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. Introduction

Hydrogen bonding occupies a prominent position
in modern chemistry.® It is fundamental for molec-
ular recognition and supramolecular synthesis and
holds a central role in biology.? Typically, this inter-
action occurs between the positively charged hydro-
gen of an A—H (A = O, N, halogen, C) proton donor
and the lone pair of an electronegative element, the
m electrons of a multiple bond or aromatic ring, or a
transition metal center, representing the proton
acceptor.®4 Recently, an unusual type of hydrogen
bonding, in which a ¢ M—H bond (where M is less
electronegative than H) acts as the electron donor,
has attracted considerable attention.3—%°

H
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This hydridic-to-protonic interaction, also called
dihydrogen bonding, proton-hydride bonding, H---H
hydrogen bonding, or hydrogen—hydrogen bonding,
has strength and directionality comparable with
those found in conventional hydrogen bonding. Con-
sequently, it can influence structure, reactivity, and
selectivity in solution and solid state, finding thus
potential utilities in catalysis, crystal engineering,
and materials chemistry.
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This review summarizes the emergence and devel-
opment of this topic, starting with the early observa-
tions of H---H bonding, continuing with its compre-
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hensive structural and energetic description, and
concluding with the implications of this interaction
in supramolecular synthesis, as well as its influence
on reactivity and selectivity in both solution and the
solid state. While short accounts describing advances
in particular aspects of this area have been previ-
ously published,® 1% the purpose of this paper is to
provide a comprehensive picture of dihydrogen bond-
ing, unifying all reports available to date around the
common themes of structure, energetics, and dynam-
ics.

l. Structural and Energetic Characterization

A. Dihydrogen Bonding to the Main Group
Hydrides

Chemists had intuitively thought about proton—
hydride interactions long before these associations
were formally categorized as hydrogen bonds. In
1934, Zachariasen and Mooney reported the crystal
structure of ammonium hypophosphite (NH;"H,-
PO,7) and noted that “the hydrogen atoms of the
hypophosphite group behave toward ammonium as
if they were H™ ions”.'2 Thirty years later, Burg
suggested the presence of N—H---H3B interactions
comparable to hydrogen bonds in liquid (CH3),NH-
BH3, based on the perturbation of the N—H and B—H
bands in the IR spectrum.!® Titov et al. explained the
enhanced chemical reactivity of aminoboranes toward
H, loss by the “close spatial arrangement of the
oppositely charged hydrogen atoms”.'*

However, the first to recognize this interaction as
a true hydrogen bond were M. P. Brown and co-
workers in the late 1960s.1%'% On the basis of a
thorough analysis of the IR spectra of the boron
coordination compounds L:-BH3 (L = MesN, Et3N, Py,
Et;P) and Me3sN-BH X (X = Cl, Br, 1) in the presence
of proton donors such as MeOH, PhOH, and p-F-
CeH4-OH in CCly, they proposed the formation of a
novel type of hydrogen bond in which the BH3; and
BH., groups acted as proton acceptors, despite their
lack of lone pairs or & electrons. They measured the
strengths of these interactions by variable temper-
ature IR spectroscopy, finding association energies
in the range of 1.7—3.5 kcal/mol, comparable with
moderately strong conventional hydrogen bonds.’
Similarly, they inferred the occurrence of intermo-
lecular NH---H3B hydrogen bonding in Me,NH-BH;
and (RNH-BHy); (R = Pr, Bu) from the temperature-
and concentration-dependence of these compounds’
N—H stretching absorptions in CCl,.1516

In a recent study, Epstein and co-workers con-
firmed the ability of boron hydrides to act as proton
acceptors in hydrogen bonds.'8720 They studied the
interaction of neutral NEt;BH; and P(OEt);BH3 as
well as ionic BusN*BH,~ with different alcohols as
proton donors, by IR and NMR spectroscopy in CH,-
Cl,, CeHi4, and C¢D12, and concluded that the proper-
ties of these unconventional OH---HB interactions
are similar to those found in classical hydrogen
bonds. Their association energies were found to
increase proportionally with the proton donors’ acidi-

Custelcean and Jackson

H’,
H 0
H
| R}
HeByp
H
O—H
Figure 1. O-H---H—B dihydrogen bonds found in NaBH,-
2H,0 in the solid state.

Figure 2. C; isomer of the NH3;BH; dimer.

ties, being situated in the range 1.1-3.7 and 2.3—
6.5 kcal/mol, for the neutral and ionic boron hydrides,
respectively. Theoretical calculations (RHF/6-31G)
confirmed the attractive nature of these proton—
hydride interactions.

The solution studies, however, cannot unambigu-
ously establish whether these unusual interactions
involve the boron atom, the hydridic hydrogen, or the
BH group as a whole. We have recently determined
the X-ray and neutron crystal structures of
NaBH,:2H,0 and NaBD,+2D,0 to probe the existence
of O—H---H—B dihydrogen bonding in the solid state
and provide a detailed structural description of it.?
We found three close H-:-H contacts of 1.79, 1.86, and
1.94 A, respectively (Figure 1), substantially shorter
than the 2.4 A distance corresponding to twice the
van der Waals radius of a hydrogen atom. The O—H
vectors clearly point toward the middle of the B—H
bonds, suggesting association with the o-bond elec-
trons, rather than B or H atoms.

The same conclusion can be drawn from the
systematic Cambridge Structural Database (CSD)
search done by Crabtree et al. for boron—nitrogen
compounds.?? The 26 intermolecular N—H---H—B
short contacts found in the range 1.7—2.2 A, for
which Crabtree suggested the term “dihydrogen
bonds”, showed a strong preference for a bent geom-
etry, with NH---H—B angles typically situated be-
tween 95 and 120°, and N—H---HB angles tending
to be larger (150—170° in most of the cases). These
side-on structures were rationalized in terms of
negative charges on both B and H atoms, with the
bending allowing the protonic NH to approach the
partially negative B atom, thus maximizing the
attractive electrostatic interaction. They also inves-
tigated theoretically the NH3;BH; dimer, whose C,
symmetrical geometry (Figure 2) optimized at the
PCI-80/B3LYP level of theory showed two identical
H---H interactions, with contact distances of 1.82 A
and NH---H—B and N—H---HB angles of 98.8 and
158.7°, respectively, falling in the range found by the
CSD search. The calculated dimerization energy of
—12.1 kcal/mol corresponds to 6.1 kcal/mol per
N—H---H-B interaction, which, as suggested by
Crabtree, could account for the strikingly higher
melting point of aminoborane (+104 °C) relative to
the isoelectronic ethane (mp —181 °C).??

A similar head-to-tail arrangement was also found
by Cramer and Gladfelter in their theoretical study
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Figure 3. C,, isomer of the NH3;BH;3 dimer.
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Figure 4. The shortest N—H---H—B contacts found in
NH3BHj3 in the solid state.
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Figure 5. Dihydrogen-bonded dimers found in (CH3),NH—
BH,—N(CH3),—BHj3 in the solid state.

of the (NH3BH3), dimer.?® However, using HF, DFT,
or MP2 methods, they found a C,, symmetrical
structure as the global minimum (Figure 3), which
lies only 0.2 kcal/mol lower in energy than the C,
isomer reported by Crabtree et al. This geometry
allows the formation of bifurcated dihydrogen bonds
with H—H distances of 1.990 A, and NH---H—B and
N—H---HB angles of 88.6 and 144.8°, respectively, as
calculated at the MP2/cc-pVDZ level. The association
energy obtained at the same level of theory is —15.1
kcal/mol.

For comparison, the crystal structure of NH3;BH;
recently determined by Crabtree and co-workers by
neutron diffraction shows a packing that results in
three short intermolecular N—H---H—B interactions,
with the shortest one exhibiting a H—H distance of
2.02 A and values for the NH---H—B and N—H-:-HB
angles of 106(1) and 156(3)°, respectively (Figure 4).2*
Again, the N—H vectors point toward the middle of
the B—H bonds, suggesting that the o-bond as a
whole represents in fact the proton acceptor partner
in these interactions.

