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large pseudocontact shift contribution in the six-co-
ordinate cobalt(II)-histidine complexes. In this case,
the observed AAy differences do not necessarily reflect a
different metal ion-ligand interaction, ¢.e., Fermi con-
tact difference.

Our results are in agreement with those reported by
Holm, et al.c for the nickel(II)-substituted bis(8-
ketoamines), except when a C¢HzC.H; group is sub-
stituted. Since the meso-Ni(CeH;Co:Hsi~CeH;HCH,),
complex exhibits anomalous behavior at low tempera-
tures, which suggest hindered rotation about the N-C
bond, it is probable that such steric factors enhance AAy
in this complex. If our results for ‘“‘octahedral”
nickel(IT) systems can be extrapolated to tetrahedral
nickel(II) systems, then our results support Holm’s
proposal’® that the large differences in the contact
shifts of diastereoisomeric nickel(II) complexes that
undergo planar <+ tetrahedral equilibrium are due
chiefly to difference in the free energy, AAG. They are
also in agreement with the relatively small differences in
AAy, recently reported by Pignolet and Horrocks® for
the pseudotetrahedral dihalogenobis(phosphine) com-
plexes of nickel(II) and cobalt(II). However, rigorous
interpretation of these data® is clouded by the fact
that appreciable pseudocontact shift contributions may
also be present in “‘tetrahedral”’ nickel(II) systems.??

Recently Holm and coworkers®® reported nonidenti-
cal resonances for the diastereoisomers A(-+,+),
A(—,—) and A(—,—), A(+,+) of pseudotetrahedral

(35) J. P. Jesson, J. Chem. Phys., 47, 579 (1967).
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complexes possessing a large activation energy for
racemization. However, in agreement with an earlier
report,% we were unable to detect a separate nmr reso-
nance for different absolute configurations A(d,d,d) and
A(d,d,d). This may be due to rapid racemization—the
lifetime has been recently estimated® to be 10~% sec—or
small differences in the shifts which are obscured by the
broad, ill-resolved peaks.

In conclusion, our results show that chemical shift
differences between diastereoisomers are enhanced
either not at all or at most within the error limits of our
measurement by a Fermi contact interaction. This
enhancement is not as large as in previously reported
cases’ where other factors may contribute to the ob-
served chemical shift difference. In view of the sensi-
tivity of the contact shift experiment, it appears that in
the complexes studied here there is at most a very slight
difference in the metal-ligand interaction of the di-
astereoisomers. In diamagnetic complexes neighbor
anisotropies are probably more significant in account-
ing for differences in many of the systems studied.
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The hydrolysis of the cation (CHj);Au(OH;):* has been studied in a 0.3 M (Na)ClO; medium at 25° by potentiometric mea-

surements using glass electrodes.

The only significant species aside from the aquo ion up to pH ca. 8 is the dimer [(CHj3)s-

AuOH];, and the formation constant is log *8; = —9.794 == 0.003. This product is presumed to be structurally analogous

to trimethylsiloxydimethylgold (I1I).

The tetrameric molecule which has been identified in crystals of dimethylgold(III)
hydroxide precipitated from agueous solution is not present in significant concentrations.

The equilibrium between (CHj)s-

Au(OH,): " and [(CHs):AuOH], is rapid and reversible, but above pH 8 reaction appears to proceed very slowly.

