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lar conclusions concerning the relative energy levels of
these d.. and d,, orbitals, as is described in papers by
Basch and Gray,® by Martin and co-workers,* and by
others.*

Gray’s proposal was based on the spectral properties
of square-planar complexes in which the donor atoms
are carbon (in cyanide), sulfur, chlorine, and bro-
mine. Until now, absorption spectra have not been
available for square-planar complexes involving donor
atoms other than those. This note reports the ab-
sorption spectra of square-planar complexes of nickel(II)
and palladium(II) with a tetradentate nitrogen-donor
ligand, viz., ethylenebisbiguanide (enbbg, CeH1Nip).

Preparation of these compounds has been described by
Ray.® The chloride salt of Ni''(enbbg)?* is a typical
square-planar d® complex, orange and diamagnetic.

The absorption spectrum of Ni{enbbg)Cl in 0.0100 M
solution (observed in 1-cm cells with a Cary Model 14
spectrophotometer over a range of 300-1600 my, t.e.,
ca. 33,000-6200 cm™Y) consists of only a single detect-
able peak, with maximum absorbance at a wavelength
of 478 mu (20,900 cm—Y) (see Figure 1). A similar peak
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Figure 1.—Absorption spectra (25°): , Ni(enbbg)?+ in
H:0; — —-——, Ni(enbbg)?* in formamide; — +—, Ni(enbbg)?* in
DMSO; + +, Pd(enbbg)?* in HyO. Note use of different
scale for Pd(enbbg)?™.

for Pd(enbbg)Cl; in aqueous solution occurs at 307 mu

(32,500 cm—Y), which is consistent with the expecta-

tion of a substantial increase in the magnitude of ligand

field splitting on going from the first transition series

to the second. Finding peaks at these wavelengths is

also consistent with the expected location of ethylene-
(3) H. Basch and H. B, Gray, Inorg. Chem., 6, 365 (1967).

(4) See footnotes in ref 3.
(5) P. Ray, Chem. Rev., 61, 313 (1961},
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bisbiguanide in the spectrochemical series, 7.e., Cl— <
enbbg < CN—.

Because no other peaks are found at longer wave-
lengths (even out to more than 1600 mu in the case of
Ni(enbbg)Cl; in dimethyl sulfoxide solution) it must
be assumed that the one observed peak corresponds to
that d-d transition which has the smallest energy.
Peaks for two other such d-d transitions, expected to
occur at shorter wavelengths, are not observed, pre-
sumably because they are obscured by the very intense
charge-transfer absorption occurring at wavelengths
below about 300 myu.

Identification of the transition responsible for that
lowest energy peak depends on the fact that its wave-
length is not shifted by a change of solvent. The only
significant difference between the spectra of Ni(enbbg)-
Cl; in water and in dimethyl sulfoxide (DMSO) is a
difference in molar extinction coefficient; z.e., emax iS
35 in HyO and 72 in DMSO. In formamide solution,
€max 15 62. There does not seem to be any obvious cor-
relation between absorbance and solvent dielectric
constant.

The d-d transition of lowest energy in a square-
planar d® complex must be either d,, — dzy (A —
1Asy) or dpr = dpoye (PAy, — 'By,). If it were the
latter, involving the d,. orbital, that orbital being the
one which is most exposed and therefore most strongly
influenced by the solvent, a change of solvent should
change the wavelength of the peak. Because the wave-
length of the observed peak is found to be independent
of the choice of solvent, the transition producing that
lowest energy peak must be dyy — dpye (FAr = As,), a
conclusion which supports the proposal that the order
of energy levels is d,, > d,..
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Proton contact shifts for many first transition series
hexaaquometal ion complexes have recently been re-
ported.!?2 These studies suggest that a m-donation

(1) B. B. Wayland and W. L. Rice, I'norg. Chem., 8, 54 (1966).
(2) Z.Luz and R, G. Shulman, J. Chem. Phys., 43, 3750 (1963).



