
508 ROBERT C. FAY AND THOMAS J. PINNAVAIA Inorganic Chemistry 

tween the various nonequivalent environments. Sim- 
ilar exchange for related eight-coordinate tetrakis dike- 
tonates has been reported p r e v i ~ u s l y . ~ ~ ~ ~ ~  In the case 
of cis-Ti(acac)2Xz complexes, this exchange is sufficiently 
slow so that separate resonance lines have been ob- 
served for nonequivalent methyl groups below -26 to 
-63" , I8  The zirconium and hafnium compounds, 
however, are considerably more labile. Spectra of 
Zr(acac)zXz and Zr(acac)aX (X = C1 and Br) a t  -108" 
in a mixture of dichloromethane and 1,1,2-trichloro- 
ethene (6:4 by volume) showed a single methyl res- 
onance (line width, 1.4-1.8 cps). Spectra of Zr(acac)2- 

Clz, Zr(acac)aCl, and Zr(acac)e were also obtained a t  
cu. - 130" in dichloromethane-3-chloropropene (1 : 1 
by volume); even a t  this lon- temperature only one 
rather sharp methyl resonance was observed (line width 
ca. 2-3 cps). Assuming that chemical shifts between 
nonequivalent protons are similar to that for Ti- 
(acac)zC12,18 rate constants for exchange of methyl 
groups can be estimated to be >10 sec-l a t  -130." 
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Infrared (4000-73 cm-l) and Raman spectra are reported for six-coordinate dihalobis(acety1acetonato) and seven-coordinate 
halotris(acety1acetonato) complexes of zirconium(1V) and hafnium(IV), M(acac)zXg (X = C1 or Br) and M(acac)BX (X = 
C1, Br, or, when M = Zr, I). Spectra are also reported for the eight-coordinate acetylacetonato complexes, M(acac)d ( A t  = 
Zr, Hf, Ce, or Th).  Vibrational frequencies assigned to carbonyl stretching, metal-halogen stretching, and certain of the 
metal-oxygen stretching modes are sensitive to coordination number. The spectra indicate the cis configuration for the 
M(acac)2Xz complexes, and they afford confirmatory evidence for the sewn-coordinate nature of the M (acac)gX complexcs. 

Introduction 
As a continuation of our study of the interesting six- 

and seven-coordinate halo (acetylacetonato) complexes 
of zirconium(1V) and hafnium(IV), M(acac)zXz and 
Al(a~ac)3X,~ we have obtained infrared and Raman 
spectra of these compounds and the related eight- 
coordinate complexes, M(acac), (M = Zr, Hf, Ce, or 
Th).  The aim of this study was twofold. First, we 
hoped to identify the metal-oxygen and metal-halogen 
stretching vibrations. The M-0 and M-X stretching 
region should afford additional evidence for the seven- 
coordinate nature of the monohalides and should pro- 
vide a basis for distinguishing between the possible 
cis and trans structures for the dihalides. Second, 
these series of compounds offer an excellent opportunity 
to investigate the way in which the vibrational fre- 
quencies depend on coordination number. 

Experimental Section 
Preparation and characterization of the M(acac)*Xz and 

M( acac)3X complexes has been described in the preceding paper .3  

The tetrakisacetylacetonates were prepared by standard meth- 
o d ~ , ~ - ~  and the purity of these compounds was checked by their 

(1) Presented in part at the Symposium on Unusual Coordination Poly- 
hedra, 154th National Meeting, American Chemical Society, Chicago, Ill., 
Sept 1967. 

(2) (a) Cornel1 University; (b) Michigan State University. 
(3) T. J. Pinnavaia and R. C. Fay, Inovg.  Chem., 7 ,  502 (1968). 
(4) R. C. Young and A. Arch, I m v g .  Syn.,  2, 121 (1946). 
(5) M. Mendelsohn, E. M. Arnett, and H. Freiser, J .  Phys. Chem., 64, 

(6) M. M. Jones, J .  Am. Chenz. Soc., 81, 3188 (1959). 
660 (1960). 

melting p0ints.~>',8 Cerium( IV)  acetylacetonate, which does 
not have a reproducible melting point, was satisfactorily 
analyzed .9 

The starting materials used for preparation of all hafnium 
compounds were spectroscopic grade, <200 ppm zirconium; 
consequently, spectra of the hafnium compounds should be free 
of bands due t o  the zirconium analogs. 

Infrared spectra in the 4000-250-cm-1 region were recorded 
using a Perkin-Elmer 521 grating spectrophotometer. The 
instrument was calibrated with reagent grade indene, freshly 
distilled from calcium hydride, and was swept with dry air while 
recording spectra. Solutions were contained in 0.1-mm cesium 
bromide cells; Sujol mulls were supported between cesium iodide 
plates. A fivefold frequency scale expansion was employed in the 
600-250-cm-l region. The maximum uncertainty in the re- 
ported frequencies is estimated to be less than 4 cm-' and less 
than 2 cm-l in the 1600-600- and 600-250-cm-l regions, re- 
spectively. 

Infrared spectra in the 322-70-cm-' region were obtained with 
a Perkin-Elmer Model 301 grating spectrophotometer. This 
instrument was calibrated using the pure rotational bands of 
water vapor. Solution spectra were obtained in 0.1-mm poly- 
ethylene molded cells, and Nujol mulls were supported between 
polyethylene plates. The vapor of boiling nitrogen, after being 
warmed to room temperature, was used to purge the instrument 
while recording spectra. The estimated accuracy of reported 
frequencies in this region is A2 cm-l. 

