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The syntheses and spectra of some nickel(I1) perchlorate and chromium(II1) perchlorate complexes of a series of lactams of 
.C=O! 

general formula (H2CIn I 

oxygen-coordinated complexes. 
5 N 4 > 3. This order is compared to other data on ring size effects 
served for some fully substituted amides,2 is found to exist between the coordinated lactams. 
study confirm many of the conclusions drawn in the study of the amide complexes. 

are described. The ligand field parameters Dq and p are calculated for the octahedral, 

When R is hydrogen and n = 3, 4, or 5,  the spectrochemical order toward nickel( 11) is 
When R is methyl, a steric effect, previously ob- 

The data obtained in this 

L - R  - 

Introduction 
The donor properties of amides of general formula 

RC(0)NRz have been extensively studied. Invariably 
it has been found that oxygen is the principal donor site, 
and the oxygen is a better donor than is the carbonyl 
oxygen of acetone. This has been attributed3 to de- 
localization of the nonbonding electron pair on the 
nitrogen into a 7i.-molecular orbital involving oxygen, 
carbon, and nitrogen. The inductive effect of the R 
substituent in the amides is manifested by the follow- 
ing order of donor strengths toward phenol2: HC(0)- 
NHCH3 - CH3C(O)NHz < CH3C(O)NHCH3 - 
HC(O)N(CH,)z < HC(O)N(CzHs)z < CH3C(O)N- 
(CH3)Z. 

The preparation and spectral properties of a series of 
nickel(I1) perchlorate and chromium(II1) perchlorate 
complexes of these amides have been reported.2 The 
following order indicates the arrangement of these 
amides in the spectrochemical series : HC(O)N(CH3)2 

>> CH3CON(CH3)2 > CH3C(0)NHCH3. It was pro- 
posed that when both the carbonyl carbon and the 
nitrogen contained an alkyl substituent, a steric effect 
exists between coordinated amides causing Dp to de- 
crease. This accounts for the division of the above 
amides into two groups which are separated by a 
significant amount. The inductive effects of the sub- 
stituents can be detected within each of the groups. 

> HC(O)NHCH, - HC(O)N(CzH5)2 > CHsC(0)NHz 

The series of lactams of general formula 

,c=o: 

\N-R - 
(CHz), 1 

can be studied to provide support for the above inter- 
pretations and also to provide information regarding 
the effect of ring size on the oxygen donor properties of 
the lactarns. 

(1) Postdoctoral National Institutes of Health Fellow, Division of 

(2) R. S. Drago, D. W. Meek, 11. D. Joesten, and L. LaRoche, Inaug. 

(3) For a summary of the literature see R.  L. Middaugh, R. S D r a w ,  

General Medical Sciences, 1963-1964. 

C h e w . ,  2, 124 (1963). 

and R.  S .  Niedzielski. J .  Am. Chrm. Sac., 86, 388 (1964). 

Experimental 
Preparation.-The Ni( 11) lactam complexes were prepared by 

the following procedure. The aquated nickel perchlorate mas 
dehydrated with a 100yo excess of 2,2-dimethoxypropane ( DMP)4 
by stirring for 18 hr. a t  room temperature. The resulting rust- 
colored solution then was treated with a 15-fold mole ratio of 
the lactam which was dissolved in DMP. A large quantity of 
dry diethyl ether was added, thus precipitating the product. 
The crystalline product was collected, washed with several 
portions of dry ether, and dried by pumping a t  1 mm. pressure. 
The unsubstituted lactam complexes formed fine, light green 
crystals. The N-methyl lactam complexes formed poorly de- 
fined, light yellow crystals, which were hygroscopic. The nickel 
complexes of the N-methyl lactams could only be handled in a 
drybox. 

These abbreviations have been employed for the various lac- 
tams: BuL for y-butyrolactam ( n  = 3), NMBuL for N-methyl- 
y-butyrolactam, S‘aL for 8-valerolactam ( n  = 4), NMVal for 
i\j-methpl-6-valerolactam, CaL for e-caprolactam ( n  = 5), and 
NMCaL for N-methyl-e-caprolactam. 

