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TABLE I1 
X-RAY DIFFRACTION DATA FOR [ Rh(dien-H)z] I 

AKD [Rh(dien-H)(dien-2H)] a 

[Rh(dien-H)n]I [Rh(dien-H)(dien-ZH) I 
d ,  A. I / I o  d ,  A. I/Ia 
8.52 0.50 8.40 0.25 
6.47 0.50 7.64 0.50 
6 .03  0.10h 6.22 1.00 
5 .63  0.50 5.79 0.20 
4.37 1.00 5.01 0.20 
3.46 0.20 4.54 0 .  l o b  

2 .94  0.40 4.08 0.20 
2 . 8 1  0.10 2 .91  0.15 
2.52 0.15 2 .71  0.10 
2.37 0.10 2.62 0.10 
2.03 0.10 2.52 0.10 

a See footnote a, Table I. Less intense lines not included 
here. 

from 0.2795 g. of K (3.50 molar equivalents). After a digestion 
period of 1.5 hr. the tan product was separated by filtration and 
washed with six 30-ml. portions of ammonia. The product then 
was handled as described above. Analysis of the combined fil- 
trate and washings accounted for 98.8y0 of the iodine added 
initially as [Rh( dien)o] IS. 

Anal. Calcd. for [Rh(dien-H)(dien-2H)] : Rh, 33.6; N, 
27.4. Found: Rh, 34.0; N, 27.4. X-Ray diffraction data 
are given in Table I1 and the infrared spectrum is shown in Fig- 
ure 3. 

Properties and Reactions of [Rh(dien-H)(dien-ZH)] .-This 
product dissolved readily in water to give a basic solution. 
The bulk material was somewhat pyrophoric in air; however, 
when powdered the complex did not burn in air but was very 
hygroscopic. In  an atmosphere of dry He, [Rh(dien-H)(dien- 

2H)] appeared to be somewhat unstable, as evidenced by a 
darkening in color over a period of 1-2 months. The complex 
was diamagnetic a t  25'. 

To a suspension of 0.208 g. of [Rh(dien-H)(dien-zH)] in ca. 40 
ml. of ammonia was added 0.295 g. of NHJ (3.0 molar equiva- 
lents in 10.2 ml. of "3). The product was separated by filtra- 
tion and washed once with 30 ml. of ammonia. After removal 
of the solvent, the X-ray diffraction data included in Table I 
were obtained. The infrared spectrum was identical with that 
shown in Figure 4. 

A 37-mg. sample of [Rh( dien-H)( dien-2H)l was pyrolyzed 
in zlacuo to determine whether dien might be liberated. At 200' 
the complex darkened and a colorless liquid began to condense 
in the cooler (ambient temperature) portion of the pyrolysis tube. 
The liquid continued to distil as the temperature was raised 
slowly t o  500". The liquid that condensed in the trap was 
identified as dien both by mass spectrographic analysis and by 
the fact that the melting point of its picrate was identical with 
that of the picrate prepared from an authentic sample of dien. 
A black residue consisting mostly of Rh, as shown by an X-ray 
diffraction pattern, remained in that portion of the tube which 
was heated. 

Reaction of [ R h ( d i e ~ ~ ) ~ ] I ~  with 6KNH2.-To 0.5872 g. (8.5 X 
mole) in 40 ml. of ammonia was added, slowly, 13.8 ml. of 

ammonia containing 6.0 molar equivalents of KNH2. The 
orange solution was aged for 1 hr. with no change in appearance. 
To this solution was added 6.0 equivalents of "41 in 10 ml. of 
"3. The pink product obtained was mashed three times with 
20-ml. portions of "3. The pink product was stable indefinitely 
in an atmosphere of dry He and dissolved readily in HzO to form 
a pink neutral solution which became colorless over a period of 
several hours. 

