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ABSTRACT: Contrary to the accepted convention, this work shows that Minisci-type C-H alkylation does not require any metal, 

photocatalyst, light nor prefunctionalization of the readily available and inexpensive carboxylic acids to proceed well under mild 

conditions. These mild conditions can be utilized for late-stage alkylations of complex molecules, including pharmaceutical com-

pounds, and light sensitive compounds which degrade under photocatalytic conditions. 

N-Heteroarenes and quinones are important and ubiquitous mo-

tifs present in pharmaceuticals, natural products and ligand scaf-

folds.1 Rapid, mild and selective direct C-H functionalization of 

these motifs is therefore one of the most sought after strategies for 

late-stage modification of pharmaceuticals.2 The classical Minisci 

reaction: silver-mediated alkylation of N-heterocycles using car-

boxylic acids, is a good starting point, but harsh reaction conditions 

limit its scope (Scheme 1A).3 Within this context, several elegant 

approaches have recently emerged to render the Minisci-type reac-

tions4 milder, more substrate scope tolerant, and thereby more suit-

able for late-stage functionalizations of N-heteroarenes. The pre-

dominant approach is to replace the carboxylic acid alkylating 

agent with a different radical source, such as alkyl halides, boronic 

acid and derivatives, sulfonates, activated esters and peroxides, in 

conjunction with metal- or photoredox-catalysis (Scheme 1A).5,6 

Alternatively, cross-dehydrogenative coupling with alkanes can be 

achieved using bis(trifluoroacetoxy)iodo]benzene and sodium az-

ide, although this approach is mainly for simple alkanes.7  Recently, 

Molander has elegantly demonstrated that the use of 1,4-dihydro-

pyridines 3, made in one-step from aldehydes, even allows for mild 

conditions without the need for metal or photocatalysts8 (Scheme 

1B). 

Nevertheless, the ability to use carboxylic acids directly without 

prefunctionalization is extremely appealing as they are inexpen-

sive, abundant, stable, non-toxic, readily available, derived directly 

from natural resources, and release only traceless CO2.9 However, 

approaches utilizing carboxylic acids so far require the use of either 

a transition metal reagent3,5e or more recently, photocatalysis10 or 

light.11 The ability to combine the benefits of using readily availa-

ble carboxylic acids, without the need for metal, photocatalysts or 

light, would be a significant advance in the field, not only from a 

cost, availability, non-toxicity and by-product perspective, but also 

the ability to functionalize light-sensitive substrates which degrade 

under photocatalytic conditions.  We herein present the first C-H 

alkylation protocol for heterocycles and quinones using carboxylic 

acids under metal-, photocatalyst- and light-free conditions, and 

showcase its application in late-stage functionalizations of medici-

nally relevant compounds, as well as light sensitive substrates. 

Scheme 1. Approaches to C-H Alkylation of N-Heteroarenes 

 

Due to our interest in direct C-H functionalization of 1,4-qui-

nones,12  our original aim at the start of this project was to develop 



 

a mild, silver-free method for C-H alkylation of 1,4-quinones13 us-

ing readily available and inexpensive alkylcarboxylic acids 4. So 

far, these mild alkylations have been developed for N-het-

eroarenes10-11 but not 1,4-quinones. To this end, we initiated our 

studies by investigating the alkylation of naphthoquinone 5 under 

Glorius’ mild photoredox-catalyzed conditions for alkylating N-

heterocycles10a (Table 1, Entry 1). However, it soon transpired that 

the poor yields of desired product 6 observed were due to decom-

position of light-sensitive 5 under the blue LED irradiation required 

for the photocatalytic reaction (Entry 3). Decomposition of 5 was 

less pronounced under green LED irradiation (Entry 4). To our de-

light, desired product 6 was successfully produced under green 

LED irradiation, even without photocatalyst (Entries 5-6).14 A 

study of oxidants showed that various persulfates successfully pro-

duce 6, with the best performing (NH4)2S2O8 corresponding to the 

most soluble salt (Entries 6-10). Finally, a slight increase of tem-

perature from 30 °C to 40 °C allowed for full conversion within 16 

h (Entries 11-13; for full optimization studies, see Supporting In-

formation (SI)). 

Much to our surprise, the reaction worked equally well in the 

dark (Entry 14), rendering it metal-, photocatalyst- and light-free as 

well as mild. At this point, we realized that such a reaction would 

be extremely valuable (see above) if it were to be generally appli-

cable to N-heteroarenes as well as quinones, especially for late-

stage functionalizations. 

