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Nuclear Magnetic Resonance Spectra of Dimeric Cupric Compounds 
By William Byers and Robert J. P. Williams,* Inorganic Chemistry Laboratory, University of Oxford, Oxford 

The proton magnetic resonance spectra of some dimeric cupric complexes which are models for copper dimer 
units in proteins have been examined. The spectra are discussed in terms of a simple theory. The possibility 
of being able to describe the nature of dimeric copper units in proteins by the temperature-dependence of their 
proton magnetic resonance spectra i s  discussed. 

OX1 3PN 

AS part of our interest in the role of metal ions in 
biologically important systems we have been investigat- 
ing the role of copper atoms in oxidase meta1loenzymes.l 
The recent suggestion 2s3 that the e.p.r. non-detectable 
copper atoms in such enzymes as laccase and caerulo- 
plasmin exist in the form of spin-paired cupric dimeric 
units has led us to consider what properties might be 
associated with such a unit. Our initial studies are re- 
stricted to possible model complexes with the expressed 

W. Byers and R. J. P. Williams, unpublished work. 
R. Malkin, B. G. Malmstrom, and T. Vanngard, European 

J .  Biochem., 1969, 10, 324. 

hope that they might reveal methods for distinguishing 
between such dimers and copper@) complexes. We now 
report the solution lH n.m.r. of some cupric dimer com- 
pounds. 

Tetragonal monomeric complexes of the copper(I1) ion 
normally exhibit very broad ill defined lH n.m.r. reson- 
ances owing to the slow electron spin relaxation of the 
cupric It seems reasonable to expect however that 
if copper(I1) interactions occur, a mechanism for mutual 

