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The solution behavior of the complexes Co(TMN0)aXg and Co(TMNO)& (where TMNO = trimethylamine N-oxide and 
X- = C1-, Br-, I-, and SCN-) have been examined in acetonitrile and methylene chloride. The stability of the tetra- 
hedral species C O ( T M N O ) ~ ~ +  is demonstrated in these solvents and in the presence of excess TMNO by nmr and electronic 
absorption spectroscopy. The extent of displacement of X by TMNO is seen to vary with a change in X and a change of 
solvent in qualitative accord with predictions of the coordination model. The nmr isotropic shifts of the C O I T M S O ) ~ X ~  
complexes are reported. The observed trend correlates with that predicted by a previously reported molecular orbital model. 
In spite of the bulky nature of TMNO, the trend is not in the direction predicted by a model based on steric effects. The 
absorption spectra of these complexes are seen to obey the “average environment” rule in spite of the detection of lower sym- 
metry components of the transitions a t  low temperature. The calculated spin-orbit coupling parameter, A’, is not well 
behaved 

Introduction 
In a previous article from this laboratory, we reported 

the contact shifts for the complexes CoLZXz (L = pyr- 
idine and X = chloride, bromide, and iodide).2 These 
shifts were interpreted in terms of a molecular orbital 
model, which essentially states that  as the covalency 
(or amount of charge transfer) in the metal-X bond in- 
creases, the formal positive charge on the metal de- 
creases, and hence covalency in the metal-L bond de- 
creases. This interpretation has subsequently been 
challenged, with the observed trends being attributed 
to a steric effect. In a rebuttal4 several flaws in the 
steric agreement are noted and a complex was prepared 
in which there is a steric effect. We have been able to 
show that large steric effects caused a contact shift 
change in a direction opposite to that predicted3 by the 
“steric model.” Although there are several complexes 
in which the observed contact shifts are not in the di- 
rection predicted by our model, the complexes contain 
ligands L and X which are quite dissimilar (;.e., their 
D p  values and a-bonding properties are very different). 
It is possible that pseudo-contact and/or large n-bond- 
ing effects are complicating the interpretation of the 
shifts in these complexes. The mo model is not claimed 
to be the only factor needed to predict the shift, and in 

(1) Abstracted in part from the Ph.D. thesis of D. W. Herlocker, Uni- 

( 2 )  B. B. Wayland and R. S. Drago, J .  A m .  Chem. Soc., 88, 4597 (1966). 
(3) G. N. LaMar, Inoug. Chem., 6 ,  1939 (1967). 
(4) R. S. Drago and B. B. Wayland, i b i d . ,  7 ,  828 (1988). 

versity of Illinois, 1966; NSF Co-op Fellow, 1964-1966. 

some complexes the trend in the shifts may be dom- 
inated by other effects. Consequently, it  was of inter- 
est to examine more complexes of the general formula 
CoL2X2, in order to test the limitations and predictive 
power of the molecular orbital modeL2 The TMNO 
(TMNO = trimethylamine N-oxide) complexes are 
particularly interesting because of the large Dq of 
TMNO and the bulky nature of this ligand. 

In this article we report a complete study of a series 
of compounds of the general formula C O ( T M N O ) ~ X ~  
(X = halide, thiocyanate). The electronic spectra 
of the complexes are examined in detail to establish the 
nature of the species in solution. In addition to gaining 
further support for our molecular orbital model, the col- 
lected data provided checks on the “average en- 
vironment rule” for pseudo-tetrahedral cobalt (11) 
systems5 Since i t  has been shown that the ligand field 
strength for TMNO is greater than those of the halo- 

such compounds offer a good check on the 
widespread applicability of the principle of average 
environments and on our molecular orbital model. 

(5 )  F. A. Cotton, D. M. L. Goodgame, and M. Goodgame, J .  A m .  Chem. 
Soc., 88, 4690 (1961). 
(6) R. S. Drago, J. T. Donoghue, and D. W. Herlocker, Ino ig .  Chem., 4, 

836 (1965). 
(7) After our initial report concerning the spectrochemical parameters of 

TMNO, i t  was found that  the intensities but not the positions of the elec- 
tronic transitions in Co(TMN0)42+ varied with concentration of the com- 
plex and with the addition of excess TMNO in nitromethane. Thus the 
parameters were recalculated in acetonitrile solutions. The values ob- 
tained (& = 476 f 5 cm-’, B’ = 771 i 12 cm-’, and 0 = 0.79 f 0.02) 
are within the error limits of those reported earlier.% 

(8) D. W. Herlocker, to  be submitted for publication. 
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We are also interested in the mechanisms of and ex- 
change parameters for the exchange reactions of coor- 
dinated and bulk ligands in the CoL2X2 series of com- 
plexes. Previous articles have investigated the ex- 
change reactions of a-picolineg and hexamethylphos- 
phoramide (HMPA%~ O=P[N(CH3)2]3)10 in chloro- 
form as a solvent. For these exchange studies to be 
valid, the CoL2X2 species must be stable in the presence 
of excess ligand. We have examined the behavior of 
[Co(ThIN0)2X2] species under these conditions. 

