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ABSTRACT: Four lithium magnesiate complexes (2-5) containing the dianionic (rac)-BIPHEN ligand have been prepared and 

characterized using X-ray crystallography and NMR spectroscopy. (THF)3.Li2Mg{(rac)-BIPHEN)}
n
Bu2 2, (THF)3.Li2Mg{(rac)-

BIPHEN)}(CH2SiMe3)2 3 and (THF)2.Li2Mg{(rac)-BIPHEN)}
neo

Pe2 4 have been prepared by complexation of the appropriate 

dialkylmagnesium compound with in-situ prepared Li(rac-BIPHEN) in a mixture of hydrocarbon/THF. For all structures, the Mg 

centers are four-coordinate (and retain the alkyl groups); however, in 2 and 3 the two Li centers have different coordination spheres 

(one binding to one THF molecule, the other to two). The solid-state structures of 2 and 3 are essentially isostructural with that of 4 

except that both Li atoms in this molecule have equivalent coordination spheres. The solution behaviors of these three molecules 

have been studied by 
1
H, 

13
C and DOSY NMR spectroscopy. During the synthesis of 2, it was discovered that a (rac)-BIPHEN-rich 

(or n-butyl-free) lithium magnesiate (THF)4Li2Mg{(rac)-BIPHEN)}fo2 2b could be isolated. The lithium precursor to 2-5, 

(THF)4.Li4{(rac)-BIPHEN)}2 1 has also been isolated. Within the molecular structure of this tetranuclear complex, there are three 

different Li coordination environments. Finally, 2 has already shown promise as a reagent in a halogen-metal exchange reaction 

with 2-bromopyridine. The structural chemistry at play in this reaction was probed by X-ray crystallography and NMR spectrosco-

py. The organometallic intermediate pyridyl-magnesiated 5 (THF)2.Li2Mg{(rac)-BIPHEN)}(2-pyridyl)2 was isolated in high yield.  

INTRODUCTION  

The halogen-metal exchange of aromatic halides using bime-

tallic organometallates (ates) has attracted much attention, 

primarily because, in general, ates can be used under more 

user- and environmentally-friendly conditions than their 

organolithium counterparts (i.e., temperatures closer to ambi-

ent temperature, in the presence of normally reactive function-

al groups and in greener solvents).
1-4

 Alongside deprotonative 

metalation,
2,5

 the halogen-metal exchange methodology allows 

for more chemoselective reactions and the direct introduction 

of various lowly electropositive metals onto the aromatic 

rings.
 
In this context, magnesium-based ate complexes have 

attracted a high degree of interest. Iida and Mase have report-

ed the magnesiation of bromopyridines and aromatic halides 

using a substoichiometric amount of n-Bu3MgLi
6
 while 

Oshima has shown that chemoselectivity can be easily tuned 

using n-BuMe2MgLi.
7
 Here, the absence of an excess of reac-

tive butyl ligands suppresses side reactions during the trapping 

step.
 

The replacement of non-reactive alkyl ligands with 

alkoxides in organomagnesiates is an interesting alternative 

for concomitantly tuning the reactivity and allowing access to 

asymmetric synthesis by using appropriate chiral ligands.
8-12

 

Dilithium dialkylmagnesiates derived from lithium BINOLate 

have been reported by Noyori to promote a very good 

enantioselectivity in the alkylation of aldehydes.
13

 The key 

point is to design a well-defined and robust bimetallic reagent 

ensuring the complete saturation of metal coordination sites 

thus limiting excess aggregation, which otherwise may subse-

quently lead to a loss of enantioselection. 

Recently we have reported that the incorporation of chiral 

ligands within organomagnesiates allows us to prepare rea-

gents for the efficient ambient temperature bromine-

magnesium exchange of sensitive halogenoazines and subse-

quent asymmetric transfer of the formed azinylorganometallics 

to carbonyl electrophiles.
14-16 

(Scheme 1). Despite their syn-

thetic usefulness, to the best of our knowledge nothing is 

known about the solid (or solution) structures of these rea-

gents, as well as those of the azinylorganometallic intermedi-

ates generated upon the halogen-metal exchange process. As 

structure is inextricably linked to reactivity, in this paper we 

have studied the solid- and solution-state structure of the 

magnesiate complexes and intermediates involved in the reac-

tion of magnesiates with 2-bromopyridine. We also report the 

preparation and structural characterization of other related 

organomagnesiates, in an effort to provide structural infor-

mation that may allow us to tailor the efficiency and 

stereoselectivity of the exchange/trapping reaction.  
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Scheme 1. The exchange-trapping sequence for synthesis of 

chiral azinyl carbinols from chiral ligand-containing 

magnesiates.  

 

In our previous work, the chiral ligands employed were (R,R)-

TADDOL and (R)-BIPHEN-H2 (Scheme 2).
14,16

 The corre-

sponding dibutylmagnesiates were prepared following two 

synthetic routes. In each case, the diol was di-deprotonated 

with BuLi (2 equivalents) then for Route A it was treated with 

an equivalent of 
n
BuMgCl and then another equivalent of 

n
BuLi. For Route B the dilithiated diol was treated directly 

with an equivalent of 
n
Bu2Mg (as a 1 M heptane solution) 

(Scheme 2). In this study we attempt to elucidate the solution 

and structural of the di-n-butyl magnesiate reagents (and other 

alkyl congeners) as well as their respective products when 

they undergo magnesium-bromine exchange with 2-

bromopyridine.  