3 J. -4. Fee, R. Malkin, B. G. Malmstrom, and T. Vanngard, 
J .  BioE. Chem., 1969, 244, 4200. 

4 B. R. McGarvey, Transition Metal Chem., 1966, 3, 90. 

system6
from pentane, hexane, or ethanol. The yields obtained by
the reactions at both room temperature and - 78O are given
in the Table.
Reaction of (Cyclopentadieny1)dicarborayliron Iodide with
Tetrafluoroaryl-lithium Compounds.-n-Butyl-lithium was
added to an equivalent amount of the halogenobenzene in
ether a t - 78". After stirring for 1 h, an equivalent amount
of (cyclopentadieny1)dicarbonyliron iodide was added.
The resultant mixture was allowed to warm to room
temperature and stirred for several hours. After filtration
and removal of solvent, the residue was dissolved in
benzene arid the above chromatographic procedure followed.
The second band now observed was due to (cyclopenta-
dieny1)dicarbonyliron iodide, and the required tetrafluoro-
aryliron derivatives were isolated in a similar manner to the
above.
Preparation of Lithiotetrafluorophenyl (cyclopentadienyl) -
dicarbony2iron.-(a) From bromotetrafluorophenyl(cyc1o-
pentadieny1)dicarbonyliron. n-Butyl-lithium was added to
a solution of an equivalent amount of the iron compound
in ether a t -78". After stirring for 2 h, water was added
and the resultant mixture allowed to reach room tem-
perature. The yellow organic layer was separated from the
aqueous layer, dried over magnesium sulphate, then
filtered. The solvent was removed. The resultant tetra-
fluorophenyl(cyclopentadieny1)dicarbonyliron compounds
were identified by comparison of their i.r. spectra with
samples prepared by the above methods. The yields of
the 2,3,4,5-, 2,4,5,6-, and 2,3,5,6-tetrafluorophenyl-deriva-
tives were 93, 87, and 89%, respectively.
(b) From tetrafluorophenyl(cyclopentadieny1) dicarbonyl-
iron. n-Butyl-lithium was added to a solution of an
equivalent amount of the iron compound in ether a t -78".
After stirring for 2 h, an excess of bromine was added and
the mixture allowed to reach room temperature. Sodium
thiosulphate solution was added, and after stirring the
mixture, the ether layer was removed, dried over magnesium
sulphate, filtered and the solvent removed. The resultant
The yields are given in the Table.
orange-yellow solid was identified by i.r. and lH n.m.r.
spectra to be a mixture of starting material and the
corresponding bromotetrafluorophenyl(cyclopentadieny1)di-
carbonyliron, with the latter in excess.
Preparation of 1,4-Bis[ (cyclopentadienyl) dicarbonyliron]-
tetrafluorobenzens.-(a) From 1,4-dilithiotetrafluorobenzene.
Two equivalents of n-butyl-lithium were added to a
solution of 1,4-dibromotetrafluorobenzene in ether at - 78".
After stirring for about half an hour, two equivalents of
(cyclopentadieny1)dicarbonyliron iodide were added. The
mixture was allowed to attain room temperature and
stirring continued for several hours. The amount of
solid deposited was observed t o be in excess of that
possible for precipitation of lithium iodide only. The
solid was filtered, washed with water to remove lithium
iodide, and then extracted with hot benzene, in which i t was
partially soluble and from which it was recrystallized.
Removal of ether from the original reaction solution did not
yield additional product. The resultant 1,4-bis[ (cyclo-
pentadienyl) dicarbonyliron] tetrafluorobenzene was obtained
in 58% yield as orange-yellow crystals. A sample for
analysis was obtained by recrystallization from ethanol, in
which the compound was only slightly soluble.
(b) From 4-Zitltiotetrafluoro~henyl (cyclopentadienyl) dicar-
bonyliron. 4-Lithiotetrafluorophenyl(cyclopentadienyl)di-
carbonyliron was prepared as above. An equivalent
amount of (cyclopentadieny1)dicarbonyliron iodide was
added a t -78", and the resultant mixture was stirred at
room temperature for several hours. The extraction
procedure described above was followed and the desired
compound was obtained in 87% yield. The corresponding
1,3-bis[ (cyclopentadienyl) dicarbonyliron] tetrafluorobenzene
was prepared by an analogous method.
The author would like to thank the Petroleum Research
Foundation for partial support of this work, and I.C.I. Ltd.
for a gift of 1,3-dichlorotetrafluorobenzene.
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fast relaxation, which could lead to paramagnetic shifts 
in lH n.m.r. spectra, would exist. The possibility that 
some copper(I1) dimers may act as shift probes has there- 
fore been investigated by looking both at  the ligands 
themselves and at  molecules forming loose intermolecular 
complexes with these dimers. It should be recognised 
that very strong coupling in a dimer of copper(r1) could 
produce a copper@) complex which would not give a 
paramagnetic shift. We give an example of this case. 
After our work was completed a paper reporting lH 
1i.m.r. shifts for dimeric copper(I1) benzoates was pub- 
lished6 We shall refer to this work later. 

Choice of Systems for Study.-Although a larger num- 
ber of cupric dimer compounds exhibiting antiferro- 
magnetic coupling have been reported in the solid state, 
these compounds seem to be of low solubility or to 
dissociate considerably in solution and are therefore 
unsuitable for our purposes. 

Recently the compound di-pniethoxy -bis (acetyl- 
acetonato)dicopper(II) was reported to be dimeric with 
methoxy-bridges.6 It was therefore decided to prepare 
and study a series of alkoxy bridged p-dicarbonyl com- 
plexes and study their nuclear magnetic properties. 

EXPERIMENTAL 

The alcohols and base used in the syntheses of the dimers 
mere AnalaR. All other chemicals were reagent grade, 
used without further purification. The preparation of 
salicylaldehyde compounds is described below. Other 
dimeric derivatives were prepared by similar means. 

Preparation of Bis(salicylaldehydato)co~~er(~~) .- 
Copper(I1) acetate monohydrate (0.05 mol) was dissolved 
in refluxing methanol (200 ml) and the hot solution was 
filtered. Salicylaldehyde (0.1 mol) in ethanol (100 ml) 
was added dropwise to the above stirred solution. A green 
precipitate was filtered off from the cooled solution. At- 
tempts to recrystallise it gave poorer analytical data than 
obtained for the original precipitate. The precipitate was 
washed twice with ethanol, thrice with ether, air-dried, and 
used without further purification. 

