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The thematic issue “Organophosphorus chemistry: from model
to application” shows a number of “hot” topics of the discipline
under discussion.

Cross-coupling reactions are also of importance in organophos-
phorus chemistry. Taddei and co-workers applied an alternative
method to the classical Hirao reaction [1]. They utilized the
Ni-catalyzed double Michaelis–Arbuzov reaction of bis(bromo-
aryl) species and related N-heterocycles to prepare the respec-
tive bisphosphonate derivatives that were transformed to the
corresponding diphosphonic acids.

The Pudovik addition is still an evergreen reaction as it leads to
α-hydroxyphosphonates that are versatile intermediates in
organophosphorus chemistry. Yang et al. elaborated a Lewis
acid-catalyzed one-pot synthesis of phosphinates and phos-
phonates staring from pyridinecarboxaldehydes and diarylphos-
phine oxides [2]. This protocol is the analogy of the Pudovik
reaction, followed by the phospha-Brook rearrangement applied
mainly for the synthesis of phosphoric ester derivatives.

In another study, the synthesis of bis(chlorophenyl)acetylenes
that were useful for the preparation of 1,2,3-tris(chloro-
phenyl)cyclopropenylium bromides was accomplished [3]. The

latter species were converted to tributyl(1,2,3-tris(chloro-
phenyl)cyclopropenyl)phosphonium bromides, affording 3,4,5-
tris(chlorophenyl)-1,2-diphosphacyclopentadienides upon reac-
tion with polyphosphides. These ligands were converted to the
corresponding ferrocene complexes. This synthesis was elabo-
rated by Zagidullin and his team.

The two remaining articles also indicate the importance of the
P-heterocyclic discipline in organophosphorus chemistry.

A series of P-stereogenic chiral thiophosphorus acids, such as a
fused 1-hydroxytetrahydrophosphinine 1-sulfide, an oxaphos-
phinine sulfide analogue, and an azaphosphinine sulfide ana-
logue were synthesized my Montchamp and Winters as poten-
tial organocatalysts [4]. The newly prepared thiophosphorus
acids were not efficient in the asymmetric transfer hydrogena-
tion of 2-phenylquinoline. However, they may find application
in other model reactions. These days, stereoselective syntheses
incorporating “green" chemical considerations are of utmost
importance in medicinal chemistry and beyond.

Quantum chemical calculations are a great support for organic
chemists when exploring structures, reactivities, and mecha-
nisms. In this thematic issue, the Diels–Alder cycloaddition of
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2-phosphaindolizine, 1-aza-2-phosphaindolizine, 3-aza-2-phos-
phaindolizine, and 1,3-diaza-2-phosphaindolizine derivatives,
with butadiene has been calculated by Bansal and co-workers
using DFT [5]. Therein, the dienophilic reactivity of the N=P
and P=C units of the heterocycles was in accordance with the
experimental observations.

Additionally, a novel triferrocenyl trithiophosphite was synthe-
sized and studied by single-crystal X-ray diffraction by
Khrizanforov et al., and the preferred conformations were
substantiated by DFT calculations [6].

Finally, Hersh and Chan presented a method to improve the
accuracy of 31P NMR chemical shift calculations by use of
scaling methods [7].

György Keglevich
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Abstract
Herein, we report a Lewis acid-catalyzed Pudovik reaction–phospha-Brook rearrangement sequence between diarylphosphonates or
-phosphinates and α-pyridinealdehydes to access valuable phosphoric ester compounds. This transformation provides an extended
substrate scope that is complementary to similar previously reported base-catalyzed transformations.
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Introduction
Phosphoric esters are widely used in agrochemistry, biological
sciences, clinical treatments, as well as in general organic
transformations [1-9]. Therefore, many efficient methods have
been developed in the past decades to synthesize different types
of phosphoric esters [10-18]. Traditional methods for the con-
struction of P−O bonds in phosphoric esters rely on the phos-
phorylation of alcohols or phenol with highly air-sensitive and
hazardous phosphorus halides, with the assistance of a suitable
base [19-24]. As an alternative pathway, the phospha-Brook re-
arrangement [25-30] represents a green approach to phosphoric
esters since it uses α-hydroxyphosphonates, which can be easily
prepared by Pudovik reaction (addition of an unsaturated
carbonyl compound to a labile P–H bond), to undergo an effi-
cient intramolecular rearrangement, producing phosphoric
esters [31-42]. For example, in 2005, Kaïm and co-workers

have accomplished the synthesis of phosphoric esters through a
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)-catalyzed Pudovik
reaction–phospha-Brook rearrangement sequence [43]. A
decade later, Chakravarty and colleagues reported the efficient
synthesis of organic phosphates from ketones and aldehydes
using n-BuLi as catalyst through a similar transformation under
solvent-free conditions [44]. Recently, Zhang’s group disclosed
a cesium carbonate-catalyzed Pudovik reaction–phospha-Brook
rearrangement sequence and extended the phosphorus source
from phosphate to phosphonate [45]. Despite of these impor-
tant advancements, all of the above transformations were
carried out under basic conditions, and thus impose barriers for
substrates that bear base-sensitive functional groups. More im-
portantly, heteroatom-containing ketones and aldehydes have
been proven to be challenging substrates for all of these existing
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Table 1: Reaction optimization.a

entry solvent T (°C) 3aa (%)b 4aa (%)b

1 toluene 100 62 n. d.
2 MeCN 100 53 n. d.
3 DCM 100 53 n. d.
4 AcOEt 100 61 n. d.
5 THF 100 90 n. d.
6 THF 80 23 66
7 THF 60 traces 83
8 THF 40 n. d. 72
9 THF 25 n. d. 56

10 THF 120 74 n. d.
aReaction conditions: diphenylphosphine oxide (1a, 0.2 mmol), 2-pyridinecarboxaldehyde (2a, 0.3 mmol), Cu(OTf)2 (10 mol %), solvent (2 mL), under
Ar at 100 °C for 12 h. bIsolated yield.

systems [46-49]. Thus, searching for an alternative catalytic
system, for example, a mild Lewis acid-catalyzed system, to
achieve a wide applicability and provide a substrate scope com-
plementary to previously reported base-catalyzed reactions, is a
highly desirable task. However, such a process is recognized as
challenging since there is no single report on such a sequence
under Lewis acid catalysis. Herein, we report the synthesis of
phosphoric esters by a Lewis acid Cu(OTf)2-catalyzed one-pot
Pudovik reaction–phospha-Brook rearrangement sequence be-
tween pyridinyl-substituted aldehyde or pyridone with
diarylphosphonates and -phosphinates (Scheme 1b). The
present method is simple and efficient, providing an extended
substrate scope that is complementary to classical similar base-
prompted reactions.

Results and Discussion
We used diphenylphosphine oxide (1a) and 2-pyridinecarbox-
aldehyde (2a) as the standard substrates to test the suitable
conditions for the O-phosphination product 3aa. Delightfully, in
the presence of 10 mol % Cu(OTf)2 in toluene at 100 °C, the
desired product 3aa was obtained in 62% yield, and no Pudovik
adduct 4aa was detected (Table 1, entry 1). Inspired by this
result, we conducted a careful screening of the other reaction
factors to improve the reaction outcome. The screening of sol-
vents was then carried out (Table 1, entries 1−5), and THF was
found to be the optimal solvent. The temperature also played a
pivotal role in the formation of 3aa, with traces of, or no desired
3aa being obtained at a temperature lower than 80 °C, but 4aa

Scheme 1: Different strategies for phospha-Brook reactions.

was produced in a high yield (Table 1, entries 7−9). When the
reaction was performed at 120 °C, the yield of 3aa was slightly
lower than that at 100 °C.

With the high-yielding reaction conditions established (Table 1,
entry 5), we examined a series of reactions of symmetric and
asymmetric secondary phosphine oxides with 2-pyridinecarbox-
aldehyde (2a), which produced the corresponding O-phosphina-
tion products (Scheme 2). Diarylphosphine oxide substrates
with either electron-withdrawing or electron-donating groups
tethered to the phenyl ring were well tolerated, and the phosphi-
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Scheme 2: Scope of 1 (secondary phosphine oxides and phosphonate). Reaction conditions: 1 (0.2 mmol), 2-pyridinecarboxaldehyde (2a, 0.3 mmol),
Cu(OTf)2 (10 mol %), THF (2 mL), under Ar at 100 °C for 12 h. The isolated yield is given.

nate products 3ab–ah were obtained in moderate to good yield.
The steric hindrance effect had a significant influence on the
outcome of the reaction. For the phosphine oxide substrate 1i
bearing an ortho-methyl-substituted phenyl group, the desired
product 3ai was obtained in 21% yield, while the meta-methyl-
substituted derivative 1h was converted into the corresponding

product 3ah in 63% yield. In addition, the configuration of 3ak
was determined by an X-ray crystallographic analysis (CCDC
2177793). To our delight, phosphorus sources containing a
heterocycle, such as a benzothiophene (in 1l) or a benzofuran
unit (in 1m), could smoothly be transformed into the desired
products 3al and 3am, respectively, in moderate yield. Phosphi-
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Scheme 3: Scope of 2 (α-pyridinealdehydes and α-pyridones). Reaction conditions: diphenylphosphine oxide (1a, 0.2 mmol), 2 (0.3 mmol), Cu(OTf)2
(10 mol %), THF (2 mL), under Ar at 100 °C for 12 h. The isolated yield is given.

nates 3an and 3ao could both be prepared under this Pudovik
reaction–phospha-Brook rearrangement sequence in moderate
to good yield. When the phenyl groups of the diarylphosphine
oxide 1a were formally replaced by biphenyl units in 1p, 3ap
was produced in 91% yield under the standard conditions. How-
ever, in the presence of bulky anthracene groups in 1q, only a
47% yield of 3aq was obtained. The applicability of the reac-
tion system was further demonstrated with various unsymmetri-
cally substituted phosphine oxides under the standard condi-
tions. When the aryl group in the diarylphosphine oxide sub-
strate was replaced by one or two alkyl groups or an ethoxy
group, the transformation could also be achieved in moderate to
good yield (see 3ar–au).

