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Abstract

What a relief! In 1955 the principle of strain release was put forward to explain the differing
reactivity of axial and equitorial alcohols during oxidation. Our findings suggest that this same
rationale may account for the differing rates of activation between axial and equitorial C–H bonds
in C–H activation processes. In conjunction with steric and electronic considerations, strain-release
can be used to qualitatively predict relative rates and site specificity of C–H activation in complex
settings.
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The field of C–H activation and the logic that underlies its use in complex molecule synthesis
are developing at a rapid pace.[1] This is due, in part, to the great potential that such
transformations could have on the various “economies” of synthesis.[2] Comprehensive
observations have pointed to the importance of steric and electronic factors governing the
relative rates and selectivities of such reactions. [3] Yet, in order to plan complex molecule
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total syntheses that utilize one or multiple C–H activation steps, a profound understanding of
even the subtlest reactivity trends is needed. In particular, it has been observed on multiple
occasions that equatorial C–H bonds react more rapidly than those oriented axially (Figure 1).
[4] This curious axial-equatorial rate ratio appears to be independent of the reagent system
employed and in some cases can be exploited to achieve site-specific C–H activation.[4c,4f,
5] So far, explanations for these “orphan” observations have remained ambigouous. In this
Communication, a reactivity factor that apparently has been ignored thus far in this context is
proposed, one that we suspect, besides steric hindrance to reagent approach and C–H bond
nucleophilicity,[6] to be co-responsible for the more rapid activation of equatorial vs. axial C–
H bonds in these tertiary settings.

In 1955, one of us proposed strain release (Figure 2A) to explain the relative rates of reactions
in which an equatorial hydrogen is also removed more rapidly than its axial counterpart,
namely, in the oxidation of steroidal secondary alcohols with chromic acid (see Supporting
Information for an English translation of this paper).[7] The rate acceleration in these reactions
is attributed to a release of strain (1,3-diaxial interactions) in the transition state of going from
an sp3 to an sp2 carbon. At the time, this work convincingly contradicted and corrected the
theory[8] according to which the difference in oxidation rate of axial and equatorial alcohols
was due to steric hindrance to proton abstraction by a base. In a later paper, the strain-release
hypothesis was corroborated in collaboration with F. H.Westheimer and J.Rozek[9a], as well
as by work by C. F. Wilcox et al[9b].

A key step in the total synthesis of eudesmane terpenes[5] caused us to revisit this principle,
one that has so far mainly been used to explain differences in the rates of alcohol oxidation
[7,9a,9b] and solvolysis[10]. As shown in Figure 2B, the power of the Curci (TFDO) oxidation
[4c] was vividly demonstrated by the conversion of 1 to 2. Among five tertiary centers present
in 1, H1 was selectively activated, leading the corresponding alcohol 2 in 82% isolated yield
on a gram scale. Purely electronic considerations might have led one to predict that the tertiary
center of the isopropyl group (H5 in Figure 2B) would be oxidized first since its 13C NMR
shift is 0.9 ppm more upfield than the carbon attached to H1.[11] Steric considerations might
also support the supposition that H5 will react first. Such unusual efficiency and site-selectivity
led us to consider that their origin be related to strain-release in going to the electrophilic
transition state of the oxidation. In fact, numerous mechanistic studies of carbene,[12a,12b,
12c] nitrene,[12d] dioxirane,[12e] and other[12f,12g] intermolecular C–H oxidations have
suggested a somewhat "flattened tetrahedrality" of the tertiary carbon center in the rate-
determining transitions states of such reactions (not an actual radical or cation formation but
an electrophilic carbon that is bent as if to become trigonal).

Of special interest in this context are K.N. Houk’s calculations on the mechanism of dioxirane
mediated oxidations.[13] They point to "a concerted transition state with O–H abstraction much
more advanced than O–C bond formation", and to a "polarized nature of the transition state
(that) cause(s) the concerted oxygen insertions into tertiary CH bonds to be highly favored" (see
Equation 1). These

(1)
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conclusions seem perfectly compatible with a participation of strain-release as rate-influencing
co-factor; they qualitatively combine concertedness with the structural prerequisite for strain-
release to operate in the formation of the transition state.

The dihydrojunenol system with its steric repulsion between two 1,3-diaxial methyl groups
offers a rare opportunity to determine whether strain-release may be a contributing factor in
oxidations by an electrophilic oxidant besides the factors of C–H bond nucleophilicity and
steric hindrance to reagent approach.[3] It is for this very purpose that a specific eudesmane-
based probe – demethyl dihydrojunenol carbamate 3 – was designed (Figure 3). In such a
probe, any decrease in reactivity as compared to 1 would reflect the importance of strain-
release in going to the transition state, since the electronic reactivity factors (C–H b ond
nucleophilicity) in both settings are as nearly identical as they possibly can be,[14] as is the
steric environment at the site of oxidation.

The synthesis of 3 was conducted in a similar fashion as the preparation of 1,[5] as shown in
Scheme 1. Thus, the decalin framework of enone 4 was forged using methyl vinyl ketone, 3-
methylbutyraldehyde, lithium dimethylcuprate and 5-bromopentene in six steps with 44%
overall yield. Stereoselective hydrogenation then delivered intermediate 5 in 80% yield as the
major isomer. The establishment of three requisite steric centers of de-methyl dihydrojunenol
6 was achieved in the subsequent Birch reduction in 73% yield. Lastly, carbamate formation
smoothly delivered desired eudesmane probe 3 in nearly quantitative yield. The structure and
stereochemical assignment were verified by X-Ray crystallography see Figure 3). Notably,
probe 3 exhibits an identical conformation in the solid state and nearly identical 13C NMR
chemical shifts relative to 1 (the 13C NMR shift at the key tertiary carbon atom differ by 0.1
ppm).[11a,11b,15] Not surprisingly, probe 3 reacted rapidly with TFDO in high yield to give
the tertiary alcohol 7.

