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ABSTRACT
PROTON TRANSFER REACTIONS IN DIHYDROGEN BONDED
SYSTEMS
By
Simona Marincean
As possible substrates for one-photon infrared-pumped reaction

(IRPR), the structures and decomposition paths of complexes between AIH,”
and three proton donors, H,O, HF, and HCIl, have been studied by ab initio
methods at the MP2//6-311++G** level of theory. Dihydrogen bonded
complexes, [AlH,...HA] (A=OH, F, Cl), were obtained as minima on the
potential energy surface (PES). In each case only one transition state was
found for the proton transfer and H, loss process. For each cluster, the
geometry and energy characteristics of reactants, complex, transition state,
and products were analyzed with [AlH,...HCI]™ emerging as the best IRPR
candidate. The calculated intrinsic reaction coordinate (IRC) confirmed the
one-step proton transfer and H, loss with no intermediate. Classical
trajectories for the vibrationally activated process were calculated on the ab
initio potential energy surface, beginning with varying degrees of excitation

of the modes associated with proton transfer, 1411 and 1973 cm™. Proton



transfer from HCI and loss of H, were calculated to occur on the
femtosecond time scale for several of the initial conditions, including the
first vibrationally excited level.

The influence of the dihydrogen bonding on the activation parameters
of ketone reduction by tetrabutyl ammonium borohydride, NBu,BH,, has
been studied. 2-Hydroxycyclopentanone was chosen as substrate because it
was the most thoroughly studied in the previous works in this group. The
reaction kinetics were found to be first order in ketone and in borohydride
with a rate constant of k=2.20 + 0.160 x 102 ‘mol™-s! at room temperature.
Formation of a dihydrogen bonding complex between the hydroxyl
substituent and the BH,” lowered the activation enthalpy by 6.6 kcal/.
Comparison of the activation entropy for the 2-hydroxycyclopentanone and
cyclopentanone reductions, -29.6 and —22.9 e.u. respectively, pointed to a
higher organization degree in the transition state when the substrate bears an
a-hydroxyl group. When a hydrogen bonding solvent was used the
activation parameters were lowered even more as expected, due to increase
number of proton donor partners. Direct analysis of the products ratio
showed a smaller stereochemical control than reported previously. The

influences of different factors on the stereochemical outcome are discussed.
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1. Literature Review

1.1 Selective Bond Dissociation via Photon Excitation

There are two main ways to achieve excitation of molecules in order
to activate them for reaction. The most familiar distributes kinetic energy via
thermal activation raising a fraction of the molecules above the activation
barrier, as dictated by the Boltzman distribution. The second way is to
supply external energy by a mechanism that is “not subject to the
equilibrium distribution law of canonical ensembles”.' Chemical activation,
single/multi photon excitation, collisions in molecular beams, and
photosensitization reactions can accomplish the latter. This thesis probes the
behavior of such-nonequilibrium excitations in the recently popular
dihydrogen bonded systems.

The notion of selective bond cleavage via vibrational activation
("molecular scissors") has long been recognized as a natural corollary to the
identification of infrared absorption bands with molecular functional groups.
In principle, deposition of sufficient vibrational energy into a chemical
bond's stretching mode should induce its rupture, resulting in an
infrared-pumped reaction (IRPR). But many vibrational quanta are needed to

break a typical bond, so this idea was not seriously considered until the



advent of pulsed lasers, light sources intense enough to accomplish rapid
multiphoton excitation.

Unfortunately, though lasers have been crucial in the development of
today's understanding of molecular dynamics, the main result is the
knowledge that the timescales for multiphoton absorption and, most
importantly, for vibrational relaxation are typically much faster than for any
intended reaction. Early measurements showed that intramolecular
vibrational relaxation takes places on a picosecond time scale.’ The
challenge to those who would design IRPRs is thus clear: the reaction time
must be competitive with the relaxation time of the vibrational mode in
question; the energy deposited must of course be adequate to surmount the
activation barrier (including thermal and tunneling contributions) for the
process; and the overall reaction should be irreversible or at least exothermic
(i.e. the back reaction should have a high barrier).

Zewail pointed out that vibrational relaxation takes place via two
modes: energy dedistribution and phase loss, and it is important to know
their respective contributions to the apparent relaxation processes as criteria
for tuning of laser pulse shape and duration.” Experiments done by exciting
C-H stretches in naphthalene found relaxation times under around 0.1 ps

pointing up the need for subpicosecond lasers.’ Zewail also made the point



of differentiating between the vibrational modes of interest, i.e. the ones to
be excited, and the other modes that are not excited directly but interact with
the first ones and that can function as energy sinks.

Early attempts of laser control of reactions are characterized by
multiphoton excitation. King et al. induced reactions in tetrazine in neat and
mixed crystals at low temperature (Scheme 1.1). Isotopic composition in the
products was controlled by tuning the laser to absorption band of the

molecule with a specific isotope component.*

Scheme 1.1
N/\N X
|| | —»l‘;K N, + HCN
N\/N

The reaction takes place from the electronic excited states and exhibits
molecular selectivity but showed that lasers could drive reactions.
Multiphoton excitation of terminal and non-terminal olefinic C-H
stretches in CH,=CH-CH,-NC induced isomerization,” which was explained
by a reaction time much faster than IVR in this particular case (Scheme 1.2).

Scheme 1.2

CH2=CH-CH;-NC — CH,=CH-CH,-CN



Isomerization and fragmentation were obtained via multiphoton excitations
of the CH, stretch and wag vibrations in cyclopropane in the gas phase.®
Products were the same as resulted from thermal excitation (Scheme 1.3) but
their distribution was different. Excitation of the CH, wag favored the
isomerization path.

Scheme 1.3

A —— CH,=CH-CH;

A — CH,=CH, + :CH,

In a nice review about IR-laser chemistry,” Quack et al., referring to
mode selective excitation, cautioned that different reactive populations will
be induced by excitation via laser as opposed to chemical or thermal
activation or by different excitation frequencies and therefore different
products distributions which are “no proof whatsoever for mode selective
reaction control”. In an attempt to use different chromophores to probe the
mode selective excitation they used F-CH,-CH,-CH,-CHD-F but no mode

selectivity was observed (Scheme 1.4).



Scheme 1.4

nhv1 ;h\lz
F< CH, CH,D
CHy” \CH2 N

l |

HF + CH2=CH-CH2-CHDF HF + FCH=CH-CH2-CHD

Among theoretical approaches to actively control product formation in
a reaction, of major impact are work done by Rice et al., Brumer and
Shapiro, and Rabitz et al. Rice suggested that selection control of the
products in a branching reaction could be achieved by transfer of vibrational
amplitude from ground state to an excited state and, after a specific time
delay, back to ground state. Gerber et al. applied this formalism for the
ionization and dissociative ionization of Na, and demonstrated control of
different product channels, (Scheme 1.5), by choosing the selective delay
time between pump and control laser pulses.®

Scheme 1.5
Na, — Naz. — Na{ +e
—> Na+Na' +e¢

An improved version, the Tannor-Rice method, used the phase to

control the reaction outcome in addition to the original pump-dump delay. If



previously the transfer from the excited state to the ground state was not
affected by phase, now the phase was locked to that of the pump pulse and
therefore interference occurred. Scherer studied this method experimentally
in generating fluorescence-detected dynamics of L.’

Brummer and Shapiro used an approach that relied on the fact that a
molecule at an energy where dissociation is possible is characterized by a
continuum of degenerate eigenstates.'®'? Control over the probability of a
desired product quantum state was obtained by producing a linear
combination of these degenerate states. They chose to take advantage of the
interference between amplitudes of different states that connect the reactants
and products. Gordon et al. applied this method in studying the ionization
and dissociation of HI and DI by one and three-photon excitation and they
showed that the phase difference between the ionization and dissociation
products is dependent on the excitation energy.'* '*

A more sophisticated version of this approach, called “incoherent
interference”, considers that a single field transfers population from ground
state to the degenerate target states.'> '® A second pulse will connect the final

states to another empty state. Provided the fields are strong enough they will

interfere and control can be obtained by tuning the interference.