Preparation of Di-p-methoxy-bis (salicylaldehydato) dicopper- 
(11) .-Bis(salicylaldehydato)copper(n) (0.01 mol) was dis- 
solved in refluxing methanol (400 ml) and the hot solution 
was filtered. Potassium hydroxide (0.01 mol) in ethanol 
.(20 ml) was added dropwise to the stirred solution. The 
solution gradually became cloudy and a light green precipi- 
tate was observed. The solution was filtered and the 
filtrate discarded. The precipitate was washed with 
methanol and ether, and air-dried. 

Preparation of Di-p-ethoxy-bis(salicylaldehydato)dico~per- 
(11) .-Bis(salicylaldehydato)copper(n) (0.01 mol) was dis- 
solved in refluxing ethanol (400 ml) . Potassium hydroxide 
(0.01 mol) in ethanol (20 ml) was added dropwise to the 
stirred solution. The solution was refluxed for a further 2 h 
and filtered hot. A deep green precipitate was obtained on 
cooling. The precipitate was washed with ethanol and 
ether, and air-dried. 

Preparation of Bis (diazoaminobenzene) cofiper(I1) .-Diazo- 
aminobenzene was prepared by the method of Mann and 

R. A. Zelonka and M. C. Baird, Inovg. Chem., 1972,11, 134. 
* J. A. Bertrand and R. I. Kaplan, Inorg. Chem., 1965, 4, 

4657. 

Saunders.' The copper(I1) complex was prepared by the 
method of Dwyer.8 

Physical Methods.-N.1n.r. spectra were recorded on a 
JEOL- JNM-G-6OHL spectrometer operating a t  60 MHz. 
Standard 5 mm tubes were used containing an internal 
standard in a total of a t  least 0.5 ml of solution. 

Electronic absorption spectra were measured on a Pye 
Unicam SP 800 double-beam spectrometer with standard 
silica cells. 

1.r. spectra as Nujol mulls between sodium chloride 
plates were recorded on a Perkin-Elmer model 457 grating 
spectrometer. 

Analytical Data.-C, H, and N analyses (Table 1) were 
determined in the Department's microanalytical laboratory. 

TABLE 1 
Analytical data for complexes 

Compound Found Calc. Found Calc. 

Cu(acac) OMe 36-6 37.1 5.0 5-15 

c (7;) H ( % I  

Cu (acac) 45.5 45.8 5.3 5.3 

Cu(salic), 54.4 54.8 3.2 3.3 
Cu(sa1ic)OMe 44-2 44.8 3.5 3.7 
Cu (salic) OEt 46.9 47.0 4.1 4.3 
Cu(o-HOacet) 56.8 57.6 4-3 4.8 
Cu(o-H0acet)OMe 46.9 47-1 4.2 4.3 
Cu(o-H0acet)OEt 48-0 49-1 5-2 4.9 

Cu(hfa) OEt 25.8 26.5 1.7 1.9 
rcu P 2 N J  21 * 62.2 61.8 4.4 4.4 

Cu (hfa)OMe 23.5 23.8 1.2 1.3 

acac = acetylscetone monoanion, salic = salicylaldehyde 
monoanion, o-HOacet = o-hydroxyacetophenone monoanion, 
hfa = hexafluoroacetylacetone monoanion, Ph,N, = diazo- 
aminobenzene monoanion. 

* Found: N, 17.8; Calc., N, 18*0%. 

RESULTS AND DISCUSSION 

(a) Nature of Com+ourtds.-Violet compounds of the 
aliphatic p-diketones acetylacetone and ethyl aceto- 
acetate were prepared but were considered unsuitable for 
n.m.r. studies as they give rise to green solutions in 
non-conducting solvents from which it has not proved 
possible to re-isolate the dimers. It seems likely that 
dissociation in solution resulting in alkoxy-polymer 
formation is occurring but this has not been investigated. 

