu C-2 (trans-eq) 26.4
R = tBu C-3 (trans-ax) 24.8
R = tBu C-3 (cis-eq) 24.6
R = tBu C-4 (cis-ax) 24.0
R = tBu C-4 (trans-eq) 24.7

Scheme 5. HAT-Based Aliphatic C−H Bond Oxygenation
Promoted by Dioxiranes

Figure 8. Product ratios on a per-hydrogen basis for reactions of
ETFDO with monosubstituted cyclopentanes and cyclohexanes.
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1.25, 1.26, and 1.27 Å, respectively, indicating a slightly later
position of the transition state along the reaction coordinate.
Although an earlier transition state was indicated for HAT
from C-1 of phenylcyclohexane by the transition structure
displayed in Table 4, no evidence for benzylic activation was
obtained. Our calculations show that the BDE for the C-1−H
bond of phenylcyclopentane and phenylcyclohexane are 80.8
and 86.8 kcal/mol, respectively, and the lower BDE is
consistent with the lower activation barrier for the cyclo-
pentane system. As compared to phenylcyclopentane, the lack
of benzylic activation at C-1 for phenylcyclohexane may thus
arise from both the deactivating torsional effects discussed
above and the less favorable C−H BDE.
Table 4 shows that in the transition state the phenyl group

of phenylcyclohexane has a different orientation for HAT from
the C-1−H bond than from the other sites. The activation
energy at C-3 of Me and Ph is lower for HAT from the axial
position, while abstraction at C-3 of Et and tBu is preferred
from the equatorial C−H bond. The C-4 transition structures
are very similar regardless of the nature of R, resulting in very
similar activation barriers.
This mechanistic picture is nicely supported by the results

obtained in the oxidation of the alkyl-substituted cyclopentanes
and cyclohexanes by ETFDO displayed in Figure 8. Previous
studies have shown that aliphatic C−H bond oxidation
promoted by dioxiranes selectively occurs at tertiary over
secondary sites,29,31 and computational studies support a
mechanism that proceeds through rate-determining HAT.27,28

Along this line, in the reactions of ETFDO with methyl- and
tert-butylcyclopentane, oxidation predominantly occurs at the
tertiary C−H bond, with normalized site-selectivity trends at
C-1, C-2 and C-3 of 70:1:1.9 and 42:1:1.7, respectively that
parallel those observed in the corresponding reactions with
CumO• displayed in Figure 4A (15:1:2.6 and 7.5:1:2.1),
although with significantly higher selectivity for the tertiary
site.
With the cyclohexane derivatives (Figure 8B), high

selectivity for tertiary C−H bond oxidation is only observed
for methylcyclohexane, with selectivity for this site that
decreases on going from methyl- to ethyl-, isopropyl-, and
tert-butylcyclohexane, that is, with increasing steric bulk of the
ring substituent. This is in line with the results obtained in the
corresponding reactions with CumO• (Figure 4B). The
product distributions obtained with methyl- and tert-
butylcyclohexane are in good agreement with those obtained
previously in the oxidation of the same substrates with
TFDO.10 As a matter of comparison, the normalized C-1/C-2
product ratio decreases by a factor ∼1.7 on going from methyl-
to tert-butylcyclopentane and by a factor ∼24 for the
corresponding cyclohexane couple. These results are indicative
of the strong deactivation toward HAT for the tertiary C−H
bond of tert-butylcyclohexane and support once again the
important role played by torsional effects in these reactions.
In the reaction of isopropylcyclohexane, oxidation of the

exocyclic tertiary C−H bond outcompetes oxidation of the
endocyclic one by a factor 8. Among the cyclohexane series,
deactivation at C-2 is only observed with tert-butylcyclohexane,
a behavior that contrasts with that observed with CumO• and
that reasonably reflects the greater steric demand of this HAT
reagent as compared to ETFDO.
With these results in hand, it is possible to rationalize the

site-selectivities observed in previous studies on HAT-based
functionalization of phenyl- and tert-butylcyclohexane pro-

moted by radical and radical-like reagents summarized in
Figure 3, in terms of the relative contribution of C−H bond
strengths and torsional effects.
The BDEs of H−N3 and PINO−H are 93.3 and 88.1 kcal

mol−1, respectively.32,33 The calculated C−H BDEs are 95.0
and 86.8 kcal mol−1 for the tertiary C−H bond of tert-
butylcyclohexane and phenylcyclohexane, respectively. The
BDEs for the secondary C−H bonds of both substrates are
96−97 kcal mol−1 (Table 2). The activation barriers (Table 7)
show that HAT from the secondary C−H bonds of both
substrates to N3

