Vol. 5, No. 4, April 1966

diverge at higher concentration of pyridine. In VO-
(dbm). the original two peaks at 610 and 670 mu be-
come flat by addition of smaller ratios of pyridine and
isosbestic points are observed at 605 and 725 mu (Figure
6). Further addition of pyridine causes the appearance
of a 750 mu band and the tremendous increase of the
shorter wavelength band with a shoulder at 495 my.
Deviation from the isosbestic point is significant in
this case, indicating the formation of the second adduct.

These spectral studies in the pyridine-chloroform
solution suggest the equilibria

K1
VO(dbm}, 4 py <= VO(dbm)-py (1)
Ko
VO(dbm)spy + py == VO(dbm).-2py (2)

In the range where isosbestic points are observed
equilibrium 1 is assumed to hold. Since pyridine
has no absorption in the visible region, one can calcu-
late K from the measurement of molar extinction co-
efficients at a wavelength knowing the concentration of
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pyridine and vanadyl complex.® The equilibrium con-
stant thus estimated for the dibenzoylmethane chelate
was 47 = 4 M~! and was three times as big as the
equilibrium constant®®:!! 17 = 2 A/~ for the acetyl-
acetone chelate.

We have presented the spectral and gravimetric
evidence for the existence of two types of pyridine
adducts with  bis(dibenzoylmethano)oxovanadium.
The first pyridine molecule may most probably co-
ordinate to the central vanadium atom but the mode of
addition of the second pyridine molecule is yet to be
solved. From the infrared shift of the V=0 stretching
frequency it seems reasonable to assume the second may
interact with the vanadyl oxygen atom from the other
side of the molecular plane.

(9) Japan Chemical Society Monograph, “Jikken Kagaku Koza’’ (“Tech-
niques in Chemistry”’), Vol. 3, Maruzen, Tokyo, 1937.

(10) Since we have completed our work an equilibrinm constant for the
system VO(acac)z—pyridine in benzene solution was reported.!! The value
reported is considerably higher compared with our result in chloroform; the

difference may be ascribed to the effect of the solvent employed.
(11) R.L. Carlin and F. A, Walker, J. Am. Chem. Soc., 8T, 2128 (1965).
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Infrared absorption has been used to study metal-ligand bonding in a systematic series of coordination compounds containing
pyridine, substituted pyridines, and quinoline as ligands; Cu, Ni, Co, Mn, and Zn as divalent ions; and Cl1—, NO;~, and

NCS8~ as anions.

Also, extensive series of copper chloride complexes with 4-substituted pyridines, monosubstituted methyl-

pyridines (picolines), and disubstituted methylpyridines (lutidines) have been examined. Both metal-anion and metal~
nitrogen {of the pyridine or quinoline ligand) stretching vibrations have been tentatively assigned. The metal stretching
vibrational bands usually changed in a systematic way with metal complex stability in aqueous solution, metal electronega-
tivity, and ligand base strength. When anomalous trends were found, steric factors related to the methyl group(s) probably

influenced band positionsin a consistent manner.

Introduction

Infrared spectroscopy has become increasingly im-
portant as a technique for studying metal-ligand
bonding int inorganic and coordination compounds.
New instrimentation and sampling cells have made it
relatively easy to investigate frequencies beyond the
sodium chloride range of 4000-667 cm~! Metal
stretching vibrations are now being observed directly in
the 500-200 cm~! region by workers interested in
studying stabilities of species containing metal-oxygen,
metal-halogen, and metal-nitrogen bonds.

In the present study, the region of most interest was
from 667 to 150 cm—! because absorption bands associ-
ated with metal-ligand bond-stretching vibrations are
generally in this range. The compounds selected for
study crystallize in the form ML,X,, wherea = 2 or 4

(1) Addresscorrespondence to this author,

and b = 2; M was a divalent transition metal ion (Cu,
Ni, Co, Mn, or Zn); L was pyridine, a monosubstituted
methylpyridine, a dimethylpyridine, a 4-substituted
pyridine (NH,, ¢-C;H;, Cl, CN, NO, derivative), or
quinoline; X~ was Cl—, NO;~, or NCS—.

Therefore, many combinations existed for investigat-
ing relative bond strengths and stabilities of complexes
by observing shifts of the metal stretching absorption
bands. Metal-ligand bonding in the above cases in-
volved the M-N (of the ligand ring), M—-Cl, M-O
(in nitrate), and M-N (in thiocyanate). A trend con-
forming to the classic Irving-Williams stability series
was found in most cases.? Irving and Williams re-
ported that the stability of high-spin complexes formed
by a ligand and divalent ions of the first transition

(2) H. Irving and R, J., P. Williams, J. Chem. Soc., 3192 (1953).



616 CarL W. FRANK AND L. B. ROGERS

metal series from Mn to Zn conformed to the order
Mn < Fe < Co < Ni< Cu>Zn.

The present work includes correlations of metal
stretching band positions with stability constants of
metal-pyridine complexes in aqueous solution and with
the electronegativity of the metal atom. Also, some
data show possible steric and ligand base-strength
effects on the band position. Until 1964, pyridine
complexes of the first-row divalent transition metals
had been investigated to only 400 cm~'.*— Early
in 1964, assignments were reported for metal-halogen
stretching vibrations in pyridine complexes of Zn,
Hg, and Cd.f No study of other metal-pyridine
complexes was attempted and no M-N stretching fre-
quency was mentioned.

During the latter stages of our experimental work,
which was delayed owing to instrumental difficulties, a
paper was published showing results on some metal(IT)
halide—pyridine complexes in the 650-220 cm ! region.”
Tentative assignments were made for M-Cl, M-Br,
and M~N (pyridine) stretching vibrations of Mn, Co,
Cu, Zn, and Hg.