 

Scheme 2. Preparation of dibutylmagnesiates and proposed 

structure.  

 

Solution studies of di-n-butylmagnesiates Both 

of the aforementioned preparative routes were studied by 
1
H 

NMR spectroscopy. For these studies, reactions involving 

(rac)-BIPHEN-H2 (L*-H2) were chosen as this ligand proves 

to be a useful probe to monitor metal environment changes in 

the formed magnesiate due to the simplicity of the resonances 

in the aromatic region of the respective 
1
H NMR spectra. The 

relevant chemical shifts are presented in Table 1 (see spectra in 

supporting information, SI). 

 

Table 1. 
1
H NMR chemical shifts of magnesiates

[a]
 

Magnesiate Route HAr ligand CH2Mg 

L*
n
BuMgLi A 

6.87 (1H) and 

6.84 (1H) 

-0.76 (1H) and  

-0.97 (1H) 

L*
n
Bu2MgLi A 6.84 (2H) 

-0.82 (2H) and  

-1.15 (2H) 

L*
n
BuMgLi B 6.80 (2H) 

-0.83 (2H) and  

-1.15 (2H) 

L
* 
is (rac)-BIPHEN. 

[a] 
Perfomed in THF-d

8
 at 293K (400 MHz)

 

 

The chemical shifts appear to be in agreement with the struc-

tural formulae proposed in Scheme 2. The monobutyl 

magnesiate intermediate, L*nBuMgLi formed in route A, 

showed two distinct singlets for aromatic protons of the ligand 

indicating two non-equivalent Ph rings, as expected for the 

monoalkyl intermediate (i.e., one phenolic ring bridges be-

tween a Li and Mg center; whilst the other is terminally bound 

to only Mg). The hydrogen atoms of the methylene-C,  to the 

magnesium center (CH2Mg) appear upfield as two multiplets 

at −0.76 and −0.97 ppm reflecting the diastereotopic nature of 

these protons. The introduction of an additional equivalent of 
n
BuLi into L*

n
BuMgLi resulted in the appearance of only one 

singlet in the aromatic region, which again is in agreement 

with the structure proposed in Scheme 2, for the higher order 

magnesiate L*
n
Bu2MgLi2. In addition, the CH2Mg signals 

appear as two distinct multiplets at −0.82 (2H) and −1.15 ppm 

(2H), again in agreement with the diastereotopic environment 

for each hydrogen of the methylene groups. When the struc-

tural chemistry of route B was studied by solution NMR spec-

troscopy (i.e., adding 
n
Bu2Mg directly to the dilithiated ligand) 

the 
1
H NMR spectrum was found to be essentially identical to 

that obtained for the reaction performed in route A. Thus the 

preparation route appears to have no influence on the structure 

of the dibutylmagnesiates. Coincidently, the reactivities and 

selectivities of the magnesiates [both (R,R)-TADDOL-H2 and 

(R)-BIPHEN H2-containing species] prepared using the two 

synthetic strategies were also compared in a model metal-

halogen exchange reaction using 2-bromopyridine as the or-

ganic substrate (Table 2). These data again suggest that the 

magnesiate preparation sequence has no significant effect on 

yields and enantioselectivity levels. 

 

Table 2. Effect of preparation routes on yield and enantiomeric 

ratios 

 

 
Ligand Route A/B Alcohol (%)

[a,b]
 S:R

[c]
 

(R,R)-TADDOL A 38 88:12
14

 

 B 40 87:13 

(R)-BIPHEN H2 A 54 17:83
14

 

 B 51 18:82 

[a] 
The bromine-metal exchange was complete. 

[b]
 Yields determined by GC. 

[c]
 

Determined by chiral GC. 
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Synthesis and Solid State Study. As alluded to in the intro-

duction, the main objective of this work was to elucidate the 

structure of chiral magnesiates both in solution and solid state. 

The NMR spectroscopic studies suggest structures in solution 

that correspond to those previously proposed.
14-16

 To gain 

further insight, we isolated, and analyzed by single crystal X-

ray diffraction, crystals of the chiral lithium magnesiates. 

Although lithium magnesiates were our main focus, as a prel-

ude we also investigated homometallic lithium complexes of 

(rac)-BIPHEN-H2 as to the best of our knowledge, these had 

not been studied prior to this work. Commercially-available 

(rac)-BIPHEN-H2 was chosen for the preparation and crystal-

lographic studies of the reagents as it is considerably less 

expensive than the enantiopure reagent. (THF)4.Li4{(rac)-

BIPHEN)}2 1, can be synthetized by reacting (at 0°C) one 

equivalent of the corresponding diol in THF with two equiva-

lents of 
n
BuLi. Removal of the solvent and recrystallization of 

the residue from hot hexane, lead to the formation of X-ray 

quality crystals of 1 in 47% yield. With respect to the metal-

anion framework 1 is tetranuclear; however, the molecule 

contains three distinct Li environments (Figure 1). Two Li 

atoms (Li1 and Li1) are three coordinate bonding to two 

distinct (rac)-BIPHEN groups and a single THF molecule. Li2 

is four coordinate, and has a distorted tetrahedral geometry 

(sum of angles around Li2, 663) bonding exclusively to (rac)-

BIPHEN O centers. Finally, Li3 is also four coordinate (sum 

of angles around Li3, 664) binding to the symmetrically 

equivalent O2 and O2 atoms and two THF molecules. Most 

tetranuclear lithium complexes adopt either distorted cubane 

or ladders in compliance with ‘laddering and stacking’ princi-

ples.
17-19

 In 1, two Li2O2 four-membered rings [Li1-O1-Li1ʹ-
O1ʹ] and [Li2-O2-Li3-O2] are present, but rather than being 

stacked to give a cubane, or attach laterally to give a ladder, 

the rings are linked by Li2 forming inter-annular interactions 

with both O1 centers. The ring containing Li1 is severely 

puckered from planarity tautology (sum of endocyclic angles, 

340.2°) whilst the ring containing Li2 and Li3 is planar (sum 

of endocyclic angles, 360.0°).  

