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Abstract

Based on a study of Wei Zeng et. al.[7], where the synthesis of gem-diamino acid esters from 2-
iminoacetic acid esters and amides, with various N- and C-substituents, respectively, is reported, a
modeled reaction, where the latter substituents were replaced by H, was simulated by means of DFT. A
reasonable reaction mechanism was found for the formation of 2-amido-2-aminoacetic acid from
formamide and 2-iminoacetic acid. Moreover, possible side reactions were simulated and discussed.
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picture 1: the investigated reaction
1. Introduction

The reaction of amides with imines is a well known method in order to synthesize gem-diamines and its
derivatives [1, 2]. gem-diamino carboxylic acid derivatives play an important role as biologically active
molecules [3, 4], for example, as inhibitors of HIV-1 protease [5] and E. coli [6]. Wei Zeng et. al. [7]
synthesized gem-diamino acid esters from 2-iminoacetic acid esters and amides, with various N- and C-
substituents, respectively. As amide substituents R,, phenyl, 4-methylphenyl and others were used, the
iminoacetic acid esters were N-substituted with phenyl, 4-methoxyphenyl and others (substituents R;) as
Rs, ethyl was used. Wei Zeng et. al. used Cu(Il) and various phosphanes as catalyst, resulting in "good to
excellent" [7] yields. However, the reaction mechanism has hitherto remained unclear.

The present study provides insights into this reaction mechanism. Interestingly, Wei Zeng et. al. report that
gem-diamino acid esters were also yielded "in traces" [7], if no Cu(II)-catalyst was used. For the latter
reaction (without catalyst), several mechanistic pathways were simulated by theoretical means. It turned
out that the investigation of the non-catalyzed synthesis of gem-diamino acetic esters also provides
information for the catalyzed reaction. Obviously, one or more side reactions draw responsible for the low
yield of the desired product. In the present study, a possible mechanism for one of these competing
reactions is proposed in order to elucidate inhibiting and competing factors. All substituents Ry (with x=1,



2 or 3), were modeled as H. The replacement of larger substituents by H or CH; is commonly done in
order to reduce computational requirements, as for the calculation of enzymes [8]

For Ry, R, and R; set as H, picture 2 gives a schematic overview over the calculated reaction pathways. A
reaction mechanism, where formamide directly adds to 2-iminoacetic acid, was calculated. This reaction
mechanism proved to be highly unlikely due to a high kinetic barriers. This is why it was searched for
another reaction pathway. Indeed, an alternative pathway was found, which is considerably more probable.

Amide-imidic acid- tautomerism has been investigated in a wide variety of contexts [9, 10, 11, 12],
including the author’s own work [13], as well as experimentally [14, 15]. In the alternative pathway,
amide undergoes a tautomerism reaction, which is catalyzed by 2-iminoacetic acid. The resulting imidic
acid then adds to the former, resulting in 2-amido-2-aminoacetic acid, where the amide- and amine
moieties are in gem-position. A possible side-reaction was also elucidated. It was found that imidic acid
may attack on the a-C, as shown in picture 2, resulting in N-(1,1- dihodroxy-2-iminoethyl)amide.
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picture 2: schematic representation of the main reaction pathways and the side reaction

The results provide explanations why the yield of the main product 2-amido-2-aminoacetic acid and its
substituted derivatives is low, and why a transition metal catalyst is needed.

1.1. Methods and Theory



All molecules were modeled by means of DFT, applying the range-separated hybrid-meta-GGA-functional
M11 designed by Truhlar et. al, which has been proven to perform well for DFT calculations [16, 17], as
well as for TDDFT [18]. For all molecular states in chapter 2.1., where the reaction mechanisms are
discussed, 6-31G(d,p) was used as basis set [19], polarization functions (d,p) were added [20].

The triple-zeta basis 6-311++G(d,p) [21], including diffuse functions [22], was applied for certain decisive
molecular states. These states were fully re-optimized with the latter basis and used for wavefunction
analysis in chapter 2.2. Moreover, the triple-zeta optimized states were compared to their respective
double-zeta analogues in order to check the reliability of 6-31G(d,p). The basis sets were partly retrieved
from EMSL basis set exchange homepage [23, 24, 25].