More recently, during the writing of the present
paper, another study reported spectra in the 4000-20
em™! region on copper(Il) halide complexes of the
type Cul.X,, where L was pyridine, 2-methylpyridine,
2-ethylpyridine, 2,6-dimethylpyridine, or quinoline,
and X was Clor Br® Assignments of Cu—X and Cu-N
stretching vibrations were made. In general, our
assignments agree with those reported; however, our
study includes more ligands and, for the first time,
pyridine complexes containing thiocyanate and nitrate.
In addition, correlations with variations in metal atom,
possible ligand steric factors, and ligand base strengths
have been attempted. Although a continuation of
earlier work on metal-halide complexes of pyridine was
recently published® in which relationships between the
number and frequencies of metal-ligand vibrations and
the stereochemistry were pointed out, no systematic
study with variations in metal atom, ligand base
strength, and ligand steric factors was reported. How-
ever, mention was made of a forthcoming publication on
metal-thiocyanate complexes of pyridine.

Finally, infrared spectra in a higher frequency region
from 4000 to 630 cm™' have been reported for some
picoline and lutidine complexes, but no metal stretching
frequencies were assigned.!®!! Ligand spectra have
been run for pyridine and the picolines,2—** the luti-

(3) P.C.H. Mitchell and R. J. P. Williams, J. Chem. Soc., 1912 (1960).

(4) P.C. H. Mitchell, J. Inorg. Nucl. Chem., 31, 382 (1961).

(5) N.S.Gill, R. H. Nuttall, D. E. Scaife, and D. W. A. Sharp, ibid., 18, 79
(132;)6. E. Coates and D. Ridley, J. Chent. Soc., 166 (1064).

(7) R.T. H. Clark and C. 8. Williams, Chem. Ind. (London), 1317 (1964).

(8) M. Goldstein, E. F. Mooney, A. Anderson, and H. A, Gebbie, Spectro-
chim. Acta, 1, 105 (1965).

(9) R.T. H. Clark and C. 8. Williams, Inorg. Chem., 4, 350 (1965).

(10) 8. Buffagni, L. M. Vallarino, and J. V. Quagliano, ibid., 3, 480 (1064).

(11) S. Buffagni, L. M. Vallarino, and J. V. Quagliano, ibid., 3, 671 (1964).

(12) D. A.Long, F. 8. Murfin, J. L. Hales, and W. Kynaston, Trans. Fara-
day Soc., 53, 1171 (1957).

(13) H. R. Wyss, R. D. Werder, and Hs. H. Gunthard, Spectrochim. Acia,
20, 573 (1964).

(14) W. G. Fateley, I. Matsubara, and R. E. Witkowski, 7bid., 20, 1461
(1964).
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dines,’ and other substituted pyridines,’ mainly in
the 4000-667 em™! region. The limited work in the
far-infrared did not assign the ligand bands.!®

In the present work, the band assignments for the
metal stretching vibrations (M-NCS, 324-256 cm™!;
M-ONO,, 324-220 cm—'; M-Cl, 333-231 cm™'; and
M-N (ligand), 281-195 cm—') are tentative in some
cases. However, trends established using these as-
signnmients seem to be valid. Probably these metal
stretching vibrations are not pure in nature. There-
fore, the assignments and conclusions given here should
be qualified to include mixing with other vibrations.
If the degree of mixing or coupling is approximately
constant, our assignments and observed systematic
trends can be explained.

Experimental Section

Starting Materials.—The picolines and lutidines were pur-
chased from Aldrich Chemical Co. and Reilly Tar and Chemical
Cotp. Pyridine and quinoline were obtained from Koppers
Chernical Co. and Fisher Scientific Co., respectively. Each of
these ligands was checked for purity by gas chromatographic
analysis and gave a single peak.

Most of the 4-substituted pyridines were obtained from Ald-
rich Chemical Co. and K and K Laboratories; however, the 4-
NO; derivative had to be synthesized from pyridine N-oxide by
deoxygenation with PCl; in CHCl;.¥  Microanalyses for carbon,
hydrogen, and nitrogen corresponded closely to the theoretical
values in all cases.

All of the inorganic salts were reagent quality and were used
without further purification.

Preparation of Metal-Pyridine Complexes.—Various M(py)s-
Cly, M(py):Cly, and M(py):(NO;)e-2H:0 complexes were pre-
pared using, at most, slight variations of existing methods,8 22
Complexes of the form M(py)(NC8): and M(py)s{NCS), were
prepared according to standard quantitative methods.?®* The
products were usually washed with ethanol and cther and then
dried in a vacuum oven. However, the M(py)xNCS)s com-
plexes of Co and Mn were prepared by heating the tetraligand
complex.?42

Preparation of Copper-Picoline and -Lutidine Complexes.—
Complexes of the form Cul,Cl, were prepared by using varia-
tions of the pyridine complex syntheses. In these cases, L was
2-picoline, 3-picoline, 4-picoline, 2,3-lutidine, 2,4-lutidine, 2,5-
lutidine, 2,6-lutidine, 3,4-lutidine, and 3,5-lutidine. Again,
these compounds were washed with ethanol and ether and then
dried in a vacuum oven.

Preparation of Copper Complexes with 4-Substituted Pyridines.
~—CuCl; complexes of the form CulL,Cly were prepared with the
4-NH,;, 4-i-C3H;, 4-CN, 4-Cl, and 4-NO; pyridine derivatives.
Except for the 4-NH: complex, all syntheses were performed
according to the copper—pyridine, —picoline, and —lutidine speci-
fications. The 4-NH. complex was obtained by heating the
purple tetraligand complex at 110° until the desired light green
product resulted.

Preparation of Metal-Quinoline Complexes.—TUsing synthe-

(13) E. A. Coulson, J. D. Cox, E. F. G. Herington, and J. F. Martin, J.
Chem. Soc., 1934 (1959).

