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Abstract: The regioselectivity of deprotonation reactions between arene substrates and basic 
metalating agents is usually governed by the electronic and/or coordinative characteristics of a 
directing group attached to the benzene ring. Generally the reaction takes place in the ortho 
position, adjacent to the substituent. Here we introduce a protocol whereby the metalating agent, 
a disodium-monomagnesium alkyl-amide, forms a template that extends regioselectivity to more 
distant arene sites. Depending on the nature of the directing group, ortho-meta’ or meta-meta’ 
dimetalation is observed, in the latter case breaking the dogma of ortho metalation. This concept 
is elaborated through the characterization of both organometallic intermediates and 
electrophilically quenched products. 

One Sentence Summary: Development of a template base provides new regioselectivities in 
metallation reactions of arenes allowing access to key pharmaceutical building blocks. 

 

Main Text: One of the most widely applied chemical reactions is metalation (1, 2), whereby an 
inert carbon-hydrogen (C-H) bond is transformed to a more reactive carbon-metal (C-M) bond 
by a metalating agent. The fundamental importance and vast scope of metalation arise from the 
ubiquity of the C-H bond, one of the most abundant bonds found in nature, which provides a rich 
sustainable entry point for the synthesis of aromatic chemicals, natural products and organic-
based materials. However this abundance of C-H bonds poses a formidable challenge to 
synthetic chemists in, how can metalation reactions be made regioselective, that is to deprotonate 
specific C-H bonds without reacting with other C-H bonds in the same molecule? One answer 
arrived in “directed ortho-metalation (DoM)” (3-6), the seminal concept to date in metalation 
chemistry. First introduced independently by Gilman (7) and Wittig (8), and then greatly 
extended by Beak (9), Mortier (10), Hoppe (11, 12) and Snieckus (13, 14), amongst others, DoM 
relies primarily on the substitution within the aromatic substrate undergoing the C-H to C-M 
transformation. To induce the DoM reaction, this substrate must contain a directing metalation 
group (DG) that can activate an adjacent (ortho) C-H bond towards metalation either by 
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providing the incoming Lewis acidic metalating agent with a Lewis basic docking site 
(coordination effect) and/or weakening this bond through electron-withdrawing inductive 
properties (electronic effect) (Fig. 1). Depending on their relative coordinating and electron 
withdrawing ability, DGs can be weak, moderate or strong ortho-directors. 

In general, the DoM concept applies irrespective of which metalating agent is employed whether 
it be an organolithium reagent or one of the new wave of bimetallic formulations [typified by 
Knochel’s (TMP)MgCl:LiCl (15, 16); TMP is 2,2,6,6-tetramethylpiperidide]. Emphasising this 
limited regioselectivity, Schlosser notes in his masterwork on polar organometallic chemistry 
that “deviations from the ortho rule do exist but are scarce” (2). Beak and Snieckus in their 
seminal perspective on the “complex-induced proximity effect (CIPE)” (6) explain how lithiation 
can occur remotely from the ortho position in special cases where the target C-H bond is 
formally remote (though bond connections) but is conformationally in proximity (through space) 
to the lithium-DG substituent coordination point. Recently, this idea has been elegantly extended 
to cyclopalladation reactions of certain amines (17), hydrocinnamic acids and toluenes (18), 
through using conformationally locked substituents that effect meta-activation. 

Here we introduce a concept to extend the scope of regioselectivities attainable in aromatic C-H 
metalation chemistry. The innovation lies in controlling the regioselectivity through the structure 
of the metalating agent rather than the inherent DG characteristics of the aromatic ring 
substituents. 

 

 

 

Fig. 1. Mechanism of the substituent directed ortho-metalation. 

 

Recently we established that the donor solvent-free structure of the potassium alkyl-amido 
magnesiate hexamer [{KMg(TMP)2(

nBu)}6] 1Bu is capable of metallating benzene, toluene and 
naphthalene to produce the hexameric areneides [{KMg(TMP)2(areneide)}6] 1areneide (19). This 
transformation provided strong evidence for a base template mechanism: the six butyl 
components of 1Bu deprotonate regioselectively one C-H bond of six arene molecules to generate 
1areneide inverse crowns, wherein the areneide anions are trapped within the retained hexameric 
ring framework of the base. Describing such compounds as inverse crowns acknowledges the 
topological but inverse relation to conventional crown ethers where the Lewis basic (O 
heteroatom containing) host rings trap Lewis acidic (metal atom) guests. A donor solvent-free 
medium (methylcyclohexane) was essential for these templation reactions as without competition 



from lone pair coordinating solvents (e.g., ethers) the pre-inverse-crowns can grow 
uninterruptedly through polar, but molecular (not infinite) aggregation. 