As 1 can be easily prepared, the more straightforward co-

complexation approach (route B) was chosen for the next part 

of the study. After adding di-n-butylmagnesium (as a solution 

in heptane) to a hexane solution of 1, colorless crystals of 

magnesiate (THF)3.Li2Mg{(rac)-BIPHEN)}
n
Bu2 2 were gen-

erated in good yield (65%) by adding THF (0.5 mL) and cool-

ing the solution to −28°C. The molecular structure of the high-

er-order (i.e., the ratio of lithium to magnesium in the structure 

is 2:1) magnesiate 2 is shown in Figure 2. The magnesium 

atom is four-coordinate, being bound to the two (rac)-

BIPHEN oxygen centers and two butyl chains. Each butyl 

chain is also bound to a lithium atom. Interestingly, Li1 is 

three coordinate (bound to one THF molecule) and Li2 four-

coordinate (bound to two THF molecules), with respect to 

oxygen atoms. The sterically less saturated Li1 coordination 

sphere is completed by an η
1
-π interaction [Li1-C13, 2.681(6) 

Å] to a (rac)-BIPHEN Ph group. 

 

 

 

 

 

 

Figure 1. Molecular structure of complex 1, Hydrogen atoms and 

disorder in THF molecules are omitted for clarity (30% ellipsoid 

probability). One ligand is S configuration, the other R. As it is a 

centrosymmetric crystal, no S,S or R,R diastereomers are present.  

Selected bond lengths [Å] and angles [°]: Li1-O1 1.901(3), Li1-

O1ʹ 1.907(3), Li1-O3 1.943(3), Li1-Li1ʹ 2.587(6), Li1-C7 

2.645(3), Li1-Li2 2.540(4), Li2-O1 2.070(3), Li2-O2 1.879(3), 

Li3-O2 1.875(3), Li3-O4 2.038(3), Li2-Li3 2.599(5), O1-Li1-O1ʹ 
84.53(12), O1-Li1-O3 115.81(15), O1ʹ-Li1-O3 127.67(16), O1-

Li1-C7 75.49(10), C7-Li1-O1ʹ 120.03(14), C7-Li1-O3 

111.84(13), O1-Li2-O1’ 76.46(13), O1-Li2-O2 113.97(5), O1-

Li2-O2ʹ 133.04(5), O1ʹ-Li2-O2 133.04(5), O1ʹ-Li2-O2ʹ 113.97 

(5), O2-Li2-O2’ 92.27(17), O2-Li3-O2’ 92.50(18),   O2-Li3-O4 

135.27(5), O2-Li3-O4’ 99.82(4), O2’-Li3-O4 99.82(4), O2ʹ-Li3-

O4ʹ 135.27 (5), O4-Li3-O4ʹ 100.86(18).  
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Figure 2. Molecular structure of dibutylmagnesiate 2 (30% ellip-

soid probability). Hydrogen atoms and disorder in the THF mole-

cules and butyl groups are omitted for clarity. Selected bond 

lengths [Å] and angles [°]: Li1-C25 2.193(6), Li1-O1 1.860(4), 

Li1-O3 1.875(4), Li1-C13 2.681(6), Mg1-C25 2.217(3), Mg1-O1 

1.9978(17), Mg1-O2 2.0273(17), Mg1-C30 2.183(6), Li2-O2 

1.849(4), Li2-C30 2.605(7), Mg1-Li2 2.813(4), Mg1-Li1 

2.575(4), O2-Mg1-O1 97.36(7), O2-Mg1-C30 102.33(17), O1-

Mg1-C30 121.56(15), O1-Mg1-C25 93.60(8), O2-Mg1-C25 

116.62(9), C30-Mg1-C25 123.29(16), Li1-O1-Mg1 83.69(15), 

Li2-O2-Mg1 92.93(16), O2-Li2-C30 93.3(2), O1-Li1-C25 

98.4(2). 

During these studies we also isolated the (rac)-BIPHEN-rich 

(i.e., butyl absent) species (THF)4Li2Mg{(rac)-BIPHEN)}2 2b. 

The formation of this butyl-free compound could be explained 

by a ligand reorganization reaction of 2 (Scheme 3) giving rise 

to 2b and Li2Mg
n
Bu4. Reorganizations such as this are com-

mon in magnesiate/zincate chemistry.
20,21

 It is plausible that 2 

undergoes a (thermal) decomposition; however, we could not 

detect any expected by-products which would be generated if 

this were to occur. Unfortunately, the X-ray data of 2b are not 

of sufficient quality to discuss the structural parameters; how-

ever, atom connectivity is unambiguous. The magnesiate 2b 

contains two (rac)-BIPHEN ligands with their four O centers 

coordinating to the magnesium atom. In contrast to 1, both Li 

atoms in 2 are four coordinate being bound to two THF mole-

cules as well as to O atoms from different (rac)-BIPHEN 

ligands. 