(16) E. Spinner, ¢bid., 3860 (1963).

(17) E. Ochiai, J. Org. Chem., 18, 534 (1963).

(18) W. Lang, Ber., 21, 1578 (1888).

(19) F. Reizenstein, Z. Anorg. Chem., 11, 254 (18986).

(20) F. Reizenstein, ibid., 18, 253 (1898),

(21) H. Grossmann, Ber., 37, 1253 (1904).

(22) P. Pfeiffer and V. Pimmer, Z. Anorg. Aligem. Chem., 48, 98 (1906).

(23) A. 1 Vogel, “A Textbook of Quantitative Inorganic Analysis Includ-
ing Elementary Instrumental Analysis,” John Wiley and Sons, New Vork,
N. V., 1961.

(24) 8. M. Nelson, Proc. Chem, Soc., 372 (1961),

(23) C. Duval, “Inorganic Thermogravimetric Analysis,” 2nd ed, Else-
vier Publishing Co., New York, N. Y., 1963.
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ses of metal-quinoline complexes similar to those reported in the
literature, ¥ complexes of the form M(quinoline).Cls were
isolated. The products were washed and dried as before.

Analyses.——Microanalyses for carbon, hydrogen, and nitrogen
corresponded closely to theoretical values in all but a few cases.
Some loss of ligand was found in Co(py}Cl; and MnQ,Cls;. Also,
Mn(py) NCS), probably contained a small amount of Mn(py)s-
(NCS),.

Metal content was determined by an EDTA titration method
in which a small sample (0.1 g or less) of each complex was
usually decomposed by boiling down a HNO;HCIOs or a HNO;z—
H,S0; mixture so as to release free metal ion.2® The moist
residue was dissolved in deionized water, and the necessary pH
adjustments were made using a Beckman Zeromatic pH meter.
An appropriate indicator was added and the solution was titrated
with 0.01 or 0.02 M EDTA solution.

Instrumentation.—To scan the wavenumber range of 909-
286 cm ™!, a Beckman IR-5A instrument, with CsBr optics, was
used. Sample preparation included grinding the solid complex
with a mortar and pestle before dropwise addition of Nujol oil.
The subsequent mull was placed between two CsBr disks and then
inserted into the cell holder.

A Beckman IR-11 multiple-grating spectrophotometer was
used for the 850-150 em™! range. The 350 ecm™! upper limit
overlapped the 286 cm™! lower limit of the IR-5A scan; bands
occurring at frequencies less than 350 cm ™ were taken from the
IR-11 spectrum.

For measurements with the IR-11, compounds were dispersed
in Nujol oil medium as before and pressed between polyethylene
strips, since both Nujol and polyethylene have a “window’’ in
the 350-150 cm~! region. In order to obtain intense absorption
bands of liquid ligands, polyethylene liquid cells, purchased
from Barnes Engineering, were used.

All scans used double-beam operation and instruments were
continually purged with dry air. A single-beam water vapor
spectrum was run for calibration purposes.2?

Limited use was made of a Perkin-Elmer 221 infrared spec-
trophotometer to scan frequencies of 4000-667 cm ™' Samples
were run as Nujol or Fluorolube mulls and as KBr pellets. This
instrument was used to differentiate between ionic and coordi-
nated nitrate bands and between water of crystallization and co-
ordinated water bands. In addition, it was used to observe
ligand vibrations in some of the 4-substituted pyridine complexes.

Results

Metal-Pyridine and -Quinoline Complexes.—In
most cases, the metal stretching vibrations were lo-
cated by comparing the spectrum of the coordinated
ligand in the metal complex and the spectrum of the
free ligand. Where small band splittings were found,
the average frequency was used for the assignments.
The splittings can usually be attributed to: (a) devia-
tions from perfect octahedral or tetrahedral symmetry
to remove degeneracy; (b) nearest and next-nearest
neighbor interactions in the solid state; (c) isotope
effects (since CI¥ has an abundance of 24.6%); (d)
slight rotation of coordinated pyridine about the M-N
bond to relieve steric strain in some cases; and (e)
Fermi resonance effects.

Table I, in addition to data for complexes, shows bands
of pyridine at 602 and 404 ecm ™}, due to ring vibrations
(C-C in-plane bend and C-C out-of-plane bend, re-

(26) E. Borsbach, Ber., 28, 434 (1890).

(27) D. H. Brown, R, H. Nuttall, and D. W. A, Sharp, J. Inorg. Nucl.
Chem., 26, 1151 (1964). )

(28) Y. Tsuchitani, Y. Tomita, and K. Ueno, Talanta, 9, 1023 (1962).

(29) L. R. Blaine, E, K. Plyler, and W. 8. Benedict, J. Res. Natl. Bur. Std.,
66A, 223 (1962).

(30) P. Spacu and C. Lepadatu, Anxn. Chim. (Rome), §4, 275 (1964).
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spectively), and spectra of free and coordinated thio-
cyanate. For KSCN, the band at 746 cm~! is the C-8
stretching vibration; the split band at 485, 473 cm—!
is the NCS bending mode. In the next two com-
pounds, the Cr-N and Cu-N stretching vibrations are
found at 362 and 342 cm™!, respectively.3® The Cr
compound was used for supporting purposes only,
indicating metal stretching vibrations of the coordi-
nated NCS group.

To facilitate comparisons, Table II contains only
the metal stretching bands for all complexes. Bands
assigned previously by Clark and Williams® and by
Goldstein, et al.,® are included for comparison. Repre-
sentative spectra have not been included in the present
work; however, peak shapes, relative intensities, and
resolution compared favorably with spectra and tabular
data recently published.®® Small differences will be
cited in a later section.

