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Utilizing Fenske-Hall wave functions and eigenvalues combined with the Ramsey sum over states (SOS) approximation, we 
demonstrate that the sign and magnitude of the "paramagnetic" contribution to the shielding correlates well with the observed 
"B chemical shifts of a substantial variety of boron- and metal-containing compounds. Analysis of the molecular orbital (MO) 
contributions in the SOS approximation leads to an explanation of the large downfield shifts associated with metal-rich metal- 
laboranes. A similar analysis demonstrates the importance of selected cluster occupied and unoccupied MOs in explaining both 
exo-cage substituent effects in which the antipodal boron resonance is shifted upfield and endo-cage substituent effects (interchange 
of isolobal fragments within the cage framework) in which the antipodal boron resonance is shifted downfield. Exo- and endo-cage 
substitution perturbs these MO's in an understandable fashion, leading to an internally consistent explanation of the observed 
chemical shift changes. 

The response of materials to a perturbation induced by a 
magnetic field constitutes a classical and valuable source of in- 
formation on electronic structure.I The advent of nuclear 
magnetic resonance spectroscopy as the structural tool of choice 
of the experimental chemist for many problems has resulted in 
the creation of a large body of data consisting in the relative 
shielding of N M R  active nuclei in a variety of chemical envi- 
ronments.24 These data constitute an extremely valuable source 
of information on the structural environment of a given nucleus. 
Despite many efforts, attempts to connect chemical shifts of nuclei 
in large molecules to quantum chemical models of electronic 
structure have generated essentially empirical parametrized fits.5 
In such correlations the connection between electronic structure 
and chemical shift is a tenuous one. To fully exploit the infor- 
mation on electronic structure contained in the chemical shifts 
of nuclei in  molecules, a usable, unambiguous method of con- 
necting relative shieldings to the molecular orbital (MO) properties 
of a chemical species is required. 

The Fenske-Hall method is a proven M O  method that is often 
chosen to characterize the electronic structure of complex systems 
presently beyond the limits of more exact methods.6 Recent work 
has now demonstrated that the Fenske-Hall wave functions and 
energies provide an approximate, but workable, approach to the 
calculation of the 13C chemical shifts of a variety of organometallic 
compounds.' As several groups have noted a simple relationship 
between and IlB N M R  chemical shifts for related compounds,8 
we have been led to the application of Fenske-Hall wave functions 
to an investigation of the shielding of IlB nuclei. Our first objective 
was to investigate the applicability of this approach to a nucleus 
other than carbon. If successful, we wished to explore the elec- 
tronic origins of well-known, but poorly understood, phenomena 
in the "B spectra of cluster compounds. The two considered below 
are the extreme low-field chemical shifts observed for metal-rich 
metallaboranes and the impressive cross-cage (antipodal) sub- 
stituent effects reported in the IlB spectra of borane and heter- 
oborane cages. 

General Correlation. The normal range of IlB chemical shifts 
lies between 6 +80 and -50 ppm (6  = 0 for BF,-Et,O) with the 
negative values corresponding to a shielding of the sample larger 
than that of B F , s E ~ , O . ~  Recently, a significant number of 
"metal-rich" metallaboranes have been characterizedI0 that exhibit 
large positive chemical shifts (shielding less than that of BF,.Et,O), 
e.g., 6 = 21 1 for [Rh,Fe,(CO)l,B]-,ll which allowed an empirical 
parameterization for a set of related ferraboranes.I* In  doing 
so it was determined for the ferraboranes that increasing positive 
chemical shift was accompanied by an increasing Mulliken pop- 
ulation on the boron atom. Earlier investigators, however, in- 
dicated that for a substantial set of metal-free boranes, an in- 
creasing positive chemical shift was accompanied by a decreasing 
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Mulliken population on the boron atom.I3 Clearly the correlation 
of chemical shift with boron populations proved unreliable, and 
these kinds of correlations between chemical shifts and M O  pa- 
rameters, even if of some empirical value, provide little under- 
standing of the electronic origins of IlB shifts. Rather than seeking 
correlations of chemical shift with parameters processed from the 
MO's, an alternative approach is to go back to the wave functions 
themselves. 

RamseyI4 treated the problem of a molecule in a magnetic field 
by expressing the total wave function in terms of the set of wave 
functions of the unperturbed molecule. This led to the now fa- 
miliar two-term expression for the shielding tensor given in ( ] ) , I 5  

(1) (T = (Td + g p  

The first term, the so-called diamagnetic term, depends only on 
the ground-state wave function while the second term, the para- 
magnetic term, depends on the ground- and excited-state wave 
functions. These terms act in opposite directions, and the para- 
magnetic term is different from zero only for electrons with orbital 
angular momentum. Hence, the relatively small chemical shift 
range observed for the 'H nucleus is often attributed to the fact 
that up is essentially zero in the Ramsey expression for the total 
shielding. It follows that the much larger chemical shift ranges 
exhibited by nuclei other than IH can attributed to large changes 
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in the paramagnetic term.I6 On the other hand, as  ad and a , c a n  
be of similar magnitude but of opposite sign, neither, in principle, 
should be neglected in a calculational approach. Despite this, we 
have previously demonstrated that the Fenske-Hall M O s  and 
associated energies yield values of the paramagnetic component 
of the shielding that correlate well with observed chemical 
shifts. This implies that the diamagnetic term can be treated as 
if  constant and need not be explicitly calculated. We take the 
same approach below for the "B nucleus. 

