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functions (6-31++G(d,p))” describe the BH;-C4Hy complex
ABSTRACT: For the first time, nonclassical hydrogen Al (Figure 1) as a second-order transition state of low stability
(H)-bonding involving a B—H:-7 interaction is described

utilizing both quantum chemical predictions and exper-

imental realization. In the gas phase, a B—H---7x H-bond is Bl A il o ) e 00 s B’r .
observed in either B,H,-benzene (AE = —5.07 kcal/mol) Al tam I YA it

or carborane---benzene (AE = —3.94 kcal/mol) complex at ko007 ;4= B ‘S p D 2
reduced temperatures. Ir-dimercapto-carborane complexes . ,t;':" ‘ ‘ Q Poas
[Cp*Ir(S,C,B oH,)] are designed to react with phos- o2 €0 SN R,

phines PR3 (R = C6H4X, X = H, P, OMe) to give AE: -1.33; AH(Q98): - 1.24 0” 30 <
[Cp*Ir(PR;)S,C,B oH,,] for an investigation of B—H---x e e

interactions at ambient temperatures. X-ray diffraction

studies reveal that the interaction between the carborane a4 o« 1/ . s . .

BH bonds and the phosphine aryl substituents involves a . z% . ‘(G/‘ ),
BH---w H-bond (H---x distance: 2.40—2.76 A). '"H NMR omiai M P S0 : ZQ A
experiments reveal that B—H--7z interactions exist in oo 4 % e -
solution according to measured "H{''B} signals at ambient S ko(”” 000 1920095 /,f" B st
temperatures in the range 0.0 < 6 < 0.3 ppm. These are R & . R U
high-field shifted by more than 1.5 ppm relative to the m <o =

'H{"'B} signals obtained for the PMe; analog without B— o i: :4 . e
H--7 bonding. Quantum chemical calculations suggest Con e e B

that the interaction is electrostatic and the local (B)H-- Figure 1. Calculated properties of reference molecules A1—AS. Blue
ring stretching force constant is as large as the H-bond numbers: total charge transfer from benzene to the borane in electrons;
stretching force constant in the water dimer. numbers close to atom balls: NBO charges of a given atom in electrons.

Al is a second-order transition state (TS(2nd)); wB97X-D/6-31+
+G(d,p) calculations.

he noncovalent interaction between an X—H bond and an
aromatic ring has been described as nonclassical (weak)
hydrogen bond (H-bond, AE < $ kcal/mol) of the type X—H---7

(AE = —1.33 kcal/mol). Al rearranges to a BHj-benzene
complex in which the two molecules are located in parallel planes
1. . . . and the B atom is above the C atom so that the attraction
(X =C, N, O), which is of considerable importance in structural between the two oppositely charged atoms is mazimal. Other

. 1 2 3 4 . .
biology.” C—H.---1, N_H”’ and Q_H."” interactions ‘have weakly stabilized BH;-C4Hg forms involve the in-plane
been documented utilizing both experimental and computational approach between the H(B) and H(C) atoms (H° ---H%*
means for benzene-haloalkane, benzene-ammonia, and benzene-

dihydrogen interactions) as they are known for borazane.”
water complexes. More recently, carborane has been exploited

To increase the strength of the B—H--7 interactions, an

for a new drug design™ based on the exploitation of a proton— inverse polarity of the B—H bond is required, which is realized in
hydride (H’™--H’*) dihydrogen bond™® (AE = ~—$ kcal/mol) the B,H,'--benzene complex A2 (Figure 1). Two-electron-three-
between the B—H bond in carborane and the proton donor in center (2e-3c) bonding leads to a positively charged y>-H atom
biomolecules. However, the potential interaction between a B— (0.13 e), which is attracted by the z-density of the benzene and
H bond and the 7 face of an aromatic moiety in the sense of a B— accepts from the latter 15 me (millielectron) negative charge.
H---7 interaction has not been reported so far. The shortest distance (d) between benzene ring and the H atom
The strength of the X—H--7 interaction increases with is 2.48 A, and the binding energy AE = —5.07 kcal/mol similar to
increasing polarlty of the X—H bond where X has to be more that of the water dimer (—50 kcal/mol),8 which is in line with the
electronegative than H. In view of the electropositive character of local (B)H-z(benzene) stretching force constant k* of 0.086
boron (y(B) = 2.04 vs y(H) = 2.20),SC B—H:--7 interactions
should be repulsive rather than attractive. This is in line with the Received: February 3, 2016
fact that @B97X-D° calculations with a basis set including diffuse Published: February 24, 2016
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mdyn/A (water dimer: 0.087 mdyn/A).® Since the local
stretching force constant provides an absolute measure of the
bond strength of an individual bond,” can be determined from
measured frequencies as in the case of the water dimer,’ and is
not contaminated by mode—mode coupling, its value in
combination with the calculated AE suggests attractive B—
H---7 interactions in the sense of a nonclassical H-bond.
However, complex A2 can only be observed at low temperature
because of an entropy penalty and a free energy value AG(298)
of 3.77 kcal/mol (Figure 1).

