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Figure 2.-Chemical shift of the OH proton resonance as. 
temperature for a 1 mol solution of dimethylboric acid in 
methylcyclohexane. Shifts relative to  cyclohexane are cal- 
culated by subtracting 1.44 ppm from the chemical shift relative 
to tetramethylsilane (TMS). 

purities, such as methylboric anhydride, than is di- 
inethylboric acid from methylboric acid. The purifica- 
tion of dimethylboron chloride is also tedious4 

The broad OH stretching band in carbon tetra- 
chloride and the concentration and temperature de- 
pendence of the hydroxyl proton chemical shift are 
typical for hydrogen-bonded protons. S o  attempt 
has been made to calculate the bond energy from the 
temperature dependence of the nmr spectrum, since 
the system involves several species in unknown con- 
centrations. Further, extrapolation to obtain the 
maximum downfield shift of the hydrogen-bonded 
proton is somewhat uncertain (see Figure 2). 

It is of interest to examine the present resuIts in 
terms of a correlation proposed by Ferraro and Pep- 
pard ;8 these authors found a linear relation between 
the chemical shift of the hydroxyl proton in the region 
of "minor bond breaking" ( i e . ,  the relatively flat 
portion of Figure 1 a t  higher concentration) and the 
hydrogen-bond energy. A similar relation was noted 
between the bond energy and the difference in the 
infrared stretching frequencies of free and hydrogen- 
bonded OH groups.* Using this correlation, our 
value of ca. 7.3 ppm downfield from cyclohexane (8.7 
ppm from tetramethylsilane) for the chemical shift 
of the hydroxyl proton in the region of minor bond 
breaking corresponds to a hydrogen-bond energy of 
4.6 kcal. Furthermore, the value of 260 cm-I ob- 
tained by subtracting the frequency of the bonded 
OH from the frequency of the free OH corresponds to 
an energy of 4.8 kcal. The good agreement between 

(8)  J. 12. Ferraro and U. F. Pegpard, J .  Phrs. Chem. ,  67, 2639 (1963). 

these two values leads us to place some confidence in 
the values obtained. 

It is of interest to note that the shift of the hydroxyl 
proton of the monomer, cu. 4.3 ppm downfield from 
tetramethylsilane, occurs a t  a much lower field than 
that of the monomeric proton in ethanol, 0.76 ppm 
downfield. This would indicate decreased shielding 
of the hydroxyl proton in dimethylboric acid, which is 
in keeping with the expected lowering of the electron 
density on the oxygen atom caused by the acceptor 
capability of the boron atom. Oxygen-boron back- 
donation would also account for the failure to observe 
any indication of intermolecular coordination ; this is 
not unexpected, however, since methoxydimethyl- 
boron is not associatedIO despite the electron-releasing 
methyl group on oxygen. 

Evidence for oxygen-boron T bonding, in terms of 
hindered rotation about the boron-oxygen bond, has 
recently been provided;" the splitting of the B-methyl 
resonance in methoxydimethylboron a t  - 44' Iyas 
attributed to this effect. Splitting of the methylboron 
resonance in dimethylboric acid was not observed down 
to - loo", presumably because very rapid hydrogen- 
bond breaking and forming averages out the environ- 
ments of the B-methyl groups, irrespective of hindered 
rotation about the boron bond. 
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The recent publication of a detailed analysis of the 
nqr resonance in Cs( 1,2-CzR9H1J2Co and the compari- 
son of the bonding in this carbollide with ferrocene and 
related molecules by Harris' prompt us to describe 
more fully the Mtissbauer results referred to in that 
paper. 

Experimental Section 
Samples of (CHa)4r\T[Fe(CaBsH11!*] and (CIH;)Fe(CABuH11) 

were generously made available t o  US by Dr. P. Wegner and used 

(1) C. B. Harris, 1nor:c. C'heiit., 7, 1317 (1988). 
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as received. Ferrocene was obtained commerciallyZ and re- 
crystallized from CCL. Ferricinium bromide was prepared in 
the usual manner,3 washed copiously with CC14, and freed of 
excess solvent under vacuum. The sample of [(?r-CaHs)Fe- 
(CsH4)I2CH+BF4- was supplied by Dr. D.  Dell of the Technion- 
Israel Institute of Technology and was used as received. The 
Mossbauer spectrometer-which was calibrated with high-purity 
Armco iron4-has been previously de~cribed.~ All isomer shifts 
are reported with respect to the centroid of the sodium nitro- 
prusside (SNP) Mossbauer spectrum6 for which the room-tem- 
perature quadrupole splitting is 1.7048 =t 0.0025 m m / ~ e c . ~  