Further insight into the nature of the N—H-:--H—B
interaction was provided by Popelier, who applied the
“atoms in molecules” theory on the same (NH3;BHj3),
dimer and concluded that this interaction can indeed
be classified as a hydrogen bond.?®

Intermolecular N—H--+H—B interactions have also
been described by Noth et al., who recently reported
the crystal structure of (CH3);,NH—BH,—N(CHj3),—
BH3, which self-assembles into dihydrogen-bonded
dimers, as illustrated in Figure 5.26

The N—H---H—B dihydrogen bonding can also form
intramolecularly, as found in the crystal structure
of the 2'-deoxycytidine-N(3)-cyanoborane (1), which
shows a close H+:+H contact of 2.05 A 27.28

Intramolecular C—H---H—B close contacts are
present in the aminoboron hydrides 2—6, which could
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be responsible for the stabilization against dispro-
portionation in these complexes.??

H~ H\ Mo H.H>\N/H /\/ o \;,,N/CHa
N A U \/\ [
N \ N N
3 ’N—B /&/ \j\/N BT\~ :;\N B \/
= R SH
o PH H H H H
2 3 4
N H PN H
N . g T
\\\ ¥ H “‘— \ \7/7; H ; N
NN NN, CHg
K/\\/ H / i Ho H v
‘\v“\H"‘ \/
5 6

Their X-ray crystal structures show multiple H—H
distances below 2.65 A, which was considered the
threshold intermolecular distance for H---H interac-
tions in this study.®® The heterocyclic rings adopt
almost coplanar orientations relative to the B—H
bonds, maximizing thus the intramolecular H---H
associations. The relatively small H—C—N exocyclic
angles next to the B—H bonds in some of these
complexes, as compared to the free heterocycles, also
suggest attractive interactions between the protonic
hydrogens on the a-carbons and the hydridic BH
hydrogens. In solution, the formation of similar
dihydrogen bonds was explored by NOE experiments.
For instance, 2 adopts a conformation comparable to
the one found in the solid state, allowing again short
C—H---H—B contacts. It is intriguing, however, that
in the gas phase the two rings prefer an orthogonal
orientation, as indicated by HF/6-31G* calculations.

Intramolecular C—H---H—B dihydrogen bonds were
also proposed to play an important role in controlling
the conformation of the azacyclohexane—borane
adducts 7—-10.%

CHs CHa
S e s N
7 8
CH3 CHs; CHs
e Mg M e M e
9 HsC 10

Thus, the BH;3; groups are always found in the
equatorial position in these complexes, which appears
to be the result of favorable attractive interactions
between the hydridic B—H hydrogens and the posi-
tively charged H atoms of the a-CH; groups (Figure
6). Associations with the C—H hydrogens of the
N—CHjs group also seem to stabilize these structures,
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Figure 6. C—H---H—B close contacts in 7—10.

as indicated by the short H—H distances and the
decrease of the HsC—N—BH3 angles relative to the
H3C—N—CHj; angle in the (CH3),N™ derivative.

The hydrides of the heavier group 3 elements are
also capable of forming dihydrogen bonds. Thus, in
1994, Raston and co-workers provided X-ray crys-
tallographic evidence for an intramolecular
N—H---H—Al interaction in the alane-piperidine ad-
duct 11.2 The H—AI-N—H unit has an eclipsed
conformation in the solid state, allowing the two
oppositely charged hydrogen atoms to approach to
2.31 A, in direct contrast to the previously reported
structures of aminoalanes, which are known to
exhibit a staggered conformation about the Al—N
bond. This arrangement, Raston noted, represents an
intermediate prior to H, evolution, to form an ami-
dometal species.

Me
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Computational studies at the MP2/cc-pVDZ level,
by Cramer and Gladfelter,?® revealed a staggered Ca,
symmetrical geometry for NH3AlIH3;, which upon
dimerization forms a C, symmetrical structure (Fig-
ure 7) that contains two short intermolecular
N—H---H—AI hydrogen bonds, with an H—H separa-
tion of 1.781 A, and NH---H—Al and N—H:--HAI
angles of 119.4 and 172.0°, respectively. The dimer-
ization energy calculated at the same level of theory
is —11.8 kcal/mol, which corresponds to about 6 kcal/
mol per N—H---H—AI dihydrogen bond.

Cyclotrialumazane ((NH,AIH;)3) was found theo-
retically (MP2/cc-pVDZ) to prefer the twist-boat over
the chair conformation in the gas phase, by as much
as 2.8 kcal/mol, due to favorable electrostatic N—H"—
o~H—Al flagpole interactions (Figure 8).33 In the solid
state, however, it is likely that it will adopt the chair
arrangement for a more efficient packing, as also
observed in the analogous boron and gallium sys-

Figure 8. Calculated structure of (NHAIH,)3.
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Figure 9. Calculated structure of the (NH,AIH,); dimer.

tems. On the basis of this consideration, the chair
conformer was used for the calculation (RHF/cc-
pVDZ) of the preferred geometry in the [(NH2AIH,);3]2
dimer. As shown in Figure 9, the resulting Cs,
symmetrical structure exhibits six short H—H con-
tacts, and the enthalpy of dimerization is predicted
to be —9.9 kcal/mol at the MP2/cc-pVDZ//RHF/cc-
pVDZ level.

The next element in group 3, gallium, can also be
involved in dihydrogen bonding, as Gladfelter’s neu-
tron diffraction crystal structure of cyclotrigallazane
(12) demonstrates.3?
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In the solid state, 12 forms an a-network, by
participating in four N—H---H—Ga intermolecular
interactions, with H—H distances of 1.97 A (Figure
10). The observed NH---H—Ga and N—H---HGa angles
are rather close, with values of 131 and 145°,
respectively. The strength of these dihydrogen bonds
was estimated by theoretical calculations on the
[(NH.GaH,)s]. dimer. As in the aluminum analogue,
the monomer prefers the twist-boat conformation by
2.6 kcal/mol, favoring thus intramolecular H---H
interactions involving the oppositely charged H atoms
from the flagpole positions. However, for direct
comparison with the solid-state structure, the chair
conformation was considered for the geometry opti-
mization of the dimer. The highest dimerization
energy was found for the Cs symmetrical structure
illustrated in Figure 11, from which an interaction
energy of about 3 kcal/mol could be estimated for each
N—H---H—Ga dihydrogen bond. In the case of the
(NH3GaHg), dimer, theoretical calculations by Cram-
er and Gladfelter predicted a C, symmetrical geom-
etry similar to the one found in the Al analogue, with

H H
H H v
HH\G /H H \Ga ) H\ /G\a
\/fl : \N/\/ M N H
N N/ 73N /H"'I:I.-'ﬂfHX X A
W SN R G, /Gf G
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Figure 10. Self-assembly of cyclotrigallazane in the solid
state.
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Figure 11. Calculated structure of the (NH,GaH,); dimer.

N—H---H—Ga dihydrogen bonds of approximately 5
kcal/mol in strength.?3

Formation of dihydrogen-bonded complexes by
other main group hydrides such as LiH, BeH,, or the
recently discovered XeH,, has been investigated
theoretically by a number of researchers.343° A
theoretical study (MP2 and B3LYP) of the dihydro-
gen-bonded complexes between the hydrides LiH,
NaH, BeH,, MgHz, CHy, SiH4, GeHys, SnHg, and
hydrofluoric acid, reported by Grabowski, demon-
strated the existence of direct correlations between
H---H distances and H-bonding energies.*® Also, the
H---H separations have been found to be inversely
proportional to the F—H bond lengths, as is seen in
conventional O—H-+-O or N—H:---O hydrogen bonds.*4!

