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Abstract

C(sp3)–N bond-forming reactions between benzotriazole and 5,6-dimethylbenzotriazole with N-
methylpyrrolidinone, tetrahydrofuran, tetrahydropyran, diethyl ether, 1,4-dioxane, and isochroman 
have been conducted using RuCl3•3H2O/t-BuOOH in 1,2-dichloroethane. In all cases, N1 and N2 
alkylation products were obtained, and these are readily separated by chromatography. One of 
these products, 1-(isochroman-1-yl)-5,6-dimethyl-1H-benzotriazole, was examined by X-ray 
crystallography. It is the first such compound to be analyzed by this method, and notably, the 
benzotriazolyl moiety is quasi-axially disposed, consistent with the anomeric effect. This has 
plausible consequences, not observed previously. In contrast to other hemiaminal ether-forming 
reactions, which proceed via radicals, this Ru-catalyzed process is not suppressed in the presence 
of a radical inhibitor. Therefore, an oxoruthenium-species-mediated rapid formation of an 
oxocarbenium intermediate is believed to occur. In the radical-trapping experiment, previously 
unknown products containing both the benzotriazole and the TEMPO unit have been identified. In 
these products, it is likely that the benzotriazole is introduced via a Ru-catalyzed C–N bond 
formation, whereas C–O bond-formation with TEMPO occurs via a radical reaction. We show that 
reactions of THF with TEMPO are influenced by ambient light. A competitive reaction of THF 
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and THF-d8 with benzotriazole indicated that C–H bond cleavage occurs ca. 5 times faster than C–
D cleavage. This is comparable to other metal-mediated radical reactions of THF, but lower than 
that observed for a reaction catalyzed by n-Bu4N+I−. Detailed mechanistic experiments and 
comparisons are described. The catalytic system was also evaluated for reactions of 
benzimidazole, imidazole, 1,2,4-triazole, and 1,2,3-triazole with THF, and successful reactions 
were achieved in each case. In the course of our studies, we discovered an unexpected but 
significant isomerization of some of the benzotriazolyl hemiaminal ethers. This is plausibly 
attributable to the pseudoaxial orientation of the heterocycle in the products and the stability of 
oxocarbenium ions, both of which can contribute to C–N bond cleavage and reformation. 
Predominantly, the N2-isomers rearrange to the N1-isomers even upon storage at low temperature! 
This previously unknown phenomenon has also been studied and described.

Graphical Abstract
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INTRODUCTION

N-directed C–H bond activation followed by C–C bond formation is an economical, 
environmentally-friendly method to functionalize diverse organic molecules,1 and such 
transformations can be accomplished with a variety of transition-metal catalysts.2 Within the 
context of nucleoside and purine modification, we3,4 and others5,6 have utilized the 
embedded purinyl nitrogen atoms to accomplish remote functionalizations of aromatic rings. 
In general, C–H bond activation has now become an important approach to late-stage 
functionalization of the labile polynitrogenated nucleosides and related heterocycles in ways 
that are otherwise not trivial.7

We have previously reported synthesis of 1,4-disubstituted 1,2,3-triazoles wherein the N1 
substituent was a purine nucleoside.8,9 Among these compounds, some C-6 triazolyl purine 
nucleosides showed weak antiproliferative activity against ovarian and colorectal carcinoma 
cell lines. Therefore, for additional SAR studies, we considered N-directed C–H bond 
activation for further functionalizing C-6 triazolyl nucleosides. For this, we chose to evaluate 
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Ru catalysis on the basis of the ortho-arylation reactions of C-6 aryl nucleosides using the 
purinyl nitrogen atom.4

In the course of these investigations, we encountered an unusual scission of the C–N bond 
between the nucleoside and the triazole, followed by C–H bond activation of the solvent, 
NMP, and C–N bond formation with the released triazole. This observation led us to initially 
investigate Ru-catalyzed C–H bond activation of NMP and, subsequently, comparable 
reactions of a variety of ethers. This article describes the first Ru-catalyzed formation of 
benzotriazolyl aminals from NMP and azolyl hemiaminal ethers by C–H bond activation, 
mechanistic and structural studies, comparisons to the generally sparse, recently published 
data on such reactions, and the observation of a previously undocumented interconversion of 
isomeric products.

