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ABSTRACT: A mechanistic investigation into the origins of the
regio- and chemoselectivities observed in iron/pyridine dialdimine
(PDAI)-catalyzed intermolecular [2+2+2] cycloaddition reactions of l '

terminal alkynes and cyanamides to yield substituted 2-amino- 2 ' +
pyridines is reported. The combination of experimental and R
computational studies disclosed herein reveals the role of the R'”
hemilabile PDAI ligand as an important factor controlling the \
resultant product’s observed regio- and chemoselectivity.

N ’

R= aryl-, alkyl-

¢ Mechanistic Elucidation
¢ Origins of Chemo- and Regioselectivity
KEYWORDS: heterocycles, catalysis, 2-aminopyridines, cycloaddition, mechanism, iron

B INTRODUCTION complicated product mixtures of chemo- and regioisomers can
be problematic to separate (Scheme 1, B).

The development of partially intramolecular [2+2+2] cyclo-
additions using tethered a,@-diynes as starting materials has
addressed these limitations somewhat, but their overall synthetic
utility is nonetheless still limited."”*~® For example, though a

Metal-catalyzed [2+2+2] cycloaddition reactions are a valuable
tool in synthetic organic chemistry that allow access to
substituted carbo- and heterocycles in a one-step reaction.
The high atom and step economy and the broad functional

group tolerance of such reactions are highly appealing for broad ¢ valuabl d be obtained 1 1l
synthetic chemists."™® Literature reports illustrate myriad 'roa ralngelo valua ecomlpozllg_ _scan hec? taine Lnlpart;la y
efficient catalytic species (e.g., Rh’9—15 Ru,16—24 Ir,25—29 intramolecular [2+2+2] cycloadditions, the irremovable tethers

Co, O™ Ni™* Nb,* Au,® Cu,% Fe'™) and coupling of the a,a)'—-diynes are a significant disadvantage in terms (_)f the
general utility of the products (Scheme 1, C). Although this can
be somewhat remedied by synthetic protocols applying
removable silyl ether tethers, they are nonetheless still restricted
to a narrow substrate scope.""%’n_73

partners (e.g., olefins, nitriles, isocyanates, cyanamides,
aldehydes, ketones, carbon dioxide, imines, carbodiimides),
which highlight the great potential of these cycloaddition
reactions.'* Furthermore, their broad applicability is demon-

strated by the diversity of synthetic strategies that incorporate Though sparse, select. examples 'Of reglo- ané chemoselective

these reactions as a key step in the synthesis of natural analogues of these reactions do exist. The Louie laboratory has

products,*~% polymers,®*s” electroluminescent materials,®~"° 'developed atom and step econc')r.mcal Nlt and Fe-catalyzed

and other aromatic building blocks>>*° (Scheme 1, A) intermolecular [2+2+2] cycloaddition reactions of alkynes and
,A).

cyanamides that generate 3,5- and 4,6-disubstituted 2-amino-

Despite allowing access to highly functionalized cyclic P
pyridines, respectively, in moderate to high yields.””>" These

products, lack of control over chemo- and regioselectivity is a
continuing challenge,"”™® and it can adversely affect the

synthetic utility of these cycloadditions. For instance, the Received: August 25, 2021
incorporation of triple-bonded s-systems containing hetero Revised: ~ November 4, 2021
atoms is difficult to achieve due to the competing cyclo- Published: November 22, 2021

trimerization of alkynes, which restricts the selective synthesis of
a given heterocycle. Furthermore, the selective derivatization to
multisubstituted products represents another challenge, and

© 2021 American Chemical Society https://doi.org/10.1021/acscatal.1c03871

W ACS Publications 14677 ACS Catal. 2021, 11, 1467714687


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+L.+Harper"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephanie+Felten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ryan+M.+Stolley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+S.+Hegg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+H.-Y.+Cheong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janis+Louie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Janis+Louie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acscatal.1c03871&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=abs1&ref=pdf
https://pubs.acs.org/toc/accacs/11/23?ref=pdf
https://pubs.acs.org/toc/accacs/11/23?ref=pdf
https://pubs.acs.org/toc/accacs/11/23?ref=pdf
https://pubs.acs.org/toc/accacs/11/23?ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acscatal.1c03871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acscatalysis?ref=pdf
https://pubs.acs.org/acscatalysis?ref=pdf