The metal-pyridine complexes containing coordi-
nated thiocyanate are said to be octahedral in nature,
except for the zinc complex which is tetrahedral. The
bis-pyridine complexes contain bridging NCS groups
to form a hexacoordinated species in the solid state,
while the tetrapyridine compound forms an octahedron
without bridging.3% 33

The 324-256 cm ! band has been asigned to a metal-
nitrogen stretching mode involving the nitrogen of the
thiocyanate anion. Using the interpretation that the
most stable bis-pyridine complex has its M-N band at
the highest frequency (ecm~!), the ranking follows
the Irving-Williams stability series of Zn < Cu > Ni >
Co > Mn. The band in the lower frequency range of
268-195 cm~?! also showed the same trend, except for
the zinc complex. This band has been tentatively
assigned to the metal-nitrogen stretching vibration of
the pyridine ring. Only three tetra-pyridine complexes
of Ni, Co, and Mn are shown because both the Cu and
Zn analogs were extremely unstable. Even so, the
three available compounds followed the same trend.
These data appear to provide evidence that relative
stabilities of metal complexes can be estimated from the
metal-ligand stretching vibrations.

The metal stretching vibrations for the M(py)e.-
(NOj3)22H,0O complexes as well as the Cu(py)(NOj)s,
Cu(py)s(NOz)z, Cu(py)a(NOy)s, and the Zn(py)s(NOs),
species are shown in Table II. The 324-220 cm ™! band
has been assigned to a M-O stretching vibration of the
coordinated nitrate group, and the 281-204 cm~! band
tentatively assigned to a M~N (ligand) stretching vibra-
tion. Several points of interest should be noted.
First, a strong absorption band in the 324-220 cm—!
region is missing for Cu(py)s(NOs),, signifying no strong
M-0 bonding involving the nitrate groups. This omis-
sion, along with the occurrence of bands at 1404, 1062,
and 822 em™!, indicates noncoordinated nitrate groups

(31) A. Tramer, J. Chim. Phys., 89, 232 (1962).

(32) D. P. Graddon, R. Schulz, E. C. Watton, and D. G, Weeden, Nalure,
198, 1209 (1963). .

(33) J. Lewis, R. S. Nyholm, and P. W, Smith, J. Chem. Soc., 4590 (1961),



618 Carr W. FraNk aND L. B. ROGERS

TaBLE I

Inorganic Chemistry

INFRARED ABSORPTION BANDS OF METAL-PVYRIDINE, —SUBSTITUTED PYRIDINE, AND —QUINOLINE COMPLEXES IN

COMPQUND

Pyridine
¥SCN
KaCr(NCS)e
cu(NCS) 2
Cu(py)=(NCS
Zn(py (NCS

746

—~1-3
\C O
N

AV VI LR AV IR VIR 1 I (VI 1)

2+ 2H0
2+ 2H0
22150
2+2H20
b=
2

\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/\_/v\_/\_/v
\_/\,\_/\_/\_/\_/\_/\_/m N AN NN e e

Quinoline
Q)2(C1)z
2(C1)2

Culpy)z(cl)z
2-Picoline
cu(2-pic)a(Cl)z
3-Picoline

Cu( 3-pic)2(Cl)z
L.Picoline
Cu(b-pic)z(Cl)z
2,3-Lutidine
cu(2,3-1ut)2(C1) 2
2,k-Lutidine
cu(2,4-1ut)a(Cl)z
2,5-Lutidine
cu(2,5-1ut)s(Cl)
2,6-Lutidine
cu(2,6-1ut)2(C1)2
3,b.Tutidine
Cu(5 h-lut)a(C
%,5-Lutidine
cu(3,5-1ut)2(C1) 2
L-NHp+Pyridine
Cu(L-NHz-py)2(Cl)a
4 -iC4H+-Pyridine

Lz

Cu(k-iCaHy py)2(C1)e

L_Cl-Pyridine+HC1
cu(k-CL-py)a(Cl)z
L_CN.Pyridine
cu(k-CN-py)a(Cl)2
L-NOz+Pyridine
cu(L-N0zpy)2(C1)2

a
Py =

Q = quinoline

602

6Ll

6hs

641

635

631

627
gho

6he

6h1

632
£28,613
697
65/; 6LD
£31,621
63

621

6L5

630

6hg

631

657

7oL

667

588

610
557,536,518
549, 5k2
6L

668
557,539
576,541
60z

213

a6k

664

pyridine, pic = picoline, lut

THE 667-150 CMm~! REGIONG?
ABSORPTION BAKDS (cm.™*

Lok
L85, 473
481 5625
L66,L437 3L2s
L78,468 435 %2ks 2565
L86 La7,k14,391 313s 268¢
L77,469 W32 283s 2308
L3 hos 270s 21ls
475,468 L17 2568 201s
482 438,432 Loz 287s 2325
L83 433 423 LOO 272s 220,2Cks
L2 422,415,595 259s 195s
Lhh 29khs 269s
423 331,298s 222s
Lli1 264 2k7,2uCn
123 23hg 227s
ha1 231s 213s
L30,394 2L2s
hak,391 225s
LL7 269s 26Cs
Lz9 265s 232s
L36 263s 2L7,233z
420 255¢ 231g
L7 246s 21ks
Lz8 418 266s,20m
L4z 428 324s 281s
435,528 272s 226m
423,592 200s
525 LB0 392,377
5%2 501,468  Lo6,Loo 332s 259s
528,319 L9o,L67 395 %16,300s 20Ss
523 490,475 106,397 263m-g 2235
528 489,467 396 333,3125 226s AVG
525 483,468 397,390,379 2kés 196s
227s 288s
LLh 29lksg 269s.
547 472 Los 360
559 481 4zg 283 309s 261s
537 L87 Lsé Loz 340
SLO Loy 485 413 357 29ks 267
517 587
549 hok 299s 2665
521,510 L37 L16 267m
4328 410 28hm
Lhe bz1 3208 300s
L85 L35 410,392 295y
50} Lh3 L7 318s
420 298y
L3 3158 285y
526,508 Lz3
538 k28 295s 259s
55k L=E 397
Shi L8c Loy 2955 250m
558 437,408
973,53 413 278 26h
568 456 212w
583,561 475 333w 287¢
491 L2k Lo3 307m
502 3%0s 2958
560 370
560 493 Lol 307s 2log
540,517 46k 25hm-5
552 L5 313s 277s
. b )
= lutidine s = strong, m = medium, v = veak,