All molecular states were geometry optimized and frequency analyzed, obtaining no negative eigenvalue
of the resulting Hessian matrix for ground states and one negative eigenvalue for transition states. Gibbs
free energies were calculated by adding entropy correction terms obtained from frequency analysis to the
respective molecular electronic energy.

All ground states were abbreviated as GS and distinguished by capital letters, for example: GS_A, GS_B,
and so on. Transition states were abbreviated as TS, followed by two capital letters, which are assigned to
their respective ground states. For example, the transition state between GS_A and GS_B was named
TS_AB. Single atoms were named by their element symbol and their numbering within the respective
molecule. For example, nitrogen with the number 5 was named as N5, oxygen with number 2 was named

as 02 (not to be confused with O,).

Transition states were verified as connecting links between their respective ground states by IRC
calculation [26].

Dimer coordination energies were counterpoise corrected in order to diminish basis set superposition error
[27, 28].

Optimization and frequency calculations were carried out with GAMESS-US [29, 30].

In order to obtain chemically intuitive information, wavefunction analysis, including Mayer bond order,
ADC-Hirshfeld charges, electrostatic potential surface and Ruedenberg orbitals, was performed for certain
decisive molecular states. All wavefunction-analyzed states were calculated and optimized with 6-311+
+G(d,p). Atomic dipole-corrected Hirshfeld charges [31] were calculated from GAMESS-output. Atomic
dipole corrected (ADC) Hirshfeld charges are taking the atomic dipole moments into account, using the
assumption that the sum of all atomic dipole moments equal the molecular dipole moment. The resulting
correction term is added to the conventional Hirshfeld charges [32].

Mayer bond orders [33, 34] were calculated from the latter geometry-optimized states in order to gain
further information about their molecular structure. Moreover, electrostatic potential surfaces [35] were
calculated in order to elucidate nucleophility and electrophility of the molecules analyzed. Ruedenberg
orbitals [36] were directly calculated with GAMESS-US. These localized orbitals provide better insights
into intramolecular electronic interaction. Ruedenberg orbitals were visualized with Jmol [37].

ADC Hirshfeld charges, Mayer bond orders, charge-transfer-analysis and electrostatic potential surfaces
(EPS) were calculated with MULTIWFN [38], which is a highly recommendable tool for a deeper
understanding of the electronic structure of molecules. Electrostatic potential surfaces, calculated using



the latter, were visualized with VMDI 39]. Molecular geometries were visualized with chemcraft ® [ 40].
Chapter 1.1. of this study and the acknowledgments were largely adopted from Lit. [13].

2. Results and Discussion
2.1.1. Overview

Four reaction mechanisms were simulated: H-rotation, direct amide addition, imidic acid formation and
addition, and finally a side reaction. They are connected as illustrated picture 3. Outgoing from 2-
iminoacetic acid and formamide, loosely connected to each other (GS_A), a H-rotation takes place,
leading to GS_B. Continuing from GS_B, there are two different pathways for the formation of 2-amido-
2-aminoacetic acid GS_F: the first pathway describes addition of amide, the second one is the formation
and addition of imidic acid. These two pathways describe the main reaction, since GS_F is referred to as
the desired product in lit. [7].
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picture 3: outline of all reaction pathways

From GS_J, which is an intermediate of the imidic acid addition-pathway, the side reaction bifurcates,
leading to N-(1,1- dihodroxy-2-iminoethyl)amide GS_L, and, via elimination of H,O, to N-formyl-2-
iminoethanamide and H,O, GS_N.
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picture 4: comparative energy profile of all reaction pathways. H-rotation is assigned to imidic acid
addition. The energy barrier of TS_DE is out of scale.

An energy comparison (Gibbs free energies, basis set: 6-31G(d,p)) of all reaction pathways is shown in
picture 4. Noteworthy, TS_KL, which is the rate-determining step for the side reaction, is slightly lower
than TS_JF. All reaction mechanisms are discussed in detail in the following chapters.

