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DFT studies on the mechanism of
Pd(ll)-catalyzed intermolecular
1,2-diamination of conjugated dienes
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The reaction mechanism of the palladium(ll)-catalyzed addition of urea to dienes to form 1,2-diamine was studied
using the B3LYP density functional theory (DFT) method. The results indicate that the first C—N o-bond formation is

the rate-determining step, and that the covalent bonds are formed favorably by the terminal carbon atoms of dienes
and nitrogen atom. The Pd(NCMe)-catalyst may significantly lower the energy barrier of the rate-determining
step from the nonligand Pd(ll)-catalyst counterpart. The results are in strong support of a recent experiment.
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INTRODUCTION

Vicinal diamines are very important functional moieties which are
present in various biologically active compounds and have also
been widely used as chiral control elements in asymmetric
synthesis."! Diamination of olefins presents an attractive
strategy for the synthesis of vicinal diamines. On the other
hand, several catalytic routes have also been investigated. Various
metal-free™> or metal-mediated®” processes have been
developed and metal-catalyzed diaminations have also been
reported.” Moreover, although transition metal-catalyzed hydro-
amination®'® and oxidative dehydroamination""'? have been
extensively developed in recent years, transition metal-catalyzed
alkene 1,2-diamination is still a challenge."® Recently, Booker-
Milburn and his co-workers reported intermolecular diamination
of dienes catalyzed by palladium(ll) complexes (Scheme 1).l'¥

Beginning with the reaction of isoprene with urea under
appropriate conditions, the reaction can generate regioisomeric
diene-urea products 1a and 1b. The reactions are interesting
because Pd(ll)-catalyzed intermolecular 1,2-diamination can
produce the major products 1a (1a/1b up to 96%).

There are several mechanisms proposed to account for the
amination reaction catalyzed by Pd such as the Pd(0)-catalyzed
diamination reaction mechanism by Yian Shi and his
co-workers,!"®! Pd(ll)-catalyzed intramolecular diamination reac-
tion mechanism by Streuff and his co-workers'® and
Pd-catalyzed oxidation amination of conjugated olefins by Ji
Min Leel' Nevertheless, the mechanism of Pd(ll)-catalyzed
diamination reaction remains unclear and is the subject of this
paper.

In view of the interesting catalytic process, it is necessary to
theoretically study in more detail about the reaction mechanism.
In this paper, we investigated the mechanism of the inter-
molecular 1,2-diamination reaction by density functional theory
(DFT) methods. Based on the mechanism proposed by other

researchers in Pd(ll)-catalyzed amination reaction and Wack-
er-type process, we presented a mechanism to account for the
intermolecular 1,2-diamination reaction, which is shown in
Scheme 2.

Many interesting questions arise when we compare the
reaction mechanism of Scheme 2. Among dienes, which of them
have two double C=C bonds? If the C—N o-bond in the main
product comes from the Pd(0)-catalyzed diamination reaction
between the substituted C—C double bond and N, as reported
by Yian Shi, why does the unsubstituted C=C double bond also
react with N to form the C—N bond in its main product in the
diamination reaction reported by Booker-Milburn? If ligand
dissociation of Pd(NCMe), can occur, which intermediate of Pd
complexes is favorable as an active catalyst? The objectives of this
work are to address these important questions with the DFT at
the B3LYP level by examining the structural and energetic aspects
of various possible reaction pathways. We hope that the findings
presented in this paper would help scientists in designing new
catalysts for this reaction.

