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On the basis of quantum chemistry calculations, gaseous reactions including molecular and atomic
hydrogenation of crotonaldehyde have been systematically examined in this paper. Firstly, the structures of
initial states, transition states and final states along each reaction pathway were completely optimized at the
level of B3LYP/6-31G (d, p) and PW91/6-31G (d, p). The total energies were adjusted by zero-point energy
correction, and the obtained activation energies were compared with those of more accurate calculation
method of CBS-APNO. Through comparing the results obtained from B3LYP, PW91 and CBS-APNO, it was
found that the data from B3LYP are closer to those of CBS-APNO. Moreover, both the molecular and atomic
hydrogenation reactions of crotonaldehyde are exothermic and the heat effect of C=C is higher than that of
C=0, indicating that both H, and H prefer to attack C=C double bond, resulting in the formation of butaldehyde
or free radical. On the other hand, from the viewpoint of dynamics, the difference of activation barriers
between C=C and C=0 in the reaction of molecular hydrogenation is very small while the barrier of C=C
atomic hydrogenation is pronounced lower than that of C=0. Comparing with the results of acrolein
hydrogenation, C=C hydrogenation can be hindered by introducing heavy end groups because of the steric
effect. Finally, through comparing the mechanisms of hydrogenation reactions of the isolated C=C (in propene)
and C=0 (in formaldehyde), the conjugate effect is revealed in which the difference in kinetics between C=C
and C=0 hydrogenation of crotonaldehyde is greatly decreased. Thus, it is reasonable to design a rational
catalyst that the selectivity can be favorably controlled.

1. Introduction

As important industrial raw materials and intermediates (Bailie et al., 2001), a, B-unsaturated alcohols have a
wide range of applications in the fields of chemical production, organic synthesis etc, which is usually
synthesized by the selective hydrogenation of a, B-unsaturated aldehyde. The a, B-unsaturated aldehydes
have both C=0 and C=C double bonds (Bi et al., 2010). However, on the surface of most catalysts, C=C
double bonds are more prone to be hydrogenated than C=0 from both thermodynamic and kinetic points of
view, leading to the main product of saturated aldehyde (Breen et al., 2004). In recent years, researchers have
devoted to seek the selective hydrogenation catalysts for acquiring a, B-unsaturated alcohols. Precious metal
catalysts, such as Pt (Bus et al., 2007), Au (Delbecq and Sautet, 2002), and Ir, can effectively improve the
selectivity of C=0 during the hydrogenation process of a, B-unsaturated aldehydes (Gebauer-Henke et al.,
2007). Due to more economic, employment of theoretical calculations for the design of an effective catalyst
and the investigation on reaction mechanism has a great advantage over experiment (Kennedy et al., 2014).
For example, Delbecq and Sautet (1995) have concluded the most favorable adsorption surface for
hydrogenation of C=0 bond via the calculations of a, B-unsaturated aldehydes adsorption on Pt surfaces.
Although hydrogenation reactions of a, B-unsaturated aldehyde are mostly catalyzed by heterogeneous
catalysis, its catalytic mechanism is still in controversy, thus the catalysts still need to be optimized (Luza et
al., 2017). Obviously, it would be helpful for understanding the heterogeneous catalytic hydrogenation process
of a, B-unsaturated aldehydes through investigation of gaseous hydrogenation. For example, Li et al., (2008)
have explored the mechanism of gaseous hydrogenation of acrolein by density functional theory.

Using quantum chemistry calculations, all the possible reaction channels for the hydrogenation of
crotonaldehyde with hydrogen molecule (hereinafter referred to as molecular hydrogenation) and hydrogen
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atom (atomic hydrogenation) as well as the structures and energies of each stationary point along the
channels were systematically investigated. By comparing the hydrogenation mechanisms of formaldehyde and
propylene, the effect of conjugation effect was summarized. Further by comparing the results of hydrogenation
with acrolein, the effect of steric hindrance on the reaction was revealed. We expect our results would offer
some hints to the hydrogenation mechanism catalyzed by the catalyst surface.