Brumer and Shapiro found out that efficiency is at a maximum when the
pulse relative to the target states is applied before the excitation pulse but
overlapping with it. This method is called stimulated Raman adiabatic
passage (STIRAP) and Kobrak and Rice developed an extended version of it
that allows for product selectivity in a chemical reaction.'” '* Experimental
work to confirm this approach has been done by Shnitman in proving laser
control over a branching photochemical dissociation of Na, (Scheme 1.6).
Control was demonstrated over the Na(3d), Na(3p) branching ratio by using
a two-photon incoherent interference scenario based on pump and dump
19,20

laser pulses with variable frequencies.

Scheme 1.6
Na,— Na (3s) + Na(3p)

— Na (3s) + Na(4s)

— Na (3s)+ Na(3d)

Recently Abrashkevich et al. studied computationally the possibility
of control over dissociation of collinear CH,BrlI to yield either CH,Br +I or
CH;l + Br. The authors reported that the control level depends strongly on
the superposition created by the first step excitation that was achieved with

experimentally controllable laser amplitudes and phases.”’



The Hamiltonian at the Born-Oppenheimer level remains unknown for
polyatomic molecules. A method of closed loop control introduced by
Rabitz offers a way to surmount this prob}em in finding the appropriate laser
pulse. This theoretical concept is denoted by optimal control theory,
(OCT).>""> The goal of OCT is to design an electric field that allows for
desired manipulation of the system. An important feature is the competition
between the maximization of the expectation value of an observable and the
constraints imposed by the electric field. All the objectives are included in
the cost functional which is optimized with respect to the electric field in
such a way that it yields best possible control performance. Although the
OCT simulations had to be carried out on simple systems due to
computational cost, they showed that successful control fields are possible.

Related to OCT are optimal control experiments, OCE, based on
adaptive control techniques and Rabitz et al. have suggested them.2**

In this approach a loop is closed around the system, observables are used to
refine the candidate laser field applied until the control objective is achieved
as best possible. The elements involved are: an input laser design, the
apparatus needed to generate the laser pulses, application of the laser field to
the quantum system, observation of the control outcome, and a learning

algorithm that analyzes the results of the prior experiments and suggests a



new control field. The advantage by comparison with OCT resides in the
ability of the system to “solve its own Schrodinger equation”.

Selective bond dissociation has been achieved in a series of ketones.*'
Starting out with acetone it has been demonstrated that optimizations to the
point where one pathway can be favored over the other can be achieved in a
reasonable laboratory time, 10 min, and also that strong fields are able to
alter the relative ion yields and therefore the information content in the mass
spectrum which is used to measure the control observable. The control over
selective bond cleavage was studied with trifluoroacetone and acetophenone.
In the first case the dissociation pathways are not identical, (Scheme 1.8)
and indeed CF; signal was enhanced compared to the initial one but not at
the expense of suppressing other pathways, i.e. the CH; branch.

Scheme 1.8

CH3-CO-CF3; — CH3-CO + CF;
— CF3-CO + CH;

For acetophenone one pathway was favored over another in contrast with the
dissociation energy (preferential cleavage of the phenyl ring was obtained
even though the energy required to cleave the Ph-CO bond is 15 kcal /mol
higher than that for CH;-CO bond). Also a rearrangement pathway was

observed and limited control over it was achieved (c, Scheme 1.9).



Scheme 1.9

O=——=0

CH,

Using the same method Gerber showed control over different
dissociation pathways in organometallic compounds.*? Gerber demonstrated
the possibility of adaptive control in the liquid phase when
4-dicyanomethylene-2-methyl-6-p-dimethylaminostyryl-4H-pyran was
excited selectively over [Ru(dpb);](PFs), (dpb is 4,4’-diphenyl-2,2’-
bipyridine) when both compounds were dissolved in methanol.*

All the control experiment approaches are based on multiphoton laser
excitation in the UVE domain. As one can see from the examples given the
reactions that are subjected to investigation are unimolecular. The

limitations arise from that fact that UV spectroscopy is not functionality

specific and also the majority of reactions of interest for chemists are at least

10



bimolecular. In bimolecular reactions two features add to the complexity of
the problem: orientation of the reactants, and collisions.**

Althorpe et al. studied the mechanism of the D, + H— D + HD
reaction, using multiphoton excitation. They reported two mechanisms to
take place, the dominant one is characterized by scattering of the newly
formed HD molecule in the opposite direction than the initial approach of
the H atom. The second mechanism, which is observed with a 25 fs delay,

ejects the HD molecule in the same direction as the initial approach.**
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1.2. IR Laser Pump Spectroscopy in Hydrogen Bonded Systems

Infrared laser spectroscopy allows for time-resolved studies of
vibrational dynamics. General principle is to excite with a laser pulse the
bond of interest and with a second delayed pulse to probe the dynamics of
the system. Hydrogen bonded complexes have been studied due to their
importance in modern chemistry and biology and because little is known
about their structure and dynamics.

Heiweil et al. were the first ones to use IR pump-probe spectroscopy
investigate monomeric EtOH in CCl, (<0.007 mole fraction). They
bleached the OH frequency and monitored its recovery with a 20 ps laser
pulse tuned to 3625 cm™ and reported a dissociation time of 70 + 10 ps.*®

Graner, Ye and Laubereau performed classical IR spectroscopy on
different concentration solutions of EtOH in CCl,, and they concluded that
internal hydrogen bonds were responsiblé for a peak at 3300 cm™.*"**
Excitation of a 0.42 M solution with a 10 ps laser at this frequency followed
by a probe pulse at different delay times allowed for study of hydrogen
bonds dynamics. The excitation energy exceeded the strength of the
hydrogen bond in EtOH, which was determined to be 6 kcal/mol,** *! and

thus cleavage was achieved. The dissociation was faster than the duration of

the laser pulse and therefore its time constant could not be determined while

12



the recovery of the hydrogen bonds had a time constant of 20 + 5 ps. Careful
examination of the signal curve and of the transmission increase led the
authors to conclude that the absorption onset is delayed by S £ 3 ps, which
they labeled “predissociation lifetime”, i.e. lifetime of the excited molecules
before dissociation. Cleavage of hydrogen bonds was considered to be an
efficient relaxation channel.

Hole-burning spectroscopy is techniques that typically bleaches a
spectral band of a molecule and provides information about the vibrational
levels of the molecule. IR hole-burning spectroscopy started with the
availability of the IR lasers. Laenen and Labereau used this technique to
study EtOH solutions in CCl, using a laser with an excitation pulse of 2 ps
and a probe pulse of 1 ps.*? At 1.2 M concentration of EtOH, oligomers

present are characterized as expected by specific peaks, Figure 2.1.