AVG = average frequency of split bond

237s,204m

[s

205m

19

br =

.
L

broad

20Lm

21Cm
206w
220w
212w
213w
209m

205w
225m
214w

215m
203w

192s
207m
181m

2378
191s
19kLs

217s

197w
166s
158s
165w
168,155¢
174, 164w
170w
178s
178s

181s
176s
17ks,155s
177w, 158¢
167m

166m

17Im

172s

173w
156m

18Ls
188m
187w
199s
191w
16k4s

178¢

164s

192s
167w
170m
168w

198m
196w
198w
198m

165m
169w
17hw
187w, 164w
166m
172s
171s

180s
188s,168m
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TaBLe II

METAL STRETCHING FREQUENCIES OF METAL(II)-PYRIDINE, —SUBSTITUTED -PYRIDINE, AND —QUINOLINE COMPLEXES IN THE 350-150
CM~! REGION%?

COMPOUND BAND ASSIGNMENTS (em.”') COMPOUND BAND_ASSIGNMENTS (cm.”2)

(11-NCS) (M-N) (M-0NOz) {M-N)
Cu(py)=2(NCS)z  32hs 256s Cu(py)a(NOg)a'2Hao  265s 232s
Ni(py)=(NCS)z 283s 230s Ni(py)2(NOz)z+2Ho0  263s 2Los AVG
Co(py)=2(MC8), 270s 211s Co(py)o(l03)2-2H20  255s 231s
Mn(py)2(NCS)s 256s 201s Mn(py)2(NOa)o-2Ha0  2h6s 21ks
zn(py)2(NCS)2 313s 268s Cu(py)4(N0z)2 258s AVG
Ni(py)a(NCS)z 287s 2528 Cu(py)=2(NOs)2 32hg 281s
Colpy)a(NCS)z 272s 2125 AVG Cu(py)s(N0z)2 2725 226s
Mn(py)4(NCS)z 2598 19585 Zn(py)a(H0a)2 2205 20hs

(M-c1) (1-1) (Cu-C1) (Cu-X¥ _of L)
Ccu(py)a(Cl)z 298,237 [29ks,235m]° 2698 [268m)° Cu(py) (c1)2 29k0,257s[287, 2291 2695 [266]¢
ni(py)a(Cl)z 26k [un]] 2hln AVG [un) (2-plc);_;(cl)2 509¢ (5081 261s [259)°
Col(py)a(Cl)e  23ks [un] . 227s [un] Cu(3~pic)z(Cl)> 29kg 267
Mn(py)2(Cl)a  231s [233s] 213s [212s br] Cullb-pic)z(Cl)2 299¢ 266
Zn(py)2(Cl)z  351s,298s E529u,‘)c>»] 2025 [220m]° Cu(2,3-1ut)2(Cl)2  323s 270
Ni(py)4(Cl)a [2u6s]C 2hos [256s]c cu(2,k-1ut)s(Cl)5 320s 254
Co(py)s(Cl)2 [2305]° 2255 [217g) cu(2,5-1ut)g(Cl)y  318¢ ; 257 .
cu(Q)2(c1)z  332s [un] 259s [unl® cu(2,6-1ut)5(Cl)2 315 [31417 2has [241)
Hi(Q)a(cl)z 2633 2235 Cu(3 balut)2(Cl)z 2958 259s
co(Q)2(Cl)e  333s,31es Q26s AVG Cu(3,5-1ut)2(Cl)z 2955 250m
Mn(Q)2(Cl)2  2LGs 196s Cu(L-NHz'py)a(Cl)z  270s 264s°
zZn(Q)z2(C1)2 3165,%00s 205s Cugh iCal {7)p%)2§c1)2 287s 275s

\i Mol Cu(4~Clepy)=(Cl) s 2953 2hhs

ko) B o Culb-Cmpy)p(cl)s  307s 2425
culpy)z(Br)s 260s,20ks [255s,202m]" 269s [269m] cu(k-N0z-py)a(Cl)s  313s 2355
apy = pyridine, pic = picoline, lut = lutidine, Q = quinoline , un = unassigned by (9) bs = strong, m = medium,b = troad,

AVG = average frequency of split band

epossibly these values should be interchanged

in the complex.?*% Second, the compounds Cu(py)s-
(NOz)e and Zn(py)s(NOs). obviously contain coordi-
nated nitrate groups bonded to the metal atom. How-
ever, the exact stereochemistry is in doubt because
unidentate, bidentate, and bridging nitrate groups
cannot be differentiated unambiguously with present
infrared information. Third, the hydrated complexes
of the form M(py)e(NO;)s:2H:0 (where M = Cu, Ni,
Co, or Mn) may contain coordinated water (M-OH;
bonds) or water of crystallization. All of these com-
plexes have strong bands in the 3600-3000 and 1670-
1600 em~? regions, probably signifying the presence of
lattice water. In addition, they also have bands in or
near the regions of 1290-1253, 1034-970, and 800-781
cm™!, in which vibrations due to coordinated nitrate
groups are known to occur.® Therefore, on the basis
of these observations, the mode of M-O bonding seems
to be with the nitrate.

The expected stability trend is shown for M-O bond-
ing (Cu > Ni > Co > Mn); however, the trend is not
followed for the M-N stretching vibration. The
copper complex should have the maximum stability,
but since this compound was prepared by exposing the
anhydrous form to an atmosphere of water, it may
have a different structure or some lattice distortion
or may not be due to simple M-N stretching.

