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The physical properties of five transition metal tricyanomethanide compounds of the type M[C(CN);]z- xH,O (M = Mn,
Fe, Co, Ni, Cu) have been investigated in an attempt to deduce the coordination symmetry of the cations and the structure

of the anion in these salts.
octahedral coordination in each case.

Magnetic and ligand field spectral results are strongly suggestive of weak field approximately
The infrared results indicate cation—anion interaction through nitrogen producing

a site symmetry lower than the intrinsic D, symmetry of the free anion, but cannot be interpreted in terms of a significant
distortion of the anion from planarity. A polymeric structure is proposed which is consistent with the spectral results and

insolubility of these compounds.

The nonlinear structure of the dicyanoamide ion, N(CN),~, is confirmed by Raman

spectroscopy. The electronic structures of C(CN);~ and N(CN),~ have been investigated using the extended Hiickel

theory.

Introduction

In recent years a number of cyanohydrocarbons have
been prepared?~* and many of these have been shown
to be unusually strong acids with strengths comparable
to those of the mineral acids.> The remarkable ease of
proton loss is undoubtedly due to the large resonance
stabilization of the conjugate base cyanocarbon anions,
many of which are known to form stable salts with
organic and metallic cations.2~* A number of cyano-
carbon compounds containing the divalent ions of the
first transition series have been isolated.?*

The manner in which transition metal ions might
interact with or be coordinated by cyanocarbon anions
is not clear. These anions possess as formal coordinat-
ing sites only the weakly basic nitrile group and in
general do not have favorable geometries for chelate
ring formation. In this work we have attempted to
provide at least a partial clarification of the interaction
of a given cyanocarbon anion with a series of divalent
transition metal ions in the solid phase. We have
chosen to study the compounds of the simplest cyano-
carbon anion, the tricyanomethanide ion,?»* C(CN);™,
and report the results of an examination of those spec-
tral and magnetic properties which should be indicative
of the approximate symmetry of the coordination
spheres of the cations and of the mode of cation—anion
interaction. In addition, the results of a complete
molecular orbital calculation on C{CN);~ are reported
as are further spectral results on the related dicyano-
amide ion, N(CN);™.

Experimental®
Preparation of Compounds.—Potassium tricyanomethanide

(1) National Science Foundation Predoctoral Fellow, 1962~present.

(2) (a) E. Cox and A, Fontaine, Bull. soc. chim. France, 21, 948 (1954);
(b) M. Strell, W, B. Braunbruck, W. F. Fihler, and O. Huber, Ann., 887,
177 (1954).

(3) W. J. Middleton, E. L. Little, D. D. Coffman, and V, Engelhart,
J. Am. Chem, Soc., 80, 2795 (1958).

(4) 8. Trofimenko, E. L. Little, and H. F. Mower, J. Org. Chem., 27,
433 (1962).

(5) R. H. Boyd, J. Am. Chem. Soc., 83, 4288 (1961),

(6) Carbon, hydrogen, and nitrogen microanalyses were performed by
Galbraith Laboratories, Inc,, Knoxville, Tenn,

was prepared as previously described* and was obtained as a com-
pletely white crystalline solid by one recrystallization from water
followed Dby one recrystallization from acetonitrile. Salts of
divalent metal ions were precipitated from ~50 ml. of hot aque-
ous solution prepared by mixing ~25-ml. solutions containing
0.025 mole of metal chloride or sulfate and 0.050 mole of KC-
(CN);.t  All compounds are too insoluble to be recrystallized
from water and are in general insoluble in polar organic solvents
except for dimethylformamide and dimethyl sulfoxide. The
precipitated products were washed well with water, dried to con-
stant weight 7% vacuo at 100°, and then analyzed.

Mn[C(CN )], 1/sH,0.—White crystals. Anal. Caled.: C,
40.12; H, 0.21; Mmn, 22.94; N, 35.10. Found: C, 39.96; H,
0.03; Mn, 23.04; N, 33.02.

Fe[C(CN)l:-1/;H,0.—The pale green solid which precipitated
became light yellow on drying. Amnal. Caled.: C, 39.22; H,
0.41; Fe,22.80; N, 34.30. Found: C,38.84; H,0.35; Fe, 23.0;
N, 33.53.