Results and Discussion 
The Mossbauer data on (CH3)hN [Fe(C~B9H11)2] 

and related compounds are summarized in Table I and 

TABLE I 
MOSSBAUER PARAMETERS FOR Fe(C2BDHl1) 

AND RELATED COMPOUNDS 
Temp, 

Absorber O K  1.s.a Q.S. 
(vCsHa)zFe (I) 77 0.773 z t O . 0 2 0  2 . 4 1 7  i 0.020 
(a-CsHs)lFe'Br- (11) 77 0.655 = t O 0 . O 4 0  b 

(r-CaHa)Fe(CzBsHn) (IV) 140 0 , 6 0 8  1 0 . 0 3 0  0.529 = t 0 , 0 3 0  
[(n-CsHs)Fe(CjHajl2CH+BF4- (V) 100 0.785 zt 0.020 2.111 1 0.020 
[ ( n-CsHsj Fe (CsH4) ]sC +Clod - 80 0.75' 2 .  05c 
[(w-CsHs)Fe(C.,Ha) IzCH +ClOa- 80 0.67' 2.05' 

Xot resolved. The line 
width (full width a t  half-maximum) is 0.556 =IC 0.040 mm/sec. 

Data taken from U. Zahn, P.  Kienle, and H. Eicher, Z. Physik, 
166, 220 (1962). 

[(CHdaPi] [Fe(CzBgH11)2] (111) 140 0.630 i 0.030 . . .  

a With respect to SNP a t  296°K. 

in Figure 1. The data for ferrocene (I) and ferricinium 
bromide (11) provide a calibration of the effects on the 
Mossbauer parameters of removing one electron from 
ferrocene, which results in a decrease by -0.12 mm 
sec-l in the isomer shift (relative to SNP) and, more 
dramatically, in a nearly complete collapse of the 
quadrupole splitting. This collapse is, of course, due 
to a decrease in the field gradient at the iron atom 
lattice point and may, in fact, involve a sign change as 
well. Quite similar effects have been reported8 for 
related 7r-cyclopentadienyl compounds in which the 
parent [diamagnetic, nominally Fe (11) ] compounds 
show quadrupole splittings in the range 2.2-2.5 mm/ 
sec, while the ferricinium [nominally Fe(II1) ] analogs 
show unresolved (;.e., less than -0.3 mm/sec) or small 
(;.e., -0.5-0.7 mm/sec) values of ' laeZqQ. Moreover, 
the data for [(n-CbHb)Fe(CjH4) I2CH+BF4- (V) show9 
that when an electron is removed from the molecule 
while leaving the dl0 configuration of the metal atom 
intact, the characteristically large quadrupole splitting 
in the 57Fe resonance is maintained. The collapse of 

(2) Alfa Inorganics, Beverly, Mass. 
(3) R. Riemschneider and D. Helm, Bey., 89, 155 (1956). 
(4) H. Shechter, M. Ron, S. Niedzwiedz, and R. H. Herber, Nucl. Inslv. 

(5) H.  Brafmann, M. Greenshpan, and R. H.  Herber, ibid., 42, 245 (1966). 
(6) National Bureau of Standards Miscellaneous Publication No. 260-13, 

(7) U. Gonser, private communication. 
(8) For a detailed summary of n-cyclopentadienyliron Miissbauer parame- 

ters see: E. Fluck in "Chemical Applications of Mossbauer Spectroscopy," 
V. I. Gol'danskii and R. H.  Herber, Ed. ,  Academic Press, Wew York, N. Y . ,  
1968, Chapter 4 ;  I<. H. Herber, I?. B. King, and G. K.  Wertheim, Inovg .  
Chem., 3, 101 (1964). 

(9) R. H.  Herber in "Characterization of Organometallic Compounds," 
M. Tsutsui, Ed. ,  John Wiley & Sons, Inc., New York, K ,  Y. ,  1968. 