In order to establish the presence of any reactivity difference between 1 and 3 (Scheme 2), the
following two experiments were conducted on a 1:1 mixture of 1 and 3 and halted before
reaching full conversion (both experiments were run in triplicate and on scales ranging from
5–25 mg). Standard Curci conditions[4c] led to a 3.0–3.1:1 ratio of tertiary alcohols 2 and 7,
along with recovered starting materials. To confirm that this result is not reagent-specific, the
mixture was absorbed to silica gel and exposed to a stream of ozone[16] at 0 °C for 20 minutes
delivering a mixture of tertiary alcohols 2 and 7 in a 3.9–4.1:1 ratio (in addition to recovered
starting materials). Whereas the reaction of TFDO with both 1 and 3 was selective (only trace
quantities of byproducts were observed), the reaction of 1 with ozone proceeded more
efficiently (74% 2 based on recovered 1) than with 3 (numerous uncharacterized byproducts
were observed and the product was formed in 30% based on recovered 3). Thus, 1 not only
reacts faster with ozone than 3, it also reacts with greater selectivity.

The observed rate ratio of 3:1 to 4:1 in these experiments might seem modest (ΔG# ≈ 0.6 kcal/
mol) for serving as evidence for the operation of a reactivity factor, particularly when compared
with corresponding ratios in chromic acid oxidations of secondary alcohols. Yet there is a
mechanisticically significant difference between the latter reaction and an oxidative
hydroxylation of a tertiary C–H bond, in the product of which the carbon remains tetrahedral.
Such rate ratios in oxidative CH activations are expected to be much smaller than in chromic
acid oxidations of secondary alcohols (see Figure 2A), leading us to consider the observed
ratios of Scheme 2 as significant. There is a parallel between these observations and those of
classical solvolysis studies wherein similar rate differences are observed.[10] As alluded to
above, these results suggest that strain release considerations can help to predict not only
relative rate but also selectivity in complex settings.

Chen et al. Page 3

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2010 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



In an attempt to delineate the scope of this conclusion, a series of experiments involving
dioxirane, carbene, and nitrene C–H activation were conducted on 1,1-dimethylcyclohexane
(8). If the strain-release factor was operative also in methylene C–H activation, one would
expect these conditions to favor activation at the C–3 carbon. As shown in Scheme 3, after
correcting for statistics, TFDO and carbene activation show little to no site specificity (ca. 1:1)
while nitrene activation shows a small effect (ca. 1.5:1 favoring C–3). The transition state is
likely to be more tight in insertion reactions at methylene groups and, therefore, less sensitive
to the strain release factor. Furthermore, the repulsion between CH3 (axial) and H (axial) in
the 3-position is roughly four times smaller (0.9 vs 3.7 kcal/mol) than the correponding
repulsion between two axial methyl groups (8 vs. 1) and so the effect on oxidation rates should
be correpondingly smaller.3e

However, it is in more complex systems containing methylene groups where the strain-release
factor might be operative, such as the case of sclareolide (15). Although 15 contains 26
hydrogen atoms (2 tertiary and 12 methylene), it should be possible to predict which C–H bond
will react first with an electrophilic oxidant. On electronic grounds, CH2-positions at ring A
may be considered most reactive since they are furthest away from the electron-withdrawing
lactone ring C. Taking into account strain release, the equatorial a-CH bond at position C-2 of
ring A is both the least sterically hindered and, due to the presence of two 1,3-diaxial
interactions of the axial hydrogen at position C-2, expected to be most prone to the effects of
strain release in the transition state of oxidation. Indeed, when commercially available
sclareolide (15) was submitted to Du Bois’ nitrene insertion chemistry,[3l] product 16 (verified
by NMR spectroscopy, see SI for details) was obtained in nearly quantitative yield (based on
sulfonamide).

The reactivity comparison of 1 and eudesmane probe 3 brings to light the previously
unrecognized importance of a reactivity factor in C–H activation that is in all likelihood
attributable to strainrelease, since both the steric and electronic characteristics of these two
substrates are nearly identical at the reacting site. The corroboration of these results in other
settings will of course require more experiments (e.g. using substrates such as 15). For the time
being, it is tempting to consider that the remarkably consistent rate differences in C–H
activation of equatorial versus axial tertiary C–H bonds (see Figure 1) may result from a
cooperation of reactivity factors that involve (1) C–H bond nucleophilicity, (2) steric hindrance
to reagent approach, and (3) strain release. Most importantly, the work presented here may aid
in the planning and execution of total syntheses that rely on the simplifying power of C–H
activation logic.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Observations from the literature.
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Figure 2.
(A) The principle of strain-release during alcohol oxidation; (B) Site-selective C–H oxidation:
A strain-release phenomena?
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Figure 3.
The design of an eudesmane-based probe to account for the enhanced reactivity of equatorial
C-H's.
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Scheme 1.
Synthesis of eudesmane 3.
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Scheme 2.
TFDO- and Ozone-mediated oxidation of a 1:1 mixture of 1 and 3 clearly reveals the strain-
release phenomenon in tertiary C–H oxidation.
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Scheme 3.
Strain-release is a minor factor in methylene C-H activation.
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Scheme 4.
Strain-release may be an important contributor in methylene activation in complex settings.
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