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Abstract

The functionalization of challenging unactivated C(sp3)-H bonds was achieved electrocatalytically
via hydrogen atom transfer and without mediators. This was possible through the sole activation of
the surface of the Glassy Carbon Electrode in an electrochemical fashion using a phosphate buffer.
This activation produced oxygenated functional groups on the surface, capable of abstracting these
hydrogen atoms from C(sp®)-H of alkanes. Minisci and Ritter-type reactions were achieved using this
procedure. Extensive characterization of the AGCE and preliminary mechanistic studies allow us to
propose plausible reaction mechanisms. Furthermore, a regular battery can be used within this

protocol to achieve the desired substituted alkanes under inexpensive and user-friendly conditions.
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Introduction

Aliphatic compounds are important and ubiquitous, playing a crucial role in many industries, such as
pharmaceutical and agrochemical. For this reason, the selective modification of these structures has
attracted the attention of synthetic chemists. There are several strategies to transform aliphatic
compounds, activating the C(sp3)-H bonds being the most direct, selective, and desirable. However,
the strength of unactivated C(sp®)-H bonds (BDE (cyclohexane) = 99 kcal/mol)! makes this

functionalization often challenging.
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Chemists have dealt with this problem in many different ways (Figure 1), from the classic
intramolecular Hofmann—-Loffler—Freytag reaction? or metal-catalyzed strategies using directing
groups® to heterogeneous photocatalytic activation using semiconductors* (Figure 1A-C). Among
them, catalytic and tunable hydrogen atom transfer (HAT) agents have emerged to homolytically
break different C-H bonds to generate the C-centered radical in the last few decades.® In this regard,
we recently described a photocatalyzed strategy to perform Minisci-type reactions using pyridine N-
oxides as HAT species (BDE (PyO-H), 99 kcal/mol), which effectively abstracted a hydrogen atom
from a variety of alkanes, ethers, and amides among others.® Following our interest in the Minisci
reaction and developing more sustainable methodologies, we sought to investigate electrocatalysis in
this oxidative cross-dehydrogenative coupling (CDC), which would avoid the addition of any external
chemical oxidant and the formation of chemical waste (Figure 1D). Due to the greenness of the
process, electrochemical oxidation methods to achieve C-H bond activations have attracted much
attention in the last decade,”** especially when combined with metal catalysis*?*® or non-metallic
HAT agents, such as sulfate anion* or iodine,'® among others. In this context, a recent work utilized
sulfuric acid as a source of sulfate radical anion after anodic oxidation.’® This method allowed the
electrocatalytic Ritter-type amination of a broad range of alkanes. However, sulfuric acid is a redox

mediator that is too aggressive to scale up the reaction, and milder conditions are desired.
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Figure 1: Selected strategies for the activation of C(sp®)-H bonds

Less studied in synthetic chemistry is the activation of the electrode surface area to achieve improved
reactivity.!”*® This is a much simpler approach but often as effective as the most complicated dual
catalytic cycle and still much more convenient and cost-effective. Recent electrochemical reports
show potential for the desired catalytic activity. However, the applications in bulk reactions of these
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activated electrodes are often rare. This is the case of glassy carbon electrodes (GCE).*® This material
has remarkable electrocatalytic properties at a relatively low cost, considering that electrodes are
usually reused in electrocatalytic reactions. Activated glassy carbon electrodes (AGCE) have been
reported through several methods, from vacuum heating® or ultrasonication? to preanodization.??
However, these activations have rarely been applied to organic synthesis. This work describes our
efforts in the Minisci-type alkylation of azaarenes with alkanes and the Ritter reaction between
alkanes and nitriles using an AGCE (Figure 1E). Remarkably, the electrochemical activation of the
electrode is with a phosphate buffer, without requiring any sacrificial reagent, under very mild and

sustainable conditions.