Results and Discussion

In the context of N-directed remote functionalization, we were interested in the 

hyperfunctionalization of C-6 triazolyl nucleosides. Therefore, nucleoside 18 was exposed to 
PhBr (2 equiv) and a catalytic system composed of [RuCl2(η6PhH)]2 (5 mol %)/Ph3P (20 
mol %)/K2CO3 (4 equiv) (Scheme 1).10 However, this reaction did not yield the expected 

product 2, but a non-nucleosidic product was obtained in 32% yield. NMR experiments 
showed that it was derived from N-methylpyrrolidinone (NMP) and contained the phenyl 
triazolyl moiety. 13C NMR, DEPT data, and the weak NOE observed between the triazolyl 

H5 proton and the N-Me resonances pointed to isomer 5 as the possible product of the 

reaction among three isomeric possibilities 3–5 (Scheme 1).

A second experiment without PhBr also led to product 5 in a comparable 34% yield. 

However, in this attempt 3′,5′-di-O-(tert-butyldimethylsilyl)-2′-deoxyinosine (6) was 
observed in the product mixture. Thus, the nucleoside appeared to function as the source of a 
triazole, and in the process, it acts as a leaving group. On the basis of this outcome, we then 

tested the use of Bt-OTs (7), a triazole bearing a leaving group, using the same catalytic 
system (Scheme 2).

The reaction of NMP with Bt-OTs gave products 8a and 8b in reasonable 51 and 18% 
yields, respectively. Given the result of this reaction, and with a view to improved atom 
economy, the use of 1H-1,2,3-benzotriazole (BtH) was then evaluated (Scheme 2). This 

reaction gave much poorer yields of products 8a and 8b (28 and 5%, respectively), but the 
chemistry appeared feasible. Another problem was the contamination of the more-polar N1 

isomer with Ph3PO. Although compound 8a and 8b are not known to our knowledge, a 

product comparable to 8a from benzimidazole has been obtained via catalysis by FeCl2 with 
(t-BuO)2 in PhCl at 120 °C.11 In that work,11 C–N bond formation with the methyl group 
was also observed, which was not observed here. On the basis of the foregoing, we analyzed 
other conditions, including those involving an oxidant, for the reaction of BtH with NMP 
(Table 1).

Some notable points emerge from Table 1. N1- and N2-alkylated products were observed in 
every case, and the combined product yields were modest in several initial experiments 
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(entries 1–4). Use of O2 gas in entries 1–4 was based on the Ru-catalyzed aerobic, oxidative-
cyanation of tertiary amines.12 With the benzene- and p-cymene-Ru complexes product 
purities were high, and the overall yield was better with the former despite a slower reaction 
(entry 1 versus 2). Use of [Ru(CO)(H)2(PPh3)3] resulted in an incomplete reaction even after 
48 h (entry 3). We then tested the cheaper RuCl3•3H2O (entry 4). In combination with t-
BuOOH, a significantly faster reaction occurred, which was complete at room temperature 
(entry 5).

In entries 1–6, NMP was used both as reaction solvent and reagent. Thus, efforts were 
directed toward reducing the NMP (entries 6–8). In comparing entries 6 and 7, lowering 
NMP to 3 equiv and t-BuOOH to 2.5 equiv slowed the reaction and caused a drastic 
decrease in overall yield. A reaction in 1,2-dichloroethane (DCE) with 10 equiv NMP, a 
lowered 5 mol % of the Ru catalyst, 3 equiv t-BuOOH (in nonane), and in the absence of 
K2CO3, gave a good overall product yield, with a higher proportion of the N1 isomer (entry 
8). When no catalyst was used, an incomplete reaction occurred in 29 h at 80 °C, indicating 
that a slow, background reaction could still occur, possibly via decomposition of t-BuOOH 
(entry 9). This possibility is consistent with a recent observation that (t-BuO)2, and to a 
lesser extent t-BuOOH, can produce radical intermediates from isochroman, 1,3-
dihydrobenzofuran, N-substituted tetrahydroisoquinolines, 1,4-dioxane, and THF.13 Notably, 
t-BuOOH in water was ineffective for this purpose, whereas a solution in decane gave 
modest product formation with indole (leading to C-3 alkylation).13

On the basis of these results, conditions in entry 8 were utilized for subsequent experiments, 

and their applicability to the reactions of BtH (9) and commercially available 5,6-

dimethyl-1H-1,2,3-benzotriazole (5,6-DMBtH, 10) was tested. Because two products are 
anticipated in these reactions, use of the symmetrical benzotriazole renders the separation 
problem simpler. Results from the reactions of these two 1H-benzotriazoles are presented in 
Table 2. It should be noted that in initial experiments involving ethers, two reactions of THF 
with BtH using catalyst from two different sources were observed to be incomplete in the 
absence of 4 Å molecular sieves (MS). Thus, sieves have been used in reactions involving 
ethers.

