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Diphosphonylated diazaheterocyclic compounds were syn-
thesized in a one-step reaction by using dimethyl trimethyl-
silyl phosphite (DMPTMS) under acidic conditions. The reac-
tion of DMPTMS with 1,5-naphthyridine yielded the corre-
sponding diphosphonylated product through a tandem 1,4–
1,2 addition under microwave conditions. This tandem 1,4–
1,2 addition was also evaluated for other substrates, namely,
1,10-phenanthroline, 1,7-phenanthroline and 4,7-phen-
anthroline. Reactions under reflux and microwave conditions
were compared. 1,5-Naphthyridine and the phenanthroline
derived substrates are less reactive than previously investi-

Introduction

The importance of azaheterocyclic phosphonates in syn-
thetic, agrochemical and medicinal chemistry has been well-
documented throughout the years.[1] Simple dialkyl phos-
phonates bearing a 2-pyridyl moiety are widely used as cor-
rosion inhibitors, dispersing and emulsifying agents, anti-
static and lubricant additives in various technologies.[2] In
addition, phosphonylated pyridines are also known as po-
tent insecticides,[3a] fungicides[3b–3c] and herbicides.[3d] Re-
cently, the antiproliferative and antiplatelet-activating fac-
tor (anti-PAF) properties of pyridin-3-ylphosphonate 1
have been reported,[4a–4b] and the quinolylphosphonic acid
derivatives 2 and 3 were found to possess potent antagonis-
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gated quinolines. The experimental trends in reactivity were
rationalized by means of theoretical calculations. The intrin-
sic properties, such as aromaticity and proton affinities,
showed distinct differences for the various substrates.
Furthermore, the calculated free energies of activation for
the rate-determining step of the tandem addition reaction en-
abled us to rationalize the differences in product yields. Both
the theoretical and the experimental results show the sub-
stantial influence of the position of the nitrogen atoms in the
(poly)aromatic compounds on the reaction outcome.

tic activity against AMPA receptors; AMPA [2-amino-3-(3-
hydroxy-5-methylisoxazol-4-yl)propanoic acid] is an agonist
that mimics the important neurotransmitter glutamate (Fig-
ure 1).

Figure 1. Biologically active phosphonates and phosphonic acids.

Consequently, phosphonylated azaheterocycles gained a
lot of interest, and the number of synthetic pathways to
these compounds has increased significantly over the
years.[5] Nevertheless, in spite of the possible interesting bio-
logical activities of azaheterocyclic diphosphonates and di-
phosphonic acids, no synthetic routes are known towards
diphosphonylated diazaheterocycles that use direct phos-
phonylation to introduce the two phosphorus moieties.
Known literature methods use different activation tech-
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niques to facilitate the nucleophilic attack of the phos-
phorus group. After phosphite addition, the aromaticity is
often restored before the isolation of the end product from
the reaction mixture. Through a Reissert-type reaction with
different sulfonyl or acyl chlorides as N-sulfonating or N-
acylating agent, respectively, 1,8-naphthyridine and 1,7-
phenanthroline can be activated towards the attack of the
phosphorus nucleophile.[6a–6c] Treatment of the different ac-
tivated substrates with trialkyl phosphite in the presence of
sodium iodide delivered monophosphonylated 1,2-adducts.
For 1,7-phenanthroline, the formation of a 1,4-adduct was
also observed. On the other hand, Barycki used an excess
of diisopropyl phosphite in the presence of metallic sodium,
which caused an unexpected nucleophilic substitution in o-
phthalazine. Subsequent acidic hydrolysis delivered 1-
phthalazine phosphonic acid as a crystalline compound in
24% yield.[7] Other activation methods comprise the use of
methyl iodide followed by the addition of trimethyl phos-
phite or dimethyl sodiophosphonate to prepare α- or γ-
phosphonylated 1,7-phenanthroline and α- or γ-phos-
phonylated 1,5- or 1,8-naphthyridine in moderate-to-good
yields.[8] Besides this regioselective 1,2- or 1,4-addition of
phosphites to azaheterocycles, Takeuchi et al. also reported
the synthesis of regio- and stereoisomeric diphosphonates

Figure 2. Diphosphonylated 1,5-naphthyridine 4 and phen-
anthrolines 5a–c.

Scheme 1. Proposed mechanism of the tandem 1,4–1,2 addition of DMPTMS to 1,5-naphthyridine.

Eur. J. Org. Chem. 2013, 1058–1067 © 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.eurjoc.org 1059

from 4,7-phenanthroline from their corresponding N-phen-
anthrolinium salts. The isomeric adducts were separated
through column chromatography.[6c,9]

Following our previous studies on the tandem 1,4–1,2-
addition of phosphorus nucleophiles [silylated dialkyl phos-
phite (DAPTMS) and trialkyl phosphite (TAP)] to α,β-un-
saturated aldimines,[10a–10b] hydrazones,[10c] quinolines and
acridine,[10d] a new straightforward strategy was elaborated,
which led to diphosphonylated 1,5-naphthyridine 1 and
phenanthrolines 5a–c (Figure 2).