Results and Discussion

Lepidine and cyclohexane were selected as model substrates. Using TFA (2 equiv), BusNPFs as
supporting electrolyte (SE, 1 equiv) in a mixture of acetonitrile and 1,1,1,3,3,3-hexafluoroisopropanol
(HFIP, 8:2, 0.03 M) the reaction was run with a Glassy Carbon Electrode (GCE) as anode and Nickel
as cathode, at 5 mA (total charge of 3 F/mol) at room temperature. Under these conditions, the desired
product was obtained in low yield (Table 1, entry 1). Following our previous work, we decided to test
different pyridine N-oxides as HAT (Table S1), obtaining a higher yield in the presence of 30 mol%
of 2,4,6-collidine N-oxide (HAT3), but still insufficient (entry 2). Different electrodes were tested as
anode and cathode (Table S2), which provided poorer yields. We decided to explore heterogeneous
catalysis by anchoring 2,6-dimethylpyridine on the GCE. The oxidation of the anchored pyridine was
conducted by submerging the electrode in an MCPBA solution overnight, mimicking the structure of
HAT3. The reaction using this GCE-HAT 3 anchored electrode provided a slightly better yield (entry
3). Surprisingly, the control reaction performing the overnight MCPBA-mediated oxidation of the
bare GCE in the absence of the anchored pyridine-N-oxide gave a significantly higher reaction yield,
obtaining 80% of the expected product (entry 4) and complete conversion by increasing the total
charge (entry 5), suggesting that the oxidated area of the GCE is a better HAT mediator than HAT3.
We tested a more environmentally friendly oxidation of the GCE using a phosphate buffer (NaH2PO4
and Na2HPO4 (pH 7, 0.1 M)).2® The number of scans needed to activate the electrode was further
optimized (Table S4). Using the optimal activation method, the modified electrode (AGCE) yielded
85% of product 1 under standard reaction conditions, which rose to 94% when the amount of
cyclohexane was increased (entry 7). Importantly, the control reaction without current gave complete

recovery of the lepidine (entry 8).

Table 1. Optimization of the model reaction
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Me Me

H GCE(+)-Ni(-)
jS . \O BusNPFg (1equiv), TFA (2 equiv) ©\/i
N H 8:2 MeCN/HFIP (0.03 M) N e

(5 equiv) rt, 3 F/mol, 5 mA y

Entry Deviation from above Yield of 1 (%)*
1 No deviation 36
2 HAT3" (30 mol%) in solution 40
3 GCE-HAT3 anchored®? 50
4 GCE*! 80
5 GCE,“ 5 F/mol 100
6 AGCE,® 5 F/mol 85
7 AGCE,* 5 F/mol, 10 equiv CyH 94
8 No current 0

Reactions were performed on a scale of 0.25 mmol of lepidine. *GC yield based on remaining SM without calibration. °
HATS3: 2,4,6-collidine N-oxide. “GCE-HAT3: glassy carbon electrode anchored with 2,6-lutidine. ¢ Electrode activated
with MCPBA overnight. “AGCE: activated glassy carbon electrode using phosphate buffer.

Substrate scope

Having found the optimal conditions, we approached the substrate scope by examining different
azaarenes in the reaction with cyclohexane as the C(sp*)-H coupling partner (Figure 2). Quinolines
with substituents placed at C4 reacted better than the C2 substituted, obtaining C2 or C4 cyclohexyl
derivatives (products 1-5) from moderate to good yields (36-82%). Unsubstituted quinoline and
3-methylquinoline were converted into inseparable mixtures of C2- and di-alkylated products at
C2/C4 (6) and C4- and C2- alkylated products at C2/C4 (7), respectively. Halides groups (-Cl,-Br) in
different positions of quinolines gave the desired products (8-11) in moderate yields. We also explored
the reaction with a nitro group as an electron-withdrawing group, obtaining the corresponding product
(12) in good yield. Other azaarenes, such as 2,2'-biquinoline and phenanthridine, were suitable
substrates for the reaction, giving moderate yields of the corresponding alkylated products (13, 14).
Interestingly, our protocol was applied to functionalize the natural cinchonine, giving 15 in a 35%
yield. Different C-H partners were also evaluated. Cycloalkanes reacted to provide the desired
products (16-19) from moderate to good yields. The bridged alkane norbornane was successfully
converted into the desired exo product 20 with excellent endo/exo selectivity. Interestingly, dioxane
reacted smoothly, giving the desired product 21 in 38% yield, and the reaction using pivalaldehyde
provided the alkylated product (22) after decarbonylation. Finally, adamantane and other derivatives
were also tested, giving the desired products (23-25) in moderate yields. Interestingly, in all three

