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The infrared spectra of bis(2,3-butanedionedioximato-N,N")copper(II) [Cu(DMG),], bis(2,3-butanedionedioximato-N,N’)-
nickel(1T) [Ni(DMG),], bis(2,3-pentanedionedioximato-N,N")nickel(1I) [Ni{(EMG),], and their deuterated analogs were
investigated. The spectra of Ni(DMG); and Cu(DMG), in solution were also determined. The hydrogen bonding in the
copper chelate was found to be much stronger in solution than in the solid. On the basis of the infrared spectra and the
reactivity with dimethyl sulfate, phenyl isocyanate, and acetic anhydride, it is concluded that the hydrogen bonding in
Cu(DMG), rearranges upon solution so that it is quite similar to the hydrogen bonding of the two nickel chelates in the

crystalline state.

Thus, a shortening of the O-O distances in the copper chelate is predicted upon solution.

Finally,

this study indicates the possibility that symmetrical hydrogen bonds occur for both nickel chelates in the crystalline state
and that all three chelates have symmetrical hydrogen bonds in solution.

Introduction

The presence of very strong hydrogen bonds in
bis(2,3-butanedionedioximato-N,N’)nickel(II) [Ni-
(DMG),] in an organic solvent was very early indi-
cated by the lack of reactivity of the hydroxyl groups
with phenyl isocyanate,® acetic anhydride,® methyl-
magnesium iodide in amyl ether,* and dimethyl sulfate.?
In an organic solvent bis(2,3-butanedionedioximato-
N,N")copper(II) [Cu(DMG).] appears to behave in a
similar manner because, according to Fleischer,® Tirpak
found that the hydroxyl groups in this chelate did not
react with methylmagnesium iodide.

Subsequent determination of the crystal structure of
Ni(DMG);"'8 revealed the O-O distances in the mole-
cule to be very short (2.40 A); thereby indicating that
the inertness of hydroxyl hydrogens was due to very
strong hydrogen bonding. On the other hand, the
crystal structure of Cu(DMG).* showed this chelate to
exist in the crystal as a dimer joined by two Cu-O
bonds. Consequently, there are two different O-O
distances (2.53 and 2.70 A) in solid Cu(DMG); indi-
cating that in the crystalline state the hydrogen bond-
ing in this chelate is weaker than that in solid Ni-
(DMG)s. Knowing that the solubilities and enthalpies
of solution were quite similar for these two chelates in
an inert solvent, Rundle and Banks'® predicted that the
hydrogen bonds in Cu(DMG), rearrange to much
stronger hydrogen bonds upon solution. This rear-
rangement was required to provide the necessary energy
for Cu(DMG)s to have a solubility similar to Ni-
(DMG), in an inert solvent.
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The present investigation was undertaken to estab-
lish and characterize any rearrangement of the hydro-
gen bonds in Cu(DMG), upon solution. It was neces-
sary to use Ni(EMG), [bis(2,3-pentanedionedioximato-
N,N")nickel(II) ] instead of Ni(DMG); as a control and
comparison for many of the studies of Cu(DMG), in
solution, because Ni(DMG); was not soluble enough
in the appropriate solvents. Although Ni(EMG),
has a greater solubility than Ni(DMG), in a great
variety of solvents,!! it has an analogous molecular
structure with an even shorter O-O distance (2.33 A)1?
indicating that the hydrogen bonding in these two
chelates is quite similar and probably very strong.

Experimental Section

Preparations.—The metal chelates were prepared by the
methods outlined in a previous paper.

The deuterium-substituted compounds were prepared in a
drybox with a dry nitrogen atmosphere. The hydroxyl hydrogens
on dimethylglyoxime were exchanged for deuterium by the dis-
solution of dimethylglyoxime in boiling deuterium oxide. The
infrared spectrum indicated that the exchange was essentially
complete after one such recrystallization. Nevertheless, to
ensure complete exchange this process was carried out three
successive times. The product of these recrystallizations was
dissolved in hot deuterium oxide and combined with the proper
amount of anhydrous copper(II) or nickel(II) chloride. The
amount of anhydrous sodium carbonate needed to neutralize the
liberated acid was then added. The mixture was digested over
low heat for at least 2hr. The chelates were collected by gravity
filtration and kept under a dry atmosphere until they had been
prepared for the determination of the infrared spectra.