 

Table 1. Selected Optimization 

 

entry LED temp 

(°C) 

time 

(h) 

oxidant 5 
(%)a 

6 
(%)a 

1b,c blue rt 16 (NH4)2S2O8 7 9 

2c blue 30 16 (NH4)2S2O8 22 16 

3c,d blue 30 16 (NH4)2S2O8 28 - 

4c,d green 30 72 (NH4)2S2O8 87 - 

5e,f green 30 40 (NH4)2S2O8 26 53 

6f,g green 30 40 (NH4)2S2O8 21 59 

7f,g green 30 40 Na2S2O8 30 45 

8f,g green 30 40 K2S2O8 80 9 

9f,g green 30 40 t-Bu2O2 86 0 

10f,g green 30 40 DDQ 85 0 

11f,g green 30 40 - 83 0 

12f,g green 40 16 (NH4)2S2O8 <5 70 

13f,g dark 40 16 (NH4)2S2O8 <5 71 

aDetermined by 1H NMR analysis with 1,3,5-trimethoxybenzene as 

internal standard. 0.15 mmol scale.  b[Ir(dF(CF3)ppy)dtbbpy)]PF6 

(2 mol %).  cDMSO (1.5 mL). dControl - no acid 4a added.  eDMSO 

(2 mL). f5 µL water added.14 g DMSO (3 mL). 

To our delight, a variety of N-heterocycles were also readily al-

kylated in good to excellent yields under the conditions shown in 

Scheme 2. Although we opted for 40 °C in our general conditions, 

it should be noted that 2ba was also successfully formed in a good 

73% yield at 30 °C (vs. 80% at 40 °C). Thus, various substituted 

quinolines were alkylated in good yields (62-82%, 2aa-2da) as 

were 3-methylisoquinoline and phenanthridine (91% 2ea and 80% 

2fa). The scope can also be expanded to N-heterocycles containing 

two nitrogen atoms: 2ga was successfully formed in a pleasing 77% 

yield from quinazoline. Phthalazine, which gave a mixture of mono 

and dialkylated products under our standard conditions (2:5 

2ha:2ha′), could be pushed to yield only the dialkylated product 

2ha′ (74%) by simply increasing the equivalents of oxidant. 2-

Methylquinoxaline, 2,6-lutidine and 4(1H)-quinazolinone all per-

formed well to give the alkylated products 2ia, 2ja and 2ka respec-

tively. The alkylation of the less reactive benzothiazole, however, 

produced only 25% of 2la. The reaction can also be scaled up to 

3.5 mmol with no appreciable decrease in yield (2ba, 78%). 

 

Scheme 2. Heteroarene Scope 

 

Scheme 3. Carboxylic Acid Scope 

 



 

Next, the carboxylic acid scope was investigated (Scheme 3). A 

range of secondary carboxylic acids were tolerated in the reaction, 

including other cyclic carboxylic acids (2bg, 71%) and acyclic ac-

ids (2bf, 71%). To our delight, protected amino acid 4h reacted 

very cleanly to give 2bh in an excellent 91% yield, as did the fluor-

inated carboxylic acid (2bi, 74%). Oxygen containing carboxylic 

acids were also tolerated well (2bj, 53%) even when the heteroatom 

is α-to the reactive site (2bk, 67%). Unfortunately, alkenes are not 

tolerated quite as well (2bl, 26%). Tertiary pivalic acid, however, 

did proceed well (2bb, 61%). Primary carboxylic acids initially 

seemed less suited to the reaction conditions (2bc 28% and 2bd 

37%), although this turns out to be substrate dependent as they are 

tolerated well with 1,4-quinones (see later, 6bc-6bd and 6bo 59-

85%, Schemes 4 and 6) and other heterocycles (2em, 86%, Scheme 

6). The yield with primary alkyls is also substantially improved us-

ing a more electron rich benzyl carboxylic acid (2bm, 53%), or 

having oxygen adjacent to the reaction site (2bn, 68%). 

 

Scheme 4. C-H Alkylation of Quinones 

 

 

C-H alkylation of 1,4-quinones were investigated next (Scheme 

4). The reaction with napthoquinone 5a can either be controlled to 

monoalkylate (6aa, 70%) or pushed (equiv. of 4a, oxidant and 

time) to dialkylate (6aa′, 64%) selectively. The provitamin mena-

dione and 1,4-anthraquinone also reacted smoothly to give 6ba and 

6da respectively in good yields (72% and 78%). Pleasingly, 2-

methoxy-1,4-naphthoquinone reacted well (6ca, 55%) and the hy-

droxyl group in the 5-position of juglone was tolerated well, albeit 

with low regioselectivity (6ea, 64% 1.3:1 regioselectivity). Disap-

pointingly 1,4-benzoquinone only produced a low 27% yield of 

6ga, so it appears that the procedure is best suited to napthoquinone 

and anthraquinone cores. Pleasingly, however, both tertiary (6ab, 

67%) and primary (6bc-6be, 59-85%) alkyls were also successfully 

installed, including primary alkyls 4c-e which gave low yields in 

Scheme 3. The successful formation of 6be demonstrates that po-

tentially reactive alkyne functionality is tolerated well. Further-

more, the alkyl scope encompassing various primary, secondary as 

well as tertiary alkyls proves more general than current metal-, pho-

tocatalyst- and light-free procedures using alternative alkylating 

agents, which are restricted to either secondary or heteroatom-sta-

bilized primary alkyls,8a or ethers.6a,6c As described above, these 

quinones are light-sensitive so procedures involving light irradia-

tion10a,10b,11  are not suitable for their C-H functionalizations. 