Methods, 44, 268 (1966). 
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Figure 1.-Mossbauer spectra a t  140'K: (a) (d&Hg)Fe- 
(C~BSHII ) ;  (b) (CH3)4N[Fe(C2BDH11)2]. The source for both 
spectra is Pd(67Coj a t  296'K. The isomer shift scale is with 
respect to the centroid of sodium nitroprusside (SNP j a t  296°K. 

the quadrupole splitting which is observeds* lo when 
ferrocene is oxidized to the ferricinium state has been 
examined in the elegant Mossbauer experiments by 
Collins,'l who finds that V,, is positive (;.e., the electric 
field gradient is consistent with molecular orbital 
calculations12) and arises largely from the 3do orbital 
of the metal atom. 

From these data it is clear that  the iron atom in both 
the biscarbollyl complex (111) and the cyclopenta- 
dienylcarbollyl complex (IV) is appropriately described 
as being nominally Fe(II1) and that  the electron 
vacancy (relative to a d6 configuration) is primarily 
localized on the metal atom rather than being de- 
localized on the ligands. The similarity in the isomer 
shift parameter for 11, 111, and IV supports the in- 
ference by Harris1 that  the electron-donating ability 
of the three boron atoms in the C2B3 face of the car- 

(10) U. Zahn, P.  Kienle, and H.  Eicher, Z .  Phys i k ,  166, 220 (1962). 
(11) R. L. Collins, J .  Chem. Phys . ,  42, 1072 (1965). 
(12) J. P. Dah1 and C. F. Ballhausen, Kgl. Danske Videnskab.  Selskab, 

Mat.  F y s .  Medd. ,  SS, No. 5 (1961); E .  M. Shustorovich and M. E. Dyatkina, 
Dokl. Akad .  N a u k  SSSR,  128, 1234 (1959). 



176 NOTES Inorgunic Chemistry 

borane icosahedron is essentially identical with that 
of the carbon atoms. 

Finally, it  is worth noting that the quadrupole 
splitting in IV is nearly the same as that reportedI3 
for (n-CjHS)zFe+BFd- (0.65 mm/sec a t  80”K, 0.76 
mm/sec a t  298’K), while the unresolved splitting in 
I11 cannot be significantly different from that in I1 
[a value <0.1 mm/sec was reported ear lie^'^]. These 
data suggest very strongly that while the major con- 
tribution to 1/2e2qQ originates in the departure from 
cubic symmetry of the meta1 orbitals (primarily 3d), 
smaller contributions arising from distorting by steric 
effects of the bonding orbitals directed toward the 
ligands must be included in a quantitative considera- 
tion of the field gradient tensor a t  the iron atom lattice 
point. However, since the reported differences in the 
quadrupole splitting parameters of the BFa- and 
C 1 0 ~ -  ferrocene derivatives differ by only 2y0 of the 
splitting in the parent ferrocene molecule and are 
barely outside the reported errors of the individual 
measurements, such differences can be safely neglected 
in the qualitative considerations of the present dis- 
cussion. 

Unfortunately, the chemical aftereffects of the 
electron-capture decay in 57C0 preclude an estimate 
of the similarity (or difference) between (x-C~H&CO + 

and the isoelectronic (+2sH&Fe, although experi- 
ments in which j7Co-labeled cobalticinium tetraphenyl- 
borate has been used as a source in conjunction with a 
narrow single-line absorber have been reported. l4  
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(13) R. A, Stukan, S. P. Gubin, A. N. Nesmejanov, V. I. Gol’danskii, and 
E. F. Rlakarov, Teov. Ekspeyim.  Khim. Akad .  Kauk U k i .  SSR, 2, 805 (1966); 
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(14) G. K. Wertheim and R. H. Herber, J .  Chem. Phys. ,  38, 2106 (1Y63); 
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Complexes of the (3)-1,2-dicarbollide ion, (3)-1,2- 
B&zH1L2-, with molybdenum, tungsten, manganese, 

and rhenium carbonyls have recently been reported.lS2 
I t  was reasonable to assume that chromium, iron, 

cobalt, and nickel carbonyls mould also form stable 
complexes, analogs of the r-cyclopentadienylmetal car- 
bonyls. 

