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zation of these MO's permits only a fraction of the pair of 
electrons shown in these orbitals in Figure 2 to reside on the 
axial oxygen. Because of the negative charge on the terminal 
oxygens, the orbitals on these atoms may be expected to lie at 
higher energy than those on the ring oxygens. The energy level 
diagram in Figure 2b reflects the rise in energy of the axial 
oxygen lone-pair orbital as a result of the ring oxygen lone-pair 
interaction. The lower ionization potentials of the axial oxygen 
lone pairs could then account for the greater polarizability of 
this site by cations and alkylating nucleophiles. 
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In earlier papers of this series, we have reported several 
factors that influence the magnitude of the boron-boron 
coupling constant, JBB-3 Of particular interest here is the de­
pendence of the magnitude of JBB on the bonding situation 
between the coupled atoms. For example, a rather large cou­
pling constant of 19.4 Hz between the apex and basal borons 
in B5H9 has been reported.4 In contrast, a reasonable upper 
limit for JBB transmitted through a bridge hydrogen has been 
reported to be 1.1 Hz for B2H6 and 0.3 Hz for B4H10.5 

Prompted by this significant variance in the magnitude of J B B 
for the two different bonding environments already investi­
gated, we undertook this study to further investigate the value 
of J B B for other common bonding situations, i.e., for boron 
atoms coupled through a pure three-center, two-electron bond 
or through a two-center, two-electron bond. 

Several techniques have been established that were neces­
sary for the determination of these coupling constants. Utili­
zation of triple resonance techniques5 and complete proton 
decoupling4 met with limited success. For resonances in which 
J B B approaches the natural line width, a poorly resolved 
multiplet or broad single line results. Line narrowing tech­
niques6 can overcome this problem to an extent and have made 
it possible to abstract additional coupling constants.7 However, 
this method has a lower limit of resolution of approximately 
10 Hz in this application. 

In this paper we describe another technique which has al­
lowed us to estimate coupling constants which were previously 
inaccessible by other methods. This technique involves mea-

bringing to their attention the relevance of enolate alkylations 
to the present work. 
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surement of spin-lattice relaxation times (T\) and utilization 
of the T] data in an FT N M R line simulation program.8 

For a Lorentzian line, the half-height line width (AJ>I/2) is 
defined as 1/TrT2*, where 1 /T2* = 1 /T1 + (yAH0/2). Thus 
the observed line width, in the absence of any coupling, con­
tains contributions from the transverse relaxation time (T2) 
and inhomogeneity in the magnetic field (AJTn). 

For the " B nucleus, previous studies9 have shown that the 
quadrupolar mechanism dominates spin-lattice relaxation and 
that all other mechanisms contribute negligibly. If the extreme 
narrowing condition10 (WO2TC

2 « 1) is valid, it has been gen­
erally assumed that T\ = T2. Implicit in this assumption is the 
requirement that no other mechanism (e.g., scalar coupling) 
contributes to transverse relaxation. This assumption is further 
investigated and shown to be valid. 

We have measured the spin-lattice relaxation times of 
several boron hydrides and derivatives. Utilizing these data, 
we have abstracted JBB by fitting the calculated spectrum to 
the experimental line shape. Since the observed resonance line 
shape contains a contribution from inhomogeneity in HQ, the 
coupling constants so derived represent an upper limit to JBB-
Qualitatively, we have found that there is a correlation between 
the magnitude of J B B and the nature of the bond between the 
coupled nuclei. 

Experimental Section 

Standard high-vacuum techniques were used throughout this 
study.'' The purity of all compounds was checked by vapor pressure 
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Figure 1. Calculated and observed 32.1-MHz "B NMR spectra of' 1B2H6: 
(A) simulated line shape utilizing the experimentally determined T\ of 
24.2 ms and JBB = 0.0 Hz; (B) the observed spectrum, AIM/2 = 14.0 
Hz. 