cases, the stronger C-H bond of the adamantane (BDE(CI1-H) 99 kcal/mol vs. BDE(C2-H) 96
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kcal/mol)**

was alkylated preferentially. This results from an enhanced polar effect at C1-H due to
the positively charged surface of the anode. Presumably, there is an increased charge-transfer
character in the transition state since a positive charge is developed at the C of the adamantane through
the HAT process, a charge that is more stable at the tertiary C1 than at the secondary C2. The same
phenomena can explain the high selectivity observed in product 25, where the weaker secondary and

tertiary Csp-H bonds of the side chain were untouched.
AGCE(+)INi(-), 1=5 mA
@\/1 TFA (2 equiv) |
o _ H
\O'<8 8:2 MeCN/HFIP (0.03 M) N - |
BuysNPFg (1 equiv)
(10 equiv) i, 5.0 F/mol Product?

/

quinoline derivative

Me Cy Ph Cy CO,Me H(Cy)
~ ~ = ~ ~ ~
N” ey N” Me N~ ey N~ >Ph N ey N” H(Cy) H(Cy)

6, 56% 7, 34%

0, 0, 0, 0, 0, 0,
1, 82% 2,44% 3,42% 4,36% 5, 56% (di:C2 = 28:18)  (C4:02 = 4:30) 8, 53%
Br Cy Cy =
CrL Ol OO0 e < e
~ Z Z Z O N
N~ ~cy N~ ~cy cClI N N _N
from
NO
2 Cy cinchonine
9, 60% 10, 58% 1,61% 12,61% 13, 34% 14, 38% Cy 15, 35%
C(sp°)-H partner
Me Me Me Me Me
X X X A X
Me 2
> = pZ P = P~ (6]
N N N N7 s N N j
19, 54% 20, 38%
o, 0, b ’ ’ 0
16, 64% 17, 52% 18, 63% (C1:C2:C3 = 46:35:19)  exo:endo >98:2 21,38%
i Me Me Me
tertiary CO+ H, Me o
(0] N A N A 0
H Me Z——» =z P = \/>/
Me P Me N~ 1 N N
Me N Me
Me 23, 58%"
22, 41% ’ ° o,b o,b
o (C1:C2 = 95:5) 24, 48% 25,49%

Figure 2: Substrate scope for the Minisci-type reaction. Reaction conditions: Quinoline (0.25 mmol), R-H (2.5 mmol),
SE (1 equiv), TFA (2 equiv) 8:2 MeCN:HFIP (8 mL). All reagents were added in open-air conditions. After complete
dissolution, the electrodes were placed in the reaction media, the vial closed, and the current was circulated ( 5 mA, 5.0
F/mol). *Yields for isolated pure products are given. ® 5 equiv R-H.

