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Table 11. Structural and Magnetic Parameters for [CrClJ Chain Compounds 
M-M M-B-M. M-M' 

compd (intrachain), 8, deg ' (interchain), 8, 0, K J/k, K TN,  K g l J l / l q  ref 
CsCrC13 3.112 76.20 7.256 
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Figure 2. Molar magnetic susceptibility ,yM vs. temperature in the range 
50 K to room temperature. The solid line is a fit of the data to the Smith 
and Friedberg equation. 

c ~ m p l e x e s . ~ J ~ - ' ~  This behavior can be explained by assuming 
a direct overlap of the t2g orbitals between the nearest-neighbor 
chromium(I1) ions. The antiferromagnetic exchange can arise 
not only by direct overlap of the tZg orbitals but also by a su- 
perexchange mechanism via e,s-e, interactions. Ferromagnetic 
superexchange interactions involving the Br 4p orbitals are also 
present.16 The fact that the overall interaction is antiferro- 
magnetic indicates that the exchange is mainly due to the first 
two contributions. In addition, if we compare the J values, found 
in CsCrC1312 and [(CH3)4N]CrC12 (compounds where the in- 
truchain Cr-Cr distance increases from 3.11 to 3.26 A) (see Table 
11), with that found in our compound (intruchain Cr-Cr distance 
3.40 A), we observe a decrease of the antiferromagnetic inter- 
actions, due to the decrease of the t2g-tZg direct overlap. On the 
other hand, the ferromagnetic superexchange contribution should 
become more important because there is an increase of chromi- 
um-halogen covalency, in going from the chloride to the bromide 
derivative. 

Below 40 K, the magnetic susceptibility deviates considerably 
from that expected for an antiferromagnetic chain, and it increases 
steadily in value up to the lowest temperature accessible to us, 
Le. 1.8 K. Magnetization measurements, at the same temperature, 
made in fields up to 7 T (see Figure 3) show a downward curvature 
a t  higher fields, but no saturation was reached. Similar behavior 
has been observed in other sensitive linear-chain compounds, and 
the suggestion has been made that it arises from magnetic im- 
purities." In the present case, one possible source of these 
impurities may be a very small fraction of ferromagnetic CrBr, 
( T ,  = 36 K),I8 but this possibility can be ruled out because no 
saturation was observed. The other possibility is the presence of 
paramagnetic impurities (estimated to be on the order of 3%).19 
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Figure 3. Magnetization vs. external magnetic field of [(CH,),N]CrBr, 
a t  1.8 K (-A-A) and 6.2 K (---A---A). 

The three-dimensional magnetic ordering temperature, TN, has 
not been detected, possibly due to the masking effect of the im- 
purities. The temperature TN, if present, is expected to lie below 
7 K, the observed value for [(CH,)4N]CrC13,5 and this is because 
of the presence of a longer interchain distance. 
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Proton and boron- 1 1 spectra of diborane have been previously 
reported,I4 but by today's standards, the resolution was limited. 
Useful experimental evidence was, however, obtained for the direct 
I1B-loB spin coupling c o n ~ t a n t . ' ~ ~ ~ ~  Reasonably accurate estimates 
of the coupling constants not directly observable were obtained 
by fitting observed and computer-calculated 'H and "B spectra.'** 
The quality of these estimates was limited because of the dispersion 
and resolution of early spectrometers. The direct llB-IIB coupling 
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Figure 1. 270.13-MHz proton spectrum of "B2H6 (terminal portion, 
6OO-Hz plot, resolution enhanced): A, ethane impurity peak; B and B', 
folded-in residual solvent peaks. Inset: Full spectrum showing bridge 
region. 

constant, which is of special interest, could not be observed directly 
but was indirectly deduced from the calculated spectra. In this 
paper we report the direct measurement of the I l  B-lOB coupling 
constant in diborane from a completely proton-decoupled 1°B 
spectrum. Direct measurements of the bridge proton-boron ( J -  
(BH,)) and bridge proton-terminal proton (J(HbH,)) coupling 
constants were also obtained. The other coupling constants were 
obtained by fitting calculated spectra to experimental, resolu- 
tion-enhanced proton and boron spectra. 
Experimental Section 

"B-enriched diborane (97%) was prepared by LiA1H4 reduction of 
"BF,-THF in digl~me.~ LiAIH4, obtained from Alfa Products Inc., was 
purified by recrystallization from ethyl ether. L'BF3.(CH3)20, 97% IlB- 
enriched, purchased from Eagle-Picher Inc., was treated with excess 
tetrahydrofuran, THF, to produce the "BF3-THF complex, which was 
subsequently purified by vacuum distillation. In the LiAIH4 reduction 
of the "BF3-THF to yield diborane, the higher boiling THF byproduct 
was easily separated from the product by high-vacuum fractional con- 
densation.6 

Approximately 0.2 mmol of purified diborane was condensed into a 
medium-wall 5-mm NMR tube along with 0.9 mL of degassed Me4Si-d12 
to obtain a solution concentration of 0.2 M. A second sample was pre- 
pared with toluene-d8 as the solvent; each was flame sealed under vacu- 
um. Normal diborane, obtained from laboratory stock, was purified and 
prepared similarly. 

