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The selective functionalization of alkanes is a hallmark
challenge within transition-metal catalysis. This important
field continues to be advanced by fundamental investigations
of ion/molecule reactions in the gas phase.'! Conceptually,
diatomic metal-oxide ions (e.g., MgO*, VO*, FeO*, NiO",
and PtO™) have provided many of the most impressive results
in this field and have even demonstrated remarkable reac-
tivity with methane;® recently, also the reactive CuO™ cation
has been studied.?!

The strength of these ions as functional oxidants, however,
is often in contrast to their moderate selectivity in reactions
with more complex substrates In an effort to improve
selectivity through the application of adaptable ligands, we
have studied the reaction of phenanthroline-ligated CuO*
with propane.”! Despite the improvement brought by ligation,
the selectivity could not be improved past an effective 1:5
preference for the activation of primary versus secondary
C—H bonds.

In an effort to increase the regiocontrol and to provide
perspectives for a possible transfer to the condensed phase,
we have looked towards synthetic advances in regioselective
C—H functionalization. Specifically, chemists have long used
the distance limitations inherent in intramolecular reactions
to control the regioselectivity of C—H functionalization
reactions.”?! Unfortunately, these concepts are also limited
by weak activation interactions® or are dependent on
irregular directing-group effects within the carbon frame-
work.["!

Herein we offer a means of intramolecular regioselective
control in C—H bond activation combined with the potency
and catalytic turnover delivered from transition-metal catal-
ysis. To this end, a bipyridine unit as a tunable ligand is
coupled with a long-chain alkyl group through an ester
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Scheme 1. Synthesis of 2 and electrospray ionization to generate
2/Cu(NO,)*.

linkage. Synthetically, 2,2'-bipyridine-5-carboxylic acid (1)!'"!
is easily converted into the ester 2 (Scheme 1).

Electrospray ionization (ESI) of a solution of 2 in
methanol/water (1:1) containing an equimolar amount of
copper nitrate generates the ion 2/Cu(NOs)" in large abun-
dance. Collision-induced dissociation (CID) of mass-
selected ions is used to monitor the fragmentation processes
and the reactions preceding fragmentation. The major ionic
product upon CID of 2/Cu(NO;)" (m/z 437) corresponds to 1/
Cu(NO,)* (m/z 325) which arises by ester cleavage concom-
itant with elimination of octene. Competitive with the ester
fragmentation are losses of NO, and NOj, respectively.
While the latter process leads to the copper(I) complex 2/Cu*
(mlz 375), the loss of NO,' leads to an ion X* with m/z 391. By
monitoring the appearance of these ions upon CID we
observed that although ester cleavage is favored, NO," and
NOj' losses occur at similar threshold collisional energies
(Figure S1 in the Supporting Information).

Upon CID of mass-selected X*, two major fragments
were observed, both occurring at higher collisional energies
than that required for the fragmentation of 2/Cu(NOs)".
Much like in 2/Cu(NO;)", the predominant dissociation
pathway leads to the ester-cleavage product 1/Cu* (m/z
263). However, the loss of water to produce [X—H,O]"
(ml/z 373) competes to a significant extent (Figure 1). The
occurrence of dehydration suggests that, at some point, ion
X* or a transient ion of the same mass can promote an
activation of C—H bonds in ligand 2. A plausible suggestion is
that the loss of NO," from 2/Cu(NO;)* leads to the copper—
oxo species 2/CuO™" (m/z 391) with a formal Cu™ center. The
reactive metal-oxide cation may then activate a C—H bond of
the alkyl chain, followed by reductive elimination"® to afford
Cu' complexes of the corresponding alcohols, for example, the
regioisomers 3/Cu’, 4/Cu*, and 5/Cu* (Scheme 2, all also
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Figure 1. Plot of the energy-dependent CID of X" showing the competi-
tion of ester cleavage to yield 1/Cu* and with neutral octene as well as
dehydration to afford the ion [X—H,O]".
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Scheme 2. Oxygen insertion into a C—H bond of 2/CuO™ to yield the
complexes of the corresponding alcohols 3-5.

m/z 391), from which water elimination to the corresponding
olefin complexes can proceed.