Anal. Calcd. for [Ni(BuL)~](c10&: C, 37.51; H, 5.51; 
N, 10.94. Found: C, 37.52; H, 5.62; N, 10.88. 

Anal. Calcd. for [Ni(Nh!fBuL)~](Cl04)2: C, 42.27; H, 6.38; 
X,9.8. Found: C,42.25; H,6.39; N,9.84. 

Anal. Calcd. for [Ni(VaL)~](Cl04)2: C, 42.27; H, 6.38; 
K, 9.82. Found: C, 42.28; H, 6.39; N, 9.56. 

Anal. Calcd. for [Ni(NMVal)s](C104)2: C, 46.17; H, 7.10; 
N, 8.96. Found: C, 46.28; H, 7.26; K, 8.82. 

Anal. Calcd. for [Xi(CaL)e](ClOa)a: C, 46.17; H, 7.10; 
S ,  8.96. Found: C, 46.28; H, 7.21; N, 8.92. 

Anal. Calcd. for [Ni(iXMCaL)s](C104)2: c ,  49.40; €3, 7.70; 
S,  8.23. Found: C, 49.12; H, 7.92; 9, 7.91. 

The Cr(II1) lactam complexes were prepared by the method 
reported by Madan and Denk for hexakis( e-capro1actam)chro- 
mium(II1) perchlorate, [Cr(CaL)c] The following com- 
pounds are reported for the first time: 

Anal. Calcd. for [Cr(BuL)~](C104)3: c ,  33.30; H, 4.86; 
N, 9.72; Clod-, 34.60 Found: C,33.42; H, 4.90; N, 9.86; 

Anal. Calcd. for [Cr(NMBuL)o](C104)3: C, 38.10; H,  
5.73; S’, 8.90; C104-, 31.70. Found: C,38.40; H, 5.79; S, 

Anal. Calcd. for [Cr(VaL)e](C104)3: C, 38.10; H, 5.73; 
N, 8.90; C104-, 31.70. Found: C, 38.36; H, 5.91; N, 

C104-, 34.40.6 

8.98; C104-, 31.51. 

8.78; Clod-, 31.40. 

(4) K. Starke, J .  Inaig. A’ucl. Chew. ,  11, 77 (1959). 
( 5 )  S.  K. M a d m  and H. H. Denk, ibid., in press. 
( 6 )  Perchlorate analyses by nitron reagent: F. J. Welcher, “Organic 

Analytical Reagents,” D. Van Nostrand Co., Inc., New York, N. Y., 1947. 



Vol. 4 ,  No. 1, January 1965 LACTAMS AS LIGANDS WITH NICKEL(II) AND CHROMIUM(III) 19 

Spectrophotometric Measurements.-Near-infrared and visible 
absorption spectra were obtained with a Cary Model 14 recording 
spectrophotometer. The spectra of the solutions were measured 
in 1.0-cm. matched quartz cells with the solvent as the reference. 

Solutions of the lactam complexes were prepared by dissolving 
the solid in the respective lactam or, for solid lactams, in a 2.5-4.4 
M range solution of the lactam in dried spectral grade methylene 
chloride. Spectral evidence is presented later to  indicate that 
these conditions produce octahedral species in solution. 

The 0-H frequency shifts for the phenol-N-methyl lactam 
adducts were obtained by the method previously described.' 
Infrared spectra were obtained with a Perkin-Elmer Model 521 
spectrophotometer using mulls on sodium chloride plates. 

Calculations.-A description of the procedure which was fol- 
lowed in making band assignments and calculating ligand field 
parameters is given in a previous paper.* 

The electronic spectra for the lactams are similar to those pre- 
viously reported2 for the amides. The spectral data are summar- 
ized in Table I. 

The value for Dq and the P-F term splitting for the complexes 
are given in Table 11. 

In an attempt to evaluate the magnitude of the interaction of 
these lactams with phenol, the change in 0-H stretching fre- 
quency of phenol upon complexation, AVO-H, was measured. 
The following values (in em.-') were obtained: NMBuL, 
341 f 5; NMVaL, 357 f 6; NMCaL, 350 f 5. It is not 
possible to obtain dependable values for AYOH for the phenol 
lactam adducts because of interferences by bands from N-H 
vibrations. The enthalpy of formation of the phenol-N-methyl 
lactam adducts listed above are reported9 to be 6.0, 5.6, and 6.4 
kcal. mole-', respectively. 