B. Dihydrogen Bonding to Transition Metal
Hydrides

In 1986, Milstein and co-workers reported the
X-ray crystal structure of the iridium hydride com-
plex 13, in which they noted an unusually small Ir—
O—H angle of 91° and an eclipsed H—Ir—O—H
conformation, indicating an attractive H---H inter-
action.“2 However, the H—H distance of 2.441 A was
too long for a hydrogen bond. The later neutron
diffraction study of the same compound revealed a
shorter H—H distance of 2.40 A, but a wider Ir-O—H
angle of 104.4°.43

~H
TLi
L—Ir—H
M
LL
13

L =PMe

In 1994, Berke and collaborators suggested that the
formation of M—H%"---H%*—X interactions might
precede the protonation of transition metal hydrides
to yield dihydrogen complexes (Scheme 1).44

The first unequivocal evidence of dihydrogen bond-
ing involving a transition metal hydride came inde-
pendently from the groups of Crabtree and Morris
in 1994. The X-ray crystal structure of 14 determined

Scheme 1
LpM-H + H-OR —> LpM-H--H-OR —>

LnMiE:OR —_— LnML—E ‘OR
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by Crabtree et al. showed an unexpected tautomer-
ization of the amide group from the ligand into the
iminol form, facilitating thus the interaction between
the hydridic Ir—H and the OH proton.*®

.
K" - | sbFe

\ P
P X (X = PPhy)
H—IF—N,_
X ,‘_| C-Me
“H-0

14

While the exact H—H distance could not be deter-
mined in the solid state due to the failure to locate
the Ir—H hydrogen, *H NMR T; relaxation time
measurements in solution gave a H---H contact
distance of about 1.8 A. The interaction seems to have
some covalent character, as demonstrated by the
observed coupling of 3 Hz between Ir—H and O—H
hydrogens.

An even higher coupling of 5.5—5.6 Hz was found
in 15 (Y = H, CI, Br, I), in which the H---H contact
distance was estimated at around 1.7 A (Y = CI),
based on T; relaxation time measurements.*

C L
Ph3Pi"“ 0
Y—IrH

H
|
H\PPh3

15

These H---H interactions are fairly strong, compet-
ing favorably with the conventional Y---H hydrogen
bonds, as demonstrated by the predominance of the
O—H---H—Ir dihydrogen-bonded rotamers over the
opposite O—H---Y—Ir hydrogen-bonded ones.

A guantitative estimation of the strength of these
unconventional hydrogen bonds involving iridium
hydride complexes was elegantly made by Crabtree’s
group in the analogous 2-aminopyridine complexes
16 (Y = H, F, Cl, Br, I, CN, CO).6 They measured
the rotation barrier for the NH; group, which repre-
sents the sum of the H---H interaction energy and
the intrinsic rotation barrier around the C—N bond
in the ligand. The strongest N—H---H—Ir hydrogen
bond (5.0 kcal/mol) was found for the case where Y
= H, while the trans Y ligand tends to weaken the
interaction in the order: F > Cl > Br > 1 > CN >
CO > H, which can be rationalized by their decreas-
ing electronegativity in the same order.

//\U
A
Pthtl‘\l l_,’;"H
Yfl‘r—H*
H “PPh,

16

Morris and co-workers demonstrated the presence
of H---H interactions in the iridium hydride complex
17 by X-ray diffraction in the solid-state and NMR
spectroscopy in solution.4”
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The crystal structure of 17 indicated a close contact
between the pyridinium protons and the Ir—H hy-
dridic hydrogens, which unfortunately could not be
located precisely from the electron density difference
maps. Nevertheless, their 'H NMR data provided
clear evidence for N—H--+H—Ir hydrogen bonding in
CD,Cl,, with a H—H contact distance of about 1.75
A, calculated from the observed T; relaxation times
of the protonic and hydridic hydrogens. Theoretical
calculations by Hoffmann et al.®* on the model
complex 18 confirmed the attractive H---H interaction
and concluded that its nature is mostly electrostatic.
Interestingly, when THF was used as a solvent, the
dihydrogen bonds were switched off in 17, presum-
ably due to the formation of conventional N—H:--O
hydrogen bonds with the solvent.*

Bifurcated N—H---H(lIr)--+H—N dihydrogen bonds
were also detected by Morris et al. in 19 and 20 by
X-ray crystallography and NMR spectroscopy, and
their H—H contact distances were estimated around
1.80 and 1.86 A, respectively, in solution.®

+ +2
PCys 7 POys 1
H

19 20

The same group also reported an interesting bi-
furcated Ir—H---H(N)---F—B interaction in complex
21, in which the N—H proton is shared by a hydridic
Ir—H hydrogen and a conventional B—F electron
donor from the BF,~ counterion.*®

PPhy
s‘\_ P
Ir N—
PPhyr” N H-H
X |
| R
= BF,

21

The occurrence of intermolecular X—H:--H—M di-
hydrogen bonds was first documented by Crabtree
and his collaborators, with the neutron diffraction
crystal structure of the rhenium polyhydride complex
22, which exhibits a three-center interaction between
two Re—H hydrides and the N—H proton from an
indole molecule of crystallization.5°-52 The geometri-
cal parameters for the two H---H contacts, i.e., H—H
distances of 1.73 and 2.21 A, and strongly bent
NH---H—Re angles of 119 and 97°, respectively, fall
in the range expected for dihydrogen bonding. The
strength of the interaction was estimated around 4.3

Custelcean and Jackson

kcal/mol, from the shift of the N—H stretching band
in the solid-state IR spectrum of 22, relative to free
indole.

,5// N
H\\ /\N’ /\ i
L H\ / L H —
) /:Ri\H L=PPhy

22

Theoretical calculations using the DFT method on
a [ReHs(PHj3)3]-NH3 model confirmed the attractive
nature of the interaction and predicted a similar
three-center hydrogen bond with H---H distances of
1.92 and 2.48 A, and an interaction energy of 8 kcal/
mol in the gas phase.

The intermolecular N—H---H—Re hydrogen bond-
ing appears to be general, as demonstrated by the
X-ray crystal structure of the analogous complex 23,
in which the role of the proton donor is played by an
imidazole molecule.5% The H—H distances could not
be satisfactorily determined due to the failure to
locate the N—H hydrogen from the disordered imi-
dazole. The strength of the interaction (5.3 kcal/mol,
estimated by IR spectroscopy) is greater than in the
similar complex 22, as expected considering the
higher acidity of imidazole relative to indole.

7N
\ it
Hoo N/
L .H\R/ LH
"Rel__ L =PPhy
N\ CH
/NG H
\N/H
H

23

Other weak acids such as 2,4,6-Me;CgH,OH, 2-tBu-
6-MeCsH3OH, pyrrole, PhNHPh, PhNHBnN, and
PhNHMe, also associate with ReHs(PPhs3),, as shown
by the IR spectra of the thin films obtained by
evaporation of CH,CI, solutions containing a 1:1
mixture of the polyhydride and the proton donor.>
The —AHO of the interactions, evaluated from the
observed shifts of the NH or OH bands, were found
to generally correlate with the acidities of the proton
donors and vary between 3.0 and 5.8 kcal/mol.
Replacing the hydridic partner with the WH;y-
(PMePhy), complex resulted in slightly weaker dihy-
drogen bonds of 1.1—5.2 kcal/mol. That these inter-
actions involve primarily the hydridic hydrogen and
not the d? nonbonding electron pairs of the Re or W
metals was demonstrated by the analogous d° com-
plex ReH7(dppe) (dppe = Ph,PCH,CH,PPh;), that
also associated with the same proton donors, with
—AHC in the range 1.3—4.7 kcal/mol.

In solution, the N—H---H—Re interactions were
studied by Crabtree et al. using UV—vis spectros-
copy.®® Thus, the ReHs(PPhs),L (L = pyridine, 4-pi-
coline, 4-(dimethylamino)pyridine, and 4-carbomethoxy-
pyridine) hydrogen bond acceptors interact with
indole, as the hydrogen bond donor, showing free
energies of association, —AG, of 3.8—5.0 kcal/mol.

In a thorough analysis, Epstein, Berke, and co-
workers surveyed dihydrogen bonding in solution in
the tungsten hydride-alcohol complexes 24 (ROH =
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phenol, hexafluoro-2-propanol (HFIP), and perfluoro-
2-methyl-2-propanol (PFTB)).%6

L
| .co
ON—W—H----H-OR

7|
oc [ L = PMes, PEty, P(i-PrO)s, PPhy
R = Ph, CH(CF3)2, C(CF3)s
24

Using IR and NMR spectroscopies, they ruled out
hydrogen bonding to the CO or NO groups and
proved the exclusive formation of the unconventional
O—H---H—W interactions. As expected, the strengths
of these dihydrogen bonds increase with the donor
abilities of the ligand L (PMe; > PEt; > P(Oi-Pr); >
PPhs) and are directly proportional to the acidities
of the proton donors (PFTB > HFIP > PhOH). Their
association energies fall in the estimated range 4.1—
6.9 kcal/mol, based on both the observed shifts in the
corresponding von bands, and the variation of the
association constants K with temperature. In addi-
tion, NMR experiments (6 shifts, NOE, and T;
relaxation times) all supported the formation of
O—H---H—W dihydrogen bonds, with H—H contact
distances as short as 1.77 A, as observed in the case
of HFIP. A linear OH---H—W orientation was argu-
ably suggested for these interactions, in sharp con-
trast to the previously established propensity of
dihydrogen bonds for a strongly bent geometry.