Experimental Section 
Chromium, iron, and cobalt carbonyls were obtained from 

Alfa Inorganics, Inc., Beverly, Mass. Chromatographic poly- 
amide was obtained from Brinkmann Instrunlens, Westbury, 
h’. Y .  Tetrahydrofuran was distilled from lithium aluminum 
hydride under nitrogen. All reactions and purification procedures 
were carried out under nitrogen. X Perkin-Elmer 621 grating 
infrared spectrophotometer was used for recording the infrared 
spectra of the complexes and the data given were compiled from 
spectra obtained using liujol and Fluorolube mulls or suitable 
solutions. The IlB nmr spectra a t  32 Mcps were obtained using 
a Varian HA-100 spectrometer. Analyses were carried out by 
Schwarzkopf Microanalytical Laboratories, Inc ,, Woodside, N.  Y. 
[(CH3)4N12[~-(3)-1,2-BDCzH1~]Cr(CO)3.-X solution of (CH1)3- 

K H [ ( ~ ) - ~ , ~ - B Q C ~ H ~ Z ]  (2.5 g, 13.0 mmol) dissolved in 100 ml of 
T H F  was dropped into a stirring suspension of NaH (2.0 g of a 
56y0 dispersion in mineral oil, 46.7 mmol) in 50 ml of T H F .  
The mixture was stirred a t  the reflux temperature for 3 hr. Dur- 
ing the last 0.5 hr, a slow stream of nitrogen was passed over the 
solution to remove the trimethylamine generated. After cooling 
to room temperature, the solution was filtered, chromium hexa- 
carbonyl (2.86 g, 13.0 mmol) was added, and the solution. was 
irradiated in Pyrex with a Hanovia uv light for 72 hr  under 
nitrogen. 

The reaction mixture was filtered through Celite, the filtrate 
was evaporated, and the resulting residue was dissolved in 200 
ml of water. The yellow solid obtained upon addition of aqueous 
tetramethylammonium chloride was collected under nitrogen, 
washed with water, dissolved in acetone, and chromatographed 
on polyamide. The bright yellow fraction obtained was re- 
crystallized from acetone-ethanol to give bright yellow crystals 
of [ (CH3)4N]2 [~-(3)-1 ,2-BgCeH11] Cr(C0)3 (2.48 g, 45.8y0). 

Anal. Calcd for BgC13H3jCrN20a: B, 23.35; C, 37.47; H ,  
8.47; Cr, 12.48; A-, 6.72. Found: B, 23.34; C, 37.23; H ,  
8.56; Cr, 12.20; N, 6.65. 

The infrared spectrum of the complex shows carbonyl bands 
a t  1873 (s), 1753 (s), and 1728 (s) cm-’ (Sujol mull). Other 
bands in the spectrum occur a t  3034 (m), 2960 (w), 2545 (s), 
2467 (s), 1482 (s), 1417 (m), 1287 (m), 1169 (w), 1151 (w), 
1097 (m), 1068 (w), 1049 (w), 1033 (m), 1016 (m), 986 (m),  949 
(s), 883 (w), 853 (w), 770 (w), 740 (w), 714 (w). and 696 (m) 
cm -l. 

The 1lB nmr spectrum of the complex in acetonitrile shows 
resonances at +25.4 ppm (doublet) and +14.7 ppm (doublet) 
relative to BF3.0(C2Hj)2 with relative intensities 1 :2 .  

[(CH3),N]? [T-(~)-~,~-BQC~H~I]~F~~(CO)~.-I~O~ pentacarbonyl 
(6.9 g, 35.2 mmol) was added to the dicarbollide ion solution 
obtained from (CH~)~XH[(~)-~,~-BQC~HI~] (5.0 g, 26.0 mmol) 
and XaH (3.0 g of a 56% dispersion in mineral oil, 70.0 mmol) 
in 200 ml of T H F  following the procedure described above. The 
solution was stirred at the reflux temperature for 20 hr and filtered 
through Celite, and the solvent was removed in vacuo (condensa- 
tion in a trap cooled with acetone-Dry Ice). The residue was 
dissolved in 200 ml of water and aqueous tetramethylammonium 
chloride was added. The pink precipitate was washed with 
water and ethanol and recrystallized from acetone-ethanol to  
give dark red microcrystalline [(CH3)4N]2[(3)-1,2-BsC2Hll~Fez- 
(CO)4 (3.41 g, 41.2% yield based upon the boron compound used). 

Anal. Calcd for Bl~C16H4~FezN204: B, 30.56; C, 30.18; H, 

(1) M. F. Hawthorne and T. D. Andrews, J .  A m .  Chem. Sac., 87, 2496 
(1965). 

(2) Rf .  F. Hawthorne, D. C. Young, T. 11. Andrews, U. V. Howe, I<. L. 
Pilling, A. 1). Pitts, &I, Reintjes, L. F. Warren, Jr., and P. A. Wegner, ibid. ,  
90, 879 (1968). 