In every case, N1 and N2 alkylated products were formed, and these were readily separated 
by chromatography. The N1 isomers are significantly more polar on silica gel as compared 
to the N2 isomers, and in their 1H NMR spectra, the benzotriazolyl proton resonance pattern 
of the former is more complex, consistent with the lack of symmetry. Because the products 
from the reactions of isochroman are solids, the N1 isomer obtained from the reaction of 

5,6-DMBtH with isochroman (21a) was crystallized, and its single-crystal X-ray structure 
was obtained (Figure 1).14 This structure shows that C–N bond formation occurred, alpha to 
the ether oxygen, at the more activated benzylic position. Notably, the structure 
demonstrates the quasi-axial disposition of the benzotriazolyl ring, consistent with the 
anomeric effect. This is the first time a product of this type has been crystallographically 
characterized.

In order to assess whether this reaction would be applicable to other types of ethers, we 
conducted a preliminary evaluation on the ability of an alcohol silyl ether to undergo this C–
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H bond activation (Scheme 3). In a reaction of 2-phenylethanol TBDMS ether with BtH, the 

latter was not completely consumed even after 96 h, and N1 isomer 22 was isolated in 11% 
yield. The fact that this is not an uncatalyzed process is indicated by the reduction in yield 
by half upon reducing the catalyst loading by half. In addition to a slow reaction, silyl group 
instability to the reaction conditions and product lability could be contributing reasons for 

the low yield. Importantly though, formation of product 22 indicates that other ethers, such 
as silyl ethers, may also potentially be substrates for C–H bond-activation reactions, an 

aspect that had not been investigated to date. In its 1H NMR spectrum, compound 22 

displayed a one-proton doublet of doublets (δX = 6.59 ppm, J = 4.9 Hz, 8.0 Hz), a two 
proton doublet of an ABquartet (δA = 3.33 and δB = 3.48 ppm, JAX = 4.9 Hz, JBX = 8.0 Hz, 
JAB = 13.7 Hz), and diastereotopic silyl methyl resonances (δ = −0.13 and −0.36 ppm), as 
would be expected of this chiral compound.

To gain some insight into the mechanism, a reaction of BtH and THF was performed in the 
presence of TEMPO (2,2,6,6-tetramethyl-1-piperidinyloxy, Scheme 4) under the optimized 
reaction conditions. Practically no inhibition of the reaction was observed, and the N1- and 

N2-THF adducts 12a and 12b were obtained in 48 and 24% yield, respectively. In addition, 

two minor elusive products, 23a and 23b, were isolated in 10 and 5% yield, respectively. 
The combined yield of all products obtained in this reaction was 87% (compared to the 84% 

in entry 3 of Table 2). Compounds 23a and 23b have never been identified in comparable 
reactions, and their structures were assigned by a combination of NMR and HRMS analyses. 
Not observing these minor products could have led us to believe that some attenuation of the 
reaction had occurred. Both compounds exhibit benzotriazolyl resonances, with aryl proton 

resonances comparable to those in compounds 12a and 12b, but in both cases, additional 
aliphatic resonances from TEMPO are observed.

Despite small variations in the chemical shifts of the tetrahydrofuranyl protons in isomeric 

compounds 23a and 23b, the overall patterns and coupling constants of these protons are 
very similar (Figure 2).15 Thus, it can be anticipated that the stereochemical arrangement of 
the benzotriazolyl and the piperidinyloxy groups in both compounds are identical. Analysis 

of the NOESY spectrum of compound 23a indicated a strong interaction between the two 
protons at the anomeric carbon atoms, supporting the structures as indicated in Figure 2, 
with a cis arrangement of the two substituents. The chemical shift of H1′ was similar to that 

in compound 12a and it showed NOE correlation with a benzotriazolyl proton.