Introducing the LCAO-SCF approximation yields the ex- 
pression for the paramagnetic term given in eq 2, where the indica 

U p " ( B )  = - p a e 2 / 8 r m z ~ ~ ( E k  - E,)-'[(*jl&l*k) x 
(*klLBnrB-'l*,) + (*j!LBarB-31*k) (*k!L#'J)l ( 2 )  

j and k span the filled and unfilled MOs, respectively, and n spans 
x ,  y .  and L. This constitutes the sum-overstates (SOS) expression 
for the paramagnetic component of the overall shielding and 
includes the virtual M O s  as a representation of the excited state 
wave functions of the unperturbed molecule. This is a t  best a crude 
approximation and for the high-lying excited states is grossly 
inappropriate. It is only usable because of the (Ek - EJ' term, 
which only allows significant contributions to expression 2 to arise 
from terms involving high-lying filled and low-lying unfilled MOs. 
Moreover, the expression in eq 2 shows that (rp is significantly 
different from zero only when three criteria are  simultaneously 
satisfied. First. since it appears in the denominator, E, - Ei, the 
energy difference between the virtual orbital, *k,  and the occupied 
orbital, eP must be small. Second, because of the l / r B 3  depen- 
dence of the Llr' operator, the contributions of the atomic 
functions on the specified boron atom to both the filled and virtual 
orbitals must be significant. Third, the boron orbitals involved 
must be of proper symmetry to be coupled by the L operator. The 
last condition can be appreciated by noting that for the L, operator 
on an isolated boron atom only the terms (Bz,ILz~BZp,) and 
(BzpJLz~Bz ,~)  are nonzero. However, it is important to note that 
contributions to the molecular matrix element, (@klLnp i ) ,  can 
arise from terms on atomic centers other than the boron atom of 
interest, such as ( B z p , ( 2 ) ~ L ~ ( l ) ~ B z p ~ ( 2 ) )  where L,(I) refers to the 
operator placed on boron center I while the two boron functions 
are on boron center 2. Such interactions are particularly important 
in systems where the contributions by centers 1 and 2 are  equal 
by the symmetry of the molecule. Specific examples of such 
interactions will be cited in a later section. 

As summarized in Scheme 1 in which the term [ I / ( E k  - 
E. ) ]  ( B 2 ,  lLz1B2,,) is represented schematically, only high-lying 
filled and low-lying unfilled M O s  with large B,, A 0  components 
having the proper symmetry will contribute to the paramagnetic 
term. Hence, a significant fraction of the terms in the double sum 
in eq 2 are negligible, and for molecules with high symmetry, a 
simple picture of the origin of a, is feasible. Note that similar 
considerations apply to the (*klL?mrB-31*.) term as well. 

Standard Fenske-Hall  calculation^ udlizing only geometric 
structure and A 0  wave functions as input have been carried out 
on the molecules in Table I .  M O s  and their associated energies 
were then used to explicitly calculate the Ln & and Lz components 
of up from eq 2. The reported values of the " B  chemical shifts, 

6 (calc) 
Figure 1. General correlation of 6(obs) and 6(calc) for the boron-con- 
laining compounds given in Table 1. The equation of the straight line 
isy = -91.9731 + 1.8452~; R = 0.95. 
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Figure 2. Correlation of 6(abs) and 6(calc) for all metallaboranes in 
Table 1. The equation ofthe straight line i s  y = - I  10.6414 + 1.9443~; 
R = 0.98. 

6(obs), and the calculated paramagnetic contributions to the " B  
shift, up! for a wide variety and representative sample of compounds 
containing a total of 64 boron atoms are  given in Table 1. As 6 
= o(re1erence) -+ample), it follows from using eq I that 6(calc) 
= [od(ref) - ad(sample)] + [o,(reO - r,(sample)]. The first 
bracketed term is assumed to be constant (see above), and o,(ref) 
is chosen to be zero for convenience, Le., 6(calc) = -o,(sample) 
+ constant. In Figure I ,  &(obs) and 6(calc) are  compared and 
the correlation is good considering the fact that vd has been 
ignored. 

Several observations can be made concerning the results dis- 
played in Figure I .  First of all, the scatter in the correlation shows 
that this approach is not sufficiently precise to allow structural 
conclusions to be drawn from a calculated up for any compound 
of unknown structure. Secondly, one notes that the slope of the 
correlation is significantly greater than 1. This can be ascribed 
to the fact that the Fenske-Hall M O s  (filled and unfilled) have 
a much higher spread of energies than those of more exact methods 
due to the fact that electron-dectron repulsions are not adequately 
treated. Because of the AE term in (2). this will lead to low values 
of the shielding factor and slopes greater than I .  