Ni(EMG): was prepared in the deuterated form in a manner
analogous to that described for Ni{DMG), and Cu(DMG),.

Spectra.—A Beckman IR-7 spectrophotometer was used to
record the infrared spectra between 4000 and 600 cm ™. Spectra
in the range between 800 and 33 cm ™! were recorded on a Beck-
man IR-11 spectrophotometer. Attenuated total reflectance
(ATR) spectra were obtained for the 4000-600-cm ! region using
a Barnes Engineering Co. free-reflection ATR attachment on the
Beckman IR-7.

Media for spectra of the crystalline compounds were Nujol
mull, Halocarbon oil mull, and KBr disks. Halocarbon oil mulls
gave the best spectra in the 4000-1300 cm~! range, and the
oil itself had no bands in this region. Nujol mulls yielded the
best spectra in the region below 1300 em~!. Spectra of samples

(11) J. E. Caton and C. V. Banks, Talania, 13, 967 (19686).
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in KBr disks were made for the entire region between 4000 and
600 em ™!, and in all cases these spectra were identical with those
obtained by the mull techniques. Extra grinding of the crystal-
line samples greatly improved the quality of the spectrum ob-
tained in the 2800-2000-cm ™! region. For Cu(DMG)., best re-
sults were obtained when the crystals were first dissolved in 959,
ethyl alcohol with the solvent then being rapidly evaporated to
yield a finely powdered Cu(DMG). sample. This powdered
sample was then subjected to extra grinding and handled in the
usual manner for the mull or disk technique.

The ATR spectra of Ni{DMG); and Ni(EMG); were obtained
by pressing the powdered sample against the face of a KRS-5
crystal. However, adequate contact between the face of the
crystal and Cu(DMG); could not be obtained by the above tech-
nique; therefore, Cu(DMG); was grown on the KRS-5 crystal by
the evaporation of a solution of Cu(DMG); in ethanol on the
crystal face.

Spectra in solution were obtained for the 4000-1000-cm ™ re-
gion. Martched 0.2-mm cells with potassium bromide windows
were used. The solvent for Ni(EMG); was reagent grade qual-
ity chloroform obtained from Allied Chemical Co. This chloro-
form was dried over silica gel and distilled before using. Deuter-
ated Ni(EMG); [Ni(EMG):-d2] was dissolved in deuteriochloro-
form obtained in 99.5% purity from Bio-Rad Laboratories.

To obtain spectra of Cu(DMG ); in solution, the chloroform was
made 0.1 M in Fisher Certified Reagent n-butylamine. The #n-
butylamine increases the solubility of Cu(DMG): by adduct
formation. 118,14

In the case of deuterated Cu(DMG): [Cu(DMG):-dsf, the
solvent was prepared by first equilibrating 0.4 ml of n-butyl-
amine with 10 ml of deuterium oxide. The n-butylamine was
extracted into 10 ml of deuteriochloroform. The deuteriochloro-
form was equilibrated with an equal volume of fresh deuterium
oxide three additional times. Each equilibration consisted of
shaking the two-phase mixture for 1 hr and then recovering the
deuteriochloroform phase. This solvent was dried by adding
several pellets of molecular sieves. (The procedure described
for the preparation of this solution was first carried out on iden-
tical volumes of n#-butylamine; water, and chloroform. A non-
aqueous titration on the final chloroform solution revealed the n-
butylamine concentration toc be approximately 0.1 M.) The
infrared spectrum of the dried solution showed that the amine
hydrogens had been exchanged. This solution was then satur-
ated with Cu(DMG)s-d2, and the infrared spectrum of the result-
ing solution was obtained.

