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The synthesis of substituted guanidines is of significant interest for their use as versatile ligands and for the synthesis
of bioactive molecules. Lithium amides supported by tetramethylethylenediamine have recently been shown to
catalyze the guanylation of amines with carbodiimide. In this report, density functional theory (DFT) calculations
are used to provide insight into the mechanism of this transformation. The mechanism identified through our
calculations is a carbodiimide insertion into the lithium—amide bond to form a lithium guanidinate, followed by a
proton transfer from the amine. The proton transfer transition state requires the dissociation of one of the chelating
nitrogen centers of the lithium guanidinate, proton abstraction from the amine, and bond formation between the
lithium center and the amine nitrogen. On the basis of this mechanism, further calculations predicted that aluminum
amides would also function as active catalysts for the guanylation of amines. We confirm this experimentally and
report the development of aluminum amides as a new main group catalyst for the guanylation of a range of

electron-poor amines with carbodiimide.

Introduction

The guanidine moiety serves as an essential constituent
for a number of biologically important molecules.' Conse-
quently, there is significant interest in methods to synthesize
substituted guanidines, with a typical route being the reaction
of an amine with an electrophilic guanylating agent.’
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Guanidines also exhibit flexibility in metal binding modes
and have therefore been widely employed in coordination
chemistry. Guanidines can coordinate to a metal in a variety
of modes, such as a neutral two-electron-donor or a mono-
dentate anionic ligand; however, the bidentate chelating
guanidinate ligand has garnered the most interest.® This
coordination mode provides a stable anionic or dianionic
chelating ligand with alkyl substituents that can be modified
to adjust the steric, electronic, or thermal properties of the
complex. Examples of the guanidinate ligand serving as a
support ligand are found in main group,* '* transition
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Scheme 1. The Guanylation of an Amine with Carbodiimide

NR Ry Re

5 mol% cat
+ -
¢ RiRaNH toluene =~ R- N N R
NR H

metal,'" and lanthanide chemistry.'? Simple and efficient
methods to synthesize guanidines will allow for the further
advancement of guanidine chemistry in biological applica-
tions, as well as the expanded development of metal
guanidinate complexes and their uses in catalysis.

A straightforward and atom economical route to guanidine
is the guanylation of an amine through its addition to a
carbodiimide (Scheme 1). This reaction proceeds directly for
nucleophilic amines; however, the guanylation of electron-
deficient amines, such as aniline, requires a catalyst. Ti- and
V-imido complexes have been found to be effective in this
regard.'*'* These catalysts appear to proceed through the
addition of carbodiimide across the metal imido bond,
followed by a proton transfer from the amine to this
cycloadduct, which releases guanidine and regenerates the
reactive metal imido bond. This catalyst pathway is limited
to primary amines, and reported examples require elevated
temperatures (> 100 °C) for the reaction to proceed. Although
these catalysts are efficient, their required synthesis can be
time-consuming and costly.

Very recently, a half-sandwich yttrium amide complex has
been used for the guanylation of secondary amines.'® This
catalyst differs from the Ti- and V-imido catalysts in that
the proposed mechanism is the insertion of carbodiimide into
a metal amide bond to form a guanidinate ligand (Scheme
2). The resultant guanidinate complex then undergoes a
proton transfer with the amine to release the guanidine and
regenerate the amido complex. Similarly, a half-sandwich
titanacarborane complex has been found to have high
guanylation activity, presumably through the same mecha-
nism.

The use of inexpensive, nontoxic alkali,'” alkali earth,'8
and main group elements'®! in the place of transition
metals in catalysis is a rapidly developing field. Recently, it
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Scheme 2. General Catalytic Cycle for the Guanylation of Amines
through the Carbodiimide Insertion—Proton Transfer —Mecha-
nism
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was found that tetramethylethylenediamine (TMEDA )-sup-
ported lithium amides®? are catalysts for the guanylation of
electron-deficient amines, operating efficiently under mild
reaction conditions.** Interestingly, the addition of TMEDA,
presumably through modulation of the lithium coordination
sphere, increased the reactivity of this catalyst system. While
this report included a suggested mechanism for the trans-
formation, a detailed mechanistic understanding would help
to explore the generality of the reaction, expand on the range
of substrates, and aid in the development of new catalysts/
cocatalysts. To the best of our knowledge, the mechanism
of guanylation of amines with carbodiimide catalyzed by Li
amides or any other catalyst has not been previously
examined in detail. In this contribution, we present a density
functional theory (DFT) study on the recently demonstrated
lithium amide catalyzed guanylation of electron-deficient
amines with carbodiimide. This computational study indi-
cated that an analogous catalytic cycle should be available
for aluminum amido species, which was corroborated with
further calculations. Herein, we also report the computa-
tionally motivated development of Al amido complexes as
effective main group catalysts for the guanylation of electron-
deficient amines with carbodiimide.