Co[C(CN )s];+*/,H,0.—Qrange microcrystals. Anal. Caled.:
C, 38.73; H, 0.40; Co, 23.76; N, 33.88. Found (first prepara-
tion): C, 39.02; H, 0.63; Co, 23.66; N, 32.96; (second prep-
aration): C, 38.41; H,0.51; Co, 23.17.

Ni[C(CN )]z xH,0 .—The pale blue precipitate hecame yellow-
green on drying. The dried form was extremely hygroscopic and
rapidly turned light green on exposure to air. Both the yellow-
green and light green forms are evidently hydrated but differ
only slightly in the degree of hydration which is established by
analysistobe 0 < x < 1/, Anal. Caled. forx =1/, C, 38.77;
H, 0.40; Ni, 23.69; N, 33.91. Caled. forx = 0: C, 40.28; H,
0.00; Ni, 24.58; N, 35.19. Found (yellow-green form): C,
38.79; H, 0.34; Ni, 24.44; N, 34.21; (light green form): C,
38.63; H, 0.15; Ni, 23.58; N, 33.79; (pale blue form): Ni,
23.45.

Cu[C(CN)s]:+1/;H,O.—Brown crystals. Anal. Caled.: C,
38.71; H, 0.20; Cu, 25.60; N, 33.87. Found: C, 38.81; H,
0.42; Cu, 25.60; N, 33.05.

Physical Measurements.—Visible and near-infrared spectra
were taken with a Cary Model 14 spectrophotometer. Transmit-
tance spectra of solids were studied using finely dispersed hydro-
carbon oil mulls sandwiched between quartz plates. Conductivi-
ties were measured on a Serfass conductivity bridge. Infrared
spectra were obtained on Nujol or hexachlorobutadiene mulls
using a Cary-White Model 90 spectrometer capable of ca. £1
cm. ! resolution in the 2500-450 cm.—? range. Raman spectra
were recorded on aqueous solutions using a Cary Model 81 photo-
electric spectrometer with Hg 4358 A. excitation.
measurements were made by the Gouy method using an aqueous
nickel chloride solution as the calibrant.

Magnetic
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Results and Discussion

This work deals with compounds of the type M[C-
(CN);]exH;0 in which M = Mn*?, Fet? Cot? Nit?
and Cu*? These compounds have been previously
prepared by Trofimenko, et al.,* who established the
water content by metal analysis only. Our samples,
which were prepared in the same way but then dried
to constant weight in vacuo at 100°, have been com-
pletely analyzed. In all cases the analyses, together
with the appearance of a weak broad infrared absorp-
tion at ~1630 cm.~! (Nujol mull), indicate the pres-
ence of a small amount of water in the dried samples.
The water content has been inferred principally from
the metal and carbon analyses” and cannot be regarded
as definite. However, an examination of the analytical
results does allow the conclusion that x < 1/,. In this
respect our results differ from those of Trofimenko,
et al.,* only in their formulation of the manganous and
cupric compounds as anhydrous. The nickel com-
pound has been obtained in three visually distinguish-
able forms, pale blue, yellow-green, and light green,
which apparently are hydrated to slightly different ex-
tents. The pale blue (undried) form corresponds to the
nickel species obtained previously.*

Electronic Structure of C(CN);—.—The structure of
the tricyanomethanide ion has been established on
the basis of preliminary X-ray results to be planar with
Dy symmetry.® The electronic structure of this ion
has been investigated using the recently developed
extended Hiickel theory.® The Hiickel theory in this
form includes overlap and all interactions so that all
off-diagonal terms in the energy, H,;, and §;; are re-
tained. The calculations were performed using H,
(N2s) = —26.00, H; (N2p) = —13.40 e.v., and the H;
(C2s, 2p) values given previously.® The matrix ele-
ments H,, were approximated as described.® Slater
exponents were taken from the tabulation of Clementi
and Raimondi,® and all calculations were carried out
using atomic coordinates derived from the X-ray re-
sults ®