Next, we studied the scope with respect to the α-pyridinecar-
boxaldehyde by using 1a as the reaction partner (Scheme 3).
Firstly, we investigated the effect of steric hindrance on the
pyridine ring of the α-pyridinealdehyde. Under standard condi-
tions, a methyl group was introduced at either the 3-, 4-, or 5-
position of the α-pyridinealdehyde, and the desired products
3ba–bc were obtained in 32%, 92%, and 82%, respectively, in-
dicating that the reaction is sensitive to steric effects. We then

investigated the electronic effects of the α-pyridinealdehyde on
the reaction outcome. However, no clear trend regarding elec-
tronic effects could be observed since α-pyridinealdehydes
bearing either an electron-donating group (e.g., Me, MeO, Ph)
or electron-withdrawing group (e.g., F, Cl, Br, CF3, CO2Me) in
position 5 were all well tolerated, and the desired products were
generally obtained in moderate to good yield. Delightfully, in
addition to aldehydes, a ketone was also applicable under stan-
dard conditions, albeit affording the product in a comparably
lower yield, probably due to the lower reactivity and steric
hindrance of the substrate (see 3bl). Moreover, pyridine bear-
ing two formaldehyde or ketone groups could also be trans-
formed into the desired diphosphination products 3bm and 3bn
in moderate to good yield. The generality of the system was
further showcased by tolerating quinoline and isoquinoline
groups, and the desired products 3bp and 3bq were afforded in
a high yield.

Additional experiments were conducted in order to clarify the
reaction mechanism. Under standard conditions, only pyridin-2-
ylmethyl diphenylphosphinate (3aa) was produced, and the
Pudovik adduct (hydroxy(pyridin-2-yl)methyl)diphenylphos-
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Scheme 4: Control experiments.

Scheme 5: Proposed mechanism.

phine oxide (4aa) was not detected (Scheme 4a). The control
experiment showed that in the absence of Cu(OTf)2 catalyst, the
reaction produced 4aa as the sole product in 87% yield
(Scheme 4b). When 4aa was used as the substrate to carry out
the phospha-Brook rearrangement under the standard condi-
tions, phosphinate 3aa was afforded in 74% yield (Scheme 4c).
Taken together all of the above results, we concluded that 4aa is

the intermediate of this transformation and that Cu(OTf)2
promotes the phospha-Brook rearrangement occurring in the
reaction.

Based on the above results and literature reports, the proposed
mechanism is shown in Scheme 5. First, diphenylphosphine
oxide (1a) and 2-pyridinecarboxaldehyde (2a) undergo the
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Pudovik reaction to produce the intermediate adduct 4aa. Then,
Cu(OTf)2 coordinates with 4aa to form the intermediate Int-A,
which goes through the phospha-Brook rearrangement process
to form Int-B. Finally, Int-B is transformed into the product
3aa and releases Cu(OTf)2 to close the catalytic cycle.

Conclusion
In conclusion, a Lewis acid-catalyzed Pudovik reaction–phos-
pha-Brook rearrangement sequence between diarylphospho-
nates or -phosphinates and α-pyridinealdehydes was developed.
This approach provides an efficient approach towards phospho-
ric esters and provides a scope complementary to previous simi-
lar base-catalyzed transformation.

Supporting Information
Supporting Information File 1
Experimental details and characterization data (1H, 13C,
and 31P NMR as well as chromatograms) of products.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-123-S1.pdf]
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Abstract
The >C=P– or –N=P– functionality in 1,3-azaphospholo[1,5-a]pyridine, named as 2-phosphaindolizine and its 1- and 3-aza deriva-
tives act as dienophiles and undergo Diels–Alder reactions with 1,3-dienes. However, the dienophilic reactivity is affected by the
nature of the substituent groups on the two sides of the σ2,λ3-P atom and also by the presence of more nitrogen atom(s) in the five-
membered ring. The conceptual density functional theory (DFT) calculations have been used in recent years to predict the reactivi-
ty of organic molecules in reactions. We calculated global hardness (η), global softness (S), electronic chemical potential (μ), elec-
trophilicity (ω), and nucleophilicity (N) indices of four classes of 2-phosphaindolizines, on the basis of which their observed rela-
tive dienophilic reactivities could be rationalized. Besides, the Fukui functions of the carbon/nitrogen and phosphorus atoms of the
>C=P– and –N=P– functionalities were also computed which revealed their hard electrophilic character and accorded well with the
dienophilic reactivities observed experimentally. Furthermore, energies and symmetries of the lowest unoccupied molecular orbitals
(LUMO) of 2-phosphaindolizines were found to be in conformity with their dienophilic reactivities.

1217

Introduction
In 1988, we developed a simple synthetic method for the syn-
thesis of 1,3-azaphospholo[1,5-a]pyridine derivative (1,
R1 = Me, R2 = PhCO) from the reaction of 2-ethyl-1-
phenacylpyridinium bromide with PCl3 and Et3N, which was
named as 2-phosphaindolizine perceiving it to result from a
formal CH/P exchange at the 2-position of indolizine (2)

(Figure 1) [1]. Subsequently a good library of these interesting
compounds became accessible [1].

The methodology could be extended successfully to the synthe-
sis of 1,3,4-diazaphospholo[1,2-a]pyridines, i.e., 1-aza-2-phos-
phaindolizines 3 [2], 1,2,3-diazaphospholo[1,5-a]pyridines, i.e.,

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:bansal56@gmail.com
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Figure 1: Structures of 2-phosphaindolizine (1) and indolizine (2).

3-aza-2-phosphaindolizines 4 [3], and 1,2,4,3-triazaphos-
pholo[1,5-a]pyridine, i.e., 1,3-diaza-2-phosphaindolizine (5,
Figure 2) [4]. We succeeded in developing another method in-
volving a 1,5-electrocyclization of the initially formed pyri-
dinium alkoxycarbonyl-dichlorophosphinomethylide followed
by 1,2-elimination affording 1,3-bis(alkoxycarbonyl)-2-phos-
phaindolizines [5].

Figure 2: Structures of 1-aza-2-phosphaindolizines 3, 3-aza-2-phos-
phaindolizines 4, and 1,3-diaza-2-phosphaindolizine (5).

After having access to a good number of differently substituted
derivatives of these four classes of 2-phosphaindolizines, we
were motivated to explore their reactivity as they apparently
have many active functionalities. In view of the earlier reported
results of the Diels–Alders (DA) reaction across the >C=P–
functionality in phosphaalkenes [6], phosphaketenes [6],
heterophospholes [7], phosphinines [8], and azaphosphinines
[9] (a recent review incorporates all these classes [10]), we in-
vestigated DA reactions across the >C=P– or –N=P– function-
ality present in these compounds. During this, we found that
these compounds exhibited quite different dienophilic reactivi-
ties towards 2,3-dimethyl-1,3-butadiene (DMB). 2-Phosphain-
dolizines having electron-withdrawing groups (EWG) both at
the 1 and 3-positions, namely 1,3-bis(ethoxycarbonyl)-1,3-
azaphospholo[1,5-a]pyridine (1: R1 = R2 = COOEt) and its
isoquinoline analogue, reacted with DMB and isoprene to give
the [2 + 4] cycloadducts, in the latter case, regioselectively [11].
However, 2-phosphaindolizines having an EWG at the 3-posi-
tion only, namely 3-ethoxycarbonyl-1-methyl-2-phosphain-
dolizine (1: R1 = Me, R2 = COOEt) did not undergo the DA
reaction with DMB alone or in the presence of sulfur even when
refluxing in toluene [12]. The reaction could be accomplished
only in the presence of a Lewis acid catalyst, namely ethylalu-
minum dichloride [13]. Furthermore, when carrying out the

reaction of compounds 1 (R1 = Me, R2 = COOMe, COOEt,
COOCMe3) with DMB in the presence of the catalyst
O-menthoxyaluminium dichloride, generated in situ, complete
diastereoselectivity was observed.

The DA reactions of 1-aza-2-phosphaindolizines 3 with DMB
and isoprene occurred at rt, although slowly and were speeded
up by the use of sulfur or selenium which oxidized the phos-
phorus atom of the initially formed product thereby pushing the
reaction in the forward direction [14].

The difference in the reactivities of two classes of 2-phosphain-
dolizines namely the 2-phosphaindolizine substituted by the
EWG at 3-position only (1, R1 = Me, R2 = CO2Me) and substi-
tuted by EWGs both at the 1- and 3- positions (1 ,
R1 = R2 = CO2Me) could be rationalized on the basis of DFT
calculations at the B3LYP/6-31G (d,p) level of theory wherein
it was revealed that the nitrogen lone-pair is transferred effec-
tively into the azaphospole ring. In compound 1 (R1 = Me,
R2 = CO2Me) the EWG at the 3-position emphasizes this effect
further. As a result, the >C=P– functionality becomes electron-
rich and does not undergo a DA reaction with an electron-rich
diene such as DMB. However, in the case of compound 1
(R1 = R2 = CO2Me), the EWG at the 1-position functions as
electron-sink between the nitrogen lone-pair and the >C=P–
functionality. As a result, the latter retains its electron-deficient
character and undergoes DA reaction with DMB (Figure 3)
[15].

Figure 3: Transfer of the nitrogen lone-pair in 2-phosphaindolizines.

The DFT based on the Hohenberg–Kohn theorems and later on
the Kohn–Sham approximation made it possible to study the
progress of organic reactions with manageable computational
costs [16,17]. Parr and co-worker [18] developed “Conceptual
DFT”, a subfield of DFT which allows to calculate various re-
activity descriptors, such as electrochemical potential, electro-
philicity and nucleophilicity indices, global hardness, electro-
negativity, etc.

The concept of hard–soft acid–base (HSAB) was used to
explain the reactivity of the organic molecules towards electro-
philic and nucleophilic reagents [19]. Thus a quantitative
descriptor, the Fukui function was defined as



Beilstein J. Org. Chem. 2022, 18, 1217–1224.

