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The regioselectivity of the C-H activation of 1-butanol and
1-methoxybutane by an iridium(n) phenanthroline complex was
studied in the gas phase and revealed activation at gamma and
delta carbons. In the ether, nearly exclusive gamma activation was
observed. DFT calculations were used to explore the origin of this
substrate-driven selectivity. The data show that the iridium(in)
complex is a potent and potentially highly selective remote C-H
activation agent.

C-H activation has been referred to as the “holy grail” of
chemistry’ because the ability to functionalize at C-H bonds
in the absence of activating groups has great potential in many
synthetic pathways.”™ For this reason, there is much interest in
agents that can selectively activate C-H bonds.>”” Alcohols and
ethers are two of the most commonly-used and readily-available
precursors in synthesis,® and C-H activation of them would
offer novel synthetic strategies for adding complexity to these
substrates.” The C-H activation of these molecules was not
routinely implemented until the 1990s."° This is partly due to
the inherently low reactivity imparted by these functional
groups. Functional group directed C-H activation by organo-
metallic complexes aids in achieving selective activation based
on feasible geometry of the final product."""'* More recently,
iridium complexes have proven to be viable catalysts for C-H
activation of various alcohol, ether and other substrates.'"**"”
In 2015, our group reported the ability of an iridium(u)-1,10-
phenanthroline catalyst to activate secondary C-H bonds in
cyclohexane.'® Here, we use gas-phase studies to explore
whether the high reactivity of this complex can be harnessed
in the selective, remote activation of C-H bonds in a model
alcohol and ether, 1-butanol and 1-methoxybutane. Gas-phase
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methods have proven to be powerful tools for elucidating the
mechanistic characteristics of organometallic complexes and
their associated reactive intermediates as well as identifying
potential reagents for synthetic applications.'®*° The experi-
ments were carried out on a modified Thermo Finnigan LCQ
ion trap mass spectrometer with an ESI source using estab-
lished methodologies.”® Calculations were completed with
Gaussian16>” using the M06>® DFT methodology with a mixed
basis set for optimizations and frequency calculations
(LANL2DZ** on iridium and 6-311+G**** on all other atoms)
and an all-electron basis set (QZVP) for final electronic energies.

With complex I, C-H activation leads to the loss of H-Cl and
the formation of a new Ir-C bond at the site of the hydrogen
loss (Scheme 1). Given that I reacts with cyclohexane, it is not
surprising that a similar process is seen when simple ethers
and alcohols are treated with I. Spectra for the reactions of
1-butanol and 1-methoxybutane with I are given in Fig. 1. Along
with C-H activation, the reactions also lead to adducts with the
alcohol/ether and adventitious water in the ion trap. The
conditions in these gas-phase studies make adducts common
(i.e., relatively high pressures, ~1 mTorr He). With the alcohols
and ethers, the site of activation is not clear in mass spectro-
metric studies because the only evidence of reaction is HCI loss
and we do not have effective ways to probe the structure of
the product ion - collision-induced dissociation of the
product does not reveal useful data about the site of activation.
However, selective deuteration of the substrates can be used to
identify the sites of activation by monitoring for HCI vs. DCI
loss (e.g., Scheme 2).

A series of selectively deuterated 1-butanol and 1-methoxybutane
were used for this study (Scheme 3). The deuterated methyl ethers
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Scheme 1 C-H activation reaction of complex I.
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Fig. 1 Reaction of | with 1-butanol (top) and 1-methoxybutane (bottom).
In all experiments, the low-mass isotopomer of | (m/z 441) was used to
avoid mixtures of isotopes in the parent ion (e.g., ¥Yr/*°Cl vs. **3Ir/*’Cl).
Top: m/z 478 is C—H activation (loss of HCl), m/z 515 is adduct of one
1-butanol molecule and m/z 588 is adduct of two 1-butanol molecules.
Bottom: m/z 458 is adduct of water molecule, m/z 476 is adduct of two
water molecules, m/z 492 is C—H activation (loss of HCl) and m/z 528 is
adduct of a 1-methoxybutane molecule.
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Scheme 2 Loss of HCl vs. loss of DCl indicates the site of activation.

were synthesized from the corresponding, commercially-
available alcohols (see ESIT).