Raman spectra were obtained in nearly saturated benzene 
solutions using a Cary Model 81 Raman spectrophotometer. 
The spectra were excited with the 4358-A mercury line; the 
4047-A line was removed with a Kodak Wratten 2A filter. 

(7) E. XI. Larsen, G. Terry, and J. Leddy, i b i d . ,  76, 510i (1953) 
(8) R. C. Young and J. Kovitz, I%org. Syn., 2 ,  123 (1946). 
(9) T. J. Pinnavaia and R. C. Fay, Inoyg .  Chem., 6, 233 (1966). 
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-Zr(acac) zClz--- 
I r  

1575 vsc 
1555 vs 
1531 vs 
1430 s 
1361 sh 
1338 s 
1287 s 
1186 w 
1030 s 
953 w 
933 s 
798 m 
663 s 
538 m 
460 sh 
450 s 
410 m 
336e s 

293 m 

263 w 

179 w 

. . .  

. . .  

Raman 
d 

1370 s ,  pc 

1290 s, p 
d 

671 m, p 

458 s, p 
-450 sh 

338 m, p 

260 w 

TABLE I 
VIBRATIONAL FREQUENCIES (cM-') FOR M(acac)zXZ COMPLEXES" 

--Zr(acac) nBn-- 
I r  

1570 
1551 
1530 
1428 
1360 
1333 
1287 
1183 
1028 
951 
931 
798 
662 
536 
460 
450 
410 ... 
304 s 
286 s 
248 m 
213 m 

-165 vw 

Raman 
d 

1371 

1292 
d 

671 

459 
-450 

-301 m 
285 m 

212 m, p 

-Hf (acac)zClr--- 
I r  Raman 

1579 d 
1556 
1534 
1431 

-1361 1372 
1341 
1287 1293 
1188 d 
1031 

-949 sh 
936 
801 
666 673 
543 
463 w 462 
446 -444 
411 
3221 s 323 m, p 
313f s 
264 m 
252 m 
. . .  
. . .  
177 

-Hf (acac) ZBr- 
Ir 

1576 
1553 
1534 
1431 

-1361 
1337 
1287 
1186 
1031 

-947 sh 
935 
802 
667 
543 
463 m 
447 
411 
. . .  
266 s 
252 s 

207 s 
168 

. I .  

Raman 
d 

1370 

1293 
d 

670 

460 
-448 

268 w 
-250 w 

208 m, p 

Predominant modeb 
U.(CLO) 

u,,(C--C) 
CH3 deg def 
CH3 sym def 
vas(CEO)  
u,(c-c) 
6(C-H) 

~(C-CHI) 

a(C-H) 

CHI rock 

v(M-0)  f ~(C-CHI) or 6 (ring) 
7i(ring) 1 
~s(M-0) 
vas (M-0)  
n(ring)? 
u(M-Cl) 

v(M-0)  

v(i?l-Br) 
Ring def 

5 Infrared frequencies above 320 cm-I refer to dichloromethane solutions; concentrations: 9 g/100 ml (M = Zr) and 11 g/100 ml 
(M = Hf), except for the 1500-1600-~m-~ region where concentration was 2-5 g/100 ml. Infrared frequencies below 320 cm-' and all 
Raman frequencies refer to benzene solutions; concentration, 9 g/100 ml. vg,  symmetric stretch; vag,  asymmetric stretch; 6, in-plane 
deformation; T, out-of-plane deformation. Relative intensities and polarization behavior also apply to other complexes unless indi- 
cated otherwise; v ,  very; s, strong; m, medium; w, weak; sp, sharp; b, broad; sh, shoulder; p, polarized; dp, depolarized. This 
region obscured by solvent. e Doublet: 335, 325 cm-l (Nujol mull). 1 Doublet: 318, 305 cm-I (Nujol mull); singlet: 322 cm-I 
(benzene solution). 

TABLE I1 
VIBRATIONAL FREQUENCIES (cM-~) FOR M (acac)aX COMPLEXES" 

-Zr(acac)aCl- --Zr(acac)sBr-- Zr(acac)aI -----Hf(acac)aCl- ----Hf(acac)sBr-- Predominant 
I r  Raman I r  Raman I r  I r  Raman I r  Raman modeb 

1581 vs, she d -1580 d . . .  1579 d 1574 d us(C-0) 
1568 vs d 1566 d 1562 1570 d 1565 d 
1532 vs 1534 1533 1533 1532 vss(C  ' C) 
1428 s 1428 1429 1429 1430 CHa deg def 

va4(CXO) 1381 s 1381 1380 1387 1386 
1360 s 1369s ,sp ,pc  1362 1370 1360 1361 1370 1361 1370 CH3 sym def 

1186 w d 1185 d 1185 1188 d 1188 d 8(C-H) 
1028 s -1028' w 1027 1028 1029 -1030* 1029 CHI  rock 

1283 s 1292vs, sp ,p  1283 1292 1285 1287 1293 1287 1291 v , ( C ~ C )  

947 sh -9456 w 948 947 - 9 5 0  -950' -950 v(C-CHs) 
934 m 934 934 937 938 
788 m 788 790 790 791 a(C-H) 
660 m 668 m, p 660 670 662 663 6 7 1 m , b , p  663 673 m, b, p v ( M - 0 )  f G(C-CH3) 

563 w -560 w 561 563 564 564 563 rr(ring) ? 
540 m 540 541 542 543 
449 sh 448 s, SP, P 449 449 452 454 452 454 w 452 vs(M-0) 
432 s 431 sh 434 -430 438 432 433 433 -430 vas(M-0) 
314 s . . .  . . .  293 -296 vw ... u(M-Cl) 
314 s 314 314 262 -258 vw 262 v(M-0)  

or 6 (ring) 

... 298 s 296s 250s , sh  249 s ,  sh 

... 164 w . . .  . . .  166 m v(M-Br) 
-263 sh 262 -260 243 s, sh 

. . .  ... 9 3 f w  . . .  . . .  v(M-I) 

These notes are the same as in Table I except that the concentration of solutions for Raman spectra was ca. 30 g/100 ml. Fre- 
quency somewhat uncertain due to partial solvent interference. f Nujol mull. 