• and PINO and from the tertiary C−H bond
of tert-butylcyclohexane to PINO are thermodynamically and
kinetically unfavorable, supporting the experimental observa-
tion that functionalization selectively occurs at the weaker
tertiary C−H bond.13,14 On the other hand, with reagents such
as CumO•, DT*,7 cytochrome P450,8 iron and manganese-oxo
species,9 and dioxiranes,10 HAT is accompanied by the
formation of a relatively strong O−H bond (BDE ∼ 100−
105 kcal mol−1). In these cases, abstraction from all ring
positions becomes thermodynamically favorable, and torsional
effects dictate the observed site-selectivity. This accounts,
together with steric effects for the more bulky reagents, for the
observed C−H bond deactivation at C-1 and C-2.

■ CONCLUSIONS
Time-resolved kinetic, product and computational studies on
the reactions of CumO• with alkyl- and phenyl-substituted
cyclopentanes and cyclohexanes, combined with product
studies on the reactions of some of these substrates with
ethyl(trifluoromethyl)dioxirane, have led to quantitative
information on the reactivity and selectivity patterns observed
in C−H bond oxygenation of saturated carbocycles. The
important role played by torsional strain in these reactions is
highlighted. We provide useful guidelines to be implemented
in the development of procedures for aliphatic C−H bond
functionalization of cycloalkane motifs. Significantly different
behavior is observed for the cyclopentane and cyclohexane
derivatives. With the former substrates, the expected trends
have been observed: functionalization predominantly occurs at
the most activated tertiary C−H bond, with steric and
torsional effects that appear to play a minor role in governing
reactivity and site-selectivity. With the cyclohexane substrates,
which exist in more rigid chair geometries, the nature of the
ring substituent strongly impacts the reactivity of the C−H
bonds at C-1 and C-2. The extent of deactivation toward HAT
increases with increasing steric bulk of the ring substituent,
shifting progressively functionalization to C-3 and C-4 ring
positions. The observed deactivation can be accounted for on
the basis of an increase in torsional strain in the transition
states for HAT from C-1 and C-2 of these substrates. These
results are well supported by the site-selectivities observed in
the oxidation of the same substrates promoted by ethyl-
(trifluoromethyl)dioxirane, pointing toward torsional effects as
a major determinant in governing site-selectivity in the reaction
of oxygen-centered HAT reagents with monosubstituted
cyclohexanes. By combining the results obtained in this
study with those obtained previously for HAT-based C−H
bond azidation and functionalizations promoted by the PINO
radical, a general framework for the mechanistic description of
HAT based C−H bond functionalizations of cycloalkanes has
been obtained. We show that phenyl- and tert-butylcycloal-
kanes are useful mechanistic probes for an understanding of
the factors that govern selectivity in these reactions.
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■ EXPERIMENTAL SECTION
General Methods. Gas-chromatographic analyses were carried

out with a Varian CP 3800 gas chromatograph equipped with a 30 m
× 0.25 mm CP-Sil 5 CB or a 30 m × 0.25 mm ZB-5Ms plus capillary
column. GC−MS analyses were carried out with a HP5890 series II
plus gas-chromatograph equipped with a 30 m × 0.25 mm CP-Sil 5
CB capillary column and coupled with a HP 5972 MSD mass
spectrometer. 1H NMR and 13C NMR spectra were recorded on
Bruker Avance 400 MHz and Bruker Avance 700 MHz spectrometers.
Spectra are referenced to tetramethylsilane (TMS).
Laser Flash Photolysis Studies. Time-resolved kinetic studies