Proton and IlB NMR spectra were obtained on an IBM WP-27OSY 
specrometer operating at 270.13 and 86.67 MHz, respectively. Coupled 
proton spectra were obtained at both 0 and 30 OC. All proton spectra 
were recorded at 30 O C .  Probe temperature regulation was maintained 
by using manufacturer supplied equipment. A JEOL FX-200 spectrom- 
eter was used to acquire the proton-decoupled I0B spectra at 21.40 MHz. 

For the proton and boron- 1 1 spectra, line-narrowing Gaussian mul- 
tiplication was applied to the time domain data before Fourier trans- 
formation. A positive exponential in combination with trapezoidal 
weighting was used for resolution enhancement of the boron-10 spectra. 
Results and Discussion 

Figure 1 shows the terminal portion of the fully coupled, res- 
olution-enhanced proton spectrum of boron- 1 1 -enriched diborane. 
Figure 2 shows the resolution-enhanced fully coupled boron- 1 1 
spectrum. Both spectra were recorded at 30 OC. In a fully coupled 
proton spectrum taken at  0 O C ,  the line widths were unchanged 
from the spectrum taken at 30 "C. Since the proton and boron-1 1 
relaxation times (and line widths) are almost constant in the 
temperature range -20 to +30 OC, it is clear that the relaxation 
is due to approximately equal contributions of the dipole-dipole 

~~ ~ 

(6) The diborane yield was 3.45 mmol (approximately 50%). 

Figure 2. 86.7-MHz boron-1 1 spectrum of "B2H6 (800-Hz plot, reso- 
lution enhanced). 

Figure 3. 21.40-MHz boron-10 spectrum of B2H6 (proton decoupled, 
62.5-Hz plot, resolution enhanced). 

and spin rotation mechanisms. Since the two mechanisms have 
opposite temperature dependences, the total relaxation time, and 
hence the line widths, remain almost constant between -20 and 
+30 OC. 

The effects of spin rotation relaxation are very pronounced in 
the gas-phase proton NMR spectrum of diborane. In this case 
the proton relaxation time, T1, is less than 1 ms for a sample 
pressure of 100 torr. The bridge and terminal protons still appear, 
but as separate, broad spectral peaks; no fine structure is visible 
because the relaxation time is short. 

Proton spectra of "B-enriched diborane in toluene-&, showed 
considerably larger line widths than in Me4Si-d12. Since toluene 
is significantly more viscous than Me.@, the solute correlation 
times are much longer. Consequently, the proton spin lattice 
relaxation time is relatively short. This gives rise to broader lines 
in toluene solution. 

The completely proton-decoupled 1°B spectrum is shown in 
Figure 3. The apparent triplet is actually a superposition of a 
singlet and a quartet. Of an isotopically normal diborane sample 
80% is IiB and 20% log. Hence, 64% of the diborane molecules 
are doubly labeled IlB, 32% are loB-l1B, and 4% are doubly 
labeled log. In the proton-decoupled 1°B spectrum, the 1 : 1 : 1 : 1 
quartet is due to coupling to the spin '/* IlB in the IOB-lIB 
molecules. Under complete proton-decoupling conditions, both 
boron- 10 nuclei are equivalent; therefore, no coupling between 
'OB and loB is observed, giving rise to the singlet part of the 
spectrum. A simple analysis of this observed loB spectrum gives 
the loB-liB coupling constant: J('oB-"B) = 1.3 Hz. Conse- 
quently, the IIB-IIB coupling constant, J("B-"B), is 3.8 f 0.2 
Hz. This value was used in the final, calculated spectra. 



Inorg. Chem. 1985, 24, 1943-1946 1943 

Figure 4. Calculated 270.13-MHz proton spectrum of llB2H6. (See 
Table I for parameters.) 

