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Abstract

Structure—activity relationship (SAR) studies are fundamental to drug and agrochemical
development, yet only a few synthetic strategies apply to the nitrogen heteroaromatics frequently
encountered in small molecule candidates~3. Here we present an alternative approach in

which we convert pyrimidine-containing compounds into various other nitrogen heteroaromatics.
Transforming pyrimidines into their corresponding A-arylpyrimidinium salts enables cleavage into
a three-carbon iminoenamine building block, used for various heterocycle-forming reactions. This
deconstruction—reconstruction sequence diversifies the initial pyrimidine core and enables access
to various heterocycles, such as azoles?®. In effect, this approach allows heterocycle formation on
complex molecules, resulting in analogues that would be challenging to obtain by other methods.
We anticipate that this deconstruction—reconstruction strategy will extend to other heterocycle
classes.

Modifying the structure of candidate compounds in structure—activity relationship (SAR)
studies enables the optimization of their physiochemical properties in drug and agrochemical
development®. Practitioners commonly select portions of the structure of a candidate to
diversify during these studies and altering the periphery of azines, such as pyrimidines,

is frequently used because they are pervasive and often form key binding interactions

with the biological target5-°. Rapid access to analogue compounds is paramount; therefore,
chemical reactions that make structural modifications in one or two steps are valuable,
particularly during later stages of development involving complex structures-2. Although
many individual reactions can transform azines, they typically fall into only two effective
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strategies, transforming embedded functional groups and C—H functionalization reactions,
which enable rapid diversification for SAR studies3. Molecular editing is emerging to
produce analogue compounds for SAR studies but is typically associated with transforming
one candidate compound to a single derivative*. We reasoned that deconstructing complex
pyrimidines to a parent synthetic intermediate, with a large set of associated chemical
reactions, could expand this strategy. In this way, reconstructing substituted versions of

the original pyrimidine and accessing other heterocycles becomes viable through simple
cyclization reactions. This approach both diversifies the structure of a candidate and can
generate chemical libraries, making it a potentially useful tactic in SAR studies?.

De novo heterocycle synthesis involves cyclizing smaller chemical fragments into
substituted rings, with a classic example being reactions involving 1,3-dicarbonyl
compounds to form substituted azines and azoles®1. These processes are commonly used to
form building-block pyrimidines, pyrazoles and 1,2-oxazoles. Fragment coupling processes,
such as that exploited to create the aminopyrimidine motif in gleevec, also use de novo
synthesis; large-member libraries are created this way because of the commercial availability
of partners such as amidines and hydrazines (Fig. 1a)12:13, Although valuable at earlier
points in drug discovery, this strategy is far less suitable for SAR studies on more complex
candidate structures. Preserving heterocycle precursors, such as 1,3-dicarbonyls or their
derivatives, through several synthetic steps and diversifying at later stages is generally not
viable as they tend to react with many classes of organic molecules and reagents. Therefore,
developers process building-block heterocycles through rounds of multistep sequences to
obtain analogue compounds. Furthermore, key heterocycles are typically extant in advanced
candidates, so de novo approaches are ostensibly unsuitable for SAR studies. However,

we have devised a strategy that transforms complex pyrimidine-containing structures into
iminoenamines, surrogates of 1,3-dicarbonyl compounds, and then leverages de novo
heterocycle synthesis to obtain substituted pyrimidine and 1,2-azole analogues. This way,
practitioners can envisage a masked, diversifiable three-carbon unit in pyrimidines and
strategize for late-stage SAR applications.

We conceived of this alternative approach to exploit de novo heterocycle synthesis based on
the unexpected reaction in Fig. 1b. Our laboratory has previously disclosed that pyridines
react with Tf,O and dibenzylamine to form ring-opened Zincke imines, which can be
halogenated and recyclized to form 3-halopyridinesl4. When we tested an alternative
procedure involving 4-phenylpyrimidine 1a and aniline as a nucleophile®, we did not
observe ring-opened aza-Zincke imine 2, but instead obtained A~phenylpyrimidinium salt 3a
in high yield28. It was then trivial to excise the C2 carbon atom using ethanolic solutions

of piperidine and obtained a high yield of iminoenamine 4a along with minor amounts of