Computational details

Geometry optimizations have been performed via DFT!'®'® of
the B3LYP method. Frequency calculations at the same level of
theory have also been performed to confirm the characteristics
of all the optimized structures as minima or transition states.
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Scheme 2. Proposed mechanism for the intermolecular 1,2-diamination reaction

Calculations of intrinsic reaction coordinates (IRC)?” were also
performed on transition states to confirm that such structures are
indeed connecting two minima. The effective core potentials
(ECPs) of Hay and Wadt with a double-{ valence basis set
(Lanl2D2)®'-%) were used to describe Pd atom, while the
standard 6-31-+g*®* basis set was used for C, H, O, and N atoms.
All calculations were performed with the Gaussian 03 software
package.” The vibrational analysis and the natural bond orbital
(NBO) analysis'?°—># were performed at the same computational
level. In addition, the electron densities at the bond critical points
(BCP) and the ring critical points (RCP) for the selected bond of
some species were calculated by employing the AIM2000

program package.*>! The completely topological analyses are
performed for all the compounds to obtain detailed bonding
character. The BCPs denoted as (3, —1), which represent saddle
points in the electron densities between two atoms are examined
for all the bonds.

Molecular orbital (MO) compositions and the overlap
populations were calculated using the AOMix program.63”]
The analysis of the MO compositions in terms of occupied
and unoccupied fragment molecular orbitals (OFOs and
UFOs, respectively) and the analysis of the construction of
orbital interaction diagrams were performed using AOMix-
CDA.BB]
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RESULTS AND DISCUSSION

As shown in Scheme 2, the Pd(ll)-catalyst (CAT) coordinates with
urea (R1) and undergoes ligand dissociation to form IN1, HCl, and
ligand. From IN1, the diene (R2) coordinates with Pd, followed by
a C—N bond formation to generate IN3. Another C—N bond
formation then occurs to give birth to IN4. To complete the
catalytic cycle, IN4 reacts with HCl, oxidant, and ligand to
regenerate CAT and produce products. In the first step of the
catalytic cycle, the number of the eliminated ligand might be 1 or
2. Therefore, the catalytic process has two distinctive manifolds:
Pd-ligand and Pd as an active catalyst. We also proposed a
catalytic cycle catalyzed by Pd-L,, but the stabilized intermediate
and transition cannot be located in this pathway. In our DFT study,
we used 1,3-diethylurea as a model for R1 and isoprene for R2. In
this paper, ‘C1’denotes the pathways catalyzed by Pd, and ‘C2’ by
Pd-L.

Mechanism of Pd-catalyzed reactions

The intermolecular 1,2-diamination reaction is a process in which
the Pd-urea complex, C1-IN1, through transition states (C1-TS1
and C1-TS2), offers a Pd product-complex (C1-IN4). There are
four structures of intermediate C1-IN2, which depends on the

relative orientation of C—=C double bond of R2, and the followed
intramolecular C—N o-bond formation can occur through eight
channels. In this paper, two favorable channels, C1-1-1 and
C1-3-2, are involved, which lead to the major and the minor
products, respectively. The NBO charges and Wiberg bond orders
of intermediate and transition states are shown in Table 1. The
structures of other channels can be found in Figs S1-S6 and their
relative energies in Table 1.

In C1-IN1 (Fig. 1), the PdA—N1—C1—N2 moiety is on a plane.
The optimized Pd—N1 bond is 2.031 A and the C1—N1 bond is
1397A The »? and n* type geometries of C1-IN2 were
considered when R2 coordinates with C1-IN1. Due to the
o-bond bend, the n* type geometries are much larger than »?
type in energies when Z-isoprene coordinates with C1-IN1.
Furthermore, the transition states of C—N bond formation
followed by Z-isoprene 7* type geometries cannot be located.
Although E-isoprene coordinates with C1-IN1 to form n* type
complexes which are more stable than 5° type complexes
(about 8kJ/mol lower), the barriers of the rate-determining
step are higher (about 6 kJ/mol higher). Therefore, we just discuss
the channels that only one C=C z-bond coordinates with
C1-IN1.