Monomer Dimer Trimer
H Et Et Et\
Et—OT \OTN----O \ ----- O4—H----0—1—H
! E‘/ l I & 1_ T
Va Vb Va Vb Ve Va
va=3630 cm™ vy = 3500 cm’” v. = 3450 cm™

Figure 2.1 OH Frequencies for EtOH Oligomers in CCl,
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EtOH trimers, tetramers/pentamers, and larger polymers are characterized by
stretching vibrations of internal OH groups at 3450, 3330, and 3240 cm-1,
respectively.®

Upon excitation of the internal OH groups, Laenen et al. demonstrated
transient hole burning with a lifetime of 1 ps, estimated from relative
transmission change as a function of the delay time. The spectral holes were
attributed to transitions from ground state (0) to the first excited vibrational
level (1). Bleaching that was observed at early delay times, -2 ps, persisted
for long times, >80 ps, and was considered evidence for rapid spectral
relaxation and/or vibrational energy redistribution of the OH groups. Also
induced absorption was reported on the red excitation frequency at early
delay times as a result of excited state absorption (ESA) from first to second
excited levels of the OH-stretching mode. At longer delay time, 5 ps, an
induced absorption in the blue wing of the excitation frequency illustrated
the formation of smaller hydrogen bonded oligomers as a result of hydrogen
bonds breaking. In order to deduce quantitative information from the

measured spectra a five states model was proposed, Figure 2.2.
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Energy
oligomeric b(oken
subensemble ) oligomers oligomers

Figure 2.2 Laenen Model for EtOH Excitation
The short intense pulse at 3330 cm’', indicated by the thick arrow, produced
transitions to the first excited vibrational level (state 1), which was observed
as a transient spectral hole. The excited subensemble of oligomers relaxed
via spectral redistribution and/or energy transfer to a larger ensemble while
maintaining the population of the vibrational excited state (state 2). Because
the excitation energy exceeded the hydrogen bond energy, dissociation could
be considered an important decay channel for the vibrational excitation with
formation of smaller oligomers observed in the spectrum, (state 3).
Reassociation involved local temperature changes leading to a
nonequilibrum distribution of hydrogen bonds at a higher temperature, (state
4), followed by thermalization, (state S). The probing transitions are
indicated by thin arrows and the relaxation pathways by dashed arrows. ESA
was considered a direct measure of the excited state population, generated

by the pump pulse. The time constant deduced from the corresponding

15



signal transient (relative transmission change as function of delay time for
pulse at 3330 cm™ and probe at 3100 cm’") was consequently interpreted as
the population lifetime and determined to be 1.4 + 0.3 ps. The difference
between the hole and the population lifetime was explained as a result of
structural changes around the individual excited OH groups and /or
vibrational energy transfer to neighboring EtOH molecules. Computations of
transient spectra for different delay times using the proposed model and
comparison with the experimental results led to a dissociation time of 2.0 ps.
The reassociation was much slower, 10 ps.

At a lower concentration, 0.17 M EtOH in CCl,, new features about
the hydrogen bond dynamics were observed.* At this concentration,
monomer and dimer bands are observed at 3633 and 3500 cm™, respectively.
Excitation in the same oligomer region, at 3350 cm™, induced again transient
holes with a lifetime of 1.2 ps and ESA with 1.7 ps. Spectral relaxation via
energy migration along the hydrogen bonded chain was found to be fast.
Breaking of hydrogen bonds was a very effective relaxation channel with a
quantum yield of 0.9. Reassociation occurred on a much longer scale, 23 ps.
As expected at 0.05 M EtOH in CCl,, when only monomers are observed,
the lifetime of the excited state is 8 ps,* five times longer than the one

corresponding to 0.17 M solution.
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Bakker et al. also investigated EtOH solution in CCl, with a
concentration of 1.2 M, using a femtosecond laser (100 fs, 1 mJ).46 Upon
excitation of the oligomer band at 3330 cm’', they noted that the relaxation
had two components: a fast one, with a constant of 250 fs, and a slower
decay at a transmission value that was slightly higher then the initial one,
with a time constant of 15 ps. Excitation at different frequencies showed the
same pattern with an increase of the predissociation lifetime up to 900 fs
when the excited frequency was 3450 cm™. This dependence on excitation
frequency proved the inhomogeneous character of hydrogen bonds and also
that the predissociation rate is influenced by the hydrogen-bond strength.

In the model that the authors proposed for the process, the excitation of the
O-H stretch vibration is followed by a fast delocalization over the hydrogen
bonded oligomer and breaking of hydrogen bonds.

Early studies of MeOH oligomers in a N, matrix showed that upon
irradiation in the mid-IR cyclic trimers could be transformed in open chains
and also that this conversion could be reversed by increasing the
temperature.*’ Also work done by Bakker et al. on both MeOH dissolved in
CCl, and MeOH in zeolites, showed that excitation of internal OH stretch
vibrations led to dissociation that was faster then the duration of the laser

pulse (18 ps).*® Calculations to fit the data led to time constants of 0.5 and

17



10 ps for solution and zeolites, respectively. The reassociation time for both
cases was so much larger that in the zeolites it was outside the
experimentally measurable range. The argument was that the solvent keeps
the dissociated partners in close proximity by a cage effect while in zeolites
that arrangement is not likely since in the zeolites experiments the methanol
concentration was kept well below complete saturation of the zeolite.
Applying a new technique, 3D IR-Raman spectroscopy, Dlott et al.*
investigated the vibrational energy relaxation in neat methanol at room
temperature. 3D IR-Raman spectroscopy uses resonant vibrational pumping
by a tunable mid-IR pulse and incoherent anti-Stokes Raman probing. The
first two dimensions were represented by a series of incoherent anti-Stokes
Raman spectra at a given mid-IR pump frequency, and the third dimension
involved changing the IR pump frequency within the range of CH and OH
stretching transitions. The authors reported no observation of nonassociated
MeOH transition created by vibrational predissociation as a result of OH
stretch pumping, but they stressed the point that the experiments were done
on neat MeOH in which the molecules are involved in large hydrogen-
bonded networks and essentially all molecules have multiple hydrogen
bonds. The instantaneous generation of OH bending (1380 cm™) transients

when the OH stretch (3250 cm™) was pumped was considered evidence of

18



vibrational predissociation. Interestingly they also noted that even though
the OH mode is not directly coupled to the C-H stretch, excitation of the
methyl-rocking mode together with a significant population of the C-O
stretch mode is present.

In contrast with Bakker’s and Laenen’s work, the Fayer group showed
that excitation of OD non-donating groups in MeOH dissolved in CCl, with
a laser pulse tuned to 2690 cm™ led to dissociation with a time constant of 2
ps proving that relaxation does not have to be necessarily in the excited
O-H...O stretch.’® More work on deuterated alcohols, MeOD, EtOD, and
PrOD, from the same group led to dissociation times of 2-3 ps upon
excitation of non-donating OD groups. The mechanism was rationalized in
terms of sequential hydrogen bond dissociation via intramolecular energy
redistribution followed by energy transfer into the intermolecular modes.*'
When they measured the OD relaxation of groups that both donate and
accept hydrogen bonds in a MeOD solution in CCl4 both mechanisms were
observed. Of interest is that in isotopically mixed solution the mechanism
proposed by Fayer et al. is not observed and the explanation was that energy
redistribution over the oligomer led to OH hydrogen bond rather than OD

hydrogen bond breaking.*?

19



If one wants to study hydrogen bonds in their most important context,

H,0 would seem the system of choice. The Bakker group investigated the

vibrational dynamics of water using a femtosecond IR pump-probe laser

system.” Extensive studies of OH stretch in HDO dissolved in D,O brought

evidence for a Stokes shift, i.e. upon excitation a peak was observed at a

frequency lower than the incident frequency, with a lifetime of 740 fs. In

describing the data quantitatively the hydrogen bond was assumed to be a

Brownian oscillator coupled to the excited OH mode, Figure 2.3.