a vinamidinium salt as judged by the crude *H nuclear magnetic resonance (NMR) spectra
with an internal standard (Supplementary Fig. 1). Iminoenamines are derivatives of 1,3-
dicarbonyl compounds and represent key building blocks for de novo heterocycle synthesis.
Figure 1b shows that in situ recyclization using guanidine under basic conditions forms
2-aminopyrimidine 5a in good yield. Alternatively, adding hydroxylamine and hydrochloric
acid to the crude mixture containing 4a forms 1,2-oxazole 6a as a mixture of regioisomers.
These “scaffold hopping’ processes have recently gained attention in the burgeoning area of
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molecular editingl”23. Sarpong reported that hydrazines react with NTf-pyrimidinium salts
and form pyrazoles by means of a ring-opening, ring-closing process?4. Here, rather than

a one-to-one mapping of structures, iminoenamines enable access to several heterocyclic
scaffolds2®. This pilot study successfully demonstrates the principle of using de novo
synthesis on existing heterocycles; in the next phase, we aimed to show its generality on
various pyrimidine starting materials and cyclization partners.

Figure 2 shows representative examples of pyrimidinium salts formed by means of the
ring-opening, ring-closing process, as well as the scope of 2-substituted pyrimidines

and 1,2-azoles obtainable after the deconstruction—reconstruction steps. A wide variety

of pyrimidines undergo the ring-opening, ring-closing protocol with aniline to form the
corresponding pyrimidinium salts and Fig. 2 shows six representative examples (see
Supplementary Fig. 4 for 14 more substrates). In general, 4-monosubstituted pyrimidines
work well and can include (hetero)aryl groups, alkyl, alkoxy, amido and carbonyl
substituents (3b—3d; Supplementary Fig. 4). In the case of C4 amide-substituted salts, we
observed significant aniline triflylation and low yields of the pyrimidinium salt. However,
we found that using 2,4,6-trimethylaniline mitigates this unwanted side reaction, resulting
in a reasonable yield of salt 3d (vide infra). The 5-monosubstituted pyrimidines form
mixtures of pyrimidinium salts, aza-Zincke imines and aniline-derived iminoenamines
(Supplementary Fig. 3). This mixture is less suitable for isolation and characterization at
this stage but can be directly taken into the subsequent heterocycle-forming steps (vide
infra). On the other hand, 4,5-disubstituted pyrimidines form salts well (3e and 3f), with the
chemoselectivity between the pyridine and pyrimidine being notable. We also showed that
fused heterocycles, such as NTs-protected deazapurine, are viable substrates (3g). However,
quinazolines were not successful in the salt-forming process. Other limitations include
4-halopyrimidines, 4-methylpyridimidines and 2-substituted pyrimidines. These cases result
in low yields or competitive side reactions, although we are currently investigating

how different anilines can alleviate these issues. We provide further information on the
limitations of the ring-opening and ring-closing process in Supplementary Fig. 2.

With this robust method for pyrimidinium salt formation in hand, we next examined

the scope of the deconstruction—reconstruction process. Cyclizations with urea and

thiourea result in pyrimidinone 5b and thiopyrimidine 5c, respectively. Constructing 2-
substituted pyrimidines with alkyl groups, such as methyl and cyclopropyl, is effective
using the corresponding amidines in the cyclization step (5d and 5e). Similarly, using
trifluoroacetamidine forms CF3-substituted pyrimidine 5f in good yield. The process can
also form biheteroaryls, such as 5g-5k, in moderate to good yields. It is important to

note that forming the C-heteroatom and C—C bonds in 5b-5k would typically necessitate

a (pseudo)halide precursor and require nucleophilic aromatic substitution (SyAr) or metal-
catalysed cross-coupling reactions that could be challenging to implement on complex
azines26:27, Furthermore, there are only a few pyrimidine C—H functionalization reactions
that function on complex substrates28. Others reported a 2-selective C—H amination reaction
by means of pyrimidine N-oxides?®. As the intermediate is distinct from the ATf-pyridinium
salts in this approach, the output scope of these processes is likely to be complementary?°.
Minisci-type processes are ways to construct C—C bonds but they tend to give unselective
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mixtures of regioisomers or are biased towards the C4 position. Directed metalation
reactions are viable for pyrimidine 2-halogenation in simple substrates3C.