Introduction

Hydrolysis reactions of metal jons have interested
chemists for many years. There have been many
efforts made to correlate information on the structures
of the aquo cation, the hydrolyzed species in solution,
and the hydroxide precipitate which eventually is ob-
tained. In spite of this, the course of these reactions

(1) Research sponsored by AFSOR(SRC)-OAR, USAF Grant No. AF-
AFOSR-691-67.
(2) Research fellow in chemistry.

is still little understood. In most cases, the hydration
numbers of the cations, 7.e., their coordination numbers
with respect to oxygen in solution, are not known and
the stoichiometry deduced for the soluble hydrolysis
products generally shows no obvious relationship to
the structure of solid products precipitated from the
solutions. With the exception of Bi(III) and Pb(II),
direct evidence bearing on the structures of the soluble
hydrolysis products is lacking. With hydrolyzed
bismuth and lead solutions where the cation stoichi-
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ometries are Bis(OH);:8* and Pby(OH).4+, X-ray scat-
tering measurements®-* on the solutions have indicated
cubic and tetrahedral symmetries, respectively, for
the array of metal atoms. Little can be said about
the positions of the hydroxo (or oxo) oxygens, since
the scattering is almost entirely caused by the heavy-
metal atoms.

Many deductions about the nature of hydrolyzed
inorganic species have been based on the structures of
olated complexes of substitutionally inert transition
metal complexes. Even in these cases, detailed struc-
tural information has been available only recently. For
example, the structure of the complex [(H;N),Co(OH),-
Co(NH;).]CL-4H,O synthesized by Werner in 1907
was first determined by Prout in 1962.° Recently
the structure of (H;N);Co{OH);Co(NH;),*T was re-
ported by Anderson.® The small size of oxygen leads
to very short Co-Co distances in these compounds
(2.93 and 2.55 A, respectively) only slightly longer than
those observed where direct cobalt—cobalt bouding is
present. This factor makes the stability of these
w-hydroxo complexes surprising. The failure of fluoride
ion to form di-u bridges which are common with the
heavier halogens is generally attributed to the small
size of F—.

Several years ago, we made a series of investigations
of the hydrolysis of organotin compounds, e.g., of
(CHj;)23nCl,, since these reactions were of interest in
the synthesis of metallooxane polymers. It also was
felt that blocking some of the coordination sites about
the metal would limit the number of partially hydro-
lyzed species in solution, simplify analysis of the data,
and permit more information on the nature of the
hydrolysis reactions to be obtained. While this proved
to be true, the stereochemistry of these organotin
compounds was found to be quite variable making it
difficult to establish the structures of the soluble poly-
nuclear hydroxo complexes with any certainty.”

The alkyl derivatives of at least two transition metals
give well-defined polymeric hydroxides, and both of
these have structures related to that suggested for
Pby(OH),4*+.4% These are the dialkylgold(III) com-
pounds, e.g., [(CHs)»AuOH);,® and the trialkylplati-
num(IV) compounds, e.g., [(CH;),PtOH },.10.}!

The compounds containing (CHg)gAum all exhibit
basically square-planar coordination. Raman spectra
of aqueous solutions of (CH;);AuClO, and (CH;):AuNO;

(3) H. A. Levy, M. D. Danford, and P. A. Agron, J. Chem. Phys., 31, 14538
(1959).

(4) O. E. Esval, Ph.D. Thesis, University of North Carolina, 1962,

(5) C. K. Prout, J. Chem. Soc., 4429 (1962).

(6) P. Anderson, Acta Chem. Scand., 21, 243 (1967).

(7) Both the solution and stereochemistry of these organometallic cations
has been reviewed: R. 8. Tobias, Orgunomelel. Chem. Rev., 1, 33 (1966).

(8) V. A. Maroni and I'. G. Spiro, J. Am. Chem. Soc., 88, 1410 (1966);
Inorg. Chem., T, 188 (1968).

(9) G. E. Glass, J. H. Konnert, M. G. Miles, D. Britton, and R. 8. Tobias,
J.Am. Chem. Soc., 90, 1131 (1968)

(10) D. O. Cowan, N. C. Krieghoff, and G. Douunay, Acfa Cryst., 24B, 287
(1968).