Another class of molecules with positively charged H(B)
atoms are carboranes.'’ Carboranes form stabilizing B—H-+7
interactions with benzene in a different way than shown for A3
(Figure 1; initial T-structure based on the attraction of one
positively charged H(B) atom and the 7-density of benzene as
found for the T-structure of the benzene dimer)."" Complex A3
stabilizes by tilting (tilted T-structure) and augmenting the
primary B—H---7 interaction by two secondary B—H--x
electrostatic attractions (A4, Figure 1). Complex A4 is
characterized by a binding energy AE of —3.94 kcal/mol, a
charge transfer of just 8 me from benzene to o-carborane, a
(B)H:x local stretching force constant of 0.059 mdyn/A, and a
distance d of 2.653 A, indicating a weaker B—H:-x interaction
than that in A2. If complexation involves the more polar CH
bonds of o-carborane, the corresponding parameters (AE =
—7.93 keal/mol, charge transfer: 12 me; k* = 0.095 mdyn/A, d =
2361 A) describe a much stronger Cy,—H-7 interaction
(Figure 1) (Note that similar C,,—H--7 H-bonds have been
described in carborane supramolecular chemistry.'”) Again,
vibrational and entropic penalties render both complexes A4 and
AS unstable at room temperature (AG(A4,298) = 3.54, AG(AS,
298) = 0.13 kecal/mol, Figure 1). According to the literature, B—
H---7 interactions should also exist in carborane inclusion
complexes,13 but have not been recognized so far. Therefore, we
suppose that the B—H:-m nonclassical H-bond might be
stabilized at room temperature by incorporating it in a suitable
template as indicated in Figure 2.

|
cyclic linker

acyclic

Figure 2. Possible molecular templates to enforce intramolecular
interactions involving the BH bond and leading to either B—H---7 H-
bonding (a and c) or to H*™--H%" interactions (b and d) as in solid
borazane.

Template a or b (Figure 2) with its cyclic topology may
enforce B—H---aryl interactions, provided the framework of the
template guarantees sufficient rotational flexibility for the C¢H,
group so that either B—H--7 H-bonding (a) or H’---H%
interactions’ (b) become possible. Synthetically demanding is
also the acyclic template ¢ or d where, as a result of a suitable
steric arrangement of the linker group, the intramolecular
carborane-aryl interactions are realized. In this work, the second
possibility was pursued starting from half-sandwich 16e Ir
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dithiolene complexes [ Cp*Ir(S,C,B,,H;,)] (A6, Figure 3). Both
B and C (corresponding to a boron- or carbon-sulfur linking of o-
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Figure 3. Formation of Ir-phosphine complexes A7 from A6.
Phosphines 1—5 were reacted with A6 (B and C) at room temperature
leading for 1—4 to two sets of 18e complexes (A7) containing the B—
H---7 H-bond in B1-B3 and C1-C3.

carborane) were used thus providing different chemical environ-
ments for the BH vertexes in the two complexes. Reactions of A6
with phosphines 1—3 should generate the 18e complexes A7
(Figure 3), which requires that the phosphine ligand with the
three aryl substituents can enter the coordination sphere of the
metal center. This can be accomplished by shifting of the Cp*
ligand to the back side of the Ir atom, back-folding of the
dimercapto-carboranyl ligand, and increasing the pyramidaliza-
tion of the phosphine.

Tests aimed at exploring the limitations of the reaction A6 +
PR; —A7 were performed with trimethylphosphine and
tricyclohexyl phosphine. For PMe;, stable 18e complexes B4
and C4 were readily formed, whereas for P(cyclo-C4Hy;); (5), a
stable complex could not be formed even when varying the
reaction conditions. Obviously, steric crowding introduced by
the phosphine ligand hinders the extension of the Ir coordination
sphere in the latter case. Nevertheless, it was surprising that all
phenyl-substituted phosphines yielded stable A7 derivatives B1—
B3 containing a B—S(Ir) linkage and C1—C3 containing a C—
S(Ir) linkage at room temperature, in which one B—H bond
points toward one aryl ring of the phosphine to form a B—H:--x
H-bond. The different p-phenyl substituents (ie, R = H, F,
OMe) were introduced to vary the 7-density for an investigation
of its influence on the B—H:--7 interaction. Note that complex
[Cp*Ir(PMe;)(1,2-S,C,B,0H,0)]'* (C4) has been reported
previously, whereas the seven complexes B1—B4 and C1-C3
are investigated for the first time.

