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Abstract: The chemical modification of biomolecules is an emerging technique for studying and manipulating 
biological mechanisms.  Among these methods, catalysis offers advantages over stoichiometric strategies due to 
its ability to enhance selectivity, e.g., spatiotemporal control, via catalytic turnover, and the modification of tyrosine 
recently attracts considerable attention due to its significant biological functions.  However, catalyst-controlled 
aromatic halogenation is challenging under near-physiological conditions due to the lack of biocompatible catalysts, 
despite the potential of tyrosine bromination as an attractive biomolecular labeling technique.  In this study, inspired 
by the bioorthogonal reactivity of cyclic olefins, we developed catalytic aromatic bromination via the transfer of a 
bromenium ion from olefins to aromatic substrates based on the in-situ generation of bromiranium ions as active 
species.  Bifunctional cyclooctenes bearing a hydroxybenzyl group efficiently catalyzed the bromination of phenol 
derivatives, which was applicable in tyrosine modification.  The substituent effects of the catalysts primarily affected 
the rate of the generation of bromiranium ions, which provided the kinetics enabling light-gated catalysis that could 
be activated in situ via the photochemical deprotection of the hydroxybenzyl group.  Such olefin catalysis was 
compatible with aqueous conditions, enabling the bromination of peptides, and the Lewis-base catalysis of the 
olefins proceeded even under acidic conditions. 

Introduction 

The chemical modification of peptides and proteins is an emerging technique for studying and manipulating 
biological mechanisms.  Among such methods, biocompatible catalysis that can be used under physiologically 
favorable conditions broadens life science research via the in-situ activation of labeling reagents or substrates.[1–5]  
A definitive advantage of catalysis over stoichiometric methods is its signal amplification (i.e., catalyst-controlled 
selectivity, such as spatiotemporal control) via catalytic turnover.  Most traditional methods rely on the modification 
of lysine and cysteine, and the labeling of less reactive amino acids, including tyrosine, is still rare.  Elucidating and 
controlling the biological functions of tyrosine based on side chains containing phenolic moieties that provide 
amphiphilicity, π-π and cation-π interactions, hydrogen bonding, etc., are critical.[6–11]  Increasing attention has 
been devoted to the halogenation of tyrosine to control pharmacokinetics[12–14] and install cross-coupling tags for 
use in further derivatization.[15–18]  Moreover, bromination can be used to install mass tags, which are favorable in 
detection, even amidst numerous other signals, owing to diagnostic isotopic patterns of bromine, resulting from the 
natural abundance of its isotopes (79Br: 50.69%, 81Br: 49.31%, Figure 1a).[19–23]  However, the catalytic aromatic 
halogenation of tyrosine side chains within peptides is limited to chlorination.[24,25]  In addition, catalyst-controlled 
halogenation is challenging under physiologically favorable conditions, such as ambient temperatures in aqueous 
media, due to the lack of biocompatible catalysts, although numerous catalysts have been developed to date for 
use in aromatic halogenation toward organic synthesis.[26,27] 
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Figure 1. Transfer of Br+ between π-electrons and its potential in catalysis toward tyrosine labeling. 

