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The disilicides of Nd-Dy have relatively small c 
values (0.750 > X S ~ / X ~ I  > 0.725), so that the other two 
axes must increase, which is achieved by the formation 
of vacancies in one of the Si chains and by increase of 
the axis dependent on it.  The structure of these 
silicides is therefore orthorhombic and nonstoichio- 
metric. 

In the digermanides of La-Ce, a large metal and a 
nonmetal are present (0.750 > R G ~ / R N  > 0.725). The 
value of c is large, and, in order to maintain the value 
for the cell volume, one of the other two axes must de- 

crease. This is achieved, as can be seen from the 
orthorhombic structure, by the incomplete filling of one 
of the nonmetal chains by Ge atoms, so that these 
digermanides will be orthorhombic. 

In  the digermanides of Pr-Sm the length of c is of an 
intermediate value (0.760 > Rc~/R,\I > 0.750). The 
nonmetal chains--depending also on the c axis-are 
not large enough to accommodate all of the Ge atoms, 
and vacancies appear in both the a- and b-dependent 
chains, resulting in nonstoichiometric tetragonal struc- 
tures. 
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Thermodynamic and spectrochemical data on the donor properties of dimethylcyanamide, (CHI)~NCS,  toward charge- 
transfer types of acids, conventional Lewis acids, and nickel(I1) are reported. Evidence from changes in the infrared and 
nmr spectra upon coordination is interpreted to indicate that the nitrile nitrogen is the donor atom. The C’I-H coupling 
constants are very informative in elucidating the properties of this donor and the structure of these adducts. The donor 
properties of N,N-dimethylcyanamide are compared with those of acetonitrile and the differences are discussed. 

Introduction 
The nitriles as a group have been rather widely in- 

vestigated as donors toward Lewis a ~ i d s . ~ , ~  While 
classified generally as weak bases, they exhibit several 
unusual and interesting properties such as an increase 
in the nitrile stretching frequency ( A V C S )  upon coordi- 
nation4s5 and very large Dg values in metal complexes.6 
Since i t  is well known that the substitution of a methyl 
group in acetone by an N,N-dimethyl group to give 
N ,N-dimethylacetamide (DMA) results in a marked 
increase in donor strength, i t  is of interest to examine 
the donor properties of N,N-dimethylcyanamide 
(DMCA) which is related to acetonitrile as DMA is to 
acetone. 

Relatively little work has been carried out on N,N- 
dimethylcyanamide. Augdahl and Klaeboe7 have 
reported thermodynamic parameters for the inter- 
action of DMCA with I%, IC1, and IBr which suggest 
that DMCA is a better donor toward these acids than is 
acetonitrile. However the authors were not able to 
establish the donor site in DXCA. Small increases in 
AVCS were incorrectly taken to be indicative of (r dona- 
tion from the nitrile lone-pair orbital. Bocks-9 has 
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(7) E. Augdahl and P. Klaeboe, Ada Chenz. Scund., 19, 3 (1965). 
(8) IT. Bock, Angezu. Chem., 74, 696 (1962). 
(9) H. Bock and H. T. Uieck, C h r m  Bpi’., 99, 215 (1966). 

prepared a novel series of compounds from nickel car- 
bonyl and various cyanamides. In  view of the above 
considerations, we decided t o  extend the study of the 
donor properties of DMCA to a wider range of acids and 
attempt to elucidate the donor site. 

Experimental Section 
A. Reagents and Solvents.-Dimethylcyanamide was ob- 

tained in a highly purified form (99.9y0 pure by vapor-phase 
chromatography) from American Cyanamid Co. A second 
sample of technical grade, obtained from Matheson Coleman and 
Bell, was purified by distillation a t  reduced pressure [bp 48” 
(10 mm)].  

Hydrated nickel(I1) perchlorate was obtained from G. F. 
Smith. Boron trifluoride from Matheson was purified by passing 
the gas through a drying tower containing concentrated sulfuric 
acid. Stannic chloride reagent grade from J. T. Baker was used 
as received. Phenol (Baker and Adamson) was distilled once 
at reduced pressure. The center fraction was retained and this 
was sublimed just prior to  use. #-Chlorophenol from Eastman 
Organics was distilled at atmospheric pressure just before use. 

N,K-Dimethylaniline (Fisher) and S,N-dimethylacetamide 
(Fisher) were distilled from barium oxide a t  reduced pressure 
before use. Trimethylamine, also from Fisher, was used as 
obtained. Trimethylamine Zj-oxide (Eastman Organics) was 
sublimed under vacuum before use. Xitromethane (Eastman 
Organics), chloroform and carbon tetrachloride (both from 
Mallinckrodt), methylene chloride (J.  T. Baker), and acetonitrile 
(Fisher) were all stored over Linde V-.% Sieves for at least 2 days 
before being used as solvents. 

B. Typical Preparations of Lewis Acid Adducts. 1. BFI.  
DMCA.-The boron trifluoride-dimethylcyanamide adduct was 
prepared in benzene dried over calcium hydride. Boron tri- 
fluoride, previously passed through a sulfuric acid tower, was 
bubbled slowly into the solution of DMCA in benzene a t  room 
temperature. The system was vented through a calcium chloride 
drying tube. A rapid flow of nitrogen was maintained through 
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the system until the vented vapor fumed indicating an excess of 
boron trifluoride had been added. Upon cooling the solution 
to approximately 5O, a white precipitate appeared. This was 
filtered in a drybox and then the remaining benzene was pulled 
off under vacuum. The slightly hygroscopic white crystals were 
stored in a brown bottle. They tend to lose some dimethyl 
cyanamide under extensive pumping. 

Anal. Calcd for BF&H6Nn: C, 26.16; H, 4.39; N, 20.31. 
Found: C, 26.57; H, 4.57; N, 20.58. 