One might expect to minimize the fluctuations of such a sys- 
tematic error if only related compounds are compared. Indeed, 
such is the case for the metallaboranes and the 10-atom closo cages 
where more precise correlations are shown in Figures 2 and 3 
between 6(obs) and 6(calc), albeit with different slopes. Note that 
these results are equal or better than previously published empirical 
correlations for similarly restricted sets of compounds. Clearly 
valid qualitative conclusions concerning the chemical environment 
of a boron atom result from the calculations. For example, for 
the metal-rich metallaboranes, the large negative uo clearly indicate (16) Reference IS. p 50 
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Table I. Observed "B Chemical Shifts and Calculated *Paramagnetic" Contributions to the Chemical Shift 
molecule position Nabs) d c a l c )  ref molecule position Mobs) d c a l c )  ref 

2-CI B5H 8 

2-MeB5H8 

2-Br- 1 ,6-C2B4H5 

1 
2 
1 
2 
3, 5 
4 
1 
2 
3, 5 
4 
1 
2 
3, 5 
4 
1 
2 
3, 5 
4 
1 
2 
3, 5 
4 
2-5 
2 
3, 5 
4 
2 
3, 5 
4 
2 
3, 5 
4 

-41.2 

-53.1 
-13.4 
-56.6 

8.0 
-18.3 
-34.3 
-52.2 

-1.1 
-1 3.7 
-23.4 
-52.5 
-10.9 
-1 3.9 
-19.9 
-47.8 
-28.0 
-1 1.4 
-14.4 
-51.6 

-13.9 
-19.3 
-1 8.7 

86.0 

1.4 

-8.8 
-16.4 
-28.0 
-27.7 
-16.3 
-18.2 

-23.92 
-77.94 
-32.47 
-38.59 
-3 I .40 
-36.65 
-37.92 
-36.58 
-3 I .82 
-35.12 
-38.22 
-36.67 
-3 1.97 
-39.7 1 
-38.40 
-37.29 
-32.36 
-40.89 
-38.72 
-37.66 
-32.36 
-39.84 
-38.65 
-38.16 
-40.35 
-38.93 
-40.17 
-36.83 
-37.79 
-40.43 
-36.76 
-42.31 
-40.24 
-37.89 

b 
b 
b 

C 

d 

d 

e 

C 

f 

g 

h 

2-Me- 1 ,6-C2B4H5 

1 -NBgHIo 

[ (1 -CpNi)B9H9]- 

2 
3, 5 
4 
2 
3, 5 
4 
I ,  IO 
2-9 
2-5 
6-9 
IO 
2-5 
6-9 
IO 
2-5 
6-9 
IO 
1 ,  3 
2 
1 
2 
3 

-32.7 
-1 5.9 
-20.1 
-5.9 

-15.1 
-19.3 

-4.7 
-34.7 

-4.8 
-17.6 
74.5 
-6.1 

-21.5 
61 
29.0 

73.6 
4.2 

12.4 
33.7 
8.6 
2.4 
2 

22 
1 I6 
150 
21 1 
143 
1 I4 

9 

-1.3 

-43.42 
-40.74 
-38.47 
-41.95 
-40.44 
-39.68 
-50.43 
-38.89 
-46.07 
-42.53 
-64.61 
-46.55 
-40.81 
-67.85 
-6 1.47 
-45.08 
-74.99 
-60.08 
-5 1.09 
-76.85 
-50.55 
-59.70 
-73.08 
-73.01 

-1 14.66 
-133.14 
-163.18 
-1 32.19' 
-109.34 
-69.00 

i 

i 

k 

I 

m 

n 

0 

P 

4 
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r 
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'Calculated for CpJojBHPH. Note that the observed shift for Cp,Co,BHPPh is 141. bEaton, GR.; Lipscomb, W. N. N M R  Studies of Boron 
Hydrides and Related Compounds; Benjamin: New York, 1969. CBurg, A. B. J .  Am. Chem. SOC. 1968, 90, 1407. dGaines, D. F.; Martens, J. A. 
Inorg. Chem. 1968, 7,704. CBurg, A. B.; Sandhu, J. S .  J .  Am.  Chem. SOC. 1965,87, 3787. fOnak, T.; Williams, R. E.; Weiss, H. G. J .  Am. Chem. 
SOC. 1962, 84, 2830. Gpielman, J. R.; Warren, R. G.; Bergquist, D. A.; Allen, J. K.; Marynick, D.; Onak, T. Synth. React. Inorg. Met.-Org. Chem. 
1975, 5,  347. *Olsen, R. R.; Grimes, R. N. Inorg. Chem. 1971, IO,  1103. 'Reilly, T. J.; Burg, A. B. Inorg. Chem. 1973, 12,  1450. 'Grimes, R. N. 
J .  Am. Chem. SOC. 1966, 88, 1895. kMuetterties, E. L.; Balthis, J. H.; Chia, Y. T.; Knoth, W. H.; Miller, H. C. Inorg. Chem. 1964, 3, 444. 'Pretzer, 
W. R.; Rudolph, R. W. J .  Am. Chem. SOC. 1973, 95, 931. mArafat, A.; Baer, J.; Huffman, J. C.; Todd, L. J. Inorg. Chem. 1986, 25, 3757. "Leyden, 
R. N.; Hawthorne, M. F. J .  Chem. SOC., Chem. Commun. 1975, 310. OAndersen, E. L.; Haller, K. J.; Fehlner, T. P. J .  Am. Chem. SOC. 1979, 101, 
4390. Haller, K. J.; Andersen, E. L.; Fehlner, T. P. Inorg. Chem. 1981, 20, 309. PHousecroft, C. E. Inorg. Chem. 1986, 25, 3108. qVites, J.; 
Housecroft, C. E.; Eigenbrot, C.; Buhl, M. L.; Long, G. J.; Fehlner, T. P. J .  Am. Chem. SOC. 1986, 108, 3304. 'Wong, K. S. ;  Scheidt, W. R.; 
Fehlner, T. P. J .  A m .  Chem. SOC. 1982, 108, 11 1 I .  Housecroft, C. E.; Fehlner, T. P.; Buhl, M. L.; Long, G. J. J .  Am. Chem. SOC. 1987, 109, 3323. 
IKhattar, R.; Puga, J.; Fehlner, T. P.; Rheingold, A. L. J .  Am. Chem. SOC. 1989, I l l ,  1877. 'Feilong, J.; Fehlner, T. P.; Rheingold, A. L. Angew. 
Chem., Int. Ed. Engl. 1988, 27, 424. "Feilong, J.; Fehlner, T. P.; Rheingold, A. L. J .  Am. Chem. SOC. 1987, 109, 1860. "Meng, X.;  Rath, N. P.; 
Fehlner, T. P. J .  Am.  Chem. Soc. 1989, I 1  I ,  3422. 