Experimental Section 
Materials .-Trimethylamine K-oxide dihydrate (TMNO . 

2H20) was obtained commercially from Eastman Organics and 
was used for synthetic purposes with no prior purification. The 
anhydrous material (TMPiO) was obtained by subliming the di- 
hydrate twice a t  reduced pressure a t  about 100”. The product 
was then stored in a dry-atmosphere box, in which all manipula- 
tions with the anhydrous material were performed. Hydrated 
cobalt(I1) bromide was obtained from Alfa Inorganics and an- 
hydrous cobaltiI1) thiocyanate from City Chemical Co. The 
preparation of anhydrous cobalt(I1) iodide has previously been 
described.” Eastman Spectrograde acetonitrile and Fisher re- 
agent dichloromethane were stored over Linde 4--1 Molecular 
Sieves for several days prior to use. Eastman practical grade 
triethyl phosphate was distilled under reduced pressure from 
barium oxide and stored in a desiccator over Linde 4-h Molecular 
Sieves when not in use. Glass wool was added to the flask to 
reduce bumping during the distillation. 811 other materials were 
of reagent grade and were used without further purification. 

Preparation of Complexes. Tetrakis( trimethylamine N-oxide)- 
cobalt(I1) perchlorate was prepared as previously described? 

Dihalobis( trimethylamine N-oxide)cobalt(II) .-Anhydrous co- 
balt(I1) halide \vas suspended in 35 ml of ethanol, and to this 
solution a stoichiometric amount of TMNO. 2H20 dissolved in 
ethanol was added. The purple solution was stirred for 1 hr, 
with addition of several hundred milliliters of ether resulting in the 
formation of purple powders (the iodide has a bluish tinge). 
After a stirring period of 15 min, the compounds were filtered 
in a dry-atmosphere box, washed with ether, and dried under 
vacudm. The chloride complex is the only one which is appreci- 
ably hygroscopic. d n d .  Calcd for CaH18CoKi20?.C12: C, 25.71; 
H ,  6.42; S,  10.00. Found: C, 25.22; H ,  6.37; S, 9.47. 
Calcd for CsH&oN20zBr2: C, 19.52; H ,  4.88; X, 7.59. Found: 
C, 19.45; H, 5.07; N, 7.13. Calcd for C ~ H I S C O S ~ O ~ L :  C, 
15.55; H ,  3.89; A?, 6.05. Found: C, 15.61; H ,  4.01; N, 5.42. 

Bis( thiocyanato)bis( trimethylamine N-oxide)cobalt( 11) .-An- 
hydrous cobalt(I1) thiocyanate (2  g) was dissolved in 40 ml of hot 
ethanol and filtered warm into a solution of TMNO.2HzO (2.5 g) 
in 25 ml of hot ethanol. A purple solution and purple precipi- 
tate were obtained. Stirring continued for 0.5 hr as the solu- 
tion cooled, a t  which time ether was added to complete the 
precipitation. The compound was filtered, washed with ether, 
and dried under vacuum overnight. I t  is not hygroscopic. 
Anal. Calcd for C8H1&oN\J402S2: C, 29.54; H, 5.54; N, 17.23. 
Found: C, 29.84; H, 5.83; N, 17.07. 

The preparations of the Co( HMPX)&,12 Co( CjHjN)2Xz,13 
and Co [( C6Hj)3P]2Xz (X = halide,14 thiocyanatelj) complexes 
have previously been described. 

Physical Measurements.-The results from conductance, 
spectral, magnetic, and nuclear magnetic resonance studies are 

(9) S. S .  Zumdahl and R .  S. Drago, J .  A m .  Chent. Sac., 89, 4319 (1967). 
(10) S. S. Zumdahl and R. S. Drago, submitted for publication. 
(11) M. F Rettig and R.  S. Drago, J .  Am.  Chew%. Sac., 88, 2966 (1966). 
(12) J .  T. Donoghue and R. S. Drago, 1nai.g.  Chem., 2, 5 7 2  (1963). 
(13) N.  S. Gill, R. S. Nyholm, G. A. Barclay, T. I. Christie, and P. J. 

