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CH,CONHCH,COO™, and CH,COO~ (for this struc-
ture in the solid state see ref 4), respectively. It is
not possible for the CH,CONH; and CH,COO~ arms to
coordinate to a fifth (apical) position.* The tetraglyc-
inamide and pentaglycine complexes are remarkably
stable and do not decompose completely at pH >5.

The kinetics of protonation of the tetraglycine com-
plex was most extensively studied. A biphasic pro-
tonation was observed at 25° in which there was (a)
the uptake of one proton (B = 0.22 sec™!) with an at-
tendent small optical density change at 410 nm (~10%)
and (b) the consumption of remaining protons, & =
0.023 sec™! (indicator), 0.020 sec~! (pH-Stat), ac-
companied by the complete loss of absorption (¢ =
0.028 sec™!) at the 410-nm peak. Both protonations
could be easily measured by the pH-Stat method at 0°
with rate constants of 0.041 and 0.003 sec~! both at
pH 6.7 and 7.3. A final very slow proton change re-
corded by an indicator in lutidine buffer® disappeared
in their absence when examined by pH-Stat. Only the
first stage was measured by pH-Stat for the other pep-
tides listed, and the rate constant was shown to be pH
independent over some 0.5-unit range of pH. The
similar rate constants for the first stage at 0° suggest
that we are measuring a Ni-N, Ni~-O bond rearrange-
ment in the terminal residue in all cases and that, from
tetraglycine work, the product is still planar and then
undergoes a second discernible protonation at the next
peptide residue. The reason for this being so much
slower than with triglycine may reside in the long at-
tached grouping hindering inversion.

Conclusion

The acid-independent protonation rate constant for
deionized amide and peptide complexes can be rational-
ized in terms of a mechanism in which an Ni-N bond
switch to Ni-O is rate determining. The rate constant
for the rearrangement is usually measured directly by
k.0 (konsa), but when a carboxylate group has to be
broken prior to protonation (as with triglycine), a pre-
equilibrium constant is incorporated in ky,. The
values for kp,0 are not strongly dependent on the struc-
ture of the amide or peptide and resemble more closely
those for dissociation of nickel(II) complexes with uni-
dentate than bidentate nitrogen ligands.1¢
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Dihalobis(3-diketonate) complexes of the group IV
metals, in particular Ti(acac),Cl,, have been reported
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in the literature since just after the turn of the cen-
tury.! Although some of the conclusions in the earlier
work regarding the geometry? and even the polymeric
nature! of complexes of this type were apparently in
error, a number of more recent investigations®~!* have
determined the geometry of a variety of these complexes
with some certainty. In all cases studied, including a
number of germanium,* tin,*~* titanium,®'? zirco-
nium, %12 and hafnium*®—+ compounds, there is over-
whelming support for a monomeric cis octahedral strue-
ture, based on dipole moment and various spectroscopic
results.

Besides the group IV metals, it appears that the only
other documented preparation of complexes of the
general type M(diket),X» is the preparation of VCls-
(C5H702)2 and VClg(CmHgOz)z by the reaction Of \TCh
with acetylacetone and benzoylacetone, respectively.!?
In a short paper Larson and Moore reported!* that
MoCly reacted with acetylacetone to give a red-purple
solid whose elemental analysis approached that of
MoCly(acac).. It was postulated that this product
was polymeric with a coordination number greater than
6 although no data were given to support this or the
proposed formula. This is apparently the only ref-
erence to a diketonate complex of either Mo or W in
the 44 oxidation state, although well established com-
plexes in both higher and lower oxidation states are
known. The best known of these include Mo(acac)s,
MoOs(acac)s,®® and WOs(acac).” A number of acetyl-
acetonate complexes of oxymolybdenum species in the
5+ oxidation state have been reported,'®~? but the
existence of some of them has been questioned.?! This
present paper describes a convenient method of prepara-
tion of a variety of dihalobis(8-diketonate) complexes
of Mo(IV) and W(IV) and discusses the probable
structure of these compounds deduced mainly from in-
frared spectroscopic measurements.

