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on the protons.) Replacement of the axial waters
by perchlorate ions would not change the sign of
the observed shift but would reduce the magnitude
of the shift. This mechanism involves transfer of
spin to the protons through the oxygen p orbitals
and, therefore, would not place spin at the oxygen
nucleus. This mechanism has been proposed pre-
viously as the predominant electron delocalization
mechanism to explain the observed spin densities on
the protons in the hydrated Mn?+, Fe2+, Ni?+, Co?+,
and Cu?* ions.?¢

From the value of the chemical shift at low per-
chlorate ion concentrations the fraction of an unpaired
1s electron on the hydrogen atom was calculated to
be 0.0026. (This represents an average value since
the spin densities on the axial and planar protons
would undoubtedly be different.) The corresponding
value? for Mn(H,O)e?*, which also has three unpaired d
electrons capable of = bonding, is 0.0022.
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Three-coordinate Hg(II) appears to be relatively
rare. It hasbeenfound in (CH,),N* salts? 3 of HgCl;,
HgBr;—, and Hgl;~. The coordination about the
mercury atom approaches trigonal but, as a result of
lattice interactions, is slightly pyramidally distorted.
Nat, NH,;*, and Cst salts of HgCl;~ do not contain
three-coordinate Hg(II) at all.*~® There exist a large
number of donor-acceptor complexes of HgCl, whose 1:1
stoichiometry suggests three-coordination about the
mercury atom.” In fact HgCl,- DMSO has heen pro-
posed to be just this.?

Clearly it would be interesting to investigate oxygen
donor-HgCl, acceptor complexes with 1:1 stoichiome-
try in detail. Nuclear quadrupole resonance spec-
troscopy is a particularly attractive technique for
studying such weak complexes since the electric field
gradient at a quadrupole nucleus is very sensitive to
small changes in the surrounding valence electrons.
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The 3Cl and ¥Cl nqr signals in complexes of HgCl,
and seven organic oxygen-donor compounds have been
recorded. Interpretation of the results strongly sug-
gests that in the compounds studied, three-coordinate
HgCl; with the oxygen atom does not exist.

Experimental Section

Materials.—Mercuric chloride (B.A. reagent) was recrystal-
lized from water to remove the small amount of insoluble matter.
Tetrahydrofuran (THF) (Fisher reagent), p-dioxane {(diox)
(Matheson Coleman and Bell), and dimethyl sulfoxide (DMSO)
(Fisher reagent) were dried over molecular sieves and used
without further purification. Benzophenone (BPH) (Matheson
Coleman and Bell), acetophenone (APH) (Fisher reagent),
and 2,6-dimethyl-v-pyrone (DMP) (Aldrich Chemical Co.)
were used without further purification. Benzoquinone (BZQ)
(Eastman Kodak Co.) was carefully sublimed twice and the yel-
low crystals were used immediately.

Dioxane--Mercuric Chloride.—This compound was prepared
by the method of Husemaun.® The long colorless needles are
unstable with respect to the loss of dioxane so for the ngr measure-
ments the crystals were placed in a sealed vial containing excess
dioxane. The instability of the complex provides an easy method
for analysis. The crystals were rapidly weighed and then ex-
posed to the air for several days. All the dioxane evaporated
leaving only the mercuric chloride. Anal. Caled for HgCly-
CiHgOz: HgCly, 75.5. Found: HgCly, 75.4.

Acetophenone-Mercuric Chloride.—~This compound was pre-
pared using the method of Volhard.® Analysis was carried out
by adding KOH to a water solution of the complex. The re-
sulting HgO was washed, dried, and weighed. A4nql. Calcd
for HgCly- CsHO: Hg, 51.2. Found: Hg, 51.0.

Dimethyl Sulfoxide-Mercuric Chloride.—This compound was
prepared using the method of Selbin, Bull, and Holmes.? For
ngr measurements the crystals were placed in a vial with excess
DMSO. Initially no resonance could be found, but after the
compound stood for about 5 months the resonances were recorded.
Analysis was carried out by converting the complex to HgO.
Anal. Caled for HgCly-C.HSO: Hg, 57.4. Found: Hg,
57.2.

Benzophenone-Mercuric Chloride.—This compound was pre-
pared using the method of Volhard.® Analysis was carried out
by converting the complex to HgO. Anal. Caled for HgCly:
Ci3H;300: Hg, 44.2. Found: Hg,44.2.

2,6-Dimethyl-y-pyrone~Mercuric Chloride.-—This compound
was prepared using the method of Cook!! and analyzed by con-
verting it to HgO. Anagl. Caled for HgCly- CH1yO2:  Hg, 50.4.
Found: Hg, 50.5.

Tetrahydrofuran--Mercuric Chloride.—This previously unre-
ported compound is unstable with respect to the loss of THF.
It was prepared by dissolving HgCly (5.0 g) in THF (40 ml).
Upon evaporation of the THFE to about 15 ml, long, colorless
needles formed. For the ngr measurements the crystals were
kept in a sealed vial under excess THF. Conventional analysis
is not possible so it was analyzed in the same way as the HgCls:
diox complex. Anal. Caled for HgCly-CH;0: HgCl,
Found: HgCl,, 79.1.