were carried out by laser flash photolysis (LFP) employing a laser
kinetic spectrometer using the third (355 nm) harmonic of a Q-
switched Nd:YAG laser delivering pulses of the duration of 8 ns. The
laser energy was adjusted to ≤10 mJ/pulse by use of an appropriate
filter. A 3.5 mL Suprasil quartz cell (10 mm × 10 mm) was used, and
all of the experiments were carried out at T = 25 ± 0.5 °C under
magnetic stirring. Experiments have been typically carried out
employing argon- or nitrogen-saturated acetonitrile or PhCl solutions
containing 1.0 M dicumyl peroxide. The observed rate constants
(kobs) were obtained following the decay of the cumyloxyl radical
(CumO•) absorption band at 490 nm as a function of the
concentration of added substrate. Second-order rate constants (kH)
for the reactions of CumO• with the substrates were obtained from
the slopes of the kobs vs [substrate] plots. The kH values are the
average at least two values obtained through independent experi-
ments, with typical errors being ≤10%. The intercepts of the plots
(k0) reflect the kinetic contribution of the reactions of CumO• in the
absence of substrate.
Oxidation Reactions Promoted by the Cumyloxyl Radical

(CumO•). Steady-state photolysis experiments were carried out
employing a Helios Italquartz photoreactor, equipped with 10 × 15
W lamps with emission at λmax = 310 nm. The reactions were carried
out at constant temperature (T = 25 °C) by means of a Haake DC 10
thermostat linked to the outer casing of a Pyrex glass vessel containing
the reaction mixture. A 5 mL solution of the substrate (0.3 M) and
dicumyl peroxide (135.2 mg, 0.1 M) in acetonitrile or chlorobenzene
was introduced in a jacketed glass or quartz tube. The solution was
carefully saturated with oxygen and irradiated with 10 × 15 W UV
lamps (emission maximum at 310 nm) for 9 h under stirring at T = 25
°C. The internal standard (4-tert-butylcyclohexanone (phenylcyclo-
hexane in the reaction of tert-butylcyclohexane)) was then added and
the solution directly analyzed without any workup. GC analysis of the
solution afforded the conversions of the substrate and product yields
relative to the internal standard integration. Oxidation products were
identified by comparison with authentic samples of commercially
available or synthesized compounds previously characterized and
confirmed by GC−MS. For each substrate, the given results are the
average of at least three independent experiments.
Oxidation Reactions Promoted by Ethyl(trifluoromethyl)-

dioxirane (ETFDO). Dioxirane-promoted oxidations were carried out
under magnetic stirring at constant temperature (T = 0 °C) by means
of a Julabo F34 refrigerated circulator connected to the outer casing of
a Pyrex glass vessel containing the reaction mixture. A 62 mg (0.1
mmol, 1 equiv) portion of potassium peroxymonosulfate triple salt
(2KHSO5·KHSO4·K2SO4, oxone) and 33 mg (0.4 mmol, 4 equiv) of
NaHCO3 were placed in a Pyrex glass tube equipped with an outer
container for circular refrigeration, and then 1.0 mL of bidistilled
water was added. When the salts solubilized, 1.7 mg (0.005 mmol, 5
mol %) of Bu4NHSO4, 3 mL of 1,1,1,3,3,3-hexafluoro-2-propanol
(HFIP), and 0.75 mL of dichloromethane were added, followed by
0.1 mmol (1 equiv) of substrate. After 5 min, 3 μL (0.02 mmol, 20
mol %) of 1,1,1-trifluoro-2-butanone was added to the reaction
mixture. Additional portions of Oxone (1 equiv), NaHCO3 (4 equiv),
and the ketone (20 mol %) were added to the reaction vessel after 5,
10, and 24 h. The reaction was left at T = 0 °C under magnetic
stirring for a total time of 48 h. The mixture was then diluted with a
saturated NaCl solution and, after addition of an internal standard (4-
tert-butylcyclohexanone (phenylcyclohexane in the reaction of tert-
butylcyclohexane)), extracted with 3 × 5 mL of CH2Cl2, dried over

anhydrous Na2SO4. and filtered. GC analysis of the solution afforded
the conversion of the substrate and product yields relative to the
internal standard integration. Oxidation products have been identified
by comparison with authentic samples of commercially available or
synthesized compounds previously characterized and confirmed by
GC−MS.