1219

Table 1: Model DA reactions of 2-phosphaindolizines with 1,3-butadiene computed at the B3LYP/6-31+G(d) level of theory.

6 Aa Ab Ac Ad Ba Bb Ca Cb D

X CH C-CO2Me CH C-CO2Me N N CH C-CO2Me N
Y CH CH C-CO2Me C-CO2Me CH C-CO2Me N N N

for nucleophilic attack and

for electrophilic attack,

where ρN+1(r), ρN(r), and ρN−1(r) are the electron densities
at a point r in the system with N+1, N, and N−1 electrons, re-
spectively, all with the ground-state geometry of the N-electron
system. It was concluded that the regions of a molecule with a
large Fukui function are chemically softer than the regions
where the Fukui function is small. Thus, by invoking the HSAB
principle it becomes possible to predict the behavior of a
particular site in the molecule towards hard or soft reagents
[19].

Yang and Mortier [20] suggested the use of the gross charge
(qr) at a particular atom r in a molecule obtained from the
Mulliken population analysis (MPA) for the calculation of the
condensed Fukui function (f(r)) at that atom. The condensed
Fukui function using MPA often has negative values and in this
context, the use of Hirshfeld population analysis (HPA) based
on the Stock-Holder idea was recommended [21,22].

We report herein different conceptual DFT descriptors of four
classes of 2-phosphaindolizines and the attempts to compare the
dienophilic reactivities of the >C=P– or –N=P– functionality
present in these compounds towards 1,3-butadiene.

Results and Discussion
We investigated the following model DA reactions (Table 1) at
the DFT (B3LYP/6-31+G (d)) level of theory.

The values of the energies of the frontier molecular orbitals
(FMOs) global hardness (η), global softness (S), electronic

chemical potential (µ), electrophilicity (ω) and nucleophilicity
(N) indices of 2-phosphaindolizines 6 and 1,3-butadiene (7) are
given in Table 2.

2-Phosphaindolizines and 1,3-butadiene are soft electrophiles
and nucleophile, respectively, and in accordance with the
HSAB principle, they are expected to react. In the series 6A of
2-phosphaindolizines, the softness decreases in the order 6Ad >
6Ab > 6Ac > 6Aa. No representatives of 6Aa and 6Ab have
been prepared so far. Thus, compound 6Ad is expected to
undergo a DA reaction faster than compound 6Ac which is in
agreement with the reported results; the former reacts with
DMB without the aid of a catalyst [11] whereas the latter under-
goes DA reaction only in the presence of a catalyst [13]. How-
ever, it may be noted that although compounds 6Bb and 6D are
less soft than 6Ac, they undergo DA reaction without the aid of
a catalyst [14]. As discussed later, this can be rationalized on
the basis of the local hardness represented by the Fukui func-
tion.

The electronic chemical potential (µ) is another useful
descriptor that reveals efficacy of charge transfer from the
species of higher chemical potential to a species with lower
chemical potential [23]. The reactivities of two substrates A and
B with the same reagent C can be compared on the basis of the
relative values of ∆μAC and ∆μBC; the greater the value of ∆µ
is, the faster will be the reaction. In this context, it may be noted
that except for compound 6Aa, i.e., the unsubstituted 2-phos-
phaindolizine, the electronic chemical potentials of the other
2-phosphaindolizines are smaller than the electronic chemical
potential of 1,3-butadiene indicating the possibility of an effec-
tive charge transfer from the latter to the former. Furthermore,
the gap between the chemical potentials of 2-phosphain-
dolizines and 1,3-butadiene decreases in the order 6Ad > 6Ab >
6Ac; 6Bb > 6Ba; 6Cb > 6Ca. This order is similar to the one
derived on the basis of global hardness discussed earlier and is
also in conformity with the experimental results.
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Table 2: Energies of frontier molecular orbitals, global hardness, global softness, electronic chemical potential, electrophilicity, and nucleophilicity
indices of 2-phosphaindolizines and 1,3-butadiene.

Compounds
6

EHOMO
(eV)

ELUMO
(eV)

Global
hardness η
(eV)

Global
softness S
(eV)

Electronic
chemical
potential µ
(eV)

Electrophilicity
index ω
(eV) × 102

Nucleophilicity
indexa N
(eV) × 102

Aa −0.211 −0.025b 0.079 6.361 −0.132 0.110 –
Ab −0.222 −0.033b 0.076 6.548 −0.146 0.139 –
Ac −0.221 −0.068 0.077 6.510 −0.144 0.135 –
Ad −0.230 −0.080 0.075 6.644 −0.155 0.160 –
Ba −0.232 −0.001c 0.084 5.952 −0.148 0.128 –
Bb −0.242 −0.080 0.081 6.184 −0.161 0.160 –
Ca −0.231 −0.042b 0.085 5.899 −0.146 0.125 –
Cb −0.240 −0.078 0.081 6.161 −0.159 0.156 –
D −0.256 −0.052b 0.091 5.494 −0.164 0.148 –
7 −0.242 −0.042 0.100 5.000 −0.142 – 0.104

aWith respect to TCNE = EHOMO = −0.346; bLUMO + 1 as LUMO is not of proper symmetry; cLUMO + 3 as LUMO is not of proper symmetry.

The electrophilicity (ω) [24] and nucleophilicity (N) [25,26]
indices are other useful descriptors that explain relative reactivi-
ties of molecules in chemical reactions [27]. The electrophilic-
ity indices of 2-phosphaindolizines also decrease in the same
order as observed on the basis of global hardness and electronic
chemical potential. Furthermore, the electrophilicity index of
compound 6D (0.148) is close to that of 6Cb (0.156) and like
6Cb, it is expected to undergo a DA reaction with 1,3-buta-
diene without the aid of a catalyst, a fact in conformity with the
experimental results.

Concept of local hardness/softness
Fukui function analysis
As discussed earlier, the descriptor Fukui function was de-
veloped to determine the hard/soft character of the reactive site
in a molecule [19-21]. The Fukui functions at the carbon/
nitrogen and phosphorus atoms of the >C=P– or –N=P– func-
tionality of 2-phosphaindolizines calculated from the Mulliken
and Hirshfeld charges are given in Table 3.

A close look at the Fukui functions calculated from the
Mulliken and Hirshfeld charges reveals that they follow almost
a similar pattern; in view of this, our further discussion is based
on the Fukui functions calculated from the former. As the P
atom is common in the >C=P– and –N=P– functionalities, we
concentrated on the relative values of the Fukui functions of the
P atom in different 2-phosphamdolizines. The values of the
Fukui function of the P atom in the series of different 2-phos-
phaindolizines decrease in the order: Ad > Ac > AB > Aa; Ba >
Bb; Cb > Ca.

Except the series, Ba > Bb, this order is similar to those ob-
tained on the basis of the other descriptors discussed earlier. It
may be noted that the values of the Fukui function of the P atom
in compounds D (−0.361) and Bb (−0.382) are comparable with
that in Ca indicating their comparable reactivities towards the
DA reaction with 1,3-butadiene, i.e., they are expected to
undergo the DA reaction without the aid of a catalyst.

Frontier molecular orbital (FMO) treatment of
the DA reaction
The FMOs of a molecule are very important parameters to
reveal its reactivity towards a reagent [28]. In the DA reaction
of 2-phosphaindolizines with 1,3-butadiene, the HOMO of the
latter will interact with the LUMO of the former and the energy
gap (∆E) between the two will give an indication about the re-
activity of the 2-phosphaindolizines (Figure 4).

Figure 4: Energy gap (ΔE) between HOMO of 1,3-butadiene and
LUMO of 2-phosphaindolizine.

The HOMO of 1,3-butadiene (ψ2) and the LUMOs of different
2-phosphaindolizines are given in Figure 5. It may be
mentioned that for compounds Aa, Ab, Ba, Ca, and D, the
respective LUMOs were not found to be of the appropriate
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Table 3: Fukui functions at the Y (C or N) and phosphorus atoms of the >Y=P– functionality of 2-phosphaindolizines (dienophile).

Compounds
6

Fukui function f+(r) for nucleophilic attack Fukui function f−(r) for electrophilic attack

Mulliken Hirshfeld Mulliken Hirshfeld

Aa C −0.086
P −0.276

C −0.162
P −0.186

– –

Ab C −0.019
P −0.269

C −0.042
P −0.184

– –

Ac C −0.206
P −0.130

C −0.039
P −0.124

– –

Ad C −0.154
P −0. 112

C −0.025
P −0.105

– –

Ba C −0.057
P −0.296

C −0.048
P −0.222

– –

Bb C −0.008
P −0.382

C −0.044
P −0.305

– –

Ca N −0.058
P −0.321

N −0.054
P −0.222

– –

Cb N −0.042
P −0.298

N −0.049
P −0.217

– –

D N(9) −0.047
P(8) −0.361

N(9) −0.052
P(8) −0.278

– –

7 – – C(1) −0.166
C(4) −0.191

C(1) −0.186
C(4) −0.197

symmetry. Instead, LUMO + 1 for Aa, Ab, Ca, and D and the
LUMO + 3 for Ba have the required symmetry.

A closer look at the energies of the LUMOs (or LUMO + 1 for
Aa, Ab, Ca, D and LUMO + 3 for Ba) reveals that they
increase in the following order: Ad < Ac < Ab < Aa. In view of
this, the reactivity of 2-phosphaindolizines towards DA reac-
tion with 1,3-butadiene is expected to change in the order: Ad >
Ac > Ab > Aa. Similarly, the order of reactivity in the other two
classes would be Bb > Bc; Cb > Ca. These orders of reactivi-
ties are almost similar to those obtained on the basis of other re-
activity descriptors discussed earlier.

