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ABSTRACT: The methyl moiety is a key functional group that can result in major improvements of the potency and selectivity
of pharmaceutical agents. We present a radical relay C-H methylation methodology that employs a -diketiminate copper catalyst
capable of methylating unactivated C(sp®)-H bonds. Taking advantage of the bench stable DABAL-Me;s, an amine stabilized tri-
methylaluminum reagent, methylation of a range of substrates possessing both activated and unactivated C(sp®)-H bonds proceeds
with minimal amount of overmethylation. Mechanistic studies supported by both experiment and computation suggest the interme-
diacy of a copper(I) methyl intermediate reactive towards both the loss of the methyl radical as well capture of radicals Re to form

R-Me bonds.

The methyl group is one of the smallest, yet most common
functional groups in chemistry. The addition of a methyl group
has the ability to alter steric and conformational properties with-
out significantly affecting the electronic characteristics of a
molecule.! In some cases, large conformational changes occur
upon addition of this functional group, leading to greater effi-
cacy of pharmaceutical agents.? This effect, dubbed the “magic
methyl” effect creates an increased demand for protocols to in-
stall a methyl group, especially in weaker nonactivated C-H
bonds.

C-H functionalization has enabled the installation of the
methyl groups in a wide variety of settings via directed C(sp?)-
H activation®* or radical generating mechanisms.>¢ Oxidative
C(sp®)-H methylation, however, has been far less explored and
typically requires directing groups.”® Recently undirected
C(sp®)-H methylation has been reported employing activated C-
H bonds a to heteroatoms (Figure 1a).!%!! In these protocols,
C(sp?)-H bonds are selectively oxidized to C-OH or C-OR moi-
eties that serve as synthetic handles for subsequent methylation
to provide products with C-Me bonds. Since these methods typ-
ically target activated, weaker C-H bonds, methylation of non-
activated C(sp®)-H bonds poses a considerable challenge.

Employing a substrate-bound directing group, Sharma uti-
lized a [Cp*Rh(III)] catalyst to methylate 8-methylquinolines
with organoboron reagents (Figure 1b).!> The undirected meth-
ylation of simple substrates has been recently performed by Li,
using p-typed doped gallium nitride nanowires to methylate
simple hydrocarbons via methylene intermediates such as cy-
clopentane and n-hexane (Figure 1¢)."* Recently, Stahl has re-
alized C(sp®)-H methylation using Ni and Ir catalysts under
photoredox catalysis with ‘BuOO'Bu serving as a HAT reagent
and a source of CH; radicals (Figure 1d).!* While recent reports
begin to address nonactivated C(sp®)-H methylation,'® new ap-
proaches are still needed for this important synthetic oppor-
tunity.

Building upon the Kharasch-Sosnovsky reaction, we
have developed various C-H functionalization protocols that
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Figure 1. (a) Activated C(sp*)-H methylation. (b) Directed
C(sp?)-H methylation. (c) Unactivated C(sp®)-H methylation.
(d) Photoredox C(sp®)-H methylation.
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convert sp® C-H bonds to C-N and C-O bonds employing am-
ides,'® anilides'>?° and acyl-protected phenols?! that result in p-
diketiminate stabilized [Cu"]-FG intermediates in radical relay
catalysis?? (Figure 2a). Recently, we have shown that copper(II)
complexes with Cu-C bonds also function in this radical relay
protocol. For instance, terminal alkynes can be utilized in the
alkynylation of sp® C-H substrates R-H to give R-C=CAr via an
isolable three coordinate copper(Il) alkynyl intermediate
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Figure 2. (a) Radical relay mechanism for C-N, C-O, and C-C
bond forming reactions. (b) Proposed Cu—alkynyl, Cu-aryl,
and Cu-methyl intermediates in Csp—Csps, Csp2—Csps and
Csp3—Csp3 bond forming reactions. (c¢) Calculated Cu-C bond
free energies (kcal/mol) for proposed Cu—alkynyl, Cu-aryl, and
Cu-methyl intermediates.

['Pr,NN]Cu-C=CAr (1) (Figure 2b) capable of capture of radi-
cals such as Ph;Ce to give Ph;C-C=CAr.” This enables C-H al-
kynylation of benzylic substrates R-H with ‘BuOO’Bu as oxi-
dant to give products R-C=CAr in good yield that competes
with bimolecular coupling to give the diynes ArC=C-C=CAr.