Results and Discussion

The Mechanism of Lithium Amide Catalyzed Guany-
lation. We have modeled the catalytic cycle of the lithium
amide/TMEDA catalyzed guanylation of a representative
electron-deficient amine, aniline, with diisopropyl carbodiimide.
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Scheme 3. Catalytic Cycle for Guanylation of Aniline with Carbodiimide with a TMEDA Supported Lithium Catalyst
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Our proposed reaction mechanism is shown in Scheme 3. Here, bonds has been used extensively in synthesis,”* > no

we have adopted the following convention for labeling of the
stationary points that have been optimized computationally.
Minimum-energy structures are labeled “Li—X", where X is
an alphabetic character ranging from A to G. Transition state
structures are designated “Li—TS#” where the number sign
corresponds to a numeric character assigned sequentially
according to discussion in the text. The “Li—" prefix is used to
distinguish between an analogous mechanism involving an Al
catalyst to be discussed in a later section.

The TMEDA coordinated lithium anilide, Li—B, as shown
in Scheme 3 was used as the putative active catalyst. In order
to achieve electronic and steric saturation, this species would
likely exist in equilibrium with its dimer species Li—A,
which is calculated to be 11.1 kcal mol~! more stable than
the monomer.

Carbodiimide Insertion. Upon formation of the mono-
mer, the first step of the proposed catalytic cycle involves
the insertion of carbodiimide into the Li—NHPh bond.
Although the insertion of carbodiimide into lithium amide
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computational study on this topic has been reported. On the
other hand, the insertion of carbodiimide into aluminum
amide and alkyl bonds has been extensively studied both
experimentally and computationally,®”'® and our model
follows the mechanism from these reports. Our computa-
tionally optimized structures and reaction energies for the
species presented in Scheme 3 are provided in Figure 1 and
Table 1, respectively.

The insertion step is initiated by the coordination of the
carbodiimide to the lithium center through a nitrogen lone
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Figure 1. Optimized structures for the carbodiimide insertion step into
the Li—NHPh bond. Labels correspond to Scheme 3 and Table 1.

pair of electrons, forming an adduct, Li—C. This coordination
is relatively weak, with a Li—N(carbodiimide) bond distance
of 2.20 A. The energetic cost of dissociating the lithium
dimer is only partially compensated for by the coordination
energy of the carbodiimide, and as a result, the relative
energy of the adduct, Li—C, is 14.6 kcal mol~! higher than
the free dimer, Li—A, and free carbodiimide.

Following the coordination of carbodiimide, the anilide
group migrates to the central sp carbon of the carbodiimide,
effecting an addition across a carbodiimide C—N double
bond through the transition state, Li—TS1. The migration
transition state is only 6.2 kcal mol™! higher in free energy
than the adduct, reflecting the highly polarized character of
the Li—N bond undergoing insertion. Although the barrier
for the migration is small with respect to the adduct, the
migration transition state sits 20.8 kcal mol ™! relative to the
free reactants. This addition leads to an intermediate species
possessing a guanidinate isomer (Li—D in Scheme 3 and
Figure 1), in which only one of the nitrogen centers
originating from the carbodiimide is bonded to lithium. This
ligand serves as an amido ligand (Ryi—x = 1.91 A) with
pendant electron lone pair donation from a phenylamine
group (Rii-x = 2.12 A). The addition step is energetically
favorable relative to the adduct formation (Table 1) due to
the creation of a new C—N bond.

The remaining step of the insertion is an isomerization of
the intermediate to form the appropriate guanidinate. This
process is thermodynamically driven, with the guanidinate
complex (Li—F) being 8.3 kcal/mol more stable than the
intermediate, Li—D, due to the formation of the delocalized
7 system in the former. The isomerization can occur though
a simple rotation around the Li—N—C—N dihedral, allowing
the second sp? nitrogen to coordinate to the lithium metal
and releasing the coordinated electron pair of the pendant
group. The optimized transition state, Li—TS2, for this
isomerization is depicted in Figure 1. During the isomeriza-
tion process, the interaction between the migrated anilide
group and the metal is lost, but because the interaction is
not strong, the barrier for isomerization is modest (14.5 kcal
mol ') and not rate-limiting.