Vol. 6, No. 12, December 1967

mechanism using a bonding orbital of water is the domi-
nant spin delocalization mechanism in metal complexes
with unpaired electrons in = orbitals. This proposed
spin delocalization mechanism is very closely related
to hyperconjugation in organic molecules except that
electrons from the O-H bonds are delocalized into metal
d orbitals. This paper reports direct evidence for a =
hyperconjugative interaction between ammonia and
the metal ions Co(II) and Mn(II) from proton contact
shifts for hexaammine complexes. A brief report of the
Ni(II) and Cu(II) hexaammines has previously ap-
peared.®

Experimental Section

Preparation of Complexes.—The hydrated perchlorate com-
plexes M(H:0)(ClOy): [M = Co(II), Ni(III), Cu(Il), Zn(II)]
were dehydrated by stirring in contact with 2,2-dimethoxypro-
pane for approximately 3 hr. Anhydrous ammonia (Matheson)
was then bubbled through the solution and the resulting pre-
cipitate filtered and dried under vacuum. For Co(II)and-Ni(II)
light brown and light blue solids were obtained, respectively.
For Cu(Il) the initial blue (hexacoordinate) changed to purple
upon drying, giving a hydrogen analysis for four ammonias.
The white Zn(II) complex gave an analysis for four ammonias.

Representative analysis: Caled for Ni(NH)(ClO4):: H,
5.05; N, 27.25; Ni, 16.31. Found: H, 5.17; N, 27.27; Ni,
16.05.

The Mn(II) ammon'a complex could not be isolated in high
purity due to its apparent instability in air.* This complex was
prepared in situ and used without initial isolation (see below).

Nmr Spectra.—The spectra consisted of a single ammonia peak
with a downfield benzene peak as standard. The shifts (Avobsa)
were measured relative to a standard solution containing the
same concentration by mole fraction of NH,ClO, in ammonia as
the sample. Solutions of the diamagnetic Zn(II) complex gave
no observable shift throughout the concentration range for the
complexes reported here. The resonance position of complexed
ammonia relative to uncomplexed ammonia (Aveom) was calculated
from the relationship Aveomfeom = Avobsd Where foom is the mole frac-
tion of ammonia complexed assuming hexacoordination in solu-
tion. No concentration dependence was noted either for a wide
range of benzene-ammonia concentrations or for the reported
range of metal ion concentrations in liquid ammonia. Thus, the
changes in ion pairing and anion—solvent interactions, in the range
of concentrations studied, caused no significant effects on the
nmr shifts. The electron—nuclear coupling constants were
caleulated by substitution of the contact shift (Aveom) into the
equation 4/h = (&v/¥)ym(8kT)/gBsS(S + 1)k where Av is the
nmr shift, 4 the electron-nuclear coupling constant, » the reso-
nant frequency (60 Mc), g. the Lande g factor, 8. the electron Bohr
magneton, .S the electron spin, and ym the magnetogyric ratio for
the nucleus.

Solutions.—Solutions of the Cu(II), Ni(II), and Co(II) am-
mine complexes in liquid ammonia were prepared by weighing
into a thick-walled nmr tube the dried amine complex along with
NH,ClO, used to prevent amide precipitation. After introducing
a small amount of benzene as internal standard, the nmr tube
was placed on the vacuum system, and ammonia was quantita-
tively distilled into the nmr tube using a standard technique.
Solutions of the Mn(II) complex were prepared by repeatedly dis-
tilling ammonia into a tube containing a weighed sample of the
Mn(II) hydrate and NH,ClO, with subsequent evacuation. The
resulting white solid mixture of Mn(NH;)s(ClO4) and NH,CIO,
was then redissolved quantitatively in liquid ammonia.

Apparatus.—The nmr spectra were determined on a Varian
ABO-A spectrometer. The thick-walled nmr tubes were ob-
tained from Ace Glass Co. and NMR Specialties Inc. The thick

(3) B. B. Wayland and W. L. Rice, J. Chem. Phys., 45, 3150 (1966).
(4) K. Kido and T. Watanabe, J. Phys. Soc, Japan, 14, 1217 (1959).
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walled nmr tubes were altered for temperature studies from 50 to
90°. The major problem of solution boiling was overcome by
sealing the tubes as close as possible to the ammonia solution
allowing sufficient volume to accommodate the expansion of the
solution when heated.

