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Abstract: Inclusion of a second nitrogen atom in the aromatic core of 

phosphorus-nitrogen (PN) heterocycles results in unexpected 

tautomerization to a nonaromatic form. This tautomerization, initially 

observed in the solid-state through X-ray crystallography, is also 

explained by computational analysis. We prepared an electron 

deficient analogue (2e) with a fluorine on the pyridine ring and showed 

that the weakly basic pyridine resisted tautomerization, providing key 

insights to why the transformation occurs. To study the difference in 

solution vs. solid-state heterocycles, alkylated analogues that lock in 

the quinoidal tautomer were synthesized and their different 1H NMR 

and UV-Vis spectra studied. Ultimately, we determined that all 

heterocycles are the aromatic tautomer in solution and all but 2e 

switch to the quinoidal tautomer in the solid state. Better 

understanding of this transformation and under what circumstances it 

occurs suggest future use in a switchable on/off hydrogen-bond 

directed receptor that can be tuned for complementary hydrogen-

bonding motif. 

Introduction 

Exploration of phosphorus-nitrogen-containing heterocycles 

has been of interest to chemists since the 1960s.[1,2] Several 

heterocyclic species featuring the P-N bond have been reported; 

however, their preparation often involved difficult synthetic 

techniques and/or suffered from low yields. Within the last few 

years there have been several reports on the novel cyclization of 

2-arylethynylaniline species into the phosphaquinolinone scaffold 

(Figure 1).[3–7] Because of the modular synthesis and variety of 

commercially available anilines, these PN-heterocycles are easily 

derivatized to explore various structure-property effects. 

Applications related to the fluorescence and hydrogen-bond 

directed self-association of the phosphaquinolinone scaffold have 

been the primary focus of research. 

 

Figure 1. Phosphaquinolinone and analogous heterocycles (top), as well as 
previously derivatized PN-motif 1 and new pyridine-PN scaffold 2 (bottom). 

Structurally analogous to the popular fluorophores coumarin 

and carbostyril (Figure 1), the phosphaquinolinone motif exhibits 

notable photophysical properties. Both the quantum yield and 

wavelength of emission can be tuned by alteration of the pendant 

functional groups as well as by fundamental changes to the acene 

backbone.[8–11] Use of strong electron-withdrawing groups as 

pendant moieties on derivatized scaffold 1 also resulted in 

dramatic enhancement of the heterocycle’s dimerization in 

solution, affording dimerization constants that are one to two 

orders of magnitude stronger than the analogous lactam 

carbostyril.[3,4,12] Because of the phosphorus atom’s decreased 

electronegativity compared to carbon, the phosphonyl motif has 

increased electron density on the oxygen and acts as superior 
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hydrogen-bond acceptor.[3,7,13–16] Simultaneously, strong 

withdrawing groups facilitate stronger hydrogen-bond donation by 

pulling electron density away from the phosphonamide hydrogen, 

resulting in increased polarization and H-bond acidity.[17,18] 

Interested in exploring the effect that an electron-withdrawing 

group built into the core of the heterocycle itself would have on 

the dimer strength, we set out to prepare a series of pyridine-

bearing PN-heterocycles 2. With the phosphonamide unit ortho to 

the pyridyl nitrogen atom, we could achieve a similar withdrawing 

effect, independent of the pendant groups on the backbone. 

Inclusion of this second N, however, does open up the potential 

that the aromatic form of 2a could tautomerize into the non-

aromatic quinoidal form (Figure 2a). While at first glance the non-

aromatic quinoidal form would appear to be much less stable, we 

wondered if it was possible (a) to induce such a shift away from 

the aromatic form, and (b) to determine what factors could control 

the tautomer equilibrium via functional group placement, in a 

similar vein to the aforementioned photophysical and dimerization 

properties. 

 

Figure 2. (a) The two tautomeric forms of heterocycle 2a; colors represent 
aromatic (blue) core vs nonaromatic (pink) core. (b) Hydrogen-bonding nature 
of the aromatic (left) and quinoidal (right) tautomers. 