Calibration of the frequency scale was checked using the 606- Results 
Infrared and Raman frequencies for the M (acac),- and 1178-crn-' benzene lines; reported frequencies for the strong, 

sharp lines should be accurate to 1 3  cm-'. Polaroid cylinders, 
which surrounded the Raman tube, were employed in order to 
identify the state of polarization of the Raman lines. Tables I, 11, and 111, respectively. The infrared 

yielded excellent Raman spectra. Solutions of the monohalides 

xzs M(acac)3X1 and M(acac)4 are listed in 

The tetrakisacetylacetonates gave colorless solutions and frequencies below 320 cm-1 and all Raman frequencies 

(10) Although the color increased with time, due to  thermal and/or 
photochemical decomposition, solutions of the pure compounds are probably 
slightly yellow since the color could not be completely removed either by 
repeated recrystallization of the solids or bv treatment of the solutions with 

and dihalides were slightly yellow,10 and consequently only the 
stronger Raman lines could be observed. s~~~~~~~~ of Zr(acac)sI 
were appreciably Yellow; in this case, no Raman scattering could 
be detected. dry, activated carbon. 
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TABLE 111 
VIBRATIONAL FREQCENCIES (cM-~) FOR M(acac)d COMPLEXES~ 

y Z r ( a c a c ) * -  r 

Ir Raman 
1591 vsc d 
1524 vs 1528 w 

-1450 sh 
1397 
1367 s 
1279 s 
1188 m d 
1024 s ~ 1 0 2 7 ~  m 

-949 sh -945' m 
933 s 
767 s 772 w 

1366 s, sp, pc 
1281 vs, sp, p 

d 661 m, b, p 
664 w 
538 m 535 w 

. . .  441 s, SP, P 

563 m,  sp, dp 

421 s 416 m, b 
301 s -300 w, b 
277 sh 
251 sh 

Hf (acac)4-- 
Ir Raman 
1592 d 
1629 1528 

-1450 
1397 
1366 1367 
1277 1283 
1187 d 
1025 ~ 1 0 2 6 ~  

-947 -94se 
933 
775 771 

670 m, p 
~ 6 5 5 ~  s 660 sh, p 

567 564 
541 637 
... 446 

422 417 m, dp 
267sh -277 
263 s 
233 s -240 w, b 

Ce(acac)a 
Ir 

1677 
1517 
1437 
1390 
1362 
1267 
1187 
1020 
943 m 
924 
770 

647e s 
560 
623 . . .  
400 
262 

-239 

-- T h(acac) 4--- 
Ir Raman 

1681 d 
1521 
1446 
1395 
1363 1364 
1267 1271 
1188 d 
1019 -10218 
942 m -9446 
924 
771 

646' s 656 m,  p 
560 562 
523 -520 
. . .  424 

406 sh 
398 397 m, d p  
222 

-242 w,  b 

Predominant modeb 
Y S ( C ~ 0 )  
vaa(C'LC) 
CH3 deg def 
vas ( C L  0) 
CH3 syxn def 
Y 9 ( C 2 C )  
6(C-H) 
CK3 rock 
Y (C-CHa) 

r(C-H) 

v ( M - 0 )  4- G(C-CH3) or 6 (ring) 
rr(ring)? 

Y b  (hZ-0) 

~aa (M-0)  
%(R'J--O) 

a Infrared and Raman frequencies refer to benzene solutions; concentration, 9 g/100 ml for infrared spectra except for the 1500- 
l i s C s d  These notes are the 1€100-cm-~ region where concentration was ca. 1 g/100 ml; concentration, ca. 25 g/100 ml for Raman spectra. 

same as in Table I. e Frequency somewhat uncertain owing to partial solvent interference. 

were measured using benzene solutions. -4bove 320 
cm-l, the infrared frequencies for the dihalides and 
monohalides (Tables I and 11) refer to dichloromethane 
solutions ; those for the M (acac), complexes (Table 111) 
refer to benzene solutions. The infrared spectrum of 
Hf(acac)e in the region 4000-250 cm-l was obtained 
in both benzene and dichloromethane, and vibrational 
frequencies in the two solvents were found to agree 
within + 2  cm-'. 

With the exception of carbon-hydrogen stretching 
bands near 3000 cm-l, no infrared bands were found 
above 1600 cm-l. The C-H stretching bands are 
not of interest in the present work, and their frequencies 
have been excluded from the tables. In  all cases, the 
3000-3500-~m-~ region was carefully examined in order 
to verify that no water or hydroxyl groups were present. 

For most of the complexes, infrared spectra of the 
solids were also recorded using the Nujol mull technique. 
I n  general, bands in the mull spectra above 250 cm-l 
were only slightly shifted in frequency relative to  the 
solution spectra. One prominent exception was the 
C-H out-of-plane bending mode near 790 cm-'; 
in mulls, this band was split by 5-30 cm-l into a 
doublet or triplet. Evidently in the solids the CH 
protons occupy two or more nonequivalent sites. 