Chromic Acid Oxidation of the Reaction Mixtures. Both the
CumO•- and ETFDO-mediated oxidation of substituted cycloalkanes
gave mixtures of alcohol and ketone products. These products display
very similar spectroscopic and chromatographic properties, and
special care should therefore be taken in order to perform the
qualitative and quantitative analysis of the reaction mixture. In order
to simplify product identification and quantitation procedures
decreasing the number of products, the reaction mixtures have been
subjected to further oxidization with chromic acid, resulting in the
oxidation of all the secondary alcohols into the corresponding
ketones. Chromic acid oxidation of the reaction mixtures has been
carried out following a procedure reported in the literature.34

Materials. Solvents used were of commercially available reagent
quality unless stated otherwise. Spectroscopic grade acetonitrile
(MeCN) and chlorobenzene (PhCl) were employed for LFP
experiments. Chlorobenzene and dichloromethane were purified and
dried before use by filtration over an activated alumina column.

Reagents. Commercially available dicumyl peroxide (≥98%) was
used without further purification in all of the time-resolved kinetic and
steady-state photolysis studies. All reagents used for synthetic
purposes and product studies are commercially available and used
as received.

Substrates. Methylcyclopentane, methylcyclohexane, ethylcyclo-
hexane, isopropylcyclohexane, tert-butylcyclohexane, and phenyl-
cyclohexane were used as received.

tert-Butylcyclopentane was synthesized according to the following
sequence by adapting a strategy proposed by Miller,35 leading to an
overall 35% product yield over the four steps. The previously reported
synthetic procedures were either very low yielding and run under
harsh reaction conditions36 or afforded the desired product within a
complex mixture of isomeric alkanes.37

(a) Synthesis of Dimethyl 2-Cyclopentyl-2-methylmalonate. To a 3-
neck flame-dried flask containing a magnetic stirring bar, equipped
with a condenser and a dropping funnel, was added 1.45 g of NaH
(80% in mineral oil, 40.0 mmol, 1.6 equiv) and the mixture washed
three times with hexane to remove the mineral oil. THF (50 mL) was
then added under Ar. At T = 0 °C, 4.6 mL of dimethyl 2-
cyclopentylmalonate (24.9 mmol) dissolved in 30 mL of THF was
added dropwise to the NaH solution, followed by 2.7 mL of MeI
(40.0 mmol, 1.6 equiv). The solution was then heated in an oil bath to
55 °C and stirred for 18 h. After this time, GC analysis showed the
complete conversion of the substrate. The reaction mixture was
cooled to rt, quenched with 1.0 M HCl, and extracted three times
with 30 mL of DCM. The organic layers were collected, dried over
anhydrous Na2SO4, filtered, and dried in vacuo to give 4.7 g (22
mmol, 88% yield) of dimethyl 2-cyclopentyl-2-methylmalonate as a
brownish oil. The crude material was used in the following step
without further purification. 1H NMR (CDCl3, 400 MHz) δ: 3.71 (m,
6H), 2.54 (m, 1H), 1.71 (m, 2H), 1.56 (m, 6H), 1.38 (s, 3H).