Free Energy

A

(i ————

ad

d

v=2

)

R(O-H...0)

Figure 2.3 Bakker Model for the OH Excited Mode
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The Brownian oscillator model is characterized by harmonic potential
energy functions for the hydrogen bond mode, which are displaced by a
distance d with respect to each other in the ground and excited states of the
OH-stretching mode. Also because the OH stretch absorption band had an
approximately Gaussian shape and was broad, the authors assumed the
hydrogen bond mode to be strongly overdamped, which implies that the
wavefunctions associated with the hydrogen bond vibrations are strongly
coupled to each other and to other low-frequency liquid modes. The
limitations occurred from the not so good description of the spectral
relaxation at large delay times. Using the same model Kropman et al. studied
the OD stretch of HDO dissolved in H,0.** The unexpectedly long
vibrational lifetime for OD, 1.8 ps, twice as much as the corresponding one
for OH, prompted the authors to suggest that despite the fact that the energy
gap law would predict the opposite, the number of accessible modes is
probably larger for OH.

Using the same laser system, Bakker et al. studied the dynamic
behavior of the OH stretch modes in HDO molecules dissolved ina 10 M
NaOD solution in D,0.% In the IR spectrum of this solution three OH

groups could be distinguished, Figure 2.4.
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Figure 2.4 10M NaOD Solution in D,0

In the range 3200-3500 cm™ are the majority of HDO molecules,
which donate hydrogen bonds to other D,O or HDO molecules, Figure 2.4,
a. At lower frequencies are HDO molecules that form strong hydrogen
bonds with OD’, Figure 2.4, b. Finally, resonances at 3600 cm’! were
attributed to HO' ions, Figure 2.4, c. The excitation was applied in all three
regions and it was found that persistent spectral holes could be observed in
the OH stretch in all three environments, evidence for a more rigid hydrogen
bonded network than that of pure liquid water, for which rapid broadening of
the hole was observed, with a lifetime of 600 fs.

The behavior upon excitation was rationalized using the brownian
oscillator model again. Two components were distinguished. The first
component is due to the HDO molecules that are bonded to D,O as
DO-H...OD,, which have a shorter vibrational lifetime than the HDO

molecules in “pure” base free liquid, i.e. no DO" or HO" present, only HDO
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and D,0, 600 fs compared to 740 fs. The second component corresponds to
HDO molecules that are hydrogen bonded to D,O or OD" and that
participate in proton transfers between HDO and OD' or deuteron transfers
between OD™ and D,0. The lifetime of vibrational relaxation for this
component is ~ 160 fs and was attributed by the authors to the time scale of
deuteron hopping. The large difference between the time scales of these two
components led to the conclusion that the complexes that generate them are
localized in regions of hydrogen bonded network and that they are not
interchangeable.

All the work in the Bakker group was rationalized in the light of the
brownian oscillator model, which assumes that the motion of the OH is
strongly damped due to strong coupling among the hydrogen bonding and
liquid modes and thus the dynamics are based on a hydrogen bond length
value resulting from interactions with the surrounding liquid. Based on
thorough molecular dynamic simulation studies of the HOD/D,O system,
Hynes demonstrated that there is not a simple linear dependence between the
frequency of the OH and the length of the hydrogen bond in which that OH
is involved and thus interpretation of the experimental data should be based

on a range of distances.’®
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Examples of ionic hydrogen bonded systems studied by IR pump-
probe spectroscopy are few and the most representative is the work done is
in the Strauss group on Tutton salts, (NH4),[Cu(H,0)s](SO4), and
(NH4)2[CoxNi; x(H20)6(SO4),, in solid the state at low temperature.”’ 58
Upon excitation the hydrogen bonds were broken due to reorientation. The
lifetime of burning holes was estimated to be on minute time scale. The
temperature independence of rate constants prompted the authors to suggest
the occurrence of tunneling.

Another studied ionic system is gas-phase clusters,ClI(H,0),(CCly)n, in
which excitation led to loss of a H,O molecule if m=0 and CCly if there is
one CCl, molecule.”

Recently the Bakker group investigated the vibrational dynamics of
hydrogen-bonded HCl-diethyl ether complexes.’? Upon excitation of the H-
Cl stretching mode, 2500 cm™, with a 500 fs laser the relaxation was found
to take place in two steps. The first step was assigned to the vibrational
energy transfer to the hydrogen bond mode with a time constant of 0.9 £+ 0.2
ps, causing a shift in the HCI stretching mode absorption. The second step
corresponded to the relaxation of the hydrogen bond with a time constant of
3.1 £ 0.5 ps. The authors also reported no evidence for a proton transfer

from the HCI to the ether, i.e red shift due to formation of a vibration lower
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in energy than the HCl stretch, due probably to the fact that the energy is
rapidly transferred to the hydrogen bonding mode.

Complexes in which the hydrogen bond acceptors are different
molecules were investigated by Schriver et al. for HI with different partners:
water, acetylene, ethylene oxide, dimethyl ether, and acetone in matrix.%* ¢!
Photoirradiation led to cleavage of the hydrogen bonds. Since the laser only
accessed frequencies in the range 1600-2500 cm', excitation of CH;

followed by energy redistribution and proton transfer were proposed but no

accurate evidence could be found.
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1.3. Dihydrogen Bonding

Dihydrogen bonding has been in recent years the subject of extensive
experimental and theoretical research. It can be defined as an attractive
interaction between the hydrogen of a proton donor, A-H (A=0, N, X) and

the 6 M-H bond, where M is less electronegative than hydrogen,Figure 3.1.

Figure 3.1 Dihydrogen Bonded Complex

With strengths and directionality comparable with those found in
traditional hydrogen bonds, dihydrogen bonds play an important role in solid
and solution chemistry, controlling structure, reactivity and selectivity.
Possible applications include stereochemical control, catalysis, crystal
engineering and material chemistry and numerous reviews have summarized
the achievements® with the most recent one from the Epstein group.®*

1.3.1 Dihydrogen Bonding in Main Group Hydrides

The ability of boron hydrides to serve as proton acceptors in hydrogen
bonds was observed by M. P. Brown et al. in 1968. Variable temperature
infrared spectroscopy studies of LBH; (L=MesN, Et;N, Py, Et;P) and

Me;NBH, X (X=Cl, Br, I) in the presence of proton donors such as methanol,
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propanol, and p-fluorophenol in CCl, led to values for the association energy
in the range 1.7-3.5 kcal/mol. Based on the perturbation of N-H stretch with
temperature and concentration, they also suggested a NH...H;B interaction
in Me,NHBH; and (RNHBH,); (R=Pr, Bu).”’

Epstein et al. studied NEt;BH;, P(OEt);BH3;, and Bu,NBHj in the
presence of different proton donors by solution NMR and IR spectroscopy
and they noted the occurrence of O-H...H-B interactions with properties
similar to those found in classical hydrogen bonds.®®*®® The association
energies increased with the proton donors’ acidities, falling in the range 1.1-
3.7 and 2.3-6.5 kcal/mol, for neutral and ionic hydrogen bonds,
respectively.”

In the Jackson group the X-ray and neutron crystal structures of
NaBH,-H,0 and NaBD,4'D,0 were determined and O-H...H-B dihydrogen
bonding was observed with three H...H close contacts, 1.79, 1.86, and 1.94
A. Also the O-H vectors point toward the middle of the B-H bonds,
suggesting association with the o-bond electrons, rather than B or H atoms.”!

