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Indirect nuclear spin-spin coupling constants JX1B,1H) and J(}'B, 11B) in neutral and anionic
boron hydrides 1-17, calculated at the B3LYP/6-311+G(d,p) level of theory, are in good agreement
with experimental data if available. This is shown for [BH4]~ (1), BoHg (2), B4H1g (3), BsHg (4), or
[B2H7]~ (12). The calculations can be used to obtain values for those coupling constants for which
experimental information is hardly accessible. This applies to complex spin systems involving the
quadrupolar 1B nuclei such as in [BgHg]% (11), to fast dynamic processes such as in BgHig (5),
[BsHs] ™ (10), [BgH7]~ (11-H), [BsHg] ™ (13), Be(BHa)2 (14), (n°-CsHs)BeBH, (15), Be(B3Hg),
(16), Me,AlB3Hg (17), or to instable species such as [BoHg]?~ (6), BaHa (7), BsH7 (8), and BaHg
(9). The experimental 1B NMR spectrum reported in the literature for the dianion 6 does not resem-
ble the spectrum predicted on the basis of the calculated coupling constants.
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Introduction

Based on the pioneering work by Alfred Stock in the
beginning of the 20™ century [1], major developments
during the last five decades in the chemistry of boron
hydrides and boranes in general have been accompa-
nied by NMR spectroscopy focusing particularly on
the nuclei 'H and 1B [2-5]. The determination of
chemical shifts *H or §1'B did not pose problems,
although the accurate determination of & *H(BH) val-
ues often required 1B decoupling which was avail-
able for NMR spectrometers only as optional equip-
ment until the eighties of the 20" century. In con-
trast to chemical shifts 51'B, reliable data sets of cou-
pling constants involving the B nucleus, "J(*!B,X),
are still difficult to obtain in many cases, because of
the efficient quadrupole-induced relaxation of the 1B
nuclei (I = 3/2; 1°B: | = 3) which may lead to par-
tial or even complete decoupling. There are serious
problems also for coupling constants "J(*H, 1H) in
boron hydrides, since the spin-systems are complex in
most cases (e.g., 'H and 1B nuclei may be chemi-
cally equivalent but magnetically non-equivalent), and
the accurate computational simulation of the respective

'H NMR spectra is hampered by the broadening ef-
fects exerted by the quadrupolar *B nuclei. Moreover,
many boron hydrides, neutral or anionic, are fluxional,
at least in the temperature range usually accessible to
NMR experiments. These fluxional properties are fre-
quently related to intramolecular exchange processes,
which means that splitting of NMR signals due to spin-
spin coupling, if it can be observed at all, reflects aver-
aged values.

This situation is clearly a challenge for the applica-
tion of quantum chemistry to the calculation of indirect
nuclear spin-spin coupling constants. Recent progress
in this field has shown that density-functional-theory
(DFT) methods, together with a sufficiently large ba-
sis set for optimising the molecular geometries, pro-
vides "J(A,X) values which are close to experimen-
tal data [6—9]. There have been already numerous ap-
plications to hydrocarbons ["J(*3C,'H), "J(*3C,13C)]
[10-12], and also first promising attempts for boron
compounds aiming at the calculation of "J(*'B,'H),
nJ(31B,11B), and "J(**C,1B) values have been made
[13-15]. In the present work, it is shown that the cal-
culations work very well for non-fluxional boron hy-
drides such as 1-5, 10, 11 but also for the fluxional
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Scheme 1. Neutral and anionic boranes considered for
B3LYP/6-311+G(d,p) calculations for optimised geometries
and NMR parameters.

compounds 5, 10, 11-H, and 13-17. Moreover, cou-
pling constants of unstable species such as 6, 7—9 can
be predicted (Scheme 1).

Results and Discussion

Calculated chemical shifts §11B and coupling con-
stants J(1*B,1'B) and J(1*B,*H) for 1-17 are listed in
Table 1, together with experimental data if available.
The promising performance of the calculations can be
seen by inspection of the data for the tetrahydrobo-
rate anion 1, diborane(6) 2, arachno-tetraborane(10)
3, nido-pentaborane(9) 4, and the heptahydrodiborate
12, for which numerous experimental data have been
determined [2, 4, 5]. This has already been noted pre-
viously [13], when calculations were restricted to the
Fermi contact term (FC). The present calculations of
coupling constants include also the spin-orbital (SO)
and spin-dipole terms (SD) [16]. The overall agree-
ment with experimental coupling constants is satis-
factory, considering that the latter are associated with
fairly large errors owing to experimental shortcomings.
All other compounds or ions studied are fluxional (5,
10, 11-H, 13-17). Their existence has been proposed
(e.g. 6), but they are insufficiently stable for measure-
ment (e.g. 7—9) or important coupling constants can-
not be straightforwardly deduced from the NMR spec-
tra (e.g. 11).