A competitive reaction of THF and THF-d8 with BtH was conducted under the general 
conditions in order to assess the kinetic isotope effect (KIE). As shown in Scheme 5, four 

products are anticipated. A mixture of compound 12a and its deuterated analogue 12a-d7 

were collected as one fraction as was the mixture of the isomeric compounds 12b and 12b-
d7. The combined yield of purified products from this reaction was 80% and the N1/N2 
isomer ratio was 4:1 (both comparable to data in entry 3 of Table 2). From the integration of 
the benzotriazolyl resonances in the 1H NMR spectrum of the major N1 isomer fraction, the 

ratio of 12a/12a-d7 was determined to be 5.2:1. From HRMS analysis, the ratio of the [M + 
Na]+ ions for the two products in this fraction was 5.5:1. Similarly, by 1H NMR, the ratio of 

12b/12b-d7 in minor N2 isomer fraction was 5.7:1, whereas the [M + Na]+ ion ratio in this 
case was observed to be 6.1:1.
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While this work was in progress, three other reports involving reactions of benzotriazole 
with ethers have appeared: (a) those of 1,4-dioxane and THF using FeCl3/t-BuOOH (neat at 
100 °C),16 (b) that of THF using n-Bu4N+I−/t-BuOOH (neat, sealed tube at 75 °C),17 and (c) 
those of THF, 1,4-dioxane, Et2O, and dihydropyran also using n-Bu4N+I−/t-BuOOH (DCE, 
80 °C).18 Although a mechanistic assessment of the FeCl3-catalyzed reactions of 
benzotriazole is not available, and neither are exactly comparable data in the other cases, 
KIE values have been reported for hemiaminal ether formation from imidazole and 
carbazole.19,20 These data along with reaction conditions are shown in Table 3 and the 
results implicate a slow hydrogen atom abstraction step.19,20 The KIE observed in the 
current competition experiment is comparable to these prior metal-catalyzed reactions. 
Because formation of a reactive intermediate from THF is a likely occurrence before a 
product-forming step, we propose that C–H bond cleavage occurs in the slow step. In 
contrast to the KIE in metal-mediated processes, that observed for the n-Bu4N+I−-catalyzed 
reaction is reported as 15.7 (entry 3 in Table 3).17

Previously reported reactions of benzimidazole,18 imidazole,19 and carbazole20 with THF 
were suppressed in the presence of TEMPO, and the radical formed from THF was captured 

by TEMPO (for a structure of the TEMPO-THF adduct, see compound 24 in Scheme 6). 
This is a major difference in this work because TEMPO neither inhibited the reaction nor 
was the THF-TEMPO adduct observed. Therefore, the present mechanism has to account for 
a slow step involving loss of “H” without radical intermediates, or if radicals are produced 
they must be extremely short-lived to escape capture by TEMPO. A first step in the reaction 
is the likely formation of an oxoruthenium intermediate by the reaction of RuCl3 with t-
BuOOH. This is supported by the fact that only a trace of product was observed when the 
reaction was conducted in the absence of t-BuOOH. Another difference between this work 
and prior mechanistic studies on the reaction of imidazole with THF using FeCl3•6H2O/t-
BuOOH,19 is the presence of 4 Å MS in our reactions. Thus, we repeated the reported 
radical inhibition experiment19 in the presence of 4 Å MS, with a very similar outcome. This 
indicated that molecular sieves do not influence the mechanistic course.

Next, three reactions of THF (10 equiv) and TEMPO (1 equiv) were conducted in the 
presence of t-BuOOH, under ambient laboratory light, under subdued light, and protected 
from light (see Figure S1 in the Supporting Information). The reaction conducted under 
laboratory light became colorless, and complete consumption of TEMPO was observed with 

formation of the TEMPO-THF adduct 24. On the other hand, the reaction under subdued 
light and that protected from light remained orange, and showed a substantial amount of 

residual TEMPO (by TLC analysis, ca. 30% of adduct 24 was observed, eq 1 in Scheme 6). 
Thus, this reaction of TEMPO with THF may be accelerated by ambient light.

Experiments were then conducted between BtH and THF in the presence of t-BuOOH, 
under the optimized conditions, but without the catalyst (eq 2 in Scheme 6). One reaction 
was performed under ambient laboratory lighting, and the other was protected from light. 