measurement, ir, and/or 11B NMR spectroscopy. Isotopically en­
riched "B2H6 was prepared by lithium aluminum hydride reduction 
of 96.8% ' 1BF3-O(CH3J2 (Oak Ridge National Laboratory).12 En­
riched "B4H10 was prepared by the gas-phase pyrolysis of "B2H6 in 
a circulatory system equipped with a hot zone of 135 0C and a cold 
trap maintained at approximately -120 0C. Triborane(7)-carbonyl 
and tetraborane(8)-carbonyl were prepared according to published 
procedures.13'14 The bases, HPF2 and (CH3)2NPF2, were also pre­
pared according to literature preparations;15'16 PF3 was obtained 
commercially (Ozark-Mahoning Co.). The compounds B4H8-L (L 
= PF3, (CHj)2NPF2, HPF2) were all prepared from B4H8-CO 
through displacement of CO by the appropriate base.17'18 The reaction 
vessel was periodically frozen to -196 0C and CO pumped away via 
a Toeppler pump until no further CO was generated. Yields of 84.0, 
66.4, and 79.7% were obtained for B4H8-PF3, B4H8-HPF2, and 
B4H8-PF2N(CH3)2, respectively, based on the starting quantity of 
B4H8-CO. The compounds B(OCH3)3, B5H9, B5Hn, and Bi0Hi4 
were obtained from available laboratory supplies. 

The Fourier transform NMR spectra were obtained on a Varian 
Associates XL-100-15 spectrometer operating in the GyroCode Ob­
serve mode (10B, 10.7 MHz; 11B, 32.1 MHz). All samples were run 
as 20% solutions in CTD8, except where otherwise stated. Standard 
variable temperature equipment was used. Temperatures were 
checked before and after each T\ experiment and were consistent to 
±0.5 0C. The 7Ys were measured under conditions of complete 1H 
decoupling using the Freeman-Hill pulse sequence -^T-90°-T-
180°-T-90°-)-N, where the recycle time T was chosen to exceed five 
times the longest T\ to be measured. At least 100 transients were 
accumulated for each T and a minimum of ten T values were used in 
the standard least-squares analysis. The reproducibility of the 7Ys 
from experiments run on different days was better than ±5%. The 7Ys 
were measured by the Carr-Purcell-Meiboom-Gill19 pulse sequence 
90V-f T-180V-T-)-N AT> w h e r e T = 1 ms and the last half echo is 
accumulated and Fourier transformed.20 Spectra were simulated using 
a program developed by D. B. Bailey in these laboratories and is used 
in conjunction with a CALCOMP plotter.8 The free induction decay 
(FID) is generated using the following algorithm; 

NPKS 

^t = E A N cos (21TKJvO exp(-r/r2/v) 
,V = I 

where F1 is the amplitude of the FID at time t, NPKS is the number 
of resonance lines, vN, A N , and 7Yv are the resonant frequency, initial 
amplitude, and decay constant, respectively. The program includes 
routines to produce noise, simulate dynamic range, field inhomo-
geneity, and zero filling so that the data massage is as similar as fea­
sible to results obtained from the NMR spectrometer. 

Results 

B(OCH3)3. The spin-lattice and transverse relaxation times 
were determined for both the 10B and 11B nuclei of an isotop­
ically normal sample of B(OCH3)3. For the 10B nucleus at 0 

Figure 2. The line-narrowed 10B NMR spectrum of the B(1,3) resonance 
of 11B4HjO obtained at 10.7 MHz and 0 0C. The unexpected multiplicity 
of lines is probably the result of partial thermal collapse of the multi-
plet. 

0C, Tx = 12.4 and T2 = 12.3 ms. For the 11B nucleus at 35 0C, 
T1 = 12.9 and T2= 13.0 ms. 

B2H6, B4H10. The spin-lattice relaxation time (T\) was 
measured for a 96% 11B enriched sample of B2H6. At -20 0C, 
the T\ was 24.2 ms, which defines a half-height line width of 
13.2 Hz. At -20 0C, the experimental half-height line width 
observed with complete proton decoupling is 14.0 Hz. An error 
of ±5% in the accuracy of the T\ measurement implies a range 
of 12.5-13.9 Hz for the. calculated AIM/2. The close agreement 
between calculated and observed values lends support to the 
assumption that T\ = T2 and also indicates little additional 
line broadening due to inhomogeneity in the magnetic field. 
Additionally, the simplicity of this system makes it an ideal 
case to check the ability of the FIDMKR program to reproduce 
the experimental line shape (Figure 1). 