 

 

 

 

 

Scheme 3. Possible pathway for the formation of 2b.  

 

Given our success in obtaining the first structural determina-

tion of a (rac)-BIPHEN-magnesiate and to give us further 

structural insight, we studied whether it was possible to ac-

commodate various other dialkylmagnesium complexes. The 

replacement of commercially-available 
n
Bu2Mg by the -

hydrogen-free (Me3SiCH2)2Mg and (Me3CCH2)2Mg was ex-

amined by following an identical approach to that used for 2. 

By slowly cooling THF solutions of the respective mixtures, 

the reactions produced colorless crystals of lithium 

magnesiates (THF)3.Li2Mg{(rac)-BIPHEN}(CH2SiMe3)2 3 

and (THF)4.Li2Mg{(rac)-BIPHEN}(CH2CMe3)2 4 respectively 

in respective yields of 82 and 36%, the latter yield being ad-

versely affected due to its high solubility in hydrocarbon solu-

tion. The main structural framework of 2 is preserved in 3 and 

4 but in terms of THF incorporation 3 most resembles 2 as it 

contains three coordinated molecules of THF while 4 contains 

only two (c.f., 2b). Table 3 compares the key structural param-

eters of 2-4. These data show that the mean Mg-Calkyl distance 

in 2-4 is essentially identical (2.202, 2.206 and 2.206 Å re-

spectively) despite the asymmetry of the individual Mg-Calkyl 

distances in 2 and 3. A similar trend is found for the Li-Calkyl 

distances in 2 and 3; however, as both Li atoms in 4 are only 

monosolvated by THF, mean Li-Calkyl bond distance in this 

complex is noticeably shorter (2.322 Å vs. 2.399 and 2.405Å 

for 2 and 3 respectively).  

 

 

 

 

 

 

 

 

d8-THF

 Li2MgnBu4

 

 +

  (rac)-(BIPHEN)2Li2Mg(THF)4

 2b

2 (rac)-(BIPHEN)Li2MgnBu2(THF)3

2
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Figure 3. Molecular structure of dialkylmagnesiate 3. Hydrogen 

atoms, disorder in THF, and disorder in TMS group have been 

omitted for clarity (30% ellipsoid probability). Selected bond 

lengths [Å] and angles [°]: Li1-C41 2.565(8), Li1-O1 1.832(7), 

Mg1-C41 2.164(4), Mg1-O1 2.033(2), Mg1-O2 1.995(2), Mg1-

C1 2.248(4), Li2-O2 1.838(7), Li2-C1 2.244(8), Mg1-Li2 

2.613(7), Mg1-Li1 2.941(7), O2-Mg1-O1 98.23(10), O2-Mg1-

C41 122.62(15), O1-Mg1-C41 95.82(14), O2-Mg1-C1 95.07(14), 

O1-Mg1-C1 113.45(13), C41-Mg1-C1 128.51(17), O2-Mg1-Li2 

44.55(16), O1-Mg1-Li2 97.3(2), C41-Mg1-Li2 163.0(2), C1-

Mg1-Li2 54.36(19), O2-Mg1-Li1 114.65(15), O1-Mg1-Li1 

37.97(15), C41-Mg1-Li1 57.96(18), C1-Mg1-Li1 138.70(17), 

Li2-Mg1-Li1 133.6(2).  

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Molecular structure of dialkylmagnesiate 4 (30% ellip-

soid probability). Hydrogen atoms are omitted for clarity. Select-

ed bond lengths [Å] and angles [°]: Li1-C17 2.322(3), Li1-O1 

1.813(3), Mg1-C17, 2.2064(16), Mg1-O1 2.0200(10), Li1-O2 

1.868(3), Li1-Mg1 2.613(3), O1-Mg1-O1 96.12(6), O1-Mg1-C17  

96.13(5), O1-Mg1-C17 112.84(5), C17-Mg1-C17 136.54(9), 

O1-Mg1-Li1 43.78(7), O1-Mg1-Li1 93.68(9), C17-Mg1-Li1 

56.85(8), C17-Mg1-Li1 155.68(8), Li1-Mg1-Li1 121.03(16). 

 

Table 3. Mg-C and Li-C distance bonds and C-Mg-C angle for magnesiates 

2, 3 and 4. 

Magnesiate d Mg-C (Å) d Li-C (Å) Angle C-Mg-C (°) 

2  2.186(6) 2.193(6) 123.29(16) 

 2.217(3) 2.605(7)  

3 2.164(4) 2.244(8) 128.51(17) 

 2.248(4) 2.565(8)  

4 2.2064(16) 2.322(3) 136.54(9) 

 