Access to nonaromatic tautomers of heterocycles has been 

studied in detail, but has been mainly focused on nitrogen-

containing species.[19–22] The aromatic form of the pyridine-PN 

series has an ADA hydrogen-bonding base pair array, but this 

switches to DAA upon tautomerization (Figure 2b).  Research into 

switchable hydrogen-bonding faces has been gaining interest due 

to the ubiquitous nature of hydrogen-bonding in both biological 

and supramolecular processes.[23-25] Access to a strongly 

hydrogen-bonding heterocyclic core featuring switchable 

hydrogen-bonding arrays suggests practical applications in 

sensors or molecular recognition. 

Herein we describe our initial investigations into the 

tautomerization of pyridine-fused PN-heterocycles, which are 

required to enable longer term applications in developing 

switchable, complementary hydrogen-bonding arrays. While 1H 

NMR spectroscopy facilitates comparison between molecules, it 

cannot give direct evidence on the whether the quinoidal or 

aromatic form predominates; rather, strong evidence of the former 

is achieved in the solid state through X-ray diffraction and in 

solution by alkylating the heterocycle, locking the system into the 

quinoidal form. Interestingly, placement of a fluorine atom meta to 

the pyridyl-nitrogen reduces its basicity, resulting in a solid-state 

structure that does not exhibit this tautomerization. Comparing the 

general pyridine-PN species to their quinoidal alkylated 

analogues by 1H NMR spectroscopy reveals consistent chemical 

shifts, suggesting a uniform transformation of the aromatic to 

quinoidal form upon going from the solution phase to the solid 

state. 

Results and Discussion 

Synthesis of PN-pyridines 2a-e 

Inclusion of a second N-atom as part of the aromatic core to 

yield 2a-d (Scheme 1a) begins by Sonogashira cross-coupling 

aminopyridine 3a using excess trimethylsilylacetylene (TMSA) to 

afford alkyne 4. Conversely, use of 4-ethynyltoluene allows one 

to proceed directly to tolane 5a. Base-induced protiodesilylation 

of 4 followed by a second Sonogashira cross-coupling with 

various aryl halides gives arylethynyl aminopyridines 5b-d. These  

 

Scheme 1. Synthetic pathway for the preparation of pyridine-containing PN heterocycles (a) 2a-d and (b) 2e. 
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Figure 3. X-ray crystal structures (173 K; ellipsoids at 30% probability) and corresponding ChemDraw representations of the pyridine-fused PN-heterocycles. 
Heterocycles 2a’ and 2c’ display quinoidal tautomerization in the solid state whereas 2e remains as the aromatic form. N1-C4 and N2-C4 bond lengths (Å) are 
shown inside the rings. 

are then reacted with P(OPh)3 and pyridine for 48 h at 110 °C and 

subsequently hydrolyzed to afford pyridine-PNs 2a-d in moderate 

yields. 1H NMR spectroscopy indicates the pyridine-PN series 

share the wide splitting doublet (~40 Hz) of the hydrogen attached 

to the alkene, a result of coupling to the phosphonamide motif. 

The pyridyl-nitrogen being protonated in the observed tautomer 

also suggested the transformation may be stabilized by the 

pyridine’s basicity. To test this hypothesis, fluorinated pyridine-PN 

2e (Scheme 1b) was synthesized similarly as an electron deficient 

analogue to 2a.  

 

X-ray Crystallography 

X-ray diffraction provided key insights into the form the 

different derivatives of the pyridine-PNs assume in the solid state. 

The bond lengths between the two nitrogen atoms and the 

quaternary carbon between them, N1-C4 and N2-C4, could be 

used to identify which nitrogen was protonated as it would have a 

longer C–N bond length. To determine if tautomerization is 

caused by the electronic nature of the pendant aryl group, crystals 

of both methyl- (2a) and trifluoromethyl-bearing (2c) heterocycles 

were obtained. Placement of the fluorine in the meta position 

relative to the pyridyl-nitrogen as in 2e was chosen because of 

fluorine’s Hammett meta and para values of 0.34 and 0.06, 

respectively. Due to the far weaker withdrawing effect felt by the 

para position, the phosphonamide nitrogen should experience a 

relatively similar electronic environment to the H-substituted 

derivative 2a, allowing for an assessment of the electron 

withdrawing effect on only the pyridyl nitrogen. 