Since mono- and dialkylation can be controlled, our procedure 

can be modified rapidly to dialkylate 1,4-naphthoquinone 5a using 

two different acids, without the need for isolation of the monoal-

kylated 6aa (6aaf, Scheme 5). 

 

Scheme 5. Rapid Dialkylation Using Different Alkylcarbox-

ylic Acids 

 

 

Scheme 6. Late-stage C-H Functionalization 

 

 

Scheme 6 showcases the application of this procedure to late-

stage-functionalization of ligands and medicinally relevant com-

pounds. Neocuproine, a commonly used ligand, was dialkylated 

smoothly (2ma, 82%). The more complex fasudil.HCl, a well know 

rho-kinase inhibitor and vasodilator, was functionalized in 44% 

yield (2na) and caffeine was also successfully alkylated, albeit in a 

lower yield (2oa, 28%). An analogue of the antispasmodic drug pa-

paverine was successfully achieved by coupling isoquinoline with 

homoveratric acid to afford 2em in an excellent 86% yield. Alkyl-

ation of lawsone provided parvaquone (marketed as Clexon) 6ga in 

33% yield and the experimental drug 6bo,15 thought to target glu-

tathione reductase, was also successfully prepared (61%), the latter 



 

demonstrating that the reaction is tolerant of a second carboxylic 

acid. 

Although there are many benefits to using carboxylic acids as the 

alkylating agent, as described in the introduction, one drawback is 

that an excess of carboxylic acid is usually required in order to 

achieve mild C-H alkylation conditions.10a,10b,11 Nevertheless, we 

argue that the benefits outweigh this drawback, especially since ex-

cess 4 can be readily recovered using either a simple NaHCO3 (aq.) 

wash, or a “catch-and-release” protocol using Amberlyst A26 fol-

lowed by a formic acid/MeOH wash (see SI). 

It should be noted that under the reaction conditions usually used 

for Ag-catalyzed Minisci,4 no appreciable reaction occurs if silver 

is removed. Starkly, a screen of various solvents at 40 °C shows 

that our metal- and light-free conditions work only in DMSO (see 

SI). Nevertheless, the reaction proceeds in only <10% yield under 

standard photoredox-catalyzed conditions10a when light is om-

mited, despite being carried out in DMSO. Thus, it appears that it 

is the combination of conditions developed herein: DMSO solvent, 

but also equivalents of reagents, concentration and temperature 

which enables the reaction to proceed well for the first time under 

metal- and light-free as well as mild conditions.  

On the basis of the literature reports and observations above, a 

plausible mechanism is shown in Scheme 7. The Minisci reaction 

is thought to commence with decomposition of persulfate S2O8
2- to 

the sulfate radical anion SO4-·, traditionally under metal-mediation 

or photolysis.16 In our case, we believe the uncatalyzed decompo-

sition under mild conditions is achievable because its rate is de-

pendent on solvent,17 and S2O8
2- has in fact been reported to de-

compose much more readily in DMSO17b (an environmentally be-

nign solvent).18,19 The sulfate radical anion can then perform a hy-

drogen atom transfer (HAT) with alkylcarboxylic acids 4 to form 

alkyl radical I alongside extrusion of CO2,20 followed by the stand-

ard Minisci radical addition to the heterocycle or quinone,21 shown 

in Scheme 7. Product 6 can either be formed from H radical ab-

straction by sulfate radical anion8a or SET using persulfate.10a 

 

Scheme 7. Plausible Mechanism 

 

The reaction of 5a and 4a is totally inhibited in the presence of 

TEMPO (2 equiv), and C-H alkylation with 2-cyclopropylacetic 

acid 4p produces the ring opened 6bp (Scheme 8, consistent with a 

radical mechanistic pathway. Furthermore, the reaction of 1a and 

4a in the presence of SO4
-· captor allyl acetate17a,22 shows a de-

creased rate of reaction, pointing toward the involvement of sulfate 

radical anion SO4
-· in the mechanism, as proposed (see SI for mech-

anistic studies). 

 

Scheme 8. Ring opening upon C-H Functionalization with 

4p 

 

In conclusion, we have discovered that contrary to the accepted 

convention, C-H alkylation of N-heteroarenes and quinones with 

alkylcarboxylic acids does not require any metal, photocatalyst, 

light nor prefunctionalization of the acid to proceed well under mild 

conditions for application in late-stage functionalizations. The 

switch from commonly used Minisci solvents to DMSO is crucial, 

presumably to allow the mild decomposition of persulfate S2O8
2- to 

SO4
-· in the absence of catalyst or light. This discovery is a signifi-

cant advance as it improves on cost, toxicity, by-products and de-

composition. 
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