Solution State Structures. Complexes 1-4 are soluble 

in cyc-C6D12 and d8-THF solution, which allowed their solu-

tion behaviors to be probed by NMR spectroscopy. As alluded 

to earlier, the simplicity of the NMR spectra obtained with the 

(rac)-BIPHEN ligand is a particularly useful probe in under-

standing the solution structures of complexes incorporating the 

ligand.  Focusing on 1, in cyc-C6D12 and d8-THF solutions 

only one broad signal is present in the respective 
7
Li NMR 

spectra (at 0.09 ppm in cyc-C6D12 and −0.27 ppm). This seems 

at odds with the solid state structure of 1, which shows three 

distinct Li environments. A DOSY NMR experiment of a cyc-

C6D12 solution shows the presence of two distinct species in 

the solvent medium. Interestingly, despite the non-polar nature 
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of the bulk solution, the molecules of THF in 1 do not appear 

to be within the same molecular unit as the (rac)-BIPHEN 

ligands. This study also suggests that the molecular weight for 

the species that contains the (rac)-BIPHEN ligands has a 

molecular weight of approximately 667 g mol
−1

 (the molecular 

weight for a THF-free framework should be 732 g mol
−1

 hence 

9% error; for 20 mg of 1 in 0.5 mL of solvent). These data 

suggest that the double-BIPHEN skeleton remains intact (see 

Supporting Information) and that the tetranuclear molecule 

does not dissociate (or indeed aggregate) to give other oligo-

mers. The diffusion coefficient for the THF component of the 

DOSY spectrum suggests a molecular weight of approximate-

ly 161 g mol
−1

, which is obviously much greater than that for 

free-THF (72 g mol
−1

). This phenomenon has been observed in 

related systems where dioxane has been used as a Lewis base 

donor
22

 and has been attributed to partial dynamic desolvation 

of the donor. As such the diffusion coefficient for the (rac)-

BIPHEN-containing species (Figure 5) is likely to be the mean 

of the diffusion coefficients for all the potential solvat-

ed/unsolvated (rac)-BIPHEN species in solution. Another 

(albeit unlikely) possibility is that ate formation may be occur-

ring in cyc-C6D12 solution, giving rise to [Li(THF)x]
+
[{(rac)-

BIPHEN}2Li3]
−
; however, the mass of the cation in this situa-

tion would match closely  to the observed value only when x = 

2 (to give 151  g mol
−1

). A THF-solvated Li cation normally 

exists as  [Li(THF)4]
+
, although in some relatively rare cases a 

[Li(THF)3]
+ 

cation has been observed.
23-30

 It is also known that 

the 
7
Li NMR shift for a [Li(THF)4]

+ 
cation is concentration 

dependent, suggesting its propensity to exhibit intermolecular 

interactions.
31

 Therefore it appears that the former situation is 

more likely to represent the solution behavior of 1.   

 

Figure 5. 1H-DOSY NMR spectrum of 1 and the standards 

tetraphenylnaphthalene (TPhN), phenylnaphthalene (PhN) and 

tetramethylsilane (TMS) in cyc-C6D12 at 298 K.  

 

Turning to the cyc-C6D12 solution structure of 2, akin to 1, 

DOSY NMR spectroscopy displays two distinct compounds in 

solution: they appear to be, firstly, the lithium magnesiate 

(metal-anion) framework and secondly, the molecules of THF 

which do not seem to bind to the lithium centers even in 

lowpolarity hydrocarbon solutions.
1
H NMR spectroscopic 

analysis of a d8-THF solution of 2 showed that this compound 

is stable at ambient temperature for more than 24 hours; how-

ever, after heating this solution to reflux for 2 hours, signals 

for n-butyl-free 2b emerge in the spectra. This d8-THF solu-

tion was analyzed after 24, 48 and 72 hours. After 72 hours, 

2b appears to be the sole (rac)-BIPHEN-containing present in 

solution. NMR spectroscopy of a cyc-C6D12 solution of 2b (see 

Supporting Information) confirmed no butyl incorporation. 

Like 2, magnesiates, 3 and 4 are soluble in polar and non-polar 

solvents so we studied their solution behavior using 
1
H, 

13
C 

and 
7
Li NMR spectroscopy. NMR spectra (see supporting 

information) were measured in d8-THF or cyc-C6D12 solutions 

at 298K, emphasizing the thermodynamic stability of the 

reagents. The relevant comparable chemical shifts for 2-4 are 

given in Table 4. 

 

Table 4. Relevant NMR chemical shifts for magnesiates 2-4. 

Performed in C6D12 at 298K. 

 
1
H (400 MHz) 

13
C (100 MHz) 

7
Li (155 MHz) 

 HAr (s) CH2Mg CArOMg CH2Mg  

2 6.80 (2H) 

−0.83 

(2H) 

−1.15 

(2H) 

162.0 9.0 1.41 

3 6.92 (2H) 

−1.65 

(2H) 

−2.31 

(2H) 

159.0 -9.8 -0.18 

4 6.91 (2H) 

−0.13 

(2H) 

−1.10 

(2H) 

159.3 25.5 0.07 

 

The THF ligands undergo the same dynamic behavior as in 2 

and are labile in hydrocarbon solution. With respect to the 

(rac)-BIPHEN ligands, 
1
H NMR spectra for 2-4 showed only 

one aromatic hydrogen atom per complex indicating the sym-

metrical nature of the structure in each case. The CH2Mg shifts 

were as expected strongly dependent on the electronic effects 

brought about by the remainder of the alkyl chains. This is 

most strikingly demonstrated for the Me3SiCH2 ligand in 3 

with a marked shielding of the methylene hydrogen signals 

compared with the other reagents. For all three alkyl complex-

es, the CH2Mg appeared as two distinct multiplets in agree-

ment with different environments for diastereotopic CH pro-

tons. Complexes 3 and 4 containing Me3SiCH2 and its non-

silylated analogue Me3CCH2 respectively displayed the largest 

difference between the two CH2Mg chemical shifts (= 0.32, 

0.66 and 0.97 for 2, 3 and 4 respectively) indicating a probable 

higher rigidity of the coordination complex due to larger steric 

effects generated by the neopentyl-type substituents. The 
13

C 

NMR spectroscopic shifts were also consistent with these 

findings. Only one 
7
Li NMR spectroscopic resonance was 

observed in each case, providing further evidence that it is 

unlikely that multiple oligomeric forms of the magnesiates 

existed in solution under the conditions studied. 