I n  an attempt to prepare an adduct of the formula DMCA. 
2BF3, a solution of DMCA in benzene was saturated with boron 
trifluoride and left overnight under an atmosphere of boron tri- 
fluoride. Twenty hours later a white precipitate had deposited. 
When filtered and dried, however, it  analyzed as above for 

2. SnCla,ZDMCA.-A stoichiometric amount of SnC14 in 
methylene chloride (or cc14) was added to a solution of DMCA 
in the same solvent. The addition was carried out under a 
nitrogen atmosphere as above. The adduct is soluble in meth- 
ylene chloride a t  room temperature, but can be isolated by cooling 
the solution to O", or below. The adduct precipitates slowly from 
the CC14 solution. The white solid is slightly hygroscopic and 
must be handled in a drybox or glovebag with exclusion of mois- 
ture. 

Anal. Calcd for SnC14.2(C&Nz): C, 17.98; H, 3.02. 
Found: C, 17.96; H ,  3.06. 

C. Preparation of Transition Metal Ion Complexes. Ni- 
(DMCA)e(ClO&.-Ni(H20)6(C104)2 was added t o  a large excess 
of dimethoxypropane and stirred for 1 hr. Then approximately 
a 1 2 : l  ratio of DMCA to Ni(Ht0)6(C104)~ was added and the 
solution stirred for 2 hr more. Upon addition of the DMCA 
there was an immediate color change to a deep blue-green. 
Upon addition of diethyl ether to this solution, a green-blue oil 
separated. After repeated washings, a blue or blue-green paste 
was obtained. (This can be dried under vacuum but does not 
analyze properly.) This paste was then dissolved in methylene 
chloride containing an approximately 20: 1 excess of DMCA and a 
1 : 3  ratio of dimethoxypropane (both based on initial Ni(H20)6- 
(ClO&). After stirring for 2 hr a light blue solid was precipitated 
by adding a large excess of dimethyl ether. This last step may 
have to be repeated in order to obtain good analyses. The light 
blue solid is very hygroscopic and also loses DMCA slowly even 
in an inert atmosphere. Attempts to dry i t  in a desiccator under 
vacuum gave light yellow or yellow-green solids which were 
presumably iYi(DMCA),(C104)2, where x is less than 6. 

Anal. Calcd for Ni(CaH&z)f,(ClOd)z: C, 31.79; H,  5.35; 
Ni, 8.66. Found: C, 30.96; H,  5.36; Ni, 8.54. 

D. Infrared Spectra.-The basic technique used for obtaining 
the shifts of the phenol and @-chlorophenol 0-H stretching fre- 
quency upon complexation by DMCA is similar to that pre- 
viously reported.l* However, the high dipole moment of DMCA 
and probable large dielectric constant make AVOH very dependent 
on the concentration of DMCA employed. An extrapolation 
of AVOH to zero DMCA concentration was, therefore, used.lo 

The shifts in the &N and N-C stretching frequencies upon 
complexation of DMCA by various Lewis acids were measured 
on a Beckman IR-7 as were the V O H  shifts above. An extrapola- 
tion procedure was not used for these frequency shifts since they 
were obtainable only with fairly large per cent errors in any 
case. The value of VC'N in DMCA was found to be quite in- 
sensitive to solvent effects in the absence of a specific interaction. 
For neat DMCA the vibration was found a t  2218 cm-1, and in 
0.1 M solution in CCla, it  occurred a t  2221 ern-'. 

The full spectra of all adducts and complexes were obtained 
from 4000 to 650 cm-l on a Perkin-Elmer Model 521 recording 
spectrophotometer. The transition metal ion complexes were 
run as Nujol mulls prepared in a drybox and protected from at- 
mospheric moisture until spectra were to be run. 

E. Electronic Spectra.-Solution spectra were run in the 

BFs. DMCA. 

(10) A. Allerhand and P.  von R. Schleyer, J. A m .  Chem. SOL., 86,  371 
(1963). 

300-1500-mp region on a Cary Model 14M spectrophotometer. 
For the electronic spectra of solutions containing an excess of 
the ligand, the reference solutions contained an equivalent 
amount of dissolved ligand. The electronic spectrum of DMCA 
itself in carbon tetrachloride and water was run down to  the 
lower limit of the Cary 14M (200 mp). 

Nuclear Magnetic Resonance Spectra.-Nuclear magnetic 
resonance spectra of DMCA and its adducts and metal ion com- 
plexes were obtained on a Varian A-60 recording spectrometer us- 
ing tetramethylsilane as an internal standard. All samples were 
run at 30 i 2'. The low solubilities of the BF3.DMCA and 
SnCl4.2DMCA adducts in chloroform necessitated the use of a 
Varian TAC-4300 time-averaging computer for the observation 
of the J l Q - N  satellites in their spectra. 

Both cyclohexane and tetramethylsilane were used as internal 
and external standards in the measurement of solution magnetic 
moments of the metal ion complexes." 

F. 

Results are given in Tables I-III.12-20 

TABLE I 

DMCA ACCEPTOR SYSTEMS (CM-I) 

SKELETAL STRETCHING FREQUENCIES OF 

Intensity 
Y C - N ~  changeC V N - C ~  IntensityC 

12 2220 f: 2 Increase 1203 f: 3 Little change 
CeHzOH 2225 f: 1 Increase 1205 =!= 3 Increase 
I c1 2227 rk 1 Increase 1204 =k 3 Increase 
p-ClCeHaOH 2227 & 1 Increase 1201 f 4 Increase 
(CHs)2SnCI 2226 f: 1 Increase 1206 i 3 Increase 
Ni(I1) 2251 f: 8 , , , 1202 f: 8b . . .  
SnC14 2272 f: 5 , , , 1203 f 10' . . .  
B F3 2307f: 6 , , . 1 2 0 3 f  106 . . .  

a The assignments of these stretching vibrations are tho;e of 
Fletcher and Brown.12 The value of P C ~ N  for a 0.1 M solution 
of DMCA in CCL occurs a t  2221 cm-l. The band which is largely 
YN-C occurs a t  1204 cm-I. * These results are from Nujol mull 
spectra where this region is not as well resolved. The others in 
this table are from CC14 solution spectra, in all cases with an ex- 
cess of acid. The change in intensity of this adduct compared 
to free DMCA consists of mostly a large increase in the band 
width a t  half-maximum and a lesser increase in the extinction 
coefficient a t  the band center. In the p-ClCeH4OH-DMCA 
system the increase in the area of the Y C ~ N  band is 1507@. The 
increase in the area of Y N - C  is much less, on the order of 20%. 