The "B spin-lattice relaxation times, measured for an iso­
topically 11B enriched sample of B4H10, are 62.6 ms for the 
B(1,3)2' resonance and 13.1 ms for the B(2,4) resonance at 
—20 0C. These values define half-height line widths of 5.1 and 
24.4 Hz for the B(1,3) and B(2,4) resonances, respectively. The 
observed half-height line widths at —20 0C are 9.0 Hz for the 
B(1,3) resonance and 29.0 Hz for the B(2,4) resonance. The 
difference between observed and calculated values is consid­
erably greater than expected in terms of accuracy in deter­
mination of the 7Ys and suggests that additional line broad­
ening due to boron-boron coupling is present. Using the ex­
perimentally determined 7"Ys, the value of JB1 B2

 w a s varied 
in the FIDMKR program to achieve a simultaneous best fit of 
both experimental half-height line widths. The value of the 
coupling constant determined in this fashion is 1.0 Hz and 
represents an upper limit, since inhomogeneity in Ho can also 
cause additional line broadening. 

In an attempt to directly measure the magnitude OfZBiB3 
in B4Hi0, the 10B spectrum of a "B enriched sample was ob­
tained (Figure 2). The observed multiplicity of lines is not what 
one might expect for a spin 3 nucleus coupled to a single spin 
3/2 nucleus and is currently under further investigation. How­
ever, it is apparent from the observed half-height line width 
that the magnitude of the " B- n B coupling constant through 
the B(l)-B(3) bond in B4H]0 is no greater than 25 Hz. 

The 10B spin-lattice relaxation times measured are B(1,3), 
136.3 and B(2,4), 29.1 ms. The analogous 7Ys are B(1,3), 
130.0 and B(2,4), 28.7 ms, and within experimental error are 
equal to the measured 7Ys. 

BsHrCO. The experimentally determined 7Ys and calcu­
lated half-height line widths at —35 0C for the molecule are 
18.9 ms (calcd Avx/2 = 16.8 Hz) for the B(I) resonance and 
10.7 ms (calcd Av1 /2 = 29.7 Hz) for the B(2,3) resonance. The 
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Table I. 

Molecule0 

B(OCHj)3(11B) 
B(OCH3)3(10B) 
11B2H6 

"B 4H 1 0( 1 1B) 
B(l,3) 
B(2,4) 

11B4H10(10B) 
B(l,3) 
B(2,4) 

B3H7-CO 
B(I) 
B(2,3) 

B5H9 

Base 
B5H11 

B(I) 
B(2,5) 
B(3,4) 

Ti, ms 

12.9 
12.4 
24.2 

62.6 
13.1 

136.3 
29.1 

18.9 
10.7 

63.6 

54.9 
7.5 

20.7 

T2, ms 

13.0 
12.3 

130.0 
28.7 

T* 

20 

27 
16 

10 
10 

18 
20 

19 

10 
10 
16 

Temp, 0 C 

35.0 
0.0 

-20 .0 

-20 .0 
-20 .0 

0.0 
0.0 

-35 .0 
-35 .0 

60.0 

-20 .0 
-20 .0 
-20 .0 

Calcd 
AIM/2, Hz c 

13.2 

5.1 
24.4 

16.8 
29.7 

5.0 

5.7 
42.0 
15.2 

A(expt - calcd), 
Hz* 

0.8 

3.9 
4.6 

33.2 
20.3 

59.3 
5.0 

45.8 

JnB11Bi H z 

0 
0 
0 

J B 1 B 2 = 1-0 

./B1B3 < 25 

^B1B2 = 1 1 

JB1B2= 19.4 

JB1B3=H 

" Both 10B and 11B nuclei were examined for B(OCH3)3 and 11B4Hi0 . The nucleus to which the data pertains is enclosed in parentheses. 
* Number of data points used in least-squares analysis.c Calculated as: Aei/2 = I / T T V d Difference between observed and calculated half-height 
line widths. 