Reactivity Studies. As mentioned previously, the metal-

halogen exchange reaction is of fundamental importance in 

modern organometallic chemistry.
1-3

 In an effort to probe the 

structural chemistry of the reaction, we have reacted lithium 
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magnesiates 2 with 2-bromopyridine. Two reaction protocols 

were considered. Firstly, the classical synthetic route where 

the magnesiate 2 was first prepared and reacted in hexane with 

2-bromopyridine (Scheme 4). Crystallization from the reaction 

medium was possible after addition of THF, and afforded 

crystals of complex 5 (Figure 6) in 47% yield, and hence with 

almost complete conversion of 2-bromopyridine to the 2-

magnesiated pyridine (equivalent to 94% consumption of the 

pyridine).  

 

Scheme 4. Preparation of 5.  

 

As shown in Scheme 4, the metal-halogen exchange process led to 

incorporation of two C-magnesiated pyridine molecules. The 

crystal structure unequivocally confirms the formation of the 

carbon-magnesium bond α to the pyridyl-N atom consistent with 

the 2-positioning of the halogen in the starting pyridine. The 

pyridyl-N atom coordinates to the lithium cation, whose coordina-

tion sphere is completed with a THF molecule, rendering the 

metal four-coordinate. As for 2-4, the X-ray data for 5 reveal that 

the complexes are centrosymmetric and the BIPHEN ligands 

present are racemic mixtures of the R and S enantionmers. A 

second route was also examined to check the reactivity of the 

previously isolated magnesiate complexes. In this case, crystals of 

magnesiate 3 obtained above in high yield were reacted with two 

equivalents of 2-bromopyridine in hexane at −60°C. Warming to 

ambient temperature results in the precipitation of a yellow solid, 

which was subsequently filtered and dried under vacuum. 1H 

NMR spectroscopic analysis in d8-THF of this solid (and filtrate) 

revealed the quantitative formation of 5 (isolated yield of crystal-

line material, 66%) (Scheme 5).  

 

Figure 6. Molecular structure of complex 5 (30% ellipsoid 

probability). Hydrogen atoms are omitted for clarity.  Selected 

bond lengths [Å] and angles [°]: Li1-O1 1.795(4), Li1-N1 

1.947(4), Mg1-O1 1.9915(14), Mg1-C13 2.197(2), O1-Li1-

N1# 112.5(2), O1-Mg1-C13 129.09(7), Li1-O1-Mg1 

103.65(14), C13-N1-Li1 107.90(19), N1-C13-Mg1 

117.46(16). 

 

Scheme 5. Preparation of 5 from isolated crystals of 3. 

 

Complex 5 was also analyzed by NMR spectroscopy (see 

supporting information). The 
1
H spectrum confirmed the com-

plete replacement of the alkyl ligands in starting magnesiate 3 

by pyridyl ones. Indeed signals in the upfield region of the 

spectrum are absent and the pyridine hydrogen atoms in the 

aromatic region appeared as four distinct multiplets in agree-

ment with the presence of a metalated (2-substituted) pyridine 

molecule. The aromatic hydrogen atoms of the ligand appear 

as a singlet and its integration (2H) perfectly matched those of 

pyridine hydrogens each of them accounting for 2H. The for-

mation of a pyridyl organometallic species was also clearly 

evidenced by a dramatically deshielded 
13

C signal at 214.7 

ppm. Interestingly 5 is stable at ambient temperature in a 

glove box for several weeks. As such, if an enantiopure 

BIPHEN ligand was used in the synthesis, instead of (rac)-

BIPHEN, it should be possible to isolate an enantiopure 

magnesiated pyridine. This single species could subsequently 

be directly involved in reactions with prochiral electrophiles 

(e.g., such as those shown in Scheme 1). 

 

CONCLUSIONS 

Five novel complexes incorporating the (rac)-BIPHEN ligand 

have been characterized in the solid state and in hydrocarbon 

solution. We have prepared lithium (1) and lithium magnesiate 

(2-4) reagents. Complex 3 has been utilized in a metal-halogen 

exchange reaction with 2-bromopyridine to yield the 

magnesiated pyridyl-containing 5, which is isolable and stable 

for at least several weeks. In the future, we will use this 

knowledge to prepare new metal-halogen exchange intermedi-

ates, using enantiopure ligands, and utilizing them in asym-

metric addition reactions. 

EXPERIMENTAL SECTION 

General Procedures 

 

All reactions were performed under a protective argon atmos-

phere using standard Schlenk techniques. Hexane and THF 

were dried by heating to reflux over sodium benzophenone 

ketyl and distilling the solvent under nitrogen prior to use. n,n-

Dibutylmagnesium (1 M solution in heptane), n-butyllithium 

(1.6 M solution in hexanes) and (rac)-BIPHEN-H2 were pur-

chased from Sigma-Aldrich and used as received. Mg(CH-

2SiMe3)2 and Mg(
neo

Pe)2 were prepared according to literature 
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methods.
27

 NMR spectra were recorded on a Bruker DPX 400 

MHz spectrometer, operating at 400.13 MHz for 
1
H, 100.62 

MHz for 
13

C and 155.50 MHz for 
7
Li. Elemental analyses 

were attempted using a Perkin-Elmer 2400 elemental analyzer; 

however, due to the extreme air sensitivity of the compounds 

satisfactory analyses could not be obtained. Crystallographic 

data were measured with Oxford Diffraction  instruments at 

123K. Selected crystallographic and refinement parameters are 

given in Table 5. All structures were refined against all unique 

reflections and against F
2
 to convergence with SHELX-97.