(b) Synthesis of 2-Cyclopentyl-2-methylpropane-1,3-diol. To a 3-neck
flame-dried flask containing 1.9 g of LiAlH4 (50 mmol, 2.3 equiv)
equipped with a dropping funnel containing a magnetic stirring bar
under Ar 30 mL of anhydrous THF (30 mL) were added, and the
system was cooled to 0 °C. Dimethyl 2-cyclopentyl-2-methylmalonate
(4.7 g, 22 mmol) dissolved in 50 mL of THF was successively added
dropwise to the LiAlH4 solution. At the end, the mixture was warmed
to rt and analyzed by GC. After complete conversion of the substrate
(19 h), the reaction was quenched with 1.0 M HCl and extracted
three times with 25 mL of DCM. The organic layers were collected,
dried with anhydrous Na2SO4, filtered, and dried in vacuo to give 2.95
g (18.6 mmol, 85% yield) of 2-cyclopentyl-2-methylpropane-1,3-diol
as a white solid (GC purity >99%). 1H NMR (CDCl3, 400 MHz) δ:
3.60 (m, 4H), 2.46 (bs, 2H), 2.04 (m, 1H), 1.57 (m, 6H), 1.26 (m,
2H), 0.76 (s, 3H).
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(c) Synthesis of 2-Cyclopentyl-2-methylpropane-1,3-diyl Bis-
(trif luoromethanesulfonate). A general procedure for triflation of
alcohols, reported in the literature,38 was followed. To a 3-neck
flame-dried flask containing a magnetic stirring bar and equipped with
a dropping funnel were added 6.64 mL of triflic anhydride (Tf2O:
39.5 mmol, 2.5 equiv) followed by 25 mL of DCM under Ar at T = 0
°C. A solution of 3.17 mL of pyridine (39.5 mmol, 2.5 equiv) and 2-
cyclopentyl-2-methylpropane-1,3-diol (2.5 g, 15.8 mmol) dissolved in
25 mL of DCM was then added dropwise to the Tf2O solution. The
mixture was successively warmed to rt and followed by GC analysis.
After complete conversion of the substrate (2 h), the reaction was
quenched with water and extracted three times with 30 mL of DCM.
The organic layers were collected, dried with anhydrous Na2SO4,
filtered, and dried in vacuo to give 6.60 g (15.6 mmol, 99% yield) of a
brown solid containing the crude product. 2-Cyclopentyl-2-methyl-
propane-1,3-diylbis(trifluoromethanesulfonate) has been identified by
1H NMR analysis and used in the following step without further
purification. 1H NMR (CDCl3, 400 MHz) δ: 4.38 (s, 4H), 1.98 (m,
1H), 1.64 (m, 6H), 1.32 (m, 2H), 0.99 (s, 3H).
(d) Synthesis of tert-Butylcyclopentane. To a 3-neck flame-dried flask

equipped with a dropping funnel and containing 5.0 g of 2-
cyclopentyl-2-methylpropane-1,3-diylbis(trifluoromethanesulfonate)
(12 mmol) in 50 mL of THF under stirring was added 40 mL of a 1.0
M solution of LiBHEt3 in THF (40 mmol) dropwise under Ar at T =
0 °C. The mixture was then warmed to rt and followed by GC
analysis. After 1 h, quantitative conversion of the substrate was
observed and the reaction was quenched with 1.0 M HCl and
extracted three times with 35 mL of pentane. The organic layers were
collected, dried with anhydrous Na2SO4, and filtered. Because of the
relatively low boiling point of the product, special care was taken
during the purification procedures. Pentane and THF were distilled
away from the mixture at ordinary pressure, and the crude material
was then purified by silica gel column chromatography using pentane
as eluent. Pentane was distilled away once again at ordinary pressure
and the product dried in vacuo at 0 °C, yielding 770 mg (6.1 mmol,
41% yield) of pure tert-butylcyclopentane. Spectroscopic and
spectrometric data are consistent with those previously reported in
the literature.37 1H NMR (CDCl3, 700 MHz) δ: 1.61 (m, 1H), 1.56
(m, 4H), 1.49 (m, 2H), 1.22 (m, 2H), 0.84 (s, 9H). 13C NMR{1H}
(CDCl3, 100 MHz) δ: 51.1, 32.1, 27.8, 27.4, 26.0. GC−MS m/z: 126
(M+), 111, 69, 68, 57, 56 (100).
Phenylcyclopentane was obtained by Friedel−Crafts alkylation of

benzene following a procedure reported in the literature.39 1H NMR
(CDCl3, 400 MHz) δ: 7.28−7.14 (m, 5H), 3.04−2.93 (m, 1H),
2.07−2.01 (m, 2H), 1.80−1.50 (m, 6H).
Reaction Products. The following reaction products are

commercial samples of the highest quality available and were used
as received: 1-methylcyclopentanol, trans-2-methylcyclopentanol, 2-
methylcyclopentanone, 3-phenylcyclopentanone, 1-methylcyclohexa-
nol, 2-methylcyclohexanone, trans-2-methylcyclohexanol, 3-methyl-
cyclohexanone, cis-4-methylcyclohexanol, trans-4-methylcyclohexanol,
4-methylcyclohexanone, cyclohexyl methyl ketone, 4-ethylcyclohex-
anol (cis−trans mixture), 4-ethylcyclohexanone, 4-isopropylcyclohex-
anol (cis−trans mixture), 4-isopropylcyclohexanone, 4-tert-butylcyclo-
hexanone, cis-4-tert-butylcyclohexanol, trans-4-tert-butylcyclohexanol,
trans-2-phenylcyclohexanol, 4-phenylcyclohexanone.
Authentic samples of 1-tert-butylcyclopentanol, 1-phenylcyclopen-

tanol, 1-ethylcyclohexanol, 1-isopropylcyclohexanol, 1-tert-butylcyclo-
hexanol, and 1-phenylcyclohexanol were available in our laboratory
from previous studies.40