a boron atom in a highly metallic environment. Furthermore, 
contrary to the earlier empirical results," the chemical shifts of 
both metallaboranes containing Fe(CO), and CoCp fragments 
are well reproduced by the calculations. 

Calculations of "B chemical shifts for boranes have been re- 
ported earlier. For example, the INDO method has been used 
in a different theoretical approach (the finite perturbation theory) 
and yields an equal or slightly better fit to the observed shifts." 
However, in order to obtain the INDO correlation, a reparame- 
trization of the INDO method was required using a subset of the 
chemical shifts, and the newly optimized parameters were not the 
same as those used to fit other properties of the molecules. Thus, 
a big difference between this approach and the one reported here 
is that the M O s  used by us are parameter free and identical with 
those used to describe other properties of the electronic structure. 

After this manuscript was submitted, we learned of two ad- 
ditional pertinent studies, which have now appeared in part. First, 
the application of the IGLO method to the calculation of the 
chemical shifts of boranes and heteroboranes gives agreement with 
experiment an order of magnitude better than those reported 
here.'* However, systems containing transition-metal atoms 

(17) Ellis, P. D.; Chou, Y. C.; Dobh, P. A. J .  Magn. Reson. 1980, 39, 529. 
(18) Schleyer, P. R.; Bilhl, M.; Fleischer, U.; Koch, W. Inorg. Chem. 1990, 

29, 153. 

n 
v) 
P 
0 
a 
Y 

30 4 0  5 0  60 70 80 

6 (calc) 
Figure 3. Correlation of b(obs) and b(calc) for all IO-atom closo cages 
in Table 1. The equation of the straight line isy = -149.2413 + 3.0881~; 
R = 0.97. 

cannot be treated a t  the present time. Second, a mechanism for 
the antipodal effect (see below) has been postulated on the basis 
of an analysis of semiempirical Mulliken charges.19 
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Table 11. Change in the Components of 0, in the Deprotonation of 

component‘ HFe,(CO),,BH2 [Fe,(CO),,BHJ difference 
HFe,(CO),,BH, 

z -41.38 -48.69 -7.31 
x -41.78 -49.48 -7.711 
Y -3 I .5n -34.97 -3.47 

‘See Chart I for coordinatc system 

Origin of Large Law-Field Shifts. Equation 2 not only repro- 
duces the unusually large chemical shifts associated with metal-rich 
metallaboranes but also permits a physically reasonable expla- 
nation. Take, for example, the observed 34 ppm upfield shift in 
going from [HFe,(CO),,BH]- to HFe4(CO),2BH,. The essence 
of the effect may be understood by reviewing the effect of pro- 
tonating a bond formed from two B,, functions. As shown in 
Scheme 11. protonation results in a highly stabilized (3-4 eV from 
photoelectron spectroscopic studies20) filled bonding M O  and 
highly destabilized unfilled antibonding MO. The former anti- 
bonding MO now becomes a nonbonding unfilled MO. The same 
argument holds for a bond formed from a 8, A 0  and, for ex- 
ample, a FeId AO. In  [HFe,(CO),,BH]- t i e  large B,, A 0  
component of the high-lying Fe-B bonding M O  (or M O s j  will 
make a contribution to only the L, and L, components of a,, e.g., 
for L, only (B2pJL2p2p,) and (BaJLz1B2,) are nonzero (see Chart 
I for the coordinate system). Protonating the Fe-B bond will result 
in a large reduction of this contribution to the overall shielding 
because of the large increase in AE. This reasoning is confirmed 
by the results shown in Table 11. The change in the L, and L, 
components of a, on protonation constitutes 80% of the overall 
calculated change, and the energies and A 0  character of the 
specific filled M O s  involved are of the type qualitatively depicted 
in Scheme I I  

In general, it is known from calculations as well as photoelectron 
spectroscopic studies” that as one converts E-E (E  = main-group 
atom) to E-M (M = transition-metal atom) to M-M interactions, 
the associated filled M O s  rise in energy. In an analogous fashion 
to  protonation. it follows that increasing the number of M-B direct 
interactions should introduce more B,, character into high-lying 
filled M O s  thereby leading to larger contributions to up. This 
accounts in a qualitative fashion for the reported empirical re- 
lationship” between low-field chemical shift and number of M-B 
interactions; however, in any specific case, the M O  picture requires 
detailed analysis such as that described above for HFe,(CO),*BH,. 
In the following, we present another such detailed analysis for 
smaller, more symmetrical cages where mechanistic explanations 
involve fewer M O s  of less complexity. 