The low-frequency regions of the infrared spectra 
are presented in Figures 1-3. 

Discussion 
Infrared spectra of metal acetylacetonates have 

been studied by many investigators. The most com- 
plete band assignments have been based on normal 
coordinate treatments, 11-16 and in some cases these 

(11) K. Sakamoto and A. E. Xartell,  J .  Chem. Phys., 32, 588 (1960). 
(12) K. Nakamoto, P. J. McCarthy, A. Ruby, and A. E. Martell, J .  A m .  

Chem. Soc., 83, 1066 (1961). 
(13) K. Xakamoto, P. J. McCarthy, and A. E. Martell, i b i d . ,  83, 1272 

(1961). 
(14) G. T. Behnke and K. Nakamoto, Inoug.  Chem., 6, 433 (1967). 
(16) M. M. hlikami, I. h-akagawa, and T. Shimanouchi, Spectrochim. 

Acta. Sed .  A ,  23, 1037 (1967). 

L A  
0 400 3 :  

FREQUENCY, crn-' 

Figure 1 .-Low-frequency inrrared spectra of LI (i?ciic)q corn- 
plexes in benzene solution. 

assignments have been substantiated by studies of 
deuterium isotope  shift^'^^^^ and infrared dichroism.15 
Raman spectra have been less extensively investigated ; 
however, Raman studies have been reported for a few 
acetylacetonate complexes.16-'9 

Assignments. 1600-500-Cm-1 Region.-Assign- 
ments given in this paper for the 1600-5OO-~ni-~ 

(16) R. E. Hester and R. A. Plane, Inovg.  Chem., 3, 513 (1964). 
(17) Y. Kawasaki, T. Tanaka, and R. Okawara, Bull. Chern. Soc. JaQan,  

(18) M. M. McGrady and R. S. Tobias, J .  Am.  C h n .  Soc., 87, l 9 O B  

(19) J W. Faller and A. Davison, Inorg. Chenz., 6, 182 (1967). 

37, 903 (1964). 

(1965). 
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FREOUENCY, em-' 

Figure 2.-Low-frequency infrared spectra of Hf (acac)pXz, 
Hf(acac)sX, and Hf(acac)c complexes in solution; the solvent is 
benzene except for the 500-250-cm-1 region (left panel) of 
Hf(acac)*X* and Hf(acac)rX spectra where the solvent is di- 
chloromethane. The broken line gives the spectrum of solid 
Hf(acac)&l* in a Nujol mull. 

region (Tables 1-111) are based on those reported by 
Behnke and Nakamoto in their recent study of Pt- 
(acac) Clz-, Pt(acac)a, and the corresponding deuter- 
ated analogs. l4 

Infrared spectra of the M(acac)zXz, M(acac)SX, 
and M (acac)4 complexes in the chelating carbonyl 
stretching region (1300-1GOO cm-l) are generally similar 
to spectra of other metal acetylacetonate chelates. 1 2 , 1 3  

No bands were observed in the lG00-1750-~rn-~ region 
where ketonic carbonyl modes have been reported for 
the keto form of acetylacetoneZ0 and y-carbon-bonded 
acetylacetonates of platinum(I1) .21-24 Therefore, all 
carbonyl groups are coordinated. Chelation by all 
acetylacetonate ligands, together with the results of 
molecular weight and conductance experiments, im- 
plies that  the M(acac)zXz, M(acac)SX, and M(acac), 
complexes are, respectively, six-, seven-, and eight- 
coordinate in solution. The seven-coordinate nature 
of the monohalides is further confirmed by observation 
of metal-halogen stretching frequencies (see below). 

The data in Table I11 show that vibrational fre- 
quencies for the M ( a c a ~ ) ~  complexes in the 1600- 
500-cm-' region vary only slightly with changing mass 
of the metal. Little mass dependence is consistent 
with assignment of these vibrations to modes which 
involve primarily motion of the ligand atoms. 

Comparison of the data in Tables 1-111 indicates that, 
(20) (a) R. Mecke and E. Funck, 2. Eleklrochem., 60, 1124 (1956); 

(b) R. Bratoz, D. Hadzi, and G. Rossmy, Trans. Faraday Soc., 62, 464 
(1956). 

(21) B. N. Figgis, J. Lewis, R.  F. Long, R. Mason, R.  S. Nyholm, P. J. 
Pauling, and G .  B.  Robertson, Natuve, 196, 1278 (1962). 

(22) R.  A. D. Wentworth and C. H. Brubaker, l novg .  Chem., 8 ,  1472 
(1964). 

(23) J. Lewis, R.  F. Long, and C. Oldham, J .  Chem. Soc., 6740 (1965). 
(24) G. T. Behnke and K. Nakamoto, Inovg. Chem., 6,  440 (1967). 