In C1-IN2-1, there is an obvious interaction between Pd and
C4=C5 (the Pd—C4 and Pd—C5 bond distances are 2.267 and

Table 1. The NBO charges §, Wiberg bond orders Pj and electron density p(r) at the BCPs for species in the C1-1-1 and C1-3-2
Species Atom 8 Bonds P Species Atom 8 Bonds Pj
C1-IN2-1 Pd 0.65 Pd-N1 0.50 C1-IN2-3 Pd 0.65 Pd-N1 0.52
c4 —0.53 Pd-N2 0.60 €9 —0.11 Pd-N2 0.59
c5 —0.30 Pd-C4 0.25 7 —0.53 Pd-C6 0.19
N1 —0.61 Pd-C5 0.21 N1 —0.59 Pd-C7 0.24
N2 —0.51 C4-C5 1.63 N2 —0.52 c6-C7 1.59
C1-TS1-1-1 Pd 0.67 Pd-N1 0.33 C1-TS1-3-2 Pd 0.65 Pd-N1 0.26
c4 —0.26 Pd-N2 0.49 cé —0.74 Pd-N2 0.63
c5 —0.45 Pd-C5 0.27 c7 0.15 Pd-C7 0.04
N1 —0.70 C4-C5 1.34 N1 —0.72 C6-N2 0.42
N2 —0.55 C4-N2 0.47 N2 —0.48 c6-C7 1.23
C1-IN3-1-1 Pd 0.61 Pd-N1 0.33 C1-IN3-3-2 Pd 0.53 Pd-N1 0.54
c4 —0.28 Pd-C5 0.58 c4 —0.43 Pd-C4 0.00
C5 —0.23 Pd-C6 0.18 c5 —0.23 Pd-C5 0.01
c6 —0.06 Pd-C7 0.33 cé 0.05 Pd-C7 0.74
c7 —0.545 C4-C5 1.03 7 —0.51 C4-C5 1.98
N1 —0.56 C4-N2 0.97 N1 —0.62 C6-N2 0.94
N2 —-0.77 c6-C7 1.53 N2 —0.54 c6-C7 1.00
C1-TS2-1-1 Pd 0.39 Pd-N1 0.18 C1-TS2-3-2 Pd 0.46 Pd-N1 0.28
c4 —0.27 Pd-C5 0.23 c4 —0.61 Pd-C4 0.26
cs —0.12 Pd-C6 0.25 5 —0.28 Pd-C5 0.02
@) —0.14 Pd-C7 0.36 (@3 0.06 Pd-C7 0.38
c7 —0.54 C4-C5 1.03 c7 —0.37 C4-C5 1.68
N1 —0.53 C5-N1 0.51 N1 —0.65 C6-N2 0.94
N2 —0.64 Cc6-C7 1.55 N2 —0.54 C7-N1 0.52
C1-IN4-1-1 Pd 0.16 Pd-N1 0.00 C1-IN4-3-2 Pd 0.20 Pd-N1 0.01
c4 —0.28 Pd-C5 0.01 c4 —0.57 Pd-C4 0.42
c5 —0.08 Pd-C6 0.36 c5 —0.38 Pd-C5 0.41
ce6 —0.10 Pd-C7 0.39 cé 0.09 Pd-C7 0.00
c7 —0.55 C4-C5 0.98 c7 —0.23 C4-C5 1.59
N1 —0.53 C4-N2 0.96 N1 —0.58 C6-N2 0.94
N2 —0.58 c6-C7 1.57 N2 —0.58 C7-N1 0.96
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Figure 1. B3lyp/6-31+g” calculated structure of C1-IN1, R2, and C2-IN1
Cl1-IN1-1 LUMO (-0.11}) C2-IN1-1  LUMO (-0.098) R1 HOMO (-0.24)
Figure 2. B3lyp/6-31+g” calculated LUMO of C1-IN2-1 and C2-IN2-1, HOMO of R1. The energies of orbitals are given in eV
2309 A, respectively). The LUMO (7*) energy of C2-IN1-1 is The structures of the transition states for the first oc_y bond

