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AhStMCt 

A series of phenylmagnesium bromides (1, 3-8) with ortho-substituents capable of forming intra- 
molecular coordinative bonds along with the corresponding diarylmagnesium compounds (la, 3a-6a, &I) 

have been synthesized. The thermodynamic parameters AH, and AS, for the Schlenk equilibria 
(2 ArMgBr f Ar,Mg+ MgBr,) have been determined by variable temperature NMR spectroscopy. 
Crystal structures were obtained of 5,6,8,9-tetrahydrodibet@d,g][l,6]oxamagnesecin (2a) and bis(2,6- 
di(methoxymethyl)phenyl)magnesium @a). The extent of intramolecular coordination in these com- 
pounds as determined in the solid state, is used in the discussion of the influence of substituents on the 
S&let& equilibrium parameters. Unusual penta- or hexa-coordination is encountered and explained as a 
consequence of intramolecular coordination. 

Introduction 

In THF solution, a Grignard compound partially disproportionates reversibly 
into the corresponding diorganylmagnesium compound and magnesium bromide; 
this is known as the Schlenk equilibrium. In dilute solutions of phenylmagnesium 
bromide, both the Grignard (1) and diphenylmagnesium (la) are monomers with 
tetra-coordinated magnesium atoms (Scheme 1); magnesium bromide is also mono- 
meric, but occurs as a tetrakis-tetrahydrofuranate complex [l]. 

1 
Scheme 1 

M@lTHFl2 + M@WHF14 

la 
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2 2a 

Scheme 2 

From measurements of the heats of reaction between MgBr, and Ph,Mg in 
dilute THF solutions (thermochemical titration), the thermodynamic parameters of 
the Schlenk equilibrium AH, (- 11.8 kJ mol-‘) and AS, (- 50.6 J mol-’ K-‘) have 
been derived [2,3]. An independent determination of AH, and AS, by low tempera- 
ture ‘H NMR spectroscopy yielded values of AH, = - 13.3 kJ mol-’ and AS, = - 56 
kJ mol-’ K-’ [4]. Values for AG, and K at room temperature (T= 298 K), of 3.28 
kJ mol-’ and 0.266 respectively, can be calculated from the first set of parameters. 

Substitution of the aromatic ring of 1 with groups capable of intramolecular 
coordination will change the equilibrium, since the complexation modes of the 
Grignard and the symmetrized reagent will be influenced differently. Clear indica- 
tions of this effect were found in our studies of the di-Grignard reagent 1,5-bis(2- 
bromomagnesiophenyl)-3-oxapentane (2, Scheme 2) [5,6]: the position of the Schlenk 
equilibrium (in THF solution) was found to lie completely on the side of the 
diarylmagnesium species 2a. In this special case, the position of the equilibrium 
could be determined from association measurements (stationary isothermal distilla- 
tion), since, in contrast to the normal situation (Scheme l), the position of the 
equilibrium determines the number of particles in solution. A stabilization of the 
(monomeric ! [5]) magnesacycle 2a through the formation of an intramolecular 
coordinative bond was postulated to account for the stability of 2a relative to that 
of 2, resulting in a decrease of free energy (AG,) going from left to right in Scheme 
2. However, 2a is not stabilized relative to la as was concluded later from 
thermochemical experiments: the heat of reaction of 2a with acetic acid is more 
exothermic than that of la (2a AH, = - 199.6(3.9), la AH, = - 190.6 kJ mol-’ 
per Mg-C bond) [6-81. 

Results and discussion 

To clarify the contradictory evidence outlined above we determined the crystal 
structure of 2a (Fig. 1); when crystallized from THF it appeared to be quite 
different from that of normal tetra-coordinated R,Mg . L, complexes. The ether 
oxygen of 2a and the central magnesium atom are included in a ten-membered ring 
which favours formation of an intramolecular coordinative bond; surprisingly, two 
molecules of THF are also coordinated to the magnesium atom (a more detailed 
discussion of this crystal structure is given below). We assume that the coordination 
of magnesium of 2a in solution is analogous to that in the solid state. A qualitative 
description of the influence of intramolecular coordination on the Schlenk equi- 
librium can thus be based on the crystal structure of 2a and the postulated structure 
of 2. 
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C8 
Fig 1. PLUTON drawing of the structure of Za; hydrogen atoms are omitted for clarity. 

Two factors can be distinguished which yield a negative value for AG, and hence 
shift the Schlenk equilibrium to the right: 

(9 

(4 

In both compound 2a and in magnesium bromide, the magnesium atoms are 
effectively coordinated; the crystal structures of both compounds show a total 
of seven Mg-0 bonds (three in 2a and four in MgBr, [9]). Coordination in 2 is 
probably less efficient; the two magnesiums will be tetra-coordinated and use 
either four molecules of THF or three molecules of THF plus an intramolecular 
ether oxygen to complete their coordination spheres (the latter situation is 
shown in Scheme 2). Therefore the number of Mg-0 bonds increases by three 
upon conversion of 2 into 2a and MgBr,, which yields a negative value for AH, 
and hence makes a negative contribution to AG,. 
As mentioned before, the conversion of a di-Grignard into the diorganylmag- 
nesium compound and magnesium bromide (Scheme 2) is, in contrast to that for 
a mono-functional Grignard reagent (Scheme l), entropically favourable in so 
far that the number of dissolved particles increases (AS, > 0); there is, on the 
other hand, a loss of conformational freedom as well as an increase in the 
number of coordinated molecules of THF, which renders any guess at the value 
or even the sign of AS, a mere speculation. 

Therefore it was desirable to obtain AH, and AS, experimentally, e.g. by 
determination of the relative amounts of ArMgBr and Ar,Mg from: 

2 ArMgBr @ Ar,Mg + MgBr,; [Ar,Mg] = [MgBr,], hence: 

K= bwb12 
t -fgBr12 

The value of K was determined at various temperatures and AH, and AS, were 
obtained from a plot of ln K versus l/T (Van ‘t Hoff plot). This method was not 
feasible for 2 since the equilibrium appeared to lie almost completely to the side of 
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+Br 7% @Mg X 

ArBr 

R’=$=H 

9: R’ = CH20Me, R’ = H 

10: R’ = R2 = CH,OMe 

11: R’ = CH,CH,OMe, R2 = H 

12: R’ = CH,Ntvle2, R’ = H 

13: R’ = R2 = CH,NMe, 

14: R’ = R2 = H; p -CH,OMe 

Scheme 3 

X=Br (X=Ar) 

1 la 

3 3a 

4 48 

5 5a 

6 6a 

7 7a 

8 8a 

2a. In contrast, analysis of the Schlenk equilibria of 3-8 (Scheme 3) proved to be 
possible by variable temperature NMR spectroscopy. Compounds 3-7 were chosen 
as analogues of 2 because they contain one or two &ho-substituents which are 
capable of forming a five- or six-membered chelate ring, while 1 and 8 may serve as 
models without intramolecular coordination. Between 200 and 298 R, the exchange 
reaction between the Grignard and diorganyhnagnesium species is slow on the 
NMR time scale, allowing their separate detection. Both ‘H and 13C NMR spec- 
troscopy can be used, the relative amounts of ArMgBr and Ar,Mg being determined 
by integration of the appropriate NMR signals. The value of K was calculated from 
signals of pairs of corresponding protons or carbon atoms in ArMgBr and Ar,Mg. 

)H- ’ . . 
H20, CH2C12 

ArBr Ard-b hM9 

R1=R2=H 

9: R’ = CH20Me, R2 = H 

10: R’ = R2 = CH20Me 

11: R’ = CH,CH,OMe, R2 = H 

12: R’ = CH2NMe2, R2 = H 

13: R’ = R2 = CH2NMe2 

14: R’ = R2 = H; p -CH20Me 

Scheme 4 

21 la 

15 3a 

16 4a 

17 5a 

16 6a 

19 (7a) 

20 8a 
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Table 2 

Parameters AH, and AS, for the Schlenk equilibria: 2 ArMgBr + Ar,Mg+ MgBrz 

Cpd. NMR-techn. Temp. range AH, A% Grignard composition at 298 K 

(r value) 0 (K) (kJ mol-‘) (J mol-’ K-‘) 
K AMMO AGM’W 

lb =c (0.993) 209-236 - 18.7 - 79.3 0.134 73 27 

3’ ‘H (0.990) 234-292 -13.7 - 83.9 0.010 91 9 
4 ‘H (0.985) 208-238 +6.8 + 23.0 1.061 49 51 
5 ‘H (0.993) 227-279 - 20.8 - 89.1 0.100 76 24 

‘H (0.93) 199-213 +8 +36 
6 ‘H (0.989) 249-311 - 14.1 - 86.9 8.57.10-3 92 8 

‘H (0.94) 227-246 +10 +10 
7 ‘H (0.987) 224-287 - 33.9 - 175.4 6.06.10-4 98 2 

8 13c (0.993) 203-241 - 16.5 - 64.0 0.352 63 37 

LI r: Correlation factors. ’ The literature values for 1 are calculated using a different definition for K. 

‘A deviation of the In K versus l/T curve in the direction of more positive AH, and AS, value was 
observed at lower temperatures (T < 234 K; see Table 1). 

Solutions of the Grignard compounds 1-8 were prepared by reacting the bromides 
(bromobenzene and 9-14) with magnesium in THF-da. In order to identify the 
signals in the low temperature NMR spectra, they were compared with those of the 
pure diorganylmagnesium compounds (la, 3a-6a, and 8a), obtained from the 
exchange reactions of the corresponding diorganyhnercury compounds with mag- 
nesium (15-21; Scheme 4), measured under identical conditions. In the case of 19, 
no exchange reaction took place (even at 60°C) probably for steric reasons. 
Therefore, 7a was prepared from 7 and the corresponding organolithium compound. 

The results of the NMR measurements are listed in Table 1. The values for AH, 
and AS, together with the composition of the equilibrium mixture at 298 K, are 
presented in Table 2. 