Discussion 
The carbonyl stretching frequency of the lactam is 

lowered in the complex compared to that in the free 
ligand. This can be interpreted to indicate oxygen co- 
ordination. Elemental analyses and the electronic 
spectra indicate that the complexes are six-coordinate, 
octahedral species. The conclusion is substantiated 
by the constancy of the intensity ratio2,10111 of the 3Az- 
(F) --t 3T1(P) to 3Az(F) + 3T1(F) absorption bands for 
the Ni(I1) complexes in solution and by the good agree- 
ment between the calculated and experimental values 
for A,,, of the second band. 

The spectrochemical series for these lactam complexes 
of Ni(I1) and Cr(II1) shows the predominance of the 
same type steric effect between ligands that existed in 
the amides.2 The Dq values for all the N-methyl lac- 
tams are significantly lower than those for the unsub- 
stituted compounds. It is interesting that the Dq 
values for the nickel complexes of the N-methyl lac- 
tams (780, 759, 749 cm.-l) are close to those in the com- 
pletely alkyl-substituted amide, N,N-dimethylacet- 
amide (769 em.-'), while those for the unsubstituted 
lactams (810, 833, 834 cm.-l) are close to those in the 
disubstituted amide N,N-dimethylformamide (850 
cm.-l). It has previously been proposed that the N- 
methyl group in CH&(O)NHCH3 is cis to the carbonyl 
and consequently this amide encounters the same steric 
effect leading to a lower Dq as was observed for N,N-di- 
methylacetamide in an octahedral nickel(I1) complex. 

(7) M. D. Joesten and R. S. Drago, J .  A m  Chem. Soc., 84, 3817 (1962). 
(8) D. W. Meek, R. S. Drago. and T. S. Piper, Inorg. Chem., 1, 285 

(1962). 
(9) C. D. Schmulbach and D. M. Hart, J. Oug Chem., as, 3122 (1964) 
(10) C K. J#rgensen, Acta Chem Scand , B, 1362 (1955). 
(11) W. Low, Phys Rev., 109, 247 (1958). 

TABLE I 
SPECTRAL BANDS FOR Ni(I1) AND Cr(II1) COMPLEXES 

OF THE LACTAMS 

Solvent 
BuI, 

NMBuL 

3 . 0  M VaL 
in CHzClz 

NMVaL 

4 . 3  M CaL 
in CHzClz 

NMCaL 

BuL 

NMBuL 

2 . 5  M VaL 
in CHzClz 

4 . 4  M CaL 
in CHzClz 

Amax, 
cm. - I c  

8,104 
13,350 
24,630 
7 ,800  

12,930 
24,150 

8,327 
13,350 
24,600 

7,587 
12,660 
23,750 
8 ,337  

13,430 
24,680 

13,710 
23,980 

(14,430) 
16,230 
22,940 

(14,370) 
15,750 
22,470 

(14,290) 
16,210 
22,620 

(14,250) 
16,180 
22,620 

7,494 

Band 
erneXa assignmentb 

7 . 2 5  3Azg(F) -+ aTzg(F) 
6 .69  --f 3T16(F) 

16 .3  --f 3Tlg(P) 
5 .61  3Azg(F) - aTzg(F) 
5 . 0 0  -+ aTlg(F) 

14.5 - STig(P) 
8 . 6 0  aAzg(F) -+ 3T2g(F) 
5 . 9 4  -+ 8Tlg(F) 

17.7 -t aTig(P) 
6 . 8 1  SAg,(Fj - 3Tzg(F) 
5 . 6 2  - 3Tlg(P) 

2 3 . 0  + aTig(P) 
9 . 2 5  PAzg(F) -+ 3Tzg(F) 
5 .95  + STig(F) 

1 8 . 9  -+ 'Tlg(P) 
7 .66  3Azg(Ii) -+ 3Tig(F) 

19 .8  + aTig(P) 

40 .0  4Azg(F) -+ 4Tzs(F) 
4 2 . 8  -+ 4Tlg(F) 

52 .0  4Azg(F) -+ 4Tzg(F) 
4 8 . 7  -+ 4Tlg(F) 

54 .1  4Az,(F) -+ 4Tzy(P) 
4 9 . 3  -+ 4Tig(F) 

5 8 . 1  4Azg(F) - 4Tzg(F) 
4 7 . 7  - 4Tlg(F) 

5 . 2 5  --f 8Tlg(F) 

. . .  