To develop biocompatible catalysts for aromatic bromination, olefins would be used owing to the bioorthogonal 
reactivity as cyclic olefins have been frequently employed as bioconjugation tags (Figure 1b, top).[28,29]  The transfer 
of a bromenium ion (Br+) between olefins was observed in 1991 during research regarding the electrophilic 
bromination of alkenes (Figure 1c).[30,31]  Although the olefin-to-olefin transfer of Br+ is a detrimental process that 
racemizes bromiranium ions during asymmetric bromination,[32] it also productively enables the use of isolable 
bromiranium ion salts derived from adamantylideneadamantane as brominating reagents in bromocyclization 
(Figure 1d).[33–37]  However, the substrates are limited to alkenes, and the synthetic utilities of bromiranium ions 
should be expanded to the bromination of less reactive substrates.  To this end, the development of catalysis 
involving the in-situ generation of highly reactive bromiranium ions should be more effective in accelerating Br+ 
transfer to substrates than the use of isolable but moderately reactive bromiranium ions as reagents.  We explored 
organocatalysis using olefins as active sites, utilizing in-situ-generated bromiranium ions to transfer Br+ to alkenes 
bearing a carboxylic acid in bromolactonization (Figure 1b, bottom).[38–40]  In developing the olefin catalysts, we 
used cyclooctene derivatives, where the olefins served as Lewis-basic catalytic sites.[38,39]  Furthermore, 
bifunctional cyclooctenes bearing a functionalized benzyl group were developed as considerably more active 
catalysts.[40]  In such olefin catalysis, the generation of the bromiranium ions from the cyclooctene and a brominating 
reagent is the rate-determining step (RDS).  The functionalized benzyl groups of the catalysts accelerate this step 
by forming attractive non-covalent interactions to stabilize the transition state.  We thus envisioned that such olefin 
catalysis is applicable in brominating aromatic compounds, which are less reactive than alkenes,[41] via the in-situ 
generation of reactive bromiranium ions that are otherwise challenging to access.  In this study, we developed a 
catalytic aromatic bromination method, in which Br+ is transferred from the olefins of cyclooctene derivatives to 
aromatic substrates (Figure 1e).  Bifunctional cyclooctenes efficiently catalyzed the bromination of phenol 
derivatives, and their para-hydroxybenzyl substituent, which provided particularly high catalytic activity, accelerated 
the generation of cyclooctene-derived bromiranium ions as active species.  This mechanistic feature was used to 
realize light-gated catalysis that can be activated in situ via the photochemical deprotection of the para-
hydroxybenzyl group, thus enabling spatiotemporal control over bromination.[40,42–44]  Furthermore, such catalysis 
was applicable in tyrosine modification under physiologically favorable conditions using biocompatible brominating 
reagents, 1-bromo-2-oxo-1,2-dihydronaphthalene-1-carboxylates (BODNs), that we recently developed.[19]  Thus, 
it should enable additional labeling techniques for use in probing transitional biomolecular events, thereby leading 
to cross-validation with our recently reported method of tyrosine bromination using BODNs and organic dyes as a 
photocatalyst.[19] 

Results and Discussion 

Initially, we assessed the catalytic activity of cis- (CCOs) 1 and trans-cyclooctenes (TCOs) 2 bearing various 
substituents (Figure 2) in the bromination of p-cresol (8) as a model of the tyrosine side chain using N-
bromoacetamide (NBA, 11) in CH2Cl2 at –40 °C (Table 1).  While no reaction occurred in the absence of a catalyst 
(Table 1, entry 1), the use of CCOs 1a and 1b accelerated the reaction to provide 9 and 10 (Table 1, entries 2 and 
3), indicating that cyclic olefins bearing a functionalized benzyl group can catalyze aromatic bromination.  Among 
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the CCOs, 1a and 1b, with electron-donating groups at their para-positions, provided high catalytic activity (Table 
1, entries 2 and 3), whereas 1c–1e, with electron-neutral and -withdrawing groups, provided low catalytic activity 
(Table 1, entries 4–6).  Notably, protecting the hydroxybenzyl group had considerable effects, including deactivating 
the catalytic activity (Table 1, entries 2 and 5).  The same trends were observed in the reactions using TCOs 2 
(Table 1, entries 7–11), although TCOs were less active than CCOs as catalysts in aromatic bromination.  This 
suggests that the extremely high Lewis basicity of TCOs compared to that of CCOs decreases the reactivity of in-
situ-generated bromiranium ions, retarding Br+ transfer to 8.  meta-Hydroxybenzyl group-substituted CCO 3a also 
provided high catalytic activity (Table 1, entry 12), whereas CCO 3b with a meta-methoxybenzyl group was less 
active than 1b (Table 1, entries 3 and 13).  As a reaction without a catalyst did not proceed (Table 1, entry 1), 8 
displays no catalytic activity, although its structure is analogous to those of the substituents of 1a, 2a, and 3a.  Thus, 
the olefin moieties of 1a, 2a, and 3a served as essential catalytic sites.  Furthermore, acyclic olefin 4 with a para-
hydroxybenzyl group and unsubstituted CCO (5) were catalytically inactive (Table 1, entries 14 and 15).  The ring 
size of the cis-cycloalkene also affected the catalytic activity, as cycloheptene 6 and cyclohexene 7, with a para-
hydroxybenzyl group, were less active (Table 1, entries 16 and 17).  Therefore, the cyclooctene frameworks bearing 
a hydroxybenzyl group are effective. 

