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Abstract 

This work examined the hydride transfer processes during the reduction of 
formaldehyde by LiAlH4 or LiBH4, including investigations of the geometries, solvent 
effects and charge transfer processes along the reaction coordinate, using density 
functional theory (DFT). The energy and geometry results demonstrate that the 
transition state (TS) structure for the LiAlH4-fomaldehyde complex is reactant-like, 
while the structure generated by LiBH4 has a product-like geometry, consistent with the 
Hammond postulate. From a charge density analysis, we also found that both complexes 
undergo the same essential hydride transfer mechanism, which consists of: (1) single 
electron transfer to the carbonyl carbon, (2) formation of a bridge bond (X-H-C; X = Al 
or B) and (3) hydrogen transfer driven by electron transfer. Subsequently, in a fourth 
step, a single electron flows through the X-H-C bond during transfer of the hydrogen, 
such that hydrogen atom or proton-coupled electron transfer occurs. In both systems, 
the presence of tetrahydrofuran as a solvent affects the structure and energy values 
during the reaction, but not the charge transfer characteristics. We propose that the 
rate-determining steps during hydride transfer when employing LiAlH4 and LiBH4 are 
one electron transfer to the carbonyl carbon and B-H bond dissociation, respectively. 

 
 
1. Introduction  

Reductions involving hydride transfers are some of the most important chemical 
reactions in biochemistry and organic chemistry [1-3]. As an example, NADPH [4], 
FADH2 [5], tetrahydrofolate [6] and ascorbic acid [7], all of which play vital roles in 
biological redox systems, are naturally-produced organic hydride donors. The 
reductions of ketones [8], aldehydes [9], alkenes [10], alkyl halides [11] and imines [12] 
are also well-known reactions involving hydride transfers. As such, there is considerable 
interest among researchers regarding the design and synthesis of new organic 
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compounds via hydride reductions.  
Hydride transfer is a key process in hydride reduction and so, to elucidate the 

associated reaction mechanism, it is important to understand the hydride reduction 
mechanism. In previous works, the hydride transfer mechanisms in many biological and 
organic reduction systems were investigated using either experimental or theoretical 
approaches [13-24]. Although these mechanisms have not yet been fully explained due 
to the variety of possible pathways involving the overall transfer of two electrons and 
one proton, the following hydride transfer mechanisms have been proposed: (1) direct 
transfer of a hydride ion (H-) in a single step, (2) two-step transfer of an electron before 
or after the transfer of a hydrogen atom and (3) transfer of two electrons and one proton 
in three separate steps. Several experimental studies have provided evidence for the 
single-step mechanism [25-28], although the multi-step mechanism has also been 
suggested [19,28,29]. Therefore, although the hydride transfer mechanism has been 
researched over a significant time period, there is little agreement as to the detailed 
reaction steps. 

Theoretical studies aimed at understanding the hydride transfer mechanism have 
also been conducted, focusing on the effects of the charge density, ionization potential 
and proton affinity of the reactant and transition state [13-18,21,23,24]. However, as far 
as we know, there are no reports of detailed charge density analysis along the reaction 
coordinates during hydride transfer, although it requires complete information regarding 
the dynamics of the mechanism. Furthermore, hydride transfer process would be 
strongly affected by various solvent species, because the process involves the transfer of 
two electrons and it is well known that the dynamics and kinetics of such transfers are 
affected by the solvent.  

In the present study, we focused on a hydride transfer system in which 
formaldehyde (CH2O) acts as the hydride acceptor and lithium aluminum hydride 
(LiAlH4) or lithium borohydride (LiBH4) acts as the hydride donor. LiAlH4 and LiBH4 
have both been widely used in organic syntheses as reducing agents, although LiAlH4 is 
more powerful than LiBH4 owing to the weaker Al-H bond compared to the B-H bond 
[3]. A suggested hydride reduction mechanism using these reducing agents is shown in 
Scheme 1. The reaction path, geometries and energies of the complexes and transition 
state (TS) structures in these reactions have been previously investigated using many 
experimental and theoretical approaches [30-39]. These studies have identified the 
importance of the association of the lithium cation with the carbonyl oxygen during 
reduction by LiAlH4 or LiBH4. In addition, it was found that this structures remained in 
solvent by Car-Prrinello molecular dynamics simulations about a solution of NaBH4 in 
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liquid methanol [39]. Both carbonyl carbon-14 and deuterium isotope studies during the 
reduction of benzophenone with NaBH4, LiBH4 and LiAlH4 have shown that changing 
the metal atom from Al to B shifts the transition state geometry from reactant-like to 
central, and that varying the solvent can generate a product-like TS [39]. Furthermore it 
is necessary to study the behavior of hydrides in terms of their geometries, energies and 
charge densities to fully understand the hydride transfer mechanism. Tetrahydrofuran 
(THF) is often used as the solvent during laboratory-scale hydride reduction with 
LiAlH4 and LiBH4. Therefore, we also study the behavior of hydrides for polarizability 
of THF. 