Figure 3. (A) Calculated "B NMR spectrum of the basal resonance of 
B5H9, utilizing the 63.6 ms T\ measured at 60 0C, J11 B> > B2 = 19.4 Hz, and 
assuming a 4.0 " B/ 10B isotopic abundance ratio; (B) same as A, but in­
cluding J1 IB2IiB3 = 1.0 Hz; (C) best fit to experimental curve, utilizing the 
measured Ti, 7UB1HB2

 = 19.4Hz, JIIB2HB3
 = 0.0 Hz, and 7UB2HB4 = 5.0 

Hz; (D) experimental curve at 60 0C. 

observed half-height line width is 50.0 Hz for both resonances. 
Line-narrowing techniques failed to resolve any boron-boron 
coupling; therefore, the magnitude of the coupling constant 
was determined by line fitting using the FiDMKR NMR sim­
ulation program. The B(2,3) resonance was simulated by 
varying the value of JBB and using the measured Ti. A cou­
pling constant of 11 Hz produced a best fit. This coupling 
constant together with the 18.9 ms Ti then led to a simulated 
line shape of the B(I) resonance, also in good agreement with 
the observed spectrum. 

B îHg'L. We have recently reported the value of ZB1B3 in 
B4Hs-CO to be 24 Hz.1 We have now measured this coupling 
constant for the related molecules B4Hs-L (L = PF2N(CH3)2, 
PF3, PF2H) and have found the value to be 24 ± 1 Hz in all 
cases. The magnitude of the coupling constant was directly 
measured using line-narrowing techniques. 

B5H9. The value of the apex base coupling constant in B5H9 
has been previously reported to be 19.4 Hz.4 Utilization of this 
coupling constant and the 63.6 ms T\ measured for the basal 
resonance at 60 0C yielded the spectrum shown in Figure 3A. 
The spectrum was simulated again assuming magnetic non-
equivalence in the base caused by the presence of the 10B iso­
tope, thereby introducing boron-boron coupling within the 
base. A coupling constant of 1.0 Hz between adjacent borons 
(derived for boron-boron coupling through a BHB bridge bond 
in B4H10) yields the spectrum shown in Figure 3B. Numerous 
combinations of boron-boron coupling constants28 between 
adjacent (B(2)-B(3)) and antipodal (B(2)-B(4)) borons 
within the base were computed. Figure 3C (JB2B4 = 5.0, JB2B3 

= 0.0 Hz) represents the best fit to the observed spectrum, 
Figure 3D. 

B5H11. The 7Ys and calculated half-height line widths at 
-20 0C for this molecule are: B(I), Ti = 54.9 (calcd Ai/1/2 = 
5.7 Hz); B(2,5), T1 = 7.5 (calcd AIM/2 = 42 Hz); B(3,4), T\ 
= 20.7 ms (calcd AIM/2 = 15.2 Hz). The differences in observed 
and calculated half-height line widths are: B(I), 59.3; B(2,5), 
5.0; B(3,4), 45.8 Hz. These data indicates strong coupling 
between the apical boron and B(3,4). Indeed, this coupling can 
be resolved using line-narrowing techniques and we have de­
termined a value of 17 Hz, in agreement with previous stud­
ies.7 

Bi0Hi4. The magnitude of JB2B6
 w a s measured directly by 

line narrowing of the proton-decoupled "B NMR spectrum 
in CS2 (~ 1 M) at ambient temperature. The coupling constant 
so derived has a value of 18.7 Hz. 

Discussion 
Previous studies by Allerhand et al.9 have shown that the 

dominant T\ relaxation mechanism of the '0B and "B nuclei 
is quadrupolar. There is, however, an additional relaxation 
mechanism which may be effective for transverse (T2) relax­
ation of these nuclei. Scalar relaxation can contribute to the 
T2 of any coupled spin system; therefore, its effectiveness must 
be evaluated before the assumption that T\ = T2 is established 
for the boron hydrides. 

For a molecule in which boron-boron coupling is absent, 
scalar relaxation does not contribute to the T2. We have 
measured both Tx and T2 of 10B(OCH3)3 and nB(OCH3)3 
and within experimental error Tx = T2 for both isotopes: at 0 
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0C for 10B(OCHa)3, T1 = 12.4 and T2 = 12.3 ms; for 
11 B(OCHj)3 at 35 0C, T1 = 12.9 and T2= 13.0 ms. Simple 
exponential decays are observed in both cases. Nonexponential 
relaxation22 is expected for a nucleus with / > 1 only if the 
extreme narrowing condition is not valid. 