We first discuss the results for the Schlenk equilibrium of 1,3, 5, 6, and 8, which, 
according to Table 2, have comparable thermodynamic parameters: AH, ranges 
from - 14 to -21 kJ mol-‘; AS, ranges from -64 to - 87 J mol-’ K-‘, those of 1 
fall approximately in the middle of this range. This close similarity can be under- 
stood on the basis of a number of simplifying assumptions: 

(1) 

(2) 

(3) 

(4) 

The coordination of 1 and la in solution corresponds to that in the solid state, 
i.e. the magnesium is tetra-coordinated [l] which is also the case for structurally 
comparable compounds. 
The enthalpies of the Mg-0 bonds in 1 and la (and in analogous organomag- 
nesium compounds) are equal. This assumption, which is reasonable for ArMgBr 
and Ar,Mg, may seem less so for MgBr, (a stronger Lewis acid), but this is 
compensated by the binding of four molecules of THF which will reduce the 
average binding enthalpy per molecule of THF. 
The change in entropy upon binding a molecule of THF is approximately 
constant. 
Other changes connected with the occurrence of the Schlenk equilibrium are 
negligible for both enthalpy and entropy. 

In our opinion these assumptions are self-evident and plausible. Of course, the 
crude character of these first approximations allows only semiquantitative conclu- 
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m=l;n=l;X=O:3 
m=2; n-1 ; X=0 : 5 
m=l ; n=2; X=N : 6 

Scheme 5 

m=l ; n=l ; X=0 : 3a 
m=2; n=l ; X=0 : 5a 
m=l ; n=2; X=N : 6a 

sions to be drawn. The reasonably consistent 
indication of the validity of this approach. 

Applied to the Schlenk equilibrium of the 

+ MgWTW4 

picture emerging may be taken as an 

parent system 1 (Scheme l), we note 
that the transformation 2 PhMgBr + Ph,Mg + MgBr, has the following conse- 
quences: 
(i) the number of magnesium-containing particles is constant (AN = 0); 
(ii) the number of Mg-0 bonds increases by two (A(Mg-0) = + 2); 
(in) the number of bonded THF molecules increases by two (A(THF) = + 2). 

The concomitant change in enthalpy (AH, = - 18.7 kJ mol-‘) is mainly caused 
by (ii), which leads to an average binding enthalpy AH(Mg-0) = - 18.7/2 = - 9 kJ 
mol-‘. The entropy change (AS, = -79.3 J mol-’ K-‘) stems from (iii) (note that 
(i) alone implies AS = 0) and leads to the average decrease in entropy per bonded 
molecule of THF of AS(THF) = -79.3/2 5: 40 J mol-’ K-‘. 

On the basis of this simple model, the similarity of the parameters of 3, 5, 6, and 
8 with those of 1 can easily be understood. The closest analogy is that between 1 
and 8: neither compounds can form intramolecular coordinative bonds, so that 
Scheme 1 is applicable in both cases. The parameters are in good agreement 
(A AH, = 2 kJ mol-‘; A AS, = 15 J mol-’ K-l!); the minor differences are within 
the limits of error of the experimental values, and even if real they indicate that 
substituent influences are of minor importance only (assumptions (2) and (4)). 

For 3, 5, and 6, one must assume that intramolecular coordination occurs 
according to Scheme 5 [6-81. The number of chelate rings, upon going from left to 
right, remains the same because 3a, Sa, and 6a have two intramolecular coordinative 
bonds which completely satisfy the tendency towards the tetra-coordination of 
magnesium. The resulting overall change is the binding of two additional molecules 
of THF (A(THF) = + 2; A(Mg-0) = + 2), just as for 1 and 8; the thermodynamic 
parameters reflect this analogy. 

The parameters of 4 and 7 deviate considerably from those for the other 
compounds investigated. This deviation indicates a completely different complexa- 
tion behaviour, and is, from the intramolecular coordination point of view, most 
intriguing. Since both compounds belong to the same category of 2,ddisubstituted 
aryl-Grignards, it is remarkable that the deviation is in the opposite direction for 
these two compounds: strongly positive for 4 and strongly negative for 7 (Table 2). 
Although a rationalization of these phenomena could be based exclusively on the 
available thermodynamic parameters, this would be highly speculative without exact 
knowledge of the coordination numbers of 4 and 7. Fortunately, suitable crystals of 
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THF 
I 

\ 
4 THF 

A(~-0) = 0 

A(lHF) = 0 

‘Br 
A(Mg-N) = 0 

7 
A(THF)=4 /I - 

7a + MgBbW% 
Scheme 6 

4a could be isolated and were subjected to a crystal structure determination. The 
structure is shown in Fig. 2 and is discussed in detail in the appropriate section 
below. At this stage it is sufficient to note that in the solid state, 4a is hexa-coordi- 
nate and does not contain solvent molecules. The four ether oxygens are part of an 
intramolecular arrangement, which reduces to a considerable extent the steric 
hindrance that would be involved in coordination of four separate ether molecules. 
This reduction in steric hindrance allows a coordination number that is unusually 
high for an organomagnesium compound. 

As for 2a, we assume that hexa-coordination is maintained in solution not only 
for 4a, but also for 4. Justification for this hypothesis may be derived from 2a: the 
intramolecular coordination in 2a apparently creates sufficient free space around the 
central magnesium atom to allow the coordination of a second molecule of THF. 
The coordinative unsaturation of magnesium (which strives when possible to reach a 
coordination number of six, as commonly found in inorganic compounds) is thus 
diminished by attaining the penta-coordinated state. Extrapolation of this effect to 
4, which has two intramolecular ether ligands, makes it plausible that 4, like 4a, is 
hexa-coordinate. More importantly, this hypothesis perfectly explains the deviating 
thermodynamic parameters for the equilibrium 4/4a (Scheme 6). In the conversion 
of two molecules 4 into 4a and MgBr,, neither the number of coordinated molecules 
of THF nor the number of Mg-0 bonds change. Consequently, the values of AH, 
and AS, are predicted to be zero (vide supra), and indeed, rather small values are 
found experimentally (AH, = 6.8 kJ mol-‘, AS, = 23.0 J mol-’ K-l). Interpreting 
these data in a more quantitative fashion is probably extending the hypothesis too 
far. One can argue, however, that the thermodynamic stability of 4a is reduced 
relative to that of 4 by the small bite-angle of the intramolecular ligand (C-Mg-0: 
73O). While 4 has the possibility of adjusting the positions of the THF ligands to 
optimize its coordination geometry, 4a is left with an imperfect octahedral coordina- 
tion. The strain in the four fivemembered rings of 4a will contribute to the 
endothermicity of the transformation of 4 into 4a. 



297 

The situation is completely different for the combination 7/7a (Scheme 6). 
Penta- or hexa-coordination of 7 by the intramolecular dimethylaminomethyl ligands 
is impossible for two reasons. In the first place, it is well known that an amino 
group is a much stronger Lewis base than an ether function. While in Grignard 
chemistry this property seldom is effective because it is overruled by the larger size 
of a tertiary amine in comparison to a d&coordinated ether oxygen, steric hindrance 
is reduced by the amino ligand’s being intramolecular in 7. Consequently the two 
amino ligands in 7 will saturate the electron demand of the Lewis acidic magnesium 
much more effectively than the two ether oxygens of 4. Secondly, once the two 
tertiary amino groups of 7 are coordinated to magnesium, the steric hindrance 
towards addition of extra molecules of THF will be much larger than in 4. Thus, 
both for electronic and for steric reasons, 7 stays tetra-coordinate, in contrast to 4; 
on the other hand, 7a is hexa-coordinate like 4a since all the ligands are intramolec- 
ular. 

What are the consequences for the Schlenk equilibrium? Upon conversion of 7 
into 7a, four molecules of THF are needed to solvate the magnesium bromide, 
which is unfavourable due to the large negative entropy. On the basis of the 
estimate derived from the data of 1 (vide supra), a value for AS, = 4 x ( - 40) = - 160 
J mol-’ K-’ can be expected, which is in good agreement with the experimental 
value of -175 J mol-’ K-‘. While the number of coordinate Mg-N bonds does 
not change, four new Mg-0 bond are formed in the MgBr, - [THF], complex. 
Consequently, a value for AH, of 4 x ( - 9) = - 36 kJ mol-’ can be expected (vide 
supra) which is in excellent agreement with the experimental value of -33.9 kJ 
mol-‘. 

The van ‘t Hoff-plots for 5 and 6 show an interesting effect. The initially straight 
lines of these plots begin to curve at lower temperatures and finally turn into a 
straight line with opposite slope. Although the low temperature data (second entries 
in Table 2) are rather inaccurate due to few data points and significant line 
broadening in the low temperature spectra, their evaluation yields thermodynamic 

m=2; n=l ; X=0 : 5 
m=l ; n=2: X=N : 6 

m=2; n=l X=0 : 5 
m=l ; n=2 X=N : 6 

m=2; n=l X-0 : 5 
m=l ; n=2 X=N : 6 

Scheme 7 

m=2; n=l X-0 : 5 
m=l ; n=2 X=N : 6 
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parameters (5: AH, = 8 kJ mol-‘, AS, = 36 J mol-’ K-‘; 6: AH, = 10 kJ mol-‘, 
AS, = 10 J mol-’ K-‘) which are comparable with those for 4 (AH, = 6.8 kJ mol-‘, 
AS, = 23.0 J mol-’ K-l). We tentatively explain them as shown in Scheme 7. 

In comparison with 1 and 8, 5 and 6 have a slight bias towards higher 
coordination numbers because one of their ether ligands is intramolecular and hence 
less crowded (vide supra); addition of a second molecule of THF (i.e. the transfor- 
mation 5 (or 6) + 5’ (or 6’)) is favoured by enthalpy (AH(Mg-0) = - 9 kJ mol-‘), 
but disfavoured by entropy (AS(THF) = -40 J mol-’ K-l). Due to the negative 
entropy, this transformation is favoured at lower temperatures. For 5’ and 6’ the 
Schlenk equilibrium involves A(THF) = 0 and A(Mg-0) = 0 just as for 4. This 
interesting phenomenon merits further investigation. 

Crystal structures of 2a and 4a 

Crystallization from large scale preparations (see Experimental section) of Grig- 
nards 3-7 and diarylmagnesium compounds 3a-6a was attempted from THF 
solutions by slow evaporation of the solvent or cooling. This technique was 
successful only for 2a. For the crystallization of other compounds, concentrated 
THF solutions were diluted with an apolar solvent (n-hexane), and this was 
followed by evaporation of the solvent and cooling, but only 4a gave crystals 
suitable for a structural determination. 