With the sixfold symmetry of 1Bu leading to similarly symmetrical inverse crown products, we 
thought it prudent to probe the metalating ability of sodium magnesiate 
“[Na4Mg2(TMP)6(

nBu)2]” 2Bu in methylcyclohexane because its lower symmetry might promote 
different C-H deprotonating reactions. Promisingly a preliminary reaction of 2Bu with 
naphthalene produced an inverse crown comprising a 12-atom [Na(TTHP)Na(TMP)Mg(TMP)] 
host ring 3 that trapped a 1,4-dideprotonated naphthalene (1,4-C10H6), though this reaction was 
complicated by one TMP ligand losing methane to form TTHP (2,2,6-trimethyl-1,2,3,4-
tetrahydropyridide) (19, 20). Although attempts to crystallize 2Bu have been unsuccessful, we 
have characterized its hydrocarbon solution structure by several NMR spectroscopic methods. 
Most compelling, DOSY and EXSY NMR spectra show two n-butyl-containing species in 
solution which can be attributed to the existence of a monomer-dimer equilibrium between 
“[Na2Mg(TMP)3(

nBu)]” and its dimer 2Bu (Fig. S4-S6 and accompanying text). Equilibria of this 
type are common in polar organometallic chemistry (21). Also, inverse crowns of matching 
formula [{Na4Mg2(TMP)6}(areneide2−)] are known to form from in situ mixtures of 2Bu with 
benzene or toluene (22), while similar 12-atom ring motifs can be constructed replacing 
magnesium by divalent metals of comparable size (Cr, Mn, Fe) (23). 

To cover the full range of weak to strong ortho-directors we screened all the representative DoM 
substrates in Fig. 2 with 2Bu prepared in methylcyclohexane solution by combining nBuNa (24), 
nBu2Mg and TMP(H) in a 2:1:3 ratio. Note that we have developed a user-friendly one-pot 
glovebox-free strategy for the synthesis of 2Bu, which is notably stable as a 0.1M solution in 
methylcyclohexane for at least 1 month (25). We began the screening with anisole 4a. 

 

 

 

 

 

 

 

 

 

 



 

Fig. 2. DG substituted arenes for screening with 2Bu highlighting their comparative ortho-
directing ability. 

 

Anisole, an important scaffold in pharmaceuticals such as the analgesic Tramadol (26) and the 
antidepressant Moxifetin hydrogen maleate (27), has been a key benchmark reagent in enhancing 
understanding of DoM chemistry. Hitherto it has only been possible to directly metalate anisole 
at one ortho-position (28-31). Reaction of anisole with 2Bu in methylcyclohexane solution under 
reflux conditions for 12 hours resulted in 2,5-dimetalation; work-up with D2O produced 2,5-
anisole-d2 6a (Table 1, entry 1, 80%). To gain insight into the intermediate organometallic 
chemistry behind this transformation, we undertook an X-ray diffraction study of crystalline 5a 

that revealed the new inverse crown [Na4Mg2(TMP)6(C6H3OMe-2,5)] (Fig. 3). Though the X-ray 
data are of insufficient quality to discuss structural metrics, the metalation sites can be 
unequivocally assigned to an ortho- and opposite facing meta’-position. 



Table 1. Regioselective 2,5-dimetalation of DG-substituted arene substrates and subsequent 
electrophilic addition reactions. 

 

Entry Substrate 
Metalation 

conditions* 
Metalation 

(%)† 
Electrophile Product (Yield, %) 

1 

 

101 ºC, 12h 85 D2O 

 

2 

 

101 ºC, 12h 85 I2 / CO2 

 

3 

 

101 ºC, 5h 88 I2 / CO2 

 

4 

 

25 ºC, 12 h 83 I2 

 

5 

 

101 ºC, 
3.5h 

80 I2 

 

6 

 

25 ºC, 3.5h 91 I2 / CO2 

 

7 

 

25 ºC, 1h 87 I2 

 

8 

 

25 ºC, 20 
min 

91 I2 
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* Metalation conditions (temperature, time). † Extent of 2,5-dimetalation determined by NMR 
spectroscopy. ‡ Conversion determined by NMR spectroscopy based on in situ reaction of 2Bu 

with 4a. § Isolated yield based on the reaction of crystalline 5a and D2O. || Isolated yield. 

 

 

 

Fig. 3. Molecular structure of [Na4Mg2(TMP)6(C6H3OMe-2,5)] 5a. Hydrogen atoms and one 
disordered component of both one TMP ligand and anisole moieties have been omitted for 

clarity. The dashed line illustrates a Na···O contact. 

 



Mg atoms within the 12-atom metal-amide ring occupy these deprotonated sites consistent with 
dimagnesiation of anisole. 1H NMR spectroscopic data of both the isolated solid and reaction 
mixture show that the dimagnesium-tetrasodium hexanuclear ring is retained in cyc-C6D12 
solution (25). The observation of only one set of anisolyl resonances confirmed that double 
deprotonation has occurred regioselectively at the 2,5-positions of anisole, the sole regioisomer 
formed. By treating in-situ solutions of 5a with iodine/THF or carbon dioxide then water, 1,4-
diiodo-2-methoxybenzene (6a’) and 2-methoxyterephthalic acid (6a’’) were isolated respectively 
(entry 2). 