 

Figure 2. Olefin catalysts. 

Table 1. Bromination of p-cresol using olefin catalysts.[a] 

 

Entry Catalyst Yield of 9 (%)[b] Yield of 10 (%)[b] 

1 none <1 <1 

2 1a 83 3 

3 1b 46 54 

4 1c 2 <1 

5 1d <1 <1 
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6 1e 3 <1 

7 2a 63 <1 

8 2b 58 <1 

9 2c 8 <1 

10 2d 7 <1 

11 2e 5 <1 

12 3a 82 11 

13 3b 11 <1 

14 4 <1 <1 

15 5 <1 <1 

16 6 47 <1 

17 7 <1 <1 

[a] Reactions were run using 8 (0.10 mmol), 11 (0.20 mmol), and the catalyst (0.0050 mmol) in CH2Cl2 (10 mL).  [b] NMR yields.  
No side product other than 9 and 10 were yielded. 

Mechanistic investigations were then conducted.  As catalysts 1a and 2a contain phenol moieties, we analyzed 
whether the substituents of the catalysts were brominated in situ.  Although the fate of each catalyst is difficult to 
analyze after the catalytic reaction due to the complexity of the resulting mixture, brominated catalysts were 
synthesized[39] and assessed as catalysts in the bromination of 8 (Scheme 1).[45]  The catalytic activity of CCO 1a-
Br bearing a meta-bromo-para-hydroxybenzyl group was comparable to that of 1a (Scheme 1a).  Conversely, CCO 
1f bearing a para-bromobenzyl group was less catalytically active than 1c, indicating that a bromo group displays 
a negative effect (Scheme 1b).  Thus, in assessing the catalytic activity of 1a, we likely observe the catalytic activity 
of in-situ-brominated 1a, while less nucleophilic 1c is not brominated in situ.  Moreover, compared to the trends 
observed in Table 1, the bromination of anisole (12) exhibited different patterns with respect to the substituent 
effects of the catalysts (see Table S1 in the Supporting Information for details).  The bromination of 12 was slower 
than that of 8, and thus, the reactions were investigated at 25 °C.  Regardless of the catalyst substituents, 
bromination proceeded with low-to-moderate yields, and protecting the para-hydroxybenzyl group was ineffective 
in deactivating the catalytic activity (Table S1, entries 2, 5, 7, and 10).  The results shown in Tables 1 and S1 
indicate the importance of the phenolic groups of the substrate and catalyst.  Based on these results and the 
mechanistic insights observed in Scheme 1 and our recent study,[40] we propose the reaction pathways of the 
1a/2a-catalyzed bromination of 8, as shown in Figure 3.  First, the phenol moieties of 1a and 2a are likely 
brominated, and a catalytic cycle is then initiated.  Phenolic substrates can be activated via hydrogen bonding (B), 
which facilitates Br+ transfer from a catalyst-derived bromiranium species to the substrate.  Thus, the reaction of 8 
is faster compared to that of 12.  We conducted variable time normalization analyses[46] of the bromination of 2,4-
dimethylphenol (8'), which exhibits a single reaction site at the ortho-position, using 1a and 1d as catalysts (see 
Schemes S1 and S2 in the Supporting Information for details).  The results indicate that the kinetics are first order 
in terms of 8' in the 1a-catalyzed reaction but zero order in terms of 8' in the 1d-catalyzed reaction.  In our previous 
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study, the kinetics were found to be zero order in terms of the substrate in 2c-catalyzed bromolactonization using 
11 as a brominating reagent, indicating that the RDS is the activation of 11.  Bifunctional catalysts 1a and 2a 
effectively facilitate the activation of 11 via hydrogen bonding and dispersion interactions, in addition to Lewis-basic 
activation by their olefin moieties (same as A).[40]  Here, in the 1a-catalyzed aromatic bromination, the first-order 
kinetics in terms of the substrate were likely observed because the bifunctional catalyst 1a effectively accelerates 
the activation of 11, and Br+ transfer to the substrate (B) is the RDS.  Conversely, the zero-order kinetics in terms 
of the substrate observed in the 1d-catalyzed aromatic bromination indicate that the protection of the phenolic 
group of the catalyst retards the activation of 11, making it the RDS.  These results suggest that protecting the 
phenolic group of 1a/2a suppresses the catalytic activity by altering the rate of the generation of bromiranium ions.  
This enables catalysis that can be activated in situ using a photochemically labile masking group on the para-
hydroxybenzyl substituent (vide infra, Schemes 2 and 3). 