When free guanidines (the product) are present in solution,
there is an alternative reaction pathway that we have explored
that avoids the isomerization transition state. This pathway
is shown in the lower part of Scheme 3 where the intermedi-
ate Li—D coordinates with an additional guanidine molecule
via its lithium center to form complex Li—E. The optimized
structure of Li—E, shown in Figure 2, reveals that this
complex possesses a hydrogen-bonding interaction between
the N—H bond of the incoming guanidine and the coordi-
nated nitrogen center of the existing guanidinate ligand. An
XRD structure of a similar compound has been reported by
Coles and Hitchcock,?® wherein a neutral guanidine serves
as a hydrogen-bond donor to a coordinated guanidinate. This
interaction facilitates the transfer of the proton to the
guanidinate ligand, which leads to the release of guanidine
and formation of the complex Li—F. It should be emphasized
that this process does not result in the net formation of a
guanidine product, but it can be described as a near
degenerate exchange of guanidine that has the same result
as the direct isomerization previously considered.

We find that this pathway is not thermodynamically
favorable, as the coordination of the incoming guanidine to
the metal in Li—E is weak, resulting in complex Li—E being
22.9 kcal mol~! less stable than the reactants. We attribute
the weak coordination of the incoming guanidine to the
TMEDA ligand mitigating the Lewis acidity of the lithium
center. Although the barrier to proton transfer is moderate
relative to that of the guanidine—intermediate complex,
Li—E, the overall free energy of activation is nonetheless
high, at 22.6 kcal mol™! (the transition state structure,
Li—TS3, for this is shown in Figure 2). As a result, the
activation energy for this alternative pathway is higher than
for the unimolecular isomerization mechanism, indicating
that this pathway probably is not important in this catalytic
cycle.

Proton Transfer Stage. The final step of the catalytic
cycle requires the amine substrate to transfer a proton to the
newly formed metal—guanidinate complex, Li—F, and
release of the guanidine product. This occurs through a
transition state (Li—TS4, Figure 3) where an incoming
aniline coordinates to the lithium center and one of the
coordinating nitrogen centers of the guanidinate detaches
from the metal and accepts a proton from the aniline. The
activation energy for this step is modest, at 11.6 kcal mol ™.
The transition state occurs when the proton is roughly
equidistant (1.3 A) from the guanidinate nitrogen and the
aniline nitrogen, indicating that the aniline N—H bond is
effectively broken. This transition state leads to a complex,
Li—G, where the newly formed guanidine product is
coordinated to the Li center via the lone pair of the sp?
hybridized nitrogen, as shown in Figure 3. A hydrogen-
bonding interaction is also available between the N—H bond
of the guanidine and the nascent anionic anilide ligand with
a N—H distance of 1.73 /OX, resulting in a complex with a
relative energy of 8.1 kcal mol~'. The complexation between
the metal amide and the guanidine is weak, so the guanidine

(26) Coles, M. P.; Hitchcock, P. B. Chem. Commun. 2005, (25), 3165—
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Table 1. Relative Energies for the Reaction Steps Corresponding to the Lithium Amido Catalyzed Guanylation of Aniline with Carbodiimide As

Depicted in Scheme 3 and Figure 1¢

reaction stage species description relative gibbs free energy (kcal mol™!)
carbodiimide insertion Li—B monomer 11.1
Li—C adduct 14.6
Li—TS1 migration TS 20.8
Li—D intermediate 8.8
Li—TS2 isomerization TS 14.5
Li—F guanidinate 0.5
guanidine exchange Li—E guanidine-intermediate adduct 22.9
Li—TS3 guanidine exchange proton transfer TS 28.5
amine to guanidinate proton transfer Li—TS4 proton transfer TS 11.6
Li—G guanidine complex 8.1

“ The energies for the insertion steps are calculated relative to the dimerized lithium complex (Li—A) and free carbodiimide.

Figure 2. Guanidine—intermediate complex, Li—E, and guanidine proton
transfer transition state, Li—TS3, for the alternative guanidinate formation
mechanism.

Figure 3. Proton transfer transition state structure (left) and the resulting
guanidine product complex (right) for the proton transfer stage of the
catalytic cycle.

product will readily dissociate from the metal to regenerate
the monomeric catalyst, or alternatively, exchange can occur
with an equivalent of carbodiimide to form the adduct Li—C
as the first step in another catalyst turnover.