Discussion 
A. Donor Site in DMCA. 1. InA-ared Studies.- 

Since VCEN in DMCA is nearly the same as that for 
aliphatic nitriles, we would expect to observe much the 
same behavior ;is in aliphatic nitriles for coordination 
at  this site. This would mean an increase in the energy 
of the stretching vibration and an increase in its inten- 
sity. Along with this we might expect VN-G to in- 
crease since the nitrile group should now have a greater 
effective electronegativity and, therefore, draw inore 
of the amino nitrogen lone-pair density into the T -  

bonding region between these two atoms, increasing its 
double-bond character. 

(11) D. F. Evans, J .  Chem. Sac., 2003 (1959). 
(12) F. B. Brown and W. H.  Fletchrr, Spectvochim. Acta, 19, 915 (1963). 
(13) G. V. D. Tiers, "Characteristic Nuclear Magnetic Resonance Shield- 

ing Values," Project 737602, Minnesota Mining and Manufacturing Co., 
March 28, 1958. 

(14) N.  Muller and D. E. Pritchard, J .  Chem. Phys., 31, 1471 (1959). 
(15) N. Muller, { b i d . ,  85, 359 (1962). 
(16) R. C. Neuman, Jr . ,  and L. B. Young, J .  Phys. Chem., 69, 177 (1965). 
(17) P. Haake, W.  B. Miller, and 11. A. Tysee, J .  A m .  ChPm. Soc., 86, 

(18) C. W. Heitsch, I n o r g .  Chem., 4 ,  1019 (1965). 
(19) A. E. Wickenden and R. A. Krause, ibid., 4 ,  404 (1965). 
(20) B. J. Hathaway and D. G. Holsh, J .  Chem. Sac., 2408 (1964). 

3577 (1964). 



1910 H. FRED HEXNEIKE, JR., AND RUSSELL S. 

TABLE I1 
KMR 1\/IEASUREMENTS OX AT-METHYL COMPOUNDS 

Chem shifts," 

7 ,  6513 
7 .  87613 
'7.21, (7.096)13 
7.11, (7.07)lG 
6.71, (6.62)16 
7.19 
6 .52  

6 94 
'7 2 1 8  

7 40, (7 42)'* 
6 .74 
6.71 
6.67 
6.72 
5 72213 

J ~ ~ c - H , ~  cps 

13214 
1311' 
134.8, (135)'j 
138.4, ( 138)IG 
139.8, (140)16 
140,3 
140,6 
144.8, (145)" 
l43 ,3 ,  (143)" 
140. 718 
142 & 2 . 0  
140 f. 1 . 0  
140.8 
139.2 
144.7 
146.7, (147)14 

DRAGO 

Peak 
width 

a t  
half- 

height, 
CPS 

1.8 

1 . 7  
1 . 7  

1 . 8  

3 . 1  
2 . 3  
1 . 7  

1 . 9  

a These chemical shifts were all measured on the 250-cps scale, 
and the error limits are f 0 . 0 2  ppm. The coupling constant 
measurements were done on the 100-cps scale and are thought to  
be generally accurate to  f.0.4 cps for peaks of normal breadth. 
Error limits for those measurements on broader peaks are indi- 
cated in the table. 

TABLE I11 
SPECTRAL AND MAGXETIC DATA FOR OCTAHEDRAL COMPLEXES 

OF ACETONITRILE AXD DIMETHYLCYANAMIDE WITH Ni(I1) 
7-Xi(CHCXj6(C10~)2a p- -Xi [ ( C H ~ j * N C ~ ] ~ ( C l O ~ ) z ~ -  

Obsd Calcd Obsd Calcd 
Xrn,,, Xm,,, Xm,,, X I U & X %  

Assignments cm-1 6 cm-1 cm-1 cc cm-1 

3Alg + 3Tzs 10,400 6 . 1  9,490 1 0 . 3  
+IE, 13,850 1 . 5  13,679 3 . 4  
+3T1,(F) 17,600 4 . 8  17,200 15,820 9 . 4  15,580 
+3T1,(P) 28,200 8 . 4  25,920 22.6 

Dg, cm-l 1040 f. 7 949 f 5 
B 0.88 f 0.01 0.88 f 0.01 

iLeii, BM 3,15*,d 3.1% 
Nmr contact shift of 

a Values for this complex listed are within error limits the same 
as those reported in ref 19. The band positions are very similar 
to those reported in ref 20, but the extinction coefficients are 
much smaller. In acetonitrile as solvent. Calculated from 
E = A/lC,  where 1, the cell thickness, is 1 cm, C is the molar con- 
centration of complex, and A is the absorbance. Solution 
moment a t  32" same as moment for solid reported in ref 19. 
e Solution moment at 32'. The spin-orbit coupling constant 
calculated from X = (8AJ/32/3kT)[1 - (4X]lOOq) f ( 8 " p  
100q). 

A,f cm-l -218 -231 

ligand protons, cps +'712 - 238 

Q In  dimethylcyanamide as solvent. 