It proved possible to prepare the methoxy- and 
ethoxy-bridged dimers, the yield of the former being 
several times greater than that of the latter. It had 
been hoped to prepare dimers with the bulky alkoxides 
as bridging ligands. This could well have resulted in 
the formation of pseudotetrahedrally co-ordinated 
dimeric copper atoms which would have added to the 
interest of this study. Unfortunately we have been 
unable to obtain any such compound. Modification of 
the preparation method described invariably failed to 
give the desired products. In particular bis(acety1- 
acetonato)copper(n) did not appear to react with tertiary 
butoxide ion in refluxing dioxan. 

The dimers arising from the ligands salicylaldehyde, 
hexafluoroacetylacetone, and o-hydroxyacetophenone 
are stable in solution for several hours and these com- 

' G. F. Mann and B. C. Saunders, ' Practical Organic Chemis- 

* F. P. Dwyer, J .  Amev. Chem. SOC., 1941, 63, 78. 
try,' 4th edn., Longmans, London, 1960. 
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pounds have been studied. Reaction of chloro- and 
nitro-substituted salicylaldehydes with cupric acetate 
gave insoluble solids which gave no reaction with base. 
Bis(diazoaminobenzene)copper(II) is the only well docu- 

mented simple diamagnetic cupric compound and we 

I I 

Case 1 Case 2 Case 3 
(a) I (bl I (c) 

FIGURE 1 Effect of interaction on the energy levels for 
discreet pairs of copper atoms 

have therefore studied this as an example of strong inter- 
action behaviour. 

(b) C haracterisatiolz of Complexes .-X-ray structural 
data are not yet available for the dimers discussed and 
therefore the suggested structure of square planar copper 
ions bridged by alltoxy-groups is based on magnetic 
data only. It is difficult to envisage any other model 
consistent with the experimental data. 

It has been suggested that the >C-0- stretch of a 
bridging methoxide will fall below 1040 cm-l while that 
for a terminal methoxide will lie above 1060 cm-1.6Jo 
This does not appear to be a very useful general method 
of structural assignment in our compounds as the 
absorptions in this region are generally weak, broad, 
and close to 1050 cm-l. The i.r. spectrum of the 
alkoxy-compounds however are very similar to those 
of the parent monomers. Changes, particularly in the 
carbonyl stretching region, would be expected if the 
diketonate changed its mode of bonding and became the 
bridging group. 

The absorption spectra of the dimers are also very 
similar to those of the parent monomers. The visible 
spectra support the formulation of pseudosquare planar 
arrangement of four oxygen donors around each copper 
atom. The near-u.v. spectra have bands in identical 
positions for both the monomers and their alkoxy- 
derivatives. This is again a strong indication that no 
change in the bonding of the dicarbonyl ligand has 
occurred. 

Before discussing the n.m.r. spectra of the complexes 
we outline the relevant theory. 

Theoretical Outline of N.m.r. Spectra of Dimem.- 
Three cases for the interaction of discrete pairs of copper- 
(11) atoms are conceivable (see Figure 1). (a) The inter- 
action between the two metal ions is negligible and the 

C. M. Harris and R. L. Martin, Proc. Chem. SOL, 1958, 269. 
lo C. G.  Barraclough, D. C. Bradley, J. Lewis, and I. M. 

Thomas, J .  Chem. Soc.. 1961, 2601. 

properties of the compounds can be explained by con- 
sidering the atoms separately. This system offers no 
advantage over normal monomeric complexes and will 
not be discussed further. 

(b) Weak interaction between the two metal ions 
results in a singlet ground state and a triplet state of 
somewhat higher energy. This case is characterised by 
the experimental observation of a diminished magnetic 
moment a t  low temperature as for cupric acetate. The 
stronger the interaction, the more effective should be the 
relaxation mechanism. It is this case in which we have 
been mainly interested. 