(11) (a) T. G. Spiro, ID. H. Templeton, and A. Zalkin, Inorg. Chem., T,
2165 (1068); (b) H. S. Preston, J. C. Mills, and C. H. L. Kennard, J. Organo-
metal, Chem. (Amsterdam), 14, 447 (1968).
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indicate that the cation has the cis structure 1.}? Pre-
sumably there are two water molecules completing the
square plane, and Au-~O bond stretching vibrations
are observed in the Raman spectra. However, these
coordinated water molecules are exceedingly labile.!’
With all but very dilute solutions the tetrameric hy-
droxide II precipitates above a pH of ca. 6. The

I I

structure of the hydroxide involves cis-methyl groups
and also basically square-planar coordination about
the gold atom. The large ring structure of this tetra-
meric hydroxide leads to much longer Au-Au distances
than presumably would be possible with di-u-hydroxo
bridges. It might also be noted that it is not possible
for complexes with four nonbridging ligands, e.g., Co-
(NH;),OH?*, to form puckered rings of this type be-
cause of the steric effects of the axial ammine groups.

Experimental Section

Dimethylgold(III) Hydroxide.—This compound was synthe-
sized by a modification of the procedure of Miles, et ¢l.'? Di-
methylgold(III) iodide (10.5 g) was dissolved in 200 ml of petro-
leum ether (bp 60-68°) at room temperature. The clear solu-
tion was decanted from 60 mg of gray-brown residue and cooled
to ice temperature. Ice water (25 ml) and then 148 ml of 0.2 M
AgNOs in 0.01 M HNO; were added dropwise with stirring fol-
lowed by a 10-ml excess. The petroleum ether was removed ina
stream of nitrogen, and the aqueous slurry of Agl was collected
on a frit. Sodium hydroxide (2 M) was added dropwise to the
colorless filtrate until the brown color of Ag,O just persisted in the
white precipitate of (CH;):AuOH. Nitric acid (2 M) was added
until the brown color disappeared, and the hydroxide was col-
lected on a frit, washed with cold water, and redissolved in 2 A/
HNO;. Excess NaOH (2 M) was added to dissolve completely
the (CH;)»AuOH, and the solution was filtered to remove ca.
60 mg of Ag,O. The alkaline solution was diluted to 100 ml and
back-titrated with 2 M HNO; to pH 8-10. The precipitate of
dimethylgold(III) hydroxide was collected on a frit. A second
crop of the hydroxide was collected by titrating the filtrate to pH
5. The product was washed with 20 ml of ice water and dried
under vacuum at 10° over PiOy; vyield, 929%. The hydroxide
was recrystallized by dissolving it in benzene at 55°, filtering the
solution to remove traces of colloidal gold, and storing the solu-
tion at 10°. A second crop of crystals was collected by reducing
the filtrate to 60 ml; vyield, 6.3 g, 89;. The compound was
dried over PiOi. It should be noted that while the hydroxide is
insensitive when slightly wmoist, the dry material can be detonated
upon occasion just by touching it. Amal. Caled for C:H7AuO:
C,9.84; H,2.87; 0,6.59; Au,80.7. Found: C,9.97; H,3.11;
0, 6.33; Au, 80.3.

(12) M. G, Miles, II. B. Glass, and R, S, Tobias, J. Am. Chem. Soc., 88,
5738 (1968).

(13) G. E. Glass, W. B, Schwabacher, and R. S, Tobias, Inorg. Chem.. T,
2471 (1968).
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Solutions.—Sodium perchlorate was prepared by neutraliza-
tion of reagent Na,CQj, with reagent HCIO,. The solution con-
taining excess HClO4 was boiled to remove COs;, neutralized to
pH ~4, and filtered. The NaClO, was recrystallized twice, and
the final product was free of chloride ion. The final stock solu-
tion was titrated to ensure that it contained neither excess free
acid nor base. Dimethylgold(III) perchlorate solutions were
prepared by dissolving finely powdered [(CH;)sAuOH], in dilute
standard perchloric acid by shaking for 24 hr. Perchloric acid
solutions were standardized vs. sodium carbonate, and carbonate-
free sodium hydroxide solutions were standardized against potas-
sium hydrogen phthalate. Particular care was taken to pre-
vent the introduction of any carbonate into the base solution.