While performing the scope of the Minsici reaction, we observed by GC-MS the formation of a lighter
product in large amounts in some cases. For instance, when adamantane was used, apart from the
formation of the Minisci product, a new peak with high intensity and with m/q of 193 was detected.
It is worth noting that an excess of adamantane was needed for the Minisci reaction, so this was not

affected by the formation of the byproduct. After carefully analyzing the fragmentation pattern, we
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realized it matched N-(adamant-1-yl)acetamide. Indeed, when we performed the reaction without
lepidine using adamantane as a limiting reagent, complete conversion to the N-(adamant-1-
yl)acetamide 26 was observed. Interestingly, high selectivity was again found towards C1 due to the
enhanced polar effect previously commented on. This Ritter-type reaction demonstrated that reactions
that proceed through a different mechanistic pathway were also possible using the AGCE. In
literature, Ritter-type reactions have been performed under electrochemical conditions.!¢?%2¢
However, to our knowledge, this is the first one functionalizing an unactivated C(sp°)-H bond directly
using the electrode and without a HAT mediator. Thus, we became interested in this new opportunity
and tried to reoptimize the reaction conditions for this reaction (Table S3). After optimization, using
2.5 F/mol at 10 mA provided full conversion in shorter reaction times, and using a simpler SE such
as LiClOs4 facilitated the isolation of the different products.

Having found the optimal conditions, we approached the substrate scope by first examining different
adamantanes with acetonitrile as a nitrile source (Figure 3). Adamantane and 1,3-
dimethyladamantane gave good yields (products 26 and 27, 84% and 67%, respectively). We also
explored the reaction with the isopentyl-adamantane-1-carboxylate, obtaining the corresponding
product (28) in good yield (76%). Interestingly, this reaction was again completely selective to the
C1 of the adamantane, even in the presence of weaker C-H bonds present at the open side chain, such
as the secondary methylene in a-position to the oxygen atom or the tertiary methine. Furthermore,
our protocol was successfully applied when using adamantane in the presence of isobutyronitrile as
a nitrile source, giving the desired product (29) in moderate yield. Cycloheptane and cyclooctane
were also suitable substrates for the reaction in the presence of acetonitrile, giving products 30 and
31 in moderate yields (57% and 60%). Finally, indane was tested, providing the desired acetamide 32
in 44% yield (Figure 3).
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Figure 3: Scope for the Ritter-type amidation. Reaction conditions: C-H (0.25 mmol), SE (1 equiv), TFA (2 equiv), 8:2
MeCN:HFIP (8 mL). All reagents were added in open-air conditions. After complete dissolution, the electrodes were
placed in the reaction media, the vial closed, and the current was circulated (10 mA, 2.5 F/mol). *Yields for isolated pure
products are given. *Isobutyronitrile as nitrile source.

AGCE analysis

To better understand the mechanism allowing for this alkane activation in the absence of any HAT
mediator, a series of analyses were performed on the surface of the AGCE, and these results were
compared with the surface of polished GCE. The activation of the GCE to obtain AGCE was
monitored by CV, observing the appearance of a new oxidation and reduction peak couple, which is
attributed to the generation of quinone/hydroquinone structure on the surface (Figure S2). A
wettability test was also conducted, adding 10 pL of water to the GCE and the AGCE (Figure 4A)
and observing that the water slips easier on the AGCE than on the GCE, indicating the presence of a
more hydrophilic surface on the AGCE. IR analysis (Figure S4) revealed a broad signal at >3000
cm’!, suggesting the presence of hydroxyl groups on the surface of the AGCE. Furthermore, XPS
analysis of the surface of the AGCE revealed a higher content of O 1s on its surface compared to the
GCE surface, where the only significant peak belongs to the C 1s (Figures 4B and S5). Indeed,
analyzing the distribution of the C 1s in the AGCE, a substantial increase of the C=0O and C-O groups
is detected compared to the GCE, combined with a decrease in the C-C and C=C groups (Figures 4C,
4D, and S6). Raman spectroscopy performed on both surfaces (Figure 4E) showed a calculated I(D/G)
ratio of 1.39 and 1.36 for the GCE and the AGCE, respectively, which indicates the dominance of
sp*-bonded carbons (see Figure S7 for further details). Finally, SEM images and EDX analysis were
performed (Figures S8-S10). The GCE showed a 100% composition of C atoms (Figures 4F-G), while
the AGCE showed an average of 28% of O atoms on the surface (Figures 4H-I). All these results
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indicate that the buffer treatment can generate oxygenated functional groups on the surface of the

GCE, activating the surface toward possible HAT processes.
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Figure 4: A: visual observation of wettability change between the GCE and AGCE after adding 10 pL of water. B: XPS
survey. C: XPS for C 1s at the GCE. D: XPS for C 1s at the AGCE. E: Raman spectra for GCE and AGCE. F and G:
SEM and EDX analysis of the surface of GCE. H and I: SEM and EDX analysis of the surface of GCE.