2.1.2. H-Rotation

As a starting point for all reaction pathways, GS_A was chosen. Free energies of all the other states are
related to GS_A, which is set as 0,0 kcal/mol. In GS_A, formamide is connected with iminoacetic acid via
hydrogen bonds. The bond lengths can be seen in picture 5. In order to enable amide-imidic acid
tautomerism, GS_A has to be transformed into GS_B by hydrogen rotation. In transition state TS_AB
(+22,35 kcal/mol), hydrogen H10 rotates upwards along the amide- O2, while the iminoacetic acid rotates
downwards along H10 (picture 5).
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picture 5: monomer and dimer bond lengths (in angstroms), dimer formation energy, H-rotation

In the resulting GS_B, the imine moiety is switched from E- to Z- configuration, which is necessary for
the following tautomerism reaction within the imidic acid addition-reaction pathway. The direct amide
addition also has a connection to GS_B. Thus, both main reaction mechanisms are directly comparable.
The structure of the DFT/M11/6-31-G(d,p) modeled amide is taken from lit. [13].

2.1.3. Direct Amide Addition

Outgoing from GS_B, the amide undergoes a rotation around the N-H10-N-axis in the transition state
TS_BC, which is 2,58 kcal/mol higher in energy than GS_B (the atom numbering is always the same is in
GS_A). The dihedral angle between 2-iminoacetic acid and formamide in TS_BC is 98,9° (measured as
the dihedral angle N5-H4-N9-H10, where N5 is the amide-nitrogen, H4 is the amide hydrogen which is
bound to the imine-nitrogen N9, H10 is the hydrogen of the imino group). This rotation results in GS_C,
which exhibits an almost planar structure. The O2-H8 bond length is 2,16 angstroms, see picture 6. From
GS_B to GS_C, the amide undergoes an approximate 180-degree rotation. In TS_CD, the O2-H8 bond is
broken, since the CHO-moiety of the amide (atoms C1, O2 and H3) rotates along the amide-N-C-axis
(atoms N5 and C1). This transition state exhibits a relatively high energy barrier of 21,26 kcal/mol relative
to GS_QC, since it describes an intra-molecular rotation. In the resulting GS_D, formamide shows only one
hydrogen bond with iminoacetic acid. Its length is 2,13 angstrom, see picture 6. GS_D serves as starting
point for the actual amide-addition transition state TS_DE. It is 54,57 kcal/mol higher in energy than
GS_A and 57,75 kcal/mol higher than GS_B. It is thus the rate-determining step.

The resulting product GS_E shows lower free energy than GS_A and GS_B, respectively. This is in
accordance with the experimental results of Zeng et. al [7].
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Nevertheless, it seemed doubtful that a reaction mechanism which passes an energy barrier of over 50
kcal/mol is thermodynamically possible. Further electronic properties of TS_DE will be discussed in
chapters 2.2.2 and 2.2.3.

For comparison reasons, the transformation from GS_E to GS_F was also calculated, since GS_F is the
product of the reaction mechanism based on imidic acid, which will be discussed in the following chapter.
GS_F is formed by rotation of the CHO-moiety (atoms C1, O2 and H3), which requires 15,91 kcal/mol
(TS_EF). This considerably high energy can be explained by the C1-N5-bond length of1,44 angstroms,
which indicates a bond order higher than 1.
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picture 6: reaction mechanism for the direct amide addition

Since GS_B and GS_F serve also as the educt and product states, respectively, of the alternative reaction
mechanism, which will be discussed in the following, the both mechanisms are thermodynamically
connected to each other and thus directly comparable.

2.1.4. Imidic Acid Addition

The alternative reaction mechanism, which involves imidic acid formation and addition, also starts with
GS_B. By undergoing TS_BH, imidic acid is formed. 2-iminoacetic acid hereby serves as catalyst. Its
imino group provides one hydrogen for migration to the amide-oxygen, while the amide-nitrogen donates
one hydrogen to iminoacetic acid (picture 7). The latter switches thus back from Z- to E-configuration in
GS_H. Remarkably, this tautomerism reaction bears a lower energy barrier (20,89 kcal/mol relative to



GS_A, 24,07 kcal/mol relative to GS_B) than the autocatalyzed formamide tautomerism, as investigated
in lit [13]. On the other hand, the iminoacetic acid-catalyzed tautomerism is only possible if the imine-N is
H-substituted. For other substituents, the tautomerism is supposed to be autocatalyzed as described in the
latter literature, requiring an energy of 28,6 kcal/mol for overcoming the energy barrier (lit.[13]). On the
other hand, it may be considered that the amide-imidic acid tautomerism requires lower energy, if a
transition metal catalyst is present, as described in Wei Zeng's experimental study [7]. In the latter study, a
Cu(II)-catalyst was used for the reaction of N - unsubstituted amides with substituted iminoacetic acid
esters. An experimental investigation, using unsubstituted iminoacetic acid esters, would thus be
elucidating.