Potentiometric Measurements.—The emf measurements were
made using the Leeds and Northrup K-3 potentiometer—Cary
31V vibrating-reed electrometer circuit employed in other work
from this laboratory. Beckman General Purpose and E-2
(lithium glass) electrodes were calibrated as hydrogen ion con-
centration probes in a 0.3 4 NaClO, ionic medium. The cell (1)
thermostated at 25° was used for the measurements.

[(CH;)Au*] = B ‘
glass [H*]
electrode| [Na*] = 300 mM — [H*] — B ‘
[ClO41 = 300 mM [

\
1C17] = 10 mM ‘
| [Na*] = 300 m}M AgCl Ag (1)
Q107 = 290 my| |

0.3 M NaClOy

Calculations.—All of the calculations were carried out with the
University of Minnesota’s CDC-6600 computer. In a typical
experiment, an acidic solution containing B A (CHj)Aulll
was titrated with equal volumes of solutions of NaOH and of an
acidic solution 28 M in (CHj)Au'I, In this way, the (CHj)s-
Aulll concentration was maintained constant.

The input data for the computer program were the following:
volume of solution being titrated, Vu, hydrogen ion concentra-
tion of solution being titrated, Cucia, concentration of (CH,)e-
Aulll in solution being titrated, B; concentration of base in the
first buret, Com, concentration of acid in the second buret,
Cacid-Bs;  concentration of (CHj)Au'l in the second buret,
Cg-B,;, the titrant volumes for burets 1 and 2, Vs, and Vs, the
measured emf of cell 1, E; and the estimated errors in each of
these quantities. The first part of the calculation was carried out
by the FORTRAN program NBAR. This computes first the ana-
lytical hydrogen ion concentration H

H = (VeCuia — VorCor + VB:Cacia-8,)/(Ve + Voun + Va,)

The quantity E°/ = E — (RT/F)(log [H*]) is then calculated
either assuming H ~ [H7] using points where the weak acid is
essentially undissociated or if a provisional value of the first acid
dissociation constant, *Kjj, is available from [HY] = [H +
(H + 4B*Ky;)'/*/2. The quantity E; has been observed by
many workers to be a constant in a perchlorate medium so long as
[H¥] « [ClO47]; i.e., the cell emf’s obey a relation E = E° +
E;[H*] + (RT/F)(log [H*]) = E°' + (RT/F)(log [H*]). The
data E°’ vs. [HT] are fitted to a straight line by the method of
least squares, the standard errors in E° and E; are evaluated,
and the best straight line E°’ = E° + E;[H"} is plotted. Ini-
tially the first 10 points at the beginning of the titration are used in
this calculation and subsequently the first £ points which satisfy
the requirement |(E® + E;[HY) — (E — (RT/F)(log [H™))| <
0.0001 V. This procedure is employed to reject data automa-
tically near the equivalence point for the titration of the excess
strong acid where systematic analytical errors accumulate or
where appreciable dissociation of the weak acid begins to occur.
As a check on the analytical data, the end point for the titration of
the excess strong acid by the base is determined by Gran’s
method.* A straight line was fitted by the method of least
squares to the data (Veea, + Vony)lantilog (F/RT)E;

(14) See, for example, the discussion in F. J. C. Rossotti and H. Rossotti,
“The Determination of Stability Constants,” McGraw-Hill Book Co., Inc.,
New York, N. Y., 1961, p 54.
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E;[H*])] vs. Vom; in order to determine the end point in the
titration of the excess perchloric acid by the base. Asacheckon
the analytical data, the normality of the base is calculated assum-
ing that the acid concentration is correct, and vice versa. The
final output from the program is: #,, the average number of
protons transferred per mole of acid, ([H*]; — H; — (Ku/
[H*.))/B;; log [H*]:; and o#;, the estimated error in #. The
standard error in # is calculated from the estimated errors in the
input quantities and the rules for propagation of variance. The
data A(—log [H*]) are plotted, and the values together with
o7 are also punched on cards to serve as input to the program
Gauss z. This latter program for the least-squares refinement
of equilibrium constants has been described in earlier publica-
tions,® and it minimizes the quantity Z:wi(ficbsa — #icaled )
The weighting factor, w;, was set equal to the reciprocal of the
variances, 1 /04,2, in all of the calculations.!®