A striking aspect of the structure of 2a is its pseudo-trigonal bipyramidal (TBP) 
coordination geometry, which is rarely found in organomagnesium compounds. 
Only one example, MeMgBr * [THF],, has been reported so far [7]. The unexpected 
coordination number in 2a clearly shows the importance of this structure determina- 
tion, since initially it was assumed that upon conversion of 2 into 2a, a simple 
substitution of one intermolecular magnesium-THF bond by an intramolecular 
ether oxygen took place (retention of tetra-coordination of the magnesium atom 
[6-g]). It appears, however, that the coordination number is increased from four 
(normal tetrahedral configuration) to five. The small intra-annular Cipso-Mg-Ointra 
angles of the two six-membered chelate rings (88.2 and 88.7”; axial/equatorial 
angles ideally 90 o ) in the TBP geometry will minimize the conformational strain of 
the complex relative to that for a tetrahedral geometry, which would require much 
larger angles (approx. 109 o ). In this way, a higher coordination number is imposed 
on the magnesium atom, yielding a position to bind a second molecule of THF. 

Relevant data on the geometry can be found in Table 3. The bond distances in 2a 
reflect a normal TBP geometry: the axial ligandsO have relatively long bonds to 
magnesium (Mg-O(1) 2.242(4), Mg-O(3) 2.221(4) A) while in the equatorial plane, 
bond lengths have normal values (Mg-C(1) 2.165(4), Mg-C(16) 2.155(4), Mg-O(2) 
2.095(3) A), which result from two opposite effects: bond extension due to a higher 
coordination number and bond contraction due to tighter bonding of the equatorial 
ligands. Bond angles show the TBP geometry to be somewhat distorted: a relatively 
small angle is found for O(l)-Mg-O(3) (169.6(2)O), probably due to steric interac- 
tions of the O(3) THF molecule with both aryl groups (especially the hydrogen 
atoms on C(2) and C(15)). The C-Mg-C angle (130.0(2)“) is somewhat expanded; 
this seems to be a general phenomenon and is also observed in organomagnesium 
compounds with tetra-coordinate magnesium atoms. The sum of the equatorial 
angles (C(l)-Mg-C(16) 130.0(2), C(l)-Mg-O(2) 109.9(2), C(16)-Mg-O(2) 
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Table 3 

Bond distances (A) and bond angles (deg) for 2a 

Mg-O(l) 2.242(4) c(1)-c(2) 
Mg-0(2) 2.095(3) c(1)-c(6) 
Mg-0(3) 2.221(4) c(2)-c(3) 
Mg-C(l) 2.165(4) c(3)-c(4) 
Mg-C(16) 2.155(4) c(4)-C(5) 
0(1)-c(8) 1.438(6) C(5)-C(6) 
0(1)-C(9) 1.438(6) c(6)-c(7) 
o(2)-C(17) 1.449(7) C(7)-C(8) 
o(2)-c(20) 1.439(7) c(9)-WO) 
O(3)-C(21) 1.408(7) C(lO)-C(l1) 

o(3)-c(24) 1.434(6) c(ll)-c(l2) 

0(l)-Mg-0(2) 
0(l)-Mg-0(3) 
O(l)-Mg-C(1) 
O(l)-Mg-C(16) 

O(2)-Mg-0(3) 
0(2)-Mg-C(l) 
O(2)-Mg-C(16) 

0(3)-Mg-C(l) 
0(3)-Mg-C(l6) 
C(l)-Mg-C(l6) 
Mg-0(1)-C(8) 
Mg-00)-C(9) 
C(8)-0(1)-c(9) 
Mg-O(2)-C(17) 
Mg-0(2)-x(20) 
c(17)-q2)-c(zo) 
Mg-O(3)-C(21) 
Mg-O(3)-C(24) 

c(21)-o(3)-c(24) 
Mg-W-C(2) 
Mg-C(l)-C(6) 

C(2)-C(l)-c(6) 
c(l)-C(2)-c(3) 
C(2)-c(3)-q4) 
C(3)-C(4)-C(5) 
C(4)-c(5)-c(6) 

87.7(l) 
169.6(2) 
88.7(2) 
88.2(2) 
82.3(l) 

109.9(2) 
119.8(2) 
97.6(l) 
94.0(l) 

130.0(2) 
121.7(3) 
123.5(3) 
110.5(4) 
121.4(3) 
129.4(4) 
108.2(4) 
129.7(3) 
121.9(3) 
108.q4) 
126.4(3) 
118.2(3) 
115.q4) 
123.3(4) 
119.0(5) 
120.1(5) 
120.8(5) 

1.398(7) 
1.427(6) 

1.404(8) 
1.377(9) 
1.376(9) 
1.385(7) 
1.507(S) 
1.499(8) 
1.507(8) 
1.502(7) 
1.397(7) 

C(ll)-C(16) 
C(12)-C(13) 
C(13)-C(14) 
C(14)-c(15) 
C(15)-C(16) 

W7)-c(l8) 
C(18)-C(19) 
C(19)-c(20) 
C(21)-C(22) 
C(22)-C(23) 
C(23)-C(24) 

1.416(6) 
1.364(S) 
1.388(8) 
1.389(7) 
1.408(6) 
1.511(9) 

1.44(l) 
1.493(9) 

1.404(9) 
1.45(l) 
1.450(9) 

C(l)-c(6)-c(5) 
c(l)-c(6)-c(7) 
C(5)-c(6)-c(7) 
c(6)-C(7)-C(8) 
o(l)-C(8)-C(7) 
o(l)-c(9)-c(l0) 
C(9)-C(lO)-C(l1) 
C(lO)-C(ll)-c(l2) 
C(lO)-C(ll)-C(16) 
C(12)-C(ll)-C(16) 
C(ll)-C(12)-C(13) 
C(12)-C(13)-C(14) 
C(13)-C(14)-C(15) 
C(14)-C(15)-C(16) 
Mg-C(16)-C(11) 
Mg-C(16)-C(15) 
C(ll)-C(16)-C(15) 
O(2)-C(17)-C(18) 
C(17)-C(18)-C(19) 
C(lS)-C(19)-C(20) 
o(2)-C(20)-C(19) 

o(3)-c(21)-c(22) 
c(21)-C(22)-c(23) 
C(22)-C(23)-c(24) 
o(3)-C(24)-C(23) 

121.7(5) 
119.7(4) 
118.6(5) 
113.8(5) 
111.0(5) 
111.3(5) 
114.6(4) 
118.5(4) 
119.1(4) 
122.4(4) 
121.3(5) 
118X’(5) 
119.6(5) 
124.0(4) 
124.8(3) 
120.8(3) 
113.8(4) 
104.3(5) 
103.8(6) 
107.8(5) 
106.q5) 
109.5(5) 
106.6(6) 
107.8(5) 
106.3(5) 

119.8(2)O) is 360 o within the limit of error, indicating the planar arrangement of 
the equatorial groups. In agreement with our hypothesis of conformational strain, 
angles between the intramolecular ether oxygen and the three equatorial ligands are 
smaller than 90 o (O(l)-Mg-C(1) 88.7 (2), O(l)-Mg-C(16) S&2(2), O(l)-Mg-O(2) 
87.7(2)” ). The corresponding angles at the other side of the complex reflect the 
steric interactions between the THF molecule (O(3)) and both aryl residues (0(3)- 
Mg-C(1) 97.6(1)O, O(3)-Mg-C(16) 94.0(l), O(3)-Mg-O(2) 82.3(1)O). 

A ‘H NMR spectrum (in C,D,) of the crystals of 4a, used for the X-ray structure 
determination, showed the absence of THF crystal solvent. This is a strong indica- 
tion of complete intramolecular coordination, as suggested in Scheme 5, and it was 
confirmed by the crystal structure (Fig. 2; relevant geometric data are collected in 
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Cl 

c4 

Fig. 2. PLUTON drawing of the structure of 41; hydrogen atoms are omitted for clarity. 

Table 4): the central pseudo-octahedral magnesium atom has two opposite Mg-C 
bonds of surprisingly short length (Mg-C(1) 2.093(4), Mg-C(11) 2.105(4) A), and is 
surrounded by four relatively weakly bonded oxygens (Mg-O(1) 2.282(3), Mg-O(2) 
2.338(3), Mg-G(3), 2.327(3), Mg-O(4) 2.311(3) A). The deviation from an ideal 
octahedral coordination geometry is mainly caused by strain inside the five-mem- 
bered coordinative rings, resulting in small C-Mg-0 angles (C(l)-Mg-O(1) 
73.8(1)O, C(l)-Mg-O(2) 72.2(l) O, C(ll)-Mg-O(3) 72.7(l) O, C(ll)-Mg-O(4) 
73.4(1)O). The C-Mg-C angle (173.4(2)“) is close to 180 “, but the two aromatic 
rings are not quite perpendicular; their torsion angle is (75.3(2)O). The two 
methoxymethyl substituents of aryl group C(l-6) lie closer to the plane of their 
aromatic ring (0.23(l) A) than those of aryl group C(ll-16) (0.43(l) A). 