Results from both reactions were comparable, yielding 28–29% of the N1 isomer 12a, 9–

10% of the N2 isomer 12b, and 58–59% of recovered BtH. These collective results indicate 
that a radical reaction leading to products is possible, and this process is abrogated by 
TEMPO (eq 3 in Scheme 6). However, this radical process appears to not significantly 
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contribute to the reaction in the presence of the Ru catalyst, because no inhibition by 
TEMPO was observed and good product yields ensued. Finally, to ensure that a reaction 
between TEMPO and the Ru catalyst was not responsible for false indications, a RuCl3-
catalyzed reaction of BtH and THF was conducted in the absence of t-BuOOH but with 
added TEMPO (eq 4 in Scheme 6). Only a trace of product was observed in this reaction and 
a substantial amount of TEMPO remained. Thus, in the radical inhibition experiment, 
TEMPO neither contributes to product formation nor is it destroyed by the catalyst.

On the basis of the foregoing discussion, we propose the mechanism shown in Scheme 7. 
This is similar to that involved in the Ru-catalyzed oxidation of alkanes, wherein an 
oxoruthenium intermediate has been proposed.21 This intermediate then reacts with the ether 
producing a resonance-stabilized oxocarbenium ion, which is then captured by BtH. As 
mentioned earlier, there is a caveat. Although reaction inhibition was not observed with 
TEMPO, if rapid electron-transfer processes occur, then a very short-lived radical 
intermediate may elude capture.

As regards formation of products 23a and 23b, we have to surmise that they arise by a 
metal-independent radical process at one of two stages: (a) due to ambient light, a minor 
background reaction of THF with TEMPO produces the TEMPO addition product, and this 
undergoes C–H bond activation, or (b) product formation occurs first, and then compounds 

23a and 23b are formed by the minor radical reaction due to ambient light.

Because a few different catalytic approaches to benzotriazolyl hemiaminal ethers have 
emerged while this work was in progress, we offer a comparison of known data to those 
obtained here (Table 4). Notably, these previous reports16–18 only describe reactions of BtH. 
As reactions can depend upon the structure of the benzotriazole, 5,6-DMBtH has also been 
evaluated in this work so as to offer a comparison to reactions of BtH.22 In FeCl3-catalyzed 
reactions of BtH with THF and 1,4-dioxane,16 as well as in a n-Bu4N+I−-catalyzed reaction 
of BtH with THP,18 no N2 isomers were reported. Because formation of both isomers is 
reported for other ethers, and has been observed herein, we wonder whether these prior 
reactions led to only a single isomer, or whether the N2 isomers were formed in low 
amounts, or were lost during isolation procedures, or rearranged (see below). Also 
interesting to note is that even with an identical reagent combination but under different 
conditions,17,18 variability in the N1/N2 ratios seems possible (see reactions of THF using n-
Bu4N+I−/t-BuOOH in Table 4).

After these evaluations involving benzotriazoles were completed, we assessed whether the 
reaction conditions could be applied to other azoles, and we selected benzimidazole, 
imidazole, 1,2,4-triazole, and 1,2,3-triazole for analysis. Reactions were conducted with 
THF, and the products, reaction times, as well as yields are shown in Figure 3.

The reaction of benzimidazole proceeded uneventfully under the optimized conditions, but 
that of imidazole was complicated by the formation of inseparable 1-(2-chloroethyl)-1H-
imidazole by N-alkylation with DCE. This side reaction has either not been observed or 
reported in the FeCl3-catalyzed reaction of imidazole with THF.19 Due to the formation of 
this undesired byproduct, we conducted the reaction of imidazole in THF as solvent, and this 

Singh et al. Page 7

ACS Catal. Author manuscript; available in PMC 2017 March 04.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



resulted in a reasonable product yield. 1,2,4-Triazole reacted very cleanly resulting in only 
the N1 product (as evidenced by two aryl proton resonances in the 1H NMR spectrum). This 
regiochemical outcome is comparable to those observed in reactions mediated by n-
Bu4N+I−/t-BuOOH18 and FeCl3/t-BuOOH.19 In the reaction of 1,2,3-triazole, the N1 
product predominated, although HRMS data indicated that another chromatographically 
isolated fraction may contain a trace of the N2 isomer. However, in the latter three reactions, 
a product was isolated that appears to be 2-(t-butylperoxy)tetrahydrofuran23 (see the 
Supporting Information). The role of this species, if any, is currently not known. Table 5 
offers a comparison of the reaction of these four heterocycles with THF under the various 
conditions.