Certain pertinent results of the calculations are set
out in Table I. The seven m-molecular orbitals trans-
form as a,’’ or €'’ in Dy, symmetry. Our results, which
include calculations of both = and ¢-MO energies,
show the highest filled orbital to be the nonbonding
w(as’’) orbital. Listed are the energies of all 7-MO’s
and those ¢-MOQ’s which fall between the most excited
7-MO and w(a;’’). The m-electronic structure is ob-
viously (ay’’)%(e’’)*(as’’)®. The electronic spectrum of
an aqueous solution of C(CN);~ has been recorded pre-
viously,®!! and in the experimentally accessible ultra-
violet region only the band at 47,400 cm.—! (e 37,400)
has been observed. For this highly allowed transition
the only reasonable assignment is !A;[(a.’")?] —

(7) Nitrogen microanalyses gave consistently low results for x £ 1/2
(see Experimental section).

(8) P. Anderson and B. Klewe, Nature, 200, 464 (1963).

(9) For detailed explanation and applications of the extended Hiickel
theory, see R, Hofimann, J, Chemt. Phys., 39, 1397 (1983); 40, 2474, 2480
(1984),

(10) E. Clementi and D. L. Raimondi, sbd., 38, 2686 (1963).

(11) R. H. Boyd, J. Phys. Chem., 67, 737 (1963).
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TABLE 1

MoLECULAR ORBITAL CALCULATIONS ON C(CN);~

‘ Energy,
Orbital e.v.
r*(ax’’) —2.696
o*(as’) —6.338
e’ —7.508
o*(e’) —7.585
m(a’’) —12.252
w(e’") —14.746
m(aa’’) —15.329

Charge Densities and Total r-Overlap Populations®
N —0.498 (7), —1.114 (= + o)

0.348

C +0.248 (7), +0.793 (= + o)
0.176 |

C —=0.251(x), —0.0374 (v + o)

VAN
C C
/s AN

N N

¢ Signed quantities are the charge densities, unsigned quantities
the overlap populations.

IE’[(as’")(e’")]. The results of the charge density and
total w-overlap population!? calculations reveal the
significant delocalization implied by the observed C-C
distance of 1.40 A.? as do the =-bond orders (C-C
0.524, C-N 0.751) calculated from the simple Hiickel
theory. The charge density results show that each
nitrogen is considerably more negative than the central
carbon, in terms of both w-electron charge distribution
and net (w 4+ o) charge. The w-charge distribution is
similar to those calculated for two larger cyanocarbon
anions using the simple Hiickel theory.'* On the basis
of charge distribution nitrogen is the most likely site of
electrophilic attachment. The site of protonation of
C(CN);~ in solution is unknown, but the free acid as
isolated from aquoethereal solution is claimed to be di-
cyanoketeneimine rather than simple cyanoform, HC-
(CN)s. 1

Electronic Spectra.—The spectra of all compounds
were obtained as transmittance spectra of solids in
finely dispersed hydrocarbon mulls. Solution spectra
of the intact compounds could not be measured due to
extensive, if not complete, dissociation in those two
solvents (DMSO, DMF) in which the compounds would
dissolve. Measured conductivities in DMF solution
(¢f. Table 1I) indicate the presence of 2:1 electrolytes.
The visible spectra of DMF solutions are identical with
those reported for M(DMF),t2151¢ The spectrum of
Co[C(CN);]; in DMF remained unchanged even when
the mole ratio C(CN)3~/Co was as large as 75:1 (2.76
M:0.037 M). This observation proves that C(CN);~
is a much weaker ligand than Cl~ with respect to Co-
(I1), and probably generally, inasmuch as CoCl, in the
same solvent (with no added chloride) exists in the
forms of octahedral and tetrahedral chloride-contain-
ing species.”

A detailed consideration of the transmittance spec-

(12) R. S. Mulliken, J. Chem. Phys., 28, 1833 (1955).

(13) R. H. Boyd, J. Phys. Chem., 68, 1834 (1981).

(14) S. Trofimenko, J. Org. Chem., 28, 217 (1963).

(15) W. Schneider, Helv. Chim. Acta, 48, 1842 (1963).