2. Computational Methods

All the calculations were carried out by using the Gaussian 09 package. First, the reactants, transition states
and products of the crotonaldehyde hydrogenation reaction system were optimized by using the 6-31G (d, p)
basis set at the B3LYP, PW91 and CBS-APNO levels of theory (Maki-Arvela et al., 2005). The correctness of
the structures was verified by the frequency calculations (reactants and products have no imaginary
frequencies while transition state has only one imaginary frequency). Then, the correlation between the
reactants, the transition states and the products in each channel was verified by the intrinsic reaction
coordinate calculation (IRC). Among the three methods, CBS-APNO has the highest accuracy because it uses
a QCISD/6-31G (d, p) optimized geometrical structure to perform a higher level of single point energy
correction, resulting in an absolute mean deviation of less than 0.5 kcal/mol (Marinelli et al., 1995). Thus, the
CBS-APNO results can be used as a benchmark for other methods. Our results showed that results from
B3LYP level are very close to those of CBS-APNO. In fact, plenty of similar theoretical studies have revealed
that BALYP can achieve reasonable results with lower time-consuming (Mohr et al., 2003). Therefore, on the
investigation of atomic hydrogenation of crotonaldehyde, only B3LYP results were reported. Note that all the
structural diagrams in this paper are the results of B3LYP/6-31G (d, p) level.

3. Results and Discussion
3.1 Hydrogenation of Formaldehyde and Propylene

Because C=C and C=0O double bonds are simultaneously existed in the crotonaldehyde molecule, the
selectivity of hydrogenation reaction will be definitely affected by conjugation effect. Therefore, it is necessary
to study the hydrogenation reactions of formaldehyde and propylene with the isolated C=0 and C=C double
(Ochterski et al., 1996) bonds before the study of hydrogenation reaction of crotonaldehyde.

Due to presence of the C=0 double bond in formaldehyde, hydrogen can attack either C or O atom, leading to
the product of methanol for molecular addition. Therefore, two transition states, named TS112_,c and TS1n2_,c,
are presented in the reaction of formaldehyde and hydrogen (Petersson, et al., 1998). Likewise, in the reaction
of propylene and hydrogen, hydrogen can also attack C2 or C3, producing the same product of propane. This
reaction also has two different transition states (TS3n2_,c2 and TS42_,¢c3). The possible reaction channels are
designed as follows (Reyes et al., 2002):

CH20+Ho—>Ts1,, | —CH3OH (1)
CH,O+H,—>Ts2,,  ,—CH3OH )
CHsCHCH2—Ts3,, ., »CH3CH2CH, (©)
CHsCHCHz—Ts4,, _,—CHsCHzCHs (4)

In Table 1, we list the total energies of all stationary points along hydrogenation reactions of formaldehyde and
propylene. It can be seen that, at the level of CBS-APNO, the calculated energy barriers are 291.72, 400.79,
345.56 and 366.12 kJ/mol (Reye, et al., 2000) when the reactions experience the transition states of TS142_c,
TS2h2_,c, TS3H2c2, TS4H2_,c3,respectively. Note that these values are close to the corresponding results
obtained at the B3LYP level (the difference is less than 5.4 kdJ/mol except TS2), but deviate somewhat largely
from those of PW91 (~ 29-99 kJ/mol). Moreover, the relative potential energy surface in the hydrogenation
reaction is shown in Fig. 1. It can be intuitively seen that hydrogenation of formaldehyde releases heat of
74.80 kJ/mol while hydrogenation of propylene releases heat of 124.62 kJ/mol at the B3LYP level. Therefore,
hydrogenation of C=C bond is more favorable than C=0 bond from the viewpoint of thermodynamics, but the
dynamic results are opposite.
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Table 1: Energies of reaction complex (RC), transition states (TS) and products (P) in the hydrogenation
reaction of formaldehyde and propylene. ?

E(a.u.) ZPE(a.u.) AE (kJ/mol)
B3LYP PWO1 CBS- B3LYP PW91  CBS-  B3LYP PW91  CBS-
APNO APNO APNO
Channel RC  -1156837 -115.6314  -1154989 00396 0.0390 00382 0 0 0
s1,2 P 1157240  -115.7240  -115.5449  0.0514  0.0514 0.0508 -74.80  -79.47  -87.64

TSk, .. -115.5731 -115.5336 -115.3918  0.0423  0.0411 0.0422 297.16  262.50 291.72
TS2,.0 -115.5569 -115.5165 -115.3499  0.0405 0.0390 0.0419  335.01 301.52  400.79
Channel RC -119.0960 -119.0185 -118.8130  0.0918 0.0898 0.0887 O 0 0
s3,4 P -119.1554 -119.0802 -118.8727  0.1037  0.1015 0.1009 -124.62 -131.58 -
124.72
TS8y,c: -118.9651 -118.9026 -118.6825 0.0932  0.0913 0.0898 347.38  308.10  345.56
TS 2 -118.9587 -118.8972 -118.6743  0.0925 0.0908 0.0894 362.33  320.99 366.12

¥ Basis sets of 6-31G(d, p).
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Figure 1: Relative energy difference diagram of reaction complex, transition states and products along
hydrogenation reaction of formaldehyde and propylene

The reaction barrier of molecular hydrogenation of formaldehyde has been reported. At the same level of
theory, the results are almost identical to us. In addition, we have also got the transition state of hydrogen
attacking oxygen atom. In this process, the hydrogen molecule begins to dissociate firstly, at the same time
two hydrogen atoms respectively approach to the C1 and O2 atoms. When the distance between H6 and C1
atoms is about 0.21 nm, H6 starts to shift slowly to C1 until the bond formation between H5 and O2. After that,
the distance between H6 and C1 atoms is drastically reduced, and finally H6-C1 bond is formed.