We continued to test this deconstruction—reconstruction approach to effect net C-H
functionalization reactions. To that end, we transformed a pyrimidine-containing analogue
of pregnenolone into 2-cyclopropylated structure 5. Polyazines are compatible and we did
not observe any reactions on the pyridine moiety in 5m, demonstrating chemoselectivity
relevant to drug and agrochemical-type molecules3L. We next examined a series of 5-
monosubstituted pyrimidines which resemble drug-like fragments. As described above, these
structures form intermediate mixtures at the pyrimidinium salt stage, so we developed a
one-pot procedure by exchanging the solvent for ethanol and recyclizing to 2-substituted
pyrimidines 5n-5p in reasonable yields. The method also works well to convert pyrimidines
into azoles; we formed 1,2-oxazole 6b from an amido-substituted pyrimidinium salt.

The 4-arylated 1,2-oxazole 6c is another example of deconstructing and reconstructing

a 5-substituted pyrimidine. This chemistry also functions on molecules possessing

several pyrimidines. Using 4,5-bipyrimidine, we performed a round of pyrimidinium salt
formation, cleavage to the iminoenamine and recyclization with A-phenylhydrazine to
install a pyrazole. Then, a second round culminating instead with hydroxylamine resulted

in pyrazole-1,2-oxazole heteroaryl 6d. The process also functions on 4,5-disubstituted
pyrimidines and provides access to disubstituted azoles 6e-6g. See Supplementary Fig. 5
for 20 more examples of 2-substituted pyrimidines and azoles formed through this approach.
At present, isoureas and A-substituted guanidines are unsuccessful in the recyclization step
(Supplementary Fig. 2). We also found that A-acyl- and A-sulfonylhydrazines result in N-H
pyrazoles, indicating cleavage of those groups during recyclization.

At this stage, we turned this deconstruction—reconstruction approach towards modifying
biologically active molecules into diverse sets of derivatives in line with strategies used in
drug and agrochemical development. First, we converted the fungicide fenarimol (1b) into
amino, cyclopropyl, and phenyl derivatives 5g-5s in one-pot processes (Fig. 3a). Second,

to test a more challenging pyrimidine-containing structure, we selected dabrafenib, a small
molecule treatment for melanoma, as a case study32. In Fig. 3a, 1c is a precursor to
dabrafenib containing a pyrimidine with a 2-position C—H bond. In a one-pot process that
formed the corresponding A-arylpyrimidinium salt in situ, we sequentially added piperidine
in ethanol to form iminoenamine 4b followed by guanidine under basic conditions to install
the C2—-NH,, group, resulting in the active drug dabrafenib (5t). Using the same one-pot
protocol, we also successfully obtained cyclopropylated and trifluoromethylated analogues
5u and 5v using amidines in the pyrimidine reconstruction stage. We found that scaffold
hopping to other heterocycles was viable in this endeavour. In these cases, we obtained
higher overall yields from 1c when we isolated its A-arylpyrimidinium salt. Cleavage to
iminoenamine 4b followed by recyclization with hydrazines formed pyrazoles 6h and,
notably, 6i as a single regioisomer. The same protocol, using hydroxylamine, constructs
1,2-oxazole 6j as a 16:1 regioisomeric mixture. These six derivatives of 1c highlight the
capacity of the three-carbon iminoenamine intermediate 4b to serve as a versatile moiety for
complex pyrimidine diversification.
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Figure 3b shows that it is possible to functionalize the pyrimidine C2 and C5 positions using
iminoenamine intermediates. We cleaved pyrimidinium salt 3h using the standard protocol,
then added A-chlorosuccinimide and trifluoroacetic acid directly to the reaction mixture to
form chloroiminoenamine 4c. Subjecting the crude mixture to the pyrimidine reconstruction
process with cyclopropaneamidine resulted in 2,5-disubstituted product 5w. The C-CI bond
can be inherently valuable in biologically active molecules and can be used as a functional
group for further derivatization at a distinct position of the heterocycle (see Extended Data
Fig. 1a for an extra example of pyrimidine C5-chlorination)33. Furthermore, this net C—H
difunctionalization process is distinct from typical periphery modification reactions which
functionalize one position and provides two points to diversify pyrimidines during SAR
studies. Further investigations on pyrimidine C5-functionalization using this approach are
underway.