(16) R. S. Drago, D. W. Meek, M. D. Joesten, and L. LaRoche, Inorg.
Chem., 8, 124 (1963).

(17) 8, Buffagni and T. M. Dunn, J, Chem, Soc., 5105 (1961).
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Fig. 1,~—Transmittance spectrum of Ni[C(CN)],; (light green
form) in a hydrocarbon mull: A, thick mull; B, dilute mull.

TaBLE II
CoNDUucTIVITIES AND MAGNETIC MoMENTS®

Hetfs

Compound A® B.M.C
Mn[C(CN )]s+ 1/:H,0 149 5.93
e[ (CN)yle 1/5H20 138 5.17
Co{C(CN)slz- 1/.H,0 137 4.79
Ni[C(CN )]s (pale blue) .. 3.20
Ni[C(CN)s]2 (light green) 3.15
Ni[C(CN)s]s (yellow-green) 136 3.18
Cu[C(CN)3]2-1/4H20 156 1.86
Co(NOy),+ 6H,0 143
KC(CN); 76

@ Measurements made at ambient room temperature (23-26°).
b Cm.? equiv.”! ohm~! in ~107% A solutions prepared from
Spectro grade dimethylformamide. ¢ Calculated from the Curie
law.
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T
L
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Fig. 2.—Transmittance spectrum of Co[C(CN)]z*!/,H,0 in a
hydrocarbon mull: A, thick mull; B, dilute mull.

pounds are most informative and are given in Fig. 1 and
2. The magnetic data (¢f. Table II) show all com-
pounds to be high spin and are consistent with those
found for octahedral complexes.

The spectra of two visually distinct forms of Ni-
[C(CN);], are given in Table III. They differ in-
significantly except for the failure to observe the weak
band at ~22,600 cm.~! in the blue form. Taking Dg
as 950-970 cm.™! the spectra can be fit most satisfac-
torily to the Liehr—Ballhausen nomograph®® calculated
for rigorously octahedral Ni(II) using A = —275 cm. 7,
Fo = 14F, Fy = 90 cm.~!. The assignments for these
and other spectra are given in the notation for octa-
hedral symmetry, but this is meant to imply only that
the apparent symmetry is pseudo-octahedral. The

TasLE III
ErLecTrONIC SPECTRA OF M[C(CN);]; CoMPOUNDS
Amax, cm, "1
Opsd.
Light green
Compound Assignment Caled. form Blue form

Ni[C(CN)a]2 8Ag5g — 3Ty, 9,700 9,700 (w) 9,500 (w)

3y — 1L, 12,500 ~13,800 (sh, vw) ~13,800 (sh, vw)

$As — 9Tig {ig:ggg} 16,700 (w) 16,500 (w)

30 — 1Agg 20,900 i

3A0g — 'Tig 22,600} ~22,600 (sh, w) oo

3A0g — ¥T1o(P) 25,900 ~25,500 (sh, w) ~26,000 (sh, w)
Co[C(CN)s]z-1/:H=0 Tig — “Tag 9,500 9,600 (w)

4T — 4Ag, 20,300 ~20,000 (sh, w)

4Tg — ‘T1(P) 22,800 ~21,300 (sh, w)

Charge transfer 25,000 (s)
Fe[C( CN)a]g * 1/2H20 Eng - EEg 12, 100 (VV)
Cu[C(CN )}z 1/:H0 2B, — 2Ty, 13,900 (w)

Charge transfer 21,800 (s)

tra is not in order in view of their necessarily limited
quality and the uncertainty in the symmetry environ-
ments of the metal ions. The observed spectral fea-
tures are set out in Table ITI. All bands of interest are
weak and in several cases some of these can be detected
only as shoulders superimposed on steeply rising con-
tours which originate from charge-transfer bands and in-
creased scattering of radiation at the higher frequencies.
We wish only to point out that the observable features
of these spectra are highly suggestive of approximate
octahedral symmetry at the metal ion positions. In
this connection the spectra of the nickel and cobalt com-

spectrum of Co[C(CN);]; is in satisfactory agreement
with expectation for an octahedral complex based on the
Orgel diagram'® assuming D¢ ~ 1100 cm.—! The
spectra of the Cu(II) and Fe(II) compounds exhibit
single broad bands with no discernible splitting. The
spectrum of Mn[C(CN)s]: could not be obtained be-
cause of the low intensities of the spin-forbidden transi-
tions. Comparison of band energies and D¢ values
with those from recent tabulations for octahedral Co,