Suitable crystals for diffraction studies were grown by slow 

diffusion of hexanes into a CH2Cl2 solution of each molecule, and 

the resultant X-ray structures are shown in Figure 3. Comparison 

of the N1-C4 and N2-C4 bond lengths in heterocycles 2a 

(1.327(2) and 1.363(2) Å, respectively) and 2c (1.324(3) and 

1.365(3) Å, respectively) suggests both molecules assume the 

quinoidal forms 2a’ and 2c’ in the solid state. The lack of 

significant differences in the X-ray structures, combined with the 

similarities of the proton NMR shifts, leads to the conclusion that 

the aryl substituent plays little or no effect determining which 

tautomer is formed. Conversely, these bond lengths are reversed 

in heterocycle 2e: N1-C4 is significantly longer (1.377(3) Å) and 

N2-C4 significantly shorter (1.332(3) Å). This latter structure 

supports the theory that the observed tautomerization can be 

inhibited by reducing the electron density in the pyridyl nitrogen, 

ultimately making it less basic. Interestingly, none of the 

molecules exhibit the P=O•••H–N homodimerization normally 

observed in the crystal lattice;3 rather, molecules 2a and 2c 

arrange as zigzag 1D hydrogen-bonded “polymers” (Figures S2 

and S4) with O•••N distances of ca. 2.69 Å. Heterocycle 2e 

however does form a homodimer (Figure S6), but through 

complementary N•••H–N bonds (N•••N distance of 2.876(3) Å). 

 

Heterocycle Alkylation 

With the crystal structure of 2e, we now had an example of a 

pyridine-PN molecule where it was no longer favorable 

thermodynamically to tautomerize as a solid, and to that extent in 

solution. Until this point, there was no way of determining the 

tautomer from the NMR spectra alone; however, the proton shifts 

of 2e now provide evidence for characterizing this tautomer in 

solution. To directly contrast the aromatic proton shifts to 

quinoidal ones, the heterocycles were alkylated. The N-alkylation 

of the phosphonamide in the phosphaquinolinone scaffold is 

achieved by adding 1,6-diazabicyclo[5.4.0]undec-6-ene (DBU) 

dropwise to a stirred solution of heterocycle and alkylating reagent. 

Interestingly, the reaction under the same conditions with the 

pyridine-PN substrate results in regioselective alkylation of the 

pyridyl nitrogen atom rather than the phosphonamide (Scheme 2). 

 

Scheme 2. Synthesis of alkylated pyridine-PNs 6a-d. 
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The regioselectivity of the alkylation was initially confirmed 

across several alkylating reagents and heterocycles by 2D HMBC 

NMR spectroscopy, and subsequently by X-ray crystallography 

for compound 6a (Figure 4). Substitution at the pyridyl-nitrogen 

has the benefit of locking the heterocycle as the quinoidal 

tautomer, allowing analysis of the resulting proton shifts by 1H 

NMR spectroscopy. When comparing the nitrogen-carbon bond 

lengths of all four X-ray structures to assess tautomer preference, 

the N1-C4 values (1.317(2)-1.327(2) Å) are consistently shorter 

than N2-C4 (1.363(2)-1.380(2) Å) in the quinoidal structures 2a’, 

2c’, and 6a, whereas the values/trend is reversed for the 

aromatized pyridine structure of 2e (1.377(3) and 1.332(3) Å, 

respectively). In addition, the observed N1-C4 bond length in 2e 

(1.377(3) Å) is on par with the bond lengths of N1-C4 (1.38-1.40 

Å) in the many X-ray structures determined for derivatives of 1.[3] 

 

Figure 4. X-ray crystal structure (100 K; ellipsoids at 30% probability) of 6a, 
displaying the pyridyl-nitrogen N-alkylation. N1-C4 and N2-C4 bond lengths (Å) 
are shown inside the rings and are the average of the values from two 
independent molecules. 

NMR Chemical Shift Comparison 

The difference in proton NMR shifts from heterocycle 2e as it 

is transformed into 6d illustrates the spectroscopic changes upon 

molecule tautomerization. All the protons on the heterocyclic core 

shift upfield, which would be expected with a loss of aromaticity. 