Reactivity.—For testing the reactivity of the solid chelates,
about 10 mg of the solid was placed in a small test tube, and the
sample was covered with about 20 drops of phenyl isocyanate,
acetic anhydride, or dimethyl sulfate. Any immediate reac-
tion was noted, then the test tube was placed in a desiccator and
any later reaction was noted. The reactivity of saturated solu-
tions of the chelates in benzene was checked by adding 5 drops
of the above reagents to 1 ml of the benzene solutions. Any color
change was noted.

Discussion

Infrared Spectra.—Previously, there has been some
doubt as to whether the OH stretching vibrations for
metal vic-dioximes were located in the 1600~1900-cm—!
region®~?® or in the 2300-em~! region.®® The spec-
trum of Ni(DMG); shown in Figure 1 indicates without
doubt that there is a band at 2322 cm—!. When Ni-
(DMG); is deuterated [Ni(DMG)s-d,], this 2322-cm ™!
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band disappears as indicated in Figure 1, and a new
band appears at 1530 ecm=!. Thus, it is apparent that
the OH stretching vibration for Ni(DMG); occurs in
the 2300-ctm ! region.

Table I indicates the location of the OH and OD
bands for all the compounds studied. The data in
this table appear to present some difficulty in inter-
pretation. In the first place the more strongly hydro-
gen-bonded OHO group in Cu(DMG), (O-O distance
= 2.53 A) has approximately the same OH stretching
frequency as the OHO groups in Ni(DMG), and Ni-
(EMG); which have significantly shorter O-O distances
in the crystalline state. A possible explanation for this
behavior follows from the work of Lippincott and
Schroeder,?! who calculated that the increase in OH
frequency shift as the O-O distance decreased should
have a maximum. This maximum, which Lippincott
and Schroeder calculated to occur at an O-0O distance of
2.45 A, corresponds to the case of symmetrical hydro-
gen bonding. It seems logical that as the O-O dis-
tance decreased beyond this symmetrical point, one
should expect the frequency of the OH stretching vibra-
tion to increase, because the OH bond should then de-
crease in length and become stronger. Therefore, a
plausible explanation for OH stretching bands located
in the vicinity of 2300 cm ™! for Ni(DMG);, Ni(EMG),,
and Cu(DMG),, despite the differences in O-O dis-
tance, is that the 2.563-A O-0O distance of Cu(DMG);
falls on one side of the maximum found by Lippincott
and Schroeder;?! whereas the shorter O—O distances of
the nickel chelates occur at a corresponding point on the
opposite side.

TABLE 1
FrREQUENCY OF OH aND OD BANDS

Chelate State® RrR? »OH® »OD° 50}1'1 30D% Ref?
Cu(DMG): C 2.70 2650 1977 1492 1175 8
C 2.53 2382 2370 168407 1262 8

s e 2375 1675 1640 1274 .

Ni(EMG)2 C 2.33 2388 - 1515 1784 1209 11
S . 2350 1512 1715 1253 e

Ni(DMG): C 2.40 2322 1530 1790 1275 7

o C is solid or crystalline state; S indicates in solution. ? R is
OHO distance in A. ¢y is stretching frequency in cm~1. 23§ is
bending frequency in cm~!, ¢ Reference for OHO distance.
/ The ATR spectra were of great value in establishing the pres-
ence of this band. There is a blunt shoulder at 1640 cm ™! in the
infrared spectrum of Cu{(DMG);; however, it is difficult to see
the difference between the infrared spectrum of Cu(DMG); and
that of Cu(DMG).-d; in the 1640-cm~* region. The ATR spec-
tra inserted into Figure 3 left little doubt that a band existed at
1640 cm ~! for Cu(DMG ). but not for Cu(DMG )o-ds.