500 400 300 0 
FREQUENCY, em-'  

Figure 3.-I,ow-frequency infrared spectra of Zr(acac)?Xs, 
Zr(acac)sX, and Zr(acac)4 complexes in solution; the solvent is 
benzene except for the 500-250-~m-~ region (left panel) of 
Zr(acac)sXZ and Zr(acac)sX spectra where the solvent is dichloro- 
methane. The broken line gives the spectrum of solid Zr(acac)zClg 
in a Nujol mull, and the dot-dash line gives the spectrum of 
Zr(acac)sBr in a more concentrated benzene solution (20 g/100 
ml). 

with few exceptions, vibrational frequencies in the 
1600-500-~m-~ region are nearly independent of the 
coordination number of the metal. The most promi- 
nent exception is the lower frequency carbonyl stretching 
band (due to asymmetric stretching in a Cev one-ring 
modelL4), which shifts from ca. 1337 to 1383 to 1397 
cm-l as the coordination number increases from six to 
seven to eight. Carbonyl stretching vibrations in the 
1550-1GOO-~rn-~ region show parallel but less dramatic 
shifts to higher frequency with increasing coordination 
number. As the coordination number increases, one 
expects the metal-ligand bond distances to increase, 
thus decreasing the M-0 bond strength and increasing 
the CL-0 bond strength. The observed carbonyl 
frequency shifts are in accord with this expectation and 
will be seen to be paralleled by corresponding shifts 
in certain of the metal-oxygen stretching frequencies. 

It is interesting to note that Nakamoto's earlier 
assignmentsll -13 would identify the bands sensitive to 
coordination number as C-C stretching and methyl 
degenerate deformation, whereas the more recent 
assignments14 identify these bands with C-0 stretch- 
ing. Thus, the more recent assignments are indi- 
rectly confirmed in the present work. 

An additional feature of the carbonyl region which 
depends on coordination number is the number 
of bands between 1550 and 1600 cm-'. The M(acac)4 
complexes show a single band; the monohalides, a 
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band which has a high-frequency shoulder; and the 
dihalides, a clearly resolved doublet. The origin of 
this splitting is not clear, although i t  could result from 
coupling through the metal atom of the C-0 vi- 
brations of different chelate rings. 

The only other infrared band above 500 cm-I 
which is appreciably sensitive to coordination number 
is the band assigned to C-H out-of-plane bending. 
This band appears at cn. 800, 790, and 770 cm-l, re- 
spectively, in spectra of the six-, seven-, and eight- 
coordinate complexes. 

The strongest lines in the Raman spectra are located 
near 1370 and 1290 cm-'. These are assigned, re- 
spectively, to the symmetric methyl deformation and 
the symmetric C-C stretching modes ; consistent 
with this assignment, both lines are polarized. 

500-70-Cm-l Region.-This is the region in which 
one expects to observe vibrational modes involving 
appreciable amounts of metal-oxygen and metal- 
halogen stretching. 

Assignment of Metal-Oxygen Stretching Modes.- 
Nakamoto and coworkers have demonstrated that a 
nearly pure M-0 stretching band occurs in the 400- 
500-cm-1 region of infrared spectra of various metal 
acetylacetonates ;11-13 a metal-sensitive band in this 
region has also been reported by others.1bs26-28 A 
second &I-0 stretching frequency has been assigned 
to a very strong infrared band in the 200-400-~m-~ 
r e g i ~ n . l ~ , ~ ~  The frequency of this band appears to be 
even more metal dependent than that of the 400-500- 
cm-I band. Still another 21-0 stretching vibration, 
a totally symmetric, infrared-inactive mode, has been 
identified as a strong polarized line in the 400-600- 
cm-l region of Raman spectra of certain metal acetyl- 
acetonates. 16, l8 

Infrared spectra of the YI(acac)4 complexes (Figure 
1 and Table 111) reveal an intense band in the 398-422- 
cm-I region and a second, very strong band in the 222- 
301-cm-l region. The lower frequency band is broad, 
and, in some cases, it  has one or two shoulders. Both of 
these bands, especially the lower frequency bands, 
are metal sensitive, generally shifting to lower frequency 
with increasing mass of the metal. In accord with 
previous assignments for other metal acetylacetonates, 
the 398-422- and 222-301-cm-l bands are assigned to 
modes which are predominantly 111-0 stretching. As- 
suming that the eight-coordinate complexes have a 
square antiprismatic structure in solution, these modes 
must be asymmetric (species B1, B2, or B3 of the point 
group Ds) since the totally symmetric X - 0  stretching 
modes are infrared inactive. 

In  Raman spectra of the M(acac)l complexes (Table 
111) two lines are observed in the 400-500-~m-~ 

( 2 5 )  A. Forman and L. E. Orgel, M o l .  Phys., 2,  362 (1959). 
(26) C. Djordjevic, Spectvockim.  A c t a ,  17, 448 (1961). 
( 2 7 )  R. D. Gillard, H. G. Silver, and J. L. Wood, ib id . ,  20, 63 (1964). 
(28) Y .  Kawasaki, T. Tanaka, and R. Okawara, ibid., 22, 1571 (1966). 
(29) The coordination geometry of the hI(acac)L complexes in the solid 

state has been reported to  be based on a squnre antiprism: see J. V. Silver- 
ton and 5. L. Hoard, Inovg. C h e m . ,  2, 243 (1963); B. Matkovii: and D. 
GrdeniC, A c t a  Cuyst. ,  16, 456 (1963); D. GrdeniC and B. Xatkovi t ,  S a t z w e ,  
182, 465 (1968). 

region. The 398-422-cm-l M-0 stretching vibra- 
tion is seen as a depolarized line of medium intensity. 
A strong, sharp line is observed a t  25-30 cm-' above 
the depolarized line; the strong line, which is polarized 
and metal sensitive, is assigned to an infrared-inactive, 
totally symmetric 1,I-O stretching mode. 