—0.11 eV and the HOMO () energy of R2 is —0.24 eV (Fig. 2). The formation C1-TS1 are shown in Figs 3 and 4. In C1-TS1-1-1,
lower energy gap between the two molecular orbitals make them C4—C5—Pd—N2 forms a four-membered ring and the electron
easier to coordinate with. Due to the crowded configuration of density of RCP is 0.042. The bond distance between C4 and N2 is
C1-IN2-3, the difference in bond length between Pd—C6 and 2.036 A, which indicates the tendency to form o-bond. It can be
Pd—C7 in C1-IN2-3 (0.083 A) is!arger than that between Pd—C5 testified by the Wiberg bond index Pjn>—c4) (0.47) and the
and Pd—C6 in C1-IN2-1 (0.042 A), and the NBO charge difference electric density of BCP (0.074) (Fig. 5). The bond distances of
between C6 and C7 in C1-IN2-3 (0.42) is larger than that between Pd—C6 and Pd—C7 are 2.314 and 2.615A, respectively, while
C4 and C5 in C1-IN2-1 (0.23). those of P; are 0.17 and 0.11. It suggests that the interaction
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Figure 3. B3lyp/6-31+g” calculated structures of C1-1-1
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Figure 4. B3lyp/6-31+g” calculated structures of C1-3-2

between Pd and C6—C7 is weakened. In the next step they can
form 7% bond easily, which agrees with the supposition of
experiment. The 7§ bond configuration prevents the occurrence
of 1,4-addition reaction. The bond distances of Pd—N1 and
Pd—N2 are 2.101 and 2.042 A, respectively, which are slightly
longer than those in C1-IN1-1-1.

Based on NBO analysis, second-order perturbation of donor-
acceptor interactions is used to estimate the strengths of the
donor-acceptor interactions of the NBOs. The larger stabilization
energy implies stronger interaction between donor and acceptor.
In C1-TS1-3-2, C6—C7—N2—Pd also forms a four-membered
ring, and the configuration is very similar to the four-membered
ring in C1-TS1-1-1. The NBO analysis of C1-TS1-1-1 shows
that C5 coordinates with Pd by the lone pair of electrons to
form m-back-donation bond and the stabilization energy
of LPcs— N2—C4 is quite large (88.78 kcal/mol). However, in
C1-TS1-3-2, the Pd d-orbital interacts with the C7 p-orbital to
form o-bond, and the largest stabilization energy of the bond
N2—C4 comes from the m-bond C4=C5 (17.85 kcal/mol).
Moreover, there is obvious steric interaction between the

YL I L
g CLNEFE 9.7
A NN 665

C1-TN3-3-2

C1-1N4-3-2

substituted groups of N2 and C4=C5. All of these indicate that
the formation of C4—N2 o-bond is easier in C1-TS1-1-1 than in
C1-TS1-3-2. The computed energy barriers of C1-TS1-1-1 and
C1-TS1-3-2 are 144.40 and 160.24 kJ/mol, respectively.

The geometries of C1-TS1 are similar to C1-IN2, which indicate
that they are early transition states. The relative higher energy
barrier shows that the C—N o-bond formation step is the
rate-determining step for this reaction channel.

In C1-IN3-1-1, Pd—N1—C1—N2—C4—C5 form a six-
membered ring, the bond distance of N2—C4 is 1.461 A
and Pj; is 0.97, which indicates N2—C4 is o-bond. It can be
seen from Fig. 3 that the interaction between Pd and C6=C7 in
C1-IN3-1-1 is stronger than in C1-TS1-1-1. The bond distances of
Pd—C5, Pd—C6, and Pd—C7 are 2.038, 2.190, and 2.306A,
respectively. The bond lengths of C5—C6 and C6—C7 are 1.468
and 1.400A, respectively. These results suggest that Pd is
coordinate with the n} bond of C5, C6, and C7, whereas, in
C1-IN3-3-2, the bond distances of Pd—C4 and Pd—C5 are 3.270
and 3.778 A, respectively, and the long distance indicates that Pd
only coordinates with C6 instead of 7§ bond. From Fig. 6, we can