As one would expect from the crystal structure of Cu-
(DMG),, there are two OH stretching bands for the
solid (2650 and 2382 cm~!); however, upon solution
only one OH stretching band remains (2375 cm—1) [see
Figure 2]. These data support the prediction of
Rundle and Banks® that the Cu-O bonds in Cu-
(DMG); are broken and the chelate exists as a mono-
mer upon solution.

An insignificant shift occurs for the 2382-cm~—! band
in crystalline Cu(DMG), upon deuteration (Figure 3).

(21) E. R, Lippincott and R. Schroeder, J. Chem. Phys., 28, 1099 (1955).
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Figure 2.—Infrared spectra of Cu(DMG), in the crystalline state and in solution.
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Figure 3.—Infrared spectra of crystalline Cu(DMG), and Cu(DMG )o-d.

This band arises from the OH stretching vibration in The X-ray and infrared studies of Snyder and Ibers on
the 2.53-A OHO bond. The extremely small shift chromous acid quite convincingly indicate that the
caused by deuteration of such an OHO bond is not OHO bond in chromous acid is symmetric, whereas the
without precedent. Snyder and Ibers?? observed simi- ODO bond is asymmetric. According to Rundle?® the
lar behavior for chromous acid [HCrO;] which has an “abnormal isotope effect” (ODO distance > OHO
OHO distance of 2.49 A and an ODO distance of 2.55 A.2? distance) is to be expected for O-O distances around

(22) R. G. Snyder and J. A, Ibers, J. Chem. Phys., 36, 1356 (1962). (23) R. E. Rundle, J, Phys. (Paris), 25, 487 (1964).
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Figure 4.—Infrared spectra of Cu{DMG); and Cu{DMG),-d: in solution.

2.50 A. 1In the region of the ‘‘abnormal isotope effect”
hydrogen is presumed to be in a symmetric arrange-
ment in the OHO bond, whereas deuterium remains
in an asymmetric arrangement. Thus, when the O-O
distance is about 2.5 A, one encounters the unique situa-
tion where the deuterium may be more strongly as-
sociated with one of the oxygen atoms than is the
hydrogen. The resulting OD bond is then stronger than
the corresponding OH bond and the increased bond
strength would tend to nullify the decrease in stretching
frequency expected from the higher reduced mass of
the ODO. Therefore, the small shifts observed in the
frequency upon deuteration of the 2.53-A OHO bond
in Cu(DMG), are not surprising. Based on the work
of Rundle® and the infrared data, it could be specu-
lated that the 2.53-A O-O distance in Cu(DMG); be-
comes slightly longer when deuterium is substituted for
hydrogen. Thus, it is the authors’ intention to check
the ODO distance in Cu(DMG)-d, in the near future.

For Cu(DMG), in solution the band in the 2300-
cm~! region does shift upon deuteration (Figure 4)
in the manner one would expect from reduced mass con-
siderations. This shift is quite similar to that observed
for Ni(EMG), in solution. Thus, in solution the OHO
bond in Cu(DMG), is apparently longer or shorter
than the range of distances where Rundle?® predicted
the “abnormal isotope effect’” to occur. It appears
likely that these OHO bonds are shorter because Flei-
scher® has reported that Tirpak observed no reaction
between Cu(DMG), in solution and methylmagnesium
iodide. Thus, the hydrogens in the OHO bonds of Cu-
(DMG); are apparently very strongly bound. This
then indicates that the OHO bonds in Cu(DMG). ap-
parently do rearrange upon solution.

The 2.70-A O-O distance in Cu(DMG), is longer
than the range of distances where Rundle?® says the
‘“‘abnormal isotope effect” should occur. In this re-
gion both hydrogen and deuterium are expected to be in
asymmetrical arrangements and the frequency shift
upon deuteration should be approximately that ex-
pected by the change in reduced mass. The data in

Table I indicate that this is true for the band arising
from the 2.70-A OHO bond in Cu(DMG)..