Each substrate was allowed to react with complex I and
product distributions were determined. For the reactions with
1-butanol, the distributions of C-H vs. C-D activation (i.e., H-CI
vs. D-CI loss) are shown in Fig. 2. C-D activation is only seen
when a deuterium is present at the gamma or delta carbon
(3- or 4-position) of the butanol. C-H activation is significantly
preferred in each case, suggesting important kinetic deuterium
isotope effects. To determine the primary deuterium isotope
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D
alpha.beta gamma, delta alpha, beta, gamma delta

Scheme 3 Labeled substrates used in this study.
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Fig.2 C-H vs. C-D activation of 1-butanol by complex I. The x-axis
designates location of deuterium in substrate while the y-axis shows the
percentage of the activated product (C—H or C-D) relative to the other
products formed with adventitious water, methanol and the substrate.

effects in these C-H activations, as well as more accurately
assess the regioselectivity, we carried out an experiment with a
1:1 mix of the d; and d, alcohols. In this experiment, we can
differentiate the products of C-H and C-D activation in each
alcohol. The relative rates suggest that delta activation is
preferred by 55%/45% over gamma activation. If we ignore
any secondary isotope effects from vicinal deuteria, the data
suggest a ky/kp value of 2.3 for the gamma position and 3.3 for
the delta position (ESLt Fig. S14). These are very reasonable
primary deuterium isotope effects for a process with C-D
cleavage in the rate-determining step.

DFT calculations at the M06 level were carried out on the
reaction of 1-butanol with I to further understand the mecha-
nism. Calculation of the reaction enthalpies indicate that both
gamma and delta activation are very exothermic processes
(>60 keal mol ™", see ESIt). This implies that the driving force
of the selectivity has to be found in the transition state. In these
reactions, coordination of the alcohol oxygen to the iridium
center is favorable and locks the transition state into a cyclic
structure. This clearly is the origin of the preference for
the unactivated gamma and delta carbons over the activated
alpha carbon of the alcohol. Gamma activation leads to a
5-membered ring while delta activation forms a 6-membered
ring (Fig. 3). As we have seen previously in studies of the
reaction of I with alkanes, the process is concerted with the
iridium guiding the hydrogen from the carbon to the chlorine,
without an Ir-H intermediate. Structurally the two transition
states are very similar. In each the Ir-O distance is 2.14 A and
the Ir-C distances are between 2.16 and 2.19 A. The minor
difference is that the H-Cl bond formation is more advanced in
the delta transition state (H-Cl = 1.45 A vs. 1.54 A in gamma),
but the surface is relatively flat so this is not particularly
consequential. The computed enthalpies of activation favor
the delta position by 3.1 kcal mol* (—6.0 vs. —2.9 kcal mol 1),
but both processes would be viable under the gas-phase con-
ditions and with barriers well below the entrance channel
energies, the observed competition is not surprising. The delta
transition state benefits from the six-membered ring as well as
the absence of some steric interactions that are seen in the
gamma transition state between the delta methyl group and a
hydrogen on the phenanthrene (H-H distance = 1.85 A).

With this promising evidence of remote functional group
driven regioselectivity in the C-H activation process, and the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Transition states for C—H activation of 1-butanol by I. Computed at
the MO6 level with a mixed basis set (LANL2DZ on iridium and 6-311+G**
on all other atoms). Gamma activation is the top image and delta activation
is the bottom image. Color coding: carbon, grey; hydrogen, light grey;
nitrogen, blue; chlorine, green; oxygen, red; and iridium, teal. Structures
generated in Avogadro.?®

