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Abstract 

The C–H alkylation of arenes with N-based directing groups typically requires high temperatures and/or harsh 

reaction conditions, which has traditionally reduced its functional group compatibility and applicability for late 

stage-functionalization. We report that a cyclometallated Ru complex is able to perform the C–H alkylation of 

arenes bearing a variety of N-directing groups with primary alkyl bromides at room temperature and under mild 

reaction conditions. We demonstrate this with an extended substrate scope, which includes several examples of 

late-stage alkylation of drug molecules, thus showcasing “real world” capabilities of this method. Mechanistic 

studies show that, contrary to previous mechanistic proposals, the reaction proceeds via a bis-cyclometallated Ru 

intermediate, followed by an SN2-type oxidative addition. 

Introduction 

The direct alkylation of aromatic C–H bonds with primary alkyl halides represents an extremely 

attractive synthetic transformation, using readily available starting materials.1-6 The classic Friedel-Crafts 

alkylation is limited by potential carbocation rearrangements, poor regioselectivity and tendency towards over-

alkylation, the requirement for stoichiometric amounts of strong Lewis acids, and the need for nucleophilic 

aromatics.1,7 Instead, transition-metal-catalyzed C–H alkylations can take advantage of directing groups in order 

to control regioselectivity and reactivity.1,8-15 Nitrogen-based functionalities are extremely common motifs in 

drugs, agrochemicals and biologically active compounds (Figure 1).16 



 

 

 

Figure 1. Examples of N-directing group containing drugs. 

Pyridines, for example, are the second most commonly encountered rings in small molecule drugs, with 

many other nitrogen-containing heterocycles among the top 50.16 Only a few methods have been developed for 

the ortho-alkylation of aromatics bearing common N-containing functionalities as directing groups, using alkyl 

halides as coupling partners, mainly under Ru- and Co-catalysis (Scheme 1a).2-3,5,17-31 However, these methods 

generally suffer from a narrow directing group scope and harsh conditions, often requiring high temperatures or 

superstoichiometric quantities of alkyl Grignard reagents. While a room temperature example using 20 mol % 

Ru-catalyst under visible light irradiation conditions has recently been reported, this was not accompanied by an 

increased substrate scope.32 Consequently, the use of these methods on molecules bearing delicate functionalities, 

such as for late-stage alkylation, has not been demonstrated. Thus, a method capable of alkylating arenes with a 

range of N-directing groups, under mild conditions, is still required to achieve broader applicability of these 

methods.  

We recently reported mechanistic studies on the Ru-catalyzed directed C–H arylation of arenes with aryl 

halides as coupling partners.33 These studies revealed that oxidative addition to Ru(II) occurs at a bis-

cyclometallated Ru(II)-species, contrary to the previously postulated oxidative addition at mono-cyclometallated 

Ru(II).33 Furthermore, we found that the commonly used p-cymene ligand on Ru hampers the formation of the 

bis-cyclometallated Ru(II) species. Accordingly, the use of a p-cymene-free mono-cyclometallated catalyst, 

RuBnN, led to a marked increase in catalytic activity. Recently, we have also shown that RuBnN leads to a 

regioselectivity switch on the alkylation of arenes using secondary alkyl halides, associated with a switch in 

mechanism enabled by bis-cyclometallation.34 Indeed, while (p-cymene)Ru(II)-catalysts afford meta-alkylation 

through an SET pathway, we found RuBnN to provide ortho-alkylation via an SN2-type oxidative addition.35 



 

 

The (p-cymene)Ru(II)-catalyzed directed alkylation of arenes with primary alkyl bromides (scheme 1A) 

has been proposed to proceed through oxidative addition to a mono-cyclometallated Ru(II)-species II to form 

III,19 or alternatively, through an SEAr-like pathway (IV, Scheme 1b).36 

Instead, we speculated that: 1) bis-cyclometallated Ru-species VI may be the true catalytic intermediate 

undergoing oxidative addition; and 2) the use of a mono-cyclometallated Ru(II) catalyst V such as RuBnN may 

allow for the development of a room temperature, mild, directed C–H alkylation of aromatics, capable of late-

stage functionalization due to a facile oxidative addition generating VII. Herein we report our studies leading to 

a powerful Ru-catalyzed process capable of the late-stage functionalization of a variety of pharmaceuticals. 