. . .  

. . .  

' c is given in 1. mole-' em.-' from the equation A = EC~. 

The spectra of Ni( 11) and Cr( 111) complexes of these ligands are 
very similar to the spectra of the corresponding hexaaquo com- 
plexes except for the wave lengths of Am,,. ' The parentheses 
designate a low-intensity shoulder on the main peak of the 
spectrum for the Cr( 111) complexes. Shoulders appeared for 
the Ni(I1) complexes of the unsubstituted lactams a t  a higher 
frequency than the second band, but were too low in intensity 
and too broad to be measured accurately. For the Ni(I1) com- 
plexes the calculated values for Amax of the second band agree 
very well with the experimental values. 

TABLE I1 
SUMMARY OF THE CALCULATED LIGAND FIELD PARAMETERS 

Compound Solvent E(F)  cm.-1 p b  
E(P) - ma 

[Ni(BuL)d(ClOa)z BuL 13,860 810 0 .88  
[Ni(NMBuL)el(ClOa)z NMBuL 13,830 780 0 . 8 7  
[Ni(VaL) S I  (C104)z 3 0 .M VaL 13,460 833 0 .85  

[Ni(N MVa12)6] (ClO4)z NMVaL 13,730 759 0 87 
[N i (CaL) a ]  (C104)z 4 . 3  M Car, 13,540 834 0 .85  

[Ni(NMCaL)6](C104)z NMCaL 14,140 749 0 89 
[Cr(BuL)sl(C104)a BuL 10,170 1623 0 74 
[Cr(N MBuL)d(ClO4)a NMBuL 10,320 1575 0 75 
[Cr(VaL) 61 (C104) a 2 . 5  M VaL 9,579 1621 0 . 7 0  

[Cr(CaT,)a](C104)a 4 4 M CaL 9,484 1618 0 69 

in CHzClz 

in CHzClz 

in CHzClz 

in CHzClz 

a The error limits of Dq are 3t5 em.-' for Ni(I1) and Cr(II1) 
complexes; this error arises in determining Amax. The error 
limits of p are 3t1.2% for Ni(I1) and Cr(II1) complexes. The 
quantity p is defined as the ratio B ' / B  where B' is the P-F term 
splitting for the complex and B the value for the gaseous ion with 
no crystalline field. 

In  the unsubstituted lactams the methylene group 
bonded to nitrogen is trans to the carbonyl and much 
higher Dq values result. This result serves to confirm 
the earlier proposal of the existence of a steric effect in 
the N-methylacetamide complex. 

The effect of ring size on the donor strengths of the 
lactams is not easily assessed. The Dp values for the 
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nickel(I1) complexes of the unsubstituted lactams sug- 
gest a donor order based on ring size of 5- < 6- - 7- 
membered. In  contrast, in the chromium(II1) com- 
plexes of the same lactams, no variation of donor 
strength with ring size is found. A monotonic decrease 
in donor strength with increasing ring size is indicated 
by the Dq values for the N-methyl lactam complexes of 
nickel(I1). Here, however, steric factors may be of 
considerable importance in determining the order. 

The phenol frequency shifts for the methyl lactams 
give a donor order of 5 -  < 6- - 7-membered ring. 
This is the same order given by the Dq values for the 
unsubstituted lactam complexes of nickel(I1). 