Mechanistic insights and reaction mechanism proposal

Mechanistic studies were conducted to gain a better understanding of the mechanistic pathways. To
confirm the formation of the alkyl radical during the reaction, S-pinene was added to the reaction of
lepidine with cyclohexane, observing the formation of the f-pinene-cyclohexane adduct and
confirming the formation of the cyclohexyl radical (Figures 5A and S13). The addition of TEMPO or
1,1-diphenylethylene (radical scavengers) gave no formation of the corresponding Minisci product,
as well as the addition of CuClz, a well-known single electron scavenger (Figures 5A, S11 and S2).
The electrode analysis and the mechanistic studies allowed us to draw plausible mechanisms for these
reactions (Figure 5B). The formation of an oxygen-centered radical on the surface of the AGCE after
electrochemical oxidation promotes the HAT from the alkane, producing the corresponding alkyl
radical. In the Minisci reaction, this alkyl radical is trapped by the protonated azaarene which, after
deprotonation, gives the corresponding radical intermediate that suffers a second oxidation on the
surface of the electrode, giving the corresponding product after a second deprotonation. On the other
hand, the alkyl radical can also be further oxidized on the surface of the AGCE, forming the

corresponding alkyl cation. A nucleophilic media, such as MeCN, promotes the Ritter amidation,
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furnishing the corresponding acetamides after hydration. It is worth noting that for the Minisci
reaction, a smaller current intensity was necessary to avoid overoxidation of the formed radical. In
contrast, a higher intensity is allowed to perform the Ritter reaction since the alkyl radical must be

further oxidized on the surface of the electrode.

A) Mechanistic experiments B) Mechanistic proposals
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Figure 5: A: Mechanistic experiments adding different scavengers. B: Mechanistic proposals for the Minisci (left) and
the Ritter (right) reactions.

To further demonstrate the utility of this procedure, a scale-up of the Minisci-type reaction was
performed at 1.5 mmol-scale, giving an even better yield than when 0.25 mmol-scale was used (68%
vs 48%, Figures 6A and S14). Moreover, since this is an electrocatalytic procedure, we tested both
the Minisci and the Ritter-type reactions using a series of 1.5 V batteries (3 X 1.5 V were measured
to have a voltage of ~4.0 V; see Figures S15-16 for further details), obtaining comparable results to
the yields achieved using controlled current intensity. This experiment highlights the robustness and

simplicity of this reaction, which can be performed using a regular battery.
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A) Scale-up of the Minisci reaction
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Figure 6: A) Scale-up of the Minisci-type reaction. B) Use of a 4.0 V battery in the Minisci and Ritter-type reactions.

Conclusions

In summary, we have developed a simple electrocatalyzed protocol for functionalizing unactivated
C(sp®)-H bonds by only using an AGCE as “HAT promoter” and electrode. The formed alkyl radicals
were coupled with a variety of azaarenes in a Minisci cross-dehydrogenative coupling (CDC) reaction
or further oxidized to being trapped with nitriles in a Ritter-type fashion. Furthermore, the method's
robustness was tested by scaling up the reaction and using a simple battery as an electrical source,
obtaining similar or improved results. This AGCE was activated under very mild electrochemical
conditions using a phosphate buffer and characterized by several techniques, including XPS or EDX.
Mechanistic studies confirmed the presence of radicals, and plausible mechanisms were proposed

accordingly.
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