Conclusion
The reactivity descriptors, namely global hardness/softness,
electronic chemical potential, electrophilicity and nucleophilici-
ty indices as well as the Fukui functions computed from the
conceptual DFT calculation at the B3LYP/6-31+G (d) level
of theory could be used successfully to rationalize the experi-
mentally observed dienophilic reactivites of four classes of
2-phosphaindolizenes. The energies of the LUMOs (or in
some cases LUMO + 1 or LUMO + 3) of 2-phosphaindolizines
with respect to the energy of the HOMO of 1,3-butadiene were
also found in accordance with their relative dienophilic reac-
tivites. Thus, conceptual DFT descriptors can be advantageous-
ly used to predict the reactivities of the organophosphorus com-
pounds.

Computational Methods
All calculations were done using the Gaussian 16 program [29].
We found that almost without exception, hybrid of Becke 3 and
LYP correlation functional [30,31] has been used for deter-
mining reactivity descriptors [32-35] and the results were found
to be independent of the basis sets [33]. In view of this, we
carried out all calculations at the B3LYP/6-31+G (d) level of
theory. Furthermore, Phukan et al. [32] calculated electrophilic-
ity indices of a number of aziridines in the gas and solvent
phases and observed that in both cases, a similar pattern of
varying the values is followed. In view of this, we carried out
all calculations in the gas phase only. Thus all geometries were
optimized in the gas phase at the B3LYP/6-31+G(d) level of
theory. Frequency calculations were done at the same level to
determine zero-point correction and to characterize energy
minimum with no imaginary frequency.

Chemical reactivity descriptors were calculated as follows:
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Figure 5: Kohn–Shan HOMO of 1,3-butadiene and LUMOs of 2-phosphaindolizines computed at the B3LYP/6-31+G(d) level of theory.
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Cartesian coordinates of the geometries optimized (Table
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Abstract
A novel representative of sodium 3,4,5-triaryl-1,2-diphosphacyclopentadienide containing a chloro substituent in the meta-position
of the aryl groups was obtained with a high yield based on the reaction of tributyl(1,2,3-triarylcyclopropenyl)phosphonium bro-
mide and sodium polyphosphides. Further reaction of sodium 3,4,5-tris(3-chlorophenyl)-1,2-diphosphacyclopentadienide with
[FeCp(η6-C6H5CH3)][PF6] complex gives a new 3,4,5-tris(3-chlorophenyl)-1,2-diphosphaferrocene. The electrochemical proper-
ties of 3,4,5-tris(3-chlorophenyl)-1,2-diphosphaferrocene were studied and compared to 3,4,5-tris(4-chlorophenyl)-1,2-diphospha-
ferrocene. It was found that the position of the chlorine atom on the aryl fragment has an influence on the reduction potential of 1,2-
diphosphaferrocenes, while the oxidation potentials do not change.

1338

Introduction
Among the various heterometallocenes reported to date, phos-
phaferrocenes are by far the most investigated because of their
structural and electronic features [1,2] and remain the objects of
growing interest in the fields of coordination chemistry [3-5]
and asymmetric catalysis [6,7]. Due to the sp2-hybridization of
the phosphorus atom, phosphaferrocenes are commonly
regarded as phosphorus ligands with weaker σ-donor character
than classical tertiary phosphines and stronger π-acceptor prop-

erties closer to phosphites P(OR)3 [8,9]. Since the P atom in
phosphaferrocenes retains an electron lone pair, phosphafer-
rocenes have been used as P-donor ligands [10-12] as well
as nucleophilic catalysts [13,14]. Recently, the pentaphos-
phaferrocene Cp*Fe(η5-P5) has been used as a mediator in
the synthesis of asymmetric phosphines starting from white
phosphorus [15]. Moreover, the presence of the lone pair
of the P atom opens the route to polynuclear complexes [16-18]

https://www.beilstein-journals.org/bjoc/about/openAccess.htm
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Scheme 1: Synthesis of bis(chlorophenyl)acetylenes 3.

and coordination polymers [19-21] with the mixed σ-/π-coordi-
nation mode, which is not typical for classical ferrocene
species.

Various effective synthetic approaches were developed for
1-mono- [22-24], 1,2,3-tri- [25-27], 1,2,4-tri- [28-30], and
pentaphosphaferrocenes [31-33], whereby the chemistry of
these compounds is most investigated and well represented at
present time. In contrast, very limited data are available con-
cerning 1,2-diphosphaferrocenes due to the absence of simple
and effective synthetic routes [34-36]. Recently, we have re-
ported a convenient synthesis of 3,4,5-triaryl-1,2-diphosphafer-
rocenes with various substituents at the para-positions of aryl
groups [37]. Based on this method, herein we report on the
complete multistep synthesis of new sodium 3,4,5-tris(3-chloro-
phenyl)-1,2-diphosphacyclopentadienide and corresponding
1,2-diphosphaferrocene with meta-chlorophenyl substituents
and the influence of the position of the Cl atom on aryl moiety
on the electrochemical properties.

Results and Discussion
Synthesis of tris(chlorophenyl)cyclopropenyl
bromides and derivatives
Cyclopropenium (cyclopropenylium) ions have always at-
tracted attention of the synthetic chemists because of the unique
combination of stability and reactivity [38-40]. The synthesis of
corresponding 1,2,3-cyclopropenium bromides was realized by
a classical approach: combination of C1 and C2 building blocks,
i.e., the addition of a carbene species to a triple bond of diaryl-
acetylene, followed by treatment of the produced cyclopropene
with HBr to convert it to the corresponding cyclopropenylium
cation. Using this approach, tris(4-chlorophenyl)- and tris(3-
chlorophenyl)cyclopropenyl bromides were prepared for the
first time. The advantage of this approach is the possibility of

synthesis of substituted diarylacetylenes, the corresponding
substituted benzal chlorides, and triarylcyclopropenyl bromides
from one starting aryl aldehyde.

Diethyl phosphite was allowed to react with appropriately
substituted benzaldehydes in THF for 48 hours at 25 °C to
afford diethyl (hydroxy(aryl)methyl)phosphonates 1, which
were detected by 31P NMR spectroscopy in THF (21.4 ppm for
1a, 21.0 ppm for 1b, and 21.5 ppm for 1c). Further, reaction
mixtures with compounds 1 were treated with SOCl2 for 3–4 h
at 0 °C and converted to chloro derivatives 2. In the next step,
compounds 2 and starting substituted benzaldehydes were
subsequently treated with 2 equiv of potassium tert-butoxide in
THF for 18 hours at room temperature to afford substituted
diarylacetylenes 3. Based on this reaction, the desired com-
pounds 3 were prepared from 2-chloro-, 3-chloro-, and
4-chlorophenyl aldehydes, respectively, in 3 steps in 10–53%
yield (10% for 3a, 48% for 3b, 53% for 3c, Scheme 1). This
method is an alternative way to different transition metal-
catalyzed cross-coupling reactions broadly used for the prepara-
tion of different diarylacetylenes and, rarely, bis(chloro-
phenyl)acetylenes.

Next, starting substituted benzaldehydes were treated with an
excess of SOCl2 for 24 h at 25 °C. Corresponding substituted
benzal chlorides 4 were distilled at reduced pressure to give
pure compounds. In a final step, we used the above mentioned
approach of combining the C1 and C2 building blocks and
found that chloroarylcarbenes, generated from the correspond-
ing benzal chlorides 4b,c under the action of potassium tert-
butoxide, reacted with 1,2-bis(chlorophenyl)ethynes 3b,c to
form triarylcyclopropenylium salts 5b,c in 22 and 15% yield
(Scheme 2). Unfortunately, it was not possible to synthesize
tris(2-chlorophenyl)cyclopropenylium bromide 5a using this
method.
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Scheme 2: Synthesis of 1,2,3-tris(chlorophenyl)cyclopropenylium bromides 5 and tributyl(1,2,3-tris(chlorophenyl)cyclopropenyl)phosphonium bro-
mides 6.

Figure 1: ORTEP representations for cations 5c (a) and 6c (b) at the 50% probability level. Bromide anion and co-crystallized solvent molecules are
omitted for clarity. For 6c, only one of two symmetry-independent molecules is shown. Selected interatomic distances (Å): C1–C2 1.387(7), C1–C3
1.372(7), C2–C3 1.380(7) for 5c; C1–C2 1.521(5), C1–C3 1.521(5), C2–C3 1.298(5), P1–C1 1.837(3) for 6c. Deposition numbers 2176393 for 5c and
2176394 for 6c contain the supplementary crystallographic data for this paper [41].

The structures of 3–5 were confirmed by 1H and 13C NMR as
well as IR spectroscopic methods and, for 5c, single-crystal
X-ray crystallography (Figure 1a). The 13C NMR signals of the
cationic carbon atoms of the three-membered ring appeared at
about 145 ppm. Besides, the 1H NMR spectra of 5 were unre-
markable and consistent with the suggested formulas.

As a next step, we synthesized a series of tributyl(1,2,3-triaryl-
cyclopropenyl)phosphonium bromides 6 containing a Cl substit-
uent in the meta- or para-position of each aryl group. This was
done by reaction of appropriate 1,2,3-triarylcyclopropenylium
bromides 5 with PBu3 at 25 °C in THF in 34 and 39% yield
(Scheme 2). The structures of 6 were confirmed by 31P, 1H, and
13C NMR spectroscopy. The 31P{1H} NMR spectra of phos-

phonium bromides 6 showed a singlet at about 40 ppm, which is
typical for phosphonium salts. The 13C{1H} NMR spectra con-
sisted of a doublet at about 20 ppm, corresponding to the car-
bon atom C1, which is characteristic for the sp3-hybridized car-
bon atom, with a coupling constant of 1JCP ≈ 45 Hz. Additional-
ly, the structure of 6c in the crystal was confirmed by X-ray
crystallography (Figure 1b).

Synthesis, structure, and electrochemical
properties of 3,4,5-tris(chlorophenyl)-1,2-
diphosphaferrocenes
The obtained phosphonium salts 6 were treated with a mixture
of sodium polyphosphides of the type NaxPy (obtained in situ
from sodium metal and white phosphorus P4), containing
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Scheme 3: Synthesis of 3,4,5-tris(chlorophenyl)-1,2-diphosphacyclopentadienides 7 and 3,4,5-tris(chlorophenyl)-1,2-diphosphaferrocenes 8.