Next, we developed processes that transforms pyrimidines into pyridines using a
deconstruction—reconstruction approach (Fig. 4). After forming the pyridmidinium salt,

a modified version of the C2 cleavage step using pyrrolidine as a nucleophile forms
intermediate vinamidinium salts34. Previous reports have shown that vinamidinium salts
react with ketone-derived enolates and then ammonium salts to form substituted pyridines3®.
We adapted a procedure from Marcoux using the lithium enolate of commercially available
acetyltrimethylsilane followed by a mixture of ammonium acetate (NH4OAc) and acetic
acid (AcOH) at 95 °C. As shown in Fig. 4a, we formed pyridines 7a—7d from pyrimidine
precursors; we propose that a C6 C-Si bond cleaves after forming the pyridine under

the reaction conditions. This modification ensures the formal replacement of a pyrimidine
N-atom with a C-atom, which would be a useful manoeuvre in SAR studies*36. Figure

4b shows that choosing the appropriate nucleophile can introduce substituents at the C5 or
C2 positions during N to C replacement. For example, using acetyltrimethylsilane as the
nucleophile when transforming 3j results in monosubstituted pyridine 7e as described above.
However, using the dimethylhydrazone derived from butyraldehyde under basic conditions
forms disubstituted pyridine 7f, with a C5 ethyl substituent. In this way, the reconstruction
step uses the wealth of aldehydes and the p-substituent resides at the pyridine C5 position.
When transforming pyrimidine 1f, we used methyl ketones in the recyclization step to
selectively incorporate C2 substituents in pyridines 7g and 7h3°. Extended Data Fig. 1b
shows two more examples of converting pyrimidine 1f into 2-substituted pyridines and
Supplementary Fig. 6 provides a guide for atom incorporation for the transformations in Fig.
4,

In the final part of this project, we studied the mechanism of A-arylpyrimidinium salt
formation computationally by performing quantum chemical calculations at the ©B97X-D/
def2-TZVP//wB97X-D/6-31+G(d,p) level of theory, with a solvent model based on density
(SMD) description of ethyl acetate. Figure 5a shows the computed potential energy surface
for the reaction of 1a with Tf,0 and aniline. The reaction between 1a and Tf,0O is exergonic
(-4.3 kcal mol~1) and proceeds in a single step through TS-Act (Gibbs free energy change
between the reactants and the transition state, AG* = 12.6 kcal mol~1). Aniline then adds

to the resulting ATf-pyrimidinium with nucleophilic attack at C6 (AG¥ 15.1 kcal mol~!
through TS-Add-C6) preferred in place of C2 (AG* 15.9 kcal mol~ through TS-Add-C2),
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which corresponds to a kinetic selectivity of 8:1 at —78 °C. These transition structure (TS)
energies reflect the electronic Fukui (/*) indices that indicate greater electrophilicity at

C6 versus C2 (0.15 versus 0.10). Although the C6-adduct formed in endergonic by 8.9

kcal mol~2, deprotonation of the ammonium species by collidine occurs in an energetically
barrierless process to produce a stable intermediate, Int-1 (Gibbs free energy change, AG =
-20.7 kecal mol™1) and indicates that the base drives this process forward.

Next, Int-1 undergoes facile ring-opening (AG* 10.7 kcal mol~! through TS-11) to form
aza-Zincke imine Int-11 (shown in its most stable £, Z, £ configuration), which is
thermodynamically favoured by 3.5 kcal mol™L. Int-11 then tautomerizes and isomerizes

to Int-111 before ring-closing through TS-1V (AG¥ 18.1 kcal mol ™2, relative to Int-11) to
form dihydropyrimidine derivative Int-1V in exergonic fashion (AG -4.6 kcal mol™1). Ring
closure is the largest barrier along the reaction coordinate, making TS-1V rate-limiting.
Ejection of a triflamide anion yields a stable ion pair (Int-V) and subsequent anion
metathesis results in the pyrimidinium triflate 3a (overall AG* -34.5 kcal mol™1).

We performed nucleus independent chemical shift calculations (NICS(0),z, B3LYP/6-
311+G(d,p) level of theory) at the ring centre of each ring-opening and ring-closing TS,

to investigate whether these structures exhibit aromatic shielding patterns characteristic of
pericyclic transformations3’. These calculations gave positive values of 8.6 and 8.0 ppm
for TS-11 and TS-1V, respectively. For context, the TS for the 6re-electrocyclization of
1,3,5-hexatriene has a NICS(0),, value of —29.5 ppm and a barrier of 33.1 kcal mol!

at the same level of theory (Supplementary Fig. 10). Thus, because no aromaticity is
found in these TSs, they describe polar processes rather than electrocyclic reactions. These
polar reactions have relatively low barriers, may be considered as pseudo-pericyclic and
can proceed at much lower temperatures38-39. For the minor regioisomer, corresponding to
aniline adding at C2, the ring-closing barrier is raised significantly by 8.5 kcal mol~! relative
to the major regioisomeric pathway shown. Notably, the ring-closing TS for this minor
pathway shows a lower NICS(0),, value (4.5 ppm), consistent with less polar (and greater
pericyclic) character (Supplementary Fig. 9).