Exo-Substituent Effects. In a deltahedral main-group cage an 
exo-cage substituent causes a substantial upfield shift of the 
cross-cage boron atom while only slightly perturbing the other 

(19) Hermanek.S.: Hnyk. D.; Havlar. 2. J .  Chrm.Soc.. Chem. Commun. 
19R9 IR59 .... ~ 

(20) Brundle. C. R.: Robin. M. B.: Baseh, H.; Pinsky, M.: Band, A. J .  Am. 
Chem. Soe. 1970,92,3863. 

(21) Vitcs. J.: Fehlner. T. P. J .  Elecrron Speetrose. Relor. Phmom. 1981, 
24, 215. 

Chart I1 

(a) ( W  (C) 

boron atoms that are not directly substituted. This substituent 
effect has been labeled the “antipodal effect” and has been the 
subject of a number of  paper^.^,^^ The attempts to  provide an 
explanation of the effect are, thus far. basically empirical in nature, 
and hence, we have investigated the antipodal effect using the SOS 
approximation and Fenske-Hall molecular orbitals and energies. 
Our objective was to see if the observed shifts could be r e p r o d u d  
numerically and, if so, to construct a ‘mechanism” for the effect 
based on the M O s  of the cage systems. 

Two systems were explored: 2-X-l ,6-C2B,H5 and 2-XB5H, 
where X = F, CI, Br, I, and Me. The results are summarized 
in Table 111, and the structures and numbering systems are defined 
in Chart I1a.b. The data are presented in two ways: the difference 
between the antipodal shift and that of the same boron atom in 
the unsubstituted parent and the difference between the trans 
boron atom (antipodal) and the cis boron atom. Clearly, the 
calculations yield the direction of the shifts in a satisfactory fashion 
even though the quantitative effects of individual substituents are 
more poorly reproduced. Despite this, the general trend in the 
magnitude of the substituent shifts are correctly given by the 
calculations. Thus, the changes in the occupied and unoccupied 
M O s  and associated energies leading to the decrease of up of the 
boron atom trans to the position of exo-cage substitution should 
provide an explanation of the antipodal substituent effect. To  keep 
the problem tractable, we restrict our discussion to the I,6-C2B4H6 
cluster and its exesubstituted chlorine derivative, 2-CI-1,6-C2B4HS. 
Presumably, the same explanation. albeit in  a less simple form, 
applies to  less symmetrical and/or larger cluster systems. The 

1221 Tucker. P. M.: Onak. T. P. J.  Am. Chem. Sor. 19b9.91.6869. Tucker. 
P. M.: Onak, T.; L-ach, J. B. Inorg. Chem. 1970,9, 1430. Herminet  
S.;  Gregor. V.: Stibr. B.: Plesek. J.; Janousek. Z.: Antonovich. B. A. 
Cdlec! C z r r h ~  Chew Commun. 1976. 41. 1492. Stanko. V. 1.: Ba. .~ ~~~~ .~.. .. ~ ~ ~~ ~ ~ ~ 

bushkina. T. A,: Klimova. T.  P.: Goliianin. Y .  V.; Klimova. A. 1.; 
Vasilev, k. M.; Alimov. A. M.: Khrapo;, V. V. Zh. Obshch. Khim. 
197646, 1071. Sicdle. A. R.: Bodner. G. M.: Garbcr, A. R.; her.  D. 
C.: T d d .  L. J .  Inprg. Chem. 1974. I O ,  2321. Hermhek .  S.: Plesek, 
J.: Gregor. V.; Stibr. B. J .  Chem. Sot.. Chem. Commun. 1977, 561. 
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Table 111. Calculated and Observed Substituent Shifts for 2-X- I ,6-C2B4H5 and 2-XB5H8 
F CI Br I Me 

Ab(obs) Ab(calc) A6(obs) Ab(calc) Ab(obs) Ab(calc) Ab(obs) A6(calc) Ab(obs) Ab(calc) 
2-X-1 ,6-C2B4HS4 

-3.52 -9.3 -3.59 0.5 -2.46 -1.4 -1.88 -0.6 -0.67 
[-3.341 [-I 1.61 [-3.671 [-I .9] [-2.351 [-4.21 [-2,271 [-4.21 [-0.76] 

2-XBsH8" 
20.9 -2.0 I -10.0 -1.92 -6.5 -1.30 -1  .o -0.93 -5.9 -0.43 

[-16.01 [-I ,341 [-9.71 [-1.551 [-6.01 [-1.11] [-3.01 (-1.061 [-5.41 [-0.49] 

"he first line of the table contains be(,ranr) - b ~ ( u n a u ~ , )  and the second line contains - in brackets. 

? 

Figure 4. Schematic diagram of the MO structure of [B6H6I2-. The 
filled boxes indicate populated MOs and representations of one compo- 
nent each of the ti, and tZu MO's important in explaining the antipodal 
effect are shown to the left. 

problem is to sort out contributions to eq 2 for the unsubstituted 
cluster that change on substitution at the trans (antipodal) boron 
atom but not a t  the cis boron atom. 