 

Scheme 1. Substituent effects of the brominated benzyl groups of the CCO catalysts. 
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Figure 3. Proposed pathways of the 1a/2a-catalyzed bromination of p-cresol (8). 

Cyclooctene 1a/2a-catalyzed bromination was then applied to tyrosine derivative 13 (Table 2).  The trends were 
similar to those shown in Table 1.  1a, 1b, 2a, and 2b, bearing a para-hydroxybenzyl or -methoxybenzyl group, 
were more catalytically active than the other cyclooctene derivatives (Table 2, entries 2, 3, 7, and 8).  In addition, 
protecting 1a and 2a with an electron-withdrawing group effectively suppressed their catalytic activity (Table 2, 
entries 5 and 10).  We thus conducted the bromination of 13 using light-gated catalyst 16a[40] (Scheme 2).  The 
reaction efficiently proceeded in the presence of 16a and light, whereas their absence resulted in slower reactions.  
To the best of our knowledge, this is the first light-gated catalysis of the bromination of an amino acid derivative. 

Table 2. Bromination of the tyrosine derivative using cyclooctene catalysts.[a] 

 

Entry Catalyst Yield of 14 (%)[b] Yield of 15 (%)[b] 

1 none <1 <1 

2 1a 83 10 

3 1b 83 <1 

4 1c <1 <1 

5 1d <1 <1 

6 1e <1 <1 

7 2a 64 22 

8 2b 87 3 

9 2c 20 <1 

10 2d 11 <1 

11 2e <1 <1 

[a] Reactions were run using 13 (0.10 mmol), 11 (0.20 mmol), and the catalyst (0.0050 mmol) in CH2Cl2 (10 mL).  [b] NMR 
yields. 
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Scheme 2. Light-gated catalysis of the bromination of the tyrosine derivative with NBA using 16a. 

We then investigated the biocompatibility of this catalytic system.  The high reactivity of conventional brominating 
reagents, such as 11, causes non-catalyzed background reactions at physiologically benign temperatures.  We 
recently revealed the biocompatible reactivity of BODNs (17) as brominating reagents, but they are inert in the 
absence of a catalyst even under near-physiological conditions.[19]  Here, we additionally identified the efficient 
reactivity of BODNs in the bifunctional cyclooctene-catalyzed bromination of the tyrosine derivative under 
biocompatible conditions (Table 3).[47]  BODNs 17 enabled catalytic reactions in aqueous media at 37 °C without 
causing non-catalyzed background reactions.  To the best of our knowledge, this is the first Lewis base-catalyzed 
aromatic bromination in aqueous media.[19,26,27]  BODN-Me (17a) readily provided brominated tyrosine 14 in a high 
yield in the presence of 1a (Table 3, entry 1), and the use of BODN-t-Bu (17b) also resulted in slower but practical 
1a-catalyzed reactivity under ambient aqueous conditions (Table 3, entries 2 and 3).  Moreover, photochemically 
initiated bromination was realized under these biocompatible conditions by developing light-gated catalyst 16b with 
a 4,5-dimethoxy-2-nitrobenzyl group[48] as a photoremovable protecting group, which inhibited background 
reactions more effectively than 16a (Scheme 3).[47] 