The structure determination of these complexes was
performed by a three-pronged approach based on X-ray
diffraction analysis (solid state), NMR spectroscopy (solution),
and quantum chemical calculations (gas phase). In Figure 4, the
X-ray structure of B1 is compared with the corresponding gas-
phase structure. Steric repulsion is lowered by (i) a distorted
propeller conformation of the phenyl groups; (ii) shifting of Cp*
ligand; (iii) the envelope puckering of the five-membered ring
Ir;S, X, (X = B, C) as measured by the folding angle «; and (iv) a
single phenyl-carborane attraction (B13—H---x, F1§ure 4). The
attraction is of the B—H:--7 type rather than the H’~--H’* type
(Figure 2) and strongly determines the configuration of B1 and
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Figure 4. (a) X-ray structures of B1 (left) and C1 (right). (b) Calculated
geometry of Bl shown together with calculated NBO charges;'®
(wB97X-D/def2-TZVPP/6-31++G(d,p) calculations).

the five other complexes B2, B3, C1—C3. Table 1 summarizes
some structural parameters, which reveal that for B1-B3 and

Table 1. Structural Parameters of Complexes B1—B3 and C1—
C3 Describing the Steric Interactions between the Ligands in
A7"

a/(deg) Ir-P/A d/A 8/(deg) Charge(e)
entry exp. theo. exp. theo. exp. theo. exp. theo. theo.
B1 159 1S§7.7 227 2301 248 2443 17 220 0.09
B2 157 157.5 227 2297 276 2432 23 220 0.09
B3 157 1§7.7 227 230S 2.72 2422 22 209 0.09
Cl 156 156.6 2.28 2318 2.65 2.368 24 109 0.05
C2 159 1563 228 2315 240 2365 12 107 0.06
C3 158 156.7 229 2322 248 2346 11 9.2 0.06

“Parameters are explained in Figure 4b. Computed values theo.

according to @wB97X-D/def2-TZVPP/6-31 ++G( d,p) calculations.

C1—C3, the shortest B—H---7 distance is 2.40 = 0.05 A, and the
positioning of the B—H bond above the phenyl ring is almost
perpendicular (deviation angle 6: 9—22°, Table 1).

Next, we tried to verify the existence of the B—H:--7 H-bond in
solution by '"H NMR. Complexes A7 were immediately formed
in solution as verified by new signals of BH and Cp* in the
"H{"'B} NMR titration experiments (Figure S11). One BH
resonance was observed at high field (i.e,, § ~ 0.3 ppm for B1—
B3 and ~0.0 ppm for C1—C3) at room temperature, which is
distinct from the other BH signals appearing in the range of 1.4—
3.0 ppm (Figures 5 and S11). This is in line with a shielding of the
proton due to the ring current of the nearby phenyl ring. By

4336

BH(6
CH(2) ©) o ey
B '7 .
LJL .
e A
3.5 3.0 2.5 2.0 1.5 1.0 0.5

Figure 5. Expanded 'H {"'B} NMR spectra of B, B1, B4 in CDCl, at
room temperature with assignments. The number in bracket represents
the number of hydrogen atoms. B—H:-7 proton signals in B1 is shown
in the high field in green. (*: grease, V: water). Note: For the similar
spectra of C, C1, C4 as well as the complete set of spectra, see SI-Figure
S12.

comparison, the reference complexes B4 and C4, in which a B—
H---zinteraction can not exist, as well as the starting complexes B
and C show only the typical B—H resonances between 1.4 and
3.0 ppm for the carboranyl units (Figures S and S12). These
results confirm the formation of the B—H::-7x H-bond, which
stabilizes complexes A7 (B1—B3, C1—C3) in solution. Note that
the high-field shifting of the BH si%nals could also be observed in
an o-carborane inclusion complex ** in which it was also caused
by B—H:--7 interactions, however, the B—H:--7 H-bond could
not be unambiguously confirmed by the X-ray diffraction analysis
owing to a structural disorder of the carboranyl unit.