Figure 4 reviews the MO structure of [B6H6I2-, which is the 
isoelectronic parent of 1 .6-C2B4H623 and illustrates two principal 
MO types that are  shown below to be important in generating 
the antipodal effect. There are 13 filled M O s  of which 6 (tl,, 
e, and al,) are assigned to exo-cluster bonding and 7 (t2,, tl, and 
al,) to endo-cluster bonding. Of the latter set, only the t2, MOs 
are strictly endo-cluster bonding. For example, mixing between 
the tl,  sets leads to a higher lying tl, set with (in the Fenske-Hall 
solutions) nearly equal contributions of endo- and exo-cage bonding 
character (Figure 4). Without such mixing, the critical ti ,  set 
would lie at lower energy and the overall antipodal effect would 
be correspondingly reduced. The LUMO of t2, symmetry is the 
antibonding partner of the tl,  endo-cage bonding MO. 

Figures 5 and 6 schemically illustrate terms in eq 2 constituting 
the two major sources of the antipodal effect in a six-atom car- 
borane cage. At the top of each figure is a diagram for the 
unsubstituted molecule showing MO numbers, AE, approximate 
BZp A 0  contributions (size of lobes), and the overall contribution 
to up. At the bottom of each is a diagram for the corresponding 
chloro-substituted molecule with the same information. 

Figure 5 shows the largest contribution to the Ly term for up 
in substituted and unsubstituted carborane cages. For both cases, 
the occupied MO is derived from the ti,  set of [B6H6I2- while the 
unoccupied MO comes from the t2, set. In going from the parent 
carborane to the chloro derivative one must consider that additional 
MO's in the latter arise from the chlorine "lone pairs". The 
perturbation of these orbitals on the parent cluster yields molecular 
orbitals with similar symmetry to the original ones, but often very 
different A 0  coefficients. The destabilizing effect of the halogen 
is equivalent for both the occupied and unoccupied orbitals as 

(23) Hoffmann, R.; Lipscomb, W. N. J .  Chem. Phys. 1962, 36, 2179. 

A "  

L' 
8) 4 AE = 24.9 

-19.04 
(Tp= -12.4 

13)dLy AE 24.9 

-17.07 
(Tp= - 6.7 

Figure 5. Schematic illustration of the contribution of the t,, term in eq 
2 to up for 2-X-1,6-C2B4H5: X = H (top); X = CI (bottom). The 
energies are in eV and the up values are in ppm. 

L' 
(9) &/ = AE 27.9 

t 1 -19.04 
oP= -7.1 

(19) 

s' 
# 

.L. 

Figure 6. Schematic illustration of the contribution of the L, term in eq 
2 to up for 2-X-1,6-C2B4H5: X = H (top); X = CI (bottom). The 
energies are in eV and the up values are in ppm. 

shown in Figure 5. As a result, the large decrease in up upon 
substitution lies in the reduction of the B2p A 0  coefficient a t  the 
antipodal boron in the occupied MO. The "polarization" of MO 
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Figure 7. Contour plots of MO 8 (top) and MO 13 (bottom) in the B4 
plane for 1 .6-C2B4H6 and 2-CI-1 ,6-C2B4HS. respectively. Contour in- 
tervals are 0.03 au-3 with 20 contours plotted for MO 8 and 30 for MO 
13. 

13 is nicely illustrated by the MO contour diagrams shown in 
Figure 7 and directly results from a partitioning of the antipodal 
B2 character between MO 13 and a lower lying orbital that is 
porarized opposite the site of substitution. That is, the higher lying 
MO contains largely chlorine character while the lower one 
contains mainly antipodal boron character. This lower lying MO 
contributes little to up both because of a larger AE and a smaller 
(@jlL,,,lak) (the nonlocal term). The corresponding pair of MO’s 
(9/17) for the cis position leads to the same net contribution to 
up as in the unsubstituted carborane cage simply because there 
is no “polarization”, and the BZp A 0  coefficient for the cis boron 
remains high. 

The largest contribution of the L, component of up to the 
antipodal effect in the six-atom cage also involves orbitals derived 
from the t i ,  and tzu MO’s of [B6H6I2- but, obviously, disposed 
in a different fashion with respect to the position of substitution. 
Now, one finds that the B2p A 0  coefficients are independent of 
substitution. Figure 6 shows that the destabilization of the 
unoccupied MO by an antibonding interaction with the CI sub- 
stituent is not matched in the occupied MO, resulting in a larger 
AE. In  addition, by virtue of the different sign of the CIJp A 0  
contribution in occupied and unoccupied MO’s the nonlocal term 
is also reduced. For the cis boron, the filled MO is destabilized 
the same amount as the empty one, Le., exactly as illustrated in 
Figure 5 for L,. 

Although there are other terms in eq 2 that contribute, the two 
illustrated in Figures 5 and 6 serve to delineate the basic orbital 
mechanism for this exo-cage substituent effect. The mixing of 
exo and endo characters results in high-lying hybrid filled MO’s 
that contribute significantly to up by “coupling” via the SOS 
approximation with unoccupied endo-cage MOs. On substitution, 
these MOs  that intrinsically connect the position of substitution 
with its antipode are perturbed by “polarization” of the occupied 
MO’s and destabilization of the unoccupied M O s  by the halogen 
substituent. 