Results

The data in the form of # as a function of —log [H™]
are illustrated in Figure 1. A preliminary titration of
a ~2 mM solution of (CH;)AuClO; in a 3 M NaClO,
medium was reported earlier.? All of the data collected
here are for a 0.3 M NaClO, medium because the
solubility of [(CH;);AuOH]s is very low in the more
concentrated NaClO; solution. This low solubility
limited the range of total (CH;)Au™ concentrations
which could be employed to a twofold variation.
Above 2.4 mM, precipitation occurred; below 1 mM,
the experimental errors became intolerably large. In
the acid-neutral range, # from 0 to 1, the reaction
appeared to be complete within the time of mixing of
the reagents, and constant potentials were attained
quickly up to pH 7.5. Above ## = 1, the behavior is
entirely different, and the potentials drifted indicating
a slow decrease in pH although the system remained
homogeneous. Up to pH ~10 where the standard
glass electrode shows no appreciable sodium ion error,
close agreement was obtained between the standard
and lithium glass electrodes. Consequently, the drift-
ing potentials probably reflect a real, slow consumption
of base rather than electrode failure. Values of # =
2.4 were reached at pH ca. 11, and traces of a pre-
cipitate occurred at this point.

These data differ from the preliminary measurements
described earlier in one important way. Dimethyl-
gold(III) is a weak acid and does not begin to dis-
sociate appreciably until pH ~5.5. The earlier titra-
tion curve had a step, # = 0.5 at pH ~3.0, which is
absent in all of these measurements. This apparently
resulted from an approximately 2 mM acidic impurity
in the concentrated NaClO, solution used to adjust
the perchlorate concentration. Also, there is a definite
inflection at # = 1. Aside from these, the titration
curve shown earlier is approximately in agreement
with the data reported here.

An examination of Figure 1 indicates that at least
one of the hydrolysis products of (CHj),Au+ is poly-
nuclear, <.e., the %(log [H*]) curves are shifted along
the log [H*] axis for different total (CHg)Au™

(15) R.S. Tobias and M. Yasuda, Tnorg. Chem., 2, 1307 (1963).
(18) Flow sheets, deck listings, and card decks of the programs NBar and
GAUSS Z are available from R, 8. T.
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concentrations. Consequently the hydrolysis cannot
be described in terms of monomeric (CH;),AuOH(OH,)
alone. On structural grounds, two products appear to
be, most likely, a 4:4 complex, t.e., [(CHs):AuOH],
found in the X-ray study of the solid hydroxide pre-
cipitated from aqueous solution, and a 2:2 complex
analogous in structure to the dimeric trimethylsiloxydi-
methylgold(1II) found in the melt.'”

Since the data are limited because of the low solubility
of [(CH;):AuOH}; and also are consistent with the
predominance of a single soluble hydrolysis product,
the initial calculations were made on this basis. Trial
values of the equilibrium constants for 4:4, 3:3, 2:2,
and 1:1, Z.e., the n:# complexes, were estimated from
approximate solutions to the simultaneous equations

(17) H. Schmidbaur and M. Bergfeld, 7norg. Chem., 5, 2069 (19686).