Figure 2: Considered conformations of 8b-I and 8b-II.

mainly NaP5 and Na3P7 [42]), resulting in sodium 3,4,5-
tris(chlorophenyl)-1,2-diphosphacyclopentadienides 7 in good
yields (60 and 63%, Scheme 3). This reaction allowed a selec-
tive and controllable conversion of NaxPy to the 1,2-diphospho-
lide anion, in which two new C−P bonds could selectively be
formed [43,44]. The obtained sodium 3,4,5-triaryl-1,2-diphos-
pholides 7 were isolated in good purity from the reaction mix-
ture by filtration and further washing with a mixture of
THF/n-hexane. The 31P{1H} NMR spectra of 7 showed a
singlet at about 200 ppm, which is typical for sodium 1,2-
diphospholides (31P{1H} in THF: 201 ppm for 7b and 198 ppm
for 7c). Further, the 13C{1H} NMR spectra of 7 showed two
multiplets at about 147 and 160 ppm for the heteroaromatic
P2C3 ring backbone.

Recently, we have reported a convenient method for the prepa-
ration of 1,2-diphosphaferrocenes [37] and 1,2,3-triphosphafer-
rocenes [25] with various substituents at para-positions of aryl
groups. Using this approach, sodium bis(diglyme) 3,4,5-tris(3-
chlorophenyl)-1,2-diphosphacyclopentadienide (7b) was treated

in a 1:1 ratio with [FeCp(η6-C6H5CH3)][PF6] at 160 °C in
diglyme. Evaporation of diglyme at reduced pressure and ex-
traction of the product with toluene, followed by filtration
through silica, resulted in 3,4,5-tris(3-chlorophenyl)-1,2-diphos-
phaferrocene (8b) in 68% yield and high purity (Scheme 3).

The structure of 3,4,5-triaryl-1,2-diphosphaferrocene 8b was
confirmed by 31P, 1H, and 13C NMR spectroscopy. The
31P{1H} NMR spectrum of 8b showed a singlet at about
−10 ppm, shifted upfield by about 210 ppm in comparison to
the starting 1,2-diphospholide anion 7b. In the 1H NMR spec-
tra, characteristic signals of the cyclopentadienyl ring
(4.61 ppm) and ClC6H4 substituents (6.88–7.42 ppm) were ob-
served. The 13C{1H} NMR spectrum of 8b  showed
pseudotriplets at about 106 ppm and 117 ppm for the carbon
atoms of the P2C3 ring and a singlet at about 75 ppm for the
cyclopentadienyl ring.

Quantum chemically, two possible conformations of 8b were
considered, 8b-I and 8b-II (Figure 2). Similar to a previous
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Figure 4: Frontier orbitals of 8b-II contributing to absorption bands at about 380 nm.

report on 8c [37], both 8b-I and 8b-II adopted an almost
eclipsed conformation during optimization. Computations pre-
dicted slightly lower energy (1 kcal⋅mol−1) for conformation
8b-I, with Cl oriented towards the Fe atom. According to the
computations, 8b-I is also slightly more advantageous com-
pared to 8c with the same energy difference.

The experimental UV–vis spectra of 8b and 8c in CH2Cl2 were
similar and contained bands at about 280, 320, and 380 nm. The
bands at 280 and 320 nm were more intense in the spectrum of
8c, which is in full agreement with quantum chemical predic-
tions (Figure 3). According to the computations, 8b-I and 8b-II
demonstrated almost the same absorption. The bands at about
250 and 280 nm were caused by π–π* transitions. The dominat-
ing transition contributing to the lowest-energy absorption
(380 nm) was the one corresponding to a transition between
HOMO−1 and LUMO+1 (Figure 4). Both orbitals were local-
ized mostly at the P2C3–Fe–Cp moiety, and the former was also
contributed to by atomic orbitals of the aryl ring in the 4-posi-
tion. Similar to 8c, the atomic orbitals of the Cl atoms in 8b
practically did not participate in the frontier orbitals, which ex-
plained the similarity of the low-energy range of the experimen-
tal spectra.

The electrochemical properties of 1,2-diphosphaferrocene 8b
were studied by cyclic voltammetry and compared to data for 8c
(Table 1 and Figure 5). During oxidation, there were no notice-
able differences between 8b and 8c. The oxidation potentials of
8b and 8c were shifted to the positive region relative to pure
ferrocene by 0.48–0.53 V. This, in turn, indicated that the chlo-
rine atoms in the η5-P2C3R3 fragment did not significantly
affect the HOMO energy of 1,2-diphosphaferrocenes 8. The
number of phosphorus atoms in cyclopentadiene had a much

Figure 3: Top: experimental UV–vis spectra of 8с (black) and 8b (red).
Bottom: broadened calculated UV–vis spectra of 8c (black), 8b-I (red),
and 8b-II (blue). Experimental UV–vis spectra of 8с republished with
permission of Royal Society of Chemistry from [37] (“Synthesis, struc-
ture and electrochemical properties of 3,4,5-triaryl-1,2-diphosphafe-
rocenes” by I. A. Bezkishko et al., Inorg. Chem. Front., vol. 9, Issue 11,
© 2022); permission conveyed through Copyright Clearance Center,
Inc. This content is not subject to CC BY 4.0.
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Table 1: Electrochemical data for the redox properties of 3,4,5-triaryl-1,2-diphosphaferrocenes 8b and 8c.

compound Eox
1 (V) vs

Ag/AgCl
Ered

1 (V) 1EHOMO (eV) 1ELUMO (eV) gap (eV)

ferrocene [48] 0.48 −3.19a −4.79a −1.61a 3.18a

FeCp(η5-P2C3R3) (R = 3-Cl-C6H4, 8b) 0.96 −2.15 −5.28 −2.2 2.84
FeCp(η5-P2C3R3) (R = 4-Cl-C6H4, 8c) [37] 1.01 −1.83 −5.36 −2.48 2.88
Cp*Fe(η5-P5) [45] 1.12b −1.55b −5.47b −2.80b 2.57b

aConditions: −50 °C, glassy carbon working electrode, Ag/AgCl reference electrode, c 0.5 mM, Bu4NBF4, DMF, 100 mV⋅s−1. bConditions: −13 °C, Pt
working electrode, Ag/AgCl reference electrode (recalculated from Fc/Fc+), c 0.5 mM, Bu4NPF6, CH2Cl2, 500 mV⋅s−1.

Figure 5: Cyclic voltammograms of 3,4,5-triaryl-1,2-diphosphafer-
rocenes 8b and 8c in CH3CN on glassy carbon electrode (0.5 mM
complex). Potentials vs Ag/AgCl. Scan rate = 100 mV⋅s−1, room tem-
perature. Cyclic voltammogram of 8c republished with permission of
Royal Society of Chemistry from [37] (“Synthesis, structure and elec-
trochemical properties of 3,4,5-triaryl-1,2-diphosphaferocenes” by I. A.
Bezkishko et al., Inorg. Chem. Front., vol. 9, Issue 11, © 2022);
permission conveyed through Copyright Clearance Center, Inc. This
content is not subject to CC BY 4.0.

greater effect on the shifts of the FeII/FeIII oxidation potential.
As shown earlier, an increase in the number of phosphorus
atoms led to the irreversible oxidation of phosphaferrocenes
containing an unsubstituted Cp ring. It was shown that
Cp*Fe(η5-P5) was irreversibly oxidized at a potential of 0.57 V
relative to Fс/Fс+, and the presence of even five phosphorus
atoms makes an insignificant contribution to the HOMO energy
level [45]. The situation changed fundamentally when both
rings were replaced with phosphacyclopentadienyl ligands.
Related diphosphacyclobutadiene complexes Fe(η4-P2C2R2)2
were oxidized much more cathodically (negative by 1.7–2.0 V)
[46,47], which indicated a significant contribution of the phos-
phacyclopentadienyl ligands to the iron atomic orbitals. Of
course the structures of 8 and diphosphacyclobutadiene com-
plexes are not isolobal, but it would be interesting to study elec-
trochemical properties of Fe(η5-P2C3R3)2 complexes in the
future.

For reduction, the electrochemical properties changed more
noticeable since the contribution to the LUMO came from the
cyclopentadiene fragments. For 1,2-diphosphaferrocene 8b, the
reduction potential was positively shifted by 0.32 V as com-
pared to 8c. It should be noted that an increase of phosphorus
atoms' number in phosphaferrocenes leads to a greater positive
potential, which in turn leads to the formation of dimers, which
was shown for pentaphosphaferrocene Cp*Fe(η5-P5) [49] and
the corresponding Sm complexes [50].

Conclusion
In summary, a series of bis(сhlorophenyl)acetylenes 3, substi-
tuted benzal chlorides 4, and tris(chlorophenyl)cyclo-
propenylium bromides 5 were synthesized starting from corre-
sponding chloro-substituted benzaldehydes. We found that the
reaction of tributyl(1,2,3-tris(chlorophenyl)cyclopropenyl)phos-
phonium bromides 6 with sodium polyphosphides can be suc-
cessfully used for the preparation of sodium 3,4,5-tris(chloro-
phenyl)-1,2-diphosphacyclopentadienides 7. A facile synthesis
of 3,4,5-tris(3-chlorophenyl)-1,2-diphosphaferrocene (8b) from
sodium bis(diglyme) 3,4,5-tris(3-chlorophenyl)-1,2-diphospha-
cyclopentadienide (7b) and [FeCp(η6-C6H5CH3)][PF6] is de-
scribed. The structure of 8b was studied using experimental
NMR, UV–vis, and electrochemical analyses as well as theoret-
ical studies. The meta- and para-substitution of the Cl atoms in
the aryl fragments did not significantly effect the oxidation
potentials of 1,2-diphosphaferrocenes 8, while the reduction
potential of 8b was shifted by 0.33 V to a more negative region
as compared to 8c.