C1-TS1-1-1 C1-TS2-1-1

C2-TS1-1-2 C2-TS2-1-2

Figure 5. Two-dimensional electron density contours for all the transition states of pathway C1-1-1 and C2-1-2 (including electron densities of some

selected BCPs and RCPs)
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Figure 6. B3lyp/6-314g” calculated relative free energies for C1-1-1 and C1-3-2. The energies are given in kJ/mol

see that C1-IN3-1-1 is more stable than C1-IN3-3-2 (relative
energies are —53.48 and 51.44kJ/mol, respectively), and
C1-IN2-3-2 (relative energy is 6.05kJ/mol) is more stable
than C1-IN3-3-2. Therefore, the pathway from C1-IN2-3-2 to
C1-IN3-3-2 is difficult to occur, which agrees with the
experimental result.

C1-IN3, through another intramolecular C—N o-bond for-
mation, produces the product-catalyst complex C1-IN4. In
C1-TS2-1-1, the transition state involves a N1—CI1—N2—
C4—C5 five-membered ring and the electron density of RCP is
0.038. The C5--N1 bond distance is 2.106A; P; is 0.51; the
electron density of BCP is 0.064. With these results, it
demonstrates that N1 and C5 have the tendency to form
o-bond. The bond distances of Pd---N1 and Pd---C5 are 2.381
and 2.385A, respectively, and their P; are 023 and 0.18,
respectively. It indicates that the interaction between them is
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Figure 7. B3lyp/6-31+g” calculated structures of C2-1-2

C2-TS1-1-2

very weak. In the product-catalyst complexes C1-IN4, Pd
coordinates with C—=C and it can regenerate the catalyst by
releasing product.

An overview of the channels catalyzed by Pd suggests that the
favorable pathways are those in which the terminal C atom of
isoprene reacts with the N atom to form C—N o-bond and the
first oc_n-bond formation is the rate-determining step. However,
from the energy viewpoint, the high barriers of those rate-
determining steps indicate that the channels catalyzed by Pd are
difficult to occur.

Mechanism of Pd(NCMe)-catalyzed reactions

The catalytic cycle catalyzed by Pd(NCMe) is similar to that
catalyzed by Pd, which involves 16 pathways depending on the
relative C=C orientation coordinated with Pd. As mentioned
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1507 above, the pathways of the terminal C atom, which react with N

atom to form C—N o-bond are favorable. Hence, those pathways

of B-C, which react with the N atom are not involved in the
C2-T$2-1-2(44.11) reaction cycle. Furthermore, only the favorable channel C2-1-2 is
discussed. The structures of the intermediate and transition
states of other channels are illustrated in Figs S7-513.

The structures of the intermediate and transition states in
C2-1-2 are shown in Fig. 7. In C2-IN2-1-2, Pd coordinates with
C4=C5. The bond lengths of Pd—C4 and Pd—C5 are 2.342 and
2470 A, respectively, and their P; are 0.20 and 0.16, respectively.
The structure of the transition state C2-TS1-1-2 is similar to that
of C1-TS1-1-1. The main difference between them is in the bond
C2-IN4-1-2(-163.22) distances of Pd—C5, Pd—C6, and Pd—C7 (2.172, 2.314, and

2.615A in C1-TS1-1-1, 2.277, 3210, and 4.042 A in €C2-TS1-1-2,
Figure 8. B3lyp/6-31+g" calculated relative free energies (in ki/mol)  respectively). These results show that the interaction between Pd
for €2-1-2 and C6=C7 is very weak in C2-TS1-1-2.
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Figure 9. The orbital interaction diagram in C1-TS1-1-1 and C2-TS1-1-2 (the AOMix-CDA calculation, based on B3LYP/6-31+g* results). The
corresponding FO contributions greater than 5% are illustrated
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It can be seen from the energy profile (Fig. 8) that C2-TS1-1-2 is
the rate-determining step of this channel. Compared with
C1-TS1-1-1 (144.40kJ/mol), the energy barrier of C2-TS1-1-2
(116.01 kJ/mol) is lower.