32
 

Structures 1 to 4 feature disorder in THF ligands and in butyl 

groups (2) and SiMe3 groups (3). In all cases these disordered 

groups were refined over two sites and each required restraints 

to be applied on both thermal parameters and on bond lengths.   

For crystallographic data in CIF or other electronic format, see 

CCDC reference numbers CCDC 1036562 to 1036566. 

Synthesis of [(rac)-BIPHEN]Li4(THF)4·(THF)] (1). (rac)-

BIPHEN (0.35 g, 1 mmol) was dissolved in THF (5 mL) and 

cooled to 0°C for 15 minutes. At this stage 
n
BuLi (1.4 mL, 2 

mmol) were added. After stirring for 1 hour, the solvent was 

removed in vacuo to give a pale yellow solid. The resulting 

solid was recrystallized from 15 mL of hot hexane. To aid 

crystallization, the resulting colorless solution was placed in a 

freezer operating at −35 °C, depositing a crop of colorless 

crystals (0.24 g, yield 47%). 
1
H NMR (400.13 MHz, 298 K, 

d8-THF): 1.33 (36H, s, C(CH3)3), 1.61 (12H, s, CH3), 1.81-

1.85 (16H, m, OCH2CH2, THF), 2.15 (12H, s, CH3), 3.65-3.68 

(16H, m, OCH2CH2, THF), 6.76 (4H, s, Ph). 13C{1H} NMR 

(100.62 MHz, 298 K, d8-THF): 16.61 (CH3), 19.75 (CH3), 

25.42 (OCH2CH2, THF), 30.40 (C(CH3)3), 34.04 (C(CH3)3), 

67.27 (OCH2CH2, THF), 118.33, 125.59, 131.32, 132.31, 

133.75, 161.95 (Ph). 7Li NMR (155.50 MHz, 298 K, d8-THF): 

δ -0.27. 

Synthesis of [(rac)-BIPHEN]Li2MgBu2(THF)3 (2). (rac)-

BIPHEN (0.35 g, 1 mmol) was dissolved in hexane (10 mL) 

and cooled to 0°C for 15 minutes. At this stage 
n
BuLi (1.4 mL, 

2 mmol) were added and the mixture was stirred for 1 hour. 

(
n
Bu)2Mg (1 mL of a 1M solution in heptane, 1 mmol) was 

added and the resulting suspension was heated gently, afford-

ing a clear solution. Addition of THF (0.24 mL, 3 mmol) and 

cooling to −28°C resulted in the formation of clear colorless 

crystals of 2 (0.46 g, yield 65%). 
1
H NMR (400.13 MHz, 298 

K, d8-THF): −1.73-1.16 (2H, m, MgCH2), −0.90-−0.83 (2H, 

m, MgCH2), 0.75-0.80 (6H, m, Bu), 1.11-1.39 (8H, s, Bu), 

1.42 (18H, s, C(CH3)3), 1.51 (6H, s, CH3), 1.77-1.79 (12H, m, 

OCH2CH2, THF), 2.08 (6H, s, CH3), 3.60-3.63 (12H, m, 

OCH2CH2, THF), 6.80 (4H, s, Ph). 
13

C{
1
H} NMR (100.62 

MHz, 298 K, d8-THF): 9.01 (MgCH2), 15.10 (CH3), 18.06 

(CH3), 21.43 (CH3), 27.27 (2 x CH2), 32.27(C(CH3)3), 34.09 

(OCH2CH2, THF), 36.20 (C(CH3)3), 69.15 (OCH2CH2, THF), 

122.26, 127.09, 134.34, 134.64, 136.26, 161.97 (Ph). 
7
Li NMR 

(155.50 MHz, 298 K, d8-THF): δ 1.41. 

Synthesis of [(rac)-BIPHEN]Li2Mg(CH2SiMe3)2(THF)3 (3). 