clear indication that coordination to the oxygen was a driver in
the selectivity, we decided to shift from the alcohol to a methyl
ether. The reasoning was that the added methyl group would
not significantly interfere with the oxygen coordination to the
iridium, but would put greater conformational constraints on
the cyclic transition states, potentially conveying greater regio-
selectivity. To test this hypothesis, studies were carried out with
1-methoxybutane and isotopomers similar to those used in the
1-butanol study (Scheme 3). As shown in Fig. 1, the iridium(im)
complex readily activates a C-H bond in 1-methoxybutane. In
this case, there is a much sharper distinction between the sites
of activation (Fig. 4). As with the alcohol, there is no evidence of
reaction at the alpha or beta carbons. When a deuterium is
present at the gamma carbon, there is a high yield of C-D
activation (3,3,4,4,4-ds and 1,1,2,2,3,3-ds), whereas there is
almost no C-D activation when deuterium is only present on
the delta carbon (4,4,4-d;). This would suggest nearly exclusive
reactivity at the gamma carbon, but in the 1,1,2,2,3,3-ds iso-
topomer, there is a small yield of what appears to be C-H
activation, which suggests reaction at the delta carbon. Again
we turned to using a mixture of isotopmers (ds; and de) to give
more accurate relative rate values and kinetic isotope effects.
The results indicate that gamma C-H activation is favored
24-fold (96%/4%) over delta activation (Fig. S9, ESIT). The data
also suggest a ky/kp, value of 2.5 for the gamma position. It was
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Fig. 4 C-H vs. C-D activation of 1-methoxybutane by complex I. The
x-axis designates location of deuterium in substrate while the y-axis shows
the percentage of the activated product (C—H or C-D) relative to the other
products formed with adventitious water, methanol and the substrate.
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not possible to compute a ky/kp value for the delta position
with reasonable certainty given the very low signal intensity for
C-D loss at the delta position. The need to correct for **C
isotopomers in the ether also adds to the uncertainty in
determining the delta isotope effect (the "*C component of
the gamma C-D loss has a significant contribution at the same
m/z as the delta C-H loss). In any case, it is clear that the
addition of the methyl group has a sharp effect on the regios-
electivity and tilts the preference to gamma and its 5-membered
ring transition state.

DFT calculations identified transition states for 1-methoxybutane
that are similar to those found for butanol (Fig. 5). Unlike the
1-butanol system, here the gamma transition is computed to be
favored by 1.1 kecal mol . Although the 4.2 kcal mol " shift in
the preference towards gamma is consistent with the experi-
ments, the absolute values suggest that the greatest selectivity
should be for delta in 1-butanol. Test calculations with a
double hybrid functional did not materially change this result
(Table S2, ESIf) nor did free energy corrections. It is not clear
whether the discrepancy is the result of the challenges of
computationally modeling steric effects or if dynamics effects
in the experiments are playing a role given that the barriers are
well below the entrance channel (>20 kcal mol™'). The pre-
ference for gamma over delta in 1-methoxybutane is due to the
steric interactions with the ligand and the added methyl group
of the ether. In examining the structures, it is clear that in the
delta TS, there is crowding between the phenanthroline ligand
and the methoxy’s methyl group, which is manifested in a
highly distorted C-O-C-C dihedral angle. In the delta TS, it is
twisted from the preferred anti orientation (180°) to give a
dihedral angle of only 148°. In contrast, the gamma TS can
accommodate the methoxy’s methyl group and a C-O-C-C
dihedral angle of 175° is observed. It should also be noted that

I-C2.20 A
C-H1.70A
Ir-Cl 2.50 A
H-Cl1.53 A

Ir-C2.15A
C-H1.81A
Ir-Cl 2.56 A
H-Cl 1.42 A

Fig. 5 Transition states for C—H activation of 1-methoxybutane by I.
Computed at the M0O6 level with a mixed basis set (LANL2DZ on iridium
and 6-311+G** on all other atoms). Gamma activation is the top image and
delta activation is the bottom image. Color coding: carbon, grey; hydro-
gen, light grey; nitrogen, blue; chlorine, green; oxygen, red; and iridium,
teal. Structures generated in Avogadro.%®
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in a relative rate experiment, 1-butanol produces the C-H activa-
tion product at a rate 30% higher than 1-methoxybutane (ESL,
Fig. S15), which is consistent with the added methyl group
suppressing delta C-H activation in the ether.

Complex I is a potent C-H activation agent and can lead to
selective activation of sites remote from functional groups. In
this case, an oxygen can be used to anchor the substrate on the
iridium center, driving activity to the gamma or delta carbon.
Further tuning is possible with subtle variations near the
coordination point, as demonstrated by the ether. These data
highlight the potential of complex I and related species to be
used as selective agents for C-H activation.
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