In an analogous series of rhenium hydride com-
plexes (25), the same two research groups proved the
occurrence of intermolecular O—H---H—Re dihydro-
gen bonding in solution.5"-%8

ON—Reé—H

7
oc||_

25
L = PMej3 (a), PEt3 (b), Pi-Pr3 (c)

When PFTB was used as proton donor, interaction
energies between 4.5 and 6.1 kcal/mol were calcu-
lated from the observed voy shifts in the IR spectra
in hexane. In toluene, however, the AH values,
derived from variable temperature NMR spectros-
copy, are smaller by about 3 kcal/mol, apparently due
to competitive O—H---r interactions with the sol-
vent.®® The H---H contact distances calculated from
T, relaxation times range between 1.78 and 1.94 A.
The phosphine ligand appears to have an important
influence over the regioselectivity of the H-bonding
formation. Thus, in 25a interaction with one of the
hydridic hydrogens is preferred, but the NO group
competes more and more effectively for the proton
donor as the bulkiness of L increases, to the point
where only O—H---ON hydrogen bonds are observed
for 25c. DFT calculations on a ReH,(CO)(NO)(PH53),-
H,O model indicated that the H---H interaction is
energetically preferred by about 3.0—3.5 kcal/mol.5’
Also, a stronger interaction is predicted with the
Re—H hydride trans to the NO group (dy-n = 1.49
A) as compared to the Re—H trans to CO (dy-py =
1.79 A) and confirmed experimentally by the high
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regioselectivity displayed by both PFTB and HFIP
alcohols toward the former, as shown by NMR
spectroscopy.

The experimental results obtained by Epstein and
Berke on the intermolecular dihydrogen bonding in
solution were complemented by the theoretical work
by Scheiner et al. on the Mo and W hydride com-
plexes 26.%° Their HF/3-21G and DFT (B3LYP, BLYP,
B3PW91) calculations confirmed that the H---H
interactions are favored over conventional hydrogen
bonding involving the NO group.

L M=Mo, W
o Lo L = PHy, NHs
L—/'\r'—H L'=NO, C!, H
oc” | HA A =F, OH,H,0"

26

The dihydrogen bonds in 26 become stronger and
shorter with the increases in the donating ability of
the cis-ligand or the acidity of the proton donor,
consistent with experiment. However, the strongly
acidic HzO" induces complete proton transfer, result-
ing in the formation of an ©?-H, dihydrogen complex.
The H—H—M angles are strongly bent in all the
optimized structures, as illustrated in Figure 12 for
the representative complex 26a. For this dihydrogen-
bonded system, a 2.6 kcal/mol destabilization energy
was calculated for a linear F—H--+H—Mo orientation.

As seen with the boron hydrides, C—H sites may
interact as the protonic partners with transition
metal hydrides. Recent X-ray structural studies and
CSD surveys confirmed the existence of intra-5°-63 as
well as intermolecular® C—H---H—M close contacts
in transition metal hydride complexes. A large num-
ber of these examples were observed in complexes
containing Rz—x(Ph)xP (x = 1—3) ligands, in which one
or more ortho C—H bonds point toward the M—H
hydridic hydrogens (Figure 13).

While the H---H distances and M—H---H angles in
these complexes were found to fall essentially in the
same range as observed for the more “conventional”
dihydrogen bonds involving N—H or O—H proton
donors, the C—H--H angles usually tend to be
smaller, due to the inherent constraints imposed by
the chelation.®® Caution is advisable in interpreting
some of these C—H---H—M short contacts, however,

PHg

Co
<H-H-Mo = 119°
ON—~Mo—H
' <H-H-F=175°
oc N
PH; H
\
F
26a

Figure 12. Calculated structure for dihydrogen-bonded
complex 26a.

M-H_
.

e
R/
R

Figure 13. Generic representation of C—H---H—M dihy-
drogen bonds in complexes of transition metal hydrides
with R;_x(Ph)«P ligands.
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Figure 14. Generic representation of non-dihydrogen-
bonded structures displaying short H--*H contacts, in
compounds containing the PPhs group.

as steric compression by bulky ligands or packing
forces may make a significant contribution to the
observed H---H close proximities.6* For instance, a
CSD survey of analogous structures that lack hy-
dridic hydrogens (Figure 14) yielded 61 compounds
displaying 89 Ph—H---H—C short contacts (<2.4 A),
of which 17 were below 2.2 AlS5 Thus, additional
evidence is needed before close H---H contacts may
be interpreted as attractive dihydrogen bonding
interactions in such questionable cases.

The comprehensive analysis of the manganese
hydride complex 27 carried out by Brammer and
collaborators provided convincing evidence for an
intramolecular C—H---H—Mn dihydrogen bond.% Their
combined low-temperature neutron and X-ray dif-
fraction study revealed a short intramolecular
C—H---H—Mn contact of 2.10 A, with H:-*H—Mn and
C—H---H angles of 126.5 and 129.0°, respectively, and
an essentially coplanar relative orientation of the
Mn—H and C—H bonds (d Mn—H:--H—C = 0.7°). The
experimental atomic charges found for the Mn—H
hydridic and ortho CH protonic hydrogens, of —0.40
and +0.32, clearly indicate an attractive electrostatic
interaction, whose magnitude was calculated to be
5.7 kcal/mol. Moreover, topological analysis of the
experimental charge density using the “atoms in
molecules” theory unequivocally supported the exist-
ence of a moderately strong intramolecular
C—H---H—Mn hydrogen bond.

co

Lo
OC—Mn'\—H\
ot
P
o
Ph
27

lll. Self-Assembly of Extended
Dihydrogen-Bonded Systems

In the previous section, it was demonstrated that
dihydrogen bonding is a significant interaction, with
energetic, electronic, and spectroscopic characteris-
tics, as well as directionality, comparable with those
found in conventional hydrogen bonding. A direct
consequence of this similarity is that dihydrogen
bonds, like traditional H-bonds, could find potential
utility in crystal engineering and supramolecular
synthesis. That these H---H noncovalent interactions
are indeed capable of controlling crystal packing was
already suggested by the crystal structure of cyclo-
trigallazane (12), which self-assembles into an ex-
tended dihydrogen-bonded o-network in the solid
state (Figure 10), as demonstrated by Gladfelter's
group.%

Custelcean and Jackson

Figure 15. Self-assembly of dihydrogen-bonded complex
28 in one-dimensional chains.
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Figure 16. Self-assembly of dihydrogen-bonded complexes
29:[K(1,10-diaza-18-crown-6)] in one-dimensional chains.
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Figure 17. Self-assembly of dihydrogen-bonded complexes
29a,b-[K(THF)(1-aza-18-crown-6)] in one-dimensional chains.