(c) The interaction between the two metal ions is 
large, again giving rise to a singlet ground state and a 
triplet excited state. Here however the triplet state 
is at too high an energy to be populated. This strong 
antiferromagnetism will give a susceptibility correspond- 
ing to that of normal diamagnetic copper(1) complexes; 
no temperature-dependence will be observed but the 
resonances should be sharp. We have observed this 
behaviour, in the one case of the bis(diazoamin0benzene)- 
copper(I1) dimer. 

Golding has discussed the theory of temperature- 
dependent shifts for the complexes containing single 
paramagnetic ions for a variety of ground states.11J2 
Some additional considerations are required for the case 
of exchange-coupled ions but the basic method of calcu- 
lation remains the same. 

The major interaction between the two copper atoms 
in cupric dimers is the spin-exchange Hamiltonian 
- J .  SIS,. This interaction gives rise to a singlet 
Si’ = 0 and a triplet Si’ = 1 state a t  relative energies 
0 and -J. For complexes with proton-containing 

C -H(b) 
I 

- 

H >  I 
H(b)-C- 

FIGURE 2 

ligands the proton may interact with the impaired elec- 
tron density. The paramagnetic contact (Knight) 
shift is given by equation (1) (where (Sz) is the time- 

A H = -  Ak(Sz) 
gnBn 

averaged value of the z-component of the total spin S and 
A is in Hz). 

For an exchange-coupled system as in Figure 2 it is 
l1 R. M. Golding, MoZ. Phys.. 1964, 8, 561. 
12 R. M. Golding, ‘ Applied Wave Mechanics,’ D. van Nos- 

trand, London, 1969. 
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necessary to consider the contributions to the Knight 
z i f t s  of a given proton from both ions. 

Thus the Knight shift experienced by a proton can be 
written as the sum (2) of the shifts due to Cu(1) and 
Cu(2). For the terminal protons [H(1) and H(2) in 

Figure 21 contributions from the copper ion more distant 
from a particular proton can be considered small and 
the approximation (3) will be justified. Assuming a 

(3) 

Boltzmann distribution, we obtain equation (4) where 

(4) 
’c(Sz’)Si’ exp -(Esi/KT) 

C exp -(EsilkT) (SZ’) = 

(Sx’) is the time-averaged value of the z component of S’ 
in spin state Si‘ of energy Esi. Equations (5) and (6) 
follow. 

In theory equation (6) tells us that the contact shift 
of a proton associated with an interacting pair of 
copper ions will not have the inverse linear temperature 
dependence predicted for a monomeric complex by 
assuming fast electron spin relaxation to be achieved in 
the monomer. Examination of the expression (1 + 
J/kT) ,  however, reveals that it can only take values 
between 0.33 and 0-25. In practice it would be neces- 
sary to vary the temperature over a very wide range to 
obtain clear-cut evidence for such a small change. We 
expect that it will be very difficult to observe deviation 
from linearity in the temperature dependence of proton 
shifts in copper dimers although the susceptibility of these 
dimers may be low. 

In the case of the protons associated with the bridging 
ligands, H(b), there will be contributions to the shift 
from both metal ions of roughly equal weight. The 
Knight shift on such a proton could now be larger than 
that attributable to a single copper(I1) ion and we might 
expect larger shifts of the protons of bridging ligands 
than those on the terminal ligands. However the 
pseudo-contact shift from the two copper ions will not 
be additive in all cases, depending upon the exact 
geometry of the proton relative to the magnetic axes of 
the two copper centres. 

Nuclear Magnetic Resonance Spectra.-The lH n.m.r. 
spectra of the compounds prepared were studied in the 
temperature range +30 to -30°C. Only in the case 
of the di-pet hoxy-bis (salicylaldehydato) dicopper (11) were 
large temperature-dependent shifts observed. A broad 
band at  low field assigned to the aldehydic proton is 

observed to sharpen and move to low field as the tem- 
perature is decreased, and bands assignable to the 
methylene and methyl protons are observed to high field 
and to undergo very small shifts to low field as tempera- 
ture is decreased (Table 2). Integration of the signal 

TABLE 2 
Temperature dependence of the chemical shifts (in p.p.in.) 