Benzoquinone-Mercuric Chloride.—This compound appears
not to have been reported in the past. It was prepared by dis-
solving HgCls (5.00 g, 0.018 mol) in ethanol and adding it to
benzoquinone (1.95 g, 0.018 mol) dissolved in ethanol. After
several days, long (2 cm X 1 mm) yellow needles formed. The
nqr study was carried out immediately since the compound tends
to turn black after several weeks. Analysis was carried out on
freshly prepared sample by warming a known amount in a vacutim
desiccator for several days. The benzoquinone sublimed leaving
the HgCl. Anal. Caled for HgCly-CeH Oy HgCly, 71.5.
Found: HgCl, 71.7.
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TABLE 1
#C] AND ¥Cl NQrR DATA FOR OXYGEN DONOR-MERCURIC CHLORIDE ACCEPTOR COMPLEXES

Complex »(%Cl1), MHz
HgClye 22.251 = 0.005
22.064 = 0.005
HgCl;- diox 20.454 &= 0.005
HgCl,-BZQ 20.540 &= 0.005
HgCl,-DMP 19.155 £ 0.005
HgCl- THF 21.019 = 0.005
19.628 £ 0.005
HgCl,-APH 20.872 & 0.005
19.396 £ 0.005
HgCl,-BPH 21.685 + 0.005
20.742 4 0.005
HgCl,- DMSO 21.184 £ 0.005

20.075 == 0.005
@ Two crystallographically different chlorine atoms exist.

The fact that the compounds are not simply mixtures is evi-
dent because definite nqr signals well shifted from pure HgCl,
were recorded. Ngqr signals are generally destroyed by random
crystal lattice impurities.1?

Ngr Spectrometer.—The ngr results reported in Table I were
recorded using a Wilks Scientific NQR-1A spectrometer. A
Hewlett-Packard 5245L electronic counter was used for fre-
quency measurements. All resonances were recorded at 23°.

Results and Discussion

HgCl; and HgCl,  diox.—Several nqr'®» " and X-ray
crystallographic studies!®!® are available for HgCl,.
For HgCl, diox, a room-temperature X-ray structure
study? and a 77°K ngr result!® have been published.
HgCly-diox crystallizes in a triclinic cell containing
one formula unit and consists of infinite chains of
alternating HgCl, and dioxane molecules. The Hg,
Cl, and O atoms and the center of the dioxane mole-
cules lie in the same plane and the mercury atom
attains four-coordination as shown in Figure 1. Far-

e

Figure 1.—The unit cell of HgCly-diox as viewed along the ¢
axis.l?

ir'® and Raman?® studies of both HgCl; and HgCl;-
diox are available and indicate that HgCl, and dioxane
form such a weak complex that its spectrum is almost
superimposable on the pure substituents,?®

In Table IT pertinent experimental information for
HgCl, and HgCl, diox is compared and indicates that
definite donation of electron density from the dioxane
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Signal : noise

»(¥Cl), MHz Signal:noise

90:1 17.530 == 0.005 40:1
50:1 17.390 = 0.005 15:1
12:1 16.126 &= 0.005 6:1
4:1 16.193 = 0.005 2:1
3:1 15.089 =+ 0.005 2:1
25:1 16.550 + 0.005 8:1
20:1 15.471 = 0.005 8:1
5:1 16.436 & 0.005 3:1
3:1 15.275 & 0.005 2:1
18:1 17.075 & 0.005 6:1
13:1 16.330 == 0.005 4:1
8:1 16.680 == 0.005 4:1
4:1 15.810 & 0.005 2:1
TasBLE 11
EXPERIMENTAL DATa FOR HgCl, anp HgCl, - diox
Hg-Cl bond
distance, Hg~Cl str
Compound freq,® cm 1 »(Cl%), MHz

HgCl, [Cl1(1)] 2.23 342 22.251°

[C1(2)] 2,27 22.064°

HgCl;- diox 2,34 321 20.454

@ Degeneracy-weighted average. ' Reference 14.

molecule into the HgCl, system has occurred. The
ngr result is in accordance with the X-ray data since
only one resonance was found.