The T\ and T2 relaxation rates of the 10B nuclei in an 11B 
enriched sample of B4H10 were investigated to ascertain the 
importance of scalar relaxation in a molecule where heter-
onuclear 10B-11B coupling is present. Complications in the 
measurement of T2 arising from homonuclear coupling are 
avoided due to the isotopic dilution of the 10B nuclei. Tetra-
borane(lO), a priori, represents a case where T2 scalar relax­
ation may be significant relative to T2 quadrupolar relaxation. 
From the equation 

'^• f i f f"»[" t . t ( r , -wl 0) 

one might expect a significant contribution from scalar re­
laxation when A, the scalar coupling in rad/s, is large and/or 
when S, the nuclear spin number, is large. For B4H10, BaI-
deschwieler et al.23 have predicted JB1B3 to be 50 Hz. This 
predicted coupling constant is clearly larger than any boron-
boron coupling constant reported to date. The results presented 
above clearly indicate that for B4H10 and other boron hydrides 
in which JBB is less than or equal to ZB1B3 of B4H]0, the con­
tribution of heteronuclear scalar mechanisms to 10B transverse 
relaxation is negligible. Presumably, this argument can be 
extended to 11B, vide supra eq 1. This conclusion provides the 
basis for the use of the FIDMKR program for extracting 
boron-boron coupling constants from a knowledge of line shape 
and spin-lattice relaxation times only. 

Our intention at the outset of this investigation was to 
measure boron-boron coupling constants for bonding envi­
ronments not previously studied. We have found that the 
magnitude of JBB varies considerably depending on the type 
of bond between the coupled atoms. In terms of the localized 
MO calculations of Lipscomb,24 we have found that in situa­
tions where we observe a large coupling constant, electron 
density difference maps also indicate a buildup of electron 
density between the coupled centers. While intuitively it seems 
reasonable to expect a larger coupling constant when there is 
greater electron density between the coupled atoms, this has 
not been rigorously shown theoretically. 

For two boron atoms bonded through a three-center, two-
electron BHB bridge bond, the electron density along the in-
ternuclear boron-boron axis is very low.25-26 The observed 
boron-boron coupling constant through a BHB bridge bond 
is also observed to be small. Previous estimates of/BB in B2Hg5 

put an upper limit of 1.1 Hz on that coupling constant. In this 
study, we have determined an upper limit of 1.0 Hz for ZB1B2 

in B4H]0. 
Although there has been no theoretical treatment of the 

bonding in B3Hy-CO, the structure has been determined by 
Schaeffer et al.,13 which corresponds to a bonding situation in 
"styx" notation of 1104 as shown below. This molecule rep-

C 
0 
I 

resents a rather simple spin system for which a boron-boron 
coupling constant (ZB ,B2) through a closed three-center, two-
electron BBB bond could be determined. This coupling con­
stant was determined to be 11 Hz, considerably greater than 

JBB through a BHB bridge bond. Since an electron density 
difference map is not available for B3H7-CO, it is desirable to 
look at another molecule which also contains a closed three-
center, two-electron bond and for which these maps are 
available, such as B10H14.27 Inspection of an electron density 
difference map in the B(1)B(2)B(3) plane of Bi0Hi4, which 
approximates a symmetrical, closed three-center, two-electron 
BBB bond, indicates some buildup of electron density along 
the internuclear axes. 

The boron framework bonding in B5H9 is more difficult to 
define.24 A variety of resonance structures can be envisioned. 

II III IV 

Each of the structures presented is, however, one of several 
equivalent resonance hybrids. What can be seen in each static 
structure is that the bonding between the apex and basal borons 
is a combination of a three-center, two-electron and two-center, 
two-electron BB bond. The electron density between any basal 
boron and the apex should be intermediate between these two 
extremes. The apex to basal boron-boron coupling constant 
is 19.4 Hz4 and is considerably larger than the 11 Hz coupling 
constant derived from our study of B3H7-CO. 

The resonance structure employing the fractional three-
center bond (IV) strongly resembles the bonding between 
B(2)B(5)B(6) and B(7) of Bi0H,4. Again, alternative valence 

structures can be drawn that give some two-center, two-elec­
tron bond character to the B(2)-B(6) bond. The similarity of 
the B(2)-B(6) bond in Bi0H14 to the B(l)-B(2) bond (IV) in 
B5H9 is also reflected in the similarity of the coupling con­
stants; /B|B2 (B5H9) = 19.4 and Z82B6 (Bi0H14) = 18.7 Hz. 