Results and Discussion

1. Results

In previous work, the intermediates formed during the
addition could be spectroscopically determined;[10a] how-
ever, during the course of this work, similar intermediates
(8, 9 and 10) in the proposed reaction mechanism shown in
Scheme 1 could not be isolated or structurally determined.
It is noteworthy that the addition proceeds despite the
break-up of the aromatic stabilization. Dimethyl trimethyl-
silyl phosphite was used as a phosphorus nucleophile, based
on the synthesis of α-aminophosphonates by Afarinkia and
co-workers.[11] Afarinkia presented silylated phosphites as
excellent mild phosphonylation agents owing to the more
nucleophilic σ3λ3 form, which was obtained by O-silylation
with trimethylsilyl chloride and triethylamine in dry di-
chloromethane. By using a variation of this method, 1,5-
naphthyridine (6) was dissolved in dry dichloromethane and
3 equiv. of dimethyl trimethylsilyl phosphite (DMPTMS)
were added together with 1 equiv. of sulfuric acid. The mix-
ture was stirred for 5 hours under microwave irradiation
(200 W, 45 °C). Analysis by 31P NMR spectroscopy re-
vealed the formation of the double addition product 4 as
two diastereoisomers (one major pair of enantiomers, M,
and one minor pair of enantiomers, m). An acid–base ex-
traction was used to obtain the envisaged product. The ex-
cess phosphite was removed during the acidic extraction by
using diethyl ether (dichloromethane cannot be used owing
to excessive loss of the end product in the organic phase).
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Table 1. Reaction of different phenanthrolines 5 with dimethyl trimethylsilyl phosphite (DMPTMS) in acidic medium.[a]

Entry Product 5 Equiv. DMPTMS Equiv. H2SO4 Time Conversion [%] Isolated yield [%] Ratio M/m
Δ [d] MW [h] Δ MW Δ MW

1 1,10- 2.05 0.5 5 – 1 – – – –
2 1,7- 2.05 0.5 3 – 0 – – – –
3 4,7- 2.05 0.5 6 – 14 – – – –
4 4,7 4 1 1 – 1 – – – –
5 1,10- 6 1 – 2 – 95 – 88 93:7
6 1,10- 3 0.5 – 3 – 86 – 75 92:8
7 1,10- 3.5 0.5 – 5 – 100 – 96 94:6
8 1,10- 3�1 0.5 – 5 – 62 – 48 95:5
9 1,10- 3�2 3�0.4 – 5 – 26 – – –
10 1,7- 3 0.5 – 5 – 67 – 25 �99:1
11 1,7- 3�1 1 – 5 – 35 – 12 98:2
12 1,7- 3 �2 3�0.4 – 5 – 20 – – –
13 4,7- 6 1 – 3 – 36 – 12 91:9
14 4,7- 3�2 1 – 5 – 22 – 8 90:10
15 4,7- 3�2 3�0.4 – 5 – 15 – – –

[a] Δ = reflux, batch; MW = microwave heating (45 °C, 200 W), m = minor diastereomeric pair; M = major diastereomeric pair.

Chromatographic purification was sometimes required to
separate the product from the unreacted starting material.
Unfortunately, these phosphonylated azaheterocycles, such
as diphosphonylated 1,5-naphthyridine 4, were mainly re-
tained on the column, which led to lower yields than first
expected (43 % yield in comparison to a 87% conversion;
M/m: 87:13). In comparison to the addition of phosphites
to quinolines,[10d] 1,5-naphthyridine 4 reacted much slower
under the same conditions, and double 1,4-additions were
not observed, as protonation of both nitrogen atoms would
cause excessive charge in the ring system. To evaluate the
scope of the double phosphonylation reaction, 1,10-, 1,7-
and 4,7-phenanthroline, which have extended aromatic sys-
tems, were evaluated as substrates (Table 1). The double ad-
dition was performed under reflux conditions as well as un-
der microwave irradiation. Several derivatives were pre-
pared by using this methodology, and better conversions
and yields were established under microwave heating. Thus,
it can be concluded that the use of microwave heating is
necessary to overcome the activation energy of the aromatic
system.

The significant difference in yield between 1,10- and 4,7-
phenanthroline highlights the influence of the position of
the nitrogen atoms. In an attempt to increase the conversion
of 4,7-phenanthroline, the stepwise addition of dimethyl tri-
methylsilyl phosphite and/or sulfuric acid to reduce the hy-
drolysis of the silylated phosphite was evaluated (Table 1,
Entries 14 and 15). Unfortunately, the addition of the di-
methyl trimethylsilyl phosphite in portions to the reaction
mixture did not lead to a higher conversion.
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2. Theoretical Rationalization of the Reaction Path for
Phosphite Addition

A density functional theory (DFT) based computational
study was performed (see Computational Details section)
to obtain detailed insight into the reaction mechanism and
the influence of the substrate on the 1,4–1,2 addition of
phosphites. The rate-determining step in the tandem 1,4–
1,2 addition of phosphites is known to be the initial 1,4
addition, in which the aromaticity is partially disrupted.
1,4-Addition is initiated by nitrogen protonation, though
the ease of attack is governed by the nucleophilic attack of
the phosphite species (Scheme 1). Experimentally, quinol-
ines were found to react much faster than naphthyridines
and phenanthrolines. Before studying the addition reaction,
we investigated the proton affinity, aromaticity and charge
distribution of the various substrates. To quantify the aro-
maticity of the substrates we used the nucleus-independent
chemical shift (NICS) values as introduced by Schleyer et
al.[12] This parameter has previously been successful in ex-
plaining the stability trend of substituted diazanaphthal-
enes.[13] The free energies of protonation (ΔGprot,298 K) and
the NICS values (in ppm) for all substrates calculated in
the plane of the various rings are listed in Table 2.