[BoHs]?~ 6 and B,H,4 7: The formation of the di-
anion 6 has been proposed [17] in the course of ho-
mogenous reduction of diborane(6), mainly on the ba-
sis of the 1B NMR spectrum. This spectrum shows
a fairly sharp quartet (1J(}*B,'H) = 80 Hz) at §'B
—26.8 [17]. Although the calculated value *J(*'B,*H)
is similar, the calculated 8B value is rather far
away from the experimental value. More seriously, the
11B NMR spectrum of 6 should be rather complex tak-

ing into account the A3A’3XX’ spin system present
in the [*H3 1'B-11B1H3]?~ isotopomer with a substan-
tial 11B-11B spin-spin coupling (calcd: +64.9 Hz). This
is in strong contrast with the experimental 1B NMR
spectrum assigned to 6 [17]. Therefore, convincing ev-
idence for the existence of 6 is still missing. Consid-
ering the results for spin-spin coupling in BoH, 7 with
1J(*B,1B) = 72.0 Hz and experimental evidence for
other diborane(4) derivatives and polyhedral boranes
containing a 2c/2e B-B bond [18,19], the calculated
value 1J(1'B, 1'B) = 64.9 Hz for 6 appears to be
realistic.

[BsHs]~ 13, BsH; 8, and B4Hg 9: The anion
[BsHg]~ 13is well known as a highly fluxional species
[20], in which the three boron atoms are in the same
surroundings since all hydrogen atoms become equiv-
alent owing to fast exchange between terminal and
bridging positions. This means that the 'H coupled
1B NMR signal consists of nine lines (seven lines
are readily observable) separated by averaged 'B-
IH spin-spin coupling [J(1'B,*H) = 33.0 Hz]. This
is in good agreement with the averaged calcd value
J(MB, 'H) = +32.2 Hz which results from dividing
the algebraic sum of all calcd 1*B-'H couplings (£ =
772.5 Hz) by all (24) conceivable *B-*H coupling in-
teractions. The optimised geometry of 13 (Scheme 2)
shows that the bridging hydrogen atoms occupy un-
symmetrical positions as is also indicated by the differ-
ent values *J(*!B, THP) [+45.1 Hz for B(2,3) and only
+12.6 Hz for B(1)]. The values J(*B(1), 'B(2,3))
(+15.4 Hz) and 1J(*B(2),11B(3)) (+17.2 Hz) differ lit-
tle. The small value of 1J(1'B(2),}1B(3)), in the ab-
sence of a bridging hydrogen atom, points towards a
rather weak B(2)-B(3) bonding character.

The transient boron hydrides B3H; 8 and B4Hg 9
have been in the centre of several synthetic attempts
[21] and theoretical considerations [22 —24]. The most
stable structures found in this work are those shown
in Scheme 2, in agreement with the early work of Lip-
scomb et al. [22] for 8and 9 and a more recent study by
Korkin et al. dealing with 8 [24]. Although application
of Bader’s theory of atoms in molecules [25] did not
reveal two bridging hydrogen atoms in 8 [23], the type
of bridging shown for 8 with C, symmetry (Scheme 2)
seems to provide a satisfactory picture, and it is in
complete agreement with calcd coupling constants.
Thus, the 1J(*B(1), *H") = 50.1 Hz and 1J(}'B(2,3),
1HP) = 27.0 Hz values are characteristic of bridging
hydrogen atoms. The small value of the calcd coupling
constant 1J(1*B(2), 1*B(3)) = +3.7 Hz is in agreement
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Table 1. Calculated and experimental chemical shifts §11B and coupling constants in some boron hydridesl@l (see Scheme 1).