Also listed in Table II are the metal stretching bands
of M(py)«Cls, M(py)sCly, and Cu(py):Br, complexes
which show the expected stability trends (Cu > Ni >

(34) B. M. Gatehouse, S. E. Livingstone, and R. 8. Nyholm, J. Chein.
Soc., 4222 (1957).

(35) C. C. Addison and B. M. Gatehouse, Chem.Ind. (I.ondon),465 (1958).

(36) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination
Compounds,” John Wiley and Sons, New York, N. Y., 1963.

“data in brackets frem (9)

%4ata in brackets from (8)

Co > Mn) for both sets of bands. The 331-231 ecm~!
band has been assigned to a metal-chloride stretching
mode, while the 269-213 cm~—! band has been tenta-
tively assigned to a metal-nitrogen stretching vibra-
tion. Clark and Williams® reported bands for Fe-
(py)eCly at 238 (s), 227 (sh), and 219 (s) em~! but did
not assign them. If the 238 cm—! band is tentatively
assigned to Fe—Cl stretching and the 219 cm~! band to
Fe-N stretching, the values fall in the expected posi-
tions on curves for the Irving-Williams ranking of
stabilities and for the logarithm of the first formation
constant, K (not illustrated). Our assignments and
data agree, usually to =2 cm~!, with those that have
just been published.® However, in our work, bands in
the ~232 em~! region for Ni(py):Cly and Co(py).Cl;
could not be resolved into the M~Cl and M-N stretch-
ing vibrations.

The quinoline complexes in Table II crystallize in
the form M/(quinoline)sCl;, but differences in struc-
ture exist, Brown, e al.,¥ concluded from visible
spectra that the Mn and Ni complexes were octahedral
in nature and the Co complex was tetrahedral. The
visible spectra of the Cu and Zn complexes were less
conclusive, and no unambiguous structures could be
assigned even though comparisons with their pyridine
analogs were possible. Probably the Zn complex is
tetrahedral and the Cu complex a distorted octahedron.
Each of the metal chlorides crystallizes in the same
structure as its corresponding quinoline complex except
for the CoCl, species which is octahedral.

The 333-246 em~! bands have been assigned to an
M-~CI stretching vibration and the 259-196 cm~—! band
to an M-N (quinoline) stretching mode. It was ob-
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served that the M-N frequency band did not follow the
normal stability trend. It is known that high-spin
tetrahedral Co(II) complexes, compared to other di-
valent first-tow transition metals,® have the highest
crystal fleld stabilization energy (CESF) for this type
of structure. This may account for the higher Co—N
stretching mode; however, this frequency and the
accompanying higher Co-Cl frequency may result
from a steric requirement in tetrahedral structures.
Also, since the frequency assignment for the Co-N
band was the average of multiple absorption, the band
must only be tentatively assigned.

In order to illustrate further indications of systematic
behavior in the observed metal stretching frequencies,
the values are shown as a function of metal complex
stability constants and metal electronegativity.

Figure 1 shows the metal stretching bands of the
M(py)2(NCS); complexes plotted against the stability
constants for the metal-pyridine complexes in aqueous
solution using the log K, values.®3% Despite the
obvious limitations of any comparison of data for solids
and solutions, a smooth curve connecting the four
points resulted, thereby confirming a systematic trend.

Figure 21is a plot of the metal electronegativity (Cu =
2.0,Ni = 1.8 Co = 1.7, Mn = 1.4)% against the metal
stretching vibrational bands in the same M(py)(NCS),
complexes. Again, a smooth curve resulted for both
the M-NCS and M-N (ligand) bands.

A further correlation, also shown in Figure 2, was
made between the stability constants of metal-thio-
cyanate complexes (log K; of M(NCS)*) and the fre-
quencies of the M-NCS stretching vibrations in Table
11.41

Plots of solution stability constants and metal
electronegativity vs. peak positions of metal stretching
vibrations can also be constructed for the M(py).Cly
and M(py)(NO;)92H,O complexes. In all cases, a
curved line was estimated visually and drawn through
the four points. The systematic behavior for the M-
(py)2:(NO3)22H,O complexes was noticeably poorer
(metal(II)-N band) because the maximum M-N
stretching frequency for the nickel complex broke the
trend. A large increase in peak position for both
bands occurred when the copper compound in the
anhydrous form was substituted for the hydrated
species, indicating stronger metal-ligand bonds (M-
ONOQj and M-N) in the anhydrous form,

Copper(II) Chloride Complexes with Substituted
Pyridines.—Absorption bands in the 667-150 cm™!
region for copper(II) chloride complexes with pyridine
and substituted pyridines are shown in Table I. Indi-
cations of band positions of Cu-Cl stretching vibrations
have come from the spectrum of CuCl, and of copper

(37) 3. D. Dunitz and L. E. Orgel, Advan. Inorg. Chem. Radiochem., 2, 1
(1960).

(38) L. G. Sillén and A. E. Martell, ‘“‘Stability Constants of Metal-Ton
Complexes,” Special Publication No. 17, The Chemical Society, London,
1964, Sections I and II.

(39) J. Bjerrum, Chem. Rev., 46, 381 (1950).

(40) W, Gordy and W, J. O. Thomas, J. Chem. Phys., 24, 439 (1956).