(14) F. .4. Cotton, 0. D. Faut ,  D. M. L.  Goodgame, and R .  H. Holm, 

(15) F. A. Cotton, D. &I. L. Goodgame, h l .  Goodgame, and A. Sacco, 

Pauling, J .  I w o i g .  N u c l .  Chent., 18, 88 (1961). 

J .  Am. Chew.  Sac., 83, 1780 (1961). 

ib id . ,  83 4157 (1961). 

listed in Table 1-171 and in Figure 1. Electronic spectra were 
obtained on a Cary 14 spectrophotometer. For the elec- 
tronic spectra of solutions containing an excess of the ligand, the 
reference solutions contained an equivalent amount of dissolved 
ligand. Solid-state electronic spectra of mulls were also ob- 
tained on the Cary 14.16 The solid-state magnetic moments were 
obtained as previously reported.6 

TABLE I 
COSDUCTAXE DATA FOR Co(TMNO)2X2 COMPLEXES 

ASD [CO(TMKO)~] (C104)2 IN ACETOSITRILE 

X- 
c1- 
c1- 
Br- 
Br- 
1- 
1- 

SCN- 
scs - 
[ Co(TMNO)a] - 

(C104j2 
Co(HMPA)eC12 
[ (C&)rN]- 

(C104) 
CO (HM PA)(- 

(C1Oa)n 

Concn of 
added 
ligand, 

Concn, J4 A4 

8.67 x 10-3 . . . 
2.20 X 0.0779 
3.26 x 10-3 . . .  
2.14 X 0.0300 
4.38 x 10-8 . . . 
3.45 x 10-3 0.2201 
3 .02  x 10-3 , , , 

2.26 X 0.08134 

1.61 x 10-3 , _ .  
5.02 x 10-3 . , . 

7.10 x 10-3 

5.40 x 10-3 

A x ,  

13 
167 
21 

264 
58 

254 
22 

270 

336 
13 

156 

261 

ohm- 
remp, Type of 

27.2 Non 
28.0 1:l 
31.6 Non 
28.2 2 : l  
27 6 “Nan” 
27.8 2 : l  
24.8 Nan 
26.4 2 : l  

OC conductor 

26.2 2 : l  
27.2 &-on 

26.0 1 : l  

27.5 2 : l  

The solution magnetic moments were obtained using a varia- 
tion of a method proposed by Evans.” Into a standard nmr 
tube (5-mm o.d., 4-mm i.d.) was passed an inner tube (3-mm o.d., 
2-mm i.d.), sealed on the bottom such that a thick piece of glass 
resulted. The outer tube had an opening constricted such that 
the inner one just  passed through. The combination of the glass 
on the bottom and the constriction caused the inner tube to rise 
reasonably concentrically within the outer tube. The inner 
tube, which was about 4 mm longer than the outer tube, was held 
in place by a plastic nmr cap and rubber jackets such that both 
tubes were sealed from one another and the atmosphere. As- 
semblies are now available commercially from Wilmad Glass 
Co., Buena, X. J .  

The sample solution (0.03-0.05 M )  containing TMS was 
placed in the outer tube, while a solution of TMS in the solvent 
was placed in the inner tube. While no change in the results was 
noted if the order was reversed, i t  %as easier to determine the 
position of the “paramagnetic” TMS peak with the sample 
in the outer tube, since in this case more of the solution was in the 
magnetic field. 

The samples are spun in an A-60 spectrometer a t  the normal 
rate for 5 min until the tubes have attained temperature equi- 
librium with the magnet. The frequency difference between the 
TMS peaks (40-50 cps) is then measured accurately on the 50- 
cps scale. While the frequency difference of the T M S  peaks is 
independent of the spinning rate, we have found that extraneous 
spinning side bands, which sometimes interfere with the read- 
ing, can be removed from the area by an increase in the spinning 
rate. Diamagnetic corrections18 were then applied to the mag- 
netic susceptibilities obtained for the TMNO complexes. 

Room-temperature (32 =IC 2’) nuclear magnetic resonance spec- 
tra of the Co(TMN0)zXn complexes were obtained on a Varian 
DP-60 recording spectrometer using tetramethylsilane as an in- 
ternal standard. The spectra obtained were calibrated with a 
side-band oscillator. Spectra for the Co( TMNO)aZ+ complex 

(16) R. H. Lee, E. Griswold, and  J. Kleinberg, Inavg. Chem., 3, 1278 
(1964). 