Compound 8B 3B, TH) J(1B, IB)
calcd [found] calcd [found] [Hz] calcd [found] [Hz]
1[BH4]~ 52.9 [—42.0] +79.1[81.0] -
2 ByHs 18.0 [18.0]1! +128.0 [133.5]; +46.4 [46.3] (H?) —5.3[-3.8]
+4.8 [+4.0] (3J)
3B4H1o —46.1[—41.6] (B1,3) 153.1 [155.0] (B1); 121.2 (B2-Hed0) +21.2 [20.4] (B1,B3)
—8.7[-6.9] (B2,4) 129.0 (B2-He&®); +50.4 (B1-HP) 2.2 (B1,B2)
+31.9 [30.0] (B2,H"); —2.3 (J(B(1),H(3)) —0.7 (B2,B4)
+2.7 CI(B(1),H(2)); +4.4 CI(B(2),HY))
4 BsHg —59.1[-53.1] (B1) +169.7 [175.0] (B1) +21.6 [19.5]
—16.5[-13.4] (B2-5) +160.1 [166.0] (B2) +8.3 (B2,B3)
+35.5 [33.0] (H°); —1,5 (RJ(B(1),HY) —0.8 2J(B(2),B(4)
+2.9 (2J(B(2),H(1)); +5.6 CI(B(2),HY)
+2.7 (23(B(1),HP); +0.3 (2I(B(2),HP)
5BgH1o —55.9 [-51.8] (B1) +151.2 [155.0] (B1); +148.4 (B2) +7.0 (B1,B2); +20.9 (B1,B4); +15.9 (B1,B5)
+20.2 (B2,3), +16.8 (B4,6) +158.2 (B(4); +152.2 (B5); +58.0 (B2,B3); +3.4 (B3,B4); +7.2 (B4,B5)
—11.5(B5) +40.6 (B2,HP); +46.1 (B4,HY)
+28.0 (B4,H(5)?); +44.9 (B5,H)
6[ByHg]>~  —40.5[—26.8] +77.1[80.0]; —4.3 (3J) +64.9
7ByHy +105.6 +110.8; +5.5 (2J) 72.0
8B3H; +28.1 (B1) +173.1 (B1); +127.3 (B2,He0) +18.5 (B1,B2,3)
+4.9 (B2,3) +130.6 (B2,H®°); +50.1 (B1,HP) +3.7 (B2,B3)
+27.0 (B2,HP); +9.5 (CJ(B(1),H(2)®°))
+1.3 C(B(1),H(2)*))
+4.1 (CI(B(2),H(1))
+0.9 (AJ(B(2),H(3)™%); —3.4 (2J(B(2),H(3)*°)
9B4Hg 0.0 (B1) +177.1 (B1); +175.5 (B2);+152.8 (B3) +19.5 (B1,B2); + 33.8 (B1,B3); +21.9 (B1,B4)
+13.8 (B2) +125.8 (B4); +26.0 (BL,HP) +12.6 (B2,B3); +5.5 B(3,B4); +1.2 (B2,B4)
+10.3 (B3) +54.6 (B2,H(1)°)
-13.1 (B4) +39.8 (B2,H(3)"); +33.1 (B3,H(3)?)
+55.2 (B3,H(4)°); +28.3 (B4,HP)
10[BsHg]~  —61.8[-52.6] (B1) +144.3 [152.0] (B1); +127.6 (B2,3) +12.4 (B1,B2,3); +28.5 (B1,B4,5)
—19.3(B2,3); -24.3 (B3,4) +137.6 (B4,5) +61.9 (B2,B3); +6.1 (B4,B5)
+37.3 (B2,HP); +42.0 (B4,HPY) +1.9 (CJ(B(2),B(4))
11 [BgHs]>~ —18.0[—17.0] +114.9 [123.0]; +1.0 GI(B(L),H(2)) +18.1; +11.5 CJ(B(1),B(6))
+14.7 BJ(B(1),H(6)
11-H [BgH7]~ —23.0(B1,2,3) +143.6 (B1,2,3); +133.7 (B4,5,6) +0.2 (B1,B2); +23.6 (B1,B4); +16.5 (B4,B5)
—13.6 (B4,5,6) +17.4 (HP) +6.2 (2J(B(1),B(6))
12[BoH7]- —25.2[-23.0] 100.2 [105.0]; 36.3 (H?) —-5.7
13[B3Hg]~  —37.6 (B1); —48.6 (B2,3) +108.2 (B1,HY); +103.7 (B2,HY) +15.4 (B1,B2,3); +17.2 (B2,B3)
[—30.0] (averaged shift) ~ +12.6 (B1,HP); +45.1 ((B2,H);
14 —49.7 [n.r] +150.7; +64.3 (B,HP) [87.0 (mean value)] —7.6 (B, Be); +0.8 (B,B)
Be(BHy4),[  —1.1(6%Be) —10.9 (°Be,HP); —15.2 (°Be,HY)
15/ —58.7[n.r] +112.2; +54.3 (HP); -17.6 (°Be,HP) —3.9[3.6] (B,°Be)
n%-CpBeBH,_ —20.0[-22.1] (6°Be)  —3.7 (°Be,H!)
160 —47.0, -47.6 [-43.6] B(1,3) +131.4 [132.0] (BL,HY) +19.2 (B1,B3); +4.1 (B1,B2)
Be(BsHg),  —13.1[-11.8] (B2) +121.0, +128.1 [122.0] (B2,H) —4.9 (B1,°Be); +0.5 (B2,°Be)
+7.3[+2.9] (6°Be) +61.1 [57.0] (B1,H(Be)); +50.1 (B1,HP)
+27.4 (B2,HP); —12.0 (°Be,HP)
17 —45.4 [-41.4] (B1,3) +137.0 (B1,HY); +119.9, 125.0 (B2,HY) +4.6 (B1,B2); +22.6 (B1,B3)
Me,AlBzHg  —15.4 [—14.0] (B2) +48.1 ((B1,H(2)°); +29.8 (B2,H(2)") —6.8 (B1,27Al); -1.4 (B2,7 Al)