of the protons of di-p-ethoxy-bis(salicyla1dehydato)di- 
copper(x1) with respect to tetraniethylsilane 

103K/T 6[-C(O)H] 6(-CH2-) 6(-CH,) 
1.23 300 3.333 14.7 3-65 

298 3.356 14.8 3.6 1.23 

289 3.460 14.95 3-7 1.20 
273 3.663 15.6 3.7 1-25 
258 3.876 15.95 3.7 1.25 
248 4.023 16-35 3.76 1-26 

TI K 

(return) 

gave an intensity ratio of 1 : 2 : 3 as expected for the 
aldehydic, methylene, and methyl protons respectively. 
The protons of the aromatic nucleus lie on top of the 
proton signal of the reference chloroform, and could 
not be located precisely. This region has been carefully 
studied on a Bruker HFX spectrometer operating at  
270 PlIHz and the aromatic peak is seen to consist of at 
least two and probably three resonances. Unfortu- 
nately the spectrum could be run at  only a single tem- 
perature and we cannot comment on the mechanism of 
electron transfer to the aromatic nucleus. Our results 
on the J.E.O.L. spectrometer did show that at least part 
of the aromatic signal moves clear of the solvent peak 
to higher field as the temperature decreases. 

It is no surprise that the aldehydic proton should be 
the one giving large shifts as this proton has been 
observed to give large shifts with other paramagnetic 
ions.13 This proton is also nearer to the paramagnetic 
centre than any other of the salicylaldehyde protons. 
The fact that the or-protons on the alkoxide ligand show 
much smaller temperature-dependent shifts than the 
aldehydic proton is somewhat surprising on the basis of 
our model. The bridging ligand protons may experience 
opposing pseudo-contact effects from the two copper 
atoms. 

The n.m.r. spectrum of bis( salicyla1dehydato)copper (11) 
shows no absorption at very low field assignable to the 
aldehydic proton. This could result either from exces- 
sive broadening or to  unfavourable overlap of orbitals 
giving no contact effect from the unpaired electron. 
In the methoxy-dimer the band has not been observed 
owing to the low solubility of this compound. Small 
temperature-dependent shifts were again observed for 
the methyl protons. The n.m.r. spectrum of di-pethoxy- 
bis( a-hydroxyacetophenonato)dicopper (11) showed bands 
assignable to the or- and 13-protons of the ethoxy-group 
and to  the methyl protons of the dicarbonyl ligand to 
high field of solvent peaks. No band corresponding 
to the aldehydic proton was observed to low field, 
supporting the previous assignment. 

Is I<. E. Schwarzhans, Angew. Chem. Intenzat. Edn., 1970, 
9, 946. 
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The possibility that these dimers might act as shift 
probes in molecular complexes has been investigated for 
this would correspond to an interaction between a 
dimeric copper(I1) unit in a protein and protein-side- 
chains not in the co-ordination sphere. The spectra of 
several steroids and ethyl acetate were found to give 
selective broadening but no shift with varying concentra- 
tions of di-p-ethoxy-bis(salicyla1dehydato)dicopper (11). 
The possibility of x-complexation was investigated with 
the latter molecule by use of triiiitrobenzene as acceptor. 
Some broadening of the acceptor spectrum was observed 
but no shift was obtained. 

We refer again to the work of Zelonka and Baird.5 
We are unable to assess the value of this work in full 
as the authors did not publish details of their 1i.ni.r. 
spectra. The proton shifts for the copper(I1) dimers are 
reported with respect to diamagnetic zinc complexes. 
This could only be justifiable if the zinc compounds con- 
tain bridging benzoate groups. The authors report 
contact shifts for the ortho-protons on the benzoate 
rings of much smaller magnitude than for meta- and 
para-protons. This apparent anomaly leads us to 
believe that the zinc compounds were not suitable 
standards. The work was done at  one temperature 
only so that its interpretation was extremely tenuous. 