HgCl, Addition Complexes with THF, DMSO,
Acetophenone, and Benzophenone.—The presence of
two rather widely separated *Cl resonances in these
compounds suggests that two chemically inequivalent
chlorine atoms exist. It is unlikely that a three-
coordinate mercury atom could be present in such a
way that the clilorine atoms are markedly different.
More feasible explanations based on a closer examina-
tion of the nqr data may be made. First, the lattice
may be thought of as containing free HgCl, and four-
coordinate HgCly- (D), (I), or, second, the lattice may
contain dimeric units (II) as

D ca

where D is the donor. Both 1 and II would account
for the presence of two chlorine signals. A closer
look at the two resonance frequencies reveals, however,
that both resonances are affected by the nature of D
in roughly the same way; d.c.,, for a given D, both
resonances shift to higher or lower frequencies with
respect to the other D’s. II accounts for this fact
but no conclusion could be drawn using I. II would
indicate that one of the resonances should be more
sensitive to the nature of D than the other since the
bridge halogen is simultaneously affected by two donors
compared to the terminal halogen which is affected
by just one. The nqr data are consistent with this.
Bridged halogens have been found to have lower ngr
frequencies?! than terminal ones. The lower fre-
quency resonance is the one most affected by D. Thus,
(21) J.C. Evans and G. Y-S. Lo, Inorg. Chem., 6, 836 (1967),
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three pieces of nqr data are consistent with structure
I1. Similar dimeric units are also known for Au,
Pt, Pd, etc.2?

It is difficult to evaluate the relative basicities of D
in these weak complexes by the variation in the chlorine
nqr frequencies since crystal effects may be important.
However, some comment should be made. THF
might be expected to be a better donor than dioxane
since only one oxygen atom competes for localization
of the electron density. This is in accordance with
the nqgr data. Concerning acetophenone vs. benzo-
phenone, Susz and Chalandon?? reasoned that the car-
bonyl donor strength increases as the number of aro-
matic groups attached to it increases. Their reasoning
was based on the relative shift of the carbonyl ir
stretching frequency. Paoloni and Marini-Bett6lo?*
found the carbonyl frequency shift was about the
same for both acetophenone and benzophenone in the
HgCl, complexes. Table III shows that the ir and

TaBLE III
A CoMPARISON OF IR AND NQR DATA FOR SEVERAL CARBONYL
DonNoR MoLECULEs wITH HgCl; AS THE ACCEPTOR

vC=0 shift from
the pure donor,

Compound cm 1 »(8%C1), MHz
HgCl,-BZP —33= 20.742
HgCl-APH — 342 19.396
HgCl;. DMP —41* 19,155

¢ Reference 24. ? Reference 11.

ngr data for these compounds do not concur. Both
studies may be complicated somewhat by crystal lattice
effects. The ngr results for the DMSO complex in-
dicate that the donor strength of the C==0 and S=0
groups is similar.

HgCl, Addition Complexes with Benzoquinone and
2,6-Dimethyl-y-pyrone.—Like the dioxane complex,
only one resonance was recorded for these two com-
pounds. With benzoquinone the Hg—O interaction is
probably similar to that in the dioxane and the 1,4-
cyclohexanedione® complexes.

Only one resonance was found in HgCl- DMP.
Since ~-pyrone has an ether oxygen para to the
carbonyl group, it is possible that end-to-end linkage
similar to the dioxane complex could form. The
mercury atom would simultaneously interact with both
a carbonyl and an ether oxygen atom to attain four-
coordination. The largest shift in the chlorine res-
onance frequency from pure HgCl; was observed in
this compound. Table IIT shows that a large shift
in the carbonyl stretching frequency also occurs—at
least greater than in the benzophenone and aceto-
phenone complexes.
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The fact that the fixation of nitrogen can occur
quite rapidly in the presence of enzyme systems con-
taining transition elements has, in recent years, led
to a number of studies of complexes between nitrogen
and transition metals and the fixation of nitrogen
using these complexes. This work has been the subject
of two recent reviews.!'? The recent work on the
electrolytic fixation of nitrogen utilizing these com-
plexes as catalysts® indicates that useful information
could be obtained from a simple potentiometric study
of the system.

Experimental Section

The solvents used were dimethyl sulfoxide and propylene
carbonate. The purest grade commercially available was used
and no attempt was made to dry them. The titanium(IV)
chloride—titanium(III) chloride system was chosen for study.
The titanium solutions were prepared by electrolytically reducing
a solution of titanium(IV) chloride externally under a helium
atmosphere in a cell with the anode and cathode compartments
separated by a porous cup.

The potential was measured as a function of nitrogen pressure
using a Fluke Model 801 differential voltmeter. The nitrogen
pressure was controlled by a Cartesian manostat.

The indicator electrode in all cases was a platinum wire.
The reference electrode was a Beckman saturated calomel elec-
trode separated from the nonaqueous system by an asbestos
fiber.

The cell (a 300-ml beaker) was mounted in a 2-1. resin reaction
kettle in a nitrogen atmosphere with nitrogen slowly bubbling
through the solution.

Results and Conclusions

The potentiometric data were interpreted in terms
of the reactions

TiCly + e~ —> TiCly + Cl-
#Na + gTiCl; —> [TiCls]o(N2),

where TiCly and TiCl; refer to the solvated forms of
the compounds, and [TiCl;],(Ns), refers to the nitrogen
complex of the reduced compound.

From these reactions, one can derive that the po-
tential at different pressures of nitrogen and constant
concentrations of the oxidized and reduced forms of
the metal and the chloride ion is given by the following
equationtat 25.0°

E=K+ 0.0592 log Px,

In this derivation, it was assumed that the nitrogen
forms a stable complex only with the reduced form
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