In order to understand the details of the C—N bond formation,
AOMix program was performed to analyze transition states
C1-TS1-1-1 and C2-TS1-1-2 (see Fig. 9). In AOMix analysis,
the structure of C1-TS1-1-1 is separated into isoprene (fragment
1) and Pd[CO(NEt)2] (fragment 2), and C2-TS1-1-2 s
separated into isoprene (fragment 1) and Pd[CO(NEt)2](NCMe)
(fragment 2), respectively. In C1-TS1-1-1, the orbital which has
the tendency to form C4—N2 o-bond is HOMO-8, composed of
22.5% HOFOisoprene, 38.1% HOFO'6pd[C0(NEt)2], and 17.4%
HOFO-7pgiconen2)- The energy difference between HOFOisgprene
and HOFO-6pqiconey2 i 2.22 eV/mol while the energy difference
between HOFOisoprene and HOFO'7Pd[CO(NEt)2] is 2.68eV/mol.
In C2-TS1-1-2, the orbital which has the tendency to form
C4—N2 o-bond is HOMO-5, which mainly comes from 11.7%
HOFoisoprene: 14.7% HOFO-1 isoprener 56.8% HOFO'4Pd[CO(NEt)Z](NCMe)r
and 10.0% HOFO-5p4iconen2iiname)- The highest energy difference
among them is only 0.78eV/mol. The low orbital energy
difference of fragments indicates that the orbital between
fragments is easy to overlap, and easy to form C4—N2 o-bond.
Comparing €2-TS1-2 with C1-TS1-1-1, we can see that C4—N2
in C2-TS1-2 is easier to form o-bond. Inspecting Figs 5 and 7, the
lower energy barrier (116.01 kJ/mol) in C2-TS1-2 leads to this
step which is easier to occur.

The structures of C2-IN3-1-2, C2-TS2-1-2, and C2-IN4-1-2 are
all similar to channel C1-1-1. The energy barrier of the second
C—N bond formation is also obviously decreased (112.84 kJ/mol
for C2-TS2-1-2), and the released energy (163.22 kJ/mol) is much
higher than that of C1-TS1-1-1 (102.20 kJ/mol). Obviously, the
reaction catalyzed by Pd(NCMe) is more favorable.

CONCLUSION

In summary, the intermolecular diamination reactions of ureas
and dienes catalyzed by Pd(ll) complexes discovered by
Booker-Milburn and his co-workers have been theoretically
studied using DFT in this work. On the basis of the calculations,
we find that the intermolecular diamination reaction mechanism
involves the dissociation of ligand, which gives active catalyst,
followed by two C—N bond formation between the carbon atom
of diene and nitrogen atom of urea.

In the step of C—N bond formation, each carbon atom of
isoprene can react with the nitrogen atom of Pd[n*-(NEt),
COJ(NCMe) or Pd[n*~(NEt),COl. The coupling of the terminal
carbon atoms with nitrogen atom are found to be kinetically
favored than the coupling between B-C atoms and nitrogen
atom. The transition states, which form the first C—N bond, are
the rate-determining steps in the reaction. To understand the
infection of ligand number in catalyzed cycle, molecular orbital
and NBO analyses are performed. The lower orbital energy
difference between the fragment orbitals and the weaker
coordination of Pd—N in the channels catalyzed by
Pd[n?-(NEt),COI(NCMe) makes the formation of C—N bond
easier. The energy barriers of rate-determining in the channels
are decreased. The reaction catalyzed by Pd[?-(NEt),COl(NCMe)
yielding dominant product is favorable, and it is in agreement
with experiments.
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