1,10-Phenanthroline has the highest affinity towards pro-
tonation. The difference in the relative stabilities of the
phenanthrolines is mainly due to steric features (Figure 3).
1,10-Phenanthroline is energetically less stable than 1,7-
phenanthroline and 4,7-phenanthroline. This difference in
stability is caused by the position of the nitrogen atoms in
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Table 2. Free energies of protonation (ΔGprot,298 K), activation (ΔGact,298 K) and reaction free energies (ΔGr,298 K and ΔGrn,298 K) at 298 K.
NICS values [ppm] calculated in the plane of the various rings are given. All simulations were performed at the M06-2X/6-31+G(d,p)
level of theory.

[a] Relative to the protonated substrate. [b] Relative to the neutral substrate.

the fused aromatic system. As shown in Figure 3, the nitro-
gen atoms of 1,10-phenanthroline are relatively close, and
hence there is repulsion between their lone pairs. Inciden-
tally, this structural feature brings the protonated form of
1,10-phenanthroline extra stability, as the proton on N1 in-
teracts with the neighbouring nitrogen atom N10, which is
relatively close (2.233 Å, Figure 3). The relative Gibbs free
energies (Grel) of the protonated forms (Figure 3) reveal N1-
protonated 1,10-phenanthroline as the most stable. A low-
barrier transition state, in which the proton hops from N1
to N10, has also been located (Figure 4); the ease of tauto-
merization between the two protonated forms also contrib-
utes to the entropic stability of protonated 1,10-phen-
anthroline. Although 1,10-phenanthroline (C2v) and 4,7-
phenanthroline (C2v) both have a C2 axis of symmetry and,
hence, two degenerate (isoelectronic) protonated forms, it is
notable that 1,7-phenanthroline (Cs), which only has a
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plane of symmetry, can have two different protonated states
(N1 and N7 protonation) that differ significantly in stability
and that protonation of N7 is favoured (Figure 3). It can
thus be concluded that 1,7-phenanthroline will be exclu-
sively protonated at the N7 position.

The calculated NICS values show that the bicyclic spe-
cies are more aromatic than the tricyclic ones, as expected.
Quinoline is the most aromatic substrate, followed by
naphthyridine and then the phenanthrolines. Protonation at
a nitrogen atom increases the aromaticity of the entire aro-
matic structure and leads to stable pyridinium ions in line
with the large proton affinities. The computed NICS value
of the protonated ring typically increases from –6.7 to
–7.5 ppm, and the NICS values of the fused rings also in-
crease. For the tricyclic species, the energetically favoured
1,10-phenanthroline cation is the most aromatic, followed
by the 1,7-phenanthroline protonated at N7 and 4,7-phen-
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Figure 3. Structures and relative Gibbs free energies (Grel) of neutral and protonated forms of phenanthrolines. M06-2X/6-31+G(d,p)
optimized geometries. Selected critical distances given in Å.

Figure 4. Transition-state structure and Gibbs free energy of acti-
vation (ΔGtaut) for the low-barrier tautomerization of 1,10-phen-
anthroline. M06-2X/6-31+G(d,p) optimized geometries. Selected
critical distances given in Å.
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anthroline cations. The 1,7-phenanthroline protonated at
position N1 is the least aromatic. Although the differences
are small, this analysis shows that aromaticity is a key fac-
tor in the determination of the relative stability of the (pro-
tonated) substrates.

As a final step in the analysis of the different proton
affinities of the substrates, we calculated charge distri-
butions by using the Hirshfeld-I population scheme on all
neutral and protonated compounds.[14] The results are given
in Tables S1–S2. Overall, the negative charges on the nitro-
gen atoms correlate fairly well with the protonation free
energies, apart from that for 1,10-phenanthroline, for which
the protonated substrate is additionally stabilized by the hy-
drogen bond N1–H···N10. A correlation plot between the
charges on the nitrogen atoms and the proton affinities is
shown in Figure 5.

We further investigated the effect of the various sub-
strates and the position of the nitrogen atoms on the acti-
vation barriers for phosphite attack. The free energies of
activation and reaction free energies at 298 K, starting from
the protonated substrates and neutral substrates, are listed
in Table 2. Experimentally, quinoline reacted faster than
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Figure 5. Protonation free energies for quinolines, naphthyridines and phenanthrolines vs. Hirshfeld-I atomic charge on the nitrogen atom
of the neutral substrate at the M06-2X/6-31+G(d,p) level of theory.

napthyridine and phenanthrolines. However, it is not pos-
sible to compare the energies of the substrates, there is a
pronounced difference in protonation energy (–940 vs.
–916 kJ/mol). Protonated quinoline is thus more stable than
protonated naphthyridine. This indeed results in a higher
activation barrier for quinoline: the activation barrier with
respect to the protonated substrates are 53 and 43 kJ/mol
for quinoline and 1,5-naphthyridine, respectively. However,
taking into account both protonation and phosphite
addition, the reaction with quinoline is preferred over
naphthyridine. Also based on the product stabilities, the ad-
dition to quinoline is favoured. The reaction scheme for

Figure 6. Reaction scheme for phosphite addition to (a) quinoline and naphthyridine and (b) phenanthrolines [at the M06-2X/6-31+G(d,p)
level of theory].
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these two substrates is depicted in Figure 6 (a), and the
transition states are given in Figure 7.