Experimental Section

Preparation of Complexes.—Most of the compounds were
synthesized several times. Microanalyses were carried out by
Clark Microanalytical Laboratory, Utrbana, Ill.,, and by the
Analytical and Information Division, Esso Research and Engi-
neering Co., Linden, N. J. Elemental analyses for all com-
pounds reported in this paper are given in Table I.

Preparation of the Dichlorobis(diketonato)molybdenum(IV)
Complexes. Method A. From Molybdenum(V) Chloride.—
To a flask containing 5.4 g of MoCl; (0.02 mol) was slowly added
a sufficient quantity of an appropriate solid or liquid g-diketone
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TABLE 1
ANALYTICAL DaTta FOrR M(diket)sCl; AND RELATED COMPOUNDS
% found: Mol wt % caled Mol wt

Complex Diketone C H Cl found C H Cl1 caled
Mof(acac):Cl, Acetylacetone 32.47 3.80 19.80 32.89 3.86 19.42
Mo(hpd).Cle 3,5-Heptanedione 40.00 5.18 384 40,01 5.26 421
Mo(nnd):Cl, 4,6-Nonanedione 43.57 6.00 45,42 6.33
Mo(mhpd):Cly 8-Methyl-2,4-heptanedione 42.28  5.50 4550 42.91  5.85 449
Mo(dibm)Cl Diisobutyrylmethane 43.97  5.80 igg’; 45.40  6.33 477
Mo(dpm):Cly Dipivaloylmethane 49.20  6.90 14.16 ggé‘; 49.5¢4 7.18 13.29 533
Mo(3-Cl(acac)):Cl; 3-Chloro-2,4-pentanedione 27.11 2.65 32.28 27.35 2.75 32.12
Mo(8-CsHsacac ):Cly 3-Phenyl-2,4-pentanedione 50.68 4.37 14.26 50.95 4.30 13.73
Mo(bzac):Cls Benzoylacetone 47.98 3.68 49.08 2.70
Mo(dbzm )Cl; Dibenzoylmethane 57.60 3.79 11.61 57.07 3.51 11.23
Mo(ttfa)sCly Thenoyltrifluoroacetone 31.16 1.27 11.87 31.55 1.32 11.64
Mo(achx );Cly 2-Acetylcyclohexanone 42.61 4.58 16.03 42.97 5.40 15.85
W (acac).Clp 26.80 3.36 14.64 26.55 3.12 15.61
W (mhpd);Cl, 35.61 5.04 11.50 35.82 4.77 13.21
W (dbzm),Clz 51.04 3.43 9.53 50.03 3.08 9.81
W (acac):Bry 22.73 2.65 28.09¢ 22.20 2.60 29.45¢

¢ Freezing point depression in benzene,

so that the molar ratio of 8-diketone to MoCl; was at least 3:1.
The resulting mixture was then heated to 120° with stirring for a
few minutes until evolution of HCI ceased. After cooling, the
resulting reaction mixture was extracted several times with hot
heptane leaving the solid product. The more insoluble com-
plexes, stich as those derived from acetylacetone, dibenzoylmeth-
ane, or 3-chloroacetylacetone were purified by repeatedly washing
with hot CCl; followed by pentane and were then dried by suck-
ing nitrogen through the solid complex on a filter. The more
soluble complexes were purified by recrystallization from a
minimum volume of CCls. Vields were usually greater than
80%,.

Method B. From Molybdenum(IV) Chloride.—To a flask
containing 4.8 g of MoCly (0.02 mol) was added a large excess of
the B-diketone. The resulting mixture was heated with stir-
ring at 125° until it was certain that all the dark MoCl; had
reacted. The reaction time depended on the g-diketone used.
For the more reactive g-diketones, such as acetylacetone, about
2-3 hr sufficed, whereas less reactive materials such as dipivaloyl-
methane required heating for 12 hr or more. After cooling the
reaction mixture, the excess g8-diketone and other organic mate-
rials were washed out with pentane leaving the solid molyb-
denum dichlorobis(diketonate) complex. Purification was car-
ried out as described above.