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Scheme 1. Utility, Demand, and Selectivity Challenges in Metal-Catalyzed Intermolecular [2+2+2] Cycloaddition Syntheses of

Heterocyclic Building Blocks
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Scheme 2. Overview of Regio- and Chemoselective Nickel-and Iron-Catalyzed Intermolecular [2+2+2] Cycloaddition Syntheses

of Disubstituted 2-Aminopyridines

A. Prior Work:
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D. This Work:
Mechanistic elucidation by synergy of experimental and computational analysis
Elucidation origins of chemo- and regio-selectivity

Reaction Coordinate

protocols not only utilize mild reaction conditions but also
demonstrate high regio- and chemoselectivity depending on the
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metal-ligand system used. For example, the in situ generated Ni/
NHC catalyst yielded 3,5- and 4,6- disubstituted 2-amino-
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Figure 1. Reaction coordinate diagram of Fe-PDAI [2+2+2] cycloaddition reaction and key major structures. Energies given in kcal/mol; bond lengths

given in A; and catalyst mesityl rings have been rendered invisible for clarity.

pyridine regioisomers with sufficient regiocontrol (14 examples,
33—72% combined yield, Scheme 2, A),42 whereas the in situ
generated Fe/pyridine dialdimine (PDAI) catalyst selectively
formed the 4,6- disubstituted 2-aminopyridine in moderate to
excellent yields (20 examples, 32—98% isolated yield, Scheme 2,
C).”” The latter synthetic protocol is, to the best of our
knowledge, the only method reported in the literature yielding
regio- and chemoselective 4,6-disubstituted 2-aminopyridine
products via intermolecular [2+2+2] cycloaddition reactions. In
a complementary method, Wan and co-workers reported a
similar synthetic protocol utilizing an in situ generated Fe/
phosphine catalyst with which they were able to access a 3,6-
disubstituted 2-aminopyridine product selectively; however,
their protocol is restricted to a single example (Scheme 2, B).>”

Since divergent selectivity is observed for the Louie and Wan
Fe-systems, precedence exists for ligand-controlled regioselec-
tivity. Though ligand-controlled product selectivity is well
known in many catalytic processes, the influence of ligands on
regioselectivity in metal-catalyzed intermolecular [2+2+2]
cycloaddition reactions is rare.””**”*”> Current data reveals
that regioselectivity is largely dictated by the metal and whether
or not a hetero z-system, if present, is incorporated in the first or
second coupling step of the cycloaddition. For example, Co-
catalyzed [2+2+2] cycloaddition reactions favor homo-oxidative
coupling of two alkyne units in the first step of the mechanism
and insertion of the hetero 7-system as the second step, as do Rh
and Ru based systems."”~®'%?%7°"%% I contrast, Ni-based
catalysts are proposed to prefer the incorporation of the hetero
7-system first in a hetero-oxidative cou lmg step before the
insertion of the second alkyne unit,">~%*>*#%5%

Given the high efficiency of Fe/PDAl-catalyzed intermolec-
ular [242+2] cycloaddition reactions, we hypothesized that
elucidation of the reaction mechanism would uncover the origin
of the unique product selectivity observed in these reactions and
potentially lay the foundation for future increases in selectivity,
catalyst development, and substrate breadth. Thus, we herein
report a combined experimental and computational study
investigating both the mechanism and the origins of the regio-
and chemoselectivities observed in the Fe/PDAI-catalyzed
intermolecular [2+2+2] cycloaddition synthesis of alkynes and
cyanamide to yield 4,6-disubstituted 2-aminopyridines.