(17) D. F. Evans, J .  Chem. Soc., 2003 (1959). 
(18) B. N. Figgis and J. Lewis in “Modern Coordination Chemistry,” 

J. Lewis and R. G. Wilkins, Ed. ,  Interscience Publishers, Inc., S e w  York, 
N. Y., 1960, pp 400-464. 
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Br -  

1- 

TABLE I1 
SPECTRAL DATA FOR Co(TMN0)zXz COMPLEXES ASD [Co(TMXO).J (C101)~ 

X -  Solvent ------------------X(3”-------------------- 

c1- Mull 430 she 530 598, 620b 695 
1265 

1315 (67.3) 1425 (68.0)  1600 (61.0) 

1335 (64.9) 1435 (68 .3)  1595 (58.9)  

CHzClz 576 (222) 610 (350) 640 (315) 664 (340) 

CHaCN 589 sh (227) 610 (330) 635 (310) -, 665 (318) 

Mull 431 sh 520 557 sh 598 

CHzClzd 590 sh 625 652 674 
CHiCN 590 sh 625 (355) 651 (315) 680 (300) 

Mull 442 sh 520 585 sh 627 
651 sh 750 1340 

CHzC1zd 600 646 670 705 
CH3CN 592 (280) 644 (410) , . .  720 (245) 

596 (287) 643 (389) C8) (322) 712 (296) 

625 sh 715 1260 

1335 (70) 1475 (71) 

1340 (83) 1475 (76) 
CH3CN + I - f  

1350-1500 (85)e 
SCN- Mull 495 586 657 1235 

1385 
CHzClz 555 sh 587 (520) 625 (585) 
CHsCN 555 sh 587 (530)b 598 (530)b 622 (560) 

1225 (160) 
[ Co(TMNO)a] - 

(C104 )z Mull 566 1C75 1400 
CHaCN 535 sh 567 (289) 1100 (77) 1405 (55) 

0 The absorption is very broad. 
a Wavelength in mfi; B in M-’ an2. * Poorly resolved doublet. sh = shoulder. d Saturated solution. 8 This transition mas not 

observed. f The iodide ion is added as [(n-C4H9)4N]I (0.0114 M complex and 0.0239 -VI iodide). 

TABLE I11 
SPECTRAL DATA FOR CO(TMNO)ZXZ COMPLEXES ASD [Co(TM -UO)a] (C1O4)2 

~ X -  Solvent C, M 
c1- 0.8549 0.0093 560 sha 593 (300) 614 (290) 

c1- 0.3896 M 0.0110 550 sh 590 (275) 630 sh 1190 (68 .5)  

Br- 0.1500 M 0,0107 535 SI1 568 (292) 1100 (73.9) 1400 (55.3)  

1- 0.1171 M 0.0047 535 sh 569 (294) 1100 (76.2) 1400 (55.5)  

SCN- 0.4022 M 0.0113 535 sh 570 (288) 1100 (75.3) 1400 (55.6)  

TMNO in CHZCIZ 

TMNO in CHICK 1400 (61.4) 

TMNO in CHaCN 

TMNO in CHaCN 

TMNO in CH3CN 
[Co(TMN0)4] (C104)~ TMNOb in CH3CN . . .  b 535 sh 567 (296) 1095 (77) 1400 (53) 

a sh = shoulder. b A variety of concentrations of complex and added ligand were studied. 

TABLE IV 

C O ( H M P A ) ~ X ~  AND Co(TMh’0)2Xz COMPLEXES (CM-’) 

CO (TM NO )z C1z 394 746 393 748 
Co (TM NO)2Brz 384 735 391 719 

AVERAGE ENVIRONMENT CALCULATIONS FOR 

Complex Dq(ca1cd) B’(ca1cd) Ddobsd) B’(obsd) 

CO (TM NO )z (NCS)2 466 711 462 734 
Co(HMPA)zCIz 328 764 325 777 

Co(HMPA)zIz 310 725 316 739 
Co(HMPA)z(NCS)z 400 748 395 757 

[ coc141 - 311 720c 

Co(HMPA)zBrZ 318 753 317 761 

[Co(TMN0)4] ’+ 476 771a 
[ Co(HMPA)4] + 344 807b 

[ CoBr4] - 292 699c 
[ CoI41 - 276 6420 
[CO(NCS)41 2 -  455 6916 

This work. * Data from ref 6. c Data from ref 5. This is 
the average value of results in CHC13, CHSC12, and CHaNOe 
solutions. 