(18) A. D. Liehr and C. J. Ballhausen, Ann. Phys. (N, Y.), 6, 134 (1959),
(19) L. E. Orgel, J, Chem, Phys., 28, 1004 (1955).
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TaBLE IV
INFRARED SPECTRA OF M[C{CN)]s CoMPOUNDE®
KC(CN)s
Raman Infrared
(H20)? (solid)® Assignment? Mn Fe Co Ni Cu
404* w Vs, a.z”
®
483 (2) dp igg*} w vo (vi?), €’ 477 vw i;ikvw igi vw ig vw 475 vw
569 vs e 2" 563} . 565] 563] 559 558} .
* 566 568/ 566 563 562
609 (2) dp 608 vw ve, € 614 m 614 w 615 m 616 w 615 m
657 (6) p 655* vw vo, 21’
973 (1) p 972 vw 9 949} o o51) 948} - 945) w 945)
’ 961 965 963 962 970/ v
1018 vw vs + n(?) 1030 vs 1032 vs 1042 vw 1040 vw 1030 vw
1240 1255 1254 1254 1250 1261
1243 (3) dp 1253} m o & 1265} m 1265} 1269} s 1270} 1268}
1273 w vg + vo
HOH bend, 1630 b, vw - 1620 b, m 1630 b, m 1640 b, w 1620 b, w
water
}ggg} w 20 -+ wa(?)
2130 vw ve, 19C=N 2158 2156 vw 2156 vw 2164) 2159) sh
ve & + va(?) 2165 V" 2171 sh 2179 > YV 9177( ww
2173 (10) dp 2178 vs , 2197) vs  2196) vs 2198) vs 2209| vs 2205\ vs
2193 sh ve € 2210} sh 2210} sh 2218} m 2227} m 2221 m
2225 (10) p 2215 vvw v, az’ 2257 w 2246 vw 2263 w 2269 w 2271 m

% s, strong; m, medium; w, weak; vs, very strong, etc., sh, shoulder; b, broad.
¢ Frequencies denoted with asterisk from ref. 24, all others are from this work.
¢ Combination should not be active in infrared, a possible alternative is » + 7.

relative intensities in parentheses.
of vibrational modes see ref. 24.

Cu, Ni,? and Fe?! complexes shows that the ligand field
splittings are considerably greater than those for
M-0Qs type complexes and are quite comparable with
those for M(NHj)st2. A further and more pertinent
comparison can be made with spectral data for M(CHj;-
CN)¢*2 complexes,?? from which it can be inferred that
Dg(Ni) = 1050 em.~! and Dg(Co) ~1100 cm.-?,
These results strongly suggest that the small amount of
water present in the crystalline tricyanomethanide com-
pounds has no significant effect on the ligand field
strengths, which are effectively nearly the same as
those produced by coordination of six simple nitrile
molecules.

Infrared Spectra.—The vibrational spectrum of
KC(CN); has been reported previously?*2¢ and can be
interpreted in terms of the Dgy, structure of the anion.
Miller and Baer?* have presented a nearly complete
analysis of the infrared and Raman spectra and our
interpretations are in substantial agreement with theirs.
We have examined mull spectra of the transition metal
tricyanomethanide compounds in the 4000-450 cm.—?
range under conditions of high resolution. Frequencies
in the range 2300-450 cm. ! are set out in Table IV;
included for comparison purposes are infrared and
Raman data for KC(CN)z.?* Only very weak absorp-
tions occur above 2300 cm. ! and these can be satisfac-
torily assigned as overtone or combination frequencies.

Infrared selection rules for the possible effective sym-

(20) C. K. J¢rgensen, Advan. Chem. Phys., 8, 33 (1963).

(21) C, Furlani, Gazz. chim. ital., 87, 371 (1957).