The shift is most pronounced in proton H1 ortho to the pyridyl 

nitrogen. This shift is due to the increased localization of electron 

density ortho to this proton. Comparing the shifts of the analogous 

ring protons upon alkylation for the other heterocycles (Table 1), 

it becomes clear that all these protons are experiencing the same 

change in chemical environment experienced by heterocycle 2e. 

Upon alkylation all the heterocycles in solution change from 

aromatic to quinoidal. Proton H2 is absent in heterocycle 2e, but 

in the other alkylated species we observe a large and consistent  

Table 1. Changes in the 1H NMR chemical shifts (ppm) before and after the 

alkylation reaction to give 6a-d. 

Alkylated PN ∆H1[a]  ∆H2[a]  ∆H3[a]  ∆H5[a] 

6a –0.75 –0.46 –0.04 –0.15 

6b –0.73 –0.56 –0.15 –0.16 

6c –0.73 –0.53 –0.13 –0.18 

6d –0.69 N/A +0.07 –0.12 

Std. Dev. 0.02  0.01 0.04  0.02 0.09  0.06 0.02  0.01 

[a] Data collected in DMSO-d6 solution. Proton assignments correspond to the 

atom labeling scheme shown in Figure S12. 

upfield shift that reflects the increase in electron density now that 

the lone pair of the tertiary amine can donate into that carbon. 

Conversely, protons H3 and H5, which are less influenced by the 

amine lone pair and thus undergo a smaller yet noticeable upfield 

shift due to the general loss of aromaticity. The higher standard 

deviation of the proton H3 shift is likely due to the proximity of the 

fluorine to the outlier, as the inductive withdrawing effect of fluorine 

will shift proton H3 on heterocycle 6d significantly more downfield 

than the other non-fluorinated species. We calculated the proton 

NMR chemical shifts for aromatic 2a and for its quinoidal 

counterpart 2a’ (as the analogue of 6a, Figure S10) and found 

that computational numbers showed good agreement with the 

experimental trends described above. Finally, variable 

temperature 1H NMR experiments were conducted on 2a to 

explore the possibility of inducing tautomerization at higher 

temperatures in both polar (protic and aprotic) and less polar 

solvents; however, in all cases no new peaks were observed at 

cooled or elevated temperatures (Figures S14-S16). 

In conjunction with the 1H NMR analysis, the carbon NMR 

chemical shifts of both 2a and 2a’ were also calculated (PCM, 

CHCl3). Interestingly, a significant upfield shift for the signal of the 

carbon atom beta to N2 upon tautomerization occurs, from 116.1 

to 106.7 ppm, respectively. For 2a and 6a, the experimental 

values (CDCl3) for this same carbon resonance show good 

agreement at 116.8 and 108.3 ppm, respectively. This shifted 

resonance, which is a result of the quinoidal core taking on 

enamine-like character, should also be present in solid samples 

of 2a upon tautomerization to 2a’. To test this theory, a solid-state 
13C NMR spectrum was obtained for 2a/2a’ (Figure S16). When 

referenced to the remote toluene methyl groups of the solution 

spectra of 2a and 6a (21.3 and 21.4 ppm, respectively), there is a 

clear peak at 109.0 ppm, correlating to said upfield-shifted carbon 

signal, further corroborating the quinoidal nature of 2a as 

tautomer 2a’ in the solid state. 

UV-Vis Spectroscopy Comparison 

To support the evidence that PN series 2 and 6 are not the 

same tautomer in solution, UV-Vis spectroscopy was employed to 

compare the λabs of heterocycles 2a, 2e, 6a and 6d (Table 2). 