Supporting Information
Supporting Information File 1
Experimental procedures and characterization data of
synthesized compounds.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-139-S1.pdf]

https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-139-S1.pdf
https://www.beilstein-journals.org/bjoc/content/supplementary/1860-5397-18-139-S1.pdf


Beilstein J. Org. Chem. 2022, 18, 1338–1345.

1344

Acknowledgements
The meausurements have been carried out using the equipment
of Distributed Spectral-Analytical Center of Shared Facilities
for Study of Structure, Composition and Properties of
Substances and Materials of FRC Kazan Scientific Center of
RAS.

Funding
This work was supported by the grant of the Russian Science
Foundation No. 21-73-10204.

ORCID® iDs
Almaz A. Zagidullin - https://orcid.org/0000-0003-3125-7506
Robert R. Fayzullin - https://orcid.org/0000-0002-3740-9833
Tatiana P. Gerasimova - https://orcid.org/0000-0001-8473-5327
Ilya A. Bezkishko - https://orcid.org/0000-0002-4563-2859
Vasili A. Miluykov - https://orcid.org/0000-0002-8069-457X

Preprint
A non-peer-reviewed version of this article has been previously published
as a preprint: https://doi.org/10.3762/bxiv.2022.61.v1

References
1. Le Floch, P. Coord. Chem. Rev. 2006, 250, 627–681.

doi:10.1016/j.ccr.2005.04.032
2. Carmichael, D.; Mathey, F. Top. Curr. Chem. 2002, 220, 27–51.

doi:10.1007/3-540-45731-3_2
3. Bezkishko, I. A.; Zagidullin, A. A.; Milyukov, V. A.; Sinyashin, O. G.

Russ. Chem. Rev. 2014, 83, 555–574.
doi:10.1070/rc2014v083n06abeh004442

4. Bai, J.; Virovets, A. V.; Scheer, M. Science 2003, 300, 781–783.
doi:10.1126/science.1081119

5. Peresypkina, E.; Virovets, A.; Scheer, M. Coord. Chem. Rev. 2021,
446, 213995. doi:10.1016/j.ccr.2021.213995

6. Fu, G. C. Acc. Chem. Res. 2006, 39, 853–860. doi:10.1021/ar068115g
7. Ogasawara, M.; Watanabe, S.; Nakajima, K.; Takahashi, T.

J. Am. Chem. Soc. 2010, 132, 2136–2137. doi:10.1021/ja910348z
8. Frison, G.; Mathey, F.; Sevin, A. J. Phys. Chem. A 2002, 106,

5653–5659. doi:10.1021/jp0258816
9. Kostic, N. M.; Fenske, R. F. Organometallics 1983, 2, 1008–1013.

doi:10.1021/om50002a012
10. Willms, H.; Frank, W.; Ganter, C. Organometallics 2009, 28,

3049–3058. doi:10.1021/om8012025
11. Carmichael, D.; Goldet, G.; Klankermayer, J.; Ricard, L.; Seeboth, N.;

Stankevič, M. Chem. – Eur. J. 2007, 13, 5492–5502.
doi:10.1002/chem.200601715

12. Ogasawara, M.; Ito, A.; Yoshida, K.; Hayashi, T. Organometallics 2006,
25, 2715–2718. doi:10.1021/om060138b

13. Wang, L.-S.; Hollis, T. K. Org. Lett. 2003, 5, 2543–2545.
doi:10.1021/ol034816r

14. Garrett, C. E.; Fu, G. C. J. Org. Chem. 1997, 62, 4534–4535.
doi:10.1021/jo970419g

15. Reichl, S.; Mädl, E.; Riedlberger, F.; Piesch, M.; Balázs, G.; Seidl, M.;
Scheer, M. Nat. Commun. 2021, 12, 5774.
doi:10.1038/s41467-021-26002-7

16. Liebscher, M.; Bruhn, C.; Siemeling, U.; Baio, J.; Lu, H.; Weidner, T.
Eur. J. Inorg. Chem. 2017, 351–359. doi:10.1002/ejic.201600892

17. Piesch, M.; Dielmann, F.; Reichl, S.; Scheer, M. Chem. – Eur. J. 2020,
26, 1518–1524. doi:10.1002/chem.201905240

18. Elsayed Moussa, M.; Welsch, S.; Dütsch, L.; Piesch, M.; Reichl, S.;
Seidl, M.; Scheer, M. Molecules 2019, 24, 325.
doi:10.3390/molecules24020325

19. Peresypkina, E.; Heindl, C.; Virovets, A.; Brake, H.; Mädl, E.;
Scheer, M. Chem. – Eur. J. 2018, 24, 2503–2508.
doi:10.1002/chem.201705883

20. Brake, H.; Peresypkina, E.; Heindl, C.; Virovets, A. V.; Kremer, W.;
Scheer, M. Chem. Sci. 2019, 10, 2940–2944. doi:10.1039/c8sc05471a

21. Schiller, J.; Peresypkina, E.; Virovets, A. V.; Scheer, M.
Angew. Chem., Int. Ed. 2020, 59, 13647–13650.
doi:10.1002/anie.202004988

22. Ogasawara, M.; Arae, S.; Watanabe, S.; Subbarayan, V.; Sato, H.;
Takahashi, T. Organometallics 2013, 32, 4997–5000.
doi:10.1021/om400496b

23. Escobar, A.; Mathey, F. Organometallics 2010, 29, 1053–1056.
doi:10.1021/om9010164

24. Masaoka, K.; Ohkubo, M.; Taue, H.; Wakioka, M.; Ohki, Y.;
Ogasawara, M. ChemistrySelect 2022, 7, e202104472.
doi:10.1002/slct.202104472

25. Petrov, A. V.; Zagidullin, A. A.; Bezkishko, I. A.; Khrizanforov, M. N.;
Kholin, K. V.; Gerasimova, T. P.; Ivshin, K. A.; Shekurov, R. P.;
Katsyuba, S. A.; Kataeva, O. N.; Budnikova, Y. H.; Miluykov, V. A.
Dalton Trans. 2020, 49, 17252–17262. doi:10.1039/d0dt03281f

26. Scherer, O. J.; Hilt, T.; Wolmershäuser, G. Angew. Chem., Int. Ed.
2000, 39, 1425–1427.
doi:10.1002/(sici)1521-3773(20000417)39:8<1425::aid-anie1425>3.0.c
o;2-1

27. Deng, S.; Schwarzmaier, C.; Zabel, M.; Nixon, J. F.; Timoshkin, A. Y.;
Scheer, M. Organometallics 2009, 28, 1075–1081.
doi:10.1021/om801118k

28. Heindl, C.; Schindler, A.; Bodensteiner, M.; Peresypkina, E. V.;
Virovets, A. V.; Scheer, M. Phosphorus, Sulfur Silicon Relat. Elem.
2015, 190, 397–403. doi:10.1080/10426507.2014.979985

29. Schindler, A.; Zabel, M.; Nixon, J. F.; Scheer, M.
Z. Naturforsch., B: J. Chem. Sci. 2009, 64, 1429–1437.
doi:10.1515/znb-2009-11-1225

30. Schindler, A.; Balázs, G.; Zabel, M.; Gröger, C.; Kalbitzer, R.;
Scheer, M. C. R. Chim. 2010, 13, 1241–1248.
doi:10.1016/j.crci.2010.05.003

31. Milyukov, V. A.; Hey-Hawkins, E.; Sinyashin, O. G. Russ. Chem. Bull.
2007, 56, 549–551. doi:10.1007/s11172-007-0089-x

32. Dielmann, F.; Merkle, R.; Heinl, S.; Scheer, M.
Z. Naturforsch., B: J. Chem. Sci. 2009, 64, 3–10.
doi:10.1515/znb-2009-0102

33. Heinl, C.; Peresypkina, E.; Balázs, G.; Mädl, E.; Virovets, A. V.;
Scheer, M. Chem. – Eur. J. 2021, 27, 7542–7548.
doi:10.1002/chem.202100203

34. Weber, L.; Sommer, O.; Stammler, H.-G.; Neumann, B.; Kölle, U.
Chem. Ber. 1995, 128, 665–671. doi:10.1002/cber.19951280703

35. Weber, L.; Kirchhoff, R.; Boese, R.; Stammler, H.-G.; Neumann, B.
Organometallics 1993, 12, 731–737. doi:10.1021/om00027a024

36. Maigrot, N.; Avarvari, N.; Charrier, C.; Mathey, F.
Angew. Chem., Int. Ed. Engl. 1995, 34, 590–592.
doi:10.1002/anie.199505901

https://orcid.org/0000-0003-3125-7506
https://orcid.org/0000-0002-3740-9833
https://orcid.org/0000-0001-8473-5327
https://orcid.org/0000-0002-4563-2859
https://orcid.org/0000-0002-8069-457X
https://doi.org/10.3762/bxiv.2022.61.v1
https://doi.org/10.1016%2Fj.ccr.2005.04.032
https://doi.org/10.1007%2F3-540-45731-3_2
https://doi.org/10.1070%2Frc2014v083n06abeh004442
https://doi.org/10.1126%2Fscience.1081119
https://doi.org/10.1016%2Fj.ccr.2021.213995
https://doi.org/10.1021%2Far068115g
https://doi.org/10.1021%2Fja910348z
https://doi.org/10.1021%2Fjp0258816
https://doi.org/10.1021%2Fom50002a012
https://doi.org/10.1021%2Fom8012025
https://doi.org/10.1002%2Fchem.200601715
https://doi.org/10.1021%2Fom060138b
https://doi.org/10.1021%2Fol034816r
https://doi.org/10.1021%2Fjo970419g
https://doi.org/10.1038%2Fs41467-021-26002-7
https://doi.org/10.1002%2Fejic.201600892
https://doi.org/10.1002%2Fchem.201905240
https://doi.org/10.3390%2Fmolecules24020325
https://doi.org/10.1002%2Fchem.201705883
https://doi.org/10.1039%2Fc8sc05471a
https://doi.org/10.1002%2Fanie.202004988
https://doi.org/10.1021%2Fom400496b
https://doi.org/10.1021%2Fom9010164
https://doi.org/10.1002%2Fslct.202104472
https://doi.org/10.1039%2Fd0dt03281f
https://doi.org/10.1002%2F%28sici%291521-3773%2820000417%2939%3A8%3C1425%3A%3Aaid-anie1425%3E3.0.co%3B2-1
https://doi.org/10.1002%2F%28sici%291521-3773%2820000417%2939%3A8%3C1425%3A%3Aaid-anie1425%3E3.0.co%3B2-1
https://doi.org/10.1021%2Fom801118k
https://doi.org/10.1080%2F10426507.2014.979985
https://doi.org/10.1515%2Fznb-2009-11-1225
https://doi.org/10.1016%2Fj.crci.2010.05.003
https://doi.org/10.1007%2Fs11172-007-0089-x
https://doi.org/10.1515%2Fznb-2009-0102
https://doi.org/10.1002%2Fchem.202100203
https://doi.org/10.1002%2Fcber.19951280703
https://doi.org/10.1021%2Fom00027a024
https://doi.org/10.1002%2Fanie.199505901


Beilstein J. Org. Chem. 2022, 18, 1338–1345.