(22) B. J. Hathaway, D. G. Holah, and A. E. Underhill, J. Chem. Scc.,
2444 (1962).

(23) D. A. Long, R, A. G, Carrington, and R, B, Gravenor, Nalure, 196,
371 (1962).

(24) F. A. Miller and W. K. Baer, Spectrochim. Acta, 19, 73 (1963).

b Data from ref. 24; dp, depolarized; p, polarized;
¢ For description

TaBLE V
INFRARED SELECTION RULES FOR C(CN);~
C=N

Symmetry Fundamentals Stretches

Dan 28.2” =+ 4e’ e’

Csv 48.1 + be ay + e

sz 63.1 + 3b1 + 5be, 23.1 + bg

Cs 9a’ 4+ 6a’’ 2a’ 4+ a’’

metries of C(CN);™ in the metal compounds are given
in Table V. Cases in which the dominant symmetry
of the anion itself is Cyy or C, can be discarded. The
strong similarity between the spectrum of C{CN);~ in
its potassium salt and the spectra in the tramsition
metal compounds provides convincing evidence that the
planar (D) structure of the ion is not significantly de-
graded in the latter compounds. Departures from
rigorous Dgy symmetry are apparent from the spectra
in all cases, however, and are reflected in the previously
noted splittings?%24 of several of the skeletal e’ vibra-
tions in solid KC(CN);. This effect can now be inter-
preted from the preliminary X-ray results® which re-
veal that the site symmetry of the anion can be no
higher than C.y. Similar splittings are also observed
in the transition metal salts for which suggested assign-
ments of all observable fundamentals are given in Table
IV.

In an attempt to provide a further assessment of the
departure of C(CN);~ and/or its environment from
Da symmetry high resolution spectra in the C=N
stretching region have been examined and three repre-
sentative spectra appear in Fig. 3. In every case four
or five absorptions of widely varying intensities are
apparent. The assignment of the most intense feature
as » (or one component thereof) is obvious; its in-
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2198

!
2193

|
2178

26
Fig. 3.—Infrared spectra of tricyanomethanide compounds in
the C==N stretching region (hydrocarbon mulls): A, KC(CN);;
B, Fe[C(CN)ah . ]/QHQO; C, CO[C(CN)a}g : 1/2H20.

creased frequency in the transition metal salts com-
pared to KC(CN); is a strong indication of enhanced
interaction between the nitrogen of the cyano groups
and the cations® and is explicable using a simple
kinematic model.?® A shoulder or distinct band is ob-
served on the immediate high frequency side of the most
intense feature of the transition metal salts. A
shoulder is also observed in solid KC(CN); but is not
present in aqueous solution. Thus, it is concluded that
in all cases the band or shoulder is the other component
of w¢(e’) which arises because of the lower site sym-
metry in the solid. This feature is most pronounced in
those compounds (Cu, Ni, Co) in which the cation in
general forms the most tightly bound complexes
whereas in the other cases (Mn, Fe) only a shoulder is
observed. Additional infrared evidence for the de-
gradation of the Dg symmetry of the anion in the
transition metal salts arises from a single relatively weak
band occurring in the range 2246-2271 cm.~!. The
intensities and frequencies of this feature rule out as-
signment as a combination band. The most reason-
able assighment is that of the totally symmetric »;
(a’y) C=N stretch, infrared silent in Ds symmetry,
which has become weakly allowed. The very weak
2215 cm.™! absorption in KC(CN); might be assigned
similarly. The very weak bands on the low-energy
side of the most intense feature are perhaps most reason-
ably assigned as 3C ==N stretches, but it is noted that
the allowed combination bands vz + »s 4+ »; and 2

(25) H. J. Coerver and C. Curran, J. Am. Chem. Soc., 80, 3522 (1958);
W. Gerrard, M. F. Lappert, H. Pyszora, and J. W. Wallis, J. Chem. Soc..
2182 (1960); B. J. Hathaway and A, E. Underhill, ibid., 3091 (1861);
B. J. Hathaway, D. G. Holah, and J, D. Postlethwaite, sbid., 3215 (1861);
M. W. Duckworth, G, W. A, Fowles, and R, A. Hoodless, ¢bid., 5665 (1963);
S. C. Jain and R. Rivest, Can. J. Chem., 41, 2130 (1963).