Table I. Optimum J Coupling Values (Hz) for Calculated B2H6 'H 
and IlB Spectra 

(J("B-Hb)I 46.3 * OS*" J(H,-HI)(& or trans) f14.8 * l.Od 
J("B-H,) +133.5 * 1.0 J(H,-H,)(trans or cis) *4.5 * l.Od 

J("B-"B) 13.8 f 0.5*"*b IJ(Hb-H,)I 7.45 0 . 5 * " ~ C  

J'("B-H,) +4.0 f 1.0 IJ(Ht-Ht)(gem)l 4.5 * 1.0 

"Key: H,, terminal proton; Hb, bridge proton; *, directly measured. 
bThe sign of J(B-B) can be either negative or positive; it has the same 
sign as J(H-H)(cis and trans). CReversing the sign of J(Hb-Ht) has 
no effect on the calculated spectrum. dSame comment as footnote b. 

Calculated Spectra 
SPINNAKER (spin polarization intensities of numerous Nuclei 

analyzed by key eigenvector rotations), a modified version of the 
UEANMRII N M R  simulation program,'+ was used to calculate the 
I'B and 'H spectra. SPINNAKER is capable of calculating spectra 
for systems containing nuclei with spins greater than 'I2 and makes 
use of symmetry. The present version can accommodate up to 
seven spins of any spin quantum number or up to seven groups 
of equivalent spin nuclei (e.g., a CH3 group is treated as a single 
group spin with a group spin quantum number of 3/2). All the 
calculations here were done with an IBM S-9000 computer. 
Source programs are available on request. 

Most often, iterative calculations are used to achieve an op- 
timum fit between computed and experimental spectra. An it- 
erative procedure was not possible in the case of diborane, however, 
because its proton and boron spectra consist of several thousand 
transitions, all of which were not resolved. Several trial sets of 
coupling constants were used in the computations until an optimum 
fit to the experimental spectrum was achieved. Only those cou- 
pling constants for which a direct measuement was not possible 
were varied. The directly observed parameters were J(HbH,) = 
7.45 Hz, J(B-B) = 3.8 Hz, J(BHb) = 46.3 Hz, and IJ(BH,) + 
J'(BH,)I = 137.5 Hz. Unless J("B-"B) > 0, no combination 
of the other coupling constants produced a calculated proton 
spectrum that came even close to matching the observed spectrum. 
Furthermore, if the value of J(B-B) was changed by more than 
f0.5 Hz from its directly measured value of 3.8 Hz, no reasonable 
fit could be obtained. 

The closet fit of calculated to experimental proton and boron-1 1 
spectra was obtained with the J(H,-H,)(cis and trans) and J(B-B) 
having the same relative signs. In particular, the fine structure 
near the three main middle peaks in the calculated I'B spectrum 
clearly fits the experimental spectrum best when the relative signs 
of the three couplings were identical. J(H-H)(geminal) had the 
greatest influence on these same features, yet it had no effect on 
other parts of the calculated IIB spectrum. 

Figures 4 and 5 show the calculated fully coupled I'B and IH 
spectra that gave the closet fit to the experimental spectra. Minor 
discrepancies remain that are due to error in the three, less critical 
cis, trans, and geminal proton-proton couplings. Table I sum- 

(7) Castellano, s.; Bothner-By, A. A. J.  Chem. Phys. 1964,41,3863-3869. 
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Figure 5. Calculated 86.7-MHz boron-1 1 spectrum of "B2H6. (See 
Table I for parameters). 

marizes the chemical shift and coupling parameters that corre- 
spond to the best fit, calculated spectra. 

The experimental and calculated results reported here agree 
well with some of those reported earlier.'** The present results 
are not, however, in such good agreement with those reported in 
ref 4. Odom and wworkers4 obtain an upper limit of the I'B-lIB 
spin coupling constant of 1.1 f 0.2 Hz, on the basis of a series 
of elegant multipleresonance experiments. We can only speculate 
on the difference between our values and theirs. In our view, the 
most plausible explanation is the greatly improved sensitivity, 
resolution, and dispersion of modern high-field FT N M R  in- 
struments compared to those used by Odom over 12 years ago 
(in 1972). 
Conclusions 

Because of its small size and simplicity, diborane is an attractive 
model compound for a variety of theoretical studies, including 
calculations of the proton and boron-11 chemical shifts and 
coupling constants. The present studies provide clear experimental 
results that unequivocally demonstrate that for diborane J(B-B) 
> 0. The results presented here provide reasonably precise values 
for most of the NMR parameters and can be used as experimental 
bench marks for future theoretical work. 
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The aggregation of porphyrins and porphyrin-like molecules 
Not only do has been the subject of several recent 
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