Crabtree et al. searched the Cambridge Structural Database (CSD) for
close intermolecular B-H...H-N contacts of which 26 were found in the
range 1.7-2.6 A. These compounds have a bent geometry with NH...H-B

angles in the range of 95-120°.”* The authors suggested that this structure is
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due to the presence of negative charges on both B and H atoms so that the
bending allows close proximity between protonic NH and B with maximum
attractive electrostatic interaction. Theoretical study on a NH;BHj; dimer, at
the B3LYP/PCI80 level of theory, confirmed two H...H interactions, at 1.82
A distance, and 98.8°NH...H-B angle, falling in the range found by the CSD
search. The association energy was predicted to be 6.1 kcal/mol per
dihydrogen bond, which could be responsible for the difference in melting
points between the isoelectronic borane (+104 °C) and ethane (181 °C).”
In a subsequent paper on NH;BH3, the geometry found by Cramer and
Gladfelter, at the MP2/cc-pVDZ level, has bifurcated dihydrogen bonds,
with H...H distance of 1.99 A, NH...H-B angle of 88.6°, and association
energy of 15.1 kcal/mol.” The X-ray structure of (NH;BHj3), dimer reported
by Crabtree et al. shows three intermolecular H...H interactions, the shortest
at 2.02 A, and NH...H-B angle of 106°.”* The N-H vectors point toward the
middle of the B-H bonds , suggesting again that the interaction is between

the proton and the o-bond electrons. The N-H...H-B dihydrogen bonding

interaction was characterized was also characterized in compounds other

74,75

than aminoborane by crystallographic methods and by ab initio

calculations.”®”’
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The hydrides of Ga and Al, elements in the same group as B, are also
capable of forming dihydrogen bonded complexes. Intramolecular N-H...H-
Al close contact was observed in an alane piperidine adduct by Raston et al
with a H...H distance of 2.31 A, Figure 3.2, in an eclipsed conformation.*
The authors noted that the structure undergoes H, loss to form an

amidoalane.

Figure 3.2 Alane Piperidine Adduct
Ab initio studies by Cramer and Gladfelter for (NH;AlH3), dimer, at
the MP2/cc-pVDZ level, showed two intermolecular H...H contacts at 1.78
A, and an interaction energy of 6 kcal/mol per dihydrogen bond.*
Cyclotrialumazane, [(NH,AlH,);], dimer has been found to have a C;,
symmetry with 6 H...H contacts and dimerization enthalpy of -9.9

kcal/mol, Figure 338
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Figure 3.3 Cyclotrialumazane

The ability of Ga to participate in dihydrogen bonds was confirmed by
the neutron diffraction crystal structure of cyclotrigallazane.®' Theoretically
the strength of the dihydrogen bond was predicted to be 3 and 5

kcal/mol/bond for [(NH,GaH;);], and (NH3GaH;), respectively.

Extensive ab initio theoretical work investigated the occurrence of

dihydrogen bonds in complexes involving other main groups hydrides.***
Based on thorough theoretical investigation of complexes between group I,

II, and I'V hydrides with HF, Grabowski demonstrated correlation between

H...H distances and dihydrogen bonding energies.®® *

1.3.2 Dihydrogen Bonding involving Transition Metal Hydrides
In 1990, Koetzle et al. reported the neutron diffraction crystal

structure of [Ir(PMe;)(H)(OH)]" in which a H...H contact of 2.4 A and an

Ir-O-H angle of 104° suggested an attractive interaction, Figure 3.5.%
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L = PMe; L =PEt,H

Figure 3.5 [Ir(PMe;)(H)(OH)]* and [Fe(H),(H;)(PEt,Ph),] Complexes
A shorter H...H distance, 1.862 A, was observed in [Fe(H),(H,)(PEt;Ph),]
and prompted the authors to suggest an intramolecular hydrogen bond,
Figure 3.5.”'

The Morris and Crabtree groups independently discovered the first
example of intramolecular dihydrogen bonding in Ir hydride complexes.
Crabtree” showed evidence for Ir-H...H-O interaction facilitated by

tautomerization of the ligand into an iminol, 1.




The calculated H...H distance was 1.8 A. The coupling between the
Ir-H and O-H hydrogens, 3 Hz, led to the conclusion that the interaction had
a covalent character. A higher coupling, 5.5-5.6 Hz, was found when the
ligand was pyridine®® (Y=H, Cl, Br, I), in which the H...H distance was

N

calculated to be 1.7 A for Y =CI, 2.
P

N (0]
Phai,| Y

Y—Ir—H"
}|1‘|=Ph3

2

In order to estimate the dihydrogen bond strength, Crabtree measured
the rotation barrier for the NH; group in a series of 2-aminopyridine
complexes® (3), which represents the sum of the intrinsic rotation barrier
and dihydrogen bond. The strongest dihydrogen bond was found to be 5.0
kcal/mol when Y=H. Also the Y ligand weakens the interaction in the order
F>CI>Br>I>CN>CO>H which correlates with electronegativity decrease.
Thus, as the hydride becomes more negative, the NH...HIr interaction

becomes stronger.
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Ir-H...H-N interactions were demonstrated by the Morris group’ via
X-ray diffraction and solution NMR for an Ir hydride complex, The H...H
close contact distances, calculated from relaxation times, were 1.75A.
Theoretical calculations by Hoffmann et al. on a model compound, L=PH3,
confirmed the interaction and concluded that its nature is mostly

electrostatic.®?

The interaction was turned off by the presence of a competing hydrogen

bonding solvent, tetrahydrofuran.94 Morris et al. also showed evidence for
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occurrence of bifurcated dihydrogen bonds with estimated distances of 1.8

and 1.86 A (Figure 3.6).”

/ N-H /"\H_._N/ \ NH \S‘H-N 72\
=/ | I\ —/ o
L

Figure 3.6 Bifurcated Dihydrogen Bonds in Ir Hydride Complexes
The first example of intermolecular dihydrogen bonding involving a
transition metal hydride was reported by Crabtree et al. for a Re

polyhydride, 5, based on compound’s X-Ray structure.”®

H H-... N
L”h\aRe/AL "H

H
L=PPh,
5
The geometry and energetic characteristics corresponded to a dihydrogen

bond and were confirmed by theoretical calculations on model compound
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[ReHs(PH3)3]-NH3.97’ % The intermolecular A-H...H-Re were reported in
complexes between imidazole, 2,4,6-Me;C¢HsOH, 2-tBu-6-MeC¢H3;0H,
pyrrole, Ph-NH-Ph, Ph-NH-Bu, Ph-NH-Me and ReHs(PPh;), with
interaction energies in the range 3.0-5.8 kcal/mol.” Substitution of
ReH;(PPh;), with WH,4(PMePh,)4 allowed Crabtree to demonstrate the
ability of W to participate in this type of interaction. Re-H...H-N
interactions were studied in solution by Crabtree using UV-VIS
spectroscopy.'®

Shubina et al. explored the dihydrogen bonding in solution between

tungsten hydrides and alcohols (Figure 3.12).

L

| Nee
ON—W—H-----H—OR
oC !

L = PMej, PEt;, P(i-PrO)3, PPh;
R = Ph, CH(CF3)2, C(CF3)s

Figure 3.7 Dihydrogen Bonds in W Hydrides
Using IR and NMR spectroscopy they excluded the hydrogen bonding to CO
and NO groups and demonstrated occurrence of the O-H...W-H interactions.
The association energies fall in the range of expected dihydrogen bonds and

correlate to the acidity of the proton donors. They proposed a linear
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OH...H-W orientation in contrast to the previously found bent geometry of
dihydrogen bonds.'"!

The same group reported the occurrence of intermolecular O-H...H-
Re in solution and theoretically.'> '®* The ability of the solvent to interact
via 1...H-O and the bulk of the ligand appear to influence the dihydrogen
bonding. The Scheiner group reported elegant theoretical studies on Mo and
W hydrides complexes, 6, and confirmed the correlation between the
dihydrogen bond strength and the acidity of the proton donor or the donating
ability of the cis ligand.'®

L

o
M—H._

I
[

L'—
OC/

M=Mo, W

L =PHs, NH;

L'=NO, Cl H

A =F, OH, H,0
6

When the proton donor is H3;O", proton transfer takes place with the

formation of an n>~H, dihydrogen complex. All the optimized complexes

have strongly bent geometry.
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1.4. Proton Transfer in Dihydrogen Bonded Systems

Dihydrogen bonds have been proven to have strength and
directionality comparable with conventional hydrogen bonds. What makes
them unique is their ability to undergo proton transfer and H; loss with or
without participation of an n’-H, intermediate (Scheme 4.1).