(26) Treating the M—NZ==C grouping as a linear three-body oscillator#
and taking the C=N force constant in C(CN);~ as 18,23 mdynes/A.% it
can be shown that a purely kinematic effect would tend to raise the C=N
frequencies by 20~40 cm. ! for KMy values in the range 0.8~2.3 mdynes/A.

(27) G. M. Barrow, ‘‘Introduction to Molecular Spectroscopy,” McGraw-

Hill Book Co., New York, N, Y., 1862, pp. 208-212.
(28) G, Nagarajan, Indien J. Pure Appl. Phys., 1, 273 (1963).
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Fig. 4.—Proposed structure for M{C(CN);], compounds: O,
M+2 A, C(CN)™.

-+ »; might also appear in this region. In summary,
the infrared results show that in the transition metal
salts the tricyanomethanide ion and/or its immediate
environment does not possess rigorous Dj, symmetry.
All spectral features when considered collectively are
incompatible with a significantly nonplanar entity
such as is found in CIC(CN)3.2¢ It is concluded that
the intrinsic Dg, symmetry of the anion is retained and
that the arrangement of cations about the anion pro-
duces a lower site symmetry and concomitant splittings
of the e’ vibrations.

The proposed structure of the transition metal tri-
cyanomethanide compounds which is consistent with
all spectral results is shown in Fig. 4. A regular struc-
ture is assumed and consists of intersecting planes of
C(CN);~ ions with divalent cations occupying pseudo-
octahedral holes. Each cation is coordinated by six
nitrogens with the true symmetry about the metal be-
ing Dg. The site symmetry of C{(CN);~ can be no
higher than C,y, but surely is not far from Ds. This
polymeric model is also consistent with the insolubility
of the compounds in all but extremely polar strongly
coordinating solvents, but does not take into account
the small amounts of water present.

Dicyanoamide Ion.—In connection with our studies
of the tricyanomethanide jon, we have also investi-
gated the dicyanoamide ion in order to establish its
structure. Extended Hiickel-type molecular orbital
calculations of the total orbital energy® as a function of
the C-N-C angle give an energy difference of only
~0.9 e.v, between the 180° (D.n) and 110° (Cs)
structures,?® with the former more stable. While no
strict reliance can be placed on these computed en-
ergies, the implication is that there might be a small
energy difference between the linear and bent forms.
Previously Kuhn and Mecke,? and later Sprague, ef
al.,*! had inferred a bent structure from the observation
of two infrared-active C=N stretches, a; + by, at 2179
and 2232 cm. !, respectively. To confirm the bent
structure for N(CN)2~ we have examined the infrared
and Raman spectra of this ion in aqueous solution
with these results in the C=N region (cm."!): 2150 m
and 2212 vs (Raman, p = 0.78, 0.33, respectively), 2151
vs and 2211 m (infrared). The second Raman
band is definitely polarized and is assigned to the a,

(29) Calculations were made for 180, 160, 120, and 110° angles using
the same parameters as for C(CN)s~ including dg=N = 1.15, dN—¢ = 1.35 A,

(30) M. Kuhn and R. Mecke, Ber., 94, 3010 (1961).

(31) J. W. Sprague, J. G. Grasselli, and W. M. Ritchey, J. Phys. Chem.,
68, 431 (1964).
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mode, whereas the first band is very probably de-
polarized and is assigned to the b; mode. Thus, the
bent structure of the ion in the solid and in solution is
confirmed, but the assignment of the stretching modes
by Kuhn and Mecke is reversed. A recent infrared
and Raman analysis of S(CN),,3? which is isomorphous
with bent Se(CN),;,3® has yielded vo=~x (a1) > vo=n
(by).

The results of molecular orbital calculations of the
charge densities and overlap populations for nonlinear
N(CN),~ follow. The signed quantities are the charge
densities, the unsigned quantities the total x-overlap

populations. These results refer to ZC-N-C = 120°,
N —0.607 (r), —0.677 (7 + o)
0.147 / \,
C C +0.299 (=), +0.994 (= + o)
0.362
N N —0.495(m), =1.156 (7 + o)

(32) D. A. Long and D. Steele, Specirochim. Acia, 19, 1731 (1963); see
also E. E. Aynsley, N. N, Greenwood, and M. J. Sprague, J. Chem. Soc.,
704 (1964).