Two structures which represent extremes for polariza- 
tion of the A system can be represented by 

H H 
- \a+ - 

/ 
'T--C=N K=C=N6 - 

H 

If we also postulate that complexation at  the nitrile site 
in DXCA would polarize in the direction represented 
by structure 11, we can qualitatively predict an increase 
in the intensity of the VC-s vibration. Structure I1 

/ 
H 

I I1 

Inorganic Chemistry 

would have a large dipole moment and its contribution 
to the ground state of DMCA would depend upon the 
amino nitrogen-carbon bond length as well as the effec- 
tive electronegativity of the nitrile nitrogen. If the 
electronic structure is polarized toward I1 in the com- 
plex, we would expect a change in the N-C distance to 
produce a larger change in the dipole moment, and thus 
VN-c would increase in intensity. In  the absence of 
normal-coordinate analyses for either DMCA or any 
of its adducts and without accurate structures for 
either, these arguments concerning the intensity of 
VN-C are not rigorous. 

For coordination a t  the amino nitrogen, the changes 
in the infrared spectrum of DMCA should be both more 
pronounced and more widely distributed than for co- 
ordination at  the nitrile site. Not only must the sym- 
metry of the molecule change from essentially Czv to C,, 
but any double-bond character of the NC bond must 
decrease. This reduction of CN double-bond character 
should lead to a noticeable reduction in the energy of 
the VC-N band. However, Bellamy21 lists vC=S as 
1650-1680 cm-I and VC-N as 1020-1220 cm-I which 
suggests that either double-bond character in this bond 
is already quite low or the observed band also contains 
contributions from other vibrations of lower energy. 

With coordination at  the amino nitrogen, the lone 
pair is less effective in undergoing the conjugative-type 
interaction shown in structure 11. This would lead to 
greater triple-bond character in the nitrile bond and, 
therefore, an increase in the energy of the VC=N stretch- 
ing vibration invalidating previous' conclusions re- 
garding the donor site. I t  seems probable that for co- 
ordination at  the amino nitrogen, the component of the 
molecular dipole moment along the C=N and N-C 
bonds would be reduced, and it would be changed less 
by stretching these bonds. Thus, i t  would seem to be 
difficult to rationalize an increase in the intensity of 
either YC-N or VN-C for coordination at  the amino ni- 
trogen. These predictions are substantiated by a com- 
parison of the infrared spectra of acetonitrile and 
benzonitrile. A-Electron density is delocalized into the 
C=N group in benzonitrile but this effect is absent in 
acetonitrile. The frequency is lower and the intensity 
higher in benzonitrile.22 

In examining Table I we see that the observed be- 
havior is consistent with the behavior expected for ni- 
trile coordination although the absence of an increase in 
VN-c  is a little surprising. The fact that this band 
does not shift to lower energy coupled with the intensity 
increases for both bands makes coordination at  the ni- 
trile nitrogen seem more likely. 

The assignment of the band at  2218 cm-' in uncom- 
plexed DMCA is certain since there are no other fun- 
damentals within 300 cm-I. The assignment of Y S - C  

(v6 in ref 12) to the band at  1204 cm-I is not as certain 
since in this region there are two other fundamentals of 
species A, which the authors cannot positively assign. 
These bands occur a t  1456 and 1057 cm-I and are 

(21) L. J. Bellamy, "The Infrared Spectra of Complex Molecules," 2nd 

(22) H. U'. Thompson and G. Steele, Z'rans.  F a r a d a y  Soc.. 62, 1451 ( lU56).  
ed, John Wiley and Sons, Inc., S e w  York, N .  Y . ,  1958. 
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WAVELENGTH (MICRONS) 

B 

Figure l.-(A) Infrared spectrum of liquid DMCA; (B) Nujol mull spectrum of BF8.DMCA adduct; (C) Nujol mull spectrum of  
Ni(DMCA)B(ClO&. 

tentatively assigned as CH, deformation and rock 
modes. 

In  amides (R(C=O)NR'R''), nitrosamines (RR'N- 
(N=O)), and thioamides (R(C=S)NR'R") there 
exists an analogous situation where a trigonal nitrogen 
is bonded to an unsaturated system. I n  amides a band 
in the region of 1200-1300 cm-I has been assigned2' as 
Largely a C=N stretching vibration. In  thioamides,21 
this band is stationary near 1290 cm-l while in nitros- 
amines a band near lOG0 cm-' 2z  has been assigned as 
largely due to a N=N stretching mode. Since a fre- 
quency range for N-N vibrations of 100 cm-I below 
the range for C=C vibrations is quotedz1 all of these 
arguments favor the present assignments for DMCA 
over either alternative. 

The position of the 145G-~m-~ band is insensitive to 

ways be resolved from the intense peaks in the 1100- 
1200-cm-1 region, this is tentative. In  the BF3. 
DMCA adduct this band can be clearly resolved, and i t  
occurs a t  1071 cm-l. 

The increase in intensity noticed for the 1100-1200- 
cm-I region seems to be centered around 1130-1150 
cm-l. It would seem possible that the arbitrary as- 
signment of the band a t  1150 cm-l to species B1 may be 
in error and that it also is of AI symmetry and contains 
some contribution from the C-N stretching mode. 
This would explainz3 why the intensity increase seems 
to be associated largely with this band. If the YC-N 

character is distributed among several of the bands in 
this region, the failure to observe a significant trend in 
the position of any one band as a function of acid 

coordination' The band at cm-' appears to (23) E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, "Moleculai Vibia  
remain largely stationary although, since it cannot al- Lions,"   hill Book co., Inc , ~ e w  York, x. Y . ,  1955. 
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strength becomes more understandable. (See Figure 1 
for the ir spectrum of DMCA.) 

Nmr Studies.-It was decided to investigate by 
nmr a number of BF3 adducts of compounds containing 
N-methyl groups to substantiate the conclusions of the 
infrared study. HeitschI8 and Coyle, et al . ,24  reported 
studies on amine complexes with various boron acids, 
in which they generally concluded that the chemical 
shifts of groups on boron or groups in the ligand give 
shifts that can be correlated with enthalpies of forma- 
tion for the complexes where these are available. 