+63.3 (B1,H(AI)P); +29.0 (Al,HP)

@ Experimental data [in brackets] taken from reviews [2,3,5] if not mentioned otherwise; n.r. means not reported. Assignment of data is
given in parentheses. Calculated [GIAO-B3LYP/6-311+G(d,p)] chemical shifts: ¢(!B) data are converted to 6''B data by 6'B = 51!B)
[B2Hg] — o(1B) +18.0, with o(1!B) [BoHg] = 84.2, 5 1B [BoHg] = 18.0 and § !B [BF3-OEty] = 0; o(°Be) data are converted to §°Be data
by 8°Be = o(°Be) [Be(H,0)42"] — o(°Be), with o (°Be) [Be(H,0)42"] = +110.6, 5°Be [Be(H,0)42*] = 0. [P Reference for calculations
of ¢(11B). [ Data taken from ref. [32]. (9 Data taken from refs. [32, 33].
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with the large B-B distance (200.9 pm), whereas the
other value 1J(11B(1), 1*B(2,3)) = 18.5 Hz is in the
typical range for multi-centre B-B bonds.

The optimised geometry of 9 with C; symmetry
shows a fairly short B1-B3 bond (170.4 pm) which
is reflected by a large value of 1J(*B(1), 1*B(3)) =
+33.8 Hz. Although, the B(1)-B(2) bond length is even
shorter (162.0 pm), the value *J(*!B,(1), *B(2)) =
+19.5 Hz is smaller as a result of the B(1)-H-B(2)
bridge. Six different 1B-HP spin-spin couplings are
calculated for 9 which range from +26.0 to 55.2 Hz.
There is no straightforward relationship between these
values and the respective bond lengths B-H®, although
here and in most other examples studied small values
13(1B, 'HP) go together with greater B-HP distances.

BgH10 5 and [BsHg]~ 10: The expected and op-
timised geometries of the nido-species 5 and 10 are
shown in Scheme 3. Both compounds are fluxional
at room temperature [26,27] because of tautomerism
of the bridging hydrogen atoms. Although these ex-

1 2 J 41
SO J;Aﬁw

10

1-45 167.7

Scheme 3. Optimised geometries of BgH1g

4-5 1835 and [BsHg]™; bond lengths in [pm].

change processes can be slowed down at low temper-
ature, the determination of a complete NMR data set
is difficult, in particular with respect to all coupling
constants involving 1B nuclei. In both 5 and 10, the
static structures possess a strong basal B-B bond which
should give rise to a large value of J(*'B, 11B). Indeed
the calcd values 1J(1B(2), 'B(3)) = +58.0 (5) and
+61.9 Hz (10) come close to the range known [18, 19]
for 2c/2e B-B bonds. All other values 1J(*B, 1'B) in
5 and 10 are much smaller, being in the typical range
of multi-centre B-B bonds.