Finally, an unanticipated observation was made when we reanalyzed the 1H NMR spectrum 

of 2-(isochroman-1-yl)-2H-benzotriazole (20b) after storage at 2–5 °C for a period of ca. 6 
months. This material had undergone almost complete isomerization to 1-(isochroman-1-

yl)-1H-benzotriazole (20b, see Figure S2 in the Supporting Information). Therefore, we also 

obtained 1H NMR spectra of the THF-derived compounds 12a and 12b. A very old sample 

of compound 12b had undergone substantial conversion to the N1-isomer 12a (see Figure S3 
in the Supporting Information), but the N1-isomer had converted to only a minor amount of 
the N2-isomer (see Figure S4 in the Supporting Information).

Because isomerization of the tetrahydrofuranyl compound occurred but was very slow, we 
performed an experiment to increase the rate of this interconversion. A neat sample of 2-

(tetrahydrofuran-2-yl)-2H-1,2,3-benzotriazole (12b) was heated in a NMR tube, and the 
conversion was monitored periodically (solvent was added for obtaining a spectrum and then 
evaporated off prior to continued heating). As seen from Figure 4, clean conversion to 1-

(tetrahydrofuran-2-yl)-1H-1,2,3-benzotriazole (12a) occurred (see Figure S5 in the 
Supporting Information for additional time points). On the basis of these observations it 
appears that the ratio of the N1 and N2 isomers can be altered by a number of factors, which 
can include not only reaction conditions but also those for storage.

The interconversion could occur by C–N bond scission, enabled by the pseudoaxial 
orientation of the departing group (benzotriazole) at an anomeric position, followed by a C–
N bond reformation, proceeding via an oxocarbenium ion (Scheme 8). In such an event, 2-

(isochroman-1-yl)-2H-benzotriazole (20b) will be expected to isomerize faster as compared 

to 2-(tetrahydrofuran-2-yl)-2H-1,2,3-benzotriazole (12b), due to the increased stability of an 
oxocarbenium intermediate from the former. The driving force for rearomatization of the 
aryl ring readily explains the N2 to N1 interconversion. In fact, these factors may also help 
explain the relatively large N1/N2 isomer ratios observed in the reactions of isochroman 
(entries 11 and 12 in Table 2) as compared to other reactions. It is currently not clear why a 
minor N1 to N2 conversion occurs. Nevertheless, such an interconversion of isomers has not 
been reported previously in the context of similar reactions.

CONCLUSIONS

In conclusion, ruthenium-catalyzed functionalization of sp3 carbon atoms adjacent to the 
nitrogen atom of a lactam (NMP) and the oxygen atom of five ethers with BtH and 5,6-

Singh et al. Page 8

ACS Catal. Author manuscript; available in PMC 2017 March 04.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



DMBtH has been demonstrated. The reaction also appears applicable to benzimidazole, 
imidazole, 1,2,4-triazole, and 1,2,3-triazole, as evidenced by their reactions with THF. For 
the first time, in a preliminary result, this method was shown to produce functionalization 
adjacent to a O–Si bond, albeit only in low yield. One product, from the reaction of 5,6-
DMBtH with isochroman, was crystallized and characterized by X-ray analysis. This 
revealed that the benzotriazolyl moiety is quasi-axially disposed due to the anomeric effect. 
From a mechanistic consideration, the Ru-catalyzed process appears to rapidly produce 
heteroatom-stabilized carbenium ions, which are then trapped by the azoles. C–H bond 
cleavage occurs ca. 5 times faster than C–D cleavage and does not appear to involve radical 
intermediates, at least not long-lived ones. This is a mechanistic departure from similar C–H 
bond activation processes of ethers. In the attempted radical trapping experiment, two 
unusual and previously undescribed products, containing benzotriazolyl and TEMPO 
moieties, have been identified. It appears that the benzotriazolyl unit is introduced by the 
metal-mediated C–N bond formation, whereas the TEMPO moiety is incorporated by a 
minor background C–O bond formation via a radical process. Interestingly, some of the 
products, particularly the N2-alkylated derivatives, undergo isomerization to the N1-alkyl 
compounds even under such mild conditions as storage at low temperature. By heating a 
neat sample of 2-(tetrahydrofuran-2-yl)-2H-1,2,3-benzotriazole at 50 °C, this transformation 
has been monitored by 1H NMR spectroscopy.