[H 506" = 78 [(CH;)2Aut]" -1
B = [(CHa)eAu™] + #*8un[(CHz)Au ¥]?[H a7

In practice when only a single constant is involved,
the Gauss-method calculation converges very rapidly
even with very bad zero-order values of the equilibrium
constant. As a result, the choice of initial value for the
constant was not at all critical. The results of these
calculations are collected in Table I together with
values of s* = Zw,(fyobsa — Ayealea)?/(No — Ny);
Ny is the total number of data sets, 214, and N, is the
number of parameters being refined. Since s? gives
an unbiased estimate of the variance and since the
weights were set equal to 1/072 the value of s? should
be approximately unity when the correct hydrolysis
product(s) has (have) been chosen. As anticipated,
the fit is particularly bad, s? = 62, when only mono-
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It is comparable in strength to the uni-

positive trialkyltin(IV) cations, e.g., (CHj)sSn™t, log

range 5-7.
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is virtually insoluble in concentrated HCIO, and appears
to dissolve in acids only when complex anions are

formed.
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The predominant soluble hydrolysis product has
the stoichiometry [(CHs)pAuOH Y, and it is reasonable
to presume that this has the same bridged structure
IIT as the dimethylgold(III) halides and trimethyl-
siloxydimethylgold (II1).Y" The freshly precipitated hy-
droxide may have a structure different from that of the
crystal studied by X-ray diffraction® which was ob-
tained by recrystallization from a benzene solution.
Nevertheless, it seems likely that both of these crys-
talline forms contain the tetramer II, since both ex-
hibit in a variety of organic solvents the two equal-in-
tensity methyl proton magnetic resonances which appear
to be characteristic of the tetramer. In addition both
of the crystalline modifications obtained from benzene
solution, t.e., the plate- and needlelike crystals,® give
identical methyl resonances in chloroform solution.
This tetramer is not a significant aqueous solute species.
Relatively strong solvation of the hydroxide may be
responsible for the stability of the dimer in dilute aque-
ous solutions. The stability of the dimer is sur-
prising, since rather strong gold-gold repulsions would
be expected with the four-membered ring. Because
of the rather hydrophobic character presented by the
eight methyl groups, the tetramer would not be ex-
pected to be very soluble in water. The stability of
the tetramer over the dimer in the crystalline state
may be related to the very efficient packing of these
large molecules in the solid state® and the diminution
of the gold—gold interactions.

H
3C (0] CH
N SN S
Au Au
SN N
C 0] CH
H
111

H 3

3 3

An idealized drawing of the structure of [(CHj)s-
AuOH, is shown in structure IV. The tetramer could
be produced from two dimers by distortion of one Au-O
bond in each from ca. 2.2 to 3.6 A which is close to the
sum of the van der Waals radii of oxygen (1.40 A) and
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Au-@
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v

gold (2.2 A)? together with the formation of a like
number of new strong Au-O bonds linking the dimers
together. All indications point to high lability for
ligands bound to organometallic cations and very low
stereochemical rigidity for most of these compounds,
so such a process is not unreasonable. For example,
the mean lifetime of a water molecule bound in the first
coordination sphere of the dimethylgold(I1I) cation
is of the order of 10~ sec at room temperature. 3

Considering that the dimer is formed rapidly and
reversibly, the slowness of the reaction which occurs
above pH 8 is surprising. There is no indication of
any cleavage of the gold-carbon bonds, for the solutions
remained clear and colorless. Even when [(CHj)s-
AuOH]1, is dissolved is aqueous NaOH so that the solu-
tion produced contains ca. 1 M OH™, there is no indica-
tion from either the pmr or Raman spectra of the solu-
tions that any destruction of the (CHj)Au' moiety
has occurred.'? It appears that the polycondensed
hydroxide is only slowly attached by nucleophiles
such as OH~. Not only is the dimer apparently rather
resistant to attack by OH~, but this complex is also
thermodynamically very stable relative to the mono-
mer. The equilibrium constant for dimerization of
(CH;)AuOH{aq) must be larger than 103, or it would
have been possible to detect traces of the monomer.
Hydroxo groups bound to a metal are still very effective
electron donors.
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