(rac)-BIPHEN (0.35 g, 1 mmol) was dissolved in hexane (10 

mL) and cooled to 0°C for 15 minutes. At this stage 
n
BuLi (1.4 

mL, 2 mmol) were added and the mixture was stirred for 1 

hour. (CH2SiMe3)2Mg  (0.2 g, 1 mmol) was then added, and 

the resulting suspension was heated gently, affording a clear 

colorless solution. Addition of THF (0.24 mL, 3 mmol) and 

slow cooling  of a warm solution resulted in the formation of 

clear colorless crystals of 3 (0.64 g, yield 82%). 
1
H NMR 

(400.13 MHz, 298 K, C6D12): −2.31 (2H, m, MgCH2Si(CH3)3), 

−1.65 (2H, m, MgCH2Si(CH3)3), −0.02 (18H, s, Si(CH3)3), 

1.45 (18H, s, C(CH3)3), 1.61 (6H, s, CH3), 1.72-1.76 (12H, m, 

OCH2CH2, THF), 2.14 (6H, s, CH3), 3.50-3.54 (12H, m, 

OCH2CH2, THF), 6.92 (2H, s, Ph). 
13

C{
1
H} NMR (100.62 

MHz, 298 K, C6D12): −9.74 (SiCH2), 3.04 (Si(CH3)3), 16.04 

(CH3), 19.53 (CH3), 25.16 (OCH2CH2, THF), 30.39 (C(CH3)3), 

34.39(C(CH3)3), 67.63 (OCH2CH2, THF), 121.42, 126.07, 

131.32, 132.29, 135.33, 158.97 (Ph). 
7
Li NMR (155.50 MHz, 

298 K, d8-THF): δ -0.18. 

Synthesis of [(rac)-BIPHEN]Li2Mg(
neo

Pe)2(THF)2 (4). (rac)-

BIPHEN (0.35 g, 1 mmol) was dissolved in hexane (10 mL) 

and cooled to 0°C for 15 minutes. At this stage 
n
BuLi (1.4 mL, 

2 mmol) were added and the mixture was stirred for 1 hour. 

(
neo

Pe)2Mg (0.16 g, 1 mmol) was added and the resulting sus-

pension was heated gently, affording a clear solution. Addition 

of THF (0.16 mL, 2 mmol) and slow cooling resulted in the 

formation of clear colorless crystals of 4 (0.25 g, yield 36%). 
1
H NMR (400.13 MHz, 298 K, cyc-C6D12): −1.10 (2H, d, 

3
JHH 

= 15Hz, MgCH2), −0.13 (2H, d, 
3
JHH = 15Hz, MgCH2), 1.03 

(18H, s, C(CH3)3), 1.44 (18H, s, C(CH3)3), 1.61 (6H, s, CH3), 

1.73-1.76 (12H, m, OCH2CH2, THF), 2.13 (6H, s, CH3), 3.50-

3.54 (12H, m, OCH2CH2, THF), 6.91 (4H, s, Ph). 
13

C{
1
H} 

NMR (100.62 MHz, 298 K, cyc-C6D12): 16.12 (CH3), 19.53 

(CH3), 25.17 (OCH2CH2, THF), 25.51 (2×MgCH2), 

30.14(C(CH3)3), 32.34 (C(CH3)3), 34.49 (C(CH3)3), 67.53 

(OCH2CH2, THF), 121.01, 126.18, 130.97, 132.43, 135.55, 

159.34 (Ph). 
7
Li NMR (155.50 MHz, 298 K, C6D12): δ 0.07. 

Synthesis of [(rac)-BIPHEN]Li2Mg(2-pyridyl)2(THF)2 (5). 

(rac)-BIPHEN (0.35 g, 1 mmol) was dissolved in hexane (10 

mL) and cooled to 0°C for 15 minutes. At this stage 
n
BuLi (1.4 

mL, 2 mmol) were added and the mixture was stirred for 1 

hour. (
n
Bu)2Mg (1 mL of a 1M solution in heptane, 1 mmol) 

was added at this point. The solution was then cooled to −60 

°C with an external liquid nitrogen cooled isopropanol cold 

bath, before the addition of 2-bromopyridine (0.095 mL, 1 

mmol). This resulted in the formation of a pale orange suspen-

sion. The mixture was allowed to reach ambient temperature 

slowly. Addition of THF (0.16 mL, 2 mmol), followed by 

gentle heating and then slow cooling of the solution, resulted 

in the formation of colorless crystals of 5 (0.32 g, yield 47%; 

94% based on 2-bromopyridine consumption). An alternative 

stoichiometric synthesis could be achieved by reacting isolated 

crystals of [(rac)-BIPHEN]Li2Mg(CH2SiMe3)2(THF)3 (3) 

(0.78 g, 1 mmol) with 2-bromopyridine (0.19 mL, 2 mmol) at 

−60°C. After slowly warming to ambient temperature, THF 

(0.16 mL, 2 mmol) was added, which resulted in the precipita-

tion of a white suspension. The solution was heated strongly to 

produce a deep orange solution. To aid the crystallization the 

resulting solution was placed in the freezer operating at −35 

°C, which deposited a crop of yellow crystals (0.46 g, yield 

66%). 
1
H NMR (400.13 MHz, 298 K, d8-THF): 1.26 (18H, s, 

C(CH3)3), 1.76 (6H, s, CH3), 1.79-1.82 (8H, m, OCH2CH2, 

THF), 2.16 (6H, s, CH3), 3.63-3.67 (8H, m, OCH2CH2, THF), 

6.69-6.73 (2H, m, Ar), 6.79 (2H, s, Ph), 7.06-7.10 (2H, m, Ar), 

7.57 (2H, d, 
3
JHH = 7.6 Hz, Ar), 8.24 (2H, d, 

3
JHH = 5.2 Hz, 

Ar). 
13

C{
1
H} NMR (100.62 MHz, 298 K, d8-THF): 16.02 

(CH3), 19.24 (CH3), 25.00 (OCH2CH2, THF), 30.33 (C(CH3)3), 

33.88 (C(CH3)3), 66.86 (OCH2CH2, THF), 117.06 (Ar), 

120.49, 125.52, 128.45 (Ph), 131.79 (Ar), 132.05, 134.50 (Ph), 
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135.23, 145.99 (Ar), 159.57 (Ph), 214.7 (Ar). 
7
Li NMR 

(155.50 MHz, 298 K, d8-THF): δ 0.65. 
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