General conditions 
Aryl bromides and arylmercury compounds were synthesized under nitrogen in 

carefully dried reaction vessels. THF and diethyl ether were dried by distillation 
from LiAlH,, benzene was dried by azeotropic distillation. Organic bromides were 
characterized by ‘H NMR spectroscopy at 90 MHz (Bruker WH-90) in CDCl, (ref. 
CHCl, = 7.27 ppm). Diaryhnercury or diarylmagnesium compounds were char- 
acterized by ‘H NMR (250 MHz) and 13C (62.89 MHz) NMR spectroscopy (Bruker 
WM-250) in THF-d, (solvent reference signals THF-d,: 1.75 or 67.4 ppm, respec- 
tively). Gas chromatographic analysis was carried out on an Intersmat GC120, 
equipped with a katharometer detector (carrier gas hydrogen), or a flame ionization 
detector (carrier gas nitrogen). The columns used were 10% OVlOl (1.5 m X 2 mm 
i.d., stainless steel), and 10% SE30 (1.5 m x 4 mm i.d., glass). Melting points are 
uncorrected. The elemental analysis of the diaryhnercury compounds were carried 
out at the Organic Chemical Institute TNO, Zeist (The Netherlands). Concentra- 
tions of ‘total base’ and Mg *+ of organomagnesium solutions were determined after 
hydrolysis of a sample with known volume and titration, using acid-base or 
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Table 4 

Bond distances (A) and bond angles (deg) for 4a 

MeO(l) 2.282(3) o(3)-c(l7) 1.427(6) c(5)-C(6) 1.391(6) 

MeW 
Mg-W 
W-0(4) 
MiWW) 
Mg-c(ll) 
0(1)-W) 
0(1)-c(8) 
0(2)-W 
q2ww9 

2.338(3) 

2.327(3) 
2.311(3) 

2.093(4) 
2.105(4) 
1.420(5) 

1.414(6) 

1.430(5) 
1.4146) 

o(3)-c(W 
o(4)-c(w 
0(4vw 
c(wm 
c(l)-C(6) 
cx2)-c(3) 
C(2)-C(9) 

c(3)-c(4) 

c(4)-c(5) 

1.409(6) 

1.424(5) 
1.426(6) 
1.392(6) 
1.396(6) 

1.392(6) 

1.505(6) 

1.375(8) 
1.367(8) 

cisj-&j 1.520(6) 

C(ll)-C(12) 1.393(6) 

c(ll)-c(l6) 1.392(5) 
C(12)-C(13) 1.399(6) 
C(12)-C(19) 1.505(6) 

C(13)-C(14) 1.363(7) 

C(14)-C(15) 1.368(7) 

C(l5)-C(l6) 1.392(6) 

C(16)-C(17) 1.507(6) 

WbMg-W) 
0(1)-M8-0(3) 
O(l)-Mg-o(4) 
O(l)-M8-C(1) 
WbMg-c(l1) 
0(2)-W-0(3) 
W)-Mg-W) 
0(2)-M@(l) 
o(2)-W-c(ll) 
W:-%-o(4) 
WI-Mg-C(l) 
O(3)-Mg-C(ll) 

0(4)-Mg-C(1) 
O(4)-Mg-C(l1) 
C(l)-Mg-C(ll) 

Mg-0(1)-C(7) 

Mg-(W-C(8) 

C(7)-0(1)-c(8) 

Mg-0(2)-C(9) 
Mg-O(2)-C(l0) 

c(9)-o(2)-WO) 
Mg-O(3)-C(17) 

Mg-0(3)-W8) 
c(l7)-q3)-c(l8) 
Mg-O(4)-C(19) 

Mg-0(4)-C(20) 

c(l9)-o(4)-c(20) 
Mg-CWC(2) 

145.8(l) 
85.5(l) 

103.7(l) 

73.8(l) 

103.4(l) 
104.5(l) 

86.3(l) 
72.2(l) 

110.8(l) 

146.1(l) 
101.1(l) 

72.7(l) 
112.9(l) 

73.4(l) 
173/l(2) 

118.3(2) 
128.9(3) 

111.4(3) 

118.q2) 
128.5(3) 

112.4(3) 
117.7(3) 

127.9(3) 
113.6(3) 
117.3(2) 

129.5(3) 

111.4(3) 
123.0(3) 

Mg-C(l)-C(6) 120.6(3) 

c(2)-C(l)-C(6) 116.2(4) 

C(l)-c(2)-c(3) 122.0(4) 

c(l)-C(2)-c(9) 117.7(3) 

C(3)-c(2)-c(9) 120.3(4) 

c(2)-C(3)-c(4) 119.3(4) 

c(3)-c(4)-C(5) 121.0(5) 

c(4)-C(5)-c(6) 119.0(5) 

c(l)-C(6)-C(5) 122.5(4) 

c(l)-c(6)-c(7) 118.q3) 

C(5)-C(6)-c(7) 119.5(4) 

o(l)-c(7)-C(6) 108.5(3) 

o(2)-C(9)-c(2) 108.8(3) 
Mg-C(ll)-C(12) 120.9(3) 
Mg-C(ll)-C(16) 122.2(3) 
C(12)-C(H)-C(16) 116.3(4) 
C(ll)-C(12)-C(13) 121.7(4) 
C(ll)-C(12)-C(19) 117.8(3) 

C(13)-C(12)-C(19) 120.5(4) 
C(12)-C(13)-C(14) 119.6(4) 
C(13)-c(14)-C(U) 121.0(5) 
C(14)-C(15)-C(16) 118.9(5) 
C(ll)-C(16)-C(15) 122.5(4) 
C(ll)-C(16)-C(17) 117.5(4) 
C(15)-C(16)-C(17) 120.0(4) 
O(3)-C(17)-C(16) 109.5(4) 
o(4)-C(19)-C(12) 109.6(3) 

ethylenediamine tetraacetic acid (EDTA), respectively. The synthesis of 
organomagnesium reagents for NMR spectroscopy or crystallization experiments 
were carried out using twice sublimed magnesium. Mass spectra were recorded on a 
Varian CHS-DF mass spectrometer, EI 70 eV, direct inlet, or on a HP 5890 
GC/5970 MS combination, EI 70 eV, and equipped with a Chrompack CP Sil19CB 
51 m/0.21 mm column. The starting materials 2-bromotoluene (Merck), Cbromo- 
toluene (Aldrich), 2,6-dimethylaniline (Aldrich), dimethylamine (Fluka), diphenyl- 
mercury (Merck) and mercuric bromide (Merck) were from commercial sources. The 
synthesis of 2a has been described previously [5,6]. 
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Synthesis 
1-Bromo-2-bromomethylbenzene (22) was obtained by the photochemical 

bromination of 2-bromotoluene in 80% yield as previously described [lo]. After 
repeated distillation (b.p. 127-128’ C at 16 mmHg), it solidified to a colourless low 
melting solid (m.p. < 35 o C). Purity was checked by ‘H NMR spectroscopy and GC. 
‘H NMR (90 MHz), 6 4.64 (s, 2H, CH,), 7.06-7.70 (m, 4H, aryl-H). 

1-Bromo-2,6-bis(bromomethyl)benzene (23) was prepared from l-bromo-2,6-d& 
methylbenzene by a method analogous to that used for 22. After the reaction, the 
mixture was poured into boiling petroleum ether (b.p. 60-80 o C), slowly cooled, and 
kept at 5 o C for 24 h to allow crystallization. The crystals were collected, dried in 
vacuum over NaOH, and recrystallized from ethanol (m.p. 97-99 o C). The yield of 
several batches varied from 35-50%. ‘H NMR (90 MHz), S 4.64 (s, 4H, CH,), 
7.18-7.56 (m, 3H, aryl-H). 

1-Bromo-4-bromomethylbenzene (24) was obtained from 4bromotoluene by a 
similar procedure. After purification by distillation (b.p. 87-90 O C at 2 mmHg), the 
product solidified (m.p. 59” C, 51% yield; lit. m.p. 61” C, 66% yield) [lo]. ‘H NMR 
(90 MHz), 6 4.45 (s, 2H, CH,), 7.27 (d, AB, ‘J= 8 Hz, 2H, aryl-H), 7.49 (d, AB, 
‘J = 8 Hz, aryl-H). 

The benzylic bromides 22-24 were converted by treatment with sodium metho- 
xide into the corresponding methoxymethyl compounds by known procedures [ll]. 
The crude products were purified by distillation, and characterized ‘H NMR 
spectroscopy and GC. 

1-Bromo-2-methoxymethylbenzene (9: b.p. 95-100 O C at 9 mmHg, 90% yield; lit. 
b.p. 106-107°C at 16 mmHg [12]), ‘H NMR (90 MHz), 6 3.50 (s, 3H, OMe), 4.54 
(s, 2H, CH,), 7.00-7.67 (m, 4H, aryl-H). 

2-Bromo-1,3-bis(methoxymethyl)benzene (10: b.p. 115 O C at 1.5 mmHg, 78% 
yield), ‘H NMR (90 MHz), 6 3.50 (s, 6H, OMe), 4.56 (s, 4H, CH,), 7.38 (bs, 3H, 
aryl-H). 

1-Bromo-4-methoxymethylbenzene (14: b.p. 112°C at 15 mmHg, yield 89%; lit. 
b.p. 110-112” C at 8 mmHg [ll]), ‘H NMR (90 MHz), 6 3.38 (s, 3H, OMe), 4.41 (s, 
2H, CH,), 7.20 (d, ?J = 8 Hz, 2H, aryl-H), 7.47 (d, ?J = 8 Hz, 2H, aryl-H). 

1-Bromo-2-(3-oxabutyl)benzene (11). A suspension of KH (139 mmol) in paraffin 
oil was washed three times with dry diethyl ether. After addition of dry toluene (50 
mL), l-bromo-2-(2-hydroxyethyl)benzene [13] (124.4 mmol, in 50 mL dry toluene) 
was added dropwise. When the evolution of hydrogen gas had ceased, methyl iodide 
(34.2 g, 241 mmol) was added. The mixture was stirred for 24 h at room tempera- 
ture, poured into water and extracted with diethyl ether. The organic layer was dried 
(MgSO,) and filtered and the solvent evaporated. Distillation yielded (b.p. 114- 
116 O C at 13 mmHg; lit. b.p. 64-67 O C at 0.7 mmHg [14]) 18.2 g of the pure product 
as a colourless oil (68%). 11: ‘H NMR (90 MHz) 6 3.01 (t, ‘J = 7 Hz, 2H, 
aryl-CH,), 3.36 (s, 3H, OMe), 3.59 (t, ‘J = 7 Hz, 2H, CH,-0), 6.89-7.33 (m, 3H, 
aryl-H), 7.40-7.62 (m, lH, aryl-H). 

l-Bromo-2-dimethylaminomethylbenzene (12) was prepared by adding a solution 
of 22 (50 g, 200 mmol) in anhydrous benzene (150 mL) dropwise during 1 h to a 
solution of dry dimethylamine (22.54 g, 500 mmol) in anhydrous benzene (250 mL). 
The reaction was carried out at a temperature of 7 o C under nitrogen. After another 
50 h stirring at room temperature a white solid (Me,NH,Br) was filtered off under 
nitrogen and the solvent was removed by evaporation. A yield of 30 g 12 
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(70%) was obtained as a colourless oil after vacuum distillation (b.p. 55.5 o C at 2 
mmHg, lit. b.p. 104-106°C at 9 mmHg [15]); ‘H NMR (90 MHz) 6 2.34 (s, 6H, 

Me), 3.56 (s, 2H, CH,), 7.08-7.62 (111, 4H, aryl-H). 
2-Bromo-1,3-bis(dimethylaminomethyl)benzene (13) [16] was prepared analo- 

gously from 34.3 g (100 mmol) of 23. The yield after distillation (b.p. 97 o C at 0.1 
mmHg) was 13.6 g (53%). ‘H NMR (90 MHz) 8 2.31 (s, 12H, Me), 3.54 (s, 4H, 
CH,), 7.23-7.40 (m, 3H, a&H). 