M =0s, Ru

The osmium polyhydride complex [K(1l-aza-18-
crown-6)][mer-OsH3(CO)(i-PrsP);] (28) synthesized by
Morris et al. also forms polymeric one-dimensional
chains in the solid-state (Figure 15).57 The
N—H---H—0Os dihydrogen bonds are however comple-
mented by CO---K* interactions in the assembly of
the chains. When 1,10-diaza-18-crown-6 was used to
complex K*, similar chains held together exclusively
by N—H---H—M dihydrogen bonds (Figure 16) could
be assembled from the osmium, ruthenium, and
iridium anionic polyhydrides [MHy5(i-PrsP)2]~ (M =
Os (a), Ru (b), x =2; M =Ir (c), x = 1) (29).%8¢° The
intermolecular H---H distances in these complexes
were estimated from their X-ray crystal structures
to be in the range 1.8—1.9 A. The NH bands in their
solid-state IR spectra are broadened relative to the
free diaza-crown ether and shifted to lower numbers
by 96, 107, and 132 cm™?, for the Os, Ru, and Ir
complexes, respectively, in accord with the increasing
basicity (and hydridic character) of these polyhy-
drides in the same order. The observed shifts cor-
respond to N—H---H—M interaction energies of about
3 kcal/mol.5°

Weaker C—H---H—M hydrogen bonds can also be
involved in the supramolecular association of the
polyhydrides 29a,b with K(THF)(1-aza-18-crown-6),
in which alternating NH--*H—M-—H---HN and
CH:-*H—M—H---HC units lead to the formation of
zigzag chains, as illustrated in Figure 17.5° The
NH---HOs and NH---HRu separations were estimated
at 1.7 A, while the weaker CH+:+HOs and CH-:-HRu
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Figure 18. Self-assembly of dihydrogen-bonded complex
29b-[K(THF)(18-crown-6)] in one-dimensional chains.
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Figure 19. Self-assembly of guanidinium borohydride in
one-dimensional extended tapes.

interactions exhibit longer H—H contact distances of
2.2 and 2.1 A, respectively. Finally, a similar poly-
meric chain can be assembled exclusively by weak
C—H:-*H—M interactions (Figure 18), as illustrated
by the crystal structure of 29b-[K(THF)(18-crown-
6)].%° In this case, the observed C—H---H—Ru contact
distance is 2.2 A.

As part of our own early endeavors directed toward
the structural characterization of dihydrogen-bonded
systems involving anionic borohydrides, we examined
the crystal structure of guanidinium borohydride.”
In the solid-state, this salt is organized into extended
tapes, in which the alternating BH,~ and C(NH5)s™
ions are connected by multipoint dihydrogen bonds,
as illustrated in Figure 19.

More recently, we have employed O—H---H—B
dihydrogen bonds in the construction of one-, two-,
and three-dimensional supramolecular networks self-
assembled from various metal borohydrides and
triethanolamine (TEA), in which the BH;~ and M*-
TEA units represent the hydridic and protonic part-
ners, respectively.’%7?

p—BH2X

e

N-- M+
oy
"

@
H

M=Li,X=H 30
M=Na, X=H 31
M=Na, X = CN32

Thus, in complex 30, each Li" is pentacoordinated
by the nitrogen and three oxygen atoms from a TEA
molecule and by another oxygen atom from a differ-
ent TEA molecule, forming (Li*TEA), dimers.”* Mul-
tiple dihydrogen bonds link the dimers via BH,;~
pairs, giving rise to extended ribbons (Figure 20). A
total of 10 different H---H short contacts are present,
six from one BH,~ and four from another, with H—H
separations ranging between 1.69 and 2.32 A. All
hydrogen atoms were unambiguously located from
the difference Fourier map, making these distances
sufficiently reliable. The typical normalization of
O—H and B—H bonds to 0.96 and 1.21 A, respec-
tively, leads to even shorter contact distances of
1.62—2.28 A. The smallest two intermolecular dis-
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Figure 20. X-ray crystal structure of LiBH4 TEA showmg
the H---H close contacts in A. Reproduced with permission
from ref 71. Copyright 1999 Wiley-VCH.

tances of 1.62 and 1.67 A represent the shortest
H---H contacts reported so far for dihydrogen bonds.
They appear to be the result of the strong complex-
ation of the OH groups by the Lit* cations, which in
turn increases the acidity of the corresponding pro-
tons. Notably, both OH groups involved in these two
dihydrogen bonds contain bridging O atoms coordi-
nating two Li* cations, which undoubtedly results in
increased acidity of their corresponding protons and
thus enhanced hydrogen bonding ability.

Figure 21 depicts the crystal structure of 31.72 In
this case, one-dimensional (Na*TEA), coordination
chains are formed, which are interconnected by
O—H---H—B interactions into extended layers. Each
BH,~ interacts with two OH groups in one chain and
one OH group from the next chain, with observed
H—H contact distances ranging between 1.93 and
2.16 A. These dihydrogen bonds appear to dominate
the crystal packing of 31, as no conventional hydro-
gen bonds are seen. Self-assembly into one-dimen-
sional (Na*TEA), chains was also observed in 32.72
In this complex, the chains are further linked by
O—H---H—-B and CN-:-Na" interactions, into a three-
dimensional extended network (Figure 22).

IV. Dynamics of Dihydrogen Bonds

Numerous studies have now established that di-
hydrogen bonding is an important and general in-
teraction involving element—hydride ¢ bonds, and its
geometrical and energetic features have been de-
scribed in great detail. The significance of these
unusual hydrogen bonds extends, however, beyond
their fundamental aspects. With their substantial
strength and directionality they can be used to
control reactivity and selectivity of chemical reac-
tions, at the same time finding a place alongside
conventional hydrogen bonding in the supramolecu-
lar chemists’ arsenal of noncovalent interactions.
However, what makes dihydrogen bonding particu-
larly interesting is the special reactivity conferred by
its peculiar nature. It has been recently demon-
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Figure 21. X-ray crystal structure of NaBH4 TEA: (a)
coordination of Na*; (b) dihydrogen bonds connecting the
chains, with H—H contact distances in A.

Figure 22. X-ray crystal structure of NaNCBH3; TEA
showing the H—H contact distances in A.

strated that H---H bonds have a role in the formation
of dihydrogen 7?-H, complexes and the reverse het-
erolytic splitting of Hy, as well as o-bond metathesis
(Scheme 2). In the solid state, this transformation
can be topochemical, transferring the initial order
present in the starting dihydrogen-bonded crystal to
the newly formed covalent network, thus providing

Custelcean and Jackson

Scheme 2
M-H + H-A ——> M-H--H-A

H| . -H
M- A =2~ M-A
H +H2

access to novel crystalline materials with desired
structures and properties.

A. Reactivity and Selectivity Control by
Dihydrogen Bonding in Solution

The Ir—Hp bond in 33 has been found to be
activated by dihydrogen bonding for a number of
reactions.” Thus, the hydridic and protonic hydro-
gens H, and Hy, involved in the H---H interaction can
interchange relatively easily, whereas the noninter-
acting H. is exchanged much more slowly with H,
and Hp. The AH* for the H,/Hy, exchange was esti-
mated by variable temperature NMR spectroscopy at
around 14—16 kcal/mol and found to go down as the
R group becomes more electron-withdrawing, consis-
tent with a mechanism involving proton transfer
from the OH group to the Ir—H, bond, to give an >
H, intermediate complex (Scheme 3). Rotation of the
H, ligand in this complex and transfer of the proton
back to the oxygen completes the exchange. When
the reaction was performed in the presence of ben-
zonitrile, the H; ligand could be displaced by PhCN,
in a rate-limiting step. Alternatively, H; elimination
from 33 by heating in a sealed tube at 80 °C yielded
the chelate complex 33a, in a o-bond metathesis
reaction. The initial complex 33 could be recovered
by exposure to H, in CH,Cl, at room temperature,
via the isomer 33b (Scheme 4). Similarly, hydrogen
scrambling between H, and H, is facilitated by
dihydrogen bonding in complexes 34, apparently via
an 7?-H; intermediate.” H, loss at room temperature

Scheme 3
+ + +
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H ?:“LN ‘—H'I‘\:LN He HT‘LN
c— Ir—N — N —Ir
7 “c— 7 - _
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was also observed, with the formation of 34a in a
first-order reaction, with measured activation pa-
rameters AH* and AS* of 14 + 2 kcal/mol and —32 +
6 eu, respectively (Scheme 5). The highly negative
activation entropy suggests an associative process
with a highly ordered transition state.