 

Scheme 1. Ru-catalyzed C–H alkylation with primary alkyl bromides.  

Results and Discussion 

Methodology development 

 We began our investigation by examining the reaction of 2-phenylpyridine (1a) with 1-bromooctane 

(2a), catalyzed by 10 mol % RuBnN, at room temperature (25 °C), using K3PO4 as the base (Table 1). 

Gratifyingly, a 31% yield of 3aa was obtained under these conditions (entry 1), confirming the higher intrinsic 

reactivity of our mono-cyclometallated Ru-catalyst. The addition of 30 mol % of KOC(CF3)3, which we have 



 

 

previously used on the Ru-catalyzed arylation of electron-deficient arenes and benzoic acids, led to a significant 

improvement in reactivity (entry 2).37-39 Following this, several carboxylate additives were screened, leading to 

further improvements in the reactivity of the system (entries 3-6). However, in these cases the selectivity between 

mono and bis-alkylation was diminished. The use of a phosphonate salt (PhP(O)O2K2) afforded an excellent 83% 

yield of 3aa, with only 4% of bis-alkylation product 4aa (>20:1 mono:bis-alkylation) (entry 7). Remarkably, no 

reactivity was observed under these mild reaction conditions when [RuCl2(p-cymene)]2 was used as catalyst 

instead of RuBnN (entry 8). When 1-chlorooctane was used instead of 2a, the formation of product was 

suppressed (entry 9), whereas the use of 1-iodooctane gave a similar yield to that obtained with 2a (entry 10). 

Interestingly, and in stark contrast to Ru-catalyzed arylations,33 high selectivities for mono- vs bis-alkylation were 

achievable. 

 

 

 

 

 

 

 

aYields determined by GC-FID using hexadecane as internal standard. bReaction performed using 5 mol % [RuCl2(p-cymene)]2 instead of RuBnN. cReaction 

performed using 2 equiv of 1-chlorooctane instead of 1-bromooctane. dReaction performed using 2 equiv 1-iodooctane instead of 1-bromooctane. 

Table 1. Optimization of room temperature C–H alkylation. 

 With the optimized reaction conditions in hand, we examined the scope of the reaction (Scheme 2a). A 

wide variety of electron-withdrawing and donating substituents were tolerated at the phenyl para position (3aa-

3ja). Electron-donating para-Me, para-OMe and the sterically bulky tBu group afforded good yields of mono-

alkylation, with small amounts of bis-alkylation (3ba, 3ca and 3da). Electron-withdrawing –CF3, −CO2Me and –

F groups also afforded good yields, albeit with noticeable quantities of bis-alkylation (3ea, 3fa, and 3ga). A para-

Entry Additive 1a (%)a 3aa (%)a 4aa (%)a 

1 - 54 31 1 

2 KOC(CF3)3 25 59 4 

3 KTFA 32 63 3 

4 KCO2Mes 8 78 17 

5 KCO2Ad 10 72 15 

6 KOAc 1 80 18 

7 PhP(O)O2K2 13 83 4 

8b PhP(O)O2K2 90 - - 

9c PhP(O)O2K2 82 2 - 

10d PhP(O)O2K2 15 78 6 



 

 

Cl substituent was also tolerated giving exclusively a combined 68% of mono and bis-alkylation (3fa). However, 

when using the bromo and iodo coupling partners, a complex mixture of products was obtained owing to the 

competing arylation reaction, implying that Csp2–X and Csp3–X oxidative addition have similar rates. 