(33) A. C. Hazell, Acta Cryst., 16, 843 (1963).
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but show only minor variations from 110 to 160°.
The charge distribution strongly resembles that in
C(CN);— with the terminal nitrogens being the more
negative. That these atoms interact with coordinating
cations is evident from the increase in the C==N stretch-
ing frequencies in copper, mercury, and lead salts com-
pared to NaN(CN),, 303
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(34) NoTE ADDED IN PROOF.—A very recent and more complete X-ray
study than that reported in ref. 8 has shown that in NH¢C{(CN);z the anion is
slightly nonplanar with the central carbon 0.13 A, above the plane of the
three nitrogens [C. Bugg, R. Desiderato, and R. L. Sass, J. Am. Chem. Soc.,
86, 3157 (1964)]. In the transition metal salts a similar distortion and/or
site symmetry effects could account for some of the infrared results. The

conclusion that the structure of the anion in these salts and in KC(CN); is
essentially the same is unaffected.
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The proton resonance spectra of tris-(N-R-salicylaldimine) Co(III) complexes (R = methyl, ethyl, p-tolyl) and a new series
of tris-(N-R-pyrrole-2-aldimine) Co(III) complexes (R = methyl, ethyl, isopropyl, sec-butyl) have been examined. The

spectra provide unequivocal evidence for the existence of the frans isomer.

In no case was any cis isomer detected. The

apparent exclusive formation of the trans isomer is ascribed to significantly reduced steric interactions among the nitrogen

substituents compared to the cis configuration.

The more general formation of octahedral complexes in the pyrrole-2-

aldimine than in the salicylaldimine series is concluded to be dtle to somewhat reduced steric interactions among these

substituents.

Introduction

Tris-chelate metal complexes containing three iden-
tical unsymmetrical bidentate ligands can exist in two
geometrically isomeric configurations, cis and trams.
This type of isomerism is well recognized and the
isomers have in some cases been identified by their
ligand field spectra,?—* with a particular example being
tris(glycinato)cobalt(III).2 More recently, Fay and
Piper®~7 have separated cis and trans isomers of un-
symmetrical 8-diketones and have identified each by
nuclear resonance. The c¢is isomer contains a three-
fold rotation axis whereas the frans isomer, 1, has no

(1) Alfred P. Sloan Foundation Fellow.

(2) F. Basolo, C. J. Ballhausen, and J. Bjerrum, Acta Chem. Scand., 9,
810 (1955).

(3) V. Carassiti and M. Claudi, Anxn. Chim, (Rome), 50, 581 (1960);
V. Carassiti and A. M, Marinangeli, tb:d., 80, 593 (1960).

(4) H. Yoneda and 8. Kida, J. Am, Chem. Soc., 88, 2139 (1960).

(5) R. C. Fay and T. 8. Piper, ihid., 84, 3303 (1962).

(6) R. C. Fay and T. S. Piper, tbid., 88, 500 (1963).

(7) R.C. Fay and T. 8. Piper, Inorg. Chem., 8, 848 (1064).

A general preparative method for tris(pyrrole-2-aldimine) Co(III) complexes is given,

symmetry. Therefore, in this isomer a given substi-
tuent on each chelate ring could in principle produce
a separate resonance, but only a single resonance for

‘the same substituent in each ring should occur in the

¢is form. This behavior has been observed in tris-
(benzoylacetonato)® and tris(trifluoroacetylacetonato)®

complexes of number of trivalent ions,
o -

A

< A
B)\>

B B
\_A
1

We wish to report the preparation and isorneric
identification of certain tris-chelate complexes of Co-
(I1I) which form only one isomer under ordinary
conditions. The complexes studied are nitrogen-sub-
stituted  derivatives of tris(salicylaldimine)cobalt-
(ITI) {2) and tris(pyrrole-2-aldimine)cobalt(III) (3).