In this work, we calculated optimized geometries for the reactant, transition and 
product states both under vacuum and in THF, focusing on changes in the dynamics of 
transferring the H atom as well as the charge density along the reaction coordinate. The 
reduction of CH2O using either LiAlH4 or LiBH4 was assessed. To accomplish this, we 
calculated intrinsic reaction coordinate (IRC) both under vacuum and in THF for these 
reaction systems, and analyzed the molecular and electronic structures along the IRC 
using density functional theory (DFT). Based on the results, we deduced the essential 
hydride transfer mechanism by clarifying the charge transfer behavior along the IRC. 
Herein we discuss the differences in the reaction process observed when employing 
either LiAlH4 or LiBH4 as reagents by comparing the two systems in terms of their 
geometries, energies and charge densities.  
 
2. Computational Details  

In the present study, we focused on the hydride transfer system in which CH2O is 
the hydride acceptor and LiAlH4 or LiBH4 is the hydride donor. All DFT calculations 
were conducted at the CAM-B3LYP/Aug-cc-pVTZ level with the Gaussian 09 software 
package [40]. CAM-B3LYP is a long-range corrected version of B3LYP that employs 
the Coulomb-attenuating method. Although the conventional B3LYP method is typically 
used to investigate charge density [47] and solvent effects [44], CAM-B3LYP improves 
upon B3LYP since the latter is unsuccessful in a number of important applications, such 
as when determining the polarizability of long chains, excitations of Rydberg states and 
especially charge transfer effects [41-43]. Using this approach, we calculated IRC to 
characterize the reaction path by determining the minimum energy reaction pathway 
from the optimized TS structure. The hydride transfer TS was optimized based on the 
results of previous studies [32, 38]. In addition, we calculated the energy of RS, TS, and 
PS using CCSD(T)/Aug-cc-pVTZ level for obtained above geometries to confirm the 
accuracy of CAM-B3LYP calculations. Although solvent molecules are interacted to the 
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solute molecules, the importance of the association of the lithium cation with the 
carbonyl oxygen during reduction by LiAlH4 or LiBH4 is recognized in the previous 
work [39]. Thus, in this work, we considered the polarizability of THF as the solvent 
effects. The solvent effects were evaluated using the self-consistent reaction field 
polarizable continuum model (SCRF/PCM) [44,45]. In previous work, the solvation free 
energies and dipole moments of organic molecules obtained using SCRF/PCM were 
found to be in good agreement with experimental data [44]. To investigate the hydride 
transfer process in detail, we estimated the rearrangement parameter (α) and charge 
density of the fragments involved in the hydride transfer process along the IRC. Here α 
denotes the extent of transfer of a H atom from the reactant to product structures, and is 
defined as: 
 

𝛼𝛼 ≡ 𝛥𝛥𝑅𝑅X−H
Δ𝑅𝑅C−H+Δ𝑅𝑅X−H

       (X = Al, B), 

 
where Δ𝑅𝑅C−H is obtained by subtracting the length of the bond between the carbon and 
the transferring H atom from the C-H bond length in the methoxide ion (CH3O-) and 
𝛥𝛥𝑅𝑅X−H is obtained by subtracting the length of the bond between the X atom and the 
transferring H atom from the X-H bond length in the XH4

- reactant. A value of 𝛼𝛼 = 0 
indicates that the structure at a given stage is close to the initial structure (that is, XH4

-), 
while a value of 𝛼𝛼 = 1 corresponds to a structure more closely resembling that of the 
product (CH3O-). Charge density values were obtained by calculating the electrostatic 
potential fit (ESP) charges using the Merz-Killmann (MK) method. The charge 
distribution derived from ESP typically exhibits the best performance in both theoretical 
and experimental investigations [46-48], compared to data derived from the Mulliken, 
Hirshfeld and Natural Population Analysis schemes [49], and is also used for the 
analysis of chemical trends [50].  
 