The basal boron resonance of B5H9 was further investigated 
to ascertain the degree of boron-boron coupling within the 
base. Incorporation of the measured T\ of the basal resonance 
and the 19.4 Hz apex to base coupling constant in the FIDMKR 
simulation program produced a spectrum too rich in detail 
(Figure 3A). Although the 5.0 Hz B(2)-B(4) coupling which 
produces the best fit to the experimental line shape in our study 
may not be a unique solution, it is clear that inclusion of some 
boron-boron coupling within the base of B5H9 is necessary to 
explain the experimentally observed pattern. 

We investigated the series of molecules B4Hs-L (L = CO, 
PF3, HPF2, (CH3)2NPF2), since the chemical and magnetic 
nonequivalence of B( 1) and B(3) allows direct observation of 
^BiB3- In the classical presentation of the bonding (VI),29 these 
molecules contain a two-center, two-electron B(l)-B(3) bond. 
This description of the bonding necessitates, however, an open 
three-center, two-electron B(2)B(1)B(4) bond. More recent 
treatments of bonding in neutral boron hydrides24 exclude the 
use of open three-center, two-electron BBB bonds. Alternative 
resonance structures that may be drawn are VII and VIII. We 
have found that ./BiB3 for all B4H8-L molecules studied is 24 
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-B3 

A" 

VIII 
± 1 Hz. This is the largest value of JBB found in this study. 
Several conclusions can be drawn. Structure VII seems unfa­
vorable, since it implies a large B(l)-B(2) coupling which was 
not found. Structure VI is considered unfavorable, since it 
requires an open three-center, two-electron BBB bond. Thus 
structure VIII would seem to be the best single representation 
of the bonding in the molecules B4Hs-L. There is, however, an 
alternative conclusion equally consistent with our NMR data. 
The molecules B^g-L are isoelectronic with B4H9- and 
therefore represent a case where the open three-center, two-
electron bond BBB has not been excluded. Structure VI, which 
contains this open three-center, two-electron BBB bond, also 
contains a two-center, two-electron B(l)-B(3) bond. The large 
B(l)-B(3) coupling constants (24 Hz) measured for the 
molecules B^s-L is comparable to the upper limit of 25 Hz 
estimated for JBIB3 (see Results, B4H10) in B4H10, which has 
been shown to contain a localized two-center, two-electron 
B(l)-B(3) bond. A reasonable conclusion is that the similarity 
of JB 1B3 observed for B4Hs-L and B4H10 reflects analogous 
bonding between B(I) and B(3) in both systems. Thus struc­
ture VI remains a viable representation of the bonding in the 
molecules B4Hs-L. this apparent ambiguity will require further 
experimental and theoretical work to resolve the question of 
bonding in these molecules. 

The apparent insensitivity of JB,B3 to the variation of the 
substituent L contrasts sharply with a previous study of sub-
stituent effects OfJBiB2 f°r apically substituted B5H9 deriva­
tives.30 This may be a manifestation of the similarity of the 
substituents used in this study. 

Perhaps the best correlation between JBB and the electron 
density difference maps is found in B5H11. Lipscomb et al. have 
found that the bonding in B5H11 is best represented by struc­
ture IX.31 Their calculations indicate an asymmetry in the 

B(1)B(2)B(3) closed three-center, two-electron bond with 
much greater electron density between B(I) and B(3) than 
between B(I) and B(2). We observe a large coupling of 17 Hz 
between B(I) and B(3). The B(l)-B(2) coupling constant, 

while not explicitly determined in this study, is clearly less than 
2 Hz from measured line widths. 

In summary, we have shown that from a knowledge of line 
shape and spin-lattice relaxation times, unresolved boron-
boron coupling constants can be estimated. Utilization of T\ 's 
for the line-shape analysis is justified, since it is rigorously 
shown that T\ is equal to T2 for the molecules studied. For each 
of the common bonding environments, a substantially different 
boron-boron coupling constant was observed. The magnitude 
of JBB qualitatively correlates with increased electron density 
along the internuclear boron-boron axis, as illustrated by lo­
calized MO electron density difference maps derived by other 
investigators.24 
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