For OO distances shorter than the range where the
“abnormal isotope effect” occurs {such as those in Ni-
(DMG), and Ni(EMG),], the hydrogen and the deu-
terium are both expected to be in symmetrical arrange-
ments between the oxygen atoms and the shift in fre-
quency upon deuteration should approximate that pre-
dicted by the change in reduced mass. A glance at
Table T will show that such is indeed the case for Ni-
(DMG); and Ni(EMG)..

There is very little difference between the spectra
of the chelates in their hydrogen form and the deu-
terium-substituted chelates in the 500-100-cm~! range
(Figures 5-7). If the lowest vibrational energy level
of the OH bond had been split owing to proton tunmnel-
ing in an asymmetrical OHO bond, one might have
expected a band in this region to have disappeared upon
deuteration.?* Therefore, the behavior of the far-
infrared spectrum is consistent with the presence of
symmetrical OHO bonds; however, it should be pointed
out that the far-infrared spectra alone do not consti-
tute any evidence for symmetrical OHO bonds.

Reactivity.—The current investigation indicated,
in agreement with Barker,® that acetic anhydride did
not affect Ni(DMG),. This reagent dissolves sig-
nificant amounts of Ni(EMG), as do other organic sol-
vents such as chloroform and benzene,!'! but acetic
anhydride does not appear to react with or decompose
Ni(EMG);. However, the brown Cu(DMG); crystals
react upon contact with acetic anhydride and a blue
precipitate is formed. When acetic anhydride was
added to benzene solutions of the three chelates, no
color change or evidence of reaction was observed.

Phenyl isocyanate was observed to decompose Cu-
(DMG), partially (as evidenced by the appearance of
some blue color), but this reagent did not appear to
react with solid Ni(DMG); and Ni(EMG), or with any

(24) D. Hadzi, J. Chem. Phys., 84, 1445 (1981).
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Figure 7.—Far-infrared spectra of crystalline Ni(EMG ), and Ni{(EMG).-da.

of the three chelates in benzene solution. Tschugaeff?
also found no reaction between phenyl isocyanate and
Ni(DMG)..

Dimethyl sulfate was found to react immediately
with solid Cu(DMG), yielding a green solution and a
green precipitate. Both Ni(DMG), and Ni(EMG),
reacted slowly with dimethyl sulfate. The former
chelate slowly lost its scarlet color leaving a white

precipitate while the Ni(EMG), dissolved completely

forming a colorless solution. This reaction between

dimethyl sulfate and the nickel chelates required sev-
eral days, whereas similar amounts of the reagent and
Cu(DMG); brought about the described decomposition
of the copper chelate in a matter of minutes. In ben-
zene solution all three chelates appear to decompose
slowly in the presence of dimethyl sulfate. Since these
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observations are in disagreement with those of Thilo and
Friedrich,® who could not find any reaction between Ni-
(DMG), and dimethyl sulfate, the slow decomposition
observed might be due to slow decomposition of the
dimethyl sulfate to more acidic products.

Brady and Muers* have shown that Ni(DMG), did
not yield methane with methylmagnesium iodide in
amyl ether, and in organic solution® Cu(DMG); does
not react with methylmagnesium iodide.

All these data on reactivity of the three chelates seem
to indicate first, that the hydroxyl groups in solid Cu-
(DMG), are more reactive than those in Ni (EMG), or
Ni(DMG). and, second, that in solution Cu(DMG), is
less reactive than in the solid and appears to be much like
the crystalline nickel chelates. All three chelates appear
to have similar strong hydrogen bonds in solution.