Experimentally, a significant difference in product yields
was observed when comparing the 1,10- and 4,7-phenan-
throlines; this indicates that the position of the nitrogen
atoms affects the reactivity. The optimized transition states
for the various phenanthrolines are also shown in Figure 7.
The variation in the critical distance of the forming P–C
bond indicates a difference in synchronicity between the
transition states; 4,7-phenanthroline arrives at a later transi-
tion state than the others. In all transition-state structures,
stabilizing CH–π interactions (2.9–3.2 Å) between the ring
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Figure 7. Transition state structures for phosphite attack on quinoline, 1,5-naphthyridine and 1,10-, 1,7- and 4,7-phenanthroline. M06-
2X/6-31+G(d,p)-optimized geometries are depicted.

and the phosphite substituents are present. Figure 6 (b)
shows the reaction scheme for phosphite attack at the vari-
ous phenanthrolines. The free-energy scheme is in line with
the experimental findings, which yield an overall preference
for the phosphite addition at 1,10-phenanthroline. Addition
at position N1 of 1,7-phenanthroline is not expected as its
proton affinity is smaller than the other phenanthrolines
and the intrinsic activation barrier is high.

The product stabilities indicate that the most stable prod-
uct after attack of the various phenanthrolines corresponds
to the 1,10-phenanthroline substrate (ΔGrn,298 K in Table 2).
As already indicated, 1,10-phenanthroline is relatively un-
stable owing to repulsion between the nitrogen lone pairs,
but upon protonation a stabilizing interaction occurs be-
tween the protonated site and the nearby nitrogen atom.
This structural feature remains present throughout the reac-
tion cycle. The results of this study indicate the nontrivial
effect of the position of heteroatoms in aromatic rings and
the prominent effect on their reactivity.

The computed NICS values of the reaction products
show that addition of the phosphite totally disrupts the lo-
cal aromaticity, as positive values are found for all NICS
values calculated at the centre of the ring where the addition
occurs (see Supporting Information). However, the NICS
values of the other rings remain almost unaltered, indicative
of the local distortion the addition is causing.

Conclusions

We have shown that our previously described tandem
1,4–1,2 addition of phosphites across imines and quinolines
is also applicable to more extended aromatic systems. De-
spite their lower reactivity in comparison to quinolines,
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phenanthrolines (1,10; 1,7; 4,7) and 1,5-naphthyridine are
appropriate substrates for the syntheses of partially satu-
rated 2,4-diphosphonodiaza heterocycles. To rationalize the
observed experimental findings, a thorough molecular mod-
elling study was performed. The intrinsic properties of the
various substrates were studied by calculating the proton
affinities and the NICS values, which are indicative of aro-
maticity. Profound differences were found and it was shown
that quinoline is the most aromatic substrate, followed by
naphthyridine and then the phenanthrolines. Protonation at
a nitrogen atom increases the aromaticity of the entire aro-
matic structure. This is indeed reflected in the protonation
free energies of the various substrates and the partial
charges on the nitrogen atoms. Protonated quinoline is
more stable than protonated naphthyridine. Experimentally,
it was found that quinoline reacts much faster than the
(poly)cyclic substrates. Theoretical calculations showed that
overall the reaction with quinoline is preferred when taking
into account both the protonation energy and activation
barrier for phosphite addition. When comparing the reac-
tivity of the various phenanthroline substrates, it was found
that 1,10-phenanthroline reacts faster than the other sub-
strates and that there is a substantial influence of the par-
ticular position of the nitrogen atoms in the phenanthroline
substrates. Overall, this study provides a fundamental un-
derstanding of the reactivity of 5-naphthyridine and phen-
anthrolines in the 1,4–1,2 addition of phosphites.

Experimental Section
Microwave Reactions: All microwave reactions were performed in a
CEM Discover Focused Microwave Synthesis System with a se-
lectable power output from 0–300 W. The reactions were performed
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in 10 mL thick-walled Pyrex reaction vessels closed with a “snap-
on” septum cap and equipped with a small stirring bar. The tem-
perature control uses a noncontact infrared sensor to measure the
temperature at the bottom of the vessel and is used in a feedback
loop with the on-board computer to regulate the temperature from
25–250 °C by adjusting the power output (1 W increments). The
pressure control, an IntelliVentTM Pressure Control System, uses
an indirect measurement of the pressure by sensing changes in the
external deflection of the septum on the top of the sealed pressure
vessel. Stirring is performed by a rotating magnetic plate located
below the floor of microwave cavity. Cooling of the vessel after the
reaction is performed by a stream of clean air onto the vessel,
which decreases the temperature of a 2 mL solution from ca. 150 to
ca. 40 °C in less than 120 s. A ramp time of maximum 5 min was
used, during which the temperature increased from room tempera-
ture to the desired one. This temperature was maintained during
the course of the reaction for the indicated time.

General Remarks: All reactions were performed with flame-dried
glassware and dry solvents under a nitrogen atmosphere. All com-
mon reagents and solvents were obtained from commercial suppli-
ers and were used without any further purification unless otherwise
noted. High resolution 1H (300 MHz), 31P (121 MHz) and 13C
NMR (75 MHz) spectra were recorded with a JEOL EX 300
Eclipse+ NMR spectrometer. Peak assignments were obtained with
the aid of DEPT, COSY, heteronuclear single quantum coherence
(HSQC) and HMBC spectroscopy. Data are reported as follows:
chemical shift, multiplicity (s: singlet, d: doublet, t: triplet, q: qua-
druplet, br: broad, m: multiplet), coupling constants (J in Hz), inte-
gration, allocation of the peaks. The compounds were diluted in
deuterated solvents, and the solvent used is indicated for each com-
pound. Low resolution mass spectra were recorded with an Agilent
1100 Series VS (ES = 4000 V) mass spectrometer. IR spectra were
recorded with a Perkin–Elmer Spectrum BX FTIR spectrometer.
All compounds were analyzed in neat form with an attenuated total
reflectance (ATR) accessory. The melting points of crystalline com-
pounds were measured with a Büchi 540 apparatus. The elemental
analysis was performed with a Perkin–Elmer 2400 elemental ana-
lyzer. The purification of reaction mixtures was performed by col-
umn chromatography in a glass column with silica gel (Acros, par-
ticle size, 0.035–0.070 mm, pore diameter ca. 6 nm). TLC was per-
formed with aluminium backed plates coated with silica gel 60 with
F254 indicator (Merck, 0.25 mm) and KMnO4 as a visualizing
agent.