The first direct observation of a dynamic equilib-
rium between a H-:-H bonded system and an 7?-H;
complex resulting from proton transfer along a di-
hydrogen bond was made by Chaudret and co-
workers, using NMR spectroscopy.’* Thus, the ru-
thenium hydride complex RuHz(dppm),-PhOH (35)
exists as a mixture of dihydrogen-bonded cis and
trans isomers in benzene or toluene solutions. The
trans isomer is also involved in a dynamic equilib-
rium with the dihydrogen complex 35a, which lies
17 kcal/mol lower in enthalpy than 35 (Scheme 6).
The entropy change for the same process was found
to be —75.8 eu. It was proposed that the reversibility
of the process originates in the strong dihydrogen
bonding in 35. In the presence of the more acidic
hexafluoro-2-propanol, the corresponding dihydrogen
complex 35a further reacts by H; loss, to ultimately
give 35c via 35b. DFT calculations by Scheiner et
al. on a HOH---H,;Ru(PH,CH,PH,), model confirmed
the higher stability of the dihydrogen complex, which
lies 10.7 kcal/mol lower in energy than the dihydro-
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Scheme 7

gen-bonded adduct in this case.” The activation
energy for the proton transfer was estimated around
10 kcal/mol. However, when the stronger proton
donor HF was wused in the calculations, no
F—H--*H—Ru adduct could be identified, and the
system evolved directly toward a dihydrogen complex,
which in this case was found to be 23.8 kcal/mol lower
in energy than the separated HF and ruthenium
hydride complex.

Using in situ IR and NMR spectroscopies, Epstein
et al. studied the reversible proton transfer in the
dihydrogen-bonded complexes between (triphos)Re-
(CO);H (36) and phenol, tetrafluoroboric acid (HBF,-
OMey), chloroacetic acid (CICH,CO,H), hexafluoro-
2-propanol (HFIP), or perfluoro-2-methyl-2-propanol
(PFTB), as proton donors, at 200—260 K (Scheme 7).7®
The 7?-H, complexes 36a were found again to be
thermodynamically more stable than their H---H
bonded precursors. Higher temperatures induced H,
loss with the formation of the covalent products 36b.
Similarly, in the case of H,Re(CO)(NO)(PMej3), + CFs-
COOH, the dihydrogen-bonded complex coexists in
equilibrium with the corresponding 7?-H, complex.””
Unfortunately, the instability of the latter relative
to H; loss precluded the quantitative analysis of this
system. The more basic HW(CO),(NO)(PMej3), al-
lowed the use of weaker proton donors such as (CFs),-
CHOH. However, the resulting n?-H, complex was
found to be even less stable, rapidly eliminating H;
with the formation of the corresponding W—OR
covalent product. A relatively stable #?-H, complex
could be finally obtained using the even more basic
HRu(Cp)(CO)(PCys). Proton transfer from (CF3);COH
was found to be slow, with a barrier of 15 kcal/mol.
The resulting dihydrogen complex is stabilized by the
formation of 72-H,--A~ ionic pairs, whose existence
was demonstrated by IR spectroscopy.”” To model this
reaction, Scheiner et al. used the HRu(Cp)(CO)(PHy3)
ruthenium hydride model, which was allowed to
interact with H3;O", CF;0H, or H,O, representing
strong, moderate, and weak proton donors, respec-
tively.”® While in the first case spontaneous transfer
of proton with the formation of a corresponding
hydrated »?-H, complex was observed, the other two
weaker acids did not transfer the proton at all,
suggesting that the activation barrier for this process
is largely determined by the proton donor ability of
the acidic partner. The critical role of the proton
donor acidity has also been recently recognized by
Lau et al., who concluded that strongly acidic condi-
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tions give n?>-H, complexes, while weakly acidic
conditions favor dihydrogen-bonded species.”

In the ruthenium polyhydride complex 37, Chau-
dret et al. noted a substantial increase of the H—H
coupling Ja, upon formation of dihydrogen bonding
with various proton donors in toluene, which was
tentatively explained by the decrease of the electron
density on Ru, caused by the partial charge transfer
from the metal hydride to the hydrogen bond donor.&

Crt Hb
RU*’Ha
/
37

When the CDCI,F/CDF; (2:1) solvent system was
used instead, proton transfer with the formation of
the (Cp*)(PCys)RuH, complex was observed at low
temperatures, as a result of the unusual property of
the Freon mixture to strongly increase its dielectric
constant upon cooling, assisting thus the protonation
of 37.8% Interestingly, the reactants can be mixed at
room temperature, but the proton transfer only
occurs when the temperature is sufficiently lowered
to induce an adequate increase in the dielectric
constant of the solvent. The same behavior was
observed in CD,Cl,, a solvent which is also known
to have a strong temperature-dependent dielectric
constant.

According to Lau et al., intramolecular N—H---H—
Ru dihydrogen bonds also appear to mediate proton
transfer and subsequent formation of N—Ru bonds
in 38, as illustrated in Scheme 8.82 H/D exchange of
both protonic and hydridic hydrogen atoms with D,O
strongly suggest the existence of »?-H, intermediate
species in equilibrium with the H---H bonded com-
plexes. H;, loss with the formation of a Ru—N bonded
chelate structure is facile in 38b, and the reverse
Ru—N bond hydrogenolysis can be done at 60 °C
under 60 atm (Scheme 8). This system was found to
catalyze the reduction of CO, to formic acid, although
with low yields. The heterolytic splitting of the H,
ligand is believed to be a crucial step in the proposed
mechanism, which is depicted in Scheme 9. The only
NMR detectable metal-containing species throughout
the reaction is 38, suggesting that the insertion of
CO; into the Ru—H bond is the rate-determining
step, as also supported by recent theoretical calcula-
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tions on a similar system.8 While the proposed metal
formate intermediate 39 could not be detected, the
analogous dithioformate complex 40 was easily pre-
pared from 38b and excess CS; (Scheme 10), and its
identity was unambiguously established by IR and
NMR spectroscopies.??

Hydrogen exchange in the structurally related
complex 41 was studied by Chaudret et al. using *H
NMR spectroscopy, and the activation energy for this
process was determined to be around 11 kcal/mol.8
However, extensive DFT calculations suggested that
the mechanism for the exchange does not involve any
proton transfer within the N—H---H—Ru dihydrogen

bond.
l\/~>\(CHz

" RU N W
hP* Me
Phs SHeesHON

PhsP Me
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A very interesting dihydrogen-bonded system and
its hydrogen exchange dynamics have been recently
described by Jalon et al.85 They reported a three-
center py,H--*H—Ru intramolecular interaction in 42,
in which fast scrambling between the hydridic and
protonic hydrogen atoms occurs most probably via an
n?-H, complex intermediate (Scheme 11). An activa-
tion energy of about 13.6 kcal/mol was determined
for this process, using variable temperature 'H NMR
spectroscopy. Moreover, this system proved to be a
very active catalyst for D*/H, exchange. Thus, when
a solution of 42 in CD3OD was exposed to a dihydro-
gen atmosphere at room temperature and 1 atm,
more than 90% of H, was exchanged for D, in about
half an hour.

A similar exchange was reported by Morris et al.
in the ruthenium polyhydride complex 29b-[K(1,10-
diaza-18-crown-6)] (Scheme 12).5° Upon exposure to
D, gas at 1 atm and room temperature for 5 min, the
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Scheme 11

Scheme 12

PiPrs

2%

intensities of the NH and RuH *H NMR (THF-dg)
signals were depleted by 100 and 90%, respectively.
For comparison, only 13% decrease in the hydride
resonance was observed after 10 days when the much
less acidic 18-crown-6 ether was used for complex-
ation, implying efficient activation of the M—H bonds
by N—H---H—Ru dihydrogen bonding. The exchange
is also significantly slower if the ruthenium hydride
is replaced by the less basic analogous osmium
hydride (29a). While the conjugate acid of 29b, the
known RuH(H,).("Pr3), dihydrogen complex, could
reasonably play the role of the intermediate in the
exchange process depicted in Scheme 12, its involve-
ment in this transformation was ruled out by control
experiments.