Our computation studies indicate that the size and electronic properties of the pyrimidine
substituents significantly impact the energy barriers for product formation. We described
the effect of 14 different C4-substituents on the barrier for ring closure (TS-1V) using a
bivariate linear regression model featuring tabulated A-values and Hammett oy, constants
(Fig. 5b). In the aza-Zincke imine intermediates (for example, Int-11), groups at the
4-position experience destabilizing steric interactions through allylic strain (AL-3) relative
to the cyclic geometry in TS-1V. Ring-closing barriers, therefore, decrease in response

to increasing ground state destabilization caused by larger 4-substituents, as exemplified

by 4-phenylpyrimidine (AG¥ 18.1 kcal mol~1) and 4-methylpyrimidine (AG¥ 18.0 kcal
mol~1) relative to pyrimidine (AG¥ 22.7 kcal mol™2). Electronic effects at the 4-position are
also apparent as a result of conjugation with two imine-like carbons; electron-withdrawing
groups, such as trifluoromethyl, further destabilize Int-11, lowering the cyclization barrier
(AG* 12.7 kcal mol™1). Although a 4-CO,Me group has a relatively low TS-1V barrier (AG*
16.5 kcal mol~1), we observed moderate yield when transforming 1h into pyrimidinium
salt 3j. We suspected that electron-deficient pyrimidines may not react efficiently with
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Tf,0 in the first step of the salt-forming process. Indeed, we obtained similar barriers for
triflyl-transfer from Tf,O to the pyrimidine 1h (AG* 16.6 kcal mol™1) as for aniline (AG*
15.8 kcal mol™1), suggesting that the unproductive formation of A-phenyltriflamide occurs
competitively. Supplementary Table 3 suggests that more sterically hindered anilines may
mitigate this unwanted pathway.

Extended Data

a — Additional example of pyrimidine C5-chlorination

® "
piperidine (3.0 equiv) N J (3.0 equiv)
EtOH, rt cl HzN
- Me =
then NCS (3.0 equiv) - NaOEt (9.0 equiv), 90 °C
TFA (3.0 equiv), rt NG | NH
3k \o
L Me 4d

Me Me
1) Vinamidinium salt ‘ 1) Vinamidinium salt
formation | \)N formation
—
2) 7 s N 2 9
Q LiHMDS — " N, LHMDS
)% THF, 40 °C © THF, 40 °C
Me -
& ~
7i then NH,OAc, AcOH, 95 °C 11 then NH,OAc, AcOH, 95 °C
F (51%)2, 65% F F (51%)3, 55%

Extended Data Fig. 1 |. Additional examples of pyrimidine functionalization and pyrimidine to
pyridine conversion.

a, Additional example of pyrimidine halogenation. b, Additional examples of pyrimidine
to pyridine conversion using methyl ketones. Isolated yields are shown. Vinamidinium salt
formation: Tf,0 (1 equiv), 4-trifluoromethylaniline (1 equiv), collidine (1 equiv), EtOAc,
—78 °C to room temperature, then pyrrolidine (6 equiv), EtOH, 60 °C. 2lsolated yield of
vinamidinium salt from pyrimidine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1,3-Dicarbonyls for heterocycle synthesis
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This work: Exploit heterocycle synthesis to diversify complex pyrimidines

voriconazole

E
NN
N/%yl\l anti-fungal — I\
\ P
NN E NR; Drug N )W Drug N S
N F H
P
N X F F,
Drug NH
N (o]
Drug \N < Ar Drug \N s

iminoenamine -
1,3-dicarbonyl surrogate

b
TfZO (1.0 equiv), HZNF’h (1.0 equiv)

m collidine (1.0 equiv)

P

Ph™ N EtOAc, -78 °C, 30 min then rt
1a

N
T §/N\\|/\/Nl-u=>h

Ph

aza-Zincke imine, 2

NH
+_Ph O | 3.0 equi
B piperidine (3.0 equiv) N HZNJ\NH (3.0 equiv) fN

N
= 2
| /) orf ——————————————> | /)\
Fh™ EtOH, rt =z NaOEt (5.0 equiv), 90 °C Ph™ "N “NH,
3a, 95% - 5a, 83%
Ph NH
heterocycle iminoenamine 4a
NH. .
deconstruction- ] Ho - (3.0equiv) / \N
reconstruction Ph o’
HCI (10 equiv), 90 °C 6a, 75%2, 2:1 1.