Typical Procedure for the Synthesis of Dimethyl Trimethylsilyl
Phosphite (DMPTMS): In a flame dried 250 mL flask, dimethyl
phosphite (1 equiv., 100 mmol, 11.00 g) was dissolved in dry di-
chloromethane (150 mL). To this solution was added triethylamine
(1.2 equiv., 120 mmol, 12.15 g), after which the solution was stirred
at 0 °C under a nitrogen atmosphere. Subsequently, trimethylsilyl
chloride (1.1 equiv., 110 mmol, 11.94 g) was added to the solution
with a dry syringe. This mixture was stirred for 30 min at 0 °C, and
then a sample was taken for 31P NMR spectroscopy. The formed
Et3N·HCl salt was removed by filtration, and the solvent was re-
moved in vacuo. The residue was redissolved in dry diethyl ether
to precipitate the remaining salt. After filtration and evaporation,
the procedure was repeated until there was no more salt formation.
The dimethyl trimethylsilyl phosphite was obtained as a colourless
liquid with a characteristic smell. It can be stored at –30 °C for a
maximum of one month in a well-closed bulb. The yields varied
from 70 to 75 %. 31P NMR (121 MHz, CDCl3, ppm): δ =
128.51 ppm.

Typical Procedure for the Synthesis of Compounds 4 and 5 (Reflux
Conditions): In a dry flask, 1,5-naphthyridine or a phenanthroline
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derivative (2 mmol) was dissolved in dry dichloromethane together
with DMPTMS (3 equiv., 6 mmol, 1.09 g; 3.5 equiv., 7 mmol,
1.28 g; or 6 equiv., 12 mmol, 2.19 g). The mixture was stirred at
room temperature under a nitrogen atmosphere, after which sulf-
uric acid (0.5 equiv., 1 equiv. H+, 1 mmol, 0.10 g) was added to the
solution. The reaction was heated to reflux and was followed by
31P NMR spectroscopy. Whenever possible, conversions were cal-
culated from the integrations in the 31P NMR spectra. An opti-
mized acid–base extraction was used to isolate the end product.
After removal of the solvent in vacuo, the residue was redissolved
in Et2O (20 mL) and HCl (3 n, 40 mL). After extraction with di-
ethyl ether (3�15 mL), the aqueous phase was neutralized with
NaOH (3 n), followed by another extraction with dichloromethane
(3� 20 mL). This second organic phase was dried with MgSO4.
After filtration of the solids and removal of the volatiles, the pure
end product was obtained in moderate-to-good yields. In some
cases, chromatographic purification was required [petroleum ether/
ethyl acetate (50:50), followed by acetonitrile/dichloromethane/
methanol (80:17:3)]. As the end product exists as two pairs of dia-
stereoisomers, the ratio of the minor and major compound was
calculated from 31P NMR spectroscopy. In the following spectra,
signals of the minor and major diastereoisomer are indicated with
m and M, respectively.

Typical Procedure for the Synthesis of Compounds 4 and 5 (Micro-
wave Heating): In a dry 10 mL thick-walled Pyrex reaction vessel,
1,5-naphthyridine or a phenanthroline derivative (2 mmol) was dis-
solved in dry dichloromethane (7 mL) together with DMPTMS
(3 equiv., 6 mmol, 1.09 g; 3.5 equiv., 7 mmol, 1.28 g; or 6 equiv.,
12 mmol, 2.19 g) and sulfuric acid (0.5 equiv., 1 equiv. H+, 1 mmol,
0.10 g). The head space was flushed with nitrogen before the “snap-
on” cap of the tube was closed. The reaction was heated to 45 °C
in a microwave synthesis system for 30 min. The progress of the
reaction was checked by 31P NMR spectroscopy; a sample was
taken directly from the mixture, after which it was again heated to
45 °C for another 30 min. Another sample was taken from the solu-
tion to monitor the reaction progress. If this sample revealed the
presence of remaining starting material, the reaction mixture was
placed back inside the microwave system and was again heated to
45 °C. After complete conversion, the end product was isolated by
using the same methodology as that used under reflux conditions.
In the case of 4,7-phenanthroline, 6 equiv. DMPTMS were added
at once; this is in contrast to the other substrates, for which 3 equiv.
were enough to drive the reaction to completion.