Infrared and Raman spectra of the ILI(acac)nXz and 
M(acacj3X complexes (Figures 2 and 3;  Tables I 
and 11) reveal M - 0  stretching modes in the same gen- 
eral region as found for the M(acac)4 complexes. A 
totally symmetric mode appears in the 448-463-cm-' 
region as a weak to medium intensity band (or shoulder) 
in the infrared spectra and as a strong, polarized line 
in the Raman spectra. An asymmetric M-0 stretch- 
ing mode is observed a t  slightly lower frequencies 
(430-450 cm-l) with the reverse relative intensities, 
i . e . ,  very strong in the infrared but Tyith only medium 
intensity in the Raman spectra. All of the M(acacj2X2 
and M(acac)3X complexes exhibit two or three metal- 
sensitive infrared bands in the 243-314-~m-~ region, 
where we have earlier assigned broad absorption for 
the corresponding M(acac)4 complexes to M-0 stretch- 
ing. Although some of these bands could be due to 
ring deformations, the stronger ones, a t  least, are 
tentatively assigned to 11-0 stretching. In  any 
case none of the bands in the 243-314-cm-I region, 
except the 293-cm-l band of Hf(acac)3C1 (see below), 
can be uniquely assigned to metal-halogen stretching, 
since the vibrational frequencies are relatively inde- 
pendent of the halogen. 

Average frequencies for the M-0 stretching vi- 
brations are summarized in Table IV in order to show 
how the frequencies depend on coordination number. 
The bands in the lower energy range exhibit no ob- 
vious systematic trend, but the two 400-500-cni-' 
bands clearly shift to lower frequency with increasing 
coordination number. As was mentioned earlier, this 
shift, which is paralleled by an increase in the carbonyl 
frequencies, can be rationalized in terms of the ex- 
pected increase in the nl-0 bond distances as the co- 
ordination number changes from six to seven to eight. 

Assignment of Metal-Halogen Stretching Modes.-- 
Zirconium-halogen and hafnium-halogen stretching 
vibrations are expected in the region below 360 c1n-l. 
The infrared-active AI-X stretching mode, v3(Tlu) ,  in 
iLIXe2- anions has been observed a t  293-295,30-32 
273,31 and -5200 cm-1,32 respectively, for ZrC16*-, 
HfC162-, and ZrBrG2-. In spectra of metal tetrahalide 
addition compounds with various organic bases, M-X 
stretching frequencies have been assigned to bands in 
the regions 276-361 (Zr-Cl), 273-347 (Hf-Cl), and 
5 2 7 0  cm-I (Zr-Br).33-36 

Comparison of the spectra in Figure 2 indicates 
(30) D. M. Adams, J. Chatt ,  J. >I, Davidson, and J. Geri-att, J .  Ckenz. 

(31) K. J. H. Clark and W. Errington, ibid., Sect. A .  258 (1467). 
(32) R. A. Walton and B. J. Brisdon, Sjxclrochim.  A c t a ,  Sect. A ,  23, 

(33 )  I. R. Beattie and If. Webster, J .  C k e m .  Soc., 3507 (1964). 
(34) R. J. 11. Clark, Spectrochi?n. Acta,  21, 965 (1965). 
(33) T. C. Ray and A. D. Westland, Inovg .  Chem., 4, 1501 (146.5). 
(36) I. Douek, 31. J. Frazer, 2. Goffer, M. Goldstein, B. Rimmer, and 

Soc., 2189 (1963). 

2222 (1967). 

H. A. Willis, Speclrochim. A c t a ,  Sect. A ,  23, 373 (1967). 
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TABLE I V  
AVERAGE METAL-OXYGEN STRETCHING FREQUENCIES (cM-~) 

,----va(M-O)- - u a S ( M - O ) ~  v ( M - 0 )  
Compound I r  Raman Ir Raman Ir (range) 

Zr(acac)zXz" 460 459 450 ~ 4 5 0  248-304 
Zr(acac)oX 450 449 435 -433 260-314 
Zr(acac)r . . . 441 421 416 251-301 
Hf(acac)zXz 463 461 447 -445 250-268 
Hf(acac),X 454 452 433 432 243-262 
Hf (acac)r , . , 446 422 417 233-267 

Q X = C1 and Br except for Zr(acac)3X where X = C1, Br, 
and I. 

that  assignment of hafnium-halogen stretching modes 
in the halo(acety1acetonato) complexes is relatively 
unambiguous. The dichloride gives a strong band 
centered a t  322 cm-I in benzene solution (doublet a t  
322 and 313 cm-I in dichloromethane solution; doublet 
a t  318 and 305 cm-l in Nujol mull) which is not present 
in the spectrum of the dibromide. The dibromide 
shows a unique, strong band a t  207 cm-l. The 
322 and 207-cm-' bands are assigned, respectively, to 
the Hf-C1 and Hf-Br stretching modes of Hf (acac)ZXz ; 
these modes appear in the Raman spectra as polarized 
lines of medium intensity. 

Similarly, unique bands a t  293 and 166 cm-l in 
spectra of the monohalides (Figure 2) may be as- 
signed, respectively, to the Hf-C1 and Hf-Br stretching 
modes of Hf(acac)BX. In the Raman spectrum of 
Hf(acac)BCl a very weak band is observed a t  ca. 296 
crn-I (intensity ca. 30 times less than that of the v, 
(M-0) band a t  452 cm-l); however, we have been 
unable to detect a line due to M-X stretching in 
Raman spectra of the other M(acac)gX complexes. 