Of more interest for this study is the observation that 
in the BF3-amine complexes the proton spectra show 
evidences of coupling to the BI1 nucleus of the acid and 
in some cases even to the F19 nuclei of the acid. Such 
couplings are not observed in the proton spectra of 
BF3 adducts of acetonitrile, z5 dimethylformamide 
(DhIF),z6 DMCA, dimethylacetamide (DMA), or 
trimethylamine X-oxide. In all of these complexes, 
the proton resonances for the complexed ligands are 
merely shifted downfield from those of the free ligands 
by various amounts as shown in Table 11. The reso- 
nances are not split or even noticeably broadened by co- 
ordination to BF3. 

In the DMA complex, the magnetic nonequivalence 
of the two N-methyl groups is slightly increased, and 
the coupling constants with the CCH, protons are still 
evident in the spectrum. This was also observed for 
the DMF. BF3 complexz6 and serves to identify the co- 
ordination site in these complexes as the carbonyl oxy- 
gen rather than the amino nitrogen. 

The amine-BF3 complexes are distinct in that they 
all show evidence of coupling of the amine protons to 
nuclei in the acid. HeitschIs succeeded in resolving 
this coupling for the three methyl amine-BF3 complexes 
and found the coupling of the ligand protons to the B” 
nucleus in BF3 (JH-B) to be between 1.5 and 2.1 cps. 
In this study the resolution was not so great, and the 
evidence for coupling consists of a marked broadening 
of the N-methyl resonances for the complexed ligand. 

Further evidence for coordination a t  the nitrile 
nitrogen of DMCA comes from a comparison of the 
increase in for DMCA and the other ligands in 
Table I1 when they are coordinated to BF3. All of the 
amines, including dimethylaniline, show a large 
increase in J13C--H. This increase is probably the net 
result of a t  least two effects. The coordination to BF3 
would drain electron density from the amine leading to 
an increase in for both the carbon and the hy- 
drogen atoms as well as the nitrogen. The reduction of 
electron density on the nitrogen would make it more 
electronegative with respect to carbon, which according 
to Bent’s isovalent hybridizationz8 scheme, should 
require the methyl carbon to rehybridize, placing more 
p character in its orbital directed to nitrogen and 

2. 

(24) T. D. Coyle and F. G. A. Stone, J .  A m .  Chem. Soc., 83,4138 (1961). 
( 2 5 )  J.  h1. Miller and &I. Onyszcliuk, CQU. J .  Chrm. ,  44, 899 (1966). 
( 2 6 )  S. J. Kuhn and J. S. McIntyre, i b i d . ,  43, 375 (1956). 
(27) D. A I .  Grant and UT. M. Lichtman, J .  A m .  Chem. S O L . ,  87, 3 Y Y l  

(1965). 
(28) H.  A.  Bent, Cheiw. Reu., 61, 275 (1961). 

leaving more s character for its three C-H bonds. This 
increase in s character for the C-H bonds would lead to 
a larger value of 

These amines form strong coordinate bonds to BF3 
as evidenced by the available thermochemical data, 3 0 5  31 

and the large changes are not unreasonable in view of 
this. Trimethylamine N-oxide has been shown to be a 
somewhat better donor toward iodine3z and 
than is dimethylacetamide, but i t  is a weaker donor than 
the amines. The small increase in J13c-H in this 
complex is probably largely due to the fact that 
the inductive process must go through one more 
bond to affect the CH3 group. Another factor which 
could account for the small increase might be 
called a “saturation” effect. That is, in the free 
ligand J13C-H is already large in this case and may have 
reached nearly a maximum value above which further 
perturbation would not affect it as much. That this 
is not true is demonstrated by the much larger coupling 
constant of 147 cps which the N-methyl in nitromethane 
exhibits. 

The very small increases noted upon coordination for 
J13C--H in the dimethylacetamide and DMCA adducts 
are easily understood if coordination takes place at a 
position three atoms removed from the methyl groups 
in DMCA as well as in dimethylacetamide. The 
coupling constants for the methyl groups in the free 
ligands DMCA, DMNA, DMA, and TD11;PA suggest 
that the N-dimethyl groups in this series are quite 
similar in nature. 

Taking the above evidence as a whole, coordination 
at the nitrile nitrogen in DMCA is indicated with a 
high degree of certainty. While this is not too sur- 
prising in view of the known coordination tendencies of 
the amides and thioamides, i t  is a point of some im- 
portance due to the unusual Ni(C0)4 adducts formed 
by the cyanamides. 

u-Donor Strengths of DMCA.-The use of the 
double-scale enthalpy equation of Drago and W a ~ l a n d ~ ~  
provides a quantitative framework for comparing the 
donor properties of a series of bases or the acceptor 
properties of a series of acids. A real advantage of this 
method is that it allows a quantitative estimate of the 
enthalpy of interaction for a base with a wide variety 
of acids with only a minimum of information. A 
minimum of two measured heats for the interaction of a 
base with two acids of widely differing nature will 
suffice. 

In  this case we will use this equation in a different 
manner. There exist a number of correlations between 
an easily measured physical parameter of an acid and 
its enthalpy of interaction with a base. Using several 
of these correlations and reported enthalpy data7 n7e 
can compile a list of enthalpies for interaction of DMCA 
with several acids. The coherency of these values can 

B. 

(29) C. Juan and H. S. Gutowsky, J .  Chem. Phys. ,  37, 2198 (1962) 
(30) D. P. Eyman, Doctoral Dissertation, University of Illinois, 1904. 
(31) T. 1). Coyle and F. G. A. Stone, Progr.  Bovon C h e m . ,  1, 83 (1904). 
(32) T. Kubota, J .  Am. Chena. Soc., 81, 458 (1965). 
(33 )  T. Kubota, ibid., 88, 211 (1966). 
(31) R. S. Uragoand B. B. Wayland, i b i d . ,  87, 3571 (1965). 
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then be checked by determining how well they are 
reproduced by a single set of E and C parameters for 
DMCA. 