3. Results and Discussion 
    To investigate the role of the lithium cation (Li+) during hydride reduction by 
LiAlH4 and LiBH4, we first calculated the IRC for hydride transfers with and without 
Li+. The activation energy (𝛥𝛥𝐸𝐸𝑎𝑎) and the energy difference (𝛥𝛥𝐸𝐸) between the reactant 
state (RS) and product state (PS) were then estimated, where 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 were 
obtained by subtracting the energy of the TS from the RS and the energy of the PS from 
the RS based on the IRC results, respectively. Table 1 summarizes the 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 
values for hydride transfer under vacuum. To confirm the accuracy of CAM-B3LYP 
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calculations, we also calculated the 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 values using CCSD(T) for obtained 
above geometries. The obtained 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 values were respectively 14.6 and -192 
kJ/mol for LiAlH4 system, while that values were 82.7 and -115 kJ/mol for LiBH4 
system, which were close agreement with the values using CAM-B3LYP (see Table 1). 
In the case of both reagents, these values indicate that 𝛥𝛥𝐸𝐸𝑎𝑎  is significantly decreased in 
the presence of Li+, while 𝛥𝛥𝐸𝐸 is not greatly changed. These results are consistent with 
those of previous work [31]. These data suggest that the lithium cation contributes to 
stabilization of the TS, and is an important factor promoting the hydride reduction.  

Figure 1 shows the RS, TS and PS structures associated with hydride transfer via 
LiAlH4 and LiBH4-formaldehyde complexes under vacuum. The TSs were obtained by 
an optimization process, and the RS and PS were located along both sides of the IRC 
compared to the TS. The complex formation energies, obtained by subtracting the 
energies of formation of formaldehyde and LiAlH4 or LiBH4 from the RS energy, were 
determined to be -87.1 and -76.5 kJ/mol, respectively. These results indicate that 
formation of the complex (the RS), meaning the coordination of lithium to oxygen, 
occurs prior to transfer of the hydride to the carbonyl carbon [32]. With regard to the 
structures of the RS, TS and PS, no differences in bonding state were found between the 
LiAlH4 and LiBH4 complexes. In the RS and TS of both complexes, a lithium tridentate 
structure was identified, corresponding to the coordination of lithium to an oxygen and 
two hydrogens. The TS structures were found to be both six-centered cyclic forms, in 
which the C…H bond lengths generated when employing LiAlH4 and LiBH4 were 1.76 
and 1.12 Å, respectively. Therefore the TS structure associated with LiAlH4 reduction 
has a reactant-like geometry, whereas TS structure associated with LiBH4 reduction is 
product-like. The PS obtained from both complexes has the same conformation, in 
which aluminum and boron are associated with oxygen, and the AlH3 and BH3 moieties 
are rotated to allow the coordination of lithium to one hydrogen, respectively. 
Furthermore, by comparing the 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 values for both complexes, we also 
found that the use of  LiAlH4 resulted in lower 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 compared to the results 
obtained with LiBH4 [32,38], in agreement with the experimental observation [39] that 
the reducing power of LiBH4 is less than that of LiAlH4. 

To examine the solvent effects on the hydride transfer, we perform IRC calculation 
including one explicit molecule of THF and under PCM for LiAlH4 system as the same 
method under Vacuum. Since THF is well-known to complex lithium, in explicit THF 
molecule, TS is explored based on the configurations in Vacuum and interacted THF to 
the lithium. Figure 2, 3(a) and Table 2 show the structures of the RS, TS, PS, and 
relative energies (𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸) in explicit model and PCM for LiAlH4 system. These 
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results indicate that RS, TS, and PS structures have similar conformations for explicit 
model and PCM of THF. Also, relative energies are close values for these two models. 
In calculations of the explicit model with THF molecules, various geometries are 
expected to be obtained by the relative positions, orientations, and number of THF 
molecules. In this study, we focus on a local dynamics of hydride transfer, not the 
relationship between LiAlH4 or LiBH4 systems and explicit THF in detail. So, the PCM 
calculation as the solvent effects was employed in following. 