(41) K. B. Yatsimirskii and V. D. Korableva, Russ J. I'norg. Chem., 3, 139
(1959).
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chloride inorganic complexes.*>*® The ligands varied
in base strength and in probable steric factors related
to the methyl group(s), so trends in the metal stretch-
ing frequencies have been established with these proper-
ties. As the electron density increased on the basic
pyridine nitrogen, one would expect the copper com-
plex to have stronger copper-ligand bonds. The 4-
substituted pyridines had base strengths in the order.
4-NH, > 4-1-C3H; > 4-CH; > 4-Cl > 4-CN > 4-NO,,
as indicated by their respective pK, values determined
in aqueous solution at 25° of 9.12 > 6.04 > 6.03 > 3.83
> 1.86 > 1.39.4

To elucidate the basic center of some of the 4-sub-
stituted pyridine complexes, especially the 4-NO,,
4-CN, and 4-NH, complexes, spectra in the 4000-667
cm~* region were taken. For both the 4-NO,-py and
Cu(4-NO;-py).Cly species, a band was found in the

(42) R.J.H. Clark and R. M. Dunn, J. Cher. Soc., 1198 (1963).

(43) A. Sabatini and L. Sacconi, J. Am. Chem. Soc., 86, 17 (1664).

(44) A. Fischer, W. J. Galloway, and J. Vaughn, J. Chem. Soc., 3591
(1964).
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1570-1500 cm—! region due to the antisymmetric NO,
stretching vibration, and another in the 1370-1300
cm ™’ region for the symmetric NOy stretching vibration
of C-NO; groups. Also, a band in the 850-750 cm~!
region due to the C~N stretching vibration, characteris-
tic of all aromatic nitro compounds, was found in both
spectra.® Hence, the pyridine nitrogen was bound,
as expected, to the copper. Likewise, the presence of
C==N groups in both 4-CN-py and the copper complex
was shown by a band in the 2250-2225 cm™! region
due to the C=N stretching vibration in R—C==N
compounds.

In contrast, positive evidence for the presence of the
NH; group in the copper complex was lacking. Al-
though infrared bands in the 1650-1590 ecm—! (R-NH,
scissoring vibration) and 1340-1250 cm —* (C-N stretch-
ing vibration in R-NH, compounds) regions occurred
in both the ligand and the complex, the nature of the
bonding is still in doubt because the N-H stretching
vibration (in -NH;) in the 3530-3400 em~! region was
obscured by OH bands from adsorbed water in the KBr
pellet and both compounds seemed to be insoluble in
common solvents such as CCl, CHCl;, and CS,. A
possible polymeric nature could account for the neg-
ligible solubility observed.

Although the exact stereochemistry of these com-
plexes is unknown, an octahedral polymer-chain struc-
ture may be present. The substituents in the 4-posi-
tion probably exert little steric influence.

The frequencies of metal stretching vibrations in
copper chloride complexes with 4-substituted pyridines
are shown in Table II. Recent work by Goldstein,
et al.® is also shown in Table II for comparison pur-
poses. The 313-278 cm~! band can be assigned to a
Cu-Cl stretching vibration, and the 275-235 em~! band
to a Cu-N (ligand) stretching frequency. The Cu(4-
NH;-py):Cly complex was omitted from correlations
because the mode of metal bonding has not been estab-
lished.

A general decrease in the Cu-N stretching frequency
followed a decrease in the ligand base strength (pk.) in
these 4-substituted pyridine complexes. This followed
the expected trend. However, when copper—picoline
and -lutidine complexes were examined, possible steric
factors complicated the picture and caused reversals in
complex stabilities.

The copper—picoline and -lutidine complexes shown
in Table II have intense metal stretching vibrational
bands. The band in the 323-294 cm™! region has
been assigned to a Cu—Cl stretching vibration and the
270-242 cm~! band to the Cu-N (ligand) stretching
vibration. The structures of these complexes have not
been determined, except for Cu(py):Cl;; however,
most are assumed to be tetracoordinated.

Although there have been several experimental deter-
minations of pk, values of the picolines, lutidines, and
pyridine,®~* in only one study were the relative base

(45) C. N. R. Rao, ““Chemical Applications of Infrared Spectroscopy,”
Academic Press, New York, N. Y., 1963, Chapters IV, VI.

(46) R.J. L. Andon, J. D. Cox, and E. F. G. Herington, Trans. Faraday
Soc., 80, 918 (1954).
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strengths for all these ligands determined under the
same conditions.®® The order of base strengths is:
2,6-L > 24-L > 23-L > 3,4L > 2,5-L > 3,5-L >
4-pic > 2-pic > 3-pic > py as shown by the pK, values
of 6.72 > 6.63 > 6.57 > 6.46 > 6.40 > 6.15 > 5.98 >
5.96 > 5.63 > 5.22.% The main discrepancy between
that list and two other references is with respect to the
order of the pK, values of 2,6-lutidine and 2,4-lutidine.
Because the differences in the three sets of data are less
than 0.1 pK, unit, the discrepancy is understandable.

The frequencies of metal stretching vibrations for
these picoline and lutidine complexes seem to be a
combination of base-strength effects and steric factors
related to the metal group(s). Witha ApK, of only 1.5,
any systematic trend based upon base strength broke
down within the lutidine series. However, when a
pair of copper complexes at both ends of the list was
examined, an explainable trend was detectable; namely,
as the base strength of the ligand decreased, the fre-
quency of the Cu-N stretching vibration increased.
The fact that the observed trend was opposite to the
predicted one could be attributed to a steric effect of
the methyl groups, especially those « to the nitrogen.
The Cu-N bond strength changes in the order 2,6-L <
2,4-L < 2-pic < py. Hence, this suggests that steric
factors as well as ligand base strength may be playing
a part in determining the strengths of the metal-ligand
bond.

Not only is the Cu-N stretching frequency of Cu(2,4-
lutidine),Cl, higher than Cu(2,6-lutidine),Cl,, presum-
ably due-to a shorter Cu-N bond length in the 2,4-
lutidine complex, but so also is its Cu—Cl stretching
frequency. Also, the Cu—Cl stretching frequencies
in the lutidine complexes showed that the Cl atom can
best approach the Cu atom in the 2,3-lutidine complex.