One wonders if any corroborative evidence exists for such an 
explanation of the antipodal effect. This mechanistic picture 
suggests that the magnitude of the antipodal effect will be related 
to the strength of the interaction of the substituent with cage. The 

Table IV. MO Origins of the Antipodal Effect in IO-Atom Closo Cages 
XB9H9 

E,, E””,, 
X MO’s“ L, u,(rel) % B(occ) % B(unocc) eV eV 

[BN]’- 17/22, 23 x -8.2 1 1  
18/22, 23 x -8.2 1 1  
15/23 z -6.4 10 
15/22 y -6.4 10 

N H  20122, 23 x -14.2 19 
21/22, 23 x -14.2 19 
17/23 y -14.2 29 
17/22 z -14.2 29 

17 -16.1’ 3.4’ 
17 -16.lb 3.4b 
17 -17.1’ 3.4’ 
17 -17.1’ 3.4b 
18 -15.0 -1.9 
18 -15.0 -1.9 
18 -18.0 -1.9 
18 - 1 8 . 0 - 1 . 9  

# I n  the case of degenerate sets, only one pair is listed. bCorrected by 
-11.51 eV to match lowest energy totally symmetric cluster MO energy 
with that  of the neutral molecule. 

substituent interactions in 2-X-1,6-C2B4H5, X = CI, Br, and 1, 
have previously been experimentally characterized by utilizing 
photoelectron ~pec t roscopy.~~ The strength of the interaction of 
a substituent with the cage based on experimental splitting pa- 
rameters decreases in the order CI > Br > I. This matches the 
order of the calculated magnitudes of the antipodal effect (Table 
111). A similar experimental ordering is found for the halogenated 
pentab~ranes .~’  Thus there is reason to believe that the 
FenskeHall-SOS approach can serve as a bridge between NMR 
observations and other spectroscopic data interpreted in a M O  
model. 

Endo-Substituent Effects. Endo-cage substitution is defined 
as that in which an isolobal fragment replaces a BH fragment 
in a cage. In closo cages, this type of substitution also leads to 
characteristic shifts in the ”B  resonance of the antipodal boron 
atom. However, now the effects are much larger and the shifts 
are to lower rather than higher field. Apparently this antipodal 
effect was first observed in the SBgHg 10-atom closo cage (Chart 
I I c ) . ~ ~  The B( 10) boron resonance was found a t  6 74.5, which 
is about 50 ppm to lower field than expected based on [BloHlo12-. 
Similar antipodal shifts have been reported in several other 10- 
atom cages (Table I), but the observations were accompanied with 
little or no comment concerning the origin of the effect. Hence, 
it constitutes a good test of the Fenske-Hall-SOS approach 
particularly as the sign of the effect is opposite to that of exo-cage 
substitution. Note that the change in sign cannot be due to the 
larger cage size as there is evidence in the literature for an upfield 
antipodal exo-cluster substituent shift for chlorinated [BioHlo]2-.27 

As shown in Table I and Figure 3, the calculations reproduce 
the endo-cage substituent effects very well both in terms of the 
direction of the antipodal shift as well as the shifts of the other 
cage boron atoms. Once again, up alone appears sufficient to 
account for the observations and justifies exploring eq 2 for a 
mechanism for this substituent effect based on MO compositions 
and energies. To do so, we focus on [BioHio]2- and B9H9NH as 
a representative pair of cages. 

Table IV lists the largest contributions to up for the antipodal 
position (B(10)) in [BioHio]2- and B9H9NH in terms of occu- 
pied/unoccupied MO pairs, B, A 0  coefficients, and MO energies. 
A schematic representation of the pertinent M O s  is given in 
Figure 8. Because of the different net charges on the compounds, 
the MO energies for the anion have been “normalized” to those 
of the neutral species by matching the energies of low-lying corelike 
M O ’ S . ~ ~  

Just as in the case of exo-cage substitution, there are two 
important types of interaction. If the principal symmetry axis 
is chosen to be the x axis, the largest contributions for the L, 
operator involve the coupling of occupied and unoccupied MO’s 
containing BZp functions tangential to the cluster surface while 
those for the Ly and Lz operators contain radial and tangential 
B2, character. When going from [B,oHio]2- to B9H9NH the 

(24) Beltram, G. A.; Fehlner, T. P. J .  Am. Chem. SOC. 1979, 101, 6237. 
(25) Ulman, J. A.; Fehlner, T. P. J .  Am. Chem. SOC. 1976, 98, 1 119. 
(26) Rudolph, R. W.; Pretzer, W. R. J .  Am. Chem. SOC. 1973, 95, 931. 
(27) Curtis, Z. 6.; Young, C.; Dickerson, R.; Lai, K. K.; Kaczmarczyk, A. 

Inorg. Chem. 1974, 13, 1760. 
(28) Fenske, R .  F.; De Kock, R. L. Inorg. Chem. 1972, 11, 437. 
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Conclusions. This approach is far from "state of the art" as 
far as shielding calculations are concerned as it suffers from the 
neglect of the diamagnetic term. Still it provides a workable 
approach to an understanding of how some of the important 
features of M O  structures of complex molecules give rise to 
chemical shift changes. The qualitatively important orbital in- 
teractions are correctly translated into relative shielding changes 
despite the approximate approach. In part, this is due to symmetry 
considerations and, thus, independent of the method. In makifig 
these connections, this approach has the potential of enhancing 
the usefulness of chemical shift data on complex molecules for 
the empirical chemist. 
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Appendix. The molecular orbital calculations were completed 
on a VAX 8650 computer using the Fenske-Hall approximate 
MO method.6 Interatomic distances and angles were idealized 
from X-ray crystallographic data when available, while typical 
values were used for cage derivatives for which such data are 
~navai lable . '~  A minimal basis set was employed in these cal- 
culations. Clementi's free atom double-{ Hartree-Fock-Slater 
type orbitals3' were used for the second-row elements a s  well as 
CI and 1. Only the valence p functions on each atom were kept 
in the double-{ form. Xu-SW calculations were performed on 
P, S, Fe, Co, Ni, Br, and Rh following the method of Herman 
and Skillman?' For these atoms. a basis set oforthogonalized 
S T O s  that maximize overlap with the Xu-SW eigenfunctions 
was ~ rea t ed . )~  The STO functions of these atoms were of single.( 
form, except for the valence p orbitals on phosphorus and sulfur 
and the valence d orbitals on the transition metals. all of which 
were double-[ form. The hydrogen Is exponent was set a t  1.16. 
The exponents for the transition-metal valence s and p orbitals 
were set a t  2.0. These functions are less diffuse than atomic results 
but are found to describe bonding in organometallic complexes 
more accurately?4 