Table 3 shows the total energies of the RS, TS and PS as well as the 𝛥𝛥𝐸𝐸𝑎𝑎  and 𝛥𝛥𝐸𝐸 
values both under vacuum and in THF. In the case of both reagents, the total energies of 
the RS, TS and PS are all reduced when performing the reaction in THF, as are 𝛥𝛥𝐸𝐸𝑎𝑎  
and 𝛥𝛥𝐸𝐸. These results suggest that the TS and PS are more highly stabilized than the 
RS in the presence of THF.  

Figure 3 presents the structures of the RS, TS and PS in THF. For both complexes, 
different TS structures were obtained with and without the solvent. When using LiAlH4, 
the TS structure contains bidentate lithium, in which lithium is coordinated to an oxygen 
and a hydrogen, while a tridentate structure appears under vacuum. In contrast, for the 
LiBH4 system, a linear structure with a Li-O-C bond was identified. It is evident that 
these structures involve more charge separation, and thus is more highly stabilized by 
the presence of a solvent, in agreement with the results of previous work [32,36]. 
Especially, when using LiBH4, the solvent thus has a more significant effect on the 
activation energy compared with the LiAlH4 system. This stabilization could be related 
to the conformational changes induced in the RS and TS by the solvent. The RS 
structures for both complexes have similar conformations to the TS structures in THF, 
while the PS structures are significantly different from the TS due to structural 
relaxation, as was also observed under vacuum.  

From the above, we confirmed that the calculated energies and geometries of the 
RS, TS and PS were consistent with those determined in previous studies. We next 
investigated changes in the structure and energy during the hydride transfer process in 
detail, using the rearrangement parameter; α, and the relative energies of the RS along 
the IRC. From this, the H atom transfer mechanism during the hydride transfer process 
was elucidated. Herein, the transferred H atom is denoted by ‘H’, which is not 
distinguished from the hydride ion (H-), hydrogen atom (H) and proton (H+). Figures 4 
and 5 summarize the values of α and the relative energies of the RS along the IRC for 
LiAlH4 and LiBH4-formaldehyde complexes under vacuum and in THF. From these 
figures it is evident that α is not varied by the presence or absence of THF for the 
LiAlH4 system, and remains at 0 up to the point at which the TS appears. These data 
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indicate that the TS exists as a reactant-like structure in this chemical reaction. Once the 
‘H’ has completely transferred to the carbonyl carbon, the energy decreases drastically 
and the structure changes to the PS due to structural relaxation, moving from IRC = 7 to 
15.  

Conversely, in the case of the LiBH4 system, different values of α were found 
depending on the presence of the solvent. With THF, the α value at the RS has already 
exceeded 0.5, signifying that the ‘H’ transfer is more than halfway complete. The 
change in α at the RS can be explained by the conformational changes resulting from 
charge responses to the solvent effect. Thus, the carbonyl carbon more closely 
approaches the boron in the RS in THF because a Li-O-C bond is generated by the 
solvent effect. In the case of both vacuum and THF conditions, the ‘H’ transfer to the 
carbonyl carbon initiates prior to passing the TS, such that the transfer is complete just 
before formation of the TS (IRC = 0), corresponding to a product-like structure. When 
using LiBH4, once the ‘H’ has completely transferred to the carbonyl carbon, as is also 
the case with LiAlH4, the energy has decreased and the structure changes to the PS due 
to structural relaxation.  

Comparing the mechanisms of both complexes moving from the RS to TS, we 
determined that the ‘H’ transfer in the case of LiAlH4 begins in the vicinity of the TS, 
and thus can be considered an early barrier reaction, while the ‘H’ transfer with LiBH4 
had finished in the vicinity of the TS, indicating a late barrier reaction. These results are 
consistent with the Hammond postulate [51] based on the fact that a TS structure having 
a low activation energy is reactant-like, while a structure with a high activation energy 
is product-like. The data indicate that the rate determine step in the hydride transfer is 
different when using LiAlH4 compared to the use of LiBH4.  

Finally, to clarify the charge transfer dynamics, we calculated the changes in 
charge density during the hydride transfer process along the IRC. Charge densities were 
obtained by considering four fragments: CH2O, AlH3 or BH3, ‘H’ and Li+. Figures 6 and 
7 show the charge density results obtained for the LiAlH4 and LiBH4-formaldehyde 
complexes under vacuum and in THF, respectively. The charge density for Li+ was not 
plotted in these figures because, for both LiAlH4 and LiBH4, the Li+ charge was 
invariant over the course of the reaction. In either system, the negative charge of the 
CH2O fragment is seen to increase, while that of the AlH3 or BH3 decreases during ‘H’ 
transfer. These results indicate electron transfer from the AlH3 or BH3 fragment to 
CH2O during the ‘H’ transfer.  