Intramolecular N—H---H—Re interactions can af-
fect hydride fluxionality in ReHs(PPhs),L (L =
N-acetyl-2-aminopyridine) (43).8¢ Thus, the free en-
ergy of activation for the turnstile rotation involving
the H;, H4, and Hs atoms in this complex is 0.7 kcal/
mol smaller than for the analogous complex with the
NHACc group in the para position of the pyridine ring.
Stabilization of the transition state by strong
N—H:--H—Re dihydrogen bonding, which is only
possible in the ortho-NHAc isomer, seems to be
responsible for the observed difference. However, this
effect is partly offset by nonbonding repulsive inter-
actions between the two H---H hydrogen atoms,
which are forced to approach to 1.49 A in the
transition state, according to theoretical calcula-
tions.®”

PhsP PPhs
R
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H ] H
Hs
H-N
Ac
43

Dihydrogen bonding can have important conse-
quences on the selectivity and stereochemistry of
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reactions in solution. Thus, the formation of direc-
tional and strong H---H interactions can differentially
stabilize one particular transition state among two
or more possibilities, ultimately controlling the prod-
uct distribution or stereochemical outcome. An il-
lustration of this concept is the selective imination
of the n*-aldehyde complex 44 with o- vs p-aminophe-
nol, carried out by Crabtree et al.®8 In a competitive
experiment using an equimolecular mixture of 2-ami-
nophenol, 4-aminophenol, and 44, a 4.2:1 ratio of the
resulting products 44a and 44b was obtained (Scheme
13), which was calculated to correspond to a ks/ks
value of 6. This outcome appears to be the result of
O—H---H—Ir dihydrogen bonding stabilization of 44a
(and presumably of the TS leading to it). The two
isomers do not interconvert, indicating that the
observed product distribution is dictated by kinetic
not thermodynamic control. While the observed ratio
between the two rate constants is translated into a
AAG* value of 1.1 kcal/mol, the 4.5 kcal/mol esti-
mated H---H interaction energy in 44a is substan-
tially larger, the difference being apparently offset
by the unfavorable chelate ring conformation re-
quired for efficient H-bonding in the transition state.

Dihydrogen bonding can also direct the regiochem-
istry of ligand attachment to transition metal clus-
ters, as demonstrated by Aime and co-workers.8°
Thus, reaction of the electronically unsaturated os-
mium cluster 45 with EtNH, or Et,NH yields exclu-
sively the syn product 45a, stabilized by an intramo-
lecular N—H---H—0Os interaction, which would not be
possible in the anti isomer (Scheme 14). Notably, with
EtsN, which lacks the acidic hydrogens required for
dihydrogen bond formation, no reaction occurs. The
syn isomer is also preponderantly formed when 45
reacts with NHj;. Subsequent treatment with acetal-
dehyde or acetone in chloroform leads to the exclusive
formation of the dihydrogen-bonded imino-deriva-
tives 45b with a syn configuration (Scheme 15).90-°1
The intramolecular N—H---H—0Os interaction is dis-
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Scheme 15
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rupted in more polar, hydrogen bonding solvents such
as methanol or acetone. In this case, the intercon-
version between the syn and anti isomers was
demonstrated by variable temperature NMR spec-
troscopy, which suggests that the observed regio-
selectivity is a result of thermodynamic, rather than
kinetic control.

The ruthenium hydride 46, whose crystal structure
shows an intramolecular N—H---H—Ru short contact,
was found to efficiently catalyze the asymmetric
hydrogenation of ketones to chiral alcohols.®? How-
ever, the specific contribution of the H---H interaction
to the high enantioselectivity observed in these
reductions was not analyzed.

Work in our group by Gatling established the
ability of O—H---H—B dihydrogen bonds to direct the
borohydride reduction of ketones to alcohols.®® Thus,
reductions of 2-hydroxycyclobutanone or 2-hydroxy-
cyclopentanone with tetrabutylammonium borohy-
dride in the non-hydrogen bonding solvents CH,Cl,,
CICH,CH_CI, or o-dichlorobenzene are accelerated
about 150 times relative to the reductions of the
corresponding unsubstituted cycloalkanones and yield
almost exclusively trans diols after workup (Scheme
16). These effects are greatly reduced in the presence
of competing hydrogen bonding alcohols or anions
such as F~, Cl-, or Br~. Capping of the OH with a
trimethylsilyl group also shuts off both the stereodi-
rection and the rate acceleration. AM1 semiempirical
calculations predicted a 3.5 kcal/mol preference for
the hydride delivery from the OH substituted face of
2-hydroxycyclobutanone (Figure 23), which is in
reasonable agreement with the experimental find-
ings, despite the crude level of theory and the absence
of counteranions or solvent in the model.

Scheme 16
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B. Reactivity and Selectivity Control by
Dihydrogen Bonding in the Solid State

As illustrated in the previous section, many studies
regarding the dynamics of dihydrogen-bonded sys-
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Figure 23. AM1 calculated transition structures for attack
of BH,;~ from (left) syn (AH; = —81.8 kcal/mol) and (right)
anti (AHf = —78.3 kcal/mol) faces of 2-hydroxy-cyclobu-
tanone, showing salient contact distances (Angstroms).

Scheme 17
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tems in solution have demonstrated that proton
transfer from the acidic AH partners to the transition
metal hydrides MH, along the H---H bonds, generally
leads to #?-H, nonclassical complexes, which subse-
guently eliminate hydrogen upon heating, with the
formation of covalent M—A bonds (Scheme 2). An
analogous process appears to occur in the case of the
borohydride anion. In aqueous solutions, BH,™ is very
likely dihydrogen-bonded to H,0, as suggested by the
crystal structure of NaBH,4-2H,0,%! as well as theo-
retical and experimental studies by Epstein et al.18-20
Under neutral or acidic conditions, borohydrides
undergo hydrolysis to boric acid (B(OH)s), for which
the established mechanism involves slow proton-
transfer resulting in a BHs intermediate, followed by
fast H, loss and B—O bond formation (Scheme
17).94-97 Activation parameters AH* and AS* of 20.6
+ 1 kcal/mol and —22.3 + 3 eu were measured for
the neutral hydrolysis, while under acidic conditions
the corresponding values obtained are 8.0 £+ 1 kcal/
mol and —3 + 3 eu, respectively.®” The structure of
BHs, as deduced by theoretical calculations, is best
described as an almost planar BH3; molecule, loosely
coordinated by H,.?8~10 Theoretical work by Elguero
et al. indicates that H, generation from dihydrogen-
bonded borohydrides can also be induced by the
internal forces within a crystal .0t

All these premises, together with the established
ability of borohydrides to self-assemble into extended
dihydrogen-bonded networks, suggested to us that
A—H---H—B dihydrogen bonds could be employed in
topochemical assembly of covalent materials.”> Such
weak H---H interactions, in principle, may be used
to organize and hold a structure’s form while it is
more firmly fastened together by A—B bond forma-
tion, transferring thus the initial order from the
starting crystal to the newly formed covalent frame.
This strategy makes dihydrogen bonding a poten-
tially powerful tool for rational assembly of new
crystalline covalent materials with controlled struc-
tures and properties.

An early example of topochemical control by dihy-
drogen bonding was the solid-state conversion of
cyclotrigallazane (12) into nanocrystalline gallium
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nitride, reported by Gladfelter and co-workers.1%?
Initial loss of H, at 150 °C resulted in an amorphous
GaN phase, which upon annealing at 600 °C led to
the metastable crystalline cubic gallium nitride, as
a 1:1 mixture with the thermodynamically favored
hexagonal GaN. The crystallization in the cubic
system appears to be dictated by the initial crystal
packing in 12, consisting of N—H---H—Ga dihydro-
gen-bonded chains (Figure 10), which can be consid-
ered essentially “hydrogenated” cubic GaN. For com-
parison, decomposition of cyclotrigallazane in thin
films obtained by vapor deposition, a process that
presumably disrupts the dihydrogen-bonded network,
yields exclusively hexagonal GaN. It is remarkable
that despite the huge contraction of the unit cell
accompanying the conversion of 12 into cubic GaN,
the reaction still maintains partial topochemical
character. The price to pay, however, was the initial
loss of crystallinity and the consequent requirement
for high annealing temperatures to restore it. Al-
though this thermal treatment had no detrimental
effect upon the robust GaN, more delicate structures
would not tolerate such high temperatures, limiting
the general applicability of this approach.

A low temperature procedure for topochemical
dihydrogen to covalent bonding transformations would
allow the extension of this strategy into the structur-
ally more diverse domain of organic materials. Like
many solid-state processes, this reaction includes two
threats to the crystalline order: (a) geometry change
upon bond reorganization, and (b) gas release within
the lattice. Clearly, careful design of the starting
dihydrogen-bonded networks is necessary to meet
these challenges. Success, however, would mean that
the well-developed tools of molecular synthesis could
now be applied to the rational construction of crystal-
line covalent solids with desired structures and
functions.