[BsHs]>~ 11 and [BgH7]~ 11-H: In the series of
closo-borate dianions [B,Hn]?~, the octahedral 11 [28]
is the smallest known cluster (Scheme 4), and its prop-
erties and chemistry have been extensively studied
[29]. The six 1B and six *H nuclei in the [1!BiHg]?~
isotopomer are both chemically equivalent but mag-
netically non-equivalent. However, the information on
coupling constants, in principle available by analysis
of the [AX]e spin system, is not accessible owing to
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[BsHel”

N
J 123 1882 P
1-4,5 170.8
6-2,3 170.8
BB 1538 9 645 172.8
1,2,3-H" 119.1
1 456-H 119.4
1,2,3-H° 142,6
(n°-CsHs)BeBH,
Be-B 191.7 Be B Be-B 197.4
Be-l;lb 155.7 , B1-B2 184.3
B-H® 125.1 B1-B3 176.4
B-H' 1197 ~ Be-H® 1535
B1-H(Be)® 124.7
15 B1-H° 1252
J B2-H° 143.0
B1-H' 118.5
B2-H' 118.8, 119.2
Al-B 232.2
B1-B2  184.6
B1-B3  177.3
J Al-HP 182.8
4 B1-HAI)® 124.3
Be-B 1721 BI-H 1256
Be-H® 164.5 B2-H® 1416
BH® 1244 14 BI-H 1186
BH 1178 B2-H'  118.1, 119.0

effects caused by the quadrupole-induced relaxation of
the 2B nuclei. Data given for 1J(}!B, 1H) in the lit-
erature for this anion, and also for many other poly-
borane derivatives, are associated with a large error,
since most of the data have been measured assuming
first order spin systems. There are two types of 11B-
11B spin-spin couplings in 11, one formally across one
bond and a second one formally across two bonds.
The calculation gives J(*B, 'B) = +18.1 Hz and
2J(1B,1B) = +11.5 Hz, both values being typical of
multi-centre B-B bonds. It is also noteworthy that there
is a rather large value 3J(*'B, 'H) = +14.7 Hz which
is the result of four equivalent coupling pathways. The
coupling constants J(*H,*H) are small (+1.2 Hz), and
there is also a small value *J(*H,*H) = +4.7 Hz for the
antipodal *H nuclei. The access to fairly accurate calcd
coupling constants is encouraging for obtaining exper-

[BsH7]l

Scheme 4. Optimised geometries of
[BsHg]?~ and [BgH;]~; bond lengths in

11-H [pm].
Q 52
?_J
)
16
Me,AlIB;Hg
t B2 -
Al Ja-d B ) Scheme 5. Optimised ge-
J i 5.
® ometries for Be(BH4),, (n
v B3 CsHs)BeBH;,  Be(BsHg)y,
) and  MeyAlB3Hg;  bond
17 lengths in [pm].

imental evidence by simulation of the complex NMR
spectra of the closo-borate dianions using the calcu-
lated data.

Protonation of the dianion 11 leads to the highly
fluxional monoanion [BgH7]~ 11-H (Scheme 4). The
optimised geometry indicates that one triangular face
is bridged by a hydrogen atom, and the remain-
ing structure is only slightly distorted when com-
pared with 11. The calcd coupling constants reveal
the bridging interactions by the fairly small val-
ues 1J(1'B(1,2,3), HP) = +17.4 Hz and the very
small values *J(*'B(1), *B(2,3)) = +0.2 Hz. Both
values for 1J(*'B(1,2,3), 'H'Y) = 4+143.6 Hz and
1J(*'B(4,5,6), 1H!) = +133.7 Hz are somewhat larger
than in 11 (+114.9 Hz). The magnitude of the values
1J(1B, 1'B) = +16.5 and +23.6 Hz, not involving the
bridge, are similar as in 11 (+18.1 Hz), whereas the
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coupling across two bonds is smaller (+6.2 Hz), since
one coupling pathway (across the bridge) in 11-H ap-
pears to be less efficient. On the other hand, the mag-
nitude of *J(*H(1), 1H(6)) = +7.6 Hz is larger than in
11 (+4.7 Hz).

BE(BH4)2 14, (T]S-C5H5)BEBH4 15, BE(BgHg)Q 16
and Me,AlIB3Hg 17: Four examples of main group el-
ement boron hydrides 14, 15, 16 and 17 have been se-
lected in order to calculate coupling constants for other
types of fluxional molecules. The “simple” [BH4]~ an-
ion is known as an extremely versatile ligand since
it can offer a variable number of hydrogen atoms for
M-H-B bridges [30], and the same is true, in an in-
creasingly sophisticated manner, for polyborane an-
ions [31]. NMR data of 14 have been obtained in the
gas phase and in solution [32], and liquid-state NMR
data are available for 15 [33], 16 [32] and 17 [34]. The
optimised geometries for 14— 17 (Scheme 5) suggest
that beryllium is coordinated by the [BH 4]~ anions via
three (14) or two bridging hydrogen atoms (15), and
that the [BzHg]~ anion is linked to beryllium in 16 or
aluminium in 17 by two B-H-Be or B-H-Al bridges,
respectively. The triple bridging in 14 has already been
predicted, although unequivocal experimental proof is
missing, by ab initio studies at a lower level of theory
[35]. The double bridge in 15 is in agreement with IR
and Raman spectra reported for the liquid and the solid
state [36]. The calculated structures of 16 and 17 cor-
respond closely to experimental data [37, 38].