Aluminum Amides. Our computational results for the
lithium amide catalyzed guanylation allow us to surmise that
the essential features of this catalytic cycle require carbo-
diimide to insert into the metal—amide bond to form a
guanidinate and a subsequent proton transfer from the amine
to the guanidinate, releasing guanidine and regenerating the
catalyst. From this and reactivity established in the literature,
we thought that aluminum amides may also act as effective
catalysts for the guanylation of amines. Carbodiimide is well-

9664 Inorganic Chemistry, Vol. 47, No. 20, 2008

known to insert into aluminum amide bonds to form
guanidinates in high yield.*®~®?*27 Furthermore, Kenney
et al. demonstrated that it is possible to insert a carbodiimide
into an AlI—NMe, bond of a diamido aluminum guanidinate
at room temperature to form a bis(guanidinate) complex,
indicating that aluminum guanidinates possess significant
reactivity.® Moreover, in two reports by Hoerter et al.,
aluminum amides were found to be effective transamidation
catalysts, which involves a similar proton transfer step.>' The
simplicity and economical nature, combined with the fact
that they are relatively inert toward many common organic
motifs, makes aluminum amides attractive as catalysts.

To evaluate whether aluminum amides could be efficient
catalysts for the guanylation of amines, we calculated the
intermediate and transition state structures for the guanylation
of aniline with diisopropyl carbodiimide using an aluminum
amide catalyst, following a catalytic cycle (Scheme 4) that
is analogous to the cycle used for the lithium catalyzed
guanylation. These calculations employed the aluminum
amide CLLAI-NHPh as the putative active catalyst. The
structure labeling is analogous to that found in the previous
sections, except that the “Li” label is replaced with “Al”.

Carbodiimide Insertion. The insertion of carbodiimide
into group 13 amide bonds has been extensively studied both
experimentally and computationally, and we have modeled
this stage of the catalytic cycle within the established
mechanism.®”-'° Optimized structures for the species in the
catalytic cycle shown in Scheme 4 are presented in Figure 4
with the relative free energies given in Table 2. The insertion
begins with the carbodiimide coordinating to the aluminum
center to yield the adduct AlI—C, which is only 1.6 kcal mol ™!
less stable than the free carbodiimide and dimerized Al
complex. An analogous B(III)—carbodiimide complex has
been synthesized, consistent with our optimized structures.'®
This strong coordination contrasts with the Li system where
the adduct Li—C is 14.6 kcal mol™! less stable than the
reactants. Migration of the amide ligand to the central sp
carbon of the carbodiimide proceeds through the transition
state structure (Al—TS1) and is facilitated by the lone pair
of the amide, resulting in a modest barrier of 12.2 kcal mol ™!
relative to the free reactants. This leads to the formation of

(27) (a) Grundy, J.; Coles, M. P.; Hitchcock, P. B. J. Organomet. Chem.
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Kloth, M.; Stasch, A. Chem.—Eur. J. 2005, 11 (15), 4482-4491. (c)
Brazeau, A. L.; Wang, Z.; Rowley, C. N.; Barry, S. T. Inorg. Chem.
2006, 45 (5), 2276-2281.
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Scheme 4. The Catalytic Cycle of the Guanylation of Aniline with
Carbodiimide Using a Dichloro Aluminum Catalyst
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the intermediate, Al—D, in which the migrated amide group
acts as a two-electron donor to the metal.

The formation of the guanidinate is the next step of the
catalytic cycle and has been previously studied by quantum

Al-TS1
Migration Intermediate

Al-F
Guanidinate

Al-TS2 Al-TS2-cat

Figure 4. Reaction intermediates and transition states for the insertion of
carbodiimide into the AlI-NHPh bond. A1—-TS2—cat is the isomerization
transition state facilitated by the coordination of carbodiimide, where Ncpy
refers to a nitrogen atom of a second carbodiimide which is acting as a
catalyst.

chemical calculations. Rowley et al.” evaluated the isomer-
ization via rotation of the N(coordinated)—C(sp?) bond,
similar to what we presented in the previous section with
the Li catalyst. The DFT calculations in that study predicted
that this step is rate-limiting for carbodiimide insertion into
aluminum amide bonds, as it requires complete cleavage of
the metal-coordinated amide group before the guanidinate
begins to form. In this study, we have identified an alternative
transition state for the chelation of the guanidinate ring,
wherein a free carbodiimide from solution coordinates to the
metal, stabilizing it during isomerization (Figure 4,
Al—TS2—cat). The calculated barrier height for this isomer-
ization is lowered from 30.9 kcal mol~! in the noncatalyzed
reaction to 21.1 kcal mol™! with the additional carbodiimide
coordinated. Although we have used carbodiimide as the
external base here, other potential ligands that are present
in solution, such as the substrate or the guanidine product,
could also act as the Lewis base in this step.