Dimethyl [4-(Dimethoxyphosphoryl)-1,2,3,4-tetrahydro-1,5-naphth-
yridin-2-yl]phosphonate (4): Because of the low quantity of minor
isomer (m), only the peaks of the major isomer (M) could be as-
signed in the 13C NMR spectrum. Minor (m)/major (M) ratio:
13:87. Yellow oil, yield 43%. 1H NMR (300 MHz, CDCl3): δ =
2.11–2.39 (m, 2 H, CHAHB, M + m), 2.57–2.71 (m, 2 H, CHAHB,
M + m), 3.62 (dtd, 2JH,P = 24.8, J = 5.5, 2.2 Hz, 2 H, CHP, M +
m), 3.66 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, M], 3.78 [d, 3JH,P =
10.5 Hz, 3 H, P(O)OCH3, m], 3.80 [d, 3JH,P = 11.0 Hz, 3 H,
P(O)OCH3, M], 3.84 [d, 3JH,P = 10.5 Hz, 9 H, 3� P(O)OCH3, 2�

M + m], 3.87 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, m], 3.93 [d,
3JH,P = 11.0 Hz, 3 H, P(O)OCH3, m], 4.26 (ddd, 2JH,P = 11.8, J =
7.7, 3.3 Hz, 1 H, NCHP, M), 4.31–4.36 (m, 1 H, NCHP, m), 4.48
(br. s, 1 H, NH, M), 4.55 (br. s, 1 H, NH, m), 6.88 (m, 1 H, 8-H,
m), 6.92 (dd, J = 8.3, 1.1 Hz, 1 H, 8-H, M), 6.99 (dd, J = 4.4,
2.2 Hz, 1 H, 7-H, M), 7.01 (dd, J = 4.4, J = 2.2 Hz, 1 H, 7-H, m),
7.98 (dd, J = 4.4, 1.1 Hz, 1 H, 6-H, M), 8.03 (dd, J = 4.4, 1.1 Hz,
1 H, 6-H, m) ppm. 13C NMR (75 MHz, CDCl3): δ = 22.37 (t, J =
4.6 Hz, CHCH2CH), 37.45 (dd, 1JC,P = 139.0, 3JC,P = 15.0 Hz,
CHP), 45.29 (d, 1JC,P = 161.5 Hz, NCHP), 52.86 [d, 2JC,P = 6.9 Hz,
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P(O)OCH3], 53.18 [d, 2JC,P = 6.9 Hz, P(O)OCH3], 53.59 [d, 2JC,P

= 6.9 Hz, P(O)OCH3], 53.88 [d, 2JC,P = 6.9 Hz, P(O)OCH3], 122.18
(s, C-8), 123.33 (d, J = 3.5 Hz, C-7), 135.21 (d, J = 8.1 Hz, C-4a),
139.12 (d, J = 2.3 Hz, C-6), 139.97 (dd, J = 12.1, 4.6 Hz, C-8a)
ppm. 31P NMR (121 MHz, CDCl3): δ = 26.11 (d, JP,P = 13.4 Hz,
m), 27.24 (d, JP,P = 2.2 Hz, M), 28.87 (d, JP,P = 2.2 Hz, M), 30.18
(d, JP,P = 13.4 Hz, m) ppm. IR: ν̃max = 3290 (NH), 1586 [CH(Ar)],
1458 [CH(Ar)], 1229 [CH(Ar)], 1228 (P=O), 1023 (P–O) cm–1. MS
(ESI): m/z (%) = 351.2 (100) [M + H]+. Chromatography: CH3CN/
CH2Cl2/MeOH (80:17:3) Rf = 0.06 (M).

Dimethyl [4-(Dimethoxyphosphoryl)-1,2,3,4-tetrahydro-1,10-phen-
anthrolin-2-yl]phosphonate (5a): Because of the low quantity of
minor isomer (m), only the peaks of the major isomer (M) could
be assigned in the 13C NMR spectrum. Minor (m)/major (M) ra-
tion: 6:94. Orange oil, yield 96%. 1H NMR (300 MHz, CDCl3): δ
= 2.15–2.42 (m, 2 H, CHAHB, M + m), 2.63–2.75 (m, 2 H, CHAHB,
M + m), 3.54 (dtd, 2JH,P = 23.7, J = 5.2, 1.7 Hz, 2 H, CHP, M +
m), 3.65 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, M], 3.66 [d, 3JH,P =
10.5 Hz, 3 H, P(O)OCH3, m], 3.68 [d, 3JH,P = 10.5 Hz, 6 H, P(O)-
OCH3, M + m], 3.88 [d, 3JH,P = 10.5 Hz, 6 H, P(O)OCH3, M +
m], 3.89 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, M], 3.90 [d, 3JH,P =
10.5 Hz, 3 H, P(O)OCH3, m], 4.32 (ddd, J = 11.7, 8.3, 3.3 Hz, 2
H, NCHP, M + m), 6.53 (d, J = 4.4 Hz, 1 H, NH, M), 6.71 (d, J

= 13.2 Hz, NH, m), 7.06 (d, J = 8.3 Hz, 1 H, 6-H, M), 7.14 (d, J

= 8.8 Hz, 1 H, 6-H, m), 7.34 (d, J = 7.7 Hz, 2 H, 8-H, M + m),
7.36 (dd, J = 8.3, J = 1.7 Hz, 2 H, 5-H, M + m), 8.01 (dd, J = 8.3,
1.7 Hz, 2 H, 7-H, M + m), 8.72 (dd, J = 3.9, 1.7 Hz, 2 H, 9-H, M +
m) ppm. 13C NMR (75 MHz, CDCl3): δ = 22.03 (t, 2JC,P = 4.6 Hz,
CHCH2CH), 34.43 (dd, 1JC,P = 141.9, 3JC,P = 15.0 Hz, CHP), 45.13
(d, 1JC,P = 159.2 Hz, NCHP), 53.13 [d, 2JC,P = 6.9 Hz, P(O)OCH3],
53.33 [d, 2JC,P = 6.9 Hz, P(O)OCH3], 53.39 [d, 2JC,P = 6.9 Hz,
P(O)OCH3], 53.68 [d, 2JC,P = 6.9 Hz, P(O)OCH3], 108.37 (d, J =
6.9 Hz, C-4a), 114.36 (d, J = 2.3 Hz, C-6), 121.52 (s, C-8), 127.87
(s, C-6a), 129.11 (d, J = 3.5 Hz, C-5), 135.73 (s, C-7), 137.57 (d, J