Our experimental studies confirm the existence of the B—H--x
interactions in both solid state and in solution. However, the
electronic trends caused by different BH vertexes in the
carborane and different p-phenyl substituents of the phosphine
ligand were disguised largely by crystal packing effects in the solid
state. The situation becomes more complicated by the fact that
B3 and C2 contain two molecules in one unit cell. Hence,
quantum chemical calculations were needed for complexes A7 to
unravel these effects. The calculated natural bond order (NBO)
charges'® of H(B) vary between 0.05 (C structures) and 0.09 e at
a d-value <2.44 A (B structures, Table 1), which indicates a
somewhat stronger attraction than in the reference molecule A4
(0.10 ¢, d =2.65 A). This is confirmed by the calculated B—H:--z
local stretching force constants (Table 2 and Figure 1) based on
the Konkoli—Cremer mass-decoupled local vibrational modes.”
It has been shown that local stretching constants k* are
proportional to the intrinsic strength of a bond, and their
analysis can be facilitated by deriving a relative bond strength
order (BSO) n derived from k* by using suitable reference bonds
as, for example, the BH bond of BH;, the FH bond, and the H---F
bond in FHF~.°“!¢ In Table 2, the local mode properties of the
complexes B1—B3 and C1—C3 are listed. They reveal that the
intramolecular B—H---7 interactions are stronger than in the
complex A4. Also, distances d are shorter and k” constants are
larger, where the latter lead to BSO values of 0.347—0.364 (Table
2, A4: 0.247; AS with its C—H:--x interaction: 0.309).

In the series C1—C3, an increase in the 7-density of the aryl
ring due to a stronger z-donor substituent (H, F, OCHj,) should
lead to an increase of the strength of the B—H:--x interaction,
which is observed (Table 2), whereas for the series B1—B3 the
BSO (H:--x) value is stronger for B3 but weakest for B2. There is
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Table 2. Distances (d), Local Stretching Force Constants and
Frequencies (k* and @®), and BSO Values n of the B—H-x
Nonclassical H-Bonds“

Complex Local d(H"'ﬂ) k“(d) w“(d) n( H... ‘n)
mode A mdyn/A  cm™!
A2 (B-)H..m 2483  0.086 382 0.300
A4 (B-)H..m 2.653  0.059 276 0.247
As (C)H..m 2361  0.095 402 0.309
B1 (B-)H..m 2443  0.143 495 0.348
B2 (B-)H--m 2432 0142 492 0.347
B3 (B-)H--mm 2422  0.159 520 0.359
C1 (B-)H..m 2368  0.158 519 0.358
C2 (B-)H-.m 2365  0.161 524 0.360
C3 (B-)H..m 2346  0.167 534 0.364

“The distance d for (B)H---7(Cg) gives the shortest distance to the
aryl ring plane as defined in Figures 1 and 4b; (wB97X-D/def2-
TZVPP/6-31++G(d,p) calculations).

no indication for a covalent interaction introduced by a charge
transfer from the aryl ring into the 6*(BH) antibonding orbital.
The latter would lead to B—H bond lengthening contrary to the
calculated B—H values in the series B1, B2, B3 (1.180. 1.180,
1.179 A) or C1, C2, C3 (1.172, 1.173, 1.172 A). Energy density
studies according to the Cremer—Kraka criterion'’*" suggest
electrostatic interactions, which are significantly increased by
space confinement similar to what is found for the bay C—H
bonds of phenanthrene.'’* We note that the B—H:+-r interaction
is slightly stronger than the H-bond in the water dimer because
the mechanism of bonding is different in the two cases. H-
bonding in the water dimer includes some covalent character due
to a charge transfer, which is reflected by a lengthening of the O—
H donor bond.*

In conclusion, B—H---7 interaction has been documented and
analyzed for the Ir dithiolene phosphine complexes [Cp*Ir-
(PR3)S,C,BoH;o] (A7: B1-B3, C1-C3) employing X-ray
diffraction, NMR spectroscopy, and quantum chemical calcu-
lations. In the experimental observation for the 18e Ir complexes
A7, the B—H---7 interactions are stronger than in the reference
complexes A2 and A4, as is documented by the local B—H--x
stretching force constants and the corresponding BSO values
(A7: 0.347—0.364; A2: 0.300; A4: 0.242). Quantum chemical
calculations reveal that the B—H---x distances d (2.346—2.443 A)
are shorter than the sum of van der Waals radii of H and C (~3.0
A), and in all cases, B—H---7 H-bonding is electrostatic in nature.
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