We explored two strategies to address this prob-
lem: (a) design of cations to form closed loops in
coordination with hydride-bearing anions, in which
case the lattice distortion accompanying decomposi-
tion would not be cumulative, and (b) selection of
globular cations large enough that their close packing
determines the lattice parameters, with the hydridic
anions fitting into the interstitial holes, in which
bond formation via flexible arms would induce mini-
mal change in the unit cell (Scheme 18).72 A dividend
of this latter strategy is that the anticipated looseness
of the lattice should allow the released H; to diffuse
readily through and out of the crystal.

Having intentionally designed it for the purpose,
we were delighted to find that crystals of N-[2-(6-
aminopyridyl)]-acetamidine cyanoborohydride (47)
comprise two independent examples of closed-loop
self-assembly by dihydrogen bonding (Figure 24).72
However, this compound’s decomposition yielded
complex mixtures due to the unwanted reduction of
the amidine functionality. Additionally, partial lig-
uefaction during the reaction precluded topochemical
control, stressing the importance of another design
feature for the dihydrogen-bonded systems: the
melting temperature, which should be sufficiently

Chemical Reviews, 2001, Vol. 101, No. 7 1977

Scheme 18
(@
&
1 |
H H Hy /\
: : &
i - / | |
HB8  BHy H2||3‘ Elin
l;i H

-~
<

(b)

~
)
O

(9
&

high to allow their decomposition to be carried out
in the solid.

The MBH3X-TEA (M = Na, Li; X=H, CN; TEA =
triethanolamine) complexes 30—32 were synthesized
as candidates for the globular cations strategy.’%"?
As illustrated in Figure 21, the NaBH4TEA (31)
complex self-assembles in two-dimensional hydrogen-
bonded layers in the solid state. Its decomposition
proved to be topochemical, leading to a polymeric
trialkoxyborohydride, in sharp contrast to the NaBH,
and hydride-free polymeric borate disproportionation
products obtained from decomposition in solution or
melt.”? While the powder X-ray diffraction pattern
of the resulting product indicated the formation of a
layered material as expected for this lattice-controlled
reaction, its crystallinity was disappointingly poor.
With its less basic hydridic sites, the NaCNBH3;- TEA
complex (32) could not be decomposed in the solid-
state, losing H, only at ca. 100 °C above its melting
point, suggesting that as in solution, the relative
acidity/basicity of the proton and hydride partners
controls the reactivity of the dihydrogen-bonded
systems.

Reasoning that the Li* cation would complex TEA
more strongly, making the OH sites more acidic and
hence more reactive, we synthesized the LiBH;, TEA
(30) complex, which unlike 31, self-assembles into
one-dimensional dihydrogen-bonded ribbons (Figure
20).7* As predicted, 30 has much greater solid-state
reactivity than its Na analogue. Its decomposition is
again topochemical, apparently leading to a one-
dimensional polymeric trialkoxyborohydride struc-
ture (30a) (Scheme 19), in direct contrast to decom-
position in DMSO solution, which yielded a polymeric

CH4

Figure 24. Self-assembly of N-[2-(6-aminopyridyl)]-acet-
amidine cyanoborohydride in closed-loop dimers.
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borate and unconverted LiBH,4, the disproportion-
ation products. For comparison, no such dispropor-
tionation occurs during the solid-state decomposition
of 30, as demonstrated by H/D isotopic labeling
experiments.1% Although more crystalline than the
Na system, 30a is still mostly amorphous, and
further annealing at 120 °C induced complete loss of
order, pointing out its metastable nature.

The high solid-state reactivity of 30 allowed us to
study the mechanism of H; loss and covalent bond
formation in this dihydrogen-bonded complex both at
macroscopic and molecular levels.1® Using in situ
solid-state 'B NMR, optical microscopy, and H/D
isotopic labeling studies, we found that, like most
solid-state reactions, this decomposition is heteroge-
neous, with crystallization of the product phase from
the parent crystal. Macroscopically, the crystals
preserve their original detailed shape, but become
opaque as a result of the nucleation and growth of
the product nuclei. Kinetic analysis and H/D ex-
change experiments established that proton transfer
between the OH groups of the TEA and the BH,;~
anions, at the reactant/product interface, is the rate-
limiting step, with activation parameters AH* and
AS* of 20.1 £ 2.4 kcal/mol and —16.8 + 6.2 eu
(Scheme 20). These values are comparable with the
analogous values found for the aqueous hydrolysis
of BH,™ in neutral water,®” suggesting similar mech-
anisms for the solid and solution decompositions.

An example of a dihydrogen-bonded system that
combines both the closed loop and the globular cation
strategies is the NaBH,- THEC (THEC = N,N',N",N""'-
tetrakis-(2-hydroxyethyl)cyclen) complex (48).194

This compound’s crystal structure consists of D,
symmetrical dimers, held together by four conven-
tional O—H-:-O hydrogen bonds, complemented by
four orthogonal O—H---H—B proton—hydride inter-

Custelcean and Jackson

H-BHy’

48

actions (Figure 25). No hydrogen bonds link the
dimers, which are packed into two-dimensional layers
(Figure 26). Formation of discrete “molecular cages”
might thus be expected from solid-state decomposi-
tion. Heating 48 in the solid induced complete loss
of H,, as indicated by IR and B NMR spectroscopy,

Figure 25. X-ray crystal structure of NaBH,- THEC il-
lustrating the self-assembly in dihydrogen-bonded dimers.
Reproduced with permission from ref 104. Copyright 1999
Wiley-VCH.

a

Figure 26. Crystal packing in NaBH,- THEC. Reproduced
with permission from ref 104. Copyright 1999 Wiley-VCH.
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as well as TGA, with the formation of a highly
crystalline product. Remarkably, the decomposition
is crystallographically homogeneous, as demon-
strated by polarizing microscopy and powder X-ray
diffraction, which indicates a 9% shrinkage of the
unit cell during this crystal-to-crystal process. How-
ever, despite our sustained efforts, the detailed
structure of the resulting crystalline product has
remained elusive to date, due to deterioration of the
single crystals’ quality and insolubility in common
solvents. Nevertheless, this study is the first example
to demonstrate that judicious engineering of dihy-
drogen-bonded crystals permits transfer of crystal-
linity to the covalent products resulting from their
solid-state decomposition. The implication is that this
strategy may ultimately lead to low temperature,
rational construction of extended crystalline covalent
solids, a class of compounds generally accessible only
by empirical methods or serendipitous discoveries.

V. Conclusions and Future Prospects

Dihydrogen bonding is now a well-established
interaction between hydridic hydrogens, or more
accurately o-bonding electron pairs of M—H bonds
(M = Al, B, Ga, Ir, Mo, Mn, Os, Re, Ru, W) and
traditional X—H proton donors (X = F, O, N, C).
Geometrically, it is usually characterized by short
H--H contact distances (typically 1.7—2.2 A) and
strongly bent XH---H—M angles (typically 90—135°).
With interaction energies generally situated between
1 and 7 kcal/mol, dihydrogen bonds are comparable
with moderately strong conventional hydrogen bonds.
Their nature is mostly electrostatic, although a weak
covalent contribution may be found sometimes.

Dihydrogen bonds can control reactivity and selec-
tivity in solution. Hydrogen exchange, o-bond meta-
thesis, ligand attachment to transition metal clusters,
and hydride reduction are just a few examples of
processes that can be markedly influenced by
H---H interactions, and more applications of dihy-
drogen bonding in catalysis are soon to be expected.

In the solid state, dihydrogen bonds can exert
considerable influence on crystal packing, potentially
serving as control elements in crystal engineering.
Once sufficiently reliable H---H motifs are found,
these interactions may become powerful tools for
supramolecular synthesis. However, a systematic
understanding of the factors governing the three-
dimensional arrangement of dihydrogen-bonded mo-
lecular crystals will be needed before H---H bonds can
effectively be used to assemble materials with tar-
geted structures and properties. The unique ability
of dihydrogen bonds to lose H; in the solid state,
trading the weak H---H interactions for strong cova-
lent bonds, promises new routes to the rational
assembly of ordered, extended covalent materials.
This recently articulated strategy may soon become
a well-traveled bridge connecting the fields of su-
pramolecular and macromolecular chemistries.
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