Unprotected benzylic alcohols and aldehydes were also tolerated, affording the corresponding mono-alkylated 

products (3ia and 3ja). Next, we examined a range of electron-donating and withdrawing substituents at the meta 

position. In this case, –Me, –CF3, and –CO2Me groups gave excellent yields of mono-alkylation (3ka, 3la and 

3ma). However, meta-OMe led to a mixture of mono-alkylated products, with the major product resulting from 

alkylation at the least sterically hindered position. Finally, with the exception of –F, ortho-substituents led to a 

marked decrease in reactivity, with longer reaction times required to achieve good to excellent yields (3pa, 3qa 

and 3ra). To the best of our knowledge, these are the first successful examples of Ru-catalyzed ortho-alkylations 

with primary alkyl halide coupling partners on ortho-substituted substrates,2,18-19,32 emphasizing the advantages of 

the higher reactivity afforded by our catalytic system. Furthermore, RuBnN’s higher reactivity can also be 

exploited to significantly lower the catalyst loading in these reactions. Simply by increasing the temperature to 70 

°C, the alkylation of 1q to 3qa could be carried out in >99%, with only 1 mol % of RuBnN, which represents the 

lowest catalyst loading of any Ru-catalyzed C–H alkylation process to date.  

 Next, we explored the compatibility of the reaction conditions with a variety of alkyl halide coupling 

partners (Scheme 2b). Simple alkyl bromides (3sa, 3sb), as well as the hindered isobutyl bromide and neopentyl 

bromide (3sc, 3sd), and aliphatic and aromatic rings (3se, 3sf, 3sg) all performed well in the reaction. An electron-

rich indole, which is a common motif in drugs and biologically active compounds, was also compatible with the 

reaction conditions. No undesired alkylations occurred at the indole C3 position (3sh).5,40 Alcohols, amides, 

methyl esters, phthalimides and Boc-protected amines, were found to be compatible with the reaction conditions, 

affording good to excellent yields (3si-3sm). We also found it was possible to couple biologically active 

compounds through the introduction of an alkyl halide linker. For example, piperonylic acid led to 92% alkylated 

product 3sn. A fenbufen derivative, containing a ketone functional group was coupled in 72% yield (3so). Finally, 

the cholesterol derivative 2p, containing a double bond, led to 63% mono-alkylation (3sp). 

We then explored the application of our new method to other N-based directing groups (Scheme 2c). 

Isoquinoline and pyrimidine also proved to be excellent directing groups, affording selective alkylation in high 

yields (5aa, 6aa). Pyrazole and benzimidazole were also found to be suitable directing groups, although higher 



 

 

temperatures were required (7aa, 9aa). Pleasingly, ketimines also proved to be suitable directing groups allowing 

the alkylation of acetophenones (8aa). 

Scheme 2. Scope of the reaction. aYields of 3 are of isolated product. Yields of 4 are determined by 1H NMR spectroscopy using 1,3,5-

trimethoxybenzene as internal standard. bWith 1.5 equiv of 2a. cWith 1-iodooctane (2 equiv) at 35 °C. d72 h. e60 h. fWith 1 mol % RuBnN, 1-iodooctane (2 

equiv), K2CO3 (3 equiv) as base and KOAc (0.3 equiv) as the additive at 70 °C. g48 h. h50 °C. i35 °C. jWith 20 mol % RuBnN. kWith K2CO3 (3 equiv) as the 

base and KOAc (30 mol %) as the additive (8aa isolated after imine hydrolysis) 



 

 

To further explore the synthetic utility of this method, we attempted the late-stage direct alkylation of 

several commercial pharmaceuticals (Scheme 3). Diazepam, bearing the commonly found diazepine core, was 

alkylated in 49% yield (10aa). Oxaprozin (methyl ester), containing an oxazole directing group, was also alkylated 

leading to exclusive mono-alkylation (11aa). Zolpidem, bearing an imidazopyridine directing group and a 

dimethylamide, was also reactive under our conditions (12aa). Sulfaphenazole, containing a pyrazole directing 

group, as well as aniline and sulfonamide functionalities led to N-alkylation with 2a. However, the more hindered 

neopentyl bromide afforded exclusive ortho-alkylation in 27% yield (13ad). The ketone in fenofibrate was 

derivatized to the corresponding ketimine, which was then subjected to the alkylation conditions, leading to a 

mixture of both possible ortho-alkylation products. Both isomers could be separated by column chromatography, 