Klaeboe’ reports a AVOH value for the phenol-DMCA 
system, although no details were given of the procedure 
used for the measurement. Since it is known that the 
value of A V ~ H  for systems involving highly polar bases 
can be quite dependent on the concentration of the 
bases employed in the measurement, it  was decided to 
redetermine this value. The extrapolated AVOH value 
of 226 f 8 cm-’ is considered to be more reliable than 
the value of 215 cm-1 obtained without this correction 
for concentration effects. Using the former in the 
equation 35 

-AH = 0 . 0 1 0 3 A ~ o ~  -k 3.08 

gives -5.4 kcal/mol for the enthalpy of interaction 
of phenol with DMCA. 

Employing the same procedure and the proper 
equation for #-chlorophenol, a value of 245 rt 5 cm-’ 
for AVOH and -5.6 kcal/mol for AH are obtained for 
this interaction. Although the errors in AVOH cor- 
respond to errors of only 0.1 kcal/mol in AH, these 
correlations are only thought to be good to *0.3 
kcal/mol. 

Bolles and Drago have reported a correlation between 
J~~Q,,-H and the enthalpy of formation of 1 : l  com- 
plexes between trimethyltin chloride and a series of 
bases.36 For this relationship to hold, the steric 
requirements of the base must be small. For co- 
ordination to the nitrile nitrogen of DMCA, this 
requirement should be met. A solution of trimethyltin 
chloride in DMCA at  35’ gives J l l s g n - ~  = 66.8 cps. 
This converts to an enthalpy of -6.4 kcal/mol. 

Table IV presents a comparison of the enthalpies 
available for DMCA and those for acetonitrile with the 
same acids. I t  appears that DMCA is a stronger 
u donor than acetonitrile as would be expected by 
analogy with the acetone-dimethylacetamide pair. 
The increase in donor strength, however, appears to be 
somewhat smaller here. This may be due to the lower 
electronegativity of the nitrile nitrogen compared to a 
carbonyl oxygen. 

The agreement between the corresponding values of 
columns 2 and 3 suggests that a single averaged set of 
E and C parameters will adequately reproduce the 
experimental data. Changing either E or C by 0.2 or 
more disrupts this agreement. Since the C and E 
values for acetonitrile are 1.01 and 0.917, respectively, 
it appears that E and C are both increased by sub- 
stitution of CH3 by N(CH& but C is increased more 
than E .  The increase in C probably corresponds to an 
increase in the ease of polarization of the donor by the 
Lewis acid because of the increased size of the x system 
in DMCA compared to CH3CN. The increase in E 
parallels the observed increase in dielectric constant 
and arises from a polarization of the ground state in 
the direction of structure I1 compared to acetonitrile. 

(35) T .  D. Epley, Ph.D. Thesis, University of Illinois, 1968. 
(36) T. F. Bolles and R. S. Drago, J .  Am. Chcm. SOL, 88, 5730 (1966). 

TABLE IV 
THERMODYNAMIC DATA FOR DMCA AND ACETONITRILE 

(KCAL/MOL) 

- A H  - A H  - A H  
Acid (CA,  E d d  (DMCA) (calcd)n (CHaCN)* 

1% (1.00, 1.00) 2 .SC 2 . 8  1 . 9  
IC1 (1.06, 4 .58)  7 .3c 6 . 9  4 . 9  

$&lCeH40H (0.549, 4 .24 )  5 . 6  5 . 6  . . .  
CoH,OH (0.528, 4 .16)  5 . 4  5 . 5  4 . 6  

(CHI)3SnCl (0.449, 4 .96)  6 . 4  6 . 3  4 . 8  
a AH(ca1cd) values are for DMCA and are calculated using the 

equation AH = EAEB + CACB with EA and CA values in Table 
IV and CR = 1.66, ELI = 1.12. Values are from R. S. Drago 
and B. B. Wayland, J .  Am. Chem. SOC., 87,3571 (1965). c Refer- 
ence 7 .  d These E and C numbers are improved over those pre- 
viously reported. These represent the best computer fit of 164 
simultaneous equations in 86 unknowns: R .  S. Drago, G. Vogel, 
and W. Partenheimer, in press. 

C. Transition Metal Ion Complexes.-The syn- 
thesis of a transition metal ion complex containing 
DMCA as a ligand was undertaken in order to study 
its donor characteristics toward this type of acceptor. 
The parameters which are a t  once measurable and 
indicative of the type of the metal-ligand interaction 
are Dq ( A  = 1ODq) and 8. The system from which 
this is most readily and accurately obtained is the 
octahedral nickel(I1) complex containing six molecules 
of DMCA. The infrared spectrum of this complex, 
which is shown in Figure 1, is quite similar and in 
many ways resembles that of the DMCA. BFp adduct. 
In  particular, the absence of a band at 2220 cm-l 
indicates that there is no uncoordinated DMCA in the 
complex. The increase in the stretching frequency of 
the VC-N band by about 30 cm-I is indicative of 
coordination through the nitrile nitrogen as in the 
previous cases. 

Actually, for coordination at  the amino nitrogen site, 
the steric hindrance between six DMCA molecules 
around the nickel ion would be a t  least as great as that  
between six trimethylamine molecules due to the greater 
degree of planarity of DMCA. In fact, it  proves 
impossible to make a molecular model with six planar 
DMCA’s around a nickel ion when coordination is 
through the amino nitrogen. The fact then that the 
infrared spectrum of this complex closely resembles that 
of the DMCA.BFp adduct offers added evidence that 
coordination in both adducts is actually a t  the nitrile 
nitrogen site. 