3.2 Molecular Hydrogenation of Crotonaldehyde

There are four isomers of crotonaldehyde, i.e., E-trans-CH;CHCHCHO, E-cis-CH3;CHCHCHO, Z-cis-
CH3CHCHCHO and Z-trans-CH3;CHCHCHO. We first optimized the geometrical structures for these four
isomers at the B3LYP level. Results showed that relative to E-trans-CH3CHCHCHO, the energy differences
for E-cis-CH3CHCHCHO, Z-cis-CH3CHCHCHO and Z-trans-CH3CHCHCHO are 5.69, 12.00 and 12.41 kJ/mol,
respectively. According to the classical Boltzmann distribution, the magnitude ratio of four isomers at room
temperature is 1: 0.101: 0.008: 0.007, meaning the proportion of E-trans-CH3CHCHCHO is about 89.6%.
Therefore, only E-trans-CH3CHCHCHO was considered in the following.

Reaction Channel: The possible channels for the hydrogenation of crotonaldehyde are as follows:

CH3CHCHCHO+H>— TS5, _,co—CH3CH2CH.CHO (5)
CH3CHCHCHO+H2—TS6H2_c3—CH3CH2.CH.CHO (6)
CH3CHCHCHO+H>—TS7H2_,c4a—CH3CHCHCH,OH (7)

CH3CHCHCHO+H2—TS8h2_05s—CH3CHCHCH20H (8)
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Among these, channel (5) and (6) generate butyraldehyde as H2 attacks C2 and C3 atoms, respectively; and
channel (7) and (8) produce croton alcohol which is the result of H2 attacking C4 and O5.

IRC Analysis: In order to verify the correctness of the reaction mechanism, the intrinsic reaction coordinates
(IRC) calculations were performed.

TS5h2_,c2 is formed by H; attacking C2, which connects the reaction complex of CH;CHCHCHO and H; and
the product of CH3CH,CH,CHO. The variations of C2 = C3, C2-H13, C3-H12 and H12-H13 distances in the
reaction process are shown in Fig. 2. As can be seen, the distance between H12 and H13 is increasing,
eventually H-H bond is broken and the dissociated H atoms approach C3 and C2, respectively. With the
progress of the reaction, the distance of C2-H13 gradually reduces, and finally forms the chemical bonding.
Similar variation is found for the change of C3-H12, leading to the equal bond lengths of C2-H13 and C3-H12
finally. The distance of C2=C3 in this process gradually increases but the growth rate is relatively slow, and
finally this bond changes into that having a single bond characteristic.

TS6H2_,c3 is the transition state produced by H, attacking C3 of CH;CHCHCHO. The variations of bond
distances for C2=C3, C2—H13, C3—H12 and H12—H13 are essentially the same to those of TS5n2_,c2 (Fig. 2).

2 3-H12

Bond length

Forward reaction direction

Figure 2: Variation of bond length on the progress of the reaction in channel 5 and 6

TS7H2_ca links the reactant complex of CH;CHCHCHO and H; and the product of crotonaldehyde in the
process of Hy attacking C4. During the reaction, C4=05 double bond and H12-H13 single bond begin to
break, at the same time, C4 is close to H12 and O5 approaches H13, leading to the bonds formation finally.
Similarly, TS8u2_os is the transition state of H; attacking O atom of C=0 double bond in crotonaldehyde. In
Fig. 3, we also plot the bond distances variations of C4=05, C4—H12, O5—H13 and H12—H13. As is seen,
with the reaction proceeding, H2 begins to approach crotonaldehyde. When the distance of C4-H12 reaches
0.23 nm, the dissociation of H, happens, subsequently the distance of H12-H13 sharply increases. At this
moment, H13 starts to attack O5, and the distance of C4-H12 keeps unchanged. After the bond formation for
05 and H13, distance is nearly unvaried. At this time H12 begins to close to C4, making the distance sharply
reduce, and finally forms the chemical bond. Similar to the previous mentioned channels, the bond length of
C4=05 double bond grows slowly in the reaction process until the bond breaks and finally becomes a single
bond.