with alkylation at the para-Cl substituted ring corresponding to the major product (14aa, 33%). Atazanavir, a drug 

containing a pyridine directing group, as well as carbamate, amides, an alcohol and hydrazide functionalities, was 

selectively alkylated in 29% yield (15aa). Finally, polyacetylated 6-phenylpurine riboside was alkylated 

selectively in 25% yield (16aa). In most of these substrates, we found that the use of 30 mol % KOAc with 3 

equiv of K2CO3 gave better results when compared to the PhP(O)O2K2/K3PO4 conditions, without noticeable 

formation of bis-alkylated products. 

 



 

 

Scheme 3. Late stage functionalization. aYields are of isolated product. bWith 30 mol % of PhP(O)O2K2 and 3 equiv of K3PO4. c20 

mol % RuBnN. 

Mechanistic Studies 

 Previous work by Ackermann, Frost, and others on Ru-catalyzed alkylations with secondary, tertiary and 

activated alkyl halides, have highlighted that (p-cymene)Ru-catalyzed alkylation processes are consistent with an 

SET-based step, generating an alkyl radical that adds to the aromatic ring, rather than through the formation of a 

Ru(IV) intermediate.41-44 Interestingly, DFT calculations have led Chen to suggest that, with the exception of α-

halocarbonyls, these reactions may instead proceed via an SEAr pathway.36 It is noteworthy that these calculations 

also predict that primary alkyl halides react through such a mechanism, but reacting preferentially at the ‘free’-

ortho-position (e.g. meta to the Ru–C bond, Scheme 1b). Remarkably, no examples are known of ortho-alkylation 

with primary alkyl halides with (p-cymene)Ru-catalysts when the substrate already has an ortho-substituent, 

which is consistent with Chen’s predictions. We hypothesized that given the coordinatively more labile nature of 

our RuBnN catalyst, direct oxidative addition to Ru(II) may be the favored pathway over SET and SEAr processes. 

Indeed, the ability of our RuBnN system to catalyze ortho-alkylation even in the presence of ortho-substituents 

(e.g. 3pa-3ra, 6aa), confirms that the proposed SEAr pathway is not operative with our catalyst. 

 In order to determine whether oxidative addition to form Ru(IV) proceeds through SN2 or via SET, we 

carried out a competition experiment between a primary alkyl (2a) and a secondary alkyl halide (2q, Scheme 

4a).45 This competition revealed a ca. 15:1 relative reactivity between both halides, in favor of the primary bromide 

substrate. This ratio is consistent with an SN2 type oxidative addition.46 This result is in stark contrast to that 

observed for similar competition experiments using (p-cymene)Ru-catalysts, where primary and secondary alkyl 

halides showed similar reactivity.43 Our observed product ratio is similar to that reported by Schrauzer for the SN2 

reaction of a Co(I)-complex with alkyl bromides (14.5:1 for EtBr vs iPrBr).46  

 Cyclopropylcarbinyl halides are widely used as radical clocks to probe the intermediacy of C-radicals in 

transition metal catalyzed alkylations.45,47 Surprisingly, the reaction of 1a with 2r revealed a mixture of 25% 

closed and 20% ring-opened alkylation products (Scheme 4b), as determined by quantitative 1H NMR analysis 

with an internal standard. This mixture of products would be compatible with a competition between SN2 and SET 

taking place, or even a purely SET process where the rate of recombination of the alkyl radical with Ru(III) is of 

a similar magnitude to the rate of ring opening. However, taken together with the primary vs secondary alkyl 

competition experiment, we propose that the oxidative addition proceeds via SN2, with the observed ring-opening 

resulting from either a β-carbon elimination at Ru(IV),48 or from an SN2 vs SN2’ competitive oxidative addition.49 



 

 

 To probe the intermediacy of the bis-cyclometallated Ru-species (VI, Scheme 1c) in the reaction, we 

carried out a stoichiometric experiment between mono-cyclometallated complex Ru(2-TolPy) and 2a (Scheme 

4c). No alkylation product was detected under these conditions, even after extended reaction times, suggesting 

that the mono-cyclometallated intermediate is incapable of undergoing oxidative addition. Addition of 1 equiv of 

2-TolPy (1p) initiates the coupling reaction, affording alkylated product 3pa in 87% yield after 10 h. Conversely, 

addition of 1 equiv of pyridine did not enable the reaction, indicating that the effect of 2-TolPy is not originating 

from simple basicity or N-coordination. These results are consistent with the need for formation of bis-

cyclometallated Ru-species such as VI (Scheme 1c), for the oxidative addition step to proceed. 