The absence of a noticeable absorption near 3500 
cm-‘ is good evidence that very little, if any, water 
from the starting materials remains since the water 
absorption band in this region has a large extinction 
coefficient. The 800-1000-~m-~ region also seems to 
be free of bands assignable to water vibrations.37 

The complex of Ni(I1) is only negligibly soluble in 
chloroform or  methylene^ chloride and then the spectral 
peaks are shifted to lower energy; for instance the Dq 
band for the Ni(I1) complex in chloroform with no 
added DMCA occurs a t  9000 cm-l rather than at 
9500 cm-I as in the solid state or in DMCA as solvent. 

(37) K. Nakamoto, “Infrared Spectra of Inorganic and Coordination 
Compounds,” John Wiley and Sons, Inc., New York, N.  Y., 1963. 
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It appears that here the perchlorate anions may well 
be entering the coordination sphere to some degree 
resulting in a lower average Dq. This would be in 
agreement with the low ionizing ability of these solvents 
and their inability to act as donors. Spectral changes 
also take place upon dissolution of the complex in 
acetone, acetonitrile, and nitromethane. In  these 
solvents the nickel complex is somewhat more soluble ; 
however, i t  is not until the solutions are at least 0.5 -VI 
in added DMCA that the spectrum again approaches 
that of the solid. Although there is no definitive evi- 
dence against perchlorate ion coordination in the 
nickel complex, the weight of evidence seems to indicate 
we must look elsewhere for the reason for the apparently 
lower value of Dq exhibited by DMCA than by CH&N 
in octahedral Ni(T1) complexes. 

The electronic spectra and magnetic moments of 
these complexes are given in Figure 2 and in Table 111 
along with data for the analogous acetonitrile complexes 
for the sake of comparison. The electronic spectrum of 
the nickel(I1) complex (Figure 2) in the presence of ex- 
cess DMCA is seen to be quite consistent with the as- 
signment of octahedral symmetry for the ligand field in 
this complex. In  particular, when the energies of the 
high-energy band and the low-energy or Dq band are 
used to calculate the unknown quantities Dq and /3, the 

i 

1 

L.-.- -L-. -1- I -.l-- ..LA 
400 500 600 700 8CO 900 IO00 ! I O 0  

m p. 

Figure ?.-The electronic spectrum of ;L'i(DMC.1)6(C104)2 
The concentration of DMC.1 is in CHCl;j with added DMCA. 

approximately 0.213 M .  

agreement between the observed energy for the middle 
band and the energy calculated for this band using Dq 
and /3 agrees to better than 2%. Furthermore, the 
ratio of the extinction coefficient for the high-energy 
band and the Dq band is seen to be 2.19 which is within 
the range 2.1-2.2 expected for an octahedral Ni(I1) 

The dashed line a t  the left of Figure 2 rep- 
resents the tail of a very intense band which has E > l o3  
and its center somewhere below 300 mp. The spectrum 
of dimethyl cyanamide itself in carbon tetrachloride 
consists of only a shoulder which begins a t  about 250 
mp39 and by 200 mp has reached E >lo3.  It appears 

(38)  K. S. Drago, n. W. Meek, R .  Langhi, and M. 11. Joesten, I n o i g .  Ckem. ,  

' (39) The authors of ref 7 report two small peaks (a 1.0) abnve 266 mp, but  
2, 1056 (1963). 

these were never observed in this work. 

then that the shoulder visible in the electronic spectrum 
of Ni(DMCA)G(C104)2 is due either to a charge-transfer 
band or to a shift toward lower energy (-150 mp) of 
the DMCA spectrum. If i t  were the latter, one would 
expect that the magnitude of the shift should increase 
with acid strength; however, the spectrum of BFa. 
DMCA is indistinguishable from that of DMCA 
alone between 200 and 100 mp. It would appear then 
that this is a new charge-transfer band. The low-in- 
tensity shoulder near 13,679 cm-' is assigned to the 
forbidden 3A1, + 'E, transition as is usually done. 
This transition should be independent of Dq, yet i t  
is found throughout the range 13,750 =t 1000 cm-1.40 

Comparison of the parameters Dq and (3 for the 
DMCA complex with those for the analogous acetoni- 
trile complex shows one somewhat surprising result. 
The Dq produced by D X C k  is smaller than that pro- 
duced by acetonitrile. Since we have already 
shown DlICA to be a better u donor than acetonitrile, 
we might have expected the opposite. However, there 
are several factors which contribute to the magnitude 
of Dq. Akcording to J#rgensen4' these contributions 
can be broken down into four terms: (a) electrostatic 
first-order perturbation ; (b) u bonding, ligand to 
metal: (c) T bonding, ligand to metal; and (d) 7r bond- 
ing, metal to ligand. Of the above factors, the presence 
of (a), (b), and (d) tend to increase Dq while the pres- 
ence of (c) will lead to a smaller value for Dq. It seems 
unlikely that there is any appreciable contribution from 
(c) in these complexes. The stronger u-donor strength 
of DMCA relative to acetonitrile should lead to a 
larger Dq through (b). Since the dipole moment for 
cyanamide is larger than that for acetonitrile, it 
would appear that the increased a-donor strength is 
connected with delocalization of the amino nitrogen 
lone pair into the C=K bond. This should then lead 
to a larger fractional charge on the nitrile nitrogen which 
in turn should produce a larger Dy through effect (a). 
This would suggest then that 7r back-bonding from the 
metal to the ligand is less effective in increasing Dq in 
the case of DMCA than it is in the case of acetonitrile. 