= 2.3 Hz, C-10a), 139.86 (dd, J = 10.4, 6.9 Hz, C-10b), 147.47 (s,
C-9) ppm. 31P NMR (121 MHz, CDCl3): δ = 26.62 (d, JP,P =
11.9 Hz, m), 27.59 (d, JP,P = 2.2 Hz, M), 29.43 (d, JP,P = 2.2 Hz,
M), 30.47 (d, JP,P = 11.9 Hz, m) ppm. IR: ν̃max = 3397 (NH), 1571
[CH(Ar)], 1512 [CH(Ar)], 1478 [CH(Ar)], 1232 (P=O), 1016 (P–O)
cm–1. MS (ESI): m/z (%) = 401.2 (100) [M + H]+. Chromatography:
CH3CN/CH2Cl2/MeOH (80:17:3) Rf = 0.14 (M + m).

Dimethyl [4-(Dimethoxyphosphoryl)-1,2,3,4-tetrahydro-1,7-phen-
anthrolin-2-yl]phosphonate (5b): Because of the low quantity of
minor isomer (m), only the peaks of the major isomer (M) could
be assigned in the 1H and 13C NMR spectrum. Minor (m)/major
(M) ration: � 1:99. Yellow powder, yield 25%, m.p. 157–159 °C.
C16H24N2O6P2 (402.32): calcd. C 47.77, H 6.01, N 6.96 ; found C
47.91, H 5.45, N 6.73. 1H NMR (300 MHz, CDCl3): δ = 2.01–2.29
(m, 1 H, CHAHB), 2.75 (td, J = 11.3, 1.7 Hz, 1 H, CHAHB), 3.33
[d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3], 3.80 [d, 3JH,P = 10.5 Hz, 3
H, P(O)OCH3], 3.83 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3], 3.85 [d,
3JH,P = 10.5 Hz, 3 H, P(O)OCH3], 4.49 (ddd, J = 12.3, 7.2, 4.4 Hz,
1 H, NCHP), 4.77 (ddt, 2JH,P = 23.7, J = 5.5, 1.7 Hz, 1 H, CHP),
4.98 (d, J = 3.9 Hz, 1 H, NH), 6.93 (d, J = 8.8 Hz, 1 H, 6-H), 7.13
(dd, J = 8.8, 4.4 Hz, 1 H, H-9), 7.49 (dd, J = 8.8, 2.2 Hz, 1 H, 5-
H), 7.92 (dd, J = 8.3, 1.7 Hz, 1 H, 10-H), 8.79 (dd, J = 4.4, 1.7 Hz,
1 H, 8-H) ppm. 13C NMR (75 MHz, CDCl3): δ = 22.03 (s,
CHCH2CH), 28.68 (dd, 1JC,P = 141.3, 3JC,P = 15.0 Hz, CHP), 45.73
(d, 1JC,P = 158.1 Hz, NCHP), 52.88 [d, 2JC,P = 6.9 Hz, P(O)OCH3],
52.93 [d, 2JC,P = 6.9 Hz, P(O)OCH3], 53.19 [d, 2JC,P = 6.9 Hz,
P(O)OCH3], 53.86 [d, 2JC,P = 6.9 Hz, P(O)OCH3], 106.06 (d, J =
6.9 Hz, C-10a), 117.39 (s, C-9), 118.74 (d, J = 3.5 Hz, C-6), 122.05
(s, C-4a), 127.92 (d, J = 3.5 Hz, C-5), 135.82 (s, C-10), 144.02 (dd,
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J = 9.2, 5.8 Hz, C-10b), 147.17 (d, J = 4.6 Hz, C-6a), 149.41 (s, C-
8] ppm. 31P NMR (121 MHz, CDCl3): δ = 28.02 (s, M), 30.55 (s,
M) ppm. IR: ν̃max = 3294 (NH), 1619 [CH(Ar)], 1537 [CH(Ar)],
1432 [CH(Ar)], 1228 (P=O), 1012 (P–O) cm–1. MS (ESI): m/z (%)
= 401.2 (100) [M + H]+. Chromatography: CH3CN/CH2Cl2/MeOH
(80:17:3) Rf = 0.05 (M).