3.0
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2.44
224
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1.8
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1.24
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0.8
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Bond length

Forward reaction direction

Figure 3: Variation of bond length on the progress of the reaction in channel 8
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Potential Energy Profile of the Reaction:

The energy barriers of channels (5), (6), (7) and (8) were calculated to be 311.79, 390.23, 316.61 and 329.07
kJ/mol, respectively, at the B3LYP level. In comparison with CBS-APNO, it can be seen the results are very
close. In contrast, the difference seems somewhat greater for PW91. At the meanwhile, free energies of the
reaction were calculated at the level of CBS-APNO. Results show that the free energy of producing
butyraldehyde is -76.8 kd/mol, and the free energy of generating crotonol is -33.0 kJ/mol, which are in nice
agreement with the corresponding experimental results (-70.8 and -30.6 kJ/mol for the production of
butyraldehyde and crotonol, respectively). Thus, from both thermodynamics and dynamics points of view, C =
C is easier to be hydrogenated than C=0.

Conjugation Effect on C=0 Double Bond and C=C Double Bond:

By comparing the activation energies of C=0 and C=C double bonds in the hydrogenation of formaldehyde,
propylene and crotonaldehyde processes, the conjugation effect can be easily understood. Firstly, the heat
release for C=C hydrogenation of crotonaldehyde is 52.10 kd/mol more than that of C=0 at the CBS-APNO
level of theory. This value is increased by 15.02 kJ/mol compared with the difference between C=C
hydrogenation of propylene and C=0O hydrogenation of formaldehyde. Secondly, the activation energy
difference between C=C and C=0O double bond hydrogenation of crotonaldehyde is 0.05 kJ/mol, but the
difference between C=C hydrogenation of propylene and C=0 hydrogenation of formaldehyde is 53.84 kJ/mol.
Therefore, the conjugation effect makes the energy barrier difference of C=C and C=0 greatly reduce while
the difference of hydrogenation heat is enhanced. This result indicates that by using catalysis of the catalyst,
the selectivity can be effectively tuned by promoting activity of C=0 hydrogenation while inhibiting C=C
hydrogenation.

3.3 Atomic Hydrogenation of Crotonaldehyde

The mechanism of atomic hydrogenation catalyzed by the catalyst surface is different from that of the
aforementioned molecular hydrogenation mechanism. Generally, H; is dissociated into H atoms firstly and
then H is added stepwise to unsaturated atoms. Therefore, it is necessary to investigate the atomic
hydrogenation in gas phase before understanding the mechanism on catalyst. As mentioned above, for the
molecular hydrogenation system of crotonaldehyde, the results of B3LYP are more reliable and less time-
consuming. So, for the atomic hydrogenation, we still use this level of theory.

The designed channel for the atomic hydrogenation of crotonaldehyde is as follows:

CH3CHCHCHO+H—TS9_c2 —CH3CH2CHCHO 9)

CH3;CHCHCHO+H—-TS104_,c3—CH3CHCH2CHO (10)
CH3CHCHCHO+H—TS114_,c4—CH3CHCHCH20 (11)
CH3CHCHCHO+H—-TS12y_,05—CH3;CHCHCHOH (12)

For channel (9), H atom attacks C2 to generate CH3CH,CHCHO radical. This process needs to surmount an
activation energy of 6.79 kJ/mol; for channel (10), energy barrier of 8.64 kd/mol is needed for H atom attacking
C3, resulting in the product of CH;CHCH>CHO free radical; for channel (11), H atom attacks C4 to generate
CH3CHCHCH,O free radical. This step needs to overcome the barrier of 20.83 kJ/mol; and for the channel
(12), the activation energy is calculated to be 17.01 kJ/mol for H attacking O5 in which CH3CHCHCHOH free
radical is generated. Thus, the lowest activation energy is found in the channel (9), and meanwhile, the heat
release is also the least. Therefore, among the four channels, H atom tends to follow the channel (9) to react
with crotonaldehyde, that is, H attacks C2 to generate CH3CH,CHCHO free radical is most favorable.
Comparing with the molecular hydrogenation, the activation energy of atomic hydrogenation is relatively lower,
but the difference in energy barrier between C=C and C=0 is slightly increased. This result further indicates
that the selectivity of C=C and C=0 hydrogenation can be subtly controlled on the catalyst surface.

4. Conclusion

These results indicate that the selectivity of C=C and C=0 hydrogenation can be tuned by using the catalyst.
Through comparing the results obtained from B3LYP, PW91 and CBS-APNO, it was found the results of
B3LYP are very close to those of more accurate method of CBS-APNO. In consideration of less time-
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consuming for B3LYP, it was concluded B3LYP has the highest efficiency for gaseous hydrogenation of such
an unsaturated aldehyde system.
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