In addition to these, there is another factor which can 
affect the magnitude of Dy. This is steric interaction 
between the ligands. I t  has been suggested42 that steric 
hindrance between ligand molecules when coordi- 
nated to a metal ion is in part responsible for the fact 
that the increasing order of Dq for a series of amide 
molecules toward Xi(11) does not correlate with the 
relative basicities toward the reference acids phenol 
and iodine. It would be expected that the steric in- 
teractions between DMCA molecules would be larger 
than those between acetonitrile molecules. 1Vhile this 
increased steric interaction may contribute to the lower 
effective Dg value for DAICA, i t  does not seem likely 
that i t  is the only factor involved. The observed dif- 
ference in Dq values is greater than 90 cm-I. When 

(40) C. K. Jergensen, "Absorption Spectra and Chemical Bonding in Corn- 

(41) See ref 40, p 133. 
(42) R. S .  Drago, D. W. Meek, M .  13. Joesten, and I,. LaRoche. 1nov8. 

plexes," Addison-Wesley Publishing Co.,  Reading, M a s s . ,  1962, p 296. 

C k e m . ,  2 ,  124 (1963). 



Voi. 7, No. 9, September 1968 AQUATION OF ACIDOPENTAAQUOCHROMIUM(III) 1915 

the greater n-donor strength of DMCA is taken into to relate the smaller Dp in DMCA to a steric effect and 
account, the actual lowering must be considerably leaves less effective metal to ligand back-bonding as the 
larger. This apparent steric effect then would be larger most likely explanation. 
in the case of DMCA and acetonitrile than i t  is in the 
case of DMA and DMF although in the first case the 
increase in steric bulk takes place 1.4 A further from the 
metal ion center. Consequently, i t  seems improbable 
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Linear Free Energy Relationships for the Aquation of Acidopentaaquochromium(II1) 
and Related Complexes. 
Iodopentaaquochromium(II1) Ion 

The “Stability Constant” of 
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For the reaction Cr(H20)e3+ + I- = Cr(H20)s12+ + H20, the equilibrium quotient QI = [Cr12+]/[Cr3+] [I-] has the 
value 7.0 X The corresponding values 
of AHo and A S o  are f7.6 kcal mol-’ and +6.6 cal mol-’ deg-l, respectively. The dependence of QI on acidity and 
ionic strength is analyzed. A linear relationship exists between the logarithms of the rate coefficients for aquation of 
Cr(H20)sX2+ and the negative logarithms of the corresponding equilibrium quotients Qx; the slope is 0 56 The signifi- 
cance of this for the (H20)5CrX2+ and (NHa)jCoX2+ systems is discussed. 

M-l a t  25O, in a KI-HI medium of ionic strength 4.2 M a n d  [H+]  = 0.26 M .  

Langford’ has demonstrated that the free energy 
AF* of activation for the aquation of acidopentaam- 
minecobalt(II1) ions is linearly related to the stan- 
dard free energy change AFo for the over-all reaction 

Co(NH3)5X2+ 4- H20 C O ( N H ~ ) ~ O H ~ ~ +  -t X -  (1) 

The slope of the straight line is fully 1.0, which yields 
the useful information that, in the transition state of 
the aquation reaction, the role of the departing ligand X 
is strongly similar to its role in the product, viz., that of 
a solvated ion. Langford’ further argued, after Ham- 
mond,2 that the incoming aqua ligand will be no more 
than very weakly bound in the transition state of the 
aquation reaction, since reactions such as (1) are not 
highly endothermic. Thus, bond breaking is the major 
characteristic of the aquation reaction. Basolo and 
Pearson3 have shown that the same is true for the 
analogous reaction of the ions Ir(NH3)bX2+; in this 
instance, the slope of the linear free energy plot is about 
0.9. 

The object‘of the present study was to collect suffi- 
cient data for the investigation of free energy relation- 
ships in the systems 

Kx 

ko 
Cr(H20)e3- + X- e (HzO)sCrX2+ f HzO ( 2 )  

where ko is the pseudo-first-order rate coefficient for the 
acid-independent aquation of the acidopentaaquo- 
chromium(II1) ion (hereafter referred to as acido- 
chromium(III), or CrX2+) and K x  is the thermo- 

(1) C .  H. Langford, 1flov.C. Chem., 4, 265 (1965) 
(2) G. S. Hammond, J .  A m .  Chem. SOL., 77, 334 (1955). 
(3) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic Reactions,” 

2nd ed. John Wiley and Sons, Inc., New York, N. Y., 1967, p 167. 

dynamic formation quotient (“stability constant”) of 
CrX2+, defined as 

in which ai represents the activity and yi the activity 
coefficient of species i. According to the ionic strength 
principle, it  may be assumed that the activity coeffi- 
cient quotient is constant a t  a given ionic strength I = 
1/22iCiZi2, and, since the water activity aH20 is often 
not accurately known for the reaction conditions neces- 
sary to obtain satisfactory measurements of [CrX2+], 
we shall use in place of KX the quotient QS 

While ko and QX values are available in the litera- 
ture for several simple anionic ligands X-, equilibrium 
data for the system for which X- = I- are conspicu- 
ously lacking, despite considerable current i n t e r e ~ t ~ - ~  
in the behavior of the ion Cr12+, and we now report our 
data on this system in connection with a linear free 
energy relationship between log ko and log Qx for reac- 
tions of the type (2). 

Experimental Section 
Materials.-Baker Analyzed reagents were used throughout 

this work. All materials were checked for the absence of chloride 
ion. Chromium(II1) perchlorate solutions were made by reduc- 
tion of chromium(V1) oxide in aqueous perchloric acid with hy- 
drogen peroxide. Dowex 50W-XS ion-exchange resin (50-100 
mesh, H+ form) was prepared for use by flushing it with 3 M 
hydrochloric acid until the eluate was completely transparent in 

(4) See, for example, ref 3, pp 201, 202. 
( 5 )  D. E. Pennington and A. Haim, Inovg. Chem., 6, 2138 (1967). 
(6) A. Adin, J. Doyle, and A. G. Sykes, J .  Chem. Soc., A ,  1604 (1967). 