A plot of shift from tetraniethylsilane against the 
reciprocal of the temperature [for the aldehydic proton 
of di-p-ethoxy-bis(salicylaldehydato)dicopper(~~)] gave a 
straight line (Figure 3, Table 2) as predicted in the 

I 4 1  I I 
3-0 3.5 4.0 4-5 

1 0 ~ ~ 1 1  
FIGURE 3 

theoretical section. The magnetic susceptibility of this 
compound was measured by the method of Evans.l* A 
graph of the splitting of the standard peaks against 
reciprocal temperature is a straight line (Figure 4, 

Table 3). It is clearly seen by this method that the 
magnetic moment of the complex is much lower than 
expected for non-interacting metal ions. An uncorrected 

01075 ~ 

3.0 3.5 4.0 
I O ~ K  T 

FIGURE 4 

magnetic moment per copper atom of 1.1 B.M. is calcu- 
lated from the experimental data. It does not seem 
reasonable to make any attempt a t  diamagnetic correc- 
tions as these are not accurately known. 

TABLE 3 
Temperature dependence of the tetramethylsilane peaks in 

the magnetic susceptibility determination of a 0.0077 g 
cm-3 solution of di-p-ethoxy-bis(salicyla1dehydato)di- 
copper(I1) by the Evans method 

TIK 1 0 3 ~ / ~  Sp1ittinglp.p.m. * 
300 3-34 0.047 

3.36 0.060 
292-2 8 7 3.46 0.065 
259-261 3.85 0-067 

296 (return) 

245-242 4.11 0.077-0.082 
* Of the tetramethylsilane peak. 

The n.m.r. spectrum of bis(diazoaminobenzei1e)copper- 
(11) gave reasonably sharp peaks which show no tempera- 
ture dependence. This molecule shows behaviour 
typical of a strongly interacting dimeric pair of cupric 
ions (case 3, Figure 1). 

ConcZusion.--In principle it is clearly possible to 
distinguish copper@) dimers from copper(1) systems by 
the temperature dependence of their n.m.r. spectra 
provided interaction between the paramagnetic ions is 
not too strong. How easily this can be achieved in the 
case of very large molecules remains to be seen. The 
situation in a protein may be complicated by the occur- 
rence of several different types of copper ion and by the 

l4 D. F. Evans, J. Chem. SOL, 1959, 2003. 
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presence of aromatic residues generating ring currents. 
The presence of monomeric copper(11) centres will lead 
to broadening Of the proton resonances and ring currents 
will give rise to shifts: in neither case though would any 
temperature dependence of the shifts be observed. (W. B.) held a Senior S.R.C. Fellowship. 
Even in the presence of monomeric cupric ions and ring 

currents in the same molecule it is therefore theoretically 
possible to  detect a magnetically coupled cupric dimer. 