Diaryhnercury compounds 15-U) were synthesized from the corresponding aryl 
bromides via the Grignard and the arylmercury bromide compounds (Scheme 4). 
Grignard reagents were prepared by dropwise adding of a solution of the corre- 
sponding bromide (80 mmol) in THF (anhydrous, 100 mL) to an excess of 
magnesium (100 mmol, under 20 mL of anhydrous THF), while stirring. After the 
reaction, the remaining magnesium was filtered off; complete conversion of the 
starting bromide was confirmed by hydrolysis and titration. Subsequently, a solu- 
tion of mercuric bromide (31.7 g, 88 mmol, in 100 mL of anhydrous THF) was 
added dropwise, and the mixture was heated under reflux for one hour. After 
cooling, 50 mL of THF/water (1: 1, v/v) and brine (50 mL) were added and the 
two resulting layers were separated. The organic layer was washed twice with brine, 
dried (MgSO,), filtered, and evaporated to dryness, to yield the crude product. In 
most cases, the crude arylmercury bromides were used without further purification; 
those corresponding to 16 and 17 were crystallized from acetone. The aryhnercury 
bromides were dissolved in dichloromethane and stirred with an aqueous stannate 
solution (SnCl,/NaOH) to accomplish the reduction to the corresponding di- 
aryhnercury compounds [17]. Organic products were isolated from the reaction 
mixture by extraction with dichloromethane. The organic phase was dried (MgSO,), 
filtered and the solvent evaporated to yield the crude diarylmercury compounds. 
The products were further dried by azeotropic distillation with benzene (100 mL) 
and storage in a vacuum over P205. 

Bis(2-methoxymethylphen~l)mercury (15) was purified by sublimation (80 o C at 
2. 10e3 mmHg), yield 92%. H NMR (250 MHz) 6 3.38 (s, 6H, OMe), 4.53 (s, 4H, 
CHQ, 7.15 (dd, ?I = 8 Hz, ?J= 8 Hz, 2H, aryl-H), 7.25-7.33 (m, 4H, aryl-H), 7.47 - 
(d, J = 8 Hz, 2H, aryl-H). 13C NMR (62.89 MHz) 6 57.78 (qt, ‘J(C-H) = 141 Hz, 
?J(C-H) = 4 Hz, 2C, Me), 77.66 (tqd, ‘J(C-H) = 141 Hz, ?(C-H) = 5 Hz, ?(C-H) 
= 5 Hz, 2C, CH?), 127.39 (dd, ‘J(C-H) = 158 Hz, >(C-H) = 7 Hz, 2C, aryl-C(4 or 
5)), 127.59 (dd, J(C-H) = 159 Hz, >(C-H) = 8 Hz, 2C arylC(4 or 5)), 128.48 (d, 
‘J(C-H) = 156 Hz, 2C, aryl-C(3)), 138.41 (dd, ‘J(C-H) = 159 Hz, ?J(C-H) = 7 Hz, 
2C, aryl-C(6)), 146.77 (s, 2C, a&C(2)), 170.56 (s, 2C aryl-C(1)). Mass spectrum, 
m/z (rel. int.) 444 (M+;l), 414 (9), 353 (2), 323 (6), 179 (13), 91 (100). HRMS: 
444.1040; C,,H,,*‘* HgO, talc: 444.1013. Element analysis, found: C, 42.80; H, 
4.05; Hg, 45.74. C,,H,,HgO, talc.: C, 43.39; H, 4.10; Hg, 45.29%. 

Bis(2,6-bis(methoxymethyl)phenyl)mercury (16) was purified by crystallization 
from diethyl ether, foflowed by sublimation (120-130°C at 8 . 10e3 mmHg), yield 
78% (m.g. 59-60°C). H NMR (250 MHz) 6 3.32 (s, 12H, OMe), 4.56 (s, 8H, CH,), 
7.15 (t, J = 7 Hz, 2H, aryl-H(4)), 7.29 (d, !J = 7 Hz, 4H, aryl-H(3,5)). 13C NMR 
(62.89 MHz) S 57.48 (qt, ‘J(C-H) = 141 Hz, ?(C-H) = 4 Hz, 4C, Me), 77.86 (tqd, 
‘J(C-H) = 140 Hz, !J(C-H) = 5 Hz, >(C-H) = 5 Hz, 4C, CH,), 127.32 (d, ‘J(C-H) 
= 159 Hz, 2C, aryl-C(4)), 127.85 (ddt, ‘J(C-H) = 157 Hz, ?(C-H) = 7 Hz, ?J(C-H) 
= 4 Hz, ?(C-‘99Hg) = 85 Hz, 4C, aryl-C(3)), 147.09 (dt, ?(C-H) = 7 Hz, >(C-H) 
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= 4 Hz, 4C, aryl-C(2)), 170.67 (s, 2C aryl-C(1)). Mass spectrum, m/z (rel. int.) 532 
(M+;2), 502 (19), 367 (ll), 191 (14), 165(14), 135 (55) 134 (lOO), 119 (19) 105 (88), 
91 (19) 77 (13) HRMS: 532.1498; C,Hzz’HgO, talc: 532.1537. Element analysis, 
found: C, 45.23; H, 5.04; Hg, 37.79. C,H,,HgO, talc.: C, 45.24; H, 4.94; Hg, 
37.78%. 

Bis(2-(3-oxabutyl)phenyl)mercury (17) was purified by recrystallization from 
diethyl ether, followed by sublimation (80-100 o C at 6 - 10T3 mmHg). The yield 
was 59% (m.p. 62.5-63.5OC). ‘H NMR (250 MHz) S 3.03 (t, 3J = 7 Hz, 4H, 
aryl-CH,), 3.31 (s, 6H, OMe), 3.67 (t, ‘J= 7 Hz, 4H, CH,-0), 7.11-7.41 (m, 8H, 
a&H). 13C NMR (62.89 MHz) 6 41.31 (t, ‘J(C-H) = 127 Hz, ?J(C-199Hg) = 82 
Hz, 2C, aryl-CH,), 58.69 (qt, ‘J(C-H) = 140 Hz, ?J(C-H) = 3 Hz, 2C, Me), 75.34 
(tq, ‘J(C-H) = 141 Hz, >(C-H) = 5 Hz, 2C, CH,-0), 126.29 (dd, ‘J(C-H) = 158 
Hz, &C-H) = 7 Hz, 33J(C-199Hg) = 102 Hz, 2C, yl-C(5)), 127.89 (dd, ‘J(C-H) = 
158 Hz, >(C-H) = 8 Hz, 2C, aryl-C(4)), 130.05 (ddt, J(C-H) = 155 Hz, ?J(C-H) = 6 
Hz, 3(C-H) = 6 Hz, >(C-199Hg) = 76 Hz, 2C, aryl-C(3)), 137.68 (dd, ‘J(C-H) = 158 
Hz, >(C-H) = 7 Hz, 2J(C-199Hg) = 84 Hz, 2C, aryl-C(6)), 147.27 (s, 2C, a&C(2)), 
172.91 (s, 2C aryl-C(1)). Mass spectrum, m/z (rel. int.) 472 (M+;l) 147 (19), 135 
(RIO), 117 (24), 105 (95) 91 (62) 77 (22). HRMS: 472.1302; C,,H,, 202Hg02 talc: 
472.1326. Element analysis, found: C, 45.82; H, 4.70; Hg, 42.55. C,,H,,HgO, talc.: 
C, 45.91; H, 4.71; Hg, 42.59%. 

Bis(2-dimethylaminomethylphenyl)mercury) (18) was purified by sublimation 
(75 o C at 2 . lo-* mmHg) to yield 94% pure product as a white solid; m.p. 70-71” C 
(ht. m.p. 72°C [18]). ‘H NMR (250 MHz) S 2.27 (s, 12H, Me), 3.46 (s, 4H, CH,), 
7.15-7.58 (m, 8H, aryl-H). 13C NMR (62.89 MHz) 6 45.26 (qqt, ‘J(C-H) = 133 Hz, 
?J(C-H) = 5 Hz, >(C-H) = 5 Hz, 4C, Me), 67.96 (thd, ‘J(C-H) = 132 Hz, ?J(C-H) 
= 5 Hz, )J(C-H) = 5 hz, 2C, CH,), 126.80 (dd, ‘J(C-IT) = 160.Hz, @C-H) = 7 Hz, 
2C, aryl-C(S)), 127.12 (dd, ‘J(C-H) = 158 Hz, !J(C-H) = 8 Hz, 2C aryl-C(4)), 
128.98 (ddt, ‘J(C-H) = 151 Hz, !J(C-H) = 6 Hz, ?(C-H) = 6 Hz, 2C, aryl-C(3)), 
138.77 (dd, ‘J(C-H) = 160 Hz, >(C-H) = 7 Hz, 2C, aryl-C(d)), 147.97 (s, 2C, 
a&C(2)), 171.23 (s, 2C, aryl-C(1)). Mass spectrum, m/z (rel. int.) 134 (63), 132 
(lOO), 91 (90) 58 (53) 42 (16) 31 (13) 27 (56). HRMS: 470.1661; C,,H,202HgN, 
talc: 470.1646. 

Crude bis(2,6-bis(dimethylaminomethyl)phenyl)mercury (19) was purified by col- 
umn chromatography (silicagel 60, 70-230 mesh, 2,2 X 40 cm). After elution with 
200 mL of petroleum ether (40-60 o C), fractions (100 mL) were collected with an 
increasing percentage (10% steps) of diethyl ether. After evaporation of the eluens, 
the fractions containing the pure product were identified by ‘H NMR spectroscopy. 
The yield was 33 %, m.p. 40-42OC. ‘H NMR (250 MHz) S 2.20 (s, 24H, Me), 3.54 
(s, 8H, CH,), 7.20 (m, 6H, aryl-H). 13C NMR (62.89 MHz) 6 45.40 (qqt, ‘J(C-H) = 
133 Hz, >(C-H) = 5 Hz, >(C-H) = 5 Hz, 8C, Me), 68.81 (thd, ‘J(C-H) = 131 Hz, 
>(C-H) = 5 Hz, ?(C-H) = 5 Hz, 4C, CHJ), 126.33 (d, ‘J(C-H) = 158 Hz, 2C, 
aryl-C(4)), 127.77 (ddt, ‘J(C-H) = 155 Hz, J(C-H) = 8 Hz, ‘J(C-H) = 4 Hz, 4C, 
a&C(3)), 148.00 (s, 4C, aryl-C(Z)), 173.23 (s, 2C, aryl-C(1)). Mass spectrum, m/z 
(rel. int.) 191 (100) 189 (lo), 146 (31) 105 (40) 58 (35). HRMS: 584.2782; C,,H,s 
*02HgN4 talc: 584.2802. 