B RESULTS

All comﬁputations were performed at the PBE/6-31G* level of
theory®*”®” in the Gaussian 16 software package,*® using
phenylacetylene and N-cyanopyrrolidine as model substrates;
N-cyanopyrrolidine was chosen over N,N-dimethylcyanamide
to reduce the potential of unwanted negative frequencies
occurring in computed structures. The Perdew—Burke—
Ernzerhof (PBE) method was chosen to reduce computational
time, and all structures were computed in the gas phase; see
Supporting Information for benchmarking details. The reaction
coordinate diagram and several key structures are shown in
Figure 1.

Oxidative Coupling. Homocoupling vs Heterocoupling.
Transition metal-catalyzed [2+2+2] cycloadditions typically
begin with the oxidative coupling of two 7 systems.”””*” We
computed all of the regioisomeric transition states to determine
the origins of selectivity for this process (Figure 2).
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Figure 2. Origins of observed selectivity in oxidative coupling transition states.

Head (substituted end)-to-tail (terminal) bis-alkyne homo-
oxidative coupling had a barrier of 10.4 kcal/mol and is the
preferred pathway (Figure 2, Structure B). Both isomers of
hetero-oxidative coupling between an alkyne and a cyanamide
were higher in energy at 11.2 and 18.1 kcal/mol for C—C and
C—N bond formation, respectively; homo-oxidative coupling
between two cyanamides was also higher in energy, at 14.0 kcal/
mol (Figure 2, Structures D, F, and I).

Unsurprisingly, the head-to-head transition states were
uniformly disfavored compared to the head-to-tail structures
due to steric repulsion between the substituents (Figure 2,
Structures C, E, and H). The head-to-head homo-oxidative
coupling barriers were 17.5 and 27.5 kcal/mol for the bis-alkyne
and bis-cyanamide, respectively, and 17.6 kcal/mol for the
alkyne—cyanamide hetero-oxidative coupling.

The tail-to-tail transition states were also disfavored by more
than ~2 kcal/mol, even though these experience minimal steric
repulsions. The tail-to-tail homo-oxidative coupling barriers
were 12.2 and 46.9 kcal/mol for the bis-alkyne and bis-
cyanamide, respectively. The alkyne—cyanamide hetero-oxida-

tive coupling barrier was 23.3 kcal/mol (Figure 2, Structures A,
G, and J).

To determine why the tail-to-tail transition states exhibit the
above trends, we computed the ChelpG charges of the preceding
coordination complexes (Figure 3). Terminal ends of both
alkynes and cyanamides bear partial negative charges, while the
internal atoms bear partial positive charges. Therefore,
unfavorable partial charge interactions are observed in structures

6_ Ar 6-|-6_I-\r
fH'/é | CN—%‘:N |
ph—~, N= s AN=
Fe---N”__% JFe---N”_ Y
L ‘,;l_ L 'I;l_
Ar Ar

Figure 3. Terminal ends of both alkynes and cyanamides bear partial
negative charges, while the internal atoms bear partial positive charges;
these charges summarize the electronic effects in the oxidative coupling
transition states. Symbol size used to indicate charge magnitude.

https://doi.org/10.1021/acscatal.1c03871
ACS Catal. 2021, 11, 14677—-14687


https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acscatal.1c03871?fig=fig3&ref=pdf
pubs.acs.org/acscatalysis?ref=pdf
https://doi.org/10.1021/acscatal.1c03871?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

Table 1. Competition Experiment”
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1 p-Cl p-H 1.00: 0.83: 0.50 35:29: 17
2 p-Cl p-Me 1.00: 0.90: 0.54 36:32: 19
3 p-Cl p-OMe 1.00: 0.75: 0.62 37:28: 23
4 pF pH 1.00: 0.39: 0.77 41: 16: 32
5 p-F p-Me 1.00: 0.48: 0.80 47:24:23
6 pF p-OMe 1.00: 0.27: 0.79 47:12: 38

#[Fe]: 5 mol % Fel,, 10 mol % ““PDAI, 10 mol % Zn, 25 mol % internal standard, tetrahydrofuran (THF) 0.4 M, room-temperature (rt), 24 h,
glovebox. bGas chromatography (GC) ratios are based on naphthalene as internal standard. “Only one hetero isomer was detected.
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where the substituents are in a tail-to-tail or head-to-head
orientation. This phenomenon is especially pronounced in the
tail-to-tail bis-cyanamide complex, of which the following
transition state has an energy barrier of 46.9 kcal/mol (Figure
2, Structure J).