The Zr-X stretching modes should occur a t  fre- 
quencies which are similar to, though perhaps slightly 
larger than, those found for the Hf-X modes. The 
intense infrared band a t  336 cm-l in the solution 
spectrum of Zr(acac),Clz (cf. Figure 3) is assigned to 
the Zr-C1 stretching modes; in mull spectra of the solid, 
this band is split into a doublet (335 and 325 cm-I), 
and in the Raman spectrum it appears as a polarized 
line a t  338 cm-I. The dibromozirconium compound 
exhibits medium-intensity infrared bands at  248 and 
213 cm-I. Two reasons are cited for assigning the 
latter rather than the former band to Zr-Br stretching. 
First, like M-X stretching vibrations of the other M- 
(acac)2Xz complexes, the 213-cm-1 vibration gives a 
polarized line in the Raman spectrum; however, the 
248-cm-l vibration is not observed in the Raman 
spectrum. Second, the ratio v(Hf-Br)/v(Zr-Br) co- 
incides with the ratio v(Hf-X)/v(Zr-X) characteristic 
of the other M(acac)zXz and M(acac)gX complexes 
for the 213-, but not for the 248-cm-1 assignment. 
The 248-cm-1 band is tentatively identified with the 
band near 260 cm-I in spectra of the other zirconium 
complexes, but its greater intensity is not understood. 

The Zr-C1 stretching frequency in Zr(acac)aCl is 
expected below v(Zr-Cl) of Zr(acac)zClz (336 cm-l) 
but above v(Hf-Cl) of Hf(acac)gCl (293 cm-l). Only 
one band is present in this region (Figure 3), a very 

strong band a t  314 cm-', previously assigned to a Zr-0 
stretching mode. It must be assumed in this case 
that the Zr-0 and Zr-C1 frequencies are nearly coinci- 
dent. The Zr-Br stretching vibration in Zr(acac)aBr 
gives a weak band a t  164 cm-l, but, because of the 
limited solubility of Zr(acac)d, the corresponding Zr-I 
stretching mode is not observed in solution spectra. 
However, a weak band is clearly present a t  93 cm-l in 
the Nujol mull spectrum of the solid monoiodide. This 
band is not present in mull spectra of Zr(acac)SCl or 
Zr(acac)sBr, and i t  is therefore tentatively assigned to 
the Zr-I stretching mode. 

The metal-halogen stretching frequencies are sum- 
marized in Table V. It is apparent that  frequencies 
for analogous zirconium and hafnium complexes are 
very similar; v(Hf-X)/v(Zr-X) = 0.97 f 0.03. The 
ratio of v(M-X) for the seven-coordinate complexes to  
v(M-X) for the six-coordinate complexes is 0.92 * 
0.01 for X = C1 and 0.79 =t 0.02 for X = Br. Thus, 
the metal-halogen stretching force constant decreases 
with increasing coordination number (presumably 
owing to an increase in the M-X bond lengthg4), and 
the decrease is greater in the case of the bulkier hal- 
ogen. It is interesting to note that metal-chlorine 
stretching frequencies for the eight-coordinate adducts 
of zirconium(1V) chloride and hafnium(1V) chloride 
with o-phenylenebisdimethylarsine, 34 -MC14.2diars, are 
even lower than those for the seven-coordinate M(acac)g- 
C1 complexes. The ratio v(N-Br) /v(M-Cl) found 
in this work is 0.64 i 0.01 for the six-coordinate di- 
halides and 0.55 =t 0.03 for the seven-coordinate 
monohalides. 

TABLE V 
METAL-HALOGEX STRETCHIXG FREQUENCIES~ 

Compound- 7 

Stretching mode M (acac) 2x2 M(acac)aX 

Zr-Cl 336& 314 
Hf-Cl 322 293 
Zr-Br 213 164 
Hf-Br 207 166 
Zr-I . . .  93" 

a Frequencies (cm-l) refer to benzene solutions unless indi- 
cated otherwise. Dichloromethane solution. Nujol mull. 

In  the foregoing discussion, several features of the 
infrared spectra have been mentioned which distinguish 
the six- and seven-coordinate complexes, viz . ,  the 
frequency and resolution of the carbonyl stretching 
bands and the frequency of the M-0 and M-X stretch- 
ing bands. An equally striking difference (cf. 
Figures 2 and 3) is the characteristic, sharp band of 
medium intensity a t  410 cm-1 in spectra of the di- 
halides, which is completely absent in spectra of the 
monohalides. 

Stereochemistry.-The possible cis and trans struc- 
tures for M (acac)zXz complexes can be distinguished on 
the basis of their different infrared and Raman selection 
rules. All vibrational modes of the cis isomer (point 
group C,) are allowed in both infrared and Raman 
spectra, but, for the centrosymmetric trans isomer, 
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infrared-active modes are Raman inactive, and vice 
versa. The coincidence of bands in the infrared and 
Raman spectra (Table I), especially those in the low- 
frequency region which have been assigned to M-0 and 
M-X stretching modes, indicates that  the M ( a ~ a c ) ~ X ~  
complexes exist in solution as the cis isomer. The 
cis structure was suggested for the zirconium and haf- 
nium complexes by nmr chemical shift data, and this 
stereochemistry has been  ell established for the 
analogous 35 and tin19,39-41 compounds. 