Table 3. Bromination of the tyrosine derivative Using BODNs.[a] 

 

Entry Reagent Yield with 1a (%)[b] Yield without 1a (%)[b] 

1 17a 91 <1 

2 17b 66 <1 

3[c] 17b 75 <1 

[a] Reactions were run using 13 (0.10 mmol), 17 (0.12 mmol), and 1a (0 or 0.010 mmol) in H2O/MeCN (v/v =1:1, 1.0 mL).  [b] 
NMR yields.  [c] Reaction was run for 6 h. 
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Scheme 3. Light-gated catalysis of the bromination of the tyrosine derivative with BODN-t-Bu using 16b. 

 

Scheme 4. Bromination of tyrosine-containing peptides. 

The aqueous conditions expanded the scope of this method to the bromination of tyrosine-containing peptides 
(Scheme 4).  Peptides bearing leucine (19a), valine (19b), alanine (19c), phenylalanine (19d), and glutamine (19e) 
were efficiently brominated in the presence of 1a, providing only the desired product 19 without generating any 
side products.  Furthermore, olefin-catalyzed aromatic bromination was tolerated under acidic conditions with pH 
values below 5, which occur under several physiological conditions, such as environments close to tumor cells and 
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within endo- and lysosomes.[49,50]  The reaction of 13 was conducted using solvents comprising a buffer, with a pH 
of 4.0, and acetonitrile (Scheme 5).  While no reaction occurred in the absence of a catalyst, 1a catalyzed the 
reaction, albeit with an extended induction period,[40] indicating a unique feature of the olefin catalyst, i.e., it serves 
as a Lewis base even under acidic conditions. 

 

 

Scheme 5. Reactions under acidic conditions. 

Conclusions 

In summary, the cyclooctene-catalyzed bromination of phenol derivatives was developed, and it was applied to 
biocompatible tyrosine modification.  The bifunctional cyclooctenes bearing a hydroxybenzyl group were 
particularly catalytically active.  The substituent effects of the catalysts primarily affected the rate of the generation 
of bromiranium ions as active species, which provided the kinetics enabling light-gated catalysis.  Such olefin 
catalysis was compatible with ambient aqueous conditions, enabling the bromination of tyrosine-containing 
peptides.  The Lewis-base catalysis proceeded even under acidic conditions.  Olefin-catalyzed tyrosine bromination 
offers biocompatible methods for use in selectively modifying peptides and proteins with bromo groups as attractive 
synthetic handles and mass tags.  Studies regarding the application of olefin-catalyzed tyrosine bromination in 
labeling techniques as well as the development of more water-soluble reaction tools are currently underway and 
shall be reported in due course. 

Supporting Information 

Experimental procedures, results of additional investigations, characterization data and NMR spectra of 
synthesized compounds.  The authors have cited additional references within the Supporting Information.[51] 
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Biocompatible catalysis for aromatic bromination was attained via olefin-to-aromatic ring transfer of Br+. 
Bifunctional cyclooctenes catalyzed the bromination of phenol derivatives, which was applicable in tyrosine 
modification, and realized light-gated catalysis. Such olefin catalysis was compatible with aqueous conditions, 
enabling the bromination of peptides, and the Lewis-base catalysis of the olefins proceeded even under acidic 
conditions. 