TABLE V 
SHIFTS FOR SOME 

TRIMETHYLAMINE N-OXIDE COMPLEXES OF COBALT(II) 

Species Obsd shift,n Hz Species Hz 

CO(TMNO)~CIZ -462 f 10 Co(TMNO)z(NCS)g -570 zt 10 
Co(TMKO)zBr2 -515 zt 10 [Co(TMNO)alZ+ -615 zt 10 

Obsd shift,a 

a Observed shift = &ompiex - 61ipand. 

and TMXO in acetonitrile were obtained on the Varian A-60 
spectrometer. 

Results 
Conductance values for [CO(TMNO)~](CIO~)~ and 

the [Co(TMNO)zX,] complexes are presented in 
Table I. Spectral results in acetonitrile and dichloro- 
methane are recorded in Tables I1 (no added TMNO) 
and I11 (added TMNO). Average environment cal- 
culations for some CoL2Xz complexes are reported in 
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Compound 

Co(TMISO)eClz 
Co(TMSO)sBrsr 
Co(Th/INO)LIz 
Co(TMSO)*(SCS)z 
CO(TMSO)~(SCS)Z  
[Co(TMSO)d] (Clod)* 
Co(HMP.LI)*Br? 

TABLE 1-1 
MAGNETIC DATA 

106Xmeasd, 
cgsu 

32.5933 
25.0699 
21,0411 
25,6723 
23.74 
15.2863 
16.02 

10ex)iCor, Temp, 
cgsu O K  

9249 299 
8870 299 5 
9927 299 
8473 299 
7844 307 
8748 292 
9584 305.5 

f i i e f f , d  BM 

4 .71  S t  0.06 
4.77 i 0.06c 
4 . 8 8 k  0.06 
4.54 I!= 0.06 
4.40 =t O . O B C  
4 .54 i 0.06 
4.87 i 0.0@ 

Data obtained from acetonitrile solutions. Data ob- 
c A value of 4.7 was ob- 

d Unless indicated data 
tained from dichloromethane solution. 
tained from measurements in CHaCS. 
were obtained on the solid 

901 ‘9 
i 9  I 

70 \ -1 

2ol 10 

So& E) 

Figure 1.-Observed nuclear magnetic resonance frequencies 
of the proton in Co(TMSO)a2+ as a function of the mole percent- 
age of “free” TMNO protons in the system. 

Table IV. S m r  shifts and magnetic susceptibilities for 
the complexes are presented in Tables V and VI, re- 
spectively. 

The determination of XI*’ for the complexes in solu- 
tion is obtained from 

where AV is the difference in resonance frequency of the 
TMS peaks (i ‘diamagnetic” and “paramagnetic”) in 
Hz, Y is the frequency of the probe (60 X lo6 Hz), C is 
the concentration of the complex in g/ml of solution, 
and the other terms have their usual significance. We 
have not found it necessary to utilize the correction 
terms mentioned by Evans. l7 

The Co(TMS0)42+ shift was determined from the 
intercepts of a plot of average chemical shift vs. mole 
fraction of free ligand for mixtures of the complex and 
excess TMNO (Figure 1). The value of 6, obtained 
from the graph agrees within experimental error with 
that obtained from the spectrum of TMNO in acetoni- 
trile. The linearity of this plot over the range of 20- 

90% free ligand is an excellent indication of the presence 
of only one complex, the tetrahedral C O ( T M N O ) ~ ~ +  one, 
in this system.Ig This result is in agreement with spec- 
tral data, which indicate no change in species present 
upon the addition of excess base (Tables I1 and 111). 

The shifts for the pseudo-tetrahedral complexes 
could not be obtained by this procedure because they 
reacted with excess TMNO, forming other complexes 
(see Tables 1-111). Since the resonances are very 
broad (the half-widths a t  half-heights of the resonances 
are a t  least 200 Hz) and since the solubilities of the 
complexes in acetonitrile are low, data for these com- 
plexes were obtained with a DP-60 spectrometer, using 
saturated solutions of the complexes. The concentra- 
tion of saturated solution of Co(TMN0j2I2 in acetoni- 
trile (with approximately a 2 :  1 excess of added iodide 
ion to prevent dissociation) was too dilute to give an 
observable signal. 

The error limits assigned to the shifts for the pseudo- 
tetrahedral species arise because of the difficulty in lo- 
cating the centers of the broad proton resonance ab- 
sorptions. Because of this problem, the resonances 
were observed a t  least four times with an average then 
being taken of those values. A dilution of the most sol- 
uble complex, Co(TMN0)2C12, to half its original 
concentration resulted in no change within experi- 
mental error in the shift. Spectra could not be ob- 
tained for more dilute solutions of the less soluble bro- 
mide and thiocyanate complexes. 