Bis(4-methoxymethylphenyl)mercury (20) was purified by sublimation (120- 
125OC at lo-’ mmHg), after crystallization from methanol. Yield 80% (m.p. 
132-133”(I). ‘H NMR (250 MHz) 6 3.32 (s, 6H, OMe), 4.41 (s, 4H, CH,), 7.33 (d, 
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‘J = 8 Hz, 4H, aryl-I-I), 7.41 (d, ?I = 8 Hz, 4H, a&H). ‘? NMR (62.89 MHz) S 
57.87 (qt, ‘J(C-H) = 140 Hz, ?J(C-H) = 4 Hz, 2C, Me), 75.08 (tq, ‘J(C-II) = 140 
hz, ?(C-I-I) = 5 Hz, 2C, CH,), 127.84 (dd, ‘J(C-H) = 157 Hz, !J(C-H) = 4 hz, 
?J(C-‘99Hg) = 104 Hz, 4C, aryl-C(3)), 138.03 (dd, ‘J(C-I-I) = 159 Hz,, 3(C-H) = 9 
Hz, 2J(C-‘99Hg) = 90 Hz, 4C, aryl-C(2)), 138.71 (tt, ?(C-H) = 7 Hz, $C-H) = 4 
Hz, 2C, a&4(C)), 170.64 (s, 2C aryl-C(1)). Mass spectrum, m/z (rel. int.) 444 
(M+;20), 242 (45), 

&Hi820 

211(37), 180 (13) 165 (12), 121 (lOO), 89 (46). HRMS: 444.1031; 
HgO, talc: 444.1013. Element analysis, found: C, 43.35; H, 4.16; Hg, 

45.20. C,,H,HgO, talc.: C, 43.39;,H, 4.10; Hg, 45.29%. 

Variable temperature NMR spectroscopy 
Solutions of the Grignard and diaryhnagnesium reagents were prepared in 

specially designed, fully sealed glassware (high vacuum technique) by reacting the 
aryl bromides 9-14 or the diaryhnercury compounds 15-21 with magnesium. The 
reactions were carried out on a very small scale (about 50 pmol) in 500 PL THF-da. 
To ensure complete reaction, the Grignard solutions were stirred for one week; 
stirring for two to three weeks was used for diaryhnagnesium compounds. After 
settling of the magnesium (amalgam) dust, the organomagnesium solution was 
carefully decanted into the NMR tube sealed to the glass apparatus. By means of 
local cooling, the remaining solvent was distilled into the NMR tube which was 
subsequently sealed. 

The purity of each sample was checked with ‘H NMR spectroscopy. With 19, no 
reaction took place. In all other cases, formation of the desired organomagnesium 
species was complete and without side products. 

Diphenylmagnesium (la) ‘H NMR (250 MHz) 6 6.89 (tt, ?I = 7 Hz, 4J = 2 Hz, 
2H, aryl-H(4)), 6.98 (ddm, ?I = 7 Hz, ‘J = 7 Hz, 4H, a&H(3)), 7.70 (dm, 3 = 7 Hz, 
4H, aryl-H(2)). 13C NMR (62.89 MHz) 6 124.34 (dt, ‘J(C-H) = 155 Hz, >(C-H) = 8 
Hz, 2C, aryl-C(4)), 126.16 (d, ‘J(C-H) = 152 Hz, 4C, aryl-C(3)), 141.14 (ddd, 
‘J(C-H) = 151 Hz, ?(C-H) = 12 Hz, 3(C-H) = 7 Hz, 4C, a&C(Z)), 169.94 (s, 2C, 

aryl-c(l))- 
Bis(2-methoxymethylphenyl)magnesium (3a) ‘H NMR (250 MHz) S 3.39 (s, 6H, 

OMe), 4.53 (s, 4H, CH,), 7.17 (dd, 3 = 7 Hz, 4J = 2 Hz, 2H, aryl-H(S)), 7.21-7.36 
(m, 4H, aryl-H(3,4)), 7.49 (t, “J = 7 Hz, 2H, aryl-H(6)). “C NMR (62.89 MHz) S 
57.84 (qt, ‘J(C-H) = 141 Hz, >(C-H) = 5 Hz, 2C, OMe), 77.60 (tqd, ‘J(C-H) = 140 
Hz, $C-H) = 5 Hz, !J(C-H) = 5 Hz, 2C, aryl-CH,), 127.45 (dd, ‘J(C-H) = 158 
Hz, ?(C-H) = 7 Hz, 2C, arylC(4 or 5)) 127.62 (dd, ‘J(C-H) = 159 Hz,, >(C-H) = 8 
Hz, 2C, arylC(4 or 5)), 128.51 (ddt, ‘J(C-H) = 156 Hz, >(C-H) = 7 Hz, ?(C-H) = 4 
Hz, 2C, aryl-C(3)), 138.44 (dd, ‘J(C-H) = 159 Hz, ?J(C-H) = 7 Hz, 2C, aryl-C(6)), 
146.74 (s, 2C, aryl-C(2)), 170.53 (s, 2C, a&C(l)). 

Bis(2,6-bis(methoxymethyl)phenyl)magn~sium (4a) ‘H NMR (250 MHz) 6 3.34 
(s, 12H, OMe), 4.62 (s\fH, CH,), 6.77 (d, J = 8 Hz, 4H, aryl-H(3,5)), 6.96 (t, ?I = 8 
Hz, 2H, aryl-H(4)). C NMR (62.89 MHz) S 57.99 (yt, ‘J(C-H) = 142 Hz, 
?(C-II) = 2 Hz, 4C, OMe), 78.63 (tqd, ‘J(C-H) = 140 Hz, J(C-H) = 4 Hz, ‘J(C- 
H) = 4 Hz, 4C, aryl-CH,), 119.62 (dd, ‘J(C-H) = 151 Hz, >(C-H) = 6 Hz, 4C, 
aryl-C(3)), 124.83 (d, ‘J(C-H) = 156 Hz, 2C, aryl-C(4)), 147.14 (dt, >(C-H) = 7 Hz, 
2J(C-H) = 5 Hz, 4C, aryl-C(2)), 163.00 (s, 2C, aryl-C(1)). 

Bis(2-(3-oxabutyl)phenyl)magnesium (5a) ‘H NMR (250 MHz) S 2.93 (t, ?J = 6 
Hz, 4H, aryl-CH,), 3.41 (s, 6H, OMe), 3.79 (t, ‘J = 6 Hz, 4H, CH,-0), 6.85-6.87 
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(m, 6H, aryl-H), 7.62-7.66 (m, 2H, a&H). 13C NMR (62.89 MHz) 6 59.71 (q, 
‘J(C-H) = 142 Hz, 2C, OMe), 41.67 (t, ‘J(C-H) = 124 Hz, 2C, aryl-CH,), 77.27 (tq, 
‘J(C-H) = 142 Hz, !J(C-H) = 5 Hz, 2C, CH,-0), 123.95 (ddt, *J(C-H) = 152 Hz, 
?(C-H) = 7 Hz, !J(C-H)=4 Hz, 2C, aryl-C(3)), 124.29 (dd, ‘J(C-H)= 155 Hz, 
>(C-H) = 8 Hz, 2C arylC(4 or 5)), 125.62 (dd, !J(C-H)) = 149 Hz, ?(C-H) = 5 
Hz, 2C, aryl-C(4 or 5)), 140.83 (dd, ‘J(C-H) = 150 Hz, >(C-H) = 4 Hz, 2C, 
aryl-C(6)), 150.32 (dd, ?(C-H) = 11 Hz, >(C-H) = 5 Hz, 2C, aryl-C(2)), 172.00 (s, 
2c, aryl-C(1)). 

Bis(2-dimethylaminomethylphenyl)magnesium (6a) ‘H NMR (250 MHz) S 2.52 
(s, 12H, Me), 3.57 (s, 4H, CH,), 6.81-6.90 (m, 6H, aryl-H), 7.84-7.87 (m, 2H, 
aryl-H). 13C NMR (62.89 MHz) 6 45.52 (qqt, ‘J(C-H) = 134 Hz, >(C-H) = 5 Hz, 
>(C-H) = 5 Hz, 4C, Me), 69.95 (thd, ‘J(C-H) = 131 Hz, ?(C-H) = 5 Hz, >(C-H) 
= 5 Hz, 2C, aryl-CHi), 124.27 (dd, ‘J(C-H) = 155 Hz, >(C-H) = 8 Hz, 2C, 
aryl-C(S)), 124.66 (dm, J(C-H) = 152 Hz, 2C, arylC(3 or 4)), 124.80 (dm, ‘J(C-H) 
= 152 Hz, 2C, arylX(3 or 4)) 141.48 (dm, ‘J(C-H) = 151 Hz, 2C, a&C(6)), 148.68 
(s, 2C, aryl-C(2)), 171.26 (s, 2C, aryl-C(1)). 

Bis(2,6-bis(dimethylaminomethyl)phenyl)magnesium (7a) was prepared by re- 
acting a solution of 0.5 mm01 of 7 in THF (vide supra) with a solution of 0.5 mm01 
of the corresponding organolithium compound [19], obtained from the lithiation of 
13 with n-butyllithium [15] in THF. After evaporation of the solvent, the resulting 
oil was dissolved in toluene and filtered to remove the lithium bromide, formed in 
the reaction. After removal of the toluene by evacuation, the remaining oil was 
taken up in THF-d, and divided over two NMR tubes which, subsequently, were 
melted off. ‘H NMR (90 MHz) S 6.85 (m, 6H, aryl), 6 3.45 (s, 8H, CH,), S 2.28 (s, 
24, CH,). One of the NMR tubes contained kO.25 mm01 anhydrous magnesium 
bromide which yielded the corresponding Grignard reagent. This experiment en- 
abled the identification of the product which was not possible by quenching and 
titration because the starting materials would give the same results as the expected 
product. The peaks in the spectra of both tubes matched with those of the variable 
temperature experiments. 