Thus, copper(Il) organometallic complexes can serve in
radical relay catalysis for C-C bond formation. DFT studies in
support of recently developed C-H arylation protocol that con-
verts benzylic sp®> C-H bonds in substrates R-H to R-C¢Fs sug-
gests formation of [Cu"']-CgFs intermediates via acid-base ex-
change between [Cu"]-O'Bu and the mildly acidic C-H bond in
H-CgFs.2* Earlier synthetic studies enabled the isolation of -
diketiminato copper(Il) aryl complex [Me,NNgs]Cu-CoFs (2)
via transmetallation between [Cu'']-O’‘Bu and B(C¢Fs);.2° These
studies reveal that [Cu"]-CsFs intermediates such as 2 are more
stable than non-fluorinated [Cu!]-C¢Hs with higher Cu-C
BDFE’s calculated by DFT (56.2 vs. 30 kcal/mol) (Figure 2b
and 2c). Each decomposes to the corresponding biaryl Ar-Ar,
likely via a redox disproportionation pathway that enables for-
mation of [Cu]Ar, species with low barriers to Ar-Ar cou-
pling.

To enable a related copper catalyzed sp* C-H methylation
methodology via a copper(Il) methyl intermediate such as
[CLNN]Cu-Me (3), we began by exploring Lewis acidic meth-
ylating reagents capable of reaction with copper(Il) #-butoxide
intermediates [Cu']-O'Bu formed upon activation of copper(I)
B-diketiminates with ‘BuOO‘Bu (Figure 2a, step 1).2¢ During the
screening of various reagents that included AlMe; and ZnMe,
(Table S1), we identified 1,4-diazabicyclo[2.2.2]octane,
DABAL-Mes,? as an attractive methylating reagent, Initial in-
vestigations showed an 80% yield for methylation of 4-bromo-
toluene based on 1 equiv. DABAL-Me; that includes 20 equiv.
C-H substrate and 5 equiv. ' BuOO'Bu oxidant with 10 mol% of

[CI2NN]Cu-Me

Table 1. Copper catalyzed C-H methylation of various C-H sub-
strates by DABAL-Mes.

H AlMe; Me
|
N 10 mol% [Cu' R2
[ﬁ] 5 equiv.'BuOOBu
; AiMe, .
Yietd(%)
Entry  Catalyst X, R, R el
1. [CI2NN]Cu 1a  (Me, Cl, H) 80
2. [Me3NN]Cu 1b  (Me, Me, Me) 60
3. [(OMe)2NN]Cu 1€ (Me, OMe, H) 25
4. [CI2NNgs]Cu 1d  (CFs ClL H) 49
5. [iPr=NNgglcu ~ 1e  (CFa, iPr, H) 29
6. Me2NNgg]Cu 1f  (CF3 Me, H) 49 )
7. o catalyst 9

Conditions: 20 equiv. R-H, neat, -35 °C then heated to 100 °C,
16 h. All yields were determined by 'H NMR.

[CI,NN]Cu' (henceforth denoted [Cu']), a commercially availa-
ble B-diketiminate catalyst (Table S1). Heating the reactions to
100 °C also improved yields. With our methylation source in
hand, we began screening a range of copper (I) B-diketiminate
catalysts (Table 1). Utilizing more electron rich catalysts 1b and
1c did not improve yields, whereas more electron poor 1d — 1f
catalysts also showed a diminished product formation. Focusing
on [CbNN]Cu as catalyst, we find that increasing the catalyst
loading from 1 — 10 mol% increases the yield of C-H methyla-
tion with ethylbenzne (Table S2.) While DABAL-Mes; could
potentially deliver multiple Me groups in the presence of excess
oxidant, we report yields relative to the use of 1 equiv. DABAL-
Me;.

Table 2. Copper catalyzed C-H methylation of various C-H sub-
strates by DABAL-Mes.

10 mol% [CIZNNECU
5 equiv.'BuOOf

RH * (HiCA-N\ N-A(CHa)s — o+ R- -~CHa
CH, CH, CH; i
4a 4b 4c

71% (59%) 45% (45%) 7% (7%) 80% (97%

5o & oo ©

4e 4f 49
46% (53%) 66% (59%) 55% (50%) 80% (71%)
CH,3 Hj
CH, H;C
r Br
4i 4j 4k
31% (31%) 68% (63%) 84% (78%) 48% (42%
H,C N
o X ® &j
S
Z H,;C
4n 40
50% (52%) 47% (50%) 36% (30%) 20% (25%)

Conditions: 20 equiv. R-H, neat, -35 °C then heated to 100 °C, 16 h.
All yields were determined by 1H NMR. GC/MS yields are noted in parentheses.