In the case of 15, the magnitude of the experi-
mentally determined coupling constant 1J(1!B, °Be) =
3.6 Hz is accurately reproduced by the calculations
(—3.9 Hz), and the same is true for the averaged exper-
imental data J(*B,*H) (found: 84.0; calcd +83.3 Hz)
and J(°Be, *H) (found: 10.2; calcd. —10.7 Hz). The
negative sign of coupling constants involving °Be re-
sults from y(°Be) < 0. It should be noted that the cal-
culated chemical shifts & °Be for 15 and 16 are in good
agreement with the experimental values. All this sug-
gests that the calculated data for 14 are reliable. In con-
trast with 15, experimental *H and 1B NMR spectra
for 14 in solution or in the gas phase do not show any
signs of °Be-tH or 1'B-°Be spin-spin coupling [32].
This can be interpreted as the result of fast intermolec-
ular exchange, considering the calcd data for 14-16
and also the complete experimental data set for 15. One
advantage of the calculation is clearly that it provides
information on the relative magnitude of coupling con-
stants involving bridging and terminal *H nuclei. This
information is lost in the NMR experiment because of

the molecular dynamics. The triple hydrogen bridges
in 14 cause larger magnitudes of 1J(}'B, °Be) and also
of 1J(1B, tHY) and 2J(°Be, *H') when compared with
15. On the other hand, the magnitude of J(°Be, 1HP) is
smaller in 14 than in 15, and consequently, the magni-
tude of 1J(*!B, 1HP) is larger in 14 than in 15.

The calculated data for coupling constants in 16 and
17 are best compared with data for the [B3Hg]™ an-
ion 13. Major changes are induced by the B-H-Be or
B-H-AIl bridges which lead to an increase in the mag-
nitude of the respective coupling constant *J(1!B, *HY).
However, the averaged values of 1J(*'B, *H) = 100.3
in 16 and 100.1 Hz in 17 are slightly smaller than
that of *J(1!B, 1H!) in 13 for the analogous B nu-
clei (108.2 Hz). This indicates that electron density has
been passed on to beryllium or aluminium. The calcu-
lated values J(1!B, 1B) also indicate some changes in
the electron densities in the multi-centre B-B bonds as
a result of the coordination of [B3Hg]~ to Be or alu-
minium.

Conclusions

DFT calculations provide valuable information on
magnitudes and signs of coupling constants in neu-
tral and anionic borane derivatives. These data can
be useful for assessing the bonding situation in static
structures representing minima on the potential energy
surface of otherwise highly fluxional molecules. The
bonding in unstable species, not suitable for experi-
mental NMR studies, can be better understood. More-
over, the analysis of exceedingly complex spin systems
involving the quadrupolar 1B nuclei can be facilitated
using the calculated coupling constants as a starting
point for simulation of experimental spectra.

Experimental Section

All calculations were performed using the Gaussian
03 program package [39]. The gas phase geometries
were optimized with DFT methods (B3LYP) [40] and the
6-311+G(d,p) basis set [41]. Frequencies were calculated an-
alytically to characterize the stationary points of the opti-
mised geometries as minima (absence of imaginary frequen-
cies) on the respective potential energy surface. Expectedly
[6-9], HF calculations of the coupling constants gave poor
results, pure DFT methods gave better results, but some-
what less close to experimental data when compared with
the B3LYP method. This was checked for 1-4, for which
fairly accurate experimental data are available [2-5, 26,42 -
44]. The paramagnetic spin-orbital term (PSO) and the spin-
dipole term (SD) contributed up to 10% to the magnitude of
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some of the coupling constants J(}1B, 11B), J(11B, °Be) or
J(?" Al, 11B), whereas these contributions to all values J(!B,
1H) were small (< 2%). The diamagnetic spin-orbital term
(DSO) was negligible (< 1 Hz) in all cases studied.
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