The AH values for 1:l complex formation between 
the methyl lactams and phenol, measured by ultraviolet 
spectrophotometry, give still a different order.$ 
Finally, the pKa values for the unsubstituted lactams 
indicate an order of basicity of 5- < 7- < 6-membered 
ring, which is similar to that shown by the Dq values 
for the nickel(I1) complexes. l2  

Studies on the effect of ring size on the basicity of 
other cyclic carbonyl compounds such as saturated 
cyclic ketonesl3> l4 and lactones15 indicated an increasing 
basicity with increasing ring size. The generally ob- 
served decreased basicity of the smaller (4- and 5- 

(12) R. H. Huisgen, H. Brade, and I. Glogger, B E Y . ,  90, 1437 (1957). 
(13) M .  Tamres and S. Searles, Jr., J. Am. Chem. Soc., 81, 2100 (1959). 
(14) H. J. Campbell and J. T. Edwards, Can. J .  Chem., 38,  2100 (1960). 
(15) S. Searles, Jr., M. Tamres, and G. M. Barrow, J .  A m .  Chern. Soc.. 76, 

71 (1953). 

membered) ring compounds relative to the larger ones 
has been r a t i o n a l i ~ e d . ~ ~ , ~ ~  In general, it is found that the 
carbonyl stretching vibration occurs a t  higher frequen- 
cies for smaller ring compounds than for the larger ones. 
For example, the carbonyl bands for cyclobutanone, 
cyclopentanone, cyclohexanone, and cycloheptanone 
are a t  1775, 1751, 1718, and 1706 cm.-l, respectively.16 
The lactams show a similar decrease in the carbonyl 
stretching frequencies in going from the 4-membered 
to the 6-membered ring. lb In the lactam case, the car- 
bonyl stretching frequencies for BuL, VaL, and CaL 
are 1691, 1651, and 1560 cm.-I, respe~tive1y.l~ 

The Dq values for the nickel(I1) complexes of the 
unsubstituted lactams correlate with the carbonyl 
stretching frequencies. However, the Dq values for 
the chromium(II1) complexes do not, nor do the Dq 
values obtained for the methyl lactam complexes of 
nickel(I1). From the data presented in this paper, it 
would appear that several varying factors are operative 
in determining the donor order of these lactams and a 
definitive statement regarding the effect of ring size 
cannot be made. 
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(16) T. Burer and Hs. H. Gnnthard, IIelu. Chim.  Ada,  39, 336 (lrj56). 
(17) H. K. Hall, Jr., and I<. Zbinden, J .  Am. Chem. Soc., 80, 6428 (1968). 
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A series of tris complexes of nickel( 11) perchlorate and several S-alkyl-substituted ethylenediamines has been isolated from 
nonaqueous solutions and characterized. T h e  spectral and magnetic data indicate that the complexes possess octahedral 
structures. The first d-d transition ( 3A2, 6 3T2,) of the complexes, in the solids and in their respective ligands as solvent\, 
shifts systematically to  lower energy values as the alkyl group on the ethylenediamine ligand becomes more complex. The 
resulting spectrochemical series is: en > N-methylen > K-ethylen > S-propylen > N,N'-dimethylen > N-methy1-N'- 
ethylen > N,N-dimethylen, where en = ethylenediamine. The smaller Dq values which result with increasing alkyl sub- 
stitution demonstrate that steric interactions are of greater magnitude than the increased inductivity of the substituted 
ethylenediamines and of more importance in determining the coordination interaction with the Ni( 11) ion. 

Introduction Trotman-Dickenson4 have shown that these equilibria 
are affected by solvation terms, ion-pair association, 
and entropy effects. The net result of these interac- 
tions in the series of alkylamines produces the following 
general sequence of basicity in water: R2NH > 

Thermodynamic data on the relative base strengths 
of alkylamines are based mainly on measurements of 
acid-base equilibria in water and related hydroxylic 
solvents. However, Pearson and Vogelsong2s3 and RNHz> R3N> "3. 

(1) Presented a t  the 148th Sational Meeting of the American Chemical Bjerrumj has tabulated the data of several investiga- 
tors in such a manner as to emphasize the rather good Society, Chicago, Ill., Sept. 1964. 

(2) R. G. Pearson and D. C. Vogelsong, J .  A m .  Chem. Soc., 80, 1038 

(3) R. G. Pearson and D. C. Vogelsong, ibid., 80, 1048 (10:8), and refer- 
(1958), and references contained therein. 

ences contained therein. 
(4) A. F. Trotman-Dickenson, J .  Cheiw. Soc., 1293 (1949). 
( 5 )  J. Bjerrum, Chem. R e v . ,  46, 381 (1950). 