We subsequently focused on the charge density of the LiAlH4 system under 
vacuum, because the solvent effect was not observed in the case of the charge density 
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for this system. The charge transfer parameter for the CH2O fragment was estimated so 
as to clearly understand the relationship between the ‘H’ and electron transfers. This 
parameter was calculated by setting the charges at the RS and PS to 0 and 1, 
respectively. Figure 8 summarizes the variations in the rearrangement and charge 
transfer parameter with IRC. From Figure 8(a), it can be seen that the charge transfer 
parameter increases prior to the ‘H’ transfer, suggesting that a one electron transfer 
occurs before the ‘H’ transfer. Figure 6(a) shows that the negative charge of the CH2O 
fragment increases during the ‘H’ transfer, while the negative charge of the transferring 
‘H’ gradually decreases. Therefore, the ‘H’ transfers to the carbonyl carbon along with 
the electron transfer. We also calculated the bond order of the Al-H and C-H bonds to 
investigate the behavior of the chemical bond during hydride transfer. The calculated 
bond orders for Al-H and C-H were 0.73 and 0.00 at the RS, but 0.57 and 0.28 at the TS, 
respectively. These results indicate that an Al-H-C bond is formed as the one electron 
transfer takes place prior to the ‘H’ transfer. In summary, hydride transfer using LiAlH4 
proceeds as follows: (1) a one electron transfer to the carbonyl carbon occurs, (2) a 
bridge bond (the Al-H-C bond) forms, (3) the ‘H’ transfer begins, with electron transfer 
as the driving force, and finally (4) a single electron subsequently moves gradually 
toward the carbonyl carbon through the Al-H-C bond while the ‘H’ transfers. 
    In the case of LiBH4, a solvent effect on the charge density was observed. The 
changes in charge could be explained by conformational changes of the RS and TS 
structures by solvent effects. We estimated the charge transfer parameter in the same 
manner as for the LiAlH4 system. Figure 8(b) shows that the negative charge of the 
CH2O fragment increases before the ‘H’ transfer, which is the same result as obtained 
with LiAlH4. The bond order calculated for B-H and C-H were 0.78 and 0.00 at the RS, 
and 0.71 and 0.26 at IRC = 5, respectively. From these results, we found that a B-H-C 
bond was formed via one electron transfer in advance of the ‘H’ transfer, just as with 
LiAlH4. In summary, we found that the essential mechanism of the hydride transfer 
using LiBH4 was the same as that when using LiAlH4. 
    From these charge density analyses, we ascertained that the relationship between 
charge transfer and hydride transfer is the same when employing either LiAlH4 or 
LiBH4. However, the TS structures in both systems are different, representing 
reactant-like and product-like structures, respectively. By comparing the TS structures 
of both systems, we also found that the rate-determining steps in the hydride transfer are 
one electron transfer to the carbonyl carbon for the LiAlH4 system, and B-H bond 
dissociation for the LiBH4 system. The presence of THF affects the structure and energy 
values throughout the reaction by influencing charge separation, although the hydride 
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transfer and the charge are not affected by the solvent. 
 

4. Conclusion 
We studied the differences in the geometry of the reactant, transition and product 

states under vacuum and in THF as well as the dynamic changes associated with the 
transfer of the H atom and the charge density along the reaction coordinate for the 
reduction of formaldehyde by LiAlH4 or LiBH4, using DFT calculations. We obtained 
information about the hydride transfer mechanism that allowed us to investigate the 
behavior of the hydride and the charge density along the IRC. The resulting data 
indicated that Li+ contributes to the stabilization of the TS, and this effect is more 
pronounced in the presence of a solvent. The TS structure associated with the 
LiAlH4-fomaldehyde complex is reactant-like, while the LiBH4 structure is product-like. 
These results are consistent with the Hammond postulate, because the activation energy 
for the LiAlH4 system is lower than that for LiBH4. Although these results are also in 
agreement with various previous reports, the work presented herein goes further so as to 
allow a detailed understanding of the hydride transfer mechanism based on our 
computational results for the geometries, energies and charge densities and comparison 
of both systems.  