Conversely, the head-to-tail transition states experience
favorable partial charge interactions, and interestingly, the
head-to-tail alkyne—cyanamide complex exhibits more favorable
charge interactions than the bis-alkyne. Despite this, however,
unfavorable bond enthalpies, ie., the conversion of two CC
triple bonds vs a CC and a CN triple bond, make bis-alkyne
homo-oxidative coupling preferred over alkyne—cyanamide
homo-oxidative coupling. In line with this, distortion—
interaction analysis also gives a similar conclusion.” Less
favorable C—N bond enthalpies compared to C—C bond
enthalpies also explain why both C—N bond formation in
alkyne—cyanamide oxidative heterocoupling is disfavored, as
well as bis-cyanamide oxidative homocoupling (see Supporting
Information for further discussion).

In general, the homo-oxidative coupling of two alkynes is
favored over any analogous hetero-oxidative coupling. Head-to-
tail bis-alkyne homo-oxidative coupling is the most preferred
overall and is proposed to be the first step of the Fe/PDAI
mediated reaction.

Electronic Effects in Homocoupling. In line with the
computational results, we find experimentally that electronic
perturbations of phenylacetylene do affect the product yield.””
For example, reactions conducted with the electron-rich 1-
ethynyl-4-methoxybenzene afford a higher yield (98%) of 2-
aminopyridine product than those utilizing the electron-poor 1-
ethynyl-4-fluorobenzene (59%).”” On the basis of those
observations, we were curious about the product distribution
in competition experiments between electron-deficient and

14681

electron-rich phenylacetylenes in a 1:1:1 reaction stoichiometry
with cyanamide, as shown in Table 1. Of the three resultant 2-
aminopyridines, the major product is Py I, formed by the homo-
oxidative coupling of an electron-deficient and an electron-rich
alkyne, followed by both Py II and Py III as minor products
from homo-oxidative couplings of two electron-rich and two
electron-deficient alkynes, respectively (Table 1, entries 1—3).
The reversed yields for the minor products, Py IT and Py III, in
the competition experiments conducted with 1-ethynyl-4-
fluorobenzene is ostensibly due to the mesomeric (+M) and/
or inductive effects of the -F substituent, increasing the reactivity
of the 27 alkyne moiety of 1-ethynyl-4-fluorobenzene (Table 1,
entries 1—3 versus entries 4—6, respectively). Overall, the
experimental observations support the computational analysis
and suggest that polarization of the 27 substrates does impact
homo-oxidative coupling.

2z Coordination and Ligand Rearrangement. Cyana-
mide Coordination. We next turned our attention to the
regioselectivity of the final 27 component incorporation,
exploring why only 4,6-diphenyl-2-aminopyridines (Py I,
Table 1) are observed experimentally and why 3,5-diphenyl-2-
aminopyridines are not. A crucial insight into the origin of this
regioselectivity comes from the square pyramidal geometry of
the metallacyclopentadiene intermediate III (Figure 1), AG =
—29.8 kcal/mol, the molecular geometry of which is also
supported by a previously obtained crystal structure.’” The
square pyramidal geometry of intermediate III positions one of
the metallacyclopentadiene’s phenyl substituents in the apical
position, which is preferred over hydrogen in the apical position
by 1.7 kcal/mol. This ultimately affects the insertion of the
cyanamide moiety in the next step of the mechanism by leaving
open a coordination site trans to the apical phenyl of the
metallacyclopentadiene (Figure 4).
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A cyanamide will then coordinate to this site through the
terminal nitrogen, resulting in intermediate IV (AG = —21.6
kcal/mol, Figure 1). Steric congestion prevents 77°-coordination
of an alkyne to complex IIL

Ligand Dissociation. Following 1'-coordination of cyana-
mide, the steric congestion in the ligand field is resolved by
dissociation of one aldimine “arm” of the PDAI ligand from the
Fe-center (intermediate V, AG = —20.1 kcal/mol, Figure 1).
The dissociation of the ligand arm is critical in the reaction; a
transition state wherein the cyanamide reacts with the
metallacyclopentadiene without prior ligand arm dissociation
was found to have an uncompetitively high energy barrier
(AAG* > 23 keal/mol).