Scheme 4.1

+

H - -H,
M—H + H—A —-M—H----H—A =——= M.l A
H

M—A

The simplest systems to be studied theoretically are the ones in which
the proton acceptor is H, the hydride itself. Ab initio calculations by Cremer
and Kraka, at the MP2/6-31+G* level on NH, and H3O" predicted
association energies of 9.1 and 18.7 kcal/mol, respectively, in complexes
with geometries consistent with dihydrogen bonded complexes. The proton
transfer barriers were 10.4 and 7.0 kcal/mol, respectively. In the case of
NH, a minimum with tetrahedral geometry was also optimized, higher in
energy than the dihydrogen bonded structure by 1.3 kcal/mol.'®” This entity
should be envisioned as a Rydberg system.

The Gordon group investigated the NH, ion at the MP2/6-311++G**

level and reported geometries similar with the ones found by Cremer and
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Kraka.!% However the energy of the tetrahedral structure was estimated to
be 10.0 kcal/mol higher (Figure 4.1).

Figure 4.1 NH, Structures

T
_______ H-—N-.,,,,”H HittneeN
dihydrogen bonded complex tetrahedral structure

Intrinsic reaction coordinate calculations showed that this structure is not
connected to the transition state or the products of the proton transfer
reaction. The authors performed a dynamic reaction coordinate calculation
on the tetrahedral structure and they noted that proton transfer took place
upon excitation with 32.5 kcal/mol. It should be noted that the tetrahedral
structure is higher in energy than the transition state for proton transfer.
Since its first mass spectrometric observation in 1982 by Paulson and
Henchman,'? the H;O" ion has received considerable attention.
In a mass spectrometric study by Miller et al., rate constants for formation of
the H;O™ anion and its reaction with a large number of reagents have been
measured. The association energy was found to be 14.4 + 1.0 kcal/mol and
dissociation of H;O" into HO™ and H, required 4.5 + 1.0 kcal/mol.'®
Investigation of the HO +H, — H,0 +H reaction via photodetachment

spectroscopy of H;O', paralleled by ab initio calculations, led to values for
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the dihydrogen bond and barrier for proton transfer in good agreement with

the previously calculated ones, 18.7 and 3.80 kcal/mol, respectively.'”

H +H0

H..H,0

Figure 4.2 Proton Transfer in the H;O" Complex
Dihydrogen bonding could influence the reactivity of the bonds
involved in the interaction. Crabtree et al. reported that the hydrogens
involved in dihydrogen bonding, H, and H,, in an Ir hydride complex, could
undergo scrambling, whereas the non-interacting hydrogen, H,, was

exchanged much more slowly with either H, or H,, (Scheme 4.2).'"°
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Scheme 4.2

L = PPhy

R = Me, n-Bu, p-TOLYL, Ph, p-FCgH,, 3,4-CgHsF.

The AG™ was found to be 16 kcal/mol (R = Ph) and gets smaller as the R
group becomes more electron withdrawing which is consistent with a
mechanism involving proton transfer from OH to give an n~H, complex.
Rotation of H, and proton back transfer completes the process. When the
solvent was benzonitrile, the H, ligand was displaced by PhCN in a rate-
determining step. Heating the dihydrogen bonded complex at 80 °C in a
sealed tube led to H; loss with formation of an Ir-O ¢ bond. The process

could be reversed at 20 °C in CH,Cl, with exposure to H, (Scheme 4.3).
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Scheme 4.3

An analogous hydrogen exchange process was observed for the

aminopyridine complexes (Scheme 4.4)."'"
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Scheme 4.4
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The reaction is first order with respect to the complex with a large negative
value for AS” = -32 e.u, pointing in the direction of a highly organized
transition state.

Chaudret et al. documented the dynamic equilibrium between a
dihydrogen bonded complex and an n’-H, complex, using NMR
spectroscopy.''! In benzene or toluene, the RuH,(dppm),*PhOH complex
exists as a mixture of dihydrogen bonded trans and cis isomers, but only the
trans isomer is involved in a dynamic equilibrium with the dihydrogen
bonded complex, which is 17 kcal/mol more stable. The driving force for the
reversibility of the process was suggested to be the strength of the
dihydrogen bond. As expected in the presence of a more acidic proton
donor, such as (CF;),CH-OH, the 'r\z-Hz complex undergoes H, loss

(Scheme 4.5).
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Scheme 4.5
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Theoretical work''? done by Scheiner et al. on
HOH...H,Ru(PH,CH,PH,), model complex estimated a barrier for proton
transfer of 10 kcal/mol and a reaction enthalpy of 10.7 kcal/mol. However

when HF was used the only minimum localized on the potential energy
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surface (PES) was the 1’-H, complex, which was found to be 23.8 kcal/mol
more stable than the free species.

The Epstein group investigated proton transfer by solution IR and
NMR spectroscopy in dihydrogen bonded complexes between
(triphos)Re(CO),H and different proton donors: phenol, tetrafluoroboric
acid, chloroacetic acid, hexafluoro-2-propanol, and perfluoro-2-methyl-2-
propanol at 200 — 260 K.''* The n’-H, complexes were more stable than the
corresponding dihydrogen bonded ones and increases in temperature

induced H, loss with the formation of the Re-O ¢ bond (Scheme 4.6).

Scheme 4.6

For the HRe(CO)(NO)(PMe;), «CF3;COOH, and W(H)(CO),(NO)(PMe;),e

(CF3),CHOH systems the 1°>-H, complex was unstable. In the case of
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HRu(Cp)(CO)PCy;) with (CF3);COH the n°-H, complex is stabilized by
ion pair formation. The barrier for proton transfer in the latest complex was
found to be 15 kcal/mol.'™* The interaction between (Cp)Re(H)(NO)(CO) or
(Cp)Ru(H)(CO)(PHs;) hydrides and proton donors of different strength, such
as H;0", H,0, and CF;0H, was studied by Scheiner et al in order to model
the reaction investigated by Epstein.''’ They found that the dihydrogen
bonded complex strength and the proton transfer barrier are strongly
influenced by the proton donor ability of the acid.

Chaudret and coworkers documented the proton transfer in a
dihydrogen bonded complex between a Ru hydride and (CF;),CHOH when
the solvent is CDCL,F/CDF; (2:1) at low temperature.''® This Freon mixture
was selected to increase the solution’s dielectric constant at low temperature.
The proton transfer took place only at a temperature low enough to induce
the required change in the dielectric constant. The same behavior could be
observed when the solvent was CD,Cl, (dielectric constant of CD,Cl,
increases from 9 at room temperature to 17 at 170 K).

N-H...H-Ru dihydrogen bonds are able to undergo proton transfer as
observed by Lau et al.''” (Scheme 4.7). H/D exchange for both hydridic and

protonic hydrogens in D,0, proved the equilibrium between the dihydrogen
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bonded and n*-H, complexes. The hydrogenolysis of the Ru-N bond could

be done at 60 °C under 60 atm of H, pressure.

Scheme 4.7
(CHa)n — e
+
K T e Ko
Ph,P Me o "
(CH2)n
PhoPlitne:- U\N..-ulllMe
LPI\ZP
Me

2,3

3
1]

The covalent system was found to catalyze the reduction of CO, to HCOOH,
although in small yields. The proposed mechanism involves a heterolytic

splitting of the H; ligand (Scheme 4.8).'"’
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Scheme 4.8
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The detection of the dihydrogen bonded complex by NMR suggested
that the CO, insertion is the rate determining step. Subsequent theoretical
calculations supported this conclusion.''®

Noyori et al. reported that theoretical studies on hydrogen transfer
between alcohols and carbonyl compounds catalyzed by Ru(II) complexes
containing NH or NH, ligands predicted the involvement of NH/NH, group

119

in the reaction (Scheme 4.9)." ” The implications of the intramolecular

N-H...H-Ru dihydrogen bond in the catalyst complex were not investigated.
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Scheme 4.9
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The Morris group used a diamine, NH,C(CHj;),C(CH;),NH; (tmen),
and provided experimental evidence for the catalytic cycle predicted by
Noyori. Moreover they concluded that the N-H...H-Ru is responsible for
enantioselectivity observed in these reactions.'?’