Caution! Although there are several documented examples involving the use of 
ruthenium salts in combination with peroxides, appropriate caution should be 
exercised while handling these materials and their combinations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

ORTEP structure of 1-(isochroman-1-yl)-5,6-dimethyl-1H-benzotriazole (21a, CCDC 
1435653, thermal ellipsoids are shown at 50% probability level).
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Figure 2. 

Partial 500 MHz 1H NMR spectra of isomeric compounds 23a and 23b in CDCl3 showing 
the tetrahydrofuranyl protons.
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Figure 3. 

Products obtained from reactions of benzimidazole, imidazole, 1,2,4-triazole, and 1,2,3-
triazole with THF, catalyzed by RuCl3/t-BuOOH.

Singh et al. Page 13

ACS Catal. Author manuscript; available in PMC 2017 March 04.

A
u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t
A

u
th

o
r M

a
n
u
s
c
rip

t



Figure 4. 

Isomerization of 2-(tetrahydrofuran-2-yl)-2H-1,2,3-benzotriazole (12b) to 1-

(tetrahydrofuran-2-yl)-1H-1,2,3-benzotriazole (12a) at 50 °C in a NMR tube.
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Scheme 1. 

Attempted Ru-catalyzed N-directed arylation of a C-6 triazolyl purine nucleoside resulting 
in a triazolyl NMP derivative
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Scheme 2. 

Ru-catalyzed reactions of Bt-OTs and BtH with NMP
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Scheme 3. 

Ru-catalyzed C–H bond-activation of 2-phenylethanol TBDMS ether
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Scheme 4. 

Reaction between THF and BtH in the presence of TEMPO
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Scheme 5. 

Competitive reaction of BtH with THF and THF-d8
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Scheme 6. 

Additional experiments to gain mechanistic insight
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Scheme 7. 

A plausible reaction mechanism
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Scheme 8. 

Predominant isomerization of the N1 to the N2 isomers
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Table 1

Conditions tested for the C–H Bond Activation of NMPa

entry catalyst reagents and conditions yield (%)b

1 [RuCl2(η6PhH)]2 NMP, 2 equiv K2CO3, 1 atm. of O2, 18 h at 100 °C N1: 23, N2: 22

2 [RuCl2(η6-p-cymene)]2 NMP, 2 equiv K2CO3, 1 atm. of O2, 5 h at 100 °C N1: 16, N2: 12

3 [Ru(CO)(H)2(PPh3)3] NMP, 2 equiv K2CO3, 1 atm. of O2, 48 h at 100 °C Incompletec

4 RuCl3•3H2O NMP, 2 equiv K2CO3, 1 atm. of O2, 16 h at 100 °C N1: 18, N2: 5

5 RuCl3•3H2O NMP, 2 equiv K2CO3, 6 equiv t-BuOOH in H2O, 16 h at rt N1: 41, N2: 9

6 RuCl3•3H2O 6 equiv NMP, 2 equiv K2CO3, 6 equiv t- BuOOH in H2O, 16 h at rt N1: 40, N2: 28

7 RuCl3•3H2O 3 equiv NMP, H2O,d 2 equiv K2CO3, 2.5 equiv t-BuOOH in H2O, 18 h at rt, then 4 h at 
60 °C

N1: 13, N2: 5

8 RuCl3•3H2O 10 equiv NMP, DCE,e 3 equiv t-BuOOH in nonane, 7 h at 80 °C N1: 53, N2: 13

9 None 10 equiv NMP, DCE,e 3 equiv t-BuOOH in nonane, 29 h at 80 °C Incompletec

a
All reactions were conducted in 1 mL of solvent (NMP, H2O, or DCE), unless noted otherwise. BtH concentration in entries 1–5 and 7–9: 0.5 M, 

and in entry 6: 1.7 M. Catalyst: 10 mol % in entries 1–7 and 5 mol % in entry 8.

b
Yields reported are of individual isolated and purified N1 and N2 products.

c
Product formation was observed but reaction was incomplete by TLC, and BtH was still present in the reaction mixture.

d
Water was used as the reaction solvent.

e
Dichloroethane (DCE) was used as the reaction solvent.
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Table 2