Similar to our approach with the lithium catalysts, we have
investigated an alternative to the isomerization, wherein a
product guanidine present in solution coordinates to the
insertion intermediate as shown in the lower part of Scheme
4. The calculated complex Al—E and transition state A1—TS3
involved in this alternative mechanism are presented in
Figure 5. As in the lithium amide catalyzed cycle, the
incoming guanidine forms a metal-bound guanidinate in a
near degenerate exchange. This step does not result in the
net formation of the guanidine product; however, this
mechanism does avoid AI—TS2, which is rate-limiting in
this system. This alternative mechanism begins with the
coordination of the guanidine to the intermediate, which is
exergonic by 1.2 kcal mol~!. The guanidine coordinates to
the aluminum center through its imine lone pair and also
forms a hydrogen bond through the guanidine’s amine group
and the nitrogen of the Al-bonded monodentate guanidinate.
Proton transfer from the incoming guanidine to the alumi-
num-bound nitrogen is facile, with a free energy of activation
of only 7.5 kcal mol™!, enabling a guanidinate to form
without the prohibitively high barrier of the unimolecular
isomerization. The reason that this alternative mechanism is
active for the Al catalyst but not for the Li catalyst is that
the coordination of the additional guanidine to the Al center
is much stronger than in the case of Li. Thermodynamically,
the coordination of guanidine to form Li—E is endergonic,
and the relative energy of the resultant complex lies at 22.9
kcal mol™!, while the aluminum analogue (Al—E) is much
more stable, with a relative energy of 4.7 kcal mol ™.

Proton Transfer. The final step in the formation of
guanidine product involves the proton transfer from the
amine to guanidinate ligand in Al—F. The structural details
of this transformation are presented in Figure 6. The transfer
of hydrogen to the guanidinate occurs through a transition
state where one of the coordinated nitrogen atoms of the
guanidinate detaches from the metal and accepts a proton
from the incoming amine. This is analogous to our observa-
tions on the lithium amide catalyzed transformation. At the
transition state, the tetrahedral aluminum center displays two
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Table 2. Relative Energies for the Reaction Steps for the Catalytic Cycle Scheme 4 and Figure 4¢

reaction stage species description relative gibbs free energy (kcal mol™!)
carbodiimide insertion Al-B monomer 17.4
Al-C adduct 1.6
Al-TS1 migration 12.2
Al-D intermediate 5.2
Al-TS2 isomerization TS (unimolecular) 30.9
Al-TS2—cat isomerization TS (Lewis base catalyzed) 21.1
Al-F guanidinate —9.1
guanidine exchange Al-E guanidine-intermediate adduct 4.7
Al-TS3 guanidine exchange proton transfer 16.6
amine to guanidinate proton transfer Al-TS4 proton transfer 7.3
Al-G guanidine complex =75

“ The energies for the insertion steps are calculated relative to the dimerized aluminum complex and free carbodiimide, while the energies of the proton

transfer steps are calculated relative to the aluminum guanidinate and aniline.

Figure 5. Optimized structures of the guanidine-intermediate complex,
Al—E, and guanidine proton transfer transition state, Al—=TS3, for the
alternative guanidinate formation mechanism.

Figure 6. Transition state and product complex for the transfer hydrogena-
tion of aluminum dichloro guanidinate by aniline. Selected bond lengths
are reported in dngstroms.

nearly equivalent AI—N bonds (1.91 A for the Al—N(guani-
dinate) bond vs 1.93 A for the Al—N(amide) bond). As
reported in Table 2, the barrier to this transfer is modest
(16.5 kcal mol™!), and somewhat higher than the barrier for
the analogous step for the lithium guanidinate. Further, for
the lithium guanidinate, the transition state occurs late in
the reaction coordinate, with a N(aniline)—H bond length
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of 1.30 A. The aluminum guanidinate transition state occurs
much earlier, with a N(aniline)—H bond length of 1.11 A.
This trend can be interpreted through Hammond’s postulate
by considering the relative strengths of the bonds broken
and formed in this step. While the N(aniline)—H and
N(guanidine)—H bonds formed in this reaction are roughly
equal in strength in each reaction, the metal—amide bond
strengths are considerably different. The lithium—amide bond
is largely ionic and relatively weak, and the creation of this
bond does not strongly stabilize the late portion of the
reaction coordinate, resulting in a late transition state.
Conversely, the aluminum amide bond formed in this step
is largely covalent and quite strong,?® stabilizing the late
portion of the reaction coordinate and resulting in an early
transition state.