Nevertheless, the following reaction steps may also provide information concerning Wei Zeng’s
experimental results [7], because the substituents used for the latter study are not directly involved in the
reaction mechanism described here.
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picture 7: reaction mechanism of imidic acid formation and addition

The planar geometry of GS_H is broken in TS_HI, which produces an energy barrier of 3,57 kcal/mol.
The dihedral angle between imidic acid and iminoacetic acid is -79,2°, (measured as the angle between
atoms C7-N9-02-C1), and is relaxing to -39,2° in GS_I. The latter ground state state bears a N-H-O
hydrogen bond of 1,99 angstroms length, see picture 7. For the actual addition step, the imidic acid has to
undergo a further slight rearrangement step, which is described as TS_IJ. In this transition state, the
imidic acid moves from the imine group of iminoacetic acid to the carboxyl-oxygen O12, thus elongating
the N-H-O bond from 1,99 to 2,11 angstroms. A further hydrogen bond to O12 is formed with the length
of 2,24 angstroms. The energy barrier of 0,67 kcal/mol is comparably small. The resulting GS_J shows
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respective hydrogen bonds of 2,51 and 1,91 angstroms length. From GS_J, imidic acid undergoes the
actual addition step via TS_JF. This transition state combines electrophilic hydrogen (H10; the imidic
acid hydrogen bound to O2) migration and nucleophilic nitrogen addition (N5; imidic acid nitrogen), see
picture 7. Atom H10 migrates to N9, the N9-H10 bond length in TS_JF is 1,34 angstrom, the H10-O2
bond length is 1,17 angstroms. N5 migrates to C7, the bond length is 2,00 angstroms. This transition state
directly leads to the product 2-amido-2-aminoacetic acid GS_F, which is described in the former chapter.
Bearing the largest energy barrier, TS_JF is the rate determining step. It is nevertheless considerably
lower than the rate determining step of the amide addition, which is +54,57 kcal/mol. The imidic acid
addition was therefore considered as favored reaction mechanism.

Indeed, Wei Zeng et. al. [7] reported that this reaction (using 4-methoxyphenyl as substituent for the
iminoacetic ethyl-ester-N and 4-chlorophenyl as substituent for the amide-C) yielded the product "in
traces", even when no Cu(II)-catalyst was present lit. This gave support to the assumption that the
proposed reaction mechanism via imidic acid addition is thermodynamically possible. On the other hand,
the role of the catalyst still has to be discussed, since it causes higher yields of the desired product. It was
supposed that a side reaction competes with the imidic acid addition. In fact, a side reaction, which is
kinetically slightly favored, was discovered. It moreover explains a decisive function of the catalyst.

2.1.5. Side Reaction

A possible side reaction was found to be outgoing from GS_J, which is an intermediate state of the imidic
acid addition (picture 8). In TS_JK, iminoacetic acid undergoes an intramolecular rotation of its imine
moiety around the C7-C11- axis. The dihedral angle O12-C11-C7-N9 changes from 10,906° in GS_J to
24,899° in TS_JK. The energy barrier from GS_J to TS_JK is 3,09 kcal/mol. In the resulting ground
state GS_K, the respective dihedral angle relaxes to 170,742°. The latter ground state is a starting point
for a concerted addition reaction of imidic acid nitrogen to the a-C of iminoacetic acid, while the imidic
acid H10 migrates to carboxyl-oxygen O12, undergoing transition state TS_KL. The side reaction thus
differs from the main reaction, insofar as in the latter, the imidic acid-N adds to the -C of iminoacetic
acid and H10 migrates to N9. Noteworthy, TS_KL is lower in energy (+24,58 kcal/mol relative to GS_A)
than TS_JF, which is +25,17 kcal/mol in free energy. Since these two steps are rate-determining for their
respective reactions, it can be concluded that the side reaction is kinetically favored over imidic acid
addition. On the other hand, the energy difference between both rate-determining steps is rather small (-
0,59 kcal/mol), which may explain the result described in the study of Wei Zeng et. al, lit[7], that gem-
diamino acid derivatives are still found "in traces".