Bis(4-methoxymethylphenyl)magnesium @a) ‘H NMR (250 MHz) 6 3.27 (s, 6H, 
OMe), 4.32 (s, 4H, CH,), 7.02 (d, ‘J = 8 Hz, 4H, aryl-H(3,5)), 7.73 (d, 3 = 8 Hz, 4H, 
aryl-H(2,6)). 13C NMR (62.89 MHz) 6 57.37 (qt, ‘J(C-H) = 140 Hz, >(C-H) = 5 
Hz, 2C, OMe), 76.43 (tq, ‘J(C-H) = 139 Hz, 3(C-H) = 5 Hz, 2C, aryl-CH,), 126.05 
(dt, ‘J(C-H) = 151 Hz, >(C-H) = 4 Hz, 4C, aryl-C(3)), 134.03 (tt, >(C-H) = 7 Hz, 
>(C-H) = 4 Hz, 2C, aryl-C(4)), 140.97 (dd, ‘J(C-H) = 151 Hz, $C-H) = 12 Hz, 
4C, aryl-C(2)), 169.22 (s, 2C, aryl-C(1)). 

Prior to the variable temperature NMR measurements, the samples were kept 
overnight at - 80 o C to ascertain that no crystallization would occur during the low 
temperature measurements. ‘H NMR spectra were measured for all the Grignard 
solutions. In the spectra of 3-7, most signals of the Grignard and diarylmagnesium 
species were discernible but only those of the methyl groups (sharp singlets) were 
sufficiently separated. Identification was possible by comparing these spectra with 
those of the diarylmagnesium compounds recorded under identical conditions. For 
each compound, spectra were recorded over a broad temperature range. Determina- 
tion of the signal areas was performed by electronic integration. 

For 1 and 8, suitable signals were not found in the ‘H NMR spectra and so 13C 
NMR spectroscopy was necessary, although this technique is more time consuming 
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due to the large number of pulses (7000-10000) required. Peak areas were de- 
termined from expanded plots by cutting and weighing. Values of K were calculated 
for the different carbon atoms from a single spectrum and a mean value was 
determined. The signals of the quatemary carbons were discarded because of their 
low intensities, caused by slow relaxation. 

The temperature ranges and the ln K values derived from the NMR spectra of 
each compound, are listed in Table 1. 

Large scale preparations of organomagnesium compoundr 
To obtain larger quantities of the Grignards reagents 3-7 and diarylmagnesium 

compounds 3a-6a for crystallization experiments, reactions (typically 5-10 mm01 
scale) of aryl bromides 9-13 or diarylmercury compounds 15-18 with magnesium 
were performed. From the NMR experiments, it was known that no side products 
were formed in these reactions. Complete conversion of the starting material into 
the desired product was further confirmed by hydrolysis and titration of ‘total base’ 
(HCl) and Mg*+ (EDTA); the expected ratios for Grignards (1: 1) and diorganyl- 
magnesiums (2 : 1) were found. To obtain solutions of high purity, the reactions 
were carried out in fully sealed glassware using high vacuum techniques, thus 
preventing hydrolysis or oxidation. 

In the Grignard reactions the bromides (10 mmol) were added in small portions 
to magnesium (twice sublimed, 20 mmol, 0.5 g) in THF (100 mL) and stirred over a 
period of about 30 hours. After settling of the magnesium dust, the clear Grignard 
solution was decanted into a second vessel. 

Diarylmagnesium compounds were prepared by stirring the corresponding di- 
arylmercury compounds (10 mmol) with a large excess of magnesium (100 mmol, 
2.4 g) in THF (100 mL) during a period of l-2 weeks. After settling of the 
magnesium amalgam, the organomagnesium solutions were decanted into a second 
vessel. 

Ctystallizations 
Crystals of 2a were obtained by the slow evaporation from a THF solution at 

room temperature. After decantation of the mother liquor, the dry crystals were 
isolated and partially used for characterization by ‘H NMR spectroscopy. Their 
solubility in THF-d, proved to be low, which made the determination of the 
amount of crystal solvent (THF) inaccurate. The remaining crystals were introduced 
into a nitrogen filled glovebox and mounted in Lindemann capillaries. In the 
glovebox, the crystals disintegrated within several days due to loss of crystal solvent. 
The remaining solid was hydrolyzed and titrated, to confirm their ‘total base’ to 
Mg*+ ratio of 2 : 1. The mother liquor of the crystallization of 2a was quenched 
with D,O, water was added, and the organic material was isolated by extraction 
with CH,Cl,. The organic phase was dried (MgSO,), filtered, and evaporated to 
dryness. The colourless residue was characterized by ‘H NMR spectroscopy and 
GCMS, and proved to be pure, [2-D]2,2’-bis(phenyl)diethyl ether). ‘H NMR (CDCl,, 
250 MHz, ref. CHCl, = 7.27 ppm), S 2.90 (t, 3 = 7 Hz, 4H, CH,-0), 3.67 (t, ?J = 7 
Hz, 4H, aryl-CH,), 7.19-7.32 (m, 8H, aryl-H). GCMS mass spectrum, m/z (rel. 
intensity) 228 (1) M+; 136 (9), 106 (lOO), 92 (17). 

2: ‘H NMR (THF-o”, 250 MHz, ref. THF-d, = 1.80 ppm), 6 2.89 (t, ?I = 5 Hz, 
4H, aryl-CH,), 3.78 (t, J = 5Hz, 4H, CH,-0), 6.75-6.81 (m, 6H, a&H), 7.67 (dm, 
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3J=6 

NMR 
Hz, 21-I). In this spectrum, the ratio of THF-Ha: 2a was larger than 4. ‘H 
(C,D,, 250 MHz, ref. C,D,H = 7.30 ppm), 6 2.92 (m, broad, 4H, CH,-0), 

3.48 (m, broad, 4H, aryl-CH,), 7.50 (dd, sJ = 7 Hz, ‘J = 7 Hz, 2H, aryl-H), 7.58 (dd, 
‘J = 7 Hz, 3J = 7 Hz, 2H, aryl-H), 8.41 (d, 3J = 7 Hz, 2H, aryl-H). Because of the low 
solubility of 2a in benzene, the solvent signals in this spectrum were very intense. 
One aryl-H signal was not detected; it was probably obscured by the GD,H signal. 

Initially, crystallization of 3-7 and 3a-6a was attempted by distilling off part of 
the THF and then cooling the solution to - 20 and - 80’ C. In some cases 
crystallization did occur, but the solid separated as a compact lump. Therefore, 
dilution of the THF solutions with an apolar solvent was tried. The 
organomagnesium solutions were divided into smaller samples (1 mm01 in 10 mL 
THF). Each sample was concentrated by distilling off most of the THF (7-9 mL) 
and n-hexane (about 10 mL) was added to obtain a solution saturated at room 
temperature. Upon cooling (+ 5 to - 20 o C), crystals suitable for X-ray structure 
determination were obtained from 4a. Only low quality crystals were obtained in the 
other cases. 

Table 5a 

Crystal data and details of the structure determination of 2a 

(a) Ctysfal data 
Formula 
Mol. wt. 

Crystal system 
Space group 

a, b, c (A) 

B (“) 
v (K) 
z 

&I, (g cm-3) 
F(aoo) 

P (cm-‘) 
Crystal size (mm) 

C,H@,Mg 
392.82 

monoclinic 

P2,/a (non-standard setting of No. 14) 

9.262(6), 19.399(4), 12.490(3) 

90.40(4) 

2244(2) 
4 

1.163 
848 

8.1 

0.20 x 0.20 x 1.00 

(b) Data collection 
Temperature (K) 

k,, k, (0) 
Radiation 
Scan type 

Au(“) 
Hor. and vert. aperture (mm) 
Dist. tryst. to detector (mm) 
Reference reflections 
Data set 
Total data 

Total unique data 
Observed data 

294 
2.28, 70.0 

Cu-K,, (Ni-fiked), 1.54184 A 
w/2e 

0.80 + 0.15 tan e 

4.0,5.0 
173 
l-2-2,-110 
h 0:ll; k0:23; I -15:15 
4670 
4242 
2179 [I> 2.50(I)] 

(c) Refinement 
No. of refined parameters 
Weighting scheme 
Final R, R,, S 

(A/o), in final cycle 

min. and max. read. dens. e/K 

254 
w =l.0/[aZ(F)+0.000311F2] 
0.067,0.075, 1.09 
0.016 

- 0.23,0.24 



Table 5b 

Crystal data and details of the structure determination of 4r 

(a) Crystal data 
Formula 
Mol. wt. 

Crystal system 
Space group 

a, b, c (A) 

8(“) 
v (K) 

z 

kak (g cm3) 
F(OOf’) 
c (cm-‘) 
crystal sire. (mm) 

(b) Data collection 
Temperature (K) 

eti, e,, (0) 
Radiation 

Scan type 

Am(O) 
Hor. and vert. aperture (mm) 

Dist. tryst. to detector (mm) 
Reference reflections 

Data set 
Total data 

Total unique data 

Observed data 

(c) Refnernenr 

No. of refined parameters 
Weighting scheme 
Final R, R,, S 

(A/u), in final cycle 

min. and max. resd. dens. e/A3 

Go~zaQMg 
354.13 
monochnic 

P2,/n (non-standard setting of No. 14) 

12.660(3), 12.413(2), 12X92(3) 
90.76(2) 

2025.8(7) 
4 

1.163 

760 

8.9 
0.20x0.20x0.90 

294 
3.43, 70.0 

Cu-K, (Ni-filtered), 1.54184 A 
o/28 
0.30+0.15 tan I9 
2.0, 6.0 

173 
200,020 

h -15:15; k 0:15; ZO:15 
4218 

3836 

1732 [I > 2,50(Z)] 

239 
w =1.0/[02(F)+0.000531F2] 

0.053,0.064,0.83 
0.019 

-0.16,0.15 

Some dry crystals of 4a were used for characterization by ‘H NMR spectroscopy 
in C,D,, and this indicated that no THF was present. The mother liquor of 4a was 
quenched with D,O, water was added, the organic layer separated and the water 
phase extracted with CH,Cl,. The combined organic phases were dried (MgSO,), 
filtered and evaporated to dryness. The residue (colourless oil) was characterized by 
‘H NMR spectroscopy as [2-D]1,3-bis(methoxymethyl)benzene (> 90% pure). 