We then began to investigate the efficacy of this method-
ology with various C(sp®)-H substrates. For consistency, we re-
port NMR and GC yields directly measured from the reaction
mixtures (Table 2). Primary benzylic substrates are particularly
good substrates for this methylation protocol (4a, 4d, 4f, 4h).
Despite their lower C-H bond strengths, secondary and tertiary
benzylic substrates often exhibited lower yields (4b, 4e, 4g, 4i).
Accordingly, we see very little over-methylation of primary
benzylic substrates (< 2%). A modest range of substrates pos-
sessing sp> C-H bonds . to heteroatoms gave moderate to good
yields of C-H methylation products 4m — 4p. Notably, non-ac-
tivated sp®> C-H substrates such as cyclohexane and cyclooctane
provided methylated cycloalkanes 4k and 41 in good to moder-
ate yields. Use of DABAL-Me;-d 3 derived from Al(CDj3); in
the C-H methylation of toluene results in PhCH»CD3, confirm-
ing that the added methyl group in the product is derived from
the DABAL-Me; reagent (Figure S36).

Based on previous synthetic studies with copper(Il) -
diketiminato z-butoxide complexes [Cu"]-O'Bu, we anticipated
that the reaction of [Cu"]-O'Bu and DABAL-Me; would result
in a transmetallation leading to a [Cu"]-CHj; intermediate 3. Ad-
dition of DABAL-Me; to [CI,NN]Cu-O'Bu results in rapid de-
cay of the band at A = 470 nm without the observation of any
new optical band consistent with a long-lived copper(Il) spe-
cies. Thus, any [CLNN]Cu-Me (3) intermediate would have a
very short lifetime. Additionally, we note the copious genera-
tion of gas upon addition of DABAL-Me; to [Cu']-O'Bu when
carried out on synthetic scales at room temperature.

We studied the formation of these gases through stoichio-
metric reaction of [Cu']-O'Bu with DABAL-Me; in toluene
(Figure 3a). We observe significant generation of methane and
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Figure 3. Analyzing the reactivity of DABAL-Mes; under cat-
alytically relevant conditions. (a) Reactions between [Cull]-
O'Bu and DABAL-Mes. (b) Catalytic C-H methylation with

toluene. (c) Alcoholysis of DABAL-Mes.

ethane that could proceed via Me- radicals. Moreover, the for-
mation of ethylbenzene suggests that Mee radicals could engage
in H-atom transfer with PhCH,-H to generate methane (Me-H)
and a toluene radical (PhCH,*); previous studies have demon-
strated that [C,LNN]Cu-O'Bu is unreactive towards benzylic C-
H bonds.? Inclusion of ‘BuOO‘Bu enhances the sp* C-H meth-
ylation of toluene, though Mee and PhCH,e radical homocou-
pling also occurs (Figure 3b). We speculate that the generation
of benzylic radicals through HAT from toluene to the *O'Bu
radical facilitates benzylic C-H methylation through more effi-
cient production of benzyl radicals for capture via [Cu']-CHj
intermediates. An additional route for Me-H formation involves
the alcoholysis of DABAL-Me; with ‘BuOH generated in HAT
reactions via *O'Bu. Addition of excess ‘BuOH to a solution of
DABAL-Me; results in quantitative formation of DABAL-
(O'Bu)s (5) (Figure 3c¢), isolated as colorless crystals and iden-
tified by X-ray crystallography (Figure S39).
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Figure 4. DFT calculated thermodynamics and activation barriers for (a) methyl loss from [Cu]-Me, (b) H-atom transfer from ethylben-
zene by Mee and *O'Bu, (c) radical capture by [Cu]-Me along with DFT structures of (d) [Cu]-Me and (e) [Cu](Me)(CH2Ph) calculated
at the BP86+/6-311G(d,p)/SMD-benzene//BP86/6-311+G(d) level of theory. Free energies in kcal/mol.



To investigate organometallic intermediates suggested to
be highly reactive via our experimental studies, we employed
DFT methods at the BP86+/6-311G(d,p)/SMD-ben-
zene//BP86/6-311+G(d) level of theory. We began by examin-
ing the stability of [Cu']-Me intermediate 3 towards homolytic
cleavage of its Cu-Me bond to give the methyl radical (Figure
4a). Release of Me* from the T-shaped d° complex® [Cu"]-Me
(Figure 4d and Figure S73) is uphill by 26.0 kcal/mol, disfa-
vored by the instability of the two coordinate B-diketiminato
copper(I) fragment [Cu']. Noting the affinity of copper(I) B-
diketiminates for n*-arene coordination,’*' we considered the
concerted displacement of the methyl radical by an incoming
molecule of benzene. This results in much less endergonic re-
lease of a methyl radical Mee (+7.2 kcal/mol) with a free energy
of activation of only 12.4 kcal/mol (Figure 4a).