1345

37. Bezkishko, I. A.; Zagidullin, A. A.; Khrizanforov, M. N.;
Gerasimova, T. P.; Ivshin, K. A.; Kataeva, O. N.; Ganushevich, Y. S.;
Miluykov, V. A.; Lönnecke, P.; Hey-Hawkins, E. Inorg. Chem. Front.
2022, 9, 2608–2616. doi:10.1039/d2qi00446a

38. Komatsu, K.; Kitagawa, T. Chem. Rev. 2003, 103, 1371–1428.
doi:10.1021/cr010011q

39. Lyons, D. J. M.; Crocker, R. D.; Blümel, M.; Nguyen, T. V.
Angew. Chem., Int. Ed. 2017, 56, 1466–1484.
doi:10.1002/anie.201605979

40. Ranga, P. K.; Ahmad, F.; Singh, G.; Tyagi, A.; Vijaya Anand, R.
Org. Biomol. Chem. 2021, 19, 9541–9564. doi:10.1039/d1ob01549d

41. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe
Access Structures service http://www.ccdc.cam.ac.uk/structures.

42. Zagidullin, A. A.; Petrov, A. V.; Bezkishko, I. A.; Miluykov, V. A.
Russ. Chem. Bull. 2021, 70, 1260–1268.
doi:10.1007/s11172-021-3209-0

43. Bezkishko, I. A.; Zagidullin, A. A.; Milyukov, V. A. Russ. Chem. Bull.
2020, 69, 435–448. doi:10.1007/s11172-020-2782-y

44. Zagidullin, A. A.; Khrizanforov, M. N.; Bezkishko, I. A.; Lönnecke, P.;
Hey-Hawkins, E.; Miluykov, V. A. J. Organomet. Chem. 2021, 956,
122122. doi:10.1016/j.jorganchem.2021.122122

45. Winter, R. F.; Geiger, W. E. Organometallics 1999, 18, 1827–1833.
doi:10.1021/om9809724

46. Wolf, R.; Ehlers, A. W.; Khusniyarov, M. M.; Hartl, F.; de Bruin, B.;
Long, G. J.; Grandjean, F.; Schappacher, F. M.; Pöttgen, R.;
Slootweg, J. C.; Lutz, M.; Spek, A. L.; Lammertsma, K. Chem. – Eur. J.
2010, 16, 14322–14334. doi:10.1002/chem.201001913

47. Hierlmeier, G.; Coburger, P.; Scott, D. J.; Maier, T. M.; Pelties, S.;
Wolf, R.; Pividori, D. M.; Meyer, K.; Leest, N. P.; Bruin, B.
Chem. – Eur. J. 2021, 27, 14936–14946. doi:10.1002/chem.202102335

48. Khrizanforov, M.; Strekalova, S.; Kholin, K.; Khrizanforova, V.;
Grinenko, V.; Gryaznova, T.; Budnikova, Y. RSC Adv. 2016, 6,
42701–42707. doi:10.1039/c6ra04480h

49. Butovskiy, M. V.; Balázs, G.; Bodensteiner, M.; Peresypkina, E. V.;
Virovets, A. V.; Sutter, J.; Scheer, M. Angew. Chem., Int. Ed. 2013, 52,
2972–2976. doi:10.1002/anie.201209329

50. Li, T.; Gamer, M. T.; Scheer, M.; Konchenko, S. N.; Roesky, P. W.
Chem. Commun. 2013, 49, 2183–2185. doi:10.1039/c3cc38841g

License and Terms
This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjoc/terms), which is
identical to the Creative Commons Attribution 4.0
International License
(https://creativecommons.org/licenses/by/4.0). The reuse of
material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the
material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjoc.18.139

https://doi.org/10.1039%2Fd2qi00446a
https://doi.org/10.1021%2Fcr010011q
https://doi.org/10.1002%2Fanie.201605979
https://doi.org/10.1039%2Fd1ob01549d
http://www.ccdc.cam.ac.uk/structures
https://doi.org/10.1007%2Fs11172-021-3209-0
https://doi.org/10.1007%2Fs11172-020-2782-y
https://doi.org/10.1016%2Fj.jorganchem.2021.122122
https://doi.org/10.1021%2Fom9809724
https://doi.org/10.1002%2Fchem.201001913
https://doi.org/10.1002%2Fchem.202102335
https://doi.org/10.1039%2Fc6ra04480h
https://doi.org/10.1002%2Fanie.201209329
https://doi.org/10.1039%2Fc3cc38841g
https://www.beilstein-journals.org/bjoc/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjoc.18.139


1471

Design, synthesis, and evaluation of chiral thiophosphorus
acids as organocatalysts
Karen R. Winters and Jean-Luc Montchamp*

Full Research Paper Open Access

Address:
Department of Chemistry and Biochemistry, Texas Christian
University, Fort Worth, Texas 76129, United States

Email:
Jean-Luc Montchamp* - j.montchamp@tcu.edu

* Corresponding author

Keywords:
asymmetric; heterocycles; organocatalysis; phosphorus; synthesis

Beilstein J. Org. Chem. 2022, 18, 1471–1478.
https://doi.org/10.3762/bjoc.18.154

Received: 06 July 2022
Accepted: 30 September 2022
Published: 17 October 2022

This article is part of the thematic issue "Organophosphorus chemistry:
from model to application".

Guest Editor: G. Keglevich

© 2022 Winters and Montchamp; licensee Beilstein-Institut.
License and terms: see end of document.

Abstract
A series of P-stereogenic chiral phosphorus acids (CPAs) were synthesized to determine the requirements for efficient asymmetric
organocatalysis. In order to eliminate the need for C2-symmetry in common CPAs, various scaffolds containing C1-symmetrical
thiophosphorus acids were chosen. These new compounds were synthesized and evaluated in the asymmetric transfer hydrogena-
tion of 2-phenylquinoline. Although the efficacy of the thiophosphorus acids was disappointing for this reaction, the work should
be useful for developing structural design elements.

1471

Introduction
The importance of asymmetric organocatalysis was demon-
strated by the 2021 Nobel Prize in Chemistry awarded to
McMillan and List. A subclass of organocatalysts introduced in-
dependently by Akiyama and Terada in 2004 [1,2], are the
C2-symmetrical chiral phosphorus acids (CPAs) initially
derived from the BINOL scaffold, and later extended to other
scaffolds such as VAPOL [3] and SPINOL [4,5] (Figure 1). The
great success of these CPAs in asymmetric organocatalysis, is
demonstrated by the publication of thousands of articles and
reviews [6-17]. In all cases the C2-symmetry is required
because of the prototropic tautomeric equilibrium in the hydrox-
yphosphoryl (P(=O)OH) moiety which renders the phosphorus

atom achiral. Substituents can be introduced on the ring system
by ortho-functionalization with R groups on each ring. This
functionalization helps introduce steric bulk and a range of elec-
tron densities extending the C2-symmetry of the BINOL,
creating a chiral pocket or environment for enantioselective
transformations within the proximity of the acidic proton and
phosphoryl oxygen. Additionally, the choice of phosphoric acid
diesters also provides a bifunctional catalyst containing both an
acidic and basic site (Figure 1).

Despite the proven value of the CPAs described in the litera-
ture, several disadvantages can be identified [18]. As mentioned
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Figure 1: Chiral phosphorus acids (CPAs) derived from BINOL, VAPOL, and SPINOL. R = H, Ph, 4-PhC6H4-, 4-β-naphthylphenyl, 9-anthryl, 3,5-
dimesitylphenyl, 3,5-diphenylphenyl, 4-MeC6H4-, 4-CF3C6H4-, 4-t-BuC6H4-, β-naphthyl, 3,5-t-Bu2C6H3-, 2,4,6-Me3C6H2-, 2,4,6-iPr3C6H2-, Ph3Si-, etc.

Figure 2: Project strategy and requirements for C1-symmetrical CPAs.

above, C2-symmetry is required for the catalysts to provide a
chiral pocket around the phosphorus. As a result, the CPAs have
very high molecular weights (>> 450 g/mol) and require a
wasteful duplicative functionalization of the backbone. More-
over, commercially available CPAs are extremely expensive
(>> 500,000 $/mol) and immobilizing the CPAs on a solid
support is not straightforward [19,20]. In order to avoid this, a
significant investment in time must be made to complete the
multistep-syntheses that are required [1-4]. Additionally, where-
as either enantiomer of BINOL is relatively inexpensive
(109 $/mol), it is not the case with SPINOL (17,000 $/mol),
and VAPOL is not commercially available. Although
one could synthesize these precursors as well, this multistep
synthesis is time-consuming and costly. For example,
the resolution of racemic SPINOL uses 2.4 equivalents
of  menthyl  chloroformate  [21]  which i t se l f  costs
1,000 $/mol. Furthermore, the R group often needs to
be optimized to obtain good enantioselectivities and
there does not seem to be a universally successful CPA at
this time. Consequently, the availability of each CPA enantio-
mer requires significant synthetic efforts from the diphenol pre-
cursor.