Discussion 
Solution Behavior of Complexes.-The conductance 

and spectral data for [Co(TMNO)d]Xz (Tables I- 
111) indicate that these complexes are 2 : 1 electrolytes 
in acetonitrile, with the ligand field around the co- 
balt(I1) ion being tetrahedral in nature. The equiva- 
lence of the electronic spectra in the absence and pres- 
ence of added TMNO indicates that neither a tetra- 
hedral * octahedral equilibrium nor acetonitrile solva- 
tion is occurring. These ideas are in agreement with 
the nmr data graphed in Figure 1, in which only one 
species plus excess ligand appears to be present over a 
wide range of complex and added ligand concentrations. 

The multistructured absorptions in the visible and 
near-infrared regions of the electronic spectrum 
(Table 11) and the magnitudes of the extinction coef- 
ficients for the bis complexes are indicative of pseudo- 
tetrahedral cobalt(I1) . 5  The low conductance values 
for the complexes in acetonitrile, the general similarities 
of the solution electronic spectra in dichloromethane 
and acetonitrile, and the relative invariance of the 
extinction coefficients over a fairly wide concentra- 
tion range (when applicable) indicate that only very 
small changes occur in the ligand fields about the cobalt- 
(11) ion under these conditions, and consequently no 
extensive ligand displacement by acetonitrile is noted. 

(19) This plot was obtained by using a number of different complexes 
containing the Co(TMh-0)aZ + cation with various anions in acetonitiile and 
dichloromethane (where possible) solutions. The linearity of the plot pre- 
cludes any solvent or anion reactions with the  cation. The  various Co- 
(TR.INO)a$+ complexes will be discussed further in ref 8. 
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As noted from both conductance and spectral data 
(Tables I and 11), some dissociation does occur in the 
iodide complex in acetonitrile. Addition of excess io- 
dide ions (at an iodide to complex ratio of about 2:  1) 
produces an electronic spectrum which is quite similar 
to that of the complex dissolved in dichloromethane 
(Table 11), supporting the idea that the acetonitrile is 
simply displacing some iodide ions from the coordina- 
tion sphere of the complex. 

Previous studies on CoLzX2 species (L = HMPA,20 
pyridine, 21 quinoline and isoquinoline, 22 and 2- and 
4-methylpyridine21*23 in the presence of added base 
have shown that a variety of products of general form- 
ula [CoL4X2], [CoL3X]X, and [CoL4]Xz can be formed. 
I t  has also been shown, however, that  some of the above 
species undergo no displacement reaction with added 
base, thus being amenable to nmr exchange rate studies. 
Since TMNO has such a high Dq toward tetrahedral 
cobalt(II), and since i t  is a rather bulky ligand, i t  
would have been of interest to evaluate the kinetic 
parameters for the ligand displacement reaction in a 
poorly coordinating solvent. In  this connection the 
solution behavior of the [CO(TMNO)~X~]  complexes 
in the presence of excess TMNO was investigated. 

Addition of large amounts of excess TMNO increases 
the conductance values of the complexes to those of 
1 : 1 (chloride) and 2: 1 (bromide, iodide, and thiocya- 
nate) electrolytes (Table I). The electronic spectral 
data for the bromide, iodide, and thiocyanate complexes 
are identical with those for a known [Co(TMN0)4I2+ 
complex (Table 11). The nmr shift of the protons of 
the thiocyanate complex (with added TMNO in aceto- 
nitrile) falls on the linear mole fraction plot for the 
[Co(TMN0)4I2+ species (Figure 1). Thus for these 
three complexes, the following reaction of the complexes 
with excess TMNO in acetonitrile solutions is proposed 

CHsCN 
Co(TMN0)sXt + STMNO __f 

Co(TMTX0)d2+ + 2X- (2) 

(X- = Br-, I-, NCS-). 
The conductance and spectral changes for solu- 

tions of CO(TMNO)~CI~ with added TMNO in acetoni- 
trile indicate the reaction 

CHaCN 
Co(TMN0)2C12 + TMKO -+ Co(TMN0)3Clf + C1- (3)  

Changes (different from those noted in acetonitrile 
solutions) are also observed in the electronic spectrum 
of dichloromethane solutions of the chloride complex 
in the presence of added TMNO. Since the center of 
gravity of the visible band in dichloromethane is a t  a 
lower energy than that in acetonitrile, a weaker average 
ligand field is present around the cobalt(I1) ion in the 
former solution, indicating less ligand displacement in 
the dichloromethane solution. Clearly, then, the 
Co(TMNO)zX2 complexes do not lend themselves to 