Experimental verification for ligand arm dissociation stems
from the work performed by Chirik et al, wherein it was
previously shown that ligand arms on Fe-PDAI complexes are
more labile than the analogue Fe-PDI complexes. The more
rigid ligand framework impacts the overall catalyst stability by
reducing open coordination sites on the Fe-center, which, in
turn, has a significant potential impact on catalytic trans-
formations.”' ~”* In fact, we observe that Fe-PDI catalysts show
differing reactivity, generating benzenes in low yield, while
reactions conducted with Fe-PDAI yield pyridine product
(Table 2, entries 1 and 2 versus entries 3 and 4, respectively).

Table 2. Evaluation of Ligand Framework-Dependent
Reactivity in Intermolecular [2+2+2] Cycloaddition
Reaction (Fe-PDAI Versus Fe-PDI Versus Fe-Hybrid)

Ar
|“ N Ar AN Are Ar_ Ar
2 + | 4@ - <N . ‘ B
Ar N Q
Ar Ar Ar

Pyl Arl Arll

Ratio” Yield” [%]

Entry Ligand Ar

Pyl:Arl:Arll Pyl:Arl:Arll
1 Mesppal  p-H 1.0:0.3:0.2 47 :14:10
2 Mesppal  p-Me 1.0:0.2:0.1 60:9:4
3 Mespp  p-H 1.0:35:1.0 <1:13:<1
4 Mesppr  p-Me 1.0:17:08 <1:6:<1
5 Mesybrid  p-H 1.0:06:0.1 22:13:3
6 MesHybrid  p-Me 1.0:0.3:0.04 28:9:<1

[Fe): 10 mol% [(Ligand)FeBr;], 10 mol% Zn, 25 mol% internal standard,
THF 0.4 M, rt, 24h, glovebox

# GC Ratio's are based on Naphthalene as internal standard.

The obtained yields are an average of two runs.

N

The observation of differences in ligand activity can be
attributed to the computationally suggested ligand arm
dissociation, which is more favorable for the PDAI ligand
species. The dissociation of a ligand arm results in a rotation
around the C,;,—Ciy,e bond of the catalyst, allowing the n'-
coordinated cyanamide substrate to reach a reactive con-
formation with respect to the metallacyclopentadiene. Steric
occlusion by a substituent other than hydrogen, e.g., methyl for
PDI, on the imine carbon is hypothesized to prevent the
cyanamide from reaching such a reactive conformation,
explaining why the sterically congested Fe-PDI catalyst does
not yield any 2-aminopyridine product. This hypothesis was
further probed by applying a hybrid ligand bearing a ketimine as
well as an aldimine arm in the [2+2+2] cycloaddition protocol;
comparing the reaction results, we can observe a trend in the
reactivity profile between these different Fe-catalysts. The
reaction catalyzed by the [ (M*PDAI)Fe(II)Br,] complex (Table
2, entries 1 and 2) showed the highest yield of 4,6-disubstituted-
2-aminopyridine, whereas the [ (M*Hybrid)Fe(II)Br,] complex
(Table 2, entries S and 6) gave a lower conversion to 2-
aminopyridine product, and the [(M*PDI)Fe(II)Br,] complex
(Table 2, entries 3 and 4) only gave trace pyridine product when
used as catalytic species. The results of these test reactions are in
good agreement with computational analysis and suggest that
the degree of ligand arm lability has a crucial impact on the
mechanism of this reaction.

Despite the agreement with our theory, we are well aware of a
number of limitations to conclusively confirm our proposed
ligand effects; for example, an important effect on catalytic
performance could originate from the in situ reduction of the
different catalyst species. It is shown in the literature that small
changes on the PDAI/PDI framework result in drastic changes
in synthetic protocols such as the efficiency of reducing agents.”’
Attempts to isolate stable Fe’ complexes were unsuccessful in
this study, and these effects are under investigation in the Louie
laboratory to better understand the rate differential in all
product distributions across the ligand set.