Results

The proton contact shift data for the hexaammine
complexes of Cu(II), Ni(II), Co(II), and Mn(II) in
liquid ammonia are reported in Table I. The proton
contact shifts for Cu(IT), Ni(II), and Co(II) complexes
are upfield relative to the diamagnetic Zn(II) complex
and thus have negative election spin—-proton spin coupl-
ing constants (Table I). The Mn(II) complex exhibits a
downfield proton contact shift and has the correspond-
ing positive coupling constant. The temperature de-
pendence of the contact shifts follows Curielaw behavior,
within experimental error, above 30°. Line-width
studies also indicate that 38° is in the region of fast
ligand exchange for all ions studied.

TABLE I

Pro1ON CONTACT SHIFTS AND COUPLING CONSTANTS
FOR M(NHj;)e(ClOy); CoMPLEXES IN LI1QUID AMMONIA

Metal Avobsd? 10 3Aweom,®  fo 1084 /h, 9
ion 103/% sec ™1 sec™t sec™1

Cu?+ 8.73 42.2 4.83 2.3 —=2.6=£0.1
19.0 90.4 4.75

Niz+ 3.31 23.0 6.95 2.3 —-15=%0.1
6.49 76.5 7.17

Co?+ 3.15 7.8 2.48 2.6 —0.24+0.02
4.98 11.7 2.35

Mn?t 5.92 —58 —9.83 2.0 +0.54=+0.06
12.91 —123 —9.53

e Fraction of total ammonia in the system that is complexed
to the metal calculated assuming six coordination. b Awepsq is
the observed average proton resonance position at 38.0° for
solutions of hexaammine complex in liquid ammonia. The ob-
served shift is measured relative to benzene as internal standard
and then reported relative to the position of pure ammonia at
38.0°. Data are corrected for presence of NH,ClO; added to
inhibit amide formation. Estimated error in Avgpsd is 0.2 cps
except for Mn(II) solutions where the error is approximately &5
cps.  © Aweom is the complexed ammonia proton shift relative to
uncomplexed aminonia. Avem is calculated from the limit of
fast-exehange (Avehsd = fAveom). The limit of fast exchange has
been demonstrated at 38° from the temperature dependence of
the contact shifts and line widths. ¢ Electron—proton coupling
constants are calculated from the equation: A/h = (Ay/v)
7H(3kT>/geﬁeS(S + 1>h-

Discussion

The unpaired electrons in the transition metal ion
complexes considered here are in antibonding molecular
orbitals which are primarily of metal d-orbital char-
acter. Unpaired electron density is transferred to the
ligand orbitals by their participation in the antibonding
molecular orbitals of the complex. Spin density may
reach the ammonia protons by two oppositing mech-
anisms. (1) Positive spin density reaches the proton
by direct electron delocalization which occurs owing to
the hydrogen contribution to the molecular orbitals
that have unpaired electrons. (2) Negative spin den-
sity may reach the proton from spin-polarization effects
which cause a small unpairing of the formally paired
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electrons. Negative proton spin densities are commonly
found when the unpaired electrons occupy an orbital
with a node at the proton as is the case with C¢Hg~ and
NH,;*.55

The occupied molecular orbitals of ammonia are
(1a;)2(2a;)2(1e)4(3a;)2.  In an octahedral metal ion
complex the a; orbitals are o-donor levels and the e
orbitals are of = symmetry with respect to the metal
ion.

The metal ions Ni(II) and Cu(II) in an octahedral
ligand field have filled =-type ts, d orbitals and par-
tially filled o-type e, d orbitals. The unpaired elec-
trons in octahedral complexes of Ni(II) and Cu(II)
are to a good approximation confined to the ¢ molecu-
lar orbitals, and unpaired electron density is placed in
the 3a; donor orbital of ammonia by complex formation
with these metal ions. The protons in ammonia co-
ordinated to Cu(II) or Ni(II) in liquid ammonia ex-
perience a large upfield nmr contact shift relative
to uncoordinated ammonia (Table I). The upfield
shift corresponds to a negative spin density in the
hydrogen 1s orbital of coordinated ammonia, The
large negative proton spin densities indicate that spin
polarization is the dominant mechanism for trans-
ferring unpaired electron density to the proton. The
ligand molecular orbital containing the unpaired elec-
trons must have only a small or perhaps negligible hy-
drogen character. These results are among the best
experimental evidence for viewing the highest filled
molecular orbital of ammonia as a “lone pair.”” Nega-
tive ammine proton spin densities have also been ob-
served by Fitzgerald and Drago in the octahedral Ni(II)
complex of benzylamine’ and by Kluiber and Hor-
rocks? in aniline complexes of Ni(IT).