Anal. Calcd. for [Rh(dien)~]Ig: Rh, 14.9. Found: Rh, 
14.9. X-Ray diffraction data are given in Table I and the 
infrared spectrum is shown in Figure 4. 
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The nature of the coordination of Fe(Il), Co(II), Ni(II), and Cu(1I) with the 5-trifluoromethyltetrazolyl anion has been 
ascertained on the basis of a correlation of the reflectance spectra with previously reported observations.2*s All of the 
complexes appear to be octahedral or distorted octahedral u-bonded complexes involving coordination by tetrazolyl anion 
and water. 

(1) Experimental results presented in part a t  the Southwest Regional 
Meeting of the American Chemical Society, Houston, Texas, Dec. 1963, and 
abstracted in Dart from a dissertation submitted bv A. D. Harris in oartial 
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( 5 )  W. P. Norris, J .  Org. Chem., 27, 3248 (1962). 
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Figure 1.--The 5-trifluorotnethyltetrazolyl anion 
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Figure 2.-Reflectance spectra of Xi( C2F3S4)s.4Hz0 (solid 
Calculated absorp- line) and Cu( CYF3S,)2.H20 (dashed line). 

tion peaks for nickel(I1) complex are indicated by arrows. 
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Figure 3.-Reflectance spectra of Fe( CsF3N4)2.2H20 (solid 
Calculated absorp- line) and Co( C2FsS4)26HaO (dashed line). 

tion peaks for cobalt( 11) complex are indicated by arrows. 

H20,  Si(C2FsSa),4H:0, and Cu( C L F J X ~ ) ~  H20 were prepared 
by the methods previously described by Joriassen and co- 
workers. 2 , 3  

Reflectance Spectra.-Reflectance spectra in the near ultra- 
violet, visible, and near-infrared regions mere obtained with a 
Beckman Model DU spectrophotometer equipped with a reflec- 
tance attachment. The saniples were held in circular stainless- 
steel sample holders 2 mni. deep and 30 mm. i.d. All samples 
were finely ground nit11 an agate mortar and pestle and dried 
prior to filling the holder. The surface of the sample was leveled 
by applying hand pressure to a hard rubber stopper that just fit 
inside the holder. 

Relative reflectance measurements \\ere obtained using MgCOB 
as a standard. The relative optical density was read directly 
from the dial of the instrument with readings taken every 20 mp 
(Figures 2 and 3). 

Discussion 
Ni(C2FjN4)2 .4H20.-The reflectance spectrum of 

this complex (Figure 2 and Table I) is that expected 
for an octahedral or distorted octahedral spin-free 
nickel(I1) with Dq = 1140 cm.-I and the 
Racah parameter B = 800 cm.-', neglecting the lower 
symmetry which actually exists. The calculated peaks 
are indicated by lines a t  the bottom of Figure 2 .  A 
comparison with other nickel(I1) complexes6 places the 
5-trifluoromethyltetrazolyl anion above ammonia and 
ethylenediamine and probably very close to bipyridyl 

T.4BLE 1 
SPECTRAL ASSIGX>fESTS FOR SEVERAL 

5-TRIFLUOROMETHYLTETRAZOLYL COMPLEXES 
Complex ? >  cm.-l Assignment 

S i (  CnF3r\-& .4H20(s) 11,400 3 X 2 g  c+ 3T2g 

(13,200)" b 
18,500 3.b, t-f 3T1,(F) 
28,500 3 X 2 e  tf 3T~,(P) 

S i (  C2F3S&(aq) 17,500c 3 X ~ p  ++ 3T1,(F) 
27,800' 3X2r t-f 3T1g(P) 

CU( C2F3S4)2 .HzO(s) 9,000 2Big tf 2Xig 
11, 700 'BI, t-f 'Bzg 
1T,900 2B1, u ZE, 

Fe( C2F3S4)2 .2H20( s)  19,300 'XI, * 'Ti, 
CO( CaF3Ii,)2 6H20( S) 10,400 4T1g(F) * 4Tyg 