Some scans to 33 cm™! were made on the Beckman
IR-11 instrument for pyridine, CuCly,, Cu(py).Cl,, and
polyethylene. The only new bands observed were at 78
cm™' due to a polyethylene vibration and a strong
broad band at 131 cm~—! in the spectrum of CuCl.
The latter band might be a Cu—Cl bending vibration
that shifts to 178 cm~! in the Cu(py):Cl, species.

Conclusion

The assigned metal stretching vibrational bands
have been shown to vary in a systematic way with
properties of the central atom and the ligand. Assign-
ments and interpretations may be subject to revision
in the future, but this work has attempted to illustrate
the utility of this infrared region for investigations of
metal-ligand vibrational frequencies. Indeed, fur-
ther exploration in this area is necessary in order to
generalize further on the systematic trends and cor-
relations that seem to be valid for these complexes.

Acknowledgment.—Thanks are expressed to W. F.
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(47) L. Sacconi, G. Lombardo, and P. Paoletti, J. Chem. Soc., 848 (1958).
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The kinetics of formation and dissociation of complexes of Mn-Zn and Cd with 2,6-bis(2’-pyridyl)pyridine (2,2/,2/-ter-
pyridine) have been measured by the stopped-flow method. Stability constants have been calculated from these results and
the thermodynamic and kinetic data are compared with those for bipyridine and phenanthroline complexes.

Introduction

The kinetics of reactions of metal-phenanthroline
and bipyridine complexes have been investigated exten-
sively recently.? Many of the labile complexes of the
transition metal ions were included in the study and a
number of conclusions were reached regarding the
mechanism of their formation and dissociation. The
present work is an extension to similar complexes of
the terdentate ligand 2,6-bis(2’-pyridyl)pyridine (2,2’,-
2'/-terpyridine, terpy, I). These have been previously
much less studied than their bidentate analogs.®*
For our purposes, however, terpyridine is a very suitable
ligand. It has the desirable properties® of high ex-

=N HO
I

tinction coefficients (bands shifted in the metal com-
plex), weak basicity (pK; = 4.7, pK, = 3.3),° strong
chelation, and sufficient solubility in water (~10—3 M)
for study in micromolar concentration. Furthermore,
it has the decided advantage that it forms only two
metal complex species in solution, namely, mono and
bis, and this simplifies somewhat the unravelling of
consecutive associative reactions. (These complexes
can exist in only one stereoisomeric form because of the
planarity of the ligand.) Finally, the solid complexes
M(terpy)Br;, M = Fe, Co, and Ni, can be prepared,*
and dissolution of these generates M (terpy)(H:0),2+
ions, which only slowly disproportionate and can thus
be allowed to react with ligand to allow unequivocal

(1) Department of Chemistry, State University of New York, Buffalo 14,
N. VY.

(2) R. H. Holyer, C. D. Hubbard, S. F. A, Kettle, and R. G. Wilkins,
Inovg. Chem., 4, 929 (1965).

(3) G.T. Morgan and F. H. Burstall, J. Chem. Soc., 1649 (1937).

(4) R. Hogg and R. G, Wilkins, 7bid., 341 (1962).

(3) P. O’D. Offenhartz, P. George, and G, P, Haight, Jr., J. Phys, Chenr.,
67, 116 (1063).

study of the formation of the bis species. A combina-
tion of formation rate data with dissociative rate con-
stants (some obtained previously by conventional ex-
change methods*) allows the estimation of stability
constants of the complexes, an added bonus from this
work, since thermodynamic data for the terpyridine
complexes are virtually nonexistent. A few experi-
ments with another strongly chelating terdentate ligand
4-(2-pyridylazo)resorcinol (PAR, II) have also been
performed for comparative purposes. This forms
strongly colored complexes of analytical value.

Experimental Section

Materials.—Terpyridine, purchased from B. Newton Maine
and G. F. Smith, was purified by heating in vacuo at 130° for
several hours. The white sublimate had mp 86°. M(terpy)-
Br:;, M = Fe, Co, and Ni, was prepared as described previously.*
PAR and the other reagents were AR grade. Standard solu-
tions were prepared by shaking weighed amounts of terpyridine
with hot conductivity water and analyzing the cooled solutions
colorimetrically with ferrous ion before runs.

Spectra.—In general two peaks between 310 and 340 my are
observed for the metal complexes, well separated from the maxi-
mum of the free ligand base at 285 mu.” For example the maxima
for the bis(terpyridine) complexes in this region are (Ni) e
3.2 X 104, 0 3.6 X 10%; (Cu) e 3.8 X 104 (Zn) e 4.1 X
104, €300 3.9 X 10%; and for the mono (Co) eps 1.9 X 104, €515 1.8 X
104; (Nl) €331 2.0 X 104, €318 1.8 X 104, (Cu) €340 1.4 X 104, €326
1.4 X 104 (Zn) e 2.3 X 104 e 2.2 X 104 For free ter-
pyridine, maxima are at 200 mu (e 1.6 X 104) and 228 mu (¢ 2.0 X
104).

The bulk of the formation studies were observed at wavelengths
of 320-335 mu. The decomposition studies used the visible and
near-infrared absorption characteristics of the iron(II), cobalt-
(I1), and copper(Il) complexes.* The experiments with PAR
were observed around 500 mu where the metal complexes have
high absorption.

Kinetics Runs.—The general procedure resembled that re-
ported previously.? Both the Sheffield and the Buffalo stopped-
flow apparatus were used in this work. Pseudo-first-order kinet-
ics were usually obtained in the formation studies by using rela-

(8) A. Corsino, Q. Fernando, and H, Freiser, Inorg. Chem., 2, 224 (1963).
(7) K. Nakamoto, J. Phys. Chem., 64, 1420 (1960).