This transition state leads to a complex, Al—G, where the
newly formed neutral guanidine is bound to the aluminum
center via the lone pair of electrons of the sp?> hybridized
nitrogen. A hydrogen-bonding interaction is formed between
the N—H bond and the lone pair of the newly formed amide
ligand. Finally, dissociation of the guanidine from the
aluminum center releases the product and regenerates the
active catalyst.

Experimental Evaluation of the Al—Amido Catalyzed
Guanylation. Although there are some notable differences
in the computed pathway and energetic features for the
guanylation of arylamines with carbodiimides between
lithium amido species and aluminum amido compounds, our
computational results suggest that Al—N(amido) groups
should be proficient catalysts in this transformation. Thus,
we initiated an experimental evaluation of Al—amido
complexes as catalysts for the guanylation of electron-
deficient aryl amines with carbodiimide, which are generally
challenging substrates.

We began by testing some simple aluminum amido
complexes as catalysts in this reaction. As a benchmark, we
examined the room temperature guanylation of aniline with
di(isopropyl)carbodiimide with a 5 mol % Al loading. Three
catalyst precursors were employed in this initial screen:
Al(NMe,);, AICIMe,, and AICl;. In all three cases, we
anticipated that reaction with amine under the catalyst
conditions would generate the required Al—anilido species.
The results for this guanylation are summarized in Table 3

(28) Kormos, B. L.; Cramer, C. J. Inorg. Chem. 2003, 42 (21), 6691-6700.
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Table 3. Room Temperature Guanylation of Aromatic Amines Using
Different Aluminum Precatalysts According to the Following Reaction
Scheme

NR 5 mol% cat R1‘N‘R2 R,=H Risn
C +RyR;NH =228 _Ro=H |
N toliene R, S R TaHsnit Ro Ik, R
N™ °N ’ N~ °N
H H H
amine carbodiimide catalyst precursor yield (%)*
C6H5NH2 "PrNCN‘Pr Al(NMCz)3 64
AlCIMe, 93
AlCl; 84

“ All reactions were run for 18 h at room temperature

Table 4. Room Temperature Guanylation of Aromatic Amines with
Carbodiimide Using 5 mol % AlCIMe,

entry Ar'EH, RNCNR’ prod yield (%)¢
1 CeHsNH, PrNCNPr 1 93
2 p-HoNC6H4NH, 2 10074
3 p—HzNCH2C6H4NH2 3 78
4 p-BrC¢H4NH, 4 92°
5 2-CsH4N(NH,) 5 78
6 (CeHs),NH 6 78¢
7 C(,HsNHz CyNCNCy 7 72
8 p-HNC6H4NH, 8 984
9 p-HaNCH,C6HyNH, 9 93
10 p-BrCqH4NH, 10 100°
11 2-CsH4N(NHp) 11 100
12 (CeHs)NH 12 94¢

“ All reactions were run for 18 h.  Yield for reaction at 90 °C. ¢ Yield
for reaction at 70 °C. ¢ Reaction was run for 2 days.
and show that AICIMe, demonstrated superior catalytic
activity, producing guanidine in 93% yield. While the
efficiency of this reaction depends on several extrinsic
factors, such as catalyst stability and catalyst initialization,
we can infer from the improved performance of AlCIMe,
over Al(NMe,); that the presence of electron-withdrawing
chloride groups on the metal improves its activity.

We next employed the most efficient precursor, AICIMe,
in a series of guanylation reactions with different amines
and two different carbodiimides, as summarized in Table 4.
These results clearly demonstrate the versatility of this
catalyst for amine guanylations, and new guanidine com-
pounds 5, 9, 10, and 11 were synthesized with good yields.
With some slight variation to reaction conditions, guanidine
formation was achieved in yields varying from 72 to 100%.