21,300 4T1,(F) tf 'TiP(P) 
(8  X breakdown of the spectrum into individual bands shifts 

this shoulder to approximately 14,000 cm.-'. Although this 
shoulder has been assigned as lEE, C. K. Jpfrgensen, Acta Chem. 
Scand., 9, 1362 (1955), this designation has been challenged be- 
cause of the intensity of the peak; see ref. 7. e Calculated from 
the data in ref. 2. 

and o-phenanthroline in the spectrochemical series. 
It appears that two of the six coordination positions are 
filled by water in the solid. This conclusion is based 
on the following: In water the complex shows absorp- 
tion maxima a t  17,500 and 27,800 cm.-I for the contin- 
uous variations maximum ratio of 2 1 gands: 1 metal. 
These 3T1, peaks in solution are undoubtedly for the 
coordination of two nitrogens and four oxygens to the 
nickel. The energy shift for the solid corresponds to 
the loss of two water mo!ecules; ix., the shift is about 
that observed for the replacement of two water mole- 
cules by one ethylenediamine molecule.6 

An alternate explanation is possible since shifts of this 
magnitude could result from the phase change and the 
change in the method of measurement. The difficulty 
in removing any of the four remaining water molecules 
from the solid supports this interpretation. 
A magnetic moment of 2.8 B.M.  and shifts in the in- 

frared frequency assigned to the N-N and HzO de- 
formation have been observed,2 in agreement with the 
above spectral information. The N=N shift is small 
and suggestive of u-bonding to  the lone pairs rather 
than T-bonding. On the other hand, none of the meas- 

(6) C. K. J#rgensen, "Absorption Spectra and Chemical Bonding in 

(7)  C. J. Ballhausen, "Introduction to  Ligand Field Theory." XIcGraw- 

(8) W. Manch and U'. C. Fernelius, J .  Ckem. Edzrc., 38, 192 (1961). 

Complexes," Pergamon Press, Oxford, 1962, Chapters 5 ,  7 ,  15. 

Hill Book Co., New York, N. Y., 1962. 
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urements proves the relative number of nitrogen and 
oxygen atoms coordinated to the nickel. 

Cu(CZF3N4)z .H20.-The reflectance spectrum for 
the monohydrate of C U ( C ~ F ~ N ~ ) ~  (Figure 2 and Table I)  
is very similar to that observed6rs for distorted octa- 
hedral complexes of copper (11) with strong nitrogen 
donors; in fact, the spectrum is almost identical with 
those of the Cu(bipy)32+ and Cu(o-phen)32+ ions6 This 
observation supports the above-noted strong ligand 
field strength for this nitrogen donor with nickel(I1). 
The low-energy band (2A1,), which results because of the 
Jahn-Teller distortion observed for copper(I1) com- 
plexes, is lower than that observed for diaquo com- 
plexes having four nitrogen donors6 ; therefore, it  seems 
probable that a t  least five of the coordination positions 
are filled by nitrogen atoms. The stoichiometry and 
previous measurements are in agreement with this 
conclusion as is the ratio of the energy of the principal 
ligand field band of the copper complex to the energy 
of the first spin-allowed band of the nickel complex. 
The observed ratio of about 1.3 is between that usually 
noted for complexes with six identical ligands (=1.4) 
and complexes of low tetragonality ( = 1.1) but the 
ratio is considerably removed from the ratio observed 
for strongly tetragonal complexes.6 