Fig. 1 |. Traditional de novo heterocycle synthesis and a deconstruction— reconstruction approach
for heterocycle diversification.

a, Pyrimidine and 1,2-azole synthesis by means of 1,3-dicarbonyls and iminoenamines

as potential synthetic intermediates. b, Pyrimidine diversification model study showing
access to 2-substituted analogues and azoles. Isolated yields are shown. @The 1H NMR
yield reported due to volatility of 6a. R denotes a general organic group; X, nitrogen

or oxygen atom; Me, methyl; Ph, phenyl; /Pr, iso-propyl; Ar, general aryl group; Tf,
trifluoromethylsulfonyl; collidine, 2,4,6-trimethylpyridine; Et, ethyl; Ac, acetate; r.t., room
temperature; r.r., regioisomeric ratio.
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Fig. 2 |. Scope of pyrimidinium salts, 2-substituted pyrimidines and 1,2-azoles.
Isolated yields are shown. Yields in parentheses are for pyrimidinium salts. 2Instead

of aniline, 2,4,6-trimethylaniline was used. PInstead of piperidine, 6.0 equivalents of
pyrrolidine was used. ®Isolated as a 17:1 ratio with 1a. “One-pot protocol: 4-nitroaniline
used instead of aniline, then the solvent was exchanged for ethanol (EtOH). In the ring-
closing step, 10-20 equivalents of amidine or hydroxylamine were used. 9Sodium methoxide
(NaOMe) and methanol (MeOH) used instead of sodium ethoxide (NaOEt) and EtOH. Mes,
2,4,6-trimethylphenyl; Ts, tosyl; Bn, benzyl; £Bu, tertbutyl.
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a — Late-stage deconstruction-reconstruction of fenarimol and a dabrafenib precursor to generate small libraries of analog compounds
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Fig. 3 |. Applications of the pyrimidine diversification strategy to biologically active molecules
and further reaction development.

a, Transformations of fenarimol and a dabrafenib precursor. b, Pyrimidine halogenation and
difunctionalization. Isolated yields are shown. Yields in parentheses are for pyrimidinium
salts. 20ne-pot protocol A: Tf,O (1.0 equiv.), 4-nitroaniline (1.0 equiv.), collidine (1.0
equiv.), EtOAc, —78 °C to room temperature. Solvent exchange to EtOH, then piperidine
(3.0 equiv.) at room temperature, then amidine (10-20 equiv.), NaOEt (5.0 equiv.). POne-pot
protocol B: same as protocol A except using aniline (1.0 equiv.), amidine (3.0 equiv.) at 70
°C and pyrimidinium salt formation conducted in CH,Cl,. NCS, A-chlorosuccinimide; TFA,
trifluoroacetic acid.
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a — Pyrimidine-to-pyridine conversion via vinamidinium salts
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Fig. 4 |. Pyrimidine to pyridine conversions through deconstruction- reconstruction.
a, Transformations using acetyltrimethylsilane as a nucleophile. b, Pyridine formation

using hydrazones or methyl ketones resulting in C5 or C2 substitution. Isolated yields

are shown. 8Pyrimidinium salt formation: Tf,O (1.0 equiv.), aniline (1.0 equiv.), collidine
(1.0 equiv.), EtOAc, —78 °C to room temperature. °Isolated yields of pyrimidinium

salts. Crude vinamidinium salts were used in the recyclization step. €Isolated yields of
vinamidinium salts either directly from pyrimidines or pyrimidinium salts. LIHMDS, lithium
hexamethyldisilazide; LDA, lithium diisopropylamine; THF, tetrahydrofuran.
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Fig. 5 |. Computational studies of pyrimidine ring-opening.

a, Quantum chemical computed reaction mechanism between pyrimidine 3a, Tf,O and
aniline; relative Gibbs energies (195.15 K, 1 mol I71) in kcal mol™L. b, Computational
study of the steric and electronic effect of substituents on the cyclization of Int-11 and
NTf-pyrimidinium salt formation. 2H NMR yield reported. LOOCV, leave-one-out cross-
validation; MAE, mean absolute error; r.m.s.d., root mean square deviation; s.d., standard
deviation.
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