Dimethyl [4-(Dimethoxyphosphoryl)-1,2,3,4-tetrahydro-4,7-phen-
anthrolin-2-yl]phosphonate (5c): Minor (m)/major (M) ratio: 9:91.
Orange oil, yield 12%. 1H NMR (300 MHz, CDCl3): δ = 2.02–2.33
(m, 1 H, CHCHAHBCH, M), 2.37–2.51 (m, 1 H, CHCHAHBCH,
m), 2.66–2.79 (m, 1 H, CHCHAHBCH, M), 2.81–2.94 (m, 1 H,
CHCHAHBCH, m), 3.39 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, M],
3.57 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, m], 3.63 [d, 3JH,P =
10.5 Hz, 3 H, P(O)OCH3, M], 3.79 [d, 3JH,P = 10.5 Hz, 3 H,
P(O)OCH3, m], 3.86 [d, 3JH,P = 10.5 Hz, 6 H, 2� P(O)OCH3, M],
3.88 [d, 3JH,P = 10.5 Hz, 3 H, P(O)OCH3, m], 3.91 [d, 3JH,P =
10.5 Hz, 3 H, P(O)OCH3, m], 3.94–4.06 (m, 2 H, CHP, M + m),
4.44 (ddd, 2JH,P = 12.5, J = 7.2, 3.9 Hz, 2 H, NCHP, M + m), 4.77
(d, J = 4.4 Hz, 2 H, NH, M + m), 7.07 (d, J = 9.4 Hz, 1 H, 5-H,
M), 7.18 (d, J = 8.8 Hz, 1 H, 9-H, m), 7.35 (dd, J = 8.8, 4.4 Hz, 1
H, 9-H, M), 7.40 (d, J = 9.4 Hz, 1 H, 5-H, m), 7.83 (dd, J = 9.4,
2.2 Hz, 1 H, 6-H, M), 7.94 (dd, J = 9.4, 2.2 Hz, 1 H, 6-H, m), 8.24
(d, J = 8.8 Hz, 1 H, 10-H, M), 8.39 (d, J = 8.3 Hz, 1 H, 10-H, m),
8.64 (d, J = 3.9 Hz, 1 H, 8-H, M), 8.69 (d, J = 3.9 Hz, 1 H, 8-H,
m) ppm. 13C NMR (75 MHz, CDCl3): δ = 22.25 (t, 2JC,P = 4.6 Hz,
CHCH2CH, M), 27.38 (d, 2JC,P = 3.5 Hz, CHCH2CH, m), 30.46
(dd, 1JC,P = 147.7, 3JC,P = 12.7 Hz, CHP, m), 30.59 (dd, 1JC,P =
143.1, 3JC,P = 15.0 Hz, CHP, M), 45.41 (d, 1JC,P = 159.2 Hz,
NCHP, M), 52.68 [d, 2JC,P = 6.9 Hz, P(O)OCH3, m], 52.89 [d, 2JC,P

= 6.9 Hz, P(O)OCH3, m], 53.09 [d, 2JC,P = 6.9 Hz, 2� P(O)OCH3,
M], 53.26 [d, 2JC,P = 6.9 Hz, P(O)OCH3, M], 53.71 [d, 2JC,P =
6.9 Hz, P(O)OCH3, m], 53.76 [d, 2JC,P = 6.9 Hz, P(O)OCH3, m],
53.91 [d, 2JC,P = 6.9 Hz, P(O)OCH3, M], 54.80 (d, J = 163.8 Hz,
NCHP, m), 102.85 (d, J = 6.9 Hz, C-10b, M), 110.75 (d, J = 6.9 Hz,
C-10b, m), 121.24 (s, C-9, M), 121.44 (s, C-9, m), 121.62 (d, J =
3.5 Hz, C-5, M), 122.66 (d, J = 4.6 Hz, C-5, m), 128.05 (d, J =
3.5 Hz, C-10a, M), 129.82 (d, J = 3.5 Hz, C-10a, m), 130.05 (s, C-
10, m), 130.24 (s, C-10, M), 130.36 (d, J = 3.5 Hz, C-6, m), 130.47
(d, J = 3.5 Hz, C-6, M), 141.28 (dd, J = 9.2, 5.8 Hz, C-4a, M),
143.34 (s, C-6a, m), 143.60 (d, J = 2.3 Hz, C-6a, M), 145.73 (t, J

= 5.8 Hz, C-4a, m), 146.01 (s, C-8, M), 146.88 (s, C-8, m) ppm. 31P
NMR (121 MHz, CDCl3): δ = 26.84 (s, m), 27.52 (s, M), 28.35 (s,
m), 28.88 (s, M) ppm. IR: ν̃max = 3294 (NH), 1618 [CH(Ar)], 1525
[CH(Ar)], 1477 [CH(Ar)], 1230 (P=O), 1024 (P–O) cm–1. MS (ESI):
m/z (%) = 401.2 (100) [M + H]+. Chromatography: CH2Cl2/MeOH
(95:5) Rf = 0.10 (M + m).

Computational Details: All computations were performed with the
Gaussian 09 program package.[15] Geometry optimizations were
carried out by using the M06-2X functional,[16] which is known to
perform well in organic systems with dispersion effects.[17] The na-
ture of the stationary points was confirmed by normal modes
analysis. Free energy corrections are reported at 1 atm and 298 K.
The HiPart[18] program was used to compute Iterative Hirshfeld
(Hirshfeld-I) charges,[14] which are known to reliably reproduce
electrostatic potential surfaces (ESP).[19] Furthermore, it was re-
cently shown that Hirshfeld-I charges are basis-set independent[20]

and robust with respect to conformational changes in organic[21]

and biological systems.[22] NICS values were calculated in the plane
of each six-membered ring by using the default gauge-independent
atomic orbital (GIAO) method.[23] NICS values are reported to be
relatively insensitive to the level of theory employed, as stated by
Chen et al.[12b]
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Supporting Information (see footnote on the first page of this arti-
cle): 1H and 13C NMR spectra of 4, 5a, 5b and 5c; Hirshfeld-I
charges for the neutral and N-protonated forms of quinoline and
1,5-naphthyridine (Table S1) and 1,10-, 1,7- and 4,7-phenanthroline
(Table S2); NICS values of the products (Figure S1).
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