Structurally all four heterocycles are similar, with 2e and 6d being 

the fluorinated counterparts to 2a and 6a, respectively. Such 

minor differences should result in relatively small changes in 

absorbance unless a significant difference in conjugation is 

present (i.e., different tautomers). When comparing the λabs of the 

heterocycles, there is a large redshift in the λmax as a result of 

alkylation (Figure 5). The series 2 heterocycles have similar 

absorbance values of 333 and 345 nm (12 nm difference), 

indicating similar conjugation. Likewise, the two quinoidal 

heterocycles have similar absorbances (15 nm difference) despite 

being significantly more redshifted; however, when we compare 

the λmax as a direct result of alkylation (2a to 6a and 2e to 6d), we 

observe much larger redshifts in absorbance values indicative of 

different conjugation patterns. In conjunction with the consistent 
1H NMR chemical shifts seen upon alkylation, we conclude that 

the solution-state heterocycles are not in the same tautomeric 

form as their quinoidal alkylated analogues. 

1.363(2) 1.327(2)

1.324(3)1.365(3)

1.3
32(3

) 1.377(3)

N
H

N
P

O

OPh

2a'

Me

N
H

N
P

O

OPh

2c’

CF3

N N
H

P

O

OPh

2e

F

Me

1.380(2) 1.317(2)

This article is protected by copyright. All rights reserved 

Au
th

or
 M

an
us

cr
ip

t 

 

 

 15213765, 2022, 22, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/chem
.202200472 by O

ffice O
f Scientific A

nd T
echnical Inform

ation, W
iley O

nline L
ibrary on [27/09/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



RESEARCH ARTICLE    

5 

 

Figure 5. Comparison of heterocycle absorbance (solid line) and emission 
(dashed line) data of pre- (2) and post-alkylation (6) of PN-heterocycles. 

Table 2. Photophysical properties of heterocycles 2a, 2e, 6a, and 6d. 

PN λabs (nm)[a] λabs (nm)[b] λem (nm)[a] Stokes Shift 

(nm)[a] 

ε (M–1  

cm–1)[a] 

2a 333 351 423 90 10,000 

2e 345 348 409 64 17,300 

6a 380 378 444 64 13,900 

6d 395 — 563 68 10,900 

[a] Data collected in CHCl3 as ca. 10–5 M solutions. [b] Samples were diluted 

with ground BaSO4 before measurement; pseudo-Lambda max were 

determined by peak maxima in Kubelka-Munk vs. wavelength units. 

Solid-state UV-Vis Comparison 

Because of the notably redshifted absorbance of 6a compared 

to its aromatic counterpart 2a, we were interested if this difference 

was visible by analyzing the photophysical properties of the 

heterocycles in the solid-state. Diffuse reflectance spectra were 

collected for compounds 2a, 2e, and 6a (Figure S9) and the data 

are plotted in Kubelka-Munk units (Table 2). It is apparent from 

the data that compound 2a is undergoing a change in conjugation 

in the solid state, as there is a ca. 20 nm redshift, indicating that 

the structure is becoming more like that of quinoidal form 6a. As 

controls, 2e and 6a were assessed on the same basis and 

highlight the lack of bathochromic shift since no tautomerization 

occurs. The crystal data suggested fluorinated compound 2e 

retains its aromaticity in the solid state, this is also reflected in the 

solid-state absorbance data. Moving from solution to solid there 

is a negligible change in the absorbance of 2e. In a similar vein, 

heterocycle 6e is already locked into the quinoidal tautomer in 

solution, and as a result, there is no redshift in the solid-state 

either. These findings serve to further confirm our conclusions on 

the tautomeric forms these three types of pyridine-PN assume in 

both solution and the solid-state. 

 

Calculations 

To understand how solid-state packing affects the tautomeric 

preference of the PN-heterocycles, relative free energies at 

B3LYP-D3/6-311+G(d,p) and nucleus independent chemical 

shifts at PW91/IGLOIII were computed for 2a (aromatic form) and 

2a’ (quinoidal form), as well as the protonated analogues of the 

two tautomers (see Figure 6). Protonated tautomers were 

considered as models for the effects of hydrogen-bonding on 

monomers in the solid state of the PN-heterocycle. As shown in 

Figure 6, 2a is 8.3 kcal mol–1 lower in energy than 2a’ (top); 

however, this trend reverses for the protonated set, and the 

quinoidal form is 6.3 kcal mol–1 lower in energy than the aromatic 

form (bottom). These results suggest that hydrogen-bonding may 

shift the tautomeric preference of the PN-heterocycle towards 2a. 