The solution of the SOS expression for the paramagnetic term 
of the chemical shift. up requires the evaluation of matrix elements 
for the L and L l r 3  operators. Our  approach utilizes the same 
Slater-type atomic orbital basis functions that are used in the 
Fenske-Hall M O  calculations. For the evaluation of the np of 
a particular boron atom in a molecule, the operators were centered 
on that atom. The computer programs for our study were adapted 
from those used by Freier et al. in a Xa-SW study of the ')C 
N M R  shifts of some small organic molecules.35 As in that study, 
a mixed analytical-numerical integration is perf~rmed.".'~ All 
integrals associated with the matrix elements for the L operator 
were calculated while, for the matrix elements of the L/$  operator, 
all integrals except three-center terms were evaluated. The op- 
erators employed are those obtained from the standard x ,  y .  and 
z components of the angular momentum operators by multiplying 
by i (the square root of-I) .  Once the atomic orbital results are 
calculated, a simple transfer to a molecular orbital basis is per- 
formed by using the coefficients associated with the auurovriate 
Fenske-Hall eigenvectors. 

I - - a  

Figure 8. MO correlation diagram for XB9H9, X = [BH]'-. and NH, 
for the MOn with large B, coefficients at the B(I0) position. In the 
structural sketches, the NH ?ragmen, is at the top and the B(I0) position 
is at the bottom of the cage schcmatic. 

contributions to a, of both types roughly double in size. As shown 
in Table IV. the antipodal B,, coefficients increase in the occupied 
M O s  whereas there is a general reduction in AE values. Hence, 
in contrast to the smaller B,, contributions and larger AE's 
produced by exo substituents, endo substitution produces changes 
in the opposite direction. The question is why? 

The answer is evident in Figure 8. Let us consider the L, 
contribution first. There are two parts to  the explanation. The 
principal contributions from the L, term for the antipodal boron 
in [B loHlo ] '~  arise from the coupling of M O s  17 and 18 with 
MOs 22 and 23 even though M O s  20 and 21 have much larger 
Bz, coefficients and are closer in energy to the unfilled MOs! The 
reason for this is that the nonlocalized term in eq 2, (+jlL.J+k), 
is zero for the combinations MO 20. 21/MO 22, 23 by symmetry. 
That is. all nonzero couplings between molecular orbitals that 
contain antipodal p, and pz character will be negated by couplings 
of p, and p7 orbitals on B(1) that are exactly the same in mag- 
nitude (same coefficients due to  symmetry) but are  opposite in 
sign. In going lo the heterocluster, the symmetry is broken and 
MOs 20 and 21 (with the higher B,, coefficient) now contribute. 
M O s  I 2  and 13. the analogue of M O s  17 and 18 of [BloHl0]'-, 
now contain some nitrogen character, fall to lower energy, and 
are less important. There is also a substantial AE effect that 
enhances the paramagnetic term in the heterocluster; a large 
reduction in the energy of the unoccupied M O  pair occurs. It 
is well-known that when a fragment in a molecule is replaced by 
an  isoelectronic but more electronegative fragment, both empty 
and filled M O s  with significant heteroatom character are sta- 
bilized. 

Consider the LYz contribution next. First, the unoccupied M O s  
involved are exactly the same as for the Lx contribution. Second, 
notice that in [ B l o H l o ] z ~ M O s  12 and 15 contain the B,,character 
equally divided between B( I )  and B(I0). Replacement of [BH]' 
with N H  leads to a splitting of the corresponding MOs (3 and 
17). Again the higher MO contains more character of the 
electropositive boron atom, thereby leading to  a larger up., 

Consequently. the endo-age substituent effect can be ascribed 
to the existence of a set of cage MOs that contain an intrinsic 
connection between the antipodal positions. The pertinent 
unoccupied MOs undergo a large stabilization when a borane 
fragment is replaced by a more electronegative fragment while 
the pertinent occupied M O s  undergo a partitioning of the an- 
tipodal B,, character such that the higher energy M O  contains 
a large percentage of the electropositive boron atom. Both changes 
lead to larger a, and downfield chemical shifts. We  would then 
predict that a hetero fragment of similar electronegativity to that 
o f the  borane fragment would lead to a much smaller endo-cage 
antipodal effect. It is interesting to  note that the recently 
characterized 12-atom closo cluster [ B , l H l l A I M e ] z ~  shows no 
exceptional downfield shift of the antipodal boron r e s~nance . '~  
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