We thank Dr. F. Hayes for discussion. The work is 
supported by the Medical Research Council; one of us 
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Phosphite and Phosphonate Complexes. Part 1V.l trans-Influence in
Mercury(i1) Complexes. X-Ray Crystal Structure Analysis of Bis(dimethy1
phosphonato) Mercury( 11)
By G. G. Mather and A. Pidcock,' School of Molecular Sciences, University of Sussex, Brighton BN1 9QJ
Crystals of the title compound are monoclinic, space group/2/c, with Z = 4 in a cell of dimensions : a = 8.869(13),
b = 6.930(9), c = 17.797(27) 8, cc = y = 90'. p = 91" 16'(20'). The structure was determined from photo-
graphicx-ray data by Patterson and Fourier methods and refined by full-matrix least-squares techniques to R 0.1 16
for 804 observed reflections. The mercury atom forms strong bonds with only two phosphorus atoms, the angle
P-Hg-P being 165.9". and molecules of [Hg{ (MeO),PO},] are clearly distinguishable. Two phosphoryl oxygen
atoms from neighbouring molecules interact weakly with mercury (Hg - * * 0 ca. 2.54 A) forming with the two
phosphorus atoms a very distorted tetrahedral arrangement about mercury. The molecular association results in the
formation of chains parallel to the a axis. Hg-P distance (2-41 8) is significantly longer than in [HgCI((EtO),-
PO}], which confirms that the trans-influence formalism is useful in digonal mercury(i1) complexes and that effects
through the metal G electrons are dominant.
THE tendency of phosphorus ligands to weaken bonds in
trans-relationship in square-planar and octahedral com-
plexes of transition metals has been established in a
wide range of situations by a variety of physical tech-
niques.2 It was shown that the Hg-Cl bond in the
approximately digonal complex of the phosphorus
donor, diethyl phosphonate, was longer than the average
value in octahedral complexes of HgC1, with oxygen
donors. The high trans-influence of the phosphonato-
ligand in mercury(I1) complexes was also inferred from
the much smaller n.m.r. coupling constant lJ(Hg-P) for
[Hg((EtO),PO}J (7.50 kHz) than for [HgCl{(EtO),PO}]
(12.67 kHz), but since this inference involved the
assumption of similar valence angles about mercury in
the two complexes, we have undertaken an X-ray
structure analysis of a bis (phosphonato) -complex to
compare the angles and the H g P distances with those
found for the chloro-complex. Crystals of bis(dimethy1
phosphonato)mercury(iI) were selected as they were
much more readily obtained than those of the analogous
ethyl compound, and measurements of lJ(Hg-P) in the
methyl complexes [7-51 kHz for the bis(phosphonat0)-
complex and 12.90 kHz for chloro-complex] gave values
expectedly similar to those of the ethyl compounds.
EXPERIMENTAL
Complex.-The complex was prepared by the method of
ref. 3 and recrystallised from methanol-ether, 1n.p. 120-
122 "C (lit.,3 121.6-123 "C) (Found: C, 11.3; H, 2-75.
Calc. for C,H,,HgO,P,: C, 11-45; H, 2.85%). The 31P
n.m.r. spectrum of a solution in dichloromethane was
1 Part 111, J. Bennett, A. Pidcock, C. R. Waterhouse, P.
Coggon, and A. T. McPhail, J . Chem. SOC. ( A ) , 1970, 2094.
recorded as previously described., The central resonance
was 2.5 p.p.m. to high field of external P,O, and
lJ(lBgHg3lP) was 7.51 kHz, which confirms the value
7-60 kIIz given earlier for an impure sample of the bis-
(diethyl phosphonat0)-complex.
Crystal D~~LZ.--C,H,,H~O$',, M = 4 18.6, Monoclinic,
u = 8.689(13), b = 6.930(9), c = 17.797(27) A, = =
go", p = 91" 16'(20'), U = 1071.4 A3, 2 = 4, D, = 2-595,
F(000) = 776. Space group I2/c from systematic absences:
hkl, h + k + 1 = 2n + 1; hOE, Z = 2n + 1. Cu-K, radia-
tion, h = 1.542 A; p(Cu-Ka) = 311.3 cm-l.
Crystallographic Measurements.-Cell dimensions were
obtained from precession photographs taken with Mo-K,
radiation ( A = 0.7107 A). Three dimensional X-ray in-
tensity data were collected from equi-inclination Weissen-
berg photographs of the levels 0-7KZ taken with Cu-K,
radiation. The crystals were unstable to X-irradiation and
decomposed after a few days exposure. Fresh crystals of
cross-section of GU. 0.5 x 0-25 mm were used for the record-
ing of each level over 24 h; no significant fall-off in intensity
was obtained during this period. Intensities were estimated
by use of a Joyce-Loebl flying spot integrating densito-
meter. Data were corrected for Lorentz polarisation
effects, but not for absorption, since a fresh crystal had to
be used for each layer. A total of 814 independent re-
flections were obtained. Initially the various layers were
assumed to be on the same scale; individual layer scale-
factors were obtained later by correlation of the observed
with the calculated structure amplitudes.
Structure A naZysis.-All calculations were carried out on
the ATLAS computer of the S.R.C. Chilton Laboratory,
A. Pidcock, ' Heavy Group VB Donors,' Macmillan, London,
R. B. Fox and D. L. Venezky, J . Amer. Chem. SOC., 1956,
ch. 1, in the press.
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