 

Figure 6. Computed relative free energies (∆G, kcal mol–1) and NICS(0) (ppm) 
values for 2a vs. 2a' (top) and their protonated analogues (bottom). 

Computed nucleus independent chemical shifts (NICS)[26.27]  

suggest that, in the solid state, the hydrogen bonded PN-

heterocycles adopt a dominant quinoidal form as a result of 

aromaticity gain. Similar effects of hydrogen bonding assembly on 

aromaticity gain are known and have been reported.[28-32] Isotropic 

NICS(0) values were computed at each of the six-membered ring 

centers of the PN-heterocycles, and the sum of NICS(0) values 

were compared to quantify the aromatic character of the 

tautomers. Here, we applied the NICS(0) index so that computed 

data for 2a and 2a’ could be compared directly to isotropic 

NICS(0) data computed for a tetramer assembly of PN-

heterocycles (Figure S12). In the tetramer assembly, placing 

NICS probes at the ring centers (i.e., 0 Å) of a PN-heterocycle 

(rather than at 1 Å or other distances) avoids spurious magnetic 

shielding effects that can arise from stacking arrangements of the 

monomers. 

As shown in Figure 6, the computed sum of NICS(0) value for 

2a is large and negative (–8.9 ppm), and that of the protonated 

form is close in value (–10.1 ppm). In sharp contrast, the 

computed sum of NICS(0) value for 2a’ is modestly negative (–

3.9 ppm) but the protonated form becomes considerably more so 

(–8.3 ppm), indicating aromaticity gain. NICS computed for a 

tetramer assembly of PN-heterocycles also support a dominant 

quinoidal form and illustrates the effects of aromaticity gain of the 

hydrogen bonded monomers (see Figures S11 and S12). Even in 

the absence of hydrogen bonding, computed Hirshfeld charges 

for 2a’ suggest that there is a tendency for the nonaromatic 

quinoidal form to aromatize (i.e., through a zwitterionic resonance 

form; see Figure S13 and discussion in the Supporting 

Information). Hydrogen bonding helps aromatize the π-system of 

2a’ even more. Importantly, these results suggest that solid state 

packing and the opportunity for hydrogen-bonding can shift the 

tautomeric preference of self-assembling heterocycles. 
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Conclusion 

In summary, this work reports on the synthesis of novel pyridine-

bearing PN-heterocycles. By X-ray diffraction, we observed that 

the heterocycles exhibit an unexpected change to a nonaromatic 

tautomer in the solid state. In the interest of controlling this 

transformation, it was necessary to understand the environmental 

and chemical factors that induce this change. Computational 

analysis concluded that the pyridine-PN scaffold becomes more 

thermodynamically stable as the intermolecular forces between 

heterocycles increases. While the identity of the pendant aryl 

substituent seemingly had no effect on the tautomerization, we 

found that reducing the basicity of the pyridyl nitrogen preserved 

the aromatic form in the solid state, e.g., 2e. Alkylation of this 

persistently aromatic heterocycle locked it into the quinoidal form. 

Comparison of the shifts in both the proton and carbon NMR 

spectra to other similarly alkylated heterocycles indicated 

extremely consistent trends as a result of this tautomeric change. 

Taken as a whole (solution and solid-state NMR, solution and 

solid-state UV-Vis, X-ray , calculations), this study suggests every 

heterocycle assessed starts aromatic in solution and only shifts to 

the quinoidal form upon solidification (2a-d) or alkylation (6a-d). 

This work will assist future efforts to develop novel and switchable, 

complementary hydrogen-bonding base pairs for use in selective 

molecular recognition and sensors. 

Experimental Section 

Experimental conditions and detailed experimental procedures for 
Schemes 1–2, as well as 1H, 13C, 19F and 31P NMR spectra and X-ray data, 
as well as details on quantum chemical calculations, sample preparation, 
X-ray diffraction, and solid-state optical spectroscopy are provided in the 
Supporting Information.  
 
Deposition Numbers 2118126 (for 2a), 2118125 (for 2c), 2118124 (for 2e), 
and 2118046 (for 6a) contain the supplementary crystallographic data for 
this paper. These data are provided free of charge by the joint Cambridge 
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe 
Access Structures service. 
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