Solely reliant on ion masses and collision energies, this
experiment is not able to distinguish whether the insertion
process occurs with the formation of X* or is concurrent with
elimination and formation of [X—H,O]". Moreover, the mass
spectrometric data does not allow the direct determination of
the site of C—H bond activation, because a measurable mass
difference occurs only after the elimination has taken place;
for example, we cannot distinguish between insertion of
oxygen in an w-C—H bond followed by 1,2-dehydration and
(0-1)-C—H bond activation with subsequent loss of water.

In order to determine the origin of the hydrogen atoms
involved in the loss of water from X', we investigated
isotopologues of 2 with deuterated aliphatic chains. At first,
exclusive loss of D,O upon perdeuteration of the octyl group
([Dy;]-X*) confirms the ester moiety as the source of the
hydrogen atoms involved in water formation and not the 2,2'-
biypyridine moiety (Figure 2 a).

Deuterium labeling at the terminal position in [8,8,8-Ds]-
X" results in an approximate 1:1 ratio of H,O and HDO
losses. The substantial amount of HDO loss reveals oxidation
at the terminus of the alkyl chain. Deuteration of the adjacent
position in [7,7-D,]-X" leads to a 1:5 ratio of H,O and HDO
loss, suggesting a high selectivity for C—H bond activation at
the three most terminal carbon atoms. Based on the the
kinetic isotope effect of ky/kp=1.4 found for C—H bond

www.angewandte.org

© 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

NGNS T T
=N, '\N / O =N, \N / [}
O D:C [¢]
[8,8,8-D,]-X" [7.7-D,-X*
miz 388 mlz 394 m/z 393
‘ m/z 375
miz 408 \
‘ fﬂz 376 m/z 374
‘ h v miz 375

| |
J Jt \‘i \‘
[0 | U | S || e JL
385 395 405 415 370 380 390 400 370 380 390 400
miz mlz miz

Figure 2. Region of the parent ion and the dehydration product upon
CID of the deuterium-labeled species [D;;]-X", [8,8,8-D;]-X", and [7,7-
D,J-X*.

activation of propane by (phenanthroline)CuO* " the ratios
shown in Figure 2 imply a selectivity of 58 % for dehydrogen-
ation across C(7)/C(8), 30 % for dehydrogenation across C(6)/
C(7), and 12 % for more internal positions. This selectivity is
significant as there is no directing effect other than the
distance from the ester linkage.

Ton-mobility mass spectrometry (IMMS) provides a
unique opportunity to investigate structural effects in gas-
phase ions' In addition to conventional MS, IMMS
separates ions not just by mass, but also by shape.'’
Accordingly, we extended the above studies with IMMS
investigations of the ions generated by ESL*?

For similar types of ions, plotting their arrival times (z,)
versus m/z in most instances leads to linear correlations, as
found for the ions 1/Cu(NOs)" (m/z 325), 2/Cu* (mi/z 375),
and 2/Cu(NO;)* (m/z 437). However, the arrival times for
ions X" and [X—H,O][" with m/z 391 and 373, respectively, are
significantly shorter than expected from this correlation
(Figure 3). The greater mobilities of these ions can be
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Figure 3. Measured arrival times (, in ms) of various mass-selected
ions generated by ESI of dilute solutions of Cu(NOj;), in methanol/
water with either ligand 2 (marked as 0) or the authentic alcohol
regioisomers 3-5 (marked as +, 0, and m, respectively) or the
corresponding olefins 6 and 7 (both marked as x) as a function of the
mass-to-charge ratio; at m/z 373, the x und © symbols overlap. In
some cases, the corresponding ®Cu and ®Cu isotopes are both plotted
to demonstrate the linearity of mass effects.
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rationalized by assuming a recoil of the functionalized alkyl
chain to the copper center, such that the shapes of these
species become more compact. Interestingly, the shorter
arrival time of X" suggests that Cu coordination occurs in this
ion as well. As it is unlikely that a purely aliphatic chain
coordinates with copper, we hypothesized that we already
observe a C—H-activated product, rather than 2/CuO™.
Accordingly, we synthesized the authentic ligand components
for each of the proposed oxidation products, that is, ligands 3—
5. Next, each of these ligands was measured separately in a
solution of Cu(NO;), with an excess of NH,OH-HCI to
encourage the formation of the corresponding Cu' complexes
3/Cu*, 4/Cu*, and 5/Cu*, (all
m/z 391). The resulting ions
show subtle variations in
arrival times, but cumula-
tively overlay the broad
arrival time observed for
X", which we hence assign
to a mixture of these hydrox-
ylation products. This assign-
ment is further supported by l
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B3LYP/6-311 + G(Zd,p) cal- fragmentation
culations,” which predict
the singlet states of the C—