The essential mechanism of the hydride transfer is the same for both reducing 
agents, and may be summarized as follows: (1) one electron transfer to the carbonyl 
carbon, (2) formation of a bridge bond (X-H-C bond; X = Al or B), (3) initiation of ‘H’ 
transfer driven by electron transfer and (4) one electron flow through the X-H-C bond in 
conjunction with transfer of the ‘H’, during which the hydrogen atom or proton-coupled 
electron transfer occurs. The presence of a solvent affects the structure and energy 
values through charge separation, but has no effect on the hydride transfer and charge. 
Finally, this study suggests that the rate-determining steps in the hydride transfer when 
employing LiAlH4 and LiBH4 are one electron transfer to the carbonyl carbon and B-H 
bond dissociation, respectively. 
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Table 1: Activation energy (ΔEa) and energy difference (ΔE) between 
reactant and product states for hydride transfer in the vacuum state. 

Hydride reagent ΔEa (kJ/mol) ΔE (kJ/mol) 

AlH4
- 49.9 -189 

LiAlH4 10.1 -196 

BH4
- 144.9 -121 

LiBH4 80.8 -117 

 
Table 2: Calculated Bond Lengths (Å), Angles (deg), Dihedral angles (deg) with hydride transfer of 

TS, and activation energy 𝛥𝛥𝐸𝐸𝑎𝑎, and energy difference 𝛥𝛥𝐸𝐸 in Explicit model and PCM for LiAlH4 

system. 

  Explicit model PCM 

Length (Å) Al-H 1.67 1.66 

 C-H 1.82 1.79 

Angle (deg) Al-H-C 118 133 

Dihedral angle (deg) Al-H-C-O 25 4 

𝛥𝛥𝐸𝐸𝑎𝑎 (kJ/mol)  6.51 2.37 

𝛥𝛥𝐸𝐸 (kJ/mol)  -199 -224 

 
 

Table 3: Total energies of the RS,a TS and PS and activation energy (ΔEa) and energy difference 

(ΔE) between the RS and PS for hydride transfer. 

Hydride 

reagent 
Solvent E (a.u.)     

ΔEa 

(kJ/mol) 

ΔE 

(kJ/mol) 

  
RS TS PS 

  
LiAlH4             

 
Vacuum -366.88584 -366.88201 -366.96052 10.1 -196 

 
THF (εb=7.58) -366.91245 -366.91155 -366.99774 2.37 -224 

LiBH4             

 
Vacuum -149.29184 -149.26107 -149.33650 80.8 -117 

  THF (ε=7.58) -149.30878 -149.29741 -149.37483 30.0 -173 
a RS = reactant state, TS = transition state and PS = product state. 
b Dielectric constant of the solvent. 



Scheme 1. The generally supported hydride reduction mechanism. 
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Figure 1. Reactant, transition and product state structures for hydride transfer of (a) 
LiAlH4- and (b) LiBH4-formaldehyde complexes in the vacuum state. 
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Figure 2. Reactant, transition and product state structures for hydride transfer of 
LiAlH4-formaldehyde complexes including one explicit THF molecule. (This 
calculation is carried out using Aug-cc-pVDZ basis set.) 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Reactant state Product state Transition state 



Figure 3. Reactant, transition and product state structures for hydride transfer of (a) 
LiAlH4- and (b) LiBH4-formaldehyde complexes in THF. 
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Figure 4. Rearrangement parameter values (blue) and relative energies (red) for the RS 
along the IRC for the (a) LiAlH4- and (b) LiBH4-formaldehyde complexes in the 
vacuum state. 
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Figure 5. Rearrangement parameter values (blue) and relative energies (red) for the RS 
along the IRC for the (a) LiAlH4- and (b) LiBH4-formaldehyde complexes in THF. 
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Figure 6. Charge densities of CH2O (blue), AlH3 (red) and H (purple) and energy values 
(black) along the IRC for the (a) LiAlH4- and (b) LiBH4-formaldehyde complexes 
under vacuum. 
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Figure 7. Charge densities of CH2O (blue), BH3 (red) and H (purple) and energy values 
(black) along the IRC for the (a) LiAlH4- and (b) LiBH4-formaldehyde complexes in 
THF. 
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Figure 8. Rearrangement (blue) and charge transfer parameters (red) for (a) LiAlH4 and 
(b) LiBH4 under vacuum. 
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