Application of the aryl diamine, p-phenyldiamine, with
two equivalents of carbodiimide (entries 2 and 8) demon-
strated the ability of this system to react with both of the
amine functions of the starting material. The product formed
was a bisguanidine species (RHN),C=N—(C¢H4)—N=C-
(NHR),, where R is either diisopropyl or cyclohexyl. This
reaction did require slightly more forcing conditions (heating
for 48 h) in order to achieve completion.

Aromatic C—Br bonds survived the catalytic conditions
to yield the desired guanidine, as shown in entries 4 and 10.
Analysis of these products by mass spectrometry provided
a direct means to ensure the presence of the aryl bromide
link in the product guanidine.

In some cases, slightly elevating the reaction temperature
improved the guanidine yield. For example, when the
reactions shown in entries 4 and 6 were carried out at 70
°C, the yield increased by about 10%. Some evidence of
tolerance to potential coordinating functional groups is

provided by the successful guanylation of 2-aminopyridine
to yield products 5 and 11. These species are new guanidine
compounds that possess interesting pyridyl substituents.
\
ZON

|
Rl
H

5R="Pr
11 R=Cy

N,R
H

Conclusion

A detailed catalytic cycle was elucidated, using DFT
calculations, for the guanylation of aniline with carbodiimide,
catalyzed by TMEDA—Ilithium complexes. The reaction
mechanism proceeds through the coordination of carbodi-
imide to the lithium center, followed by the addition of the
lithium—amido across the N=C bond of the carbodiimide.
The reaction intermediate formed in this step isomerizes into
a symmetric, bidentate guanidine. This process likely pro-
ceeds in a unimolecular step for this catalyst system. Finally,
the guanidine is released through a proton transfer from the
substrate amine, occurring through a transition state where
one of the nitrogen centers of the chelating ligand detaches
from the metal to abstract a proton from the substrate with
concomitant bond formation between the lithium and the
substrate. The activation energies for all of the steps in the
catalytic cycle are modest, with all of them calculated to be
less than 23 kcal mol ™.

We extended this investigation to the analogous reactions
of amines with carbodiimides using an amido(dichloro)alu-
minum catalyst, which we expected to show similar reactiv-
ity. A parallel reaction mechanism was identified for the
aluminum catalyzed guanylation, albeit with two notable
differences compared to the lithium catalyzed mechanism.
First, the migration step of the carbodiimide insertion into
the metal—amido bond has a significantly smaller barrier for
the aluminum catalyst as compared to the lithium catalyst
due to the high Lewis acidity of the three-coordinate
aluminum center. Second, the barrier for the isomerization
of the intermediate formed from the initial insertion is high
for the aluminum catalysts. As a result, and in contrast to
the lithium pathway, calculations suggest a bimolecular
isomerization pathway involving the reaction of an existing
guanidine with this intermediate as the most facile route to
form the aluminum guanidinate. Despite the mechanistic
differences compared to the Li catalyzed reaction, the
activation energies for all steps of the catalytic cycle are also
calculated to be modest for the Al catalyzed guanylation.
Therefore, the calculations suggested that aluminum amides
would also be effective amine guanylation catalysts.

We have confirmed through experiments that aluminum
amides catalyze the guanylation of amines, and we found
that a range of simple aluminum complexes are effective
catalysts for the guanylation of anilines and aryl amines with
carbodiimide in high yields. Using a variety of electron-
deficient aryl amines, two different carbodiimides, and
AlCIMe; as the precatalyst, guanidine formation was achieved
in yields varying from 72 to 100%, with some slight variation
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to reaction conditions.

Given that yttrium, lithium, titanium, and now aluminum
complexes have been found to efficiently catalyze the
guanylation of amines through an insertion—proton-transfer
mechanism, it is likely that a wide range of metals may be
used. This study has allowed us to develop a framework for
the further development and extension of these catalysts. The
key requirements are that carbodiimide can insert into the
metal amide to form a guanidinate ligand, and that a chelating
nitrogen of the guanidinate can detach from the metal to
accept the proton from the incoming amine. Metal amides
that can readily form a guanidinate by carbodiimide insertion
and also have flexibility in their coordination mode are prime
candidates for this type of activity. Another direction to
advance this chemistry, which we are currently exploring in
our laboratories, involves the Li and Al catalyzed guanylation
of phosphines and ethynes to form phosphaguanidines and
propiolamidines, respectively. Finally, since a similar reaction
mechanism has been outlined for aluminum amide catalyzed
transamidation,”’ and since CN insertion into Al—NMe,
bonds has recently been used to catalyze the cyclotrimer-
ization of cynamide,”® aluminum amides may have further
utility as catalysts for other CN bond transformations.