H-insertion products 3/Cu*,
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tively, lower in energy than A/Cu(NOg)* OH

the triplet state of 2/CuO™.
Based on the computed geo-
metries, the cross sections of
3/Cu’, 4/Cu”, and 5/Cu* are
estimated as 161, 160, and
158 A2, respectively,
pared to a value of 187 A2

for 2/CuO*.”? The signifi-

cantly larger cross section of 2/CuO™ rules out that this
structure would correspond to X*. These results imply that C—
H bond activation is facile and occurs already with the loss of
NO, and not only during CID of m/z 391.”* Hence, it appears
that NO, loss from 2/Cu(NO;)* leads to the high-valent
copper—oxo species 2/CuO™ only as a transient species and is
then followed by intramolecular C—H bond activation to form
the corresponding Cu' complexes 3/Cu®, 4/Cu”, and 5/Cu”,
respectively.

As mentioned above, also the small ¢, value of the ion with
m/z 373 implies a difference in shape, which is ascribed to a
coordination of copper to the olefinic moiety in the side
chains of 6/Cu® and 7/Cu”, respectively (Scheme 3). This
speculation is confirmed by Cu' complexes of authentic
samples of 6 and 7, whose arrival times match that of the
[X—H,O]" ion generated from 2/Cu(NO;)".

In summary, our experiments suggest the following
sequence of events (Scheme 4). Initial homolysis of the N—
O bond in 2/Cu(NO;)" leads to the high-valent copper—oxo
species 2/CuO”, which then rapidly undergoes C—H bond
activation to give the corresponding alcohol complexes 3/Cu”,
4/Cu’*, and 5/Cu”, respectively (only the former is shown in

com-
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Scheme 3. Dehydration of 3/Cu™ to create the regioisomers 6/Cu™ and
7/Cu*; note that water elimination from 4/Cu™ might also lead to
6/Cu” and loss of H,0 from 5/Cu™ gives rise to 7/Cu”, respectively.
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Scheme 4. Gas-phase reactivity and theoretical completion of catalytic cycle.

Scheme 4). Transesterification with excess alcohol in solution
should make it possible for the tethered alcohol to be
replaced by a fresh reductant leading to 2/Cu*, from which re-
oxidation closes the catalytic cycle. The ester fragmentation
observed in the mass spectrometric experiments, therefore, is
not a detriment, because in order for this proof of concept to
be effective in solution, ester exchange must be competitive
with oxidation. In this context, we note that after a day of
storage, the solutions of 2 and Cu(NO;), in methanol/water
show degradation to the corresponding methyl esters, thereby
demonstrating the facile occurrence of transesterification in
solution.

In the present gas-phase experiments, we are not able to
close the catalytic cycle.’*! However, re-oxidation of the
copper species and ester exchange are feasible concepts since
it is now established that intramolecular C—H bond activation
can occur. This gives additional credence to our proposal that
similar reactivity can be identified in solution in which that
the oxidant can be tuned appropriately to create reactive
metal-oxo species under ambient conditions.
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