On the other hand, the role of a transition metal catalyst is also elucidated by TS_KL: Iminoacetic acid (or
the respective esters) are supposed to coordinate to a transition metal center via the carboxyl-atom 012
(see discussion in chapter 2.2.4). A metal-coordinated oxygen O12 should have considerably less electron-
donating properties than in free state. A migration from H10 to O12, as described in TS_KL, would thus
be thermodynamically impossible, since the metal center and H10 would have to compete for the oxygen
electrons. Consequently, it can be stated that a transition metal catalyst inhibits the side reaction. TS_KL
results in N-(1,1- dihodroxy-2-iminoethyl)amide GS_L, which may be considered as stable intermediate,
since it is considerably lower in energy than GS_J, although less stable than GS_F. This indicates that, at
high temperatures, where an energy barrier of 25,17 kcal/mol (as described by TS_JF) can be overcome,
GS_F appears to be the favored product. However, this is in contradiction to the experimental results [7].

This is why it was searched for another final product of the side reaction with lower energy. A reaction
mechanism, where one H,O is eliminated from GS_L, was thus simulated. In TS_LM, a hydrogen bond
between one OH-moiety and the amide-O (O2) is to be formed, 1,87 angstroms in length. It can be seen
that the geminal OH-group undergoes a rotation. In GS_M, the rotation is accomplished and the hydrogen



bond relaxes to 1,83 angstrom. In TS_MN, H,O is eliminated, requiring a considerably high energy of
42,51 kcal/mol. Unfortunately, the resulting product GS_N is still 16,32 kcal/mol higher in energy than
GS_F. This indicates that a side reaction based only on one formamide and one iminoacetic acid does not
explain the experimental results fully. It may thus be discussed if a second amide or a second iminoacetic
acid is involved in the side-reaction mechanism. This possibility will be discussed in chapter 2.2.4.
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picture 8: mechanism of a possible side reaction

2.2. Wave Function Analysis

In the following, several electronic aspects of certain reaction steps presented in this study are discussed.
The reliability of the basis set 6-31G(d,p) is compared to 6-311++G(d,p) in example of the most important
states. Moreover, electronic differences between the rate determining transition states TS_JF and TS_DE
were elucidated. Chemical properties of the most important states were discussed based on EPS-analysis
and Ruedenberg orbitals.

2.2.1. Reliability of the 6-31G(d,p) Basis Set

The reliability of the 6-31G(d,p) basis set was checked by comparison of several molecular states, which
were calculated with the triple zeta basis 6-311++G(d,p) with additional diffuse functions. Imidic acid,
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GS_A, GS_L, TS_KL, GS_N, TS_DE, TS_JF and GS_F were fully re-optimized with the stronger
triple-zeta basis. Their bond lengths an free energies can be seen in picture 9.
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picture 9: important molecular states , re-optimized with DFT/M11, 6-311++G(d,p)

All free energies were again set in relation to GS_A, which was re-calculated with the triple zeta-basis. As
can be seen, the energetic differences for TS_DE and GS_N, calculated with 6-31G(d,p) and 6-311+
+G(d,p), respectively, are relatively small. TS_DE, modeled with 6-311++G(d,p) is 0,44 kcal/mol lower
than the same molecule calculated with 6-31G (relative to GS_A, calculated with the respective basis
sets), for GS_N, the energy difference is 0,03 kcal/mol.

TS_JF and GS_F show larger deviations when calculated with those basis sets, since 6-311++G(d,p) is
more capable to describe weak interactions, but they are still within an acceptable range. TS_JF,
calculated with the triple-zeta basis set, is 2,87 kcal higher in relative energy than the same state modeled
with 6-31-G(d,p), GS_F is 2,07 kcal/mol higher. However, TS_JF exhibits, for both basis sets, a higher
energy than the competing TS_KL. It can thus be stated that 6-31G(d,p) describes the reaction kinetics
sufficiently for a qualitative analysis.

TS_DE, calculated with 6-311++G(d,p) shows bigger lengths for the N5-H4 bond (2,06 angstroms) and

the N5-C7 bond (2,50 angstrom) in comparison to TS_JF calculated with 6-31G(d,p), where the
respective distances are 1,91 and 2,43 angstroms.
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On the other hand, bond length deviations are smaller for GS_F, where the N9-C7 bond length is 1,43
angstroms for both basis sets. Also in GS_N, bond lengths of covalent interactions differ within in the
range of 0,01 angstroms in average.