Subjecting (methoxymethyl)benzene (4b), tert-butoxybenzene (4c), (trifluoromethyl)benzene 
(4d), N,N-diisopropylbenzamide (4e), 4,4-dimethyl-2-phenyl-4,5-dihydrooxazole (4f) and 
phenyl-N,N-diethyl-O-carbamate (4g) to 2Bu also gave 2,5-dimetalated intermediates in excellent 
yields (25). Quenching them with electrophiles gave the respective tri-substituted arenes in good 
to excellent isolated yields (Table 1). 

In contrast, reaction of 2Bu with N,N-dimethylaniline (7a) and N,N-diisopropylaniline (7b) (Table 
2) induced selective 3,5-metalation of the substrate evidenced through two singlets in a 2:1 
integration ratio in the arene region of 1H NMR spectra of organometallic intermediates 8a and 
8b. X-ray diffraction studies of crystalline of 8a (91% yield) revealed a structure resembling 5a, 
but with the aniline guest deprotonated in the 3,5-positions. This example of directed meta-meta’ 
metalation (DmmM) completely overrides the conventional DoM effect observed in the anilines. 
8a and 8b could be converted to their respective diiodo-complexes in good yields by treatment 
with iodine/THF (Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2. Regioselective 3,5-dimagnesiation of DG-substituted aryl substrates and subsequent 
electrophilic addition reaction. 

 

Entry Substrate 
Metalation 

Conditions* 
Metalation (%)† Electrophile 

Product 

(Yield, %)‡ 

1 

 

101 ºC, 4h 91 I2 

 

2 

 

101 ºC, 3h 85 I2
 

 

3 

 

60 ºC, 12 h 88 I2 

 

* Metalation conditions (temperature, time). † Extension of 3,5-dimetalation determined by 
NMR spectroscopy. ‡ Isolated yield. 
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Fig. 4. Molecular structure of [Na4Mg2(TMP)6(C6H3NMe2-3,5)] 8a. Hydrogen atoms have been 
omitted for clarity. 

 

X-ray data (Fig. 4) reveal that the anilino-N atom in 8a exhibits planar sp2 hybridisation, 
allowing conjugation of its lone pair into the aromatic system. Consequently, hindered rotation 
about the N-Cipso bond effectively results in the methyl groups offering permanent steric 
protection to the ortho-positions, thus altering the metalation regioselectivity from 2,5- to 3,5- 
for steric reasons. To pursue this idea further we treated 1 with the non-DoM directing t-
butylbenzene (7c). Unlike the anilines, ortho-protection is not fixed, but we posited that the 
additional methyl group adjacent to the ipso-C may provide a similar ortho-protection. 



Quenching the reaction with iodine/THF, gave the predicted 1,3,5-substituted arene 1-(tert-
butyl)-3,5-diiodobenzene (9c) (67% isolated yield). 

The DomM and DmmM concepts established here appear influenced by both electronic and 
steric effects. Firstly, consistent with DoM chemistry, strong DG-containing arenes require 
shorter reaction times and lower temperatures compared to those with weak DGs (Table 1, 
entries 6-8 vs entries 1-5) to achieve efficient dimetalation. Secondly, the spatial nature of the 
DG can redirect the deprotonations towards DmmM breaking the dogma of DoM effects. 
However the major driver for dimetalation occurring in the first place seems to be the pre-
organized base structure having two butyl ligands on two magnesium atoms primed for 
executing deprotonation. Further proof of the greater influence of the base over the substrate 
comes from the observation that the regioselectivity of 2Bu with toluene can be switched from 
DomM to DmmM by changing the alkyl component from butyl to trimethylsilylmethyl in 
2Me3SiCH2 (32). Dimetalation is often seen as an unwanted side reaction complication in organic 
synthesis; whereas here it is a deliberate regioselective process controlled by the template nature 
of the bases [{KMg(TMP)2(

nBu)}6] 1Bu  and “[Na4Mg2(TMP)6(
nBu)2]” 2Bu. This concept could 

have a vast scope not just for dimetalation but for metalation in general provided different 
template bases can be designed. A glimpse of this scope can be seen in the ring-cage hybrid 
structure of [{Li(TMP)Li(C5H4)}4Li6(

nBu)2]] prepared via a shape-selective synthesis from the 
molecular square [{Li(TMP)Li(C5H5)}4] and butyllithium (33). This novel templation approach 
presently realises dimetalation reactions exhibiting dual ortho-meta’ or meta-meta’ 
regioselectivities but the principle it establishes bodes well for a broader scope of positional C-H 
to C-M transformations in the future. Rationally designing a range of template bases is the next 
challenge for the metalation community. 
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