Recognizing that the [Cu"]-Me intermediate can readily
generate Me- radicals, we briefly computationally compared ac-
tivation barriers for H-atom abstraction (HAA) from sp* C-H
substrates R-H by Me« and *O'Bu generated in the presence of
[Cu'] and ‘BuOOBu (Figure 4b; Table S8).2° At this level of
theory, thermodynamic and activation parameters for abstrac-
tion of a benzylic hydrogen atom from ethylbenzene by a me-
thyl radical (AG = -20.3 kcal/mol, AG* = 8.9 kcal/mol) are
larger than the #-butoxy radical (AG = -17.8 kcal/mol, AG* = 4.8
kecal/mol). These computational findings reflect the experimen-
tally observed trend of a more favorable activation by the ‘BuOe
vs. the Mee radicals.’>33 HAT by Me- represents one pathway
for experimentally observed methane formation (Figure 3a)
while HAT by *O'Bu forms ‘BuOH.

Computational studies reveal that the copper(Il) methyl in-
termediate [Cu'']-Me captures alkyl radicals Re extremely effi-
ciently to provide distorted square planar [Cu™](Me)(R) inter-
mediates with 74 values between 0.30 and 0.60 (74 = 0, square

planar; 74 = 1, tetrahedral)** susceptible to reductive elimination
of R-Me products (Figure 4c, 4¢). While the capture of a Mes
radical by [Cu']-Me to form [Cu]Me;, is thermodynamically
most favored (AG = -31.9 kcal/mol), capture of 1°, 2°, and 3°
benzylic radicals decreases in exergonicity (AG = -20.7, -17.2,
-7.2 kcal/mol, respectively) with increasing size and stability of
the alkyl radical Re.

Relaxed potential energy scans reveal no significant barrier
for radical capture by [Cu"]-Me. The T-shaped geometry of the
[Cu']-Me (Figure 4d), similar to [Cu™]-C4Fs, leaves the copper
center poised for capture of alkyl radicals Re to form the square
planar [Cu™](Me)(R) (Figure 4¢). In each case, reductive elim-
ination from [Cu""](Me)(R) species to form [Cu'] and Me-R is
facile with minute barriers of 2.8 — 5.4 kcal/mol.

C(sp?)-H methylation can occur via copper-catalyzed radi-
cal relay employing ‘BuOO'Bu as oxidant similar to other C-H
functionalization reactions that form C-N, C-O, and C-C bonds
(Figure 2).'®2? In contrast to other protocols that involve rela-
tively stable [Cu"]-FG intermediates, experimental and compu-
tational studies suggest that the [Cu']-Me generates the Me*
radical capable of H-atom abstraction of sp* C-H substrates R-
H to form radicals Re.** At the same time, Me* radicals gener-
ated may compete with Re for capture by [Cu']-Me (3) to form
[Cu](Me)(R) intermediates (R = Me or alkyl) that undergo fac-
ile reductive elimination that can lead to non-productive methyl
group usage (R = Me). Solely based on sterics, we would an-
ticipate slower capture of bulky 3° radicals such as PhC(*)Me,

as compared to 1° radicals PhCH,* that could result in lower
experimental yields of PhCMes; vs PhCH,Me, especially if these
radicals are competing for capture at [Cu"]-Me with the small,
reactive Mee radical. Thus, the decreasing exergonicity of radi-
cal capture for larger radicals such as the 3° benzylic PhC(*)Me;
(Figure 4c) may contribute to the lower experimental yields ob-
served (Table 2, entry 4c).

Since H-atom abstraction can occur via either ‘BuOs or
Me- radicals that form strong ‘BuO-H and bonds (BDE = 105
and 104 kcal/mol, respectively), this system methylates unacti-
vated 2° C-H bonds of cycloalkanes (BDE = 95-99 kcal/mol).*¢
One pathway to consider in catalyst optimization is to decrease
ability of an incoming arene to associatively displace a Mes rad-
ical from [Cu"]-Me to give [Cu'](n?-arene) and Mee. Nonethe-
less, the volatility of the methane and ethane byproducts cou-
pled with the ease of handling of DABAL-Me; results in a sys-
tem that allows for the use of excess methylating reagent that
generates easily separable gaseous products.
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