2.2.2. Ruedenberg Orbital Analysis of TS_DE and TS_JF

The two rate-determining steps for the main reaction, resulting in GS_F, are TS_JF for the imidic acid
addition and TS_DE for the amide addition. Both transition states were analyzed and compared in order to
gain deeper insights into their electronic structures and to find explanations, why TS_JF is 26,09 kcal/mol
lower in energy than TS_DE. Ruedenberg localized molecular orbitals were calculated for both transition
states, employing DFT/M11 and 6-311++G(d,p) basis set. In the following, Ruedenberg localized
molecular orbitals are abbreviated as RO. RO’s of TS_JF are abbreviated as ROa with subsequent
number, RO’s of TS_DE are abbreviated as ROb. The advantage of Ruedenberg molecular orbitals lies in
their better interpretability, since respective RO’s of similar molecules (as TS_DE and TS_JF) can
directly be assigned to each other, and thus be compared.

TS_JF

energies in a.u.

DFT/M11
6-311++G(d,p)

ROa23
-0,5889

7
@ ROa30
"/ —— a ROa31
05906 -0.6438 -0,5318

picture 10: Ruedenberg orbitals of TS_JF, on the left: atom numbering of TS_JF
Although RO energies are not defined as clearly as MO energies, diagonal elements of Fock matrices,
transformed according to Edminston-Ruedenberg algorithm, may serve as energy comparison points. They

are therefore interpreted as RO-energies in the following.

It can be seen that ROa31 of TS_JF corresponds to ROb23 of TS_DE,; see picture 10 and picture 11. Both
RO’s are n-bonds of the imine moiety (atoms C7 and N9) of iminoacetic acid. ROa31 is higher in energy,
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obviously due to repulsive interactions with the formic imidic acid nitrogen (atom N5). Their energies are
-0,532 a.u. and -0,601 a.u., respectively.

TS DE e 9
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-0,81645

ROb29
: -0,5229
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picture 11: Ruedenberg orbitals of TS_DE, on the left: atom numbering of TS_DE

-0,42533

On the other hand, these repulsive interactions are compensated by lower RO energies of the formic
imidic acid oxygen (atom O2 for TS_JF and TS_DE, respectively). ROa23 corresponds to ROb25. They
are oxygen-p-electrons. The second corresponding p-electron pair of oxygen O2 can be found in ROa25
and ROb30, respectively.

These oxygen-p-electrons are energetically lowered in TS_JF due to its interactions with the migrating
hydrogen H10. In sum, they are 0,249 a.u. or 156 kcal/mol lower in energy than the oxygen p-electron
pairs of TS_DE.

Most interestingly, Ruedenberg orbitals clearly illustrate the differences of amide-N- (respective imidic
acid -N; atom N5) interaction with the imino acetic acid fragment between TS_JF and TS_DE. In TS_JF,
the imidic acid N has a lone pair (ROa26), which forms a sigma-bond to imino acetic acid-C (atom C7),
while the corresponding ROb29 of TS_DE points to the amide-hydrogen H4 and is 63,6 kcal/mol higher
in energy.

Also, the amide/imidic acid N-m-orbitals (the n-electrons of N5) are lower in energy in TS_JF (ROa30)
than in TS_DE (ROb 31). One main difference between ts1 and ts2 lies thus in the fact that the amide-N
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in TS_JF has a strong sigma- interaction with the iminoacetic acid C (atom C7), while the corresponding
N in ts2 shows m-interaction with C7, which is considerably weaker than the former.

These energetic disadvantages of the electronic structure TS_DE are partly compensated by a strong N-H
bond between N9 and H4. This o-bond is localized in ROb16 of TS_DE. It clearly corresponds to ROa29
of TS_JF. ROb16 has an energy of -0,816 a.u., and is thus 0,225 au. or 141,4 kcal/mol lower in energy
than ROa29.

Formation of a strong sigma bond between N9 and H4 thus proves to be a decisive stabilization factor for
TS_DE.

Nevertheless, ROb16 can not fully compensate the energy advantages of ROa26 and ROa30, which bind
with C7. In sum, the latter two RO’s are 0,3202 a.u. lower in energy than the corresponding ROb31 and
ROb29.