(20) M. R. Rosenthal and R. S. Drago, lnovg.  Chem., 5 ,  1612 (1966). 
(21) H. C. A. King, E. Koros, and S. M. Nelson, J .  Chem. Soc., 5449 

(1963). 
(22) H. C. A. King, E. Koros, and S.  M. Nelson, ib id . ,  4832 (1964). 
(23) D. P. Graddon and E. C. Watton, Atislralian J .  Chem., 18, 507 

(1965). 

the study of ligand-exchange reactions by nmr line- 
broadening techniques. 

The above results are qualitatively consistent with 
the coordination modelz4 description of nonaqueous 
solvent behavior. This model predicts that the iodide 
ion, which is more weakly bound than the chloride ion, 
is more susceptible to displacement by another donor 
(in this case TMNO). It also emphasizes the impor- 
tance of solvating properties of the solvent as an aid in 
determining the amount of anion displacement. In the 
above studies more extensive displacement of the chlo- 
ride ion from Co(TMN0)2Cl2 by TMNO was ob- 
served in the more polar, better solvating acetonitrile 
than in the less polar, more poorly solvating dichloro- 
methane. 

Nmr Isotropic Shifts.-Trimethylamine N-oxide is 
an interesting ligand for contact shift stuaies, in that 
there are no T bonds in the molecule. Consequently, 
any spin delocalization which may occur onto the ligand 
will involve only u ligand orbitals. The observed 
downfield shifts for the protons (Table V) in both the 
clv complexes CoLzX2 and the T d  complex co-  
(TMN0)42+ are consistent with a u-delocalization 
mechanism. The large magnitudes of the shifts 
noted for the methyl protons in CO(TMNO)~~+,  which 
are far removed from the donor atom, are also consis- 
tent with considerable mixing of the metal and ligand 
orbitals. 

Although the differences in the shifts for the chlo- 
ride and bromide complexes are not very large, they are 
in a direction consistent with the mo model previously 
proposed.2 In the CO(TMNO)~(NCS)~ and Co- 
(HMPA)z(NCS), complexes,2 the shifts are larger 
than those in the analogous halide complexes. This is 
in the opposite direction of that predicted by the steric 
modeL3 This increase can be rationalized by proposing 
that metal-anion back-bonding increases the formal 
positive charge on the metal, thus increasing the co- 
valency in the metal-ligand bond. Because of the 
possible contributions to the observed isotropic 
shifts from pseudo-contact shifts, however, it  is prob- 
ably not prudent a t  this time to do much more than to 
observe the qualitative consistency of these results with 
the molecular orbital model2 and with the observed 
shifts in the analogous pyridine complexes. 

Average Environment Calculations.-The spectral 
data collected for the COLZXZ (L = TMNO, HMPA) 
complexes provide an interesting test of the average 
environment rule,6 because the Dq of TMNO is much 
larger than those of the halide ions while that of HMPA 
is similar to that of the halogens.12 Any splittings in 
the spectral bands from a Czv component arising from a 
large difference in Dq’s of the coordinated ligands would 
thus be more noticeable in the TMNO complexes. The 
results of these average-field calculations are presented 
in Table IV, using solution values in all instances. In  
view of the complexity of this problem, surprisingly 
good agreement between the calculated and observed 

(24) R. S. Drago and K. F. Purcell in “Advances in Inorganic Chemistry,” 
Vol. 6, F. A. Cotton, Ed., Interscience Publishers, Inc., 1965, pp 271-322. 
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values of Dq and B’ is observed. These results, 
in addition to those reported by Cotton, et al.,5 and by 
Madan, et a1.,25,26 for sulfur donors, illustrate that this 
concept is valid for a large number of pseudo-tetra- 
hedral cobalt(I1) c o m p l e ~ e s . ~ ~ - ~ ~  This agreement is in- 
deed surprising because low-temperature mull spectra 
exhibit splitting of the near-infrared band greater 
than can be expected from spin-orbit coupling suggest- 
ing a low-symmetry component. The high-energy 
band has a t  least six components. 