Octahedral complexes of Co(II}) and Mn(II) have
unpaired electrons in both ¢ symmetry e, and = sym-
metry t, d orbitals. Molecular orbital formation with
donor molecules can potentially place unpaired spin
density in both the ¢- and w-donor orbitals of ligands.
In an octahedral complex, the filled e molecular orbitals
of ammonia are potential w-donor levels. The e molec-
ular orbitals are strongly bonding orbitals and thus
generally have been overlooked as w-donor orbitals.
7 interaction of ammonia with a metal containing un-
paired electrons in ts, d orbitals places unpaired elec-
tron density in the e orbitals of ammonia. Self-con-
sistent field calculations indicate that the e levels are
strongly bonding and have a large hydrogen char-
acter;® thus spin density is expected to reach the pro-
tons directly by this mechanism and make a positive
contribution to the electron—proton coupling constant.

(5) A. Carrington, Quart. Rev. (London), 17, 67 (1963).

(6) T. Cole, J. Chem. Phys., 836, 1169 (1961),

(7) R. J. Fitzgerald and R. S. Drago, in press,

(8) R. W, Kluiber and W. D. Horvocks, Jr., Inorg. Chem., 6, 430 (1967).
(9) A. B. F. Duncan, J, Chem., Phys., 2T, 423 {1957).
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If a 7 interaction with ammonia occurs, a cancellation
of proton spin density is expected by the two opposing
mechanisms. Negative spin density reaches the hydro-
gen 1s by the ¢ mechanism operative in the Cu(II) and
Ni(II) complexes, and positive spin density reaches the
ammonia protons by = interaction with the metal ion.
The greatly attenuated upfield proton shift and small
negative coupling constant in the Co(IT) hexaammine
complex suggest that opposing mechanisms are opera-
tive (Table I). The large downfield proton contact
shift and positive coupling constant for the Mn(II)
complex indicate the dominance of the = spin delocali-
zation mechanism for this complex. There is only one
type of 7 orbital in ammonia; thus the = interaction
of ammonia with the metal ions Co(II) and Mn(II) in-
volves the e molecular orbitals which contribute sig-
nificantly to the N-H bonds. This mechanism for =
spin delocalization in these ammonia complexes is
essentially a ‘‘hyperconjugative’” interaction involving
metal ts; 7 acceptor orbitals. An analogous bonding
interaction where electrons from the B-H bonds are
delocalized into d orbitals of phosphorus or sulfur has
been proposed as making an important contribution to
the bonding in compounds such as (CH;),SBH; and
[(CF3);PBH,];.1°~!2 The direct observation reported
here of the very closely related interaction between
ammonia and metal ions supports the feasibility of the
proposed hyperconjugative bonding mechanism in these
boron hydride compounds.

Contact shift studies offer the unusual opportunity
to investigate the atomic orbital contributions to the
molecular orhitals containing unpaired electrons. Be-
cause of this valuable capability, these studies cannot
directly indicate the bulk molecular properties such as
charge distribution and thermodynamics. Conversely,
thermodynamics or charge distribution cannot directly
determine the form of molecular orbitals. The am-
monia proton contact shift data demonstrate the pres-
ence of a 7 interaction with metal ions having w-ac-
ceptor orbitals, but do not directly indicate the ex-
tent to which this = interaction contributes to the
thermodynamics of complex formation. The results
of this investigation and related magnetic resonance
studies indicate the need for further theoretical and
experimental studies of the importance of hypercon-
jugation.
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