Experimental Section

General Considerations. All manipulations were carried out in
either a nitrogen-filled glovebox or under nitrogen using Schlenk-
line techniques. Diisopropylcarbodiimide, dicyclohexylcarbodiim-
ide, aniline, 4-aminobenzylamine, 4-bromoaniline, 2-aminopyridine,
diphenylamine, p-phenyldiamine, and 1.0 M dimethylaluminum-
chloride in hexanes were purchased from Aldrich Chemical Co.
and used without further purifications. Toluene, hexane, and ether
were purified by passage through a column of activated alumina
using an apparatus purchased from Anhydrous Engineering. 'H and
13C NMR were collected on a Bruker AVANCE 300 or 400 MHz
spectrometer using the residual protons of the deuterated solvent
for reference where applicable.

Preparation of N-Phenyl-N’,N"”-diisopropylguanidine (1) Us-
ing Different Al Catalyst Precursors. In a Schlenk flask, diiso-
propylcarbodiimide (0.4 g, 3.17 mmol) and aniline (0.295 g, 3.17
mmol) were mixed in toluene. To this mixture was added 5% (0.158
mmol) of the aluminum catalyst precursor (Al(NMe,)s;, AICIMe,,
or AICl3), and the reaction mixture was stirred overnight at room
temperature. The reaction mixture was filtered, and the volatiles
were removed under a vacuum to yield a white solid, 1. This
compound has been reported previously. The yields of 1 obtained
from each catalyst precursor were as follows: Al(NMe,)3, 0.44 g
(64%); AlCIMe,, 0.65 g (93%); and AICl;, 0.59 g (84%).'°

Preparation of (‘PrNH),C=N—(C¢H4)—N=C(PrNH), (2)
with AICIMe; as a Catalyst. In a Schlenk flask, diisopropylcar-
bodiimide (0.4 g, 3.17mmol), p-H,NCsH4NH, (0.17 g, 1.58mmol),
and 5% AICIMe; (7.31 mg, 0.079 mmol) were mixed in toluene.
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The reaction was heated to 90 °C and allowed to stir for 48 h.
During this time, a white precipitate formed. The reaction mixture
was filtered, and the volatiles from the white precipitate were
removed under a vacuum to yield 0.57 g (100%). Spectroscopic
data on this compound are comparable with reported data.'*>%-3¢

Preparations of N-p-Aminomethylphenyl-N’,N”-diisopropy-
Iguanidine (3), N-2-Aminopyridine-N’,N”-diisopropylguanidine
(5), N-Phenyl-N’,N"-dicyclohexylguanadine (9), N-p-Aminom-
ethylphenyl-N’,N"”-dicyclohexylguanidine (11), and N-2-Ami-
nopyridine-N’,N”-dicyclohexylguanidine (13) with AICIMe; as
a Catalyst. Following the procedure described above for the
synthesis of 1 and using the appropriate reagents, compounds 3, 5,
8, 9, 11, and 13 were obtained in yields as reported in Table 4.
Spectroscopic data on these species are comparable with previously
reported data.

Preparations of N-p-Bromophenyl-N’,N”-diisopropylguani-
dine (4), N-Diphenyl-N’,N”-diisopropylguanidine (6), (CyNH),C=
N—(C¢Hy4)—N=C(CyNH), (10), N-p-Bromophenyl-N’,N"-dicy-
clohexylguanidine (12), and  N-Diphenyl-N’,N"'-
dicyclohexylguanidine (14) with AICIMe, as a Catalyst.
Following the procedure described above for the synthesis of 2
and using the appropriate reagents, compounds 4, 6, 7, 10, 12, and
14 were obtained in yields as reported in Table 4. Spectroscopic
data on these species are comparable with previously reported
data.]4,23,29

Computational Methods. The calculations presented here were
made with density functional theory,®' as implemented in Turbo-
mole 5.9°2 using the PBE functional®® and the def2-TZVPP basis
set.>* Energies include a correction for Gibbs free energy through
standard statistical mechanical relations, as well as a zero-point
energy correction calculated within the harmonic approximation.
We evaluated a COSMO continuum solvent correction for the
lithium-catalyzed guanylation of aniline with the solvent toluene
and found that there was no significant effect on the reaction
energies or barrier heights. As such, we have not included a solvent
correction in any of the calculations reported in this paper.
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