 Next, we examined the reactivity of an isolated sample of bis-cyclometallated complex Ru-Bis (Scheme 

4d). Upon addition of alkyl halide 2a, complete conversion of Ru-Bis into the product of alkylation 3ta and the 

corresponding mono-cyclometallated Ru(II)-complex Ru-Br was observed by in situ 1H NMR monitoring, over 

3 h at room temperature. This result provides further strong support for the key role of bis-cyclometallated-Ru 

species in the Ru-catalyzed alkylation reaction with primary alkyl bromides.  

 Competition experiments between phenyl pyridines para-substituted with electron-withdrawing CF3 and 

electron-donating tBu groups (Scheme 4e), revealed the former to react preferentially (42% vs 5%). Indeed, this 

trend was also observed when 14a was used as the substrate. Similarly, the competition between a meta-CF3 and 

a meta-OMe led mainly to the CF3 containing product. These results suggest that the oxidative addition process 

may not be relevant to the rate of the reaction. Instead, the C–H activation process (from V to VI, Scheme 1c) 

may be responsible for the observed selectivity. 

 



 

 

 



 

 

Scheme 4. Mechanistic studies. a Yields determined by 1H NMR analysis of the crude reaction mixture using 1,3,5-trimethoxybenzene as an 

internal standard. 

Finally, we measured the kinetic orders of the components in the reaction by the application of the VTNA 

method developed by Bures (Figure 2).50-52 Our kinetic analysis revealed an order 1 on the Ru-catalyst (Figure 

2a) and an order of 0.8 on the arene 1p (Figure 2b), as well as zero order on alkyl bromide (Figure 2c). These 

orders are consistent with a rate determining C–H activation step followed by a comparatively facile oxidative 

addition, and in agreement with the competition experiments shown in Scheme 4. Interestingly, we also found a 

negative order (–0.4)  on product 3pa (Figure 2d), suggesting that the product competes with the starting material 

for coordination to the catalyst. Furthermore, we determined the KIE for the reaction of 1s and d5-1s with 2a via 

two parallel kinetic runs, revealing a KIE of 2.8 (Scheme 5). This primary KIE is consistent with our proposed 

rate-determining C–H activation step. 53 

 

  

  

Figure 2. Determination of orders of reaction of the different components using VTNA: a) order 1 in RuBnN, 

b) order 0.8 in 1p, c) order 0 in 2a and d) order –0.4 in 3pa. 

 



 

 

 

Scheme 5. Kinetic Isotope Effect via two parallel reactions. 

 

Conclusions 

In conclusion, we have developed a broadly applicable C–H alkylation of N-directing group-containing 

arenes enabled by a mono-cyclometallated-ruthenium(II) catalyst, RuBnN, which affords a much more reactive 

system than previous Ru-catalyzed methods. The method is compatible with a range of N-directing groups, many 

of which are common motifs in biologically active compounds such as pharmaceuticals, and tolerates a wide 

variety of functional groups, including the late-stage functionalization of several pharmaceutical molecules with 

diverse directing groups and functionalities. Mechanistic studies point to a key bis-cyclometallated Ru(II) 

intermediate enabling an SN2-type oxidative addition to Ru(IV), which leads to the formation of the ortho-

alkylation product. These observations are in stark contrast to previously proposed mechanisms involving SET, 

oxidative addition to mono-cyclometallated-Ru complexes, or SEAr-type processes, for analogous Ru-catalyzed 

reactions.  

Supplementary information is available in the online version of the paper. 
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