Summing up the results of Ruedenberg orbital analysis, the imidic acid-nitrogen of TS_JF shows a o-
interaction with the reacting C7, while TS_DE has a considerably weaker n-bond with the latter atom.

2.2.3. EPS analysis, Hirshfeld Charges and Mayer Bond Orders of TS_DE and TS_JK

Ruedenberg orbital analysis left some questions open, mainly, why N5 in TS_DE is not approaching
nearer to C7 (which is the electrophilic atom in this state), since N5-D7 is 2,5 angstroms. It was a matter
of discussion, whether C7 is an insufficient electrophile, or if another factor draws responsible for the big
N5-C7-distance. Since Ruedenberg algorithm is only available for occupied electrons, thus giving no
information about electrophilic properties, EPS analysis on TS_DE and TS_JF, modeled with 6-311+
+G(d,p), respectively, was performed. Besides that, ESP also provides information about nucleophilic
behavior.

14



+58,8 * f
. &
fragl P oy
’o\\k
/ ¢ +383
-48,7
+26.4
13, +29.44 \/ﬁ | 21,9
-62,3 frag2
- TS_DE 369 N 2
S +54,2
+46,5 -26,7 —_—
+e3 0 x ~418
°
-11,6/ rs +34,6

S 9 +40,7 i © &
o \ , +25,3 .
f Y —%

+23,8 S
9.8 +54,
+78,0 frag3 frag4

picture 12: electrostatic potential surface of TS_JF and TS_DE and their fragments; blue: surface
minima, red: surface maxima, energies in kcal/mol

Both states were split into their iminoacetic acid- and their respective amide/ imidic acid- fragments. The
fragments were calculated as single points (DFT/M11, 6-311++G(d,p)) and ESP-analyzed separately. As
illustrated in picture 12, fragl and frag2 are from TS_JF, frag3 and frag4 are from TS_DE. Note that the
migrating hydrogen H4 is assigned to the amide fragment frag 4 and to the imidic acid fragment frag2,
respectively. Interestingly, the global EPS maxima of frag2 and frag4 show both an energy of +54,2
kcal/mol. This indicates that the electrophility of H4 is almost the same for the amide-fragment as well as
the imidic acid fragment. Moreover, it should be expected that the amide-nitrogen N5 in frag2 has a high
nucleophility, since H4 is strongly dissociated, and it should thus show a low lying EPS-minimum within
its sphere. But surprisingly, the minimum which was found, is higher in energy (-18,0 kcal/mol) than the
N5-minimum of frag4, which has -36,9 kcal/mol. Obviously, H4 withdraws considerably electron density
in frag2, thus lowering the nucleophility of N5. This may partly explain, why N5 is very loosely bound to
C7 in TS_DE.

On the other hand, frag3 shows an EPS-maximum of +22,7 kcal/mol, which indicates high electrophility
of C7 within this fragment. However, it does not appear to support the addition reaction. EPS of the whole
TS_DE shows strong electron density migration from the aminoacetic acid fragment (a large maximum of
+78,0 kcal/mol, a maximum near C7 of +49,6 kcal/mol) to the amide, especially to O2 (a large minimum
of -62,3 kcal/mol). This is again surprising, since it indicates that the electrophilic attacking site of C7 in
frag3 complicates the amide-addition. The low minimum at O2 (-62,3 kcal/mol) furthermore coincides
well with high Ruedenberg orbital energies of O2.
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In comparison to the latter, it can be seen that in TS_JF, electron density migration due to fragment

interaction is moderate, since its EPS minima and maxima show only small alterations.
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picture 13: Mayer bond orders and ADC-Hirshfeld charges of GS_A, TS_DE and TS_JF

Atomic dipole-corrected Hirshfeld charges are in good accordance with the data obtained from EPS
analysis, as can be seen in picture 13. Although Mayer bond orders in TS_DE of N5-C7 and N5-H4 are
only 0,273 and 0,113, respectively, the ADCH-charge of N5, which is -0,39, is higher than the N5 in
GS_A, where the ADCH-charge is -0,616. Together with the results of the EPS-analysis, it can be

concluded that the migrating hydrogen H4 withdraws electron density from N5, thus diminishing its

nucleophility.

Interestingly, the ADCH-charge of N5 in TS_JF (-0,39) is as the same as in TS_DE. The reasons
therefore are different: The N5-C7-Mayer bond order is 0,467, indicating electron donation from N5 to

C7.