Preparation of the Dihalobis(diketonato)tungsten(IV) Com-
plexes.—These complexes were prepared from WCl;?2 or WBrs
and the appropriate g-diketones in a manner exactly analogous
to the preparation of the molybdenum derivatives as described
in method A above.

Results and Discussion

The reaction of metal halides with free §-diketones
according to the general equilibrium

MX. + bH(diket) === MX._s(diket), + SHCI

is one of the most useful methods of preparing mixed
halodiketonate complexes.

Molybdenum pentachloride reacts vigorously with
neat acetylacetone at room temperature with the evolu-
tion of HCI to give a dark red-brown solid material
with the composition Mo(acac):Cl,, This reaction
appears to be quite general for most @-diketones, in-
cluding those with straight or branched alkyl groups,
aryl groups, and some halides as substituents, although
certain fluorinated compounds such as hexafluoroacetyl-
acetone do not react in this manner to give isolable prod-
ucts. In all cases, reduction of the metal occurs and
the product has the general formula Mo(diket),Cls.
Tungsten pentachloride and pentabromide undergo
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b Vapor presstire depression in methylene chloride at 0°.

¢ Per cent bromine.

similar reactions but at somewhat higher temperatures
than the molybdenum analogs.

The reaction of MoCl; with B-diketones therefore
differs markedly from its reaction with carboxylic
acids where one simply replaces two chlorine ligands to
obtain complexes of the type Mo(RCOO),Cl; without
reduction of the molybdenum.?3

The fact that the MoCl; and WCl; react so readily to
give good yields of reduced dichlorobis(diketonate)
complexes suggested that these complexes might be
synthesized directly from the metal tetrahalides. In-
deed, on prolonged heating of MoCl, with acetylacetone
or any of several other -diketones, products are formed
identical with those obtained from MoCls and the di-
ketones.

The reaction of acetylacetone with MoCl, is straight-
forward but with MoCl; the acetylacetone must also
function as a reducing agent, reducing the molybdenum
to Mo(IV). This reduction is not completely unex-
pected since it is known that even relatively inert ma-
terials, including hydrocarbons such as benzene, reduce
MoCl; to MoCl.!* Acetylacetone is known to func-
tion as a reducing agent as is shown by its reduction of
V20; to form VO(acac)..?* The products of the oxida-
tion of the acetylacetone are not known. Because of the
high reactivity of the v position to halogen substitution
it was thought that 3-chloroacetylacetone would be a
major product. Analysis of the organic reaction pro-
ducts by gas-phase chromatography showed this supposi-
tion to be incorrect. At least seven different products
could be resolved but none of them were 3-chloroace-
tylacetone.

It is of interest to note that NbCly and TaCl; also do
not react with -diketones to give the simple substitu-
tion products. Funk? has reported that these penta-
halides react vigorously with the diketones to give im-
pure reaction products due to decomposition of the di-
ketones. Apparently at least one metal pentahalide,
namely, antimony pentachloride does react with di-
ketones to give compounds of the type SbCli(diket)?
without decomposition.
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The insolubility of Mo(acac),Cl, in even fairly polar
organic solvents suggested that a polymeric structure
for these complexes may be possible even though a
monomeric structure seemed most likely. Because of
its low solubility, molecular weight studies could not be
carried out on Mo(acac):Cly; however, determinations
were made on some other representative compounds in-
cluding Mo (hpd),Cly, Mo(dpm).Cly, Mo (nhpd),Cl,, and
Mo(dibm),Cl,. With the exception of Mo(hpd):Cl,,
the values obtained by both the freezing point depres-
sion and the vapor pressure depression methods were in
excellent agreement with the calculated values for
monormeric species.