Chaudret et al. reported hydrogen exchange in a related complex, 7,
using NMR spectroscopy, and the activation barrier for the process was

found to be 11 kcal/mol.

(CH,),

+
Ph3PIll"--Ru\ /N----ullMe

Ph,;P
3 Me

However theoretical calculations'?' predicted that the exchange mechanism
does not involve proton transfer within the dihydrogen bond (Scheme 4.10).

Instead the evidence pointed to direct proton transfer to the metal itself.
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Scheme 4.10
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A three-center intramolecular dihydrogen bonded complex and its

dynamics were reported by Jalon et al.'? The fast exchange between the
hydridic and protonic hydrogens was believed to occur via an n>-H,

intermediate (Scheme 4.11) with a barrier of 13.6 kcal/mol as determined

via NMR spectroscopy.
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Scheme 4.11

When a solution of the dihydrogen bonded system in CD;0D was exposed
to H, atmosphere at room temperature and 1 atm, more than 90% of the H,
was exchanged for D, in about half an hour.

The Morris group reported a similar exchange in a ruthenium
polyhydride complex, K[(1,10-diaza-18-crown-6)][RuHs(PiPr;),] (Scheme
4.12).'2 Upon exposure to D, at room temperature and 1 atm for 5 min, the
intensities of the protonic and hydridic hydrogens were depleted by 100%

and 90%, respectively. When 18-crown-6 ether was used only 13 %
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depletion was observed after 10 days. Also replacement of Ru hydride by the
less basic Os hydride induced a slower exchange. Control experiment

excluded RuH,(H,)(PiPr;), as an intermediate.

Scheme 4.12

Intramolecular N-H...H-Re were considered to be responsible for

hydride fluxionality in ReHs(PPh;),L, (L = N-acetyl-2-aminopyridine), 8.
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The activation energy for rotation, involving H,, Hy, and Hs, is 0.7 kcal/mol
smaller with the NHAc group in ortho than in para suggesting that the
transition state is stabilized by dihydrogen bonding.'** However theoretical
calculations showed that the two hydrogens involved in the dihydrogen
bonding are forced to be 1.49 A apart at the transition state.'?’
Stereoselectivity and reactivity can be influenced by dihydrogen
bonding. By stabilizing one particular transition state among many others,
they can control the product distribution and/or the stereochemical outcome.
This concept was demonstrated by Crabtree et al. in the selective imination

of an Ir aldehyde complex with ortho- versus para- hydroxyaniline(Scheme

4.13).'*
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Scheme 4.13
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When an equimolecular mixture of reactants, 2-aminophenol, 4-
aminophenol, and Ir aldehyde complex, was used a 4.2:1 products ratio was
obtained which corresponded to a k1/k2 ratio of 6. The authors concluded
that the driving force was the dihydrogen bonding which stabilized the
product and the corresponding transition state. The two products do not

interconvert indicating that the product distribution is due to kinetic control.
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The dihydrogen bonding was estimated to be stabilizing by 4.5 kcal/mol
while AAG” between the two reactions was found to be 1.1 kcal/mol. The
difference was suggested to come from the unfavorable ring conformation
required for dihydrogen bonding at the transition state.

Aime et al. showed that dihydrogen bonding could control the
regiochemistry of ligand attachment in transition metal complexes.'*’ When
an unsaturated Os complex was reacted with EtNH, or Et,NH only the syn
product was observed (Scheme 4.14). The intramolecular bond would not be

possible in the anti isomer. When Et;N was used no reaction occurred.

Scheme 4.14
H goemmTTTT H\N-ﬁ\\\dR
0s(CO), 0s(CO),
(OC)30: s(CO); — (0C);0 8(CO)
\H / 3 3 \H / 3

L = Et:NH, EtNH;
R=Et H
Treatment with NH; followed by acetaldehyde or acetone in CHCl; led to

the exclusive formation of the syn product with an intramolecular

dihydrogen bond (Scheme 4.15).
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Scheme 4.15
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When CHCI; was replaced with a more polar solvent capable of hydrogen
bonding, such as methanol, the N-H...H-Os was disrupted. NMR
spectroscopy studies showed that the outcome in this system is dictated by
thermodynamic control.'?* %

In the Jackson group, it was proved that O-H...H-B dihydrogen bonds
could accelerate and direct the borohydride reduction of ketones to
alcohols."*® The reductions of 2-hydroxycyclobutanone or 2-
hydroxycyclopentanone with NBu,BH, in non hydrogen bonding solvents,
such as CH,Cl, and ortho-C¢H,Cl,, were accelerated by 150 times relative to
the reductions of corresponding unsubstituted cycloalkanones. At the time
the findings appeared to indicate high stereoselectivity but as will be

discussed in chapter 4 more recent results suggest a less clear-cut picture.
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2. Dynamic Studies for Proton Transfer in Dihydrogen-bonded

Complexes involving AIH,

In principle, deposition of sufficient vibrational energy into a
chemical bond's stretching mode should induce its rupture, resulting in an
Infrared-pumped reaction (IRPR). At the same time the vibrational
relaxation is very fast, usually beating any process that actually effects
chemical change. The challenge to those who would design IRPRs is thus
clear: the reaction time must be competitive with the relaxation time of the
vibrational mode in question; the energy deposited must of course be
adequate to surmount the activation barrier (including thermal and tunneling
contributions) for the process; and the overall reaction should be irreversible
or at least exothermic (i.e. the back reaction should have a high barrier). We
have used ab initio methods to explore a class of candidate reaction systems
that appear to meet these requirements.

Dihydrogen bonded complexes A-H...H-M (A = O, N, Halogen; M =
metal) offer several attractive features which should make them good
substrates for reaction via single-photon infrared excitation. As in any
A-H...B hydrogen bond, the A-H stretch vibrations are typically isolated at

the high energy end of the IR spectrum, in the 3-4000 cm™ range (i.e. ca.
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8-12 kcal/mol), and are preorganized to align the corresponding normal
mode motions with the reaction coordinate for proton transfer. Also, a range
of potential energy surface behaviors is possible; depending on the
components' relative acid/base strengths, the complex dissociation energies
become larger while the barrier to proton transfer decreases. Unique to the
hydridic-to-protonic class of hydrogen bonds, proton transfer from A-H to
H-M triggers irreversible loss of H, and new A-M bond formation. The most
active atoms in this process are both hydrogens (proton and hydride), light
particles capable of quantum mechanical tunneling, which may allow them
to move on a timescale competitive with vibrational relaxation.

In the Jackson group, R. Custelcean has explored this mode of
reaction in a number of solid state complex materials using ordinary thermal
excitation. Of particular relevance is the solid state kinetic study of
LiBH,; TEA (TEA = triethanolamine; IUPAC name tris(2-
hydroxyethyl)amine) in which a value of =20 kcal/mol was deduced for the
rate determining initial proton transfer.'*! This value is quite similar to the
activation energy value found by Mesmer and Jolly for the solution
hydrolysis of BH;” in H,0."

As noted above, a dihydrogen bonded complex may offer an

opportunity for an IRPR. The H...H association preorganizes the system,
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and therefore this reaction may be able to proceed rapidly enough to outpace
vibrational energy redistribution, a process that normally occurs much faster
than chemical reactions.