2.2.4. EPS Analysis of Several Ground States

Electrostatic potential surfaces of several decisive ground states were calculated in order to gain
information about their reactivity. All electrostatic potential surface calculations are based on the

DFT/M11-6-311++G(d,p) optimized states.
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picture 14: electronic potential surfaces of several ground states

An important matter to be discussed is the question, how the side reaction could proceed outgoing from
GS_L, GS_M or GS_N. It was supposed that another amide, imidic acid or iminoacetic acid could react
with one of these states. Therefore, an EPS minimum, which could probably serve as electrophilic reaction
site, was searched for. GS_M shows a minimum of -2,1 kcal/mol, which does not indicate big
electrophility, nevertheless it could serve as an attacking point for a concerted reaction similar to the
imidic acid addition. As can be seen in picture 14, N9 shows an EPS minimum of -14,9 kcal/mol, thus
indicating higher nucleophility than iminoacetic acid, where the corresponding minimum is -2,0 kcal/mol.
The latter should ease a further H-addition. In sum, it may be considered that imidic acid addition to
GS_M is possible.

Taking further into account that the diamide GS_F is 9,31 kcal/ mol lower in energy (for 6-31++G(d,p))
than GS_A with its imine moiety, it seems probable that adding a second amide to GS_L, GS_M or
GS_N, respectively, may result in a molecule which is more stable than GS_F. Each of the three former
states bear an imine moiety, an addition of a further amide should therefore again lower their energy for at
about 9 kcal/mol. This could be a subject for further studies.

In GS_N, a higher EPS maximum (+23,2 kcal/mol) can be found and is thus supposed to be a suitable
electrophilic reaction site. However, formation of GS_N via transition state TS_MN seems highly
unlikely due to its high energy barrier of 42,51 kcal/mol.

Nevertheless, it should be considered that elimination of H,O may be facilitated by a further amide serving
as catalyst. This could also be a matter for further investigation.
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Finally, the role of a transition metal catalyst is also a topic of interest. Coordination of iminoacetic acid
on a transition metal center, such as Cu?®*, should inhibit side reactions. EPS-analysis of isolated
iminoacetic acid (see also picture 9) shows a minimum between N3 and O6 of -47,0 kcal/mol. Although
there is no minimum which is assigned only to N3 or O6, the average electrostatic surface potential for
both atoms, N3 and O6, respectively, can be calculated. For N3 it is -24,5 kcal/mol, for O6, -26,1 kcal/mol
is calculated. This is why a coordination to a metal center via O6 is more probable. As a consequence, the
side reactions should be inhibited by a metal catalyst. Nevertheless, these EPS-based estimations can only
be a starting point for further studies.

Coordination of O6 of iminoacetic acid on a metal center would most probably increase electrophility of
C7, thus facilitating a nucleophilic attack of imidic acid N5. On the other hand, nucleophility of N9 would
be lowered, thus complicating the migration from H4 to N9. It cannot be predicted which effect would
outweigh the other, however, it seems unlikely that the big kinetic difference between amide addition an
imidic acid addition can be fully compensated by a catalyst, since EPS-analysis of the present states
supports the assumption that the "electronic hole" of C7 has lower influence than the nucleophility of N5.
The present study might thus give an insight into the transition metal catalyzed reaction mechanism.

3. Conclusions

The formation of 2-amido-2-aminoacetic acid from 2-iminoacetic acid and formamide is supposed to
proceed via imidic acid formation and and imidic acid addition. Direct amide addition shows considerably
higher energy barriers. Comparison of the respective rate-determining transition states by their
Ruedenberg orbitals have shown that imidic acid adds via strong c-interaction to the electrophilic C of 2-
iminoacetic acid, while formamide shows a weaker m-interaction to the respective C. Although 2-amido-2-
aminoacetic acid was lower in energy than any product of a possible side reaction, the rate- determining
energy barrier for the formation of N-(1,1- dihodroxy-2-iminoethyl)amide is lower than that of the imidic
acid addition. The side reaction is thus supposed to be kinetically favored over the main reaction.
Nevertheless, a more stable side reaction-product still has to be found. The results lead to the conclusion
that involvement of a transition-metal catalyst should inhibit the side reaction.
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