The reason for the insolubility of Mo(acac)sCl; is not
known but there is a graduated increase in the solubility
of the complex with the size and number of organic sub-
stituents on the diketonate ligands. Since all the com-
plexes whose molecular weights were measured are
monomeric, including Mo(hpd),Cl, whose steric inter-
actions are only slightly more severe than Mo(acac):Cls,
it seems most likely that all the complexes in this series,
including Mo(acac),Cly, are also monomeric and that
the postulate of Larson and Moore!* regarding the
polymeric nature of Mo(acac).Cl: may be incorrect.
The low solubility of Mo(acac),Cl; does not seem to be
irregular and there is no apparent reason why the co-
ordination number of Mo should be greater than 6 in
this complex.

At the present time, it is not possible to say whether
these complexes exist as the cis or trans isomers. Be-
cause of their paramagnetic nature nmr measurements
are precluded and infrared data, although perhaps
suggesting a cis configuration, are inconclusive.

The infrared spectrum of Mo(acac).Cl, together with
tentative assignments is given in Table II. The identi-

TaBLE II
INFRARED SPECTRA OF Mo(acac)Cly

»,% cm 1 Assignment »,%2 cm ! Assignment
1525 vs Cr=Q str + C=2=C str 818 s C~H out-of-plane def
1410 m CH3s degen def 676 s Ring def 4 Mo-0O str
1362 m CHai sym def 595 m Mo-0 str
1340 m C=0 str 542 vs OQut-of-plane def
1286 s Ca2C str 469 s C-CHs def + Mo~O str
1019 m CH; rock 420 m In-plane def

938 w e 342s Mo-Cl str

927 m} C-CHsstr + C=20stt 39 m  Mo-Clstr

@ Key: s,strong; m, medium; w, weak; v, very.

fication of the acetylacetonate vibrations were made by
comparison with the spectra of Mo(acac)s® MosOs-
(acac)y,?! MoOq(acac),,?” and several Ti(acac).X, com-
plexes.?® The assignments for the acetylacetonate
ligands are based on the normal-coordinate analysis of
metal acetylacetonates by Nakamoto?® modified slightly
by later work with the deuterated ligand.® The spec-
trum is consistent only with chelated acetylacetonate
ligands and the absence of strong carbonyl bands at
frequencies higher than 1600 cm~! in the spectra of the
other M(diket),Cl; complexes shows that the diketonate
ligands in these complexes are also chelated in the
normal fashion. The two fairly intense bands which
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are seen in the spectrum of Mo(acac):Cly at 342 and
312 em~! have tentatively been assigned as Mo-Cl
stretching vibrations. This assignment seems to be
quite reasonable since bands are observed in this region
for several other Mo(diket),Cl; complexes and Mo—Cl
stretching vibrations are known to occur in the 300-
400-cm—! region.?"?*?  Further, examination of a
number of molybdenum acetylacetonate complexes re-
veals that no strong ligand vibrations are seen in this
spectral region and that Mo-O stretching vibrations
are usually seen at much higher frequencies. Only one
Mo~Cl stretching band should be seen in the spectrum
of the more symmetrical trans isomer; however, this
evidence is much too speculative to rule out a trans
structure,
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Nuclear magnetic resonance (nmr) of metalions such as
AIIIT),1? Ga(III),3 and Cu(I)* is quite useful in study-
ing kinetics and equilibrium of metal complexes in
solution. In the present study *°Co line widths and
chemical shifts are measured to investigate the acid
dissociation equilibria and kinetics of proton exchange
in concentrated (>0.20 M) aqueous solutions of [Co-
(NH;);H,O(ClOy); and cis- and trans-[Co(en).NH;-
HQO]Bra.

Experimental Section

[Co(NH;);H:0] (ClO4); and cis- and trans-[Co(en ) NH;H:0]-
Br; were prepared by the typical procedures given in the litera-
ture.:

Nmr measurements were made at 25.0° with the use of a
JEOL LNM-WB-20 spectrometer operating at 13.567 MHaz.
Some measuretrients were carried out on a Varian VF-16 spec-
trometer at several frequencies. Chemical shifts were measured
in aqueous solution containing a trace amount of Co(en)** ion
as an internal standard. Line widths were obtained as the
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