Fe(C2F3N4)2.2H20.-The major absorption peak for 
the iron complex of this series (Figure 3 and Table I)  
has an energy between those of octahedral Fe(bipy)S2f 
and Fe(o-phen)32+, which have major extinction peaks 
at 19,100 and 19,600 ern-', respectively.6 This band 
in the latter two chelates has been assigned as an elec- 
tron-transfer band from the t2, level of the iron d elec- 
trons to the T* level of the ligandsg On the other 
hand, Ballhausen7 has est.imated spin-paired iron(I1) 
complexes to have Dq 2 1500 cm.-'. This estimate 
would place the '&, H 'TI, band near or above 15,000 
cm.-', or in the region of the electron-transfer peak 
observed in the spin-paired tris(bipyridy1) - and tris- 
(0-phenanthroline)iron(II) chelates. The intensity of 
the band at  19,300 cm.-' in the pink 5-trifluoromethyl- 
tetrazolyl complex is weak, suggesting that it is a d t-f d 
band, namely 'A1, ++ lTlg, or that Dq = 2200 cm.-' and 
B - 1000 cm.-l if the spin-free and spin-paired states 
are of about equal energy.6n10 The assumption that a 
paramagnetic state lies close to the spin-paired ground 
state is based on the reported magnetic moment of 1.10 
B.M.,2 which is much too low for either spin-paired or 
spin-free tetrahedral iron(I1). l1 Paramagnetic states 
mixing with ground states also have been observed for 
cobalt(II1) ammine complexes,12 which are spin-paired 
d6 complexes, too. The large Dq value is typical of 

(9) C. K. J$rgensen, Acta Ckem. Scand., 11, 166 (1957). 
(10) D. S. McClure, S o l d  Stale Pkys . ,  9, 399 (1959). 
(11) As noted by a referee, a temperature dependence study of the mag- 

netic moment of this complex would be interesting. 

spin-paired iron(I1). Hexacyanoferrate(I1) has a Dq 
value of over 30006 and the bipyridyl and o-phenanthro- 
line complexes must have a Dq value of about the same 
magnitude as the tetrazole complex as indicated by the 
absence of a lower lying 'A', t-f IT1, band. Octahedral, 
spin-paired iron(I1) is not expected to show any quad- 
rupole splitting in Mossbauer-effect studies, l3 in agree- 
ment with earlier r e s ~ l t s . ~ ? ~ ~  The small shift observed 
in the N=N infrared frequency2 is more in line with 
u-bonding than the earlier proposed n - b ~ n d i n g , ~  which 
was based on the lack of quadrupole splitting. Group 
theoretical reasons have also been given14 against the 
previous assignment. A polymeric structure with 
four tetrazolyl nitrogens and two water molecules 
bonded to each iron with each tetrazolyl ion bonded to 
two iron(I1) ions should give an insoluble complex, as 
observed, and could have the physical properties noted 
above. 

Co (C2F3NJZ 6Hz0.-Two strong absorption bands 
for octahedral, spin-free cobalt(I1) are easily assigned 
from the reflectance spectrum of C O ( C Z F ~ N ~ ) ~ .  6Hz0 
(Figure 3) as noted in Table I. Fitting these peaks6,' 
gives Dq = 1160 cm.-l and B = 820 cm.-l and places 
the unobserved, two-electron, 4T1,(F) tt 4Azg absorption 
a t  21,900 ern.-'. This weaker transition is masked by 
the more intense 4T2g band. The Dq value noted for 
this complex is considerably greater than the Dq value 
for the hexaaquocobalt(I1) ion (950 cm.-')' and the 
hexaamminecobalt(I1) ion (1010 cm.-1),6 thus showing 
that the insoluble complex involves coordination to the 
tetrazolyl anion. The similarity to the Dq value for 
nickel(I1) is gratifying and is similar to the observed 
results for other nitrogen bases6 Apparently some of 
the water is involved in lattice hydration only. The 
infrared and magnetic moment studies2 are in agree- 
ment with the above conclusion. 

Thus a consistent pattern of octahedral coordination 
by the 5-trifluorotetrazolyl anion and water has been 
found for all of the complexes. However, the high 
microsymmetry (pseudo-octahedral) makes it impos- 
sible to determine the exact number of water molecules 
involved in the coordination. 
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