Because Al belongs to the same group as B and Ga and aluminum
hydrides are widely used reducing reagents, we have considered that it
would be of interest to study AlH,4 as a candidate for M-H and to model the
proton transfer reaction for H...H complexes involving AlH,". Three A-H
partners have been considered: H-OH, H-F, and H-Cl.

2.1 Reactants, Transition States and Products

The common features of a dihydrogen bonded complex, A-H...H-M,
as noted in chapter 1.2, are close H...H contacts distances, smaller than the
sum of the Van der Waals radii of the atoms involved in the interaction, bent
geometry, elongation of the A-H bond, and association energies comparable
with those corresponding to traditional hydrogen bonded complexes.

In the calculated simulations, at the MP2/6-311++G** level, all the proton
donors considered, H,O, HF and HCI, formed dihydrogen bonded
complexes with AIH,, as defined by a H...H contact distance <2.4 A, the

sum of the Van der Waals radii.
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Figure 5.1 [AlH,...H,0] Complex Structur&s. Reactant, Transition
State, and Products

Reactant

Transition State

Products
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Figure 5.2 [AlH,...HF]” Complex Structures: Reactant, Transition State,
and Products

Transition State

Products
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Figure 5.3 [AlH,...HCI]" Complex Structures: Reactant, Transition
State, and Products

Reactant

Transition State

Products
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The complexes geometry is slightly bent, with the H(A)-H(Al)-Al
(A=F, Cl) angles falling in the range 140-150°. In the [AlH,...H,OJ
complex, Figure 5.1, both protons from H,0 form dihydrogen bonds and
thus the small values for the H(O)-H(AI)-Al angle, 109.5 and 110.1°. As
expected the elongation of A-H (A=0OH, F, Cl) increases with the acidity of
the proton donor and the H...H close contact distances vary in the same
direction, the smallest value corresponding to the [AlH,...HCI] complex.

A weaker elongation was observed for the H-Al bond involved in
dihydrogen bonding together with shrinkage of the other H-Al bonds. The
elongation and the bending in geometry are consistent with known
experimental structures, and are interpreted as an indication that the
interaction is between the proton and the o-bonding electrons of the Al-H
bond. Table 5.1 summarizes the relevant geometrical findings.

Table 5.1 Dihydrogen Bonded Complexes: Geometries

H-A* H(A)-H(Al)* | H(A)-H(AD-AI"
Free Complex Distance Angle
O 0.960 0.967 |2.009; 2.009 109.5; 110.1
F 0.917 0.956 |1.371 143.0
Cl 1.273 1.381 | 1.226 149.4

a.in A, b. in degrees
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The association energy — calculated as difference between the
complex’s energy and the sum of the free partners energies, AlH, and HA,
and corrected by the zero point vibrational energy (ZPVE) — has been
predicted to be 10.14 kcal/mol for the [AlH,...H,O] complex and
corresponds to 5.07 kcal/mol/dihydrogen bond. Interestingly, the strength of
the dihydrogen bond does not increase with the acidity of the proton donor,
15.45 and 13.87 kcal/mol for [AlH,...HF] and [AlH,...HCI] respectively.
The calculations have also reproduced the experimentally observed shift of
the A-H stretch to lower frequency upon association, a feature common to
most hydrogen bonded complexes (see Table 5.2).

Table 5.2 Energetics of Proton Transfer Reaction for Dihydrogen

Bonded Complexes
A AE complex” AE,* AE,.," H-A Vibration®
Free Complex
OH 10.2 16.0 27.5 3884; 4003 3797, 3847
F 15.5 19.0 20.9 3325 2200
Cl 13.9 6.7 31.4 3087 1978

a. in kcal/mol, b. in cm™
The potential energy surface (PES) for each proton transfer/hydrogen
loss reaction was initially explored via a relaxed scan in which the H...H

distance was stepped from the complex value to the distance in molecular H,
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with reoptimization of all other geometrical parameters at each selected
H...H distance. In each case, only one maximum was found, suggesting that

the reaction occurs via a concerted process, Scheme 5.1.

Scheme 5.1
.--H *
HiAl—H + H—A ——> HAI—H [ HaA'=I\ : l—» HaAl—A + H,
“IH
H\A Al’
complex transition state

The structure with the highest energy was optimized to a transition
state and a vibrational analysis was performed in order to check the nature of
the saddle point. All the transition states have both the proton and the
hydride in close proximity to the Al at distances in the range of 2.0 A (see
Figures 5.1, 5.2, 5.3).

Previous calculations'? at the CSD(T)/TZ2P(f,d) level done by
Schleyer et al. concluded that AlH;s is a weak complex between alane (AlH;)
and a slightly elongated H, molecule with an association energy of 1.7
kcal/mol at 0 K. At room temperature AlH; was found to be unstable toward
dissociation by 3.1 kcal/mol; evidently formation of the weak tricentric bond
barely perturbs the 104 kcal/mol H-H bond strength, consistent with the high
(22 kcal/mol) barrier calculated for scrambling between H, and AlH;

hydrogens.

64



As expected, the barrier for proton transfer drops dramatically with
decreasing H...H distance in the energy minimized complex. For the
[AIH4"HCI] complex (see Figure 5.3) this barrier has been calculated to be
only 6.69 kcal/mol with an H(A1)-H(C1) distance of 0.78 A, just 0.03 A
longer than in free H, at the same level of theory.

For all the systems studied the net reaction is strongly exothermic,
Table 5.2, yielding H, and AIH;A" as products. The best candidate for
subsequent dynamic studies was considered to be [AlH,...HCI]" complex
because it has a small barrier for proton transfer, which at the same time is
much smaller than the association energy. Also the reverse reaction has a
huge barrier by comparison and competitive processes have far smaller
chances to happen. In order to check that the transition state connects the
reactant and the products, an intrinsic reaction coordinate (IRC) calculation,
steepest descent path in mass-weighed cartesian coordinates from the
transition state to both reactant and products, has been performed and the

result has been interpreted as a single step process, Figure 5.4.
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Figure 5.4 IRC Calculation for Proton Transfer and H; Loss in
[AIH,...HCI)
2.2 Dynamics
Once the reactants, products, and transition state geometries were located on
the PES, the reaction dynamics could be explored via ab initio classical
trajectories. Among the modes associated with the dihydrogen bonded

complex the ones relevant to proton transfer are 1411 and 1973 cm™, Figure

5.5.

@,
1411 cm™ (Al-H stretch) 1973 cm™ (CI-H stretch)

Figure 5.5 Excited Modes
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These modes represent mixtures of symmetrical and antisymmetrical Al-H
and CI-H stretches involved in the H...H interaction.

In order to model the IRPR on [AlH4... HCI]', we have performed
dynamic reaction path (DRP) calculations. A method implemented in the
GAMESS package, DRP allows for deposition of a selected energy quanta
in a specific mode and classical treatment of the reaction dynamics, i.e.
calculation of ab initio trajectories, as a result of this excitation.

The Al-H stretch, 1411 cm™, has been excited with different energies
in the range 1.5-4.5 quanta, corresponding to 6.4-19.2 kcal/mol, and all the
other modes with the ZPVE energy. It is important recognizing that with the
first excitation energy, 6.4 kcal/mol, the system is brought close to the
activation barrier, 6.69 kcal/mol, while in all the other situations the energy
deposited is well above the activation barrier. The time evolution of the
H(1)-H(2) distance, H(1) and H(2) are the proton and the hydride involved
in dihydrogen bonding, is depicted in Figure 5.6. For 1.5 and 4.5 hv the
proton transfer is followed by loss of the H, molecule within 400- 800 fs via
assistance from CI'. The differences reside in the time scale for proton

transfer and the hydrogen atom that is involved in the process.
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