2-Cyclohexyl-2-propanol was prepared by reaction of cyclohexyl
methyl ketone with ethylmagnesium chloride in anhydrous tetrahy-
drofuran according to a procedure reported in the literature.41

In order to compare reaction products with authentic samples by
GC analysis, cis−trans mixtures of secondary alcohols were obtained
by reduction with NaBH4 of available ketones
Characterization of the Oxidation Products. 1-Methylcyclo-

pentanol. GC−MS m/z (relative abundance): 100 (M+), 85, 83, 71
(100), 58, 57, 55. Data are consistent with those obtained from the
analysis of a commercially available sample.

2-Methylcyclopentanone. GC−MS m/z (relative abundance): 98
(M+), 83, 69, 56, 55, 42 (100), 39. Data are consistent with those
obtained from the analysis of a commercially available sample.

3-Methylcyclopentanone. GC−MS m/z (relative abundance): 98
(M+), 83, 70, 69, 56, 55, 42 (100), 41, 39. Data are consistent with
those reported in the literature.42

trans-1-Methylcyclopentane-1,2-diol. GC−MS m/z (relative
abundance): 116 (M+), 98, 83, 73, 69, 57 (100). Data are consistent
with those reported in the literature.43

2-Hydroxy-2-methylcyclopentanone. GC−MS m/z (relative
abundance): 114 (M+), 98, 83, 73, 69, 57 (100), 41. Data are
consistent with those reported in the literature.44

1-tert-Butylcyclopentanol. GC−MS m/z (relative abundance):
109, 85 (100), 67, 57. Data are consistent with those obtained from
the analysis of an authentic sample that was present in our laboratory
from previous studies.40

2-tert-Butylcyclopentanone. GC−MS m/z (relative abundance):
140 (M+), 125, 97, 84, 78 (100), 57, 55, 41. Data are consistent with
those reported in the literature.45

3-tert-Butylcyclopentanone. GC−MS m/z (relative abundance):
140 (M+), 125, 97, 84, 69, 57 (100), 55, 41. Data are consistent with
those reported in the literature.46

1-Phenylcyclopentanol. GC−MS m/z (relative abundance): 162
(M+), 144, 133 (100), 128, 115, 105, 98, 78, 77, 55. Data are
consistent with those obtained from the analysis of an authentic
sample that was present in our laboratory from previous studies.40

2-Phenylcyclopentanone. GC−MS m/z (relative abundance): 160
(M+), 145, 117, 105, 104 (100). Data are consistent with those
reported in the literature.47

3-Phenylcyclopentanone. GC−MS m/z (relative abundance): 160
(M+), 142, 131, 128, 120, 117, 115, 105 (100), 100. Data are
consistent with those obtained from the analysis of a commercially
available sample.

trans-1-Phenylcyclopentane-1,2-diol. GC−MS m/z (relative
abundance): 178 (M+), 133, 105, 77. Data are consistent with
those reported in the literature.48

2-Hydroxy-2-phenylcyclopentanone. GC−MS m/z (relative
abundance): 176 (M+), 148, 133, 129, 120, 115, 105. Data are
consistent with those reported in the literature.49

1-Methylcyclohexanol. GC−MS m/z (relative abundance): 114
(M+), 99, 85, 81, 72, 71 (100), 59, 58, 57, 55, 43. Data are consistent
with those obtained from the analysis of a commercially available
sample.

2-Methylcyclohexanone. GC−MS m/z (relative abundance): 112
(M+), 97, 95, 85, 84, 81, 69 (100). Data are consistent with those
obtained from the analysis of a commercially available sample.

3-Methylcyclohexanone. GC−MS m/z (relative abundance): 112
(M+), 97, 95, 84, 83, 79, 69 (100). Data are consistent with those
obtained from the analysis of a commercially available sample.