~Nature of the OHO Bond.—The data on reactivity,
coupled with the infrared evidence, would seem to give
very substantial support to the prediction of Rundle
and Banks® that the OHO bonds in Cu(DMG), re-

INFRARED StUbnIEs oF TIN(IV) HALIDE AppucTs 1675
arrange upon solution to become more strongly hydro-
gen bonded. The infrared data interpreted in terms
of the “abnormal isotope effect”’?® indicate that solid
Ni(DMG), and Ni(EMG), have symmetrical OHO
and ODO bonds. Concerning the two different O-O
bonds in solid Cu(DMG),, it is believed that both
hydrogen and deuterium have asymmetrical arrange-
ments in the longer O-O bond; whereas, hydrogen
has a symmetrical and deuterium has an asymmetrical
arrangement in the shorter O-O bond. Upon solution
both OHO bonds in Cu(DMG), appear to become iden-
tical, and the infrared data coupled with the unreac-
tivity of the hydroxyl groups would seem to indicate
that both deuterium and hydrogen exist in symmetrical
arrangements. Thus, it would be expected that the
O-O distance of Cu(DMG), in solution should be
significantly shorter than either of the O-O distances
in the crystal and should be approximately the same
as the O--O distances found in crystalline Ni(DMG), and
Ni(EMG),.
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Low-Frequency Infrared Studies of Some Tin(IV) Halide Adducts?
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Recetved March 30, 1967

The infrared spectra of the complexes SnCly- 2L (L = CH;CN, CH,CHCN, C¢H;CN), SnBry- 2CH;CN, SnX,-dipy (X = Cl,

Br, I), and SnX;-2DMF (X = Cl, Br) have been investigated in the 500-140-cm ~! region.
for the SnCl,- 2(nitrile) and SnX,-dipy adducts have been observed below the CsBr region.
of all adducts occur in the 275-370-cm ! region, whereas those of SnBr are located in the 195-250-cm ! region.

The SnN stretching frequencies
The SnCl stretching frequencies
The assign-

ments made in this investigation reverse those made recently by other workers for the SnCl and SnN stretching frequencies

for the nitrile adducts and the SnCl and ligand vibrations for the DMF derivatives,

Some special features of the spectra of

SnCl,-2CH,CHCN in the NaCl region, particularly the observed crossover of the vinyl twist and wag frequencies, are dis-

cussed.

Introduction

Several papers have appeared in the past few years
dealing with the low-frequency spectra of some nitrile
adducts of stannic chloride.?~® Considerable contro-
versy has arisen over the assignments of the bands
below 500 cm~! in the spectrum of SnCl,-2€H,CN,
Brown and Kubota®? originally assigned the bands
around 400 ecm™! as SnCl stretching modes, whereas
those bands occurring between 350 and 300 cm—! were
assigned to the asymmetric and symmetric SnN stretch-
ing vibrations. Beattie, ef al.,* however, showed that
the assignments of Brown and Kubota were incorrect;
they assigned the bands around 400 cm~! as ligand

(1) Presented at the 153rd National Meeting of the American Chemical
Society, Miami Beach, Fla., April 1967,

(2) T.L.Brown and M, Xubota, J. Am. Chem. Soc., 88, 4175 (1961).

(3) I. R. Beattie, G. P. McQuillan, L. Rule, and M. Webster, J. Chem.
Soc., 1514 (1963).

(4) 1. R. Beattie and L. Rule, 7bid., 3267 (1964).

(8) R.C. Aggarwaland P. P. Singh, J. Inorg. Nucl. Chem., 28, 1651 (1966).

vibrations (NCC bending modes) and the lower fre-
quency bands as SnCl stretching vibrations. On the
basis of a simple valence force field calculation, Beattie
and Rule? predicted that the SnN stretching frequency
for SnCl,y- 2CH3CN would occur below 265 cm 1.

We have examined the low-frequency spectra of
acetonitrile and acrylonitrile derivatives of M(CO),
(M = Cr, Mo, W) and showed that for the acetonitrile
derivatives, the NCC bending modes occur in the 390-
400-cm~! region,’ in agreement with the assignments of
Beattie, et al.?

However, Aggarwal and Singh on the basis of the
low-frequency infrared spectra of some amide, urea,
and aminobenzoic acid adducts of Sn(IV) halides, have
reversed the assignments and support those of Brown
and Kubota? for SnCly-2CH3CN. It was this paper
which prompted us to design some definitive experi-
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