Insertion and Reductive Elimination. Cyanamide
Insertion. Literature reports a variety of reaction pathways for
[2+2+2] cycloaddition reactions based on Co,”*™"” Ru,' #2777
and Rh’" catalysts."*® Following cyanamide coordination
and subsequent ligand arm dissociation, we explored several of
these potential reaction pathways that could lead to the observed
pyridine product. The first pathway was a [4+2] cycloaddition.
In our hands, no concerted transition state could be located
leading to the pyridine product; however, stepwise transition
states were located with uncompetitively high barriers (AAG >
30 kcal/mol).

We next considered a migratory insertion pathway, wherein
the cyanamide would insert into one of the Fe-C bonds, leading
directly to a 7-membered metallacycle. In our hands, no
transition state leading directly to a 7-membered metallacycle
could be found.”® Instead, we discovered that a formal [2+2]
cycloaddition process (TS VI, AG* = —19.0 kcal/mol) was
operative. This [2+2] process, while superficially reminiscent to
that observed in olefin metathesis and Ru-catalyzed [2+2+2]
processes, is instead more closely related to those observed in Ir-
catalyzed [2+2+2] processes in that no double bond character is
observed between the Fe-center and the hydrogen-bearing
carbon of the metallacyclopentadiene in intermediate
V. 3LES=9799100 Transition state TS VI thus led to bicyclic
metallacyclobutene intermediate VII, AG = —39.5 kcal/mol.
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Reductive Elimination. There are two possible pathways
proceeding from intermediate VII to the product—catalyst
complex. The first is a direct reductive elimination of the
intermediate to form the product—catalyst complex (TS-VIII,
AG* = —25.2 kcal/mol; product—catalyst complex IX, AG =
—68.5 kcal/mol).

The second pathway involves an electrocyclic ring opening of
intermediate VII to form a 7-membered metallacycle. This 7-
membered metallacycle would then undergo reductive elimi-
nation to yield the product—catalyst complex IX. Electrocyclic
ring opening to the 7-membered ring was found to have a similar
energetic barrier to direct reductive elimination ( AG* = -25.1
kcal/mol). However, reductive elimination from the 7-
membered metallacycle (AG = —56.2 kcal/mol) was found to
be slower overall than direct reductive elimination from
intermediate VII (AG* = —33.6 kcal/mol).

Thus, while both reductive elimination pathways are viable,
formation of the product—catalyst complex IX directly from
intermediate VII is a faster process than the formation of, and
reductive elimination from, a 7-membered metallacycle (see the
Supporting Information for further discussion).

Product/Substrate Exchange. Various coordination states of
the pyridine ring to the PDAI catalyst were also computed, with
the 77°-coordination state preferred by at least 0.6 kcal/mol. The
barrier to catalyst turnover is —33.1 kcal/mol, indicating that

there is no product—catalyst inhibition and resulting in facile re-
coordination of cyanamide to the active catalytic species.

B CONCLUSIONS

A detailed experimental and computational investigation into
the origin of the observed chemo- and regioselectivities of the
Fe-PDAl-catalyzed [2+2+2] cycloaddition reaction of alkynes
and cyanamides to yield 2-aminopyridines has been conducted.
Oxidative couplings, analogous to those proposed in Co- and
Rh-catalyzed alkyne trimerization reactions,””’®””**% are
uniquely combined with the [2+2] cycloaddition reactions
seen in Ru- and Ir-catalyzed processes. This combination is
made possible by the lability of the PDAI ligand, and both of
these steps play crucial roles in determining the chemo- and
regioselectivity of the trisubstituted pyridine product (Figure S).

A special interest is also focused on the expansion and
generation of new chemical space—synthetic methodology
where valuable heteroaromatic core structures like pyridines,
aminopyridines, pyridones, and pyrimidines are easily acces-
sible. The prevalence of these structural motifs in medicinal
chemistry highlights the importance of endeavors such as the
investigations conducted in this work.
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