Solid-state Behavior of the Complexes -1Vhile the 
solid-state and solution electronic spectral data for 
C O ( T M N O ) ~ ~ +  are essentially identical, there are 
differences in the same sets of data for the Co- 
(TMN0)2X2 complexes (Table 11). ITYhile the 
moments are in the range expected for tetrahedral co- 

(26) S. K. Madan and &I. Sulich, Inovg. Chem., 5,  1662 (19661, and the 

(26) S. K. Madan and i). hlueller, J .  Inovg.  Nucl .  Chem., 28, 177 (1966). 
(27) I t  is interesting to  note that  a study of Co(DMA)zX? (DMA = N,N-  

dimethylacetamide, X -  = halide) complexes28 yields Dq values for D M A  
which are much smaller than those observed in Co(DhIA)a*-. Spectral 
and magnetic evidence have been presented for  the four-coordinated com- 
plexag to  indicate possible distortion from a tetrahedral configuration. This 
discrepancy in average-field Dp values is consistent with such findings. 

(28) S. K. Madan and A.  ’AI. Donohue, J .  Inoig.  Xucl. Chenz., 28, 1617 
(1966). 

(29) E. R. Wayland, R .  J. Fitzgerald, and R. S. Drago, J .  A m .  Chein. Soc., 
88,4600 (1966). 

references therein. 

balt(I1) (Table VI), with the exception of the thiocyo- 
nate complex, values calculated for A’  (after correcting 
for TIP5) are higher than those normally calculated for 
tetrahedral cobalt(I1) complexes,j being even higher 
than the gas-phase value. This indicates inappropriate 
use of the model for T d  complexes on these lower sym- 
metry complexes and renders the interpretations of A’ 
values for other than T d  complexes questionable. Even 
then, accurate magnetic moments are needed. The A’ 
value for the C O ( T M N O ) ~ ~ +  species (-138 cm-I) is 
in the normal range5 of 130-1i0 cm-! usually encoun- 
tered. 

In other pseudo-tetrahedral cobalt(I1) complexes 
of the type COLZXZ (L = pyridine, HMPA, triphenyl- 
phosphine) i t  n-as found that the positions of maximum 
absorbance did not change upon change of state. The 
spectral data are not indicative of halide bridging, a5 is 
the case nith Co(py)&12 (py = pyridine),13 but evi- 
dently lattice effects are causing changes in the ligand 
fields around the cobalt(I1) ion. 
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The gas-phase thermodynamic data for formation of the adduct of ethyl acetate with boron trifluoride and for the hydrogen- 
bonding interaction of chloroform with dimethylamine are reported. For the chloroform-dimethylamine adduct an en- 
thalpy of dissociation, AHD = 5.8 * 1.1 kcal/mol, and an entropy of dissociation, A S D  = 22.5 eu, were obtained. Values of 
AHD = 12.8 i: 0.7 kcal/mol and A S D  = 37 eu were obtained for the ethyl acetate-boron trifluoride adduct. Toward chloro- 
form, dimethylamine is a stronger donor than triethylamine. Previously,? we have been able to  assign two parameters to an 
acid, EA and CA, and two to a base, EB and CB, which when substituted into the following equation reproduce the enthalpy of 
adduct formation: The systems reported here have been incorporated into this correlation and 
some interesting insight into the existence of steric effects in the donor-acceptor interactions is provided. 

- A H  = EAEB + CACB. 

Introduction 
In contrast to the many studies on donor-acceptor 

interactions in solution, relatively little work has been 
reported on such systems in the gas phase. Limitations 
on volatility of reactants and adducts, difficulties in 
purchasing or constructing the requisite high-vacuum 
equipment, and operational problems all mitigate 
against gas-phase measurements when other methods 
are available. Yet gas-phase thermodynamic data are 
singularly important, particularly for testing the com- 
mon assumption that solvation effects can be neglected 

(1) Abstracted in  part from the Ph.D. theses of L. J. Sacks and D. P. 
Eyman,  L-niversity of Illinois, Urbana, Ill., 1964. 

(here, specifically, for donor-acceptor interactions) if a 
nonpolar solvent is employed. These studies were 
initiated, in part, to provide a test for this assumption. 
At that time we knew of no studies providing reliable 
thermodynamic data for adduct formation both in the 
gas phase and in solution. Subsequent to the comple- 
tion of this work, reports a p ~ e a r e d ~ , ~  indicating that 
similar enthalpies are obtained in the gas phase and in 
carbon tetrachloride or hexane solution. This evi- 
dence supported the use of data obtained in these non- 
polar solvents along with gas-phase data for correla- 

( 2 )  J. M. Goodenow and hl.  Tamres, J .  Chem. Phys. ,  48, 3393 (1968). 
(3) F. T. Lang and R .  L. Strong, J. A m .  Chem. Soc., 8’7, 2345 (1965). 