Ru-catalyzed alkylation of BtH and 5,6-DMBtH with NMP and ethersa

entry reactants products resultsb

1 Time = 7 h
8a: 53%, 8b: 13%
Total yield = 66%
N1/N2 = 4.1:1

2 Time = 7 h
11a: 55%, 11b: 20%
Total yield = 75%
N1/N2 = 2.7:1

3 Time = 6 h
12a: 64%, 12b: 20%
Total yield = 84%
N1/N2 = 3.2:1

4 Time = 6 h
13a: 47%, 13b: 21%
Total yield = 68%
N1/N2 = 2.2:1

5 Time = 20 hc
14a: 57%, 14b: 8%
Total yield = 65%
N1/N2 = 7.1:1

6 Time = 24 h
15a: 31%, 15b: 15%
Total yield = 46%
N1/N2 = 2.1:1
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entry reactants products resultsb

7 Time = 16 h
16a: 46%, 16b: 27%
Total yield = 73%
N1/N2 = 1.7:1

8 Time = 3.5 h
17a: 40%, 17b: 28%
Total yield = 68%
N1/N2 = 1.4:1

9 Time = 24 hc,d
18a: 29%, 18b: 17%
Total yield = 46%
N1/N2 = 1.7:1
Time = 24 hc,d,e
18a: 27%, 18b: 18%
Total yield = 45%
N1/N2 = 1.5:1

10 Time = 24 hc,d
19a: 23%, 19b: 7%
Total yield = 30%
N1/N2 = 3.3:1

11 Time = 8 h
20a: 53%, 20b: 4%
Total yield = 57%
N1/N2 = 13.2:1

12 Time = 8 h
21a: 59%, 21b: 3%
Total yield = 62%
N1/N2 = 19.7:1

a
Reactions were conducted at 0.5 M concentration of BtH or 5,6-DMBtH in DCE, with 10 equiv of NMP or ether, 5 mol % RuCl3•3H2O, 3 equiv 

t-BuOOH in nonane, at 80 °C (except where noted otherwise). Molecular sieves (4 Å, 0.2 g) were used for reactions of ethers.
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b
Yields reported are of isolated and purified products, and they are not based on recovered benzotriazole (see the Supporting Information for 

amounts of benzotriazoles recovered).

c
Reaction remained incomplete.

d
Reaction was conducted at 110–120 °C.

e
Reaction was conducted with 20 mol % RuCl3•3H2O.
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Table 3

Observed KIE values for comparable C–H bond activations with THF/THF-d8

entry reactants conditions KIE

119 FeCl3•6H2O (2.5 mol %), t-BuOOH (3 equiv), 80 °C 4.0:1

220 CuCl2 (10 mol %), 2,2′-bipyridine (10 mol %), (t-BuO)2 (3 equiv), air, 
140 °C

4.0:1

317 n-Bu4N+I− (20 mol %), t-BuOOH (5 equiv), 75 °C in a sealed tube 15.7:1

ACS Catal. Author manuscript; available in PMC 2017 March 04.
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Table 4

Comparison of three methods for synthesis of benzotriazolyl hemiaminal ethers

ether FeCl3/t-BuOOH n-Bu4N+I−/t-BuOOH RuCl3/t-BuOOH

Only N1 isomer reported, 74%16 N1:N2 = 3.4:1, 87%17

N1:N2 = 1.9:1, 98%18
N1:N2 = 3.2:1, 84%

Only N1 isomer reported, 55%16 N1:N2 = 1.4:1, 85%18 N1:N2 = 1.7:1, 46%

— N1 = 60% (only isomer reported)18 N1:N2 = 7.1:1, 65%

— N1:N2 = 5.5:1, 65%18 N1:N2 = 1.7:1, 73%
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Table 5

Comparison of reactions of benzimidazole, imidazole, 1,2,4-triazole, and 1,2,3-triazole with THF under 

various conditionsa

heterocycle FeCl3/t-BuOOH n-Bu4N+I−/t-BuOOH RuCl3/t-BuOOH

25: 78%16

25: 86–89%19
25: 72%18 25: 83%

26: 88–90%19 — 26: 56%

27: 72%19 27: 65%18 27: 61%

— 28: 31% and N2 isomer 29%18 28: 57%

a
Only isolated yields are shown.
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