Infrared and Raman spectra of the cis isomers 
should show two 31-X stretching vibrations-a 
symmetric, Raman-polarized mode and an asymmetric 

(37) R. C. Fay and R. X. Lowry, Inovg. Nztcl. C h m .  L P ~ ~ c ~ s ,  3, 117 
(1967). 
(38) I<. C. Fay and I<. iY. Lowry, I m v g .  Chew. ,  6, 1612 (1967). 
(39) J. A. S.  Smith and E. J. Wilkins, C h m .  Com7nziiz., 381 (lq6.5). 
(40) J. A. S. Smith and E. J. Wilkins, J.  Chern. Soc., Sect. A ,  1749 (1966). 
(41) W. H. h-elson, Inovg. Cheni., 6 ,  1609 (1967). 

mode. In spectra of the M ( a c a ~ ) ~ X ~  complexes the 
single, rather broad M-X stretching band is generally 
not resolved. Only in infrared spectra of the solid 
dichlorides and of Hf (acac)& in dichloromethane were 
two M-X bands observed, and even in these cases the 
frequency separation between the symmetric and asym- 
metric components was only ca. 10 cm-I. Similar 
small-frequency separations and lack of resolution 
have been reported in infrared studies of other cis- 
dihalometal acetylacetonates. 19,36, 37 

Infrared and Raman spectra afford no clue to the 
stereochemistry of the seven-coordinate M (acac)3X 
complexes because of the low symmetry of the pos- 
sible geometrical isomers. 
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Electron-Transfer Rate Studies of a Number of Cobalt(I1)-Cobalt(II1) Systems 
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The kinetics have been studied of the oxidation of Co(terpy)22+ by a series of cobalt(II1 j oxidants, C o ( b i p ~ ) , ( H , 0 ) 6 - 2 ~ ~ ~ ~  and 
Co(phen),(HaO)~-2,~+, n = 0-3, as well as the reaction of Co(py)dC12+ with a series of cobalt(1I) reductants, Co(phen)S2+, 
Co(bipy)3z’, and Co(terpy)22C. The effect of (a) free energy drive, (b) aquo compared with hydroxo species, and (c) elec- 
tronic configuration on the rates of these outer-sphere reactions could therefore be assessed. The reaction rate constant for 
the redox reaction between C r ( b i p y ) P  and Cr(terpy)e3+ exceeded 3 X lo6 M-* sec-1. 

Introduction 
Outer-sphere redox reactions do not involve bond 

cleavage during electron transfer and attention has been 
mainly focused on these types of reactions by the 
theoreticians. In the present work we have investi- 
gated the kinetics of oxidation of a common reductant, 
Co(terpy)22+, by a series of cobalt(II1) oxidants, 
C0(bipy).(H20)6-2,~+ and C o ( p h e n ) , ( H ? O ) ~ ~ ~ + ,  n = 
0-3, as well as Co(tmp)a3+, tmp = 3,5,6&tetramethyl- 
1,lO-phenanthroline. We have also studied the re- 
action of a common oxidant, Co(py)&ln+, by a series 
of cobalt(I1) reductants, Co(phen) 32  +, Co (bipy)2 +, 
and Co(terpy)22f. This allows us to  examine in a 
systematic way the effect of (a) free energy drive, (b) 
the relative reactivity of aquo and hydroxo species, 
and (c) electronic configuration, specifically low- and 
high-spin cobalt(II), on the rates of outer-sphere re- 
actions. These systems were chosen because we have 
useful information on the kinetics of isotopic exchange2 
among Co (phen) 32 +-Co (phen) 33 +, Co (bipy) 32 +-Co (bi- 

(I) For recent accounts and literature see W. L. Reynolds and R. W. 
Lumry, “Mechanisms of Electron Transfer,” Ronald Press Co., X e w  York, 
N. Y., 1966; F. Basolo and R. G .  Pearson, “Mechanisms of Inorganic Re- 
actions,” 2nd ed, John Wiley and Sons, Inc., New York, N. Y., 1967, p 454. 

py)a3+, and Co (ter~y)2~+-Co(terpy),~+ and the lability 
in neutral and acid media of the cobalt (11) complexe~,~ 
both important for interpretive purposes. 

Experimental Section 
Materials.-Crude 2,2’-bipyridine was a gift from Imperial 

Chemical Industries Ltd., through the courtesy of Dr. A. Jubb. 
I t  was purified by heating in z’acuo at 130” and recrystallizing 
the sublimate from absolute ethanol. Other chemicals used were 
commercial products. A number of solid complexes were pre- 
pared by literature methods and characterized by their spectra. 
These included (references refer to preparation and spectra, 
respectively) Co(bipy)J( C101)3.3H20,4*5 Co(phen)s( ClO&. 
2H20,286 Co(terpy)n( C10&.HZ0,2~7 cis- and tmns-Co( bipy),Clr. 

(2) (a) B. R. Baker, F. Basolo, and H. 31, Neumann, J. Phys. Chem.,  63, 
371 (1959). (b) H. X. Neumann, private communication, has completed 
an extensive investigation of the Co(bipp)32&-Co(bipy)aaA and Co(phen)a*+- 
Co(phen)aB+ systems using optically active cobalt(II1) complexes. Values 
for AH* (7.7 and 5.1 kcal mole-!) and A S *  (-27 and -34 eu) were deter- 
mined in 0.1 M KNOa. 

(3) R. H. Holyer, C. D. Hubbard, S. F. A. Kettle, and R. G .  Wilkins, 
I n o u g .  Chem., 4, 929 (1965); 5, 622 (1966); R. Farina, R. Hogg, and R. G .  
Wilkins, ibid., T ,  170 (1968). 
(4) F. H. Burstall and R. S. Npholm, J .  Chem. Soc., 3570 (1952). 
(5) B. Martin and G. hZ. Waind, ib id . ,  4284 (1958). 
(6) G .  Favini and E. Paglia, J. Inovg. S z d  Chem. .  8, 155 (1958). 
(7):Spectral peaks a t  338 mu (I 2.1 X loa), 278 rn& (a 4.6 X 104), and 

210-220 mp!(r 6-9 X 104). 