4a: ‘H NMR (C,D,, 250 MHz, ref. GD,H = 7.30 ppm), S 3.16 (s, 12H, OMe), 
4.61 (s, 8H, aryl-CH,), 7.16 (d, 3 = 7 Hz, 4H, arjl-H(3,5)), 7.51 (t, ‘J = 7 Hz, 2H, 
a&H(4)). [2-D]1,3-bis(methoxymethyl)benzene: H NMR (CDCl,, 250 MHZ, ref. 
CHCl, = 7.27 ppm), 6 3.41 (s, 6H, OMe), 4.48 (s, 4H, aryl-CH,), 7.25-7.36 (m, 3 H, 

aryl-H). 

Structure determination and refinement of 2a 
Crystal data and numerical details of the structure determination are given in 

Table 5. A colourless rod shaped crystal was mounted under nitrogen in a Linde- 
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Table 6 

Final coordinates and equivalent isotropic thexmal parameters and their e.s.d. in parentheses for 2a 

Atom x 

% 
o(2) 
o(3) 
c(1) 
c(2) 
C(3) 
c(4) 
C(5) 
C(6) 
C(7) 
c(8) 
c(9) 
c(l0) 
c(l1) 
C(l2) 
c(l3) 
C(l4) 
C(l5) 
c(l6) 
c(l7) 
C(l8) 
c(l9) 
c(20) 
c(21) 
c(22) 
~(23) 
c(24) 

- 0.0950(2) 
0.0036(3) 
0.1150(3) 

- 0.1532(4) 
-0.1673(5) 
- 0.2998(6) 
-0.3437(6) 
- 0.2535(8) 
-0.1235(7) 
- 0.0806(6) 

0.0594(6) 
0.0408(6) 

-0.0161(6) 
- 0.0183(6) 
-0.1551(5) 
- 0.2364(6) 
- 0.3616(7) 
- 0.4085(6) 
- 0.3262(5) 
-0.1965(5) 

0.1645(6) 
0.3201(7) 
0.3678(7) 
0.2377(7) 

-0.2128(8) 
-0.2452(8) 
-0.1753(9) 
-0.1158(7) 

Y 

0.2994(2) 
0.4439(2) 
0.5151(2) 
0.3740(2) 

O&423(7) 

0.3905(2) 
0.3651(3) 
0.3211(3) 
0.3017(3) 
0.3266(2) 
0.3010(3) 
0.2576(3) 
0.2571(3) 
0.3000(3) 
0.3400(2) 
0.3267(3) 
0.3614(3) 
0.4105(3) 
0.4243(2) 
0.3901(2) 
0.482q3) 
O&02(3) 
0.4468(4) 
0.4300(4) 
0.5524(3) 
0.6197(3) 
0.6291(3) 
0.5632(3) 

0.2226(3) 

z 

0.2505(3) 
0.2513(2) 
0.3987(3) 
0.4452(4) 

0.2410(l) 

0.5451(5) 
0.6004(4) 
0.5570(4) 
0.4583(4) 
0.4122(4) 
0.3138(4) 
0.1291(4) 
0.0285(4) 
0.0105(4) 

- 0.0818(4) 
- 0.1027(4) 
- 0.0300(4) 

0.0609(3) 
0.0868(3) 
0.3436(5) 
0.3578(6) 
0.2502(5) 
0.1839(5) 
0.3370(5) 
0.3033(6) 
0.201q6) 
0.1689(4) 

0.071(i) 

0.076(l) 
0.077(l) 

uq a (2) 

OMO(2) 
0.070(2) 
0.084(3) 

0.0582(5) 

0.097(3) 
0.087(2) 
0.067(2) 
0.089(2) 
0.092(3) 
0.086(2) 
0.079(2) 
0.063(2) 
0.078(2) 
0.087(3) 
0.082(2) 
0.068(2) 
0.059(2) 
O.lOl(3) 
0.113(3) 
0.124(3) 
0.115(3) 
0.122(3) 
0.125(3) 
0.138(4) 
0.095(3) 

o .!&, =1/3 of the trace of the orthogonal&d U matrix. 

mamr glass capillary and transferred to an Enraf-Nonius CAD4F diffractometer for 
data collection. Unit cell parameters were determined from a least squares treatment 
of the SET4 setting angles of 22 reflections and were checked for the presence of 
higher lattice symmetry [20]. Data were corrected for Lp and for a small linear 
decay (3.0%) of the intensities during the 98 h of X-ray exposure time but not for 
absorption. Standard deviations as obtained by counting statistics were increased 
according to an analysjs of the excess variance of the reference reflections: a*(I) = 
u&(l) + (0.017 1)2 [21]. The structure was solved by direct methods (SHELXS86; 

[22]), and the solution with the best figures of merit revealed all the non-H atoms. 
Refinement on F was carried out by full-matrix least-squares techniques. H-atoms 
were introduced on calculated positions (C-H = 0.98 A) and included in the 
refinement riding on their carrier atoms. All non-hydrogen atoms were refined with 
anisotropic thermal parameters, H-atoms were refined with one common isotropic 
thermal parameter (V = 0.141(5) A2). Weights were introduced in the final refine- 
ment cycles, convergence was reached at R = 0.067. Final atomic coordinates and 
equivalent isotropic thermal parameters are listed in Table 6. 
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Table 7 

Fmal coordinates and equivakntisotropicthermal parameters and their e.s.d. in parentheses for4a 

Atom 

% 
o(2) 
O(3) 
o(4) 
c(l) 
c(2) 
c(3) 
c(4) 
c(5) 
c(6) 
c(7) 
c(8) 
c(9) 
WO) 
c(l1) 
c(12) 
W3) 
c(14) 
c(l5) 
c(16) 
c(l7) 
W8) 
c(l9) 
C(20) 

X 

-0.0834(l) 
0.0578(2) 

-0.2257(2) 
0.0419(2) 

-0.2082(2) 
-0.0715(3) 
-0.1428(3) 
-0.1301(4) 
-0.0441(5) 
0.0285(4) 
0.0143(3) 
0.0935(3) 
0.1313(4) 

-0.2367(3) 
-0.3161(4) 
-0.0784(3) 
-0.1388(3) 
-0.1257(4) 
-0.0526(4) 
0.0088(4) 

-0.0045(3) 
0.0630(4) 
0.1128(4) 

-0.2217(3) 
-0.2927(4) 

Y 

0.2446(l) 
0.13iii2j 
0.3241(2) 
0.3812(2) 
0.1432(2) 
0.2041(3) 
0.2399(4) 
0.2169(4) 
0.1577(5) 
0.1210(4) 
0.1444(4) 
0.1026(4) 
0.1002(5) 
0.3040(4) 
0.3741(5) 
0.2941(3) 
0.2422(4) 
0.2636(4) 
0.3375(5) 
0.3906(4) 
0.3682(3) 
0.4247(4) 
0.4168(4) 
0.1638(4) 
0.0800(4) 

z 

0.0899(l) 
0.0779(2) 
0.0015(2) 
0.1038(2) 
0.1754(2) 

-0.0671(3) 
-0.1426(3) 
-0.2474(3) 
-0.2778(4) 
-0.2068(4) 
-0.1024(3) 
-0.0224(3) 
0.1559(4) 

-0.1073(3) 
0.0432(4) 
0.2460(3) 
0.3204(3) 
0.4263(3) 
0.4582(4) 
0.3882(4) 
0.2830(3) 
0.2044(4) 
0.0278(4) 
0.2831(3) 
0.1339(4) 

lJ_ a (‘3) 

0.0719(5) 
0.084(l) 
0.081(l) 
0.089(l) 
0.076(l) 
O&55(2) 
0.072(2) 
0.096(2) 
0.118(3) 
O.loO(2) 
0.071(2) 
0.081(2) 
0.117(3) 
0.079(2) 
0.109(2) 
0.067(2) 
0.069(2) 
0.082(2) 
0.091(Z) 
0.082(Z) 
0.071(2) 
0.093(2) 
0.109(2) 
0.082(2) 
0.098(2) 

a U-=1/3 of the trace of the orthogonal&d U matrix. 

Structure &termination and refinement of 4a 
Crystal data and numerical details of the structure determination are given in 

Table 5. A colourless rod shaped crystal was mounted under nitrogen in a Linde- 
mann glass capillary and transferred to an Enraf-Nonius CAD4F diffractometer for 
data collection. Unit cell parameters were determined from a least-squares treat- 
ment of the setting angles of 12 reflections with 8.5 < 8 < 15.5”. The unit cell 
parameters were checked for the presence of higher lattice symmetry. Data were 
corrected for Lp, for a small linear decay (2.3%) of the intensities during the 65 h of 
X-ray exposure time and for absorption (DIFABS, [23]; correction range: 0.85-1.28). 
Standard deviations as obtained by counting statistics were increased according to 
an analysis of the excess variance of the reference reflections: o’(I) = &(I) + 
(0.005 I)’ [21]. The structure was solved by direct methods (SHELXS~~); the solution 
with the best figures of merit revealed all non-H atoms and subsequent difference 
Fourier synthesis. Refinement on F was carried out by full-matrix least-squares 
techniques. H-Atoms were introduced on calculated positions (C-H = 0.98 A) and 
included in the refinement riding on their carrier atoms. All non-hydrogen atoms 
were refined with anisotropic thermal parameters, H-atoms were refined with one 
common isotropic thermal parameter (U = 0.120(4) A2). Weights were introduced in 
the final refinements cycles, convergence was reached at R = 0.053. Final atomic 
coordinates and equivalent thermal parameters are listed in Table 7. 

For both structure determinations, neutral atom scattering factors were taken 
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from [24] and corrected for anomalous dispersion [25]. All calculations were 
performed with SHBLX76 [26] and the EUCLID package [27] (geometrical calculations 
and illustrations) on a MICROVAX cluster. 

Supplementary material available. Anisotropic thermal parameters, H-atom 
parameters, lists of bond lengths, band angles, and lists of observed and calculated 
structure factor amplitudes for 2a and 4a (61 pages) are available form A.L.S. 
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