4-Methylcyclohexanone. GC−MS m/z (relative abundance): 112
(M+), 97, 95, 84, 83, 79, 69, 58, 55 (100). Data are consistent with
those obtained from the analysis of a commercially available sample.

Cyclohexyl methyl ketone. GC−MS m/z (relative abundance):
126 (M+), 111, 84, 71, 68, 67, 55 (100). Data are consistent with
those obtained from the analysis of a commercially available sample.

1-Ethylcyclohexanol. GC−MS m/z (relative abundance): 128
(M+), 99 (100), 85, 81, 72, 69, 55. Data are consistent with those
obtained from the analysis of an authentic sample that was present in
our laboratory from previous studies.40

2-Ethylcyclohexanone. GC−MS m/z: 126 (M+), 111, 97, 83, 69,
67, 55 (100). Data are consistent with those reported in the
literature.50

3-Ethylcyclohexanone. GC−MS m/z: 126 (M+), 111, 98, 97, 83
(100), 70, 55. Data are consistent with those reported in the
literature.51

4-Ethylcyclohexanone. GC−MS m/z: 126 (M+), 111, 108, 98, 83,
70, 67, 56, 55 (100). Data are consistent with those obtained from the
analysis of a commercially available sample.

2-Cyclohexyl-2-propanol. GC−MS m/z (relative abundance): 142
(M+), 130, 124, 120, 115, 109 (100), 100. Data are consistent with
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those obtained from the analysis of an authentic sample that was
synthesized as descrived above.
1-Isopropylcyclohexanol. GC−MS m/z (relative abundance):

128, 110, 99 (100), 95, 91, 85, 81, 71, 55, 41. Data are consistent
with those obtained from the analysis of an authentic sample that was
present in our laboratory from previous studies.40

2-Isopropylcyclohexanone. GC−MS m/z (relative abundance):
140 (M+), 126, 98 (100), 83, 69, 55. Data are consistent with those
reported in the literature.52

3-Isopropylcyclohexanone. GC−MS m/z (relative abundance):
140 (M+), 122, 107, 98, 97 (100), 82, 69, 55, 41. Data are consistent
with those reported in the literature.53

4-Isopropylcyclohexanone. GC−MS m/z (relative abundance):
140 (M+), 125, 122, 112, 107, 97, 93, 84, 79, 69(100), 55, 41. Data
are consistent with those obtained from the analysis of a commercially
available sample.
1-tert-Butylcyclohexanol. GC−MS m/z (relative abundance): 156

(M+), 125, 123, 111, 99 (100), 81, 67, 57. Data are consistent with
those obtained from the analysis of an authentic sample that was
present in our laboratory from previous studies.40

2-tert-Butylcyclohexanone. GC−MS m/z (relative abundance):
154 (M+), 139, 110, 98 (100), 95, 83, 70, 57, 39. Spectrometric data
are consistent with those reported in the literature.54

3-tert-Butylcyclohexanone. GC−MS m/z (relative abundance):
154 (M+), 98, 83, 81, 70, 69, 67, 57 (100). Data are consistent with
those reported in the literature.55

4-tert-Butylcyclohexanone. GC−MS m/z (relative abundance):
154 (M+), 99, 98, 97, 83, 70, 69, 57 (100). Data are consistent with
those obtained from the analysis of a commercially available sample.
1-Phenylcyclohexanol. GC−MS m/z (relative abundance): 176

(M+), 158, 143, 133, 120, 115, 105, 91, 77, 55 (100). Data are
consistent with those obtained from the analysis of an authentic
sample that was present in our laboratory from previous studies.40

2-Phenylcyclohexanone. GC−MS m/z (relative abundance): 174
(M+), 130 (100), 129, 115, 98, 83, 78, 70, 55. Data are consistent with
those reported in the literature.50

3-Phenylcyclohexanone. GC−MS m/z (relative abundance): 174
(M+, 100), 145, 131, 117, 105, 91, 83, 70, 41. Data are consistent with
those reported in the literature.56

4-Phenylcyclohexanone. GC−MS m/z (relative abundance): 174
(M+), 145, 130, 117, 104 (100), 91, 87, 65, 55. Data are consistent
with those obtained from the analysis of a commercially available
sample.
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