Scheme 1: The thiolic/thionic tautomeric equilibrium in thiophos-
phorus acids.

In order to address these issues, we became interested in
exploring C1-symmetrical CPAs, in which the chirality resides
exclusively at the phosphorus atom. For this exploratory work,
thiophosphorus acids were chosen due to their appropriate
acidity and intrinsic chirality. Thiophosphorus acids undergo a
tautomeric equilibrium between the thiolic and the thionic
forms [22] (Scheme 1). If the substituents R1 and R2 are differ-
ent, the phosphorus atom is always chiral. Chiral thiophos-
phorus acids have been obtained by resolution with a chiral
amine as early as 1958 [23-27], or from other precursors [28-
30].

Having selected chiral thiophosphorus acids for our model
study, further design requirements were included (Figure 2) to
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Figure 3: BINOL CPA and C1-symmetrical CPA targets 1–4.

address some issues listed above for the C2-symmetrical cata-
lysts. First and foremost, the compounds must be inexpensive to
make, which implies that their syntheses should be easily
scaled. A modular synthesis is also desirable if some structure
optimization is required. The resolution of the phosphorus
center should be straightforward and accomplished late-stage, to
avoid carrying the chirality through multiple steps and the
possible erosion of enantiomeric excesses. Preferably, both en-
antiomers of the CPA should also be available and immobiliza-
tion of the CPA on a solid support should be possible. In this
paper, we report our progress towards these objectives.

It should be noted that a few examples of a "hybrid strategy" in
which both the backbone and the phosphorus atom are chiral
have been reported by Guinchard [31] and Murai [32].

Results and Discussion
CPA Design
At the outset, we were interested in probing the geometry and
influence of the substituent position in the CPAs (Figure 3). In
the BINOL-derived CPA, the R-substituent and the phosphorus
atom are separated by three bonds. In the indole-based CPAs 1
and 2, the distance is reduced to two bonds, whereas in CPA 3 it
is three bonds, and in 4 it is just one bond. Both 3 and 4 are
based on 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide (DOPO) [33].

Synthesis
In this section, the syntheses of CPA targets are described. It
should be noted that little yield optimization was accomplished
since only a small amount of product was needed for the evalu-
ation as an enantioselective catalyst. On the other hand, their
successful completions attest to the inexpensive and scalable
requirements we had set.

Indole scaffolds
The synthesis of racemic tryptophol CPA 1 is shown in
Scheme 2. Commercially available tryptophol (5, 225 $/mol)

was N-arylated into 6 via copper-catalyzed cross-coupling [34]
in excellent yield. Esterification of 6 with monomethyl H-phos-
phonate tert-butylamine salt [35] resulted in the mixed H-phos-
phonate ester 7 in excellent yield.

Cyclization using our homolytic aromatic substitution method-
ology [36] gave P-heterocycle 8 in modest yield. Other methods
based on silver either gave a complex mixture or unreacted
starting material. Phosphonate 8 was converted into the corre-
sponding thiophosphonate 9 in moderate yield using Lawesson's
reagent. Cleavage of the methyl ester was easily accomplished
in quantitative yield, producing racemic tryptophol CPA 1. The
resolution of compound 1 was not conducted at this point
because its synthesis was deemed problematic. While relatively
short (5 steps), the overall yield was only 20% due to a low-
yielding key step and a problematic thionation step immedi-
ately following. Unfortunately, thionation of 8 with an alterna-
tive [37] to Lawesson's reagent did not solve the problem. This
prompted our search for alternative methodologies for the syn-
thesis of thiophosphorus acids [38], particularly using the Stec
reaction [39,40]. This work also led to the synthesis of CPA 3
[38]. Alternatives to the Stec reaction to prepare chiral thio-
phosphorus acids have been described [41-43]. Once equipped
with our new methods [38], the synthesis of indole-derived 2
was undertaken (Scheme 3).

Known 3-allylindole (10) [44] was obtained from indole
uneventfully. Intermediate 11 was furnished in moderate yield
via our palladium-catalyzed hydrophosphinylation [45]. The
key heterocyclization of 11 into 12 was accomplished using
silver-promoted homolytic aromatic substitution [46], which
was superior to our own manganese methodology (43% yield)
[36]. Copper-catalyzed arylation [34] of 12 with iodobenzene
and 4-nitroiodobenzene gave intermediates 13a and 13b, re-
spectively. Next, conversion of ethyl phosphinate 13 into phos-
phinamide 14 was accomplished uneventfully [38] with inex-
pensive (S)-1-phenylethylamine (15 $/mol) as the chiral ele-
ment. A single diastereoisomer of phosphinamide 14b was
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Scheme 2: Synthesis of tryptophol-derived thiophosphorus acid 1.

Scheme 3: Synthesis of indole-derived thiophosphorus acid 2.
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Scheme 4: Synthesis of N-biphenyl-DOPO CPA 4.

easily obtained by crystallization in 20% yield. Subsequent Stec
reaction [38-40] gave chiral CPA 2 stereospecifically with
retention of configuration [39]. This synthesis accomplishes a
few of the requirements that were set inititally (see Figure 2).
The chemistry is straightforward and can be scaled easily. The
indole N-substituent can be introduced later to make the synthe-
sis more modular, and the resolution is straightforward late in
the synthesis. Additionally, the presence of the nitro
group in CPA 2 was chosen for two reasons: 1) the possibility
to further functionalize at this position through reduction,
diazotization, and metal-catalyzed cross-coupling, and 2)
immobilization on a solid support via reduction and reaction
of the aniline with an electrophile such as polystyrene iso-
cyanate.

DOPO scaffold
We previously reported the syntheses of both enantiomers of
8-phenyl DOPO 3 [38]. The syntheses proceed in only three
steps (including the separation of the (S)-1-phenylethylamine-
derived phosphonamide diastereoisomers) with SP-3 and RP-3
obtained in 13% and 9% respectively starting from 2,6-
diphenylphenol.

Finally, N-biphenyl-DOPO CPA 4 was synthesized in four steps
as shown in Scheme 4. Although compound 16 is commercial-
ly available, it was synthesized from 2-aminobiphenyl accord-
ing to the literature [47]. Subsequent reaction with phosphorus
trichloride and electrophilic aromatic substitution gave a
chlorophosphine intermediate, which was directly reacted with
(S)-1-phenylethylamine, then hydrogen peroxide. Phosphon-

amide diastereoisomers 17 were obtained in moderate yield.
Crystallization gave a single diastereoisomer in 20% yield. Stec
reaction [38-40] finally gave the desired CPA 4. Although the
entire sequence proceeded in only 6% overall yield, it was con-
ducted on a multigram-scale so that more than 0.4 g of 4 was
obtained.

Evaluation of the catalysts
With our various CPAs 2–4 in hand, their evaluation in asym-
metric organocatalysis was conducted. The reaction could have
been chosen from a tremendous number of possibilities [1-17].
We selected the one Guinchard used to evaluate his thioacid
hybrid-CPAs (Scheme 5) [31]. The transfer hydrogenation of
2-phenylquinoline with a Hantzsch ester 19 is a test reaction
commonly used in asymmetric synthesis. The best performing
of Guinchard's thiophostones 18 was the pivalate ester (R1 =
t-BuC(O)) with an 86% yield of 20 and a 52% ee (19 R2 = Et
(2.4 equiv), toluene, 60 °C). Further optimization with the
pivalate led to 20 in 82% yield and 68% ee (19 R2 = t-Bu
(2 equiv), cyclopentyl methyl ether, 22 °C).

To account for the best results observed with pivalate 18, Guin-
chard and coworkers proposed the transition-state shown in
Scheme 5 [31]. Based on the fact that the cis-configuration be-
tween the sulfur and the pivalate was absolutely required for en-
antioselectivity, an interaction between both the sulfur and
pivalate carbonyl oxygen with the hydrogen of Hantzsch ester's
NH was proposed (Scheme 5). Thus, rather weak interactions
might still be important in the assembly of a ternary complex
and the enantioselectivity of the reaction.
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Scheme 5: Transfer hydrogenation of 2-phenylquinoline and transi-
tion-state proposed by Guinchard and coworkers [28].

The evaluation of the catalysts is shown in Table 1. CPA 4 was
completely ineffective at inducing chirality (Table 1, entry 1)
and catalyst 2 was not much better (entry 2). Catalyst 3 on the
other hand showed a modest induction (entry 3).

Table 1: P-stereogenic CPAs in the transfer hydrogenation of quino-
lines.

Entry CPA catalyst Yield (%) ee (%)a

1 4 95 2
2 2 90 10
3 3 95 30

aEnantiomeric excess was determined by HPLC with a Chiracel OD-H
column (hexane/iPrOH 95:5, 1 min/mL).

Conclusion
Exploratory efforts toward new C1-symmetrical CPAs were de-
scribed. Four CPAs were synthesized and three evaluated. The
syntheses are straightforward, inexpensive, and scalable. Reso-
lution via the separation of diastereoisomeric phosphorus
amides could be accomplished easily, either by chromatogra-
phy over silica gel or crystallization. Subsequent Stec reaction
proved to be a reliable method to convert the resolved amide
into the chiral thiophosphorus acids.

The CPAs synthesized clearly failed to induce any significant
asymmetry. It is interesting to note, however, that the enan-
tiomeric excess increases with an increase in bond length sepa-
ration between the phosphorus and the R group. From the reac-
tion evaluation we found that dual activation might be required
from the catalyst in certain enantioselective reactions. Thus,
CPA platforms that reintroduce a dual donor–acceptor role,
such as P-stereogenic triflamide CPAs P(O)NHSO2CF3, is cur-
rently under investigation since BINOL-derived triflamides
have been successful [48,49]. Another possibility would be to
look at reactions in which the catalyst would not require a
Brønsted basic site. Both directions are currently under investi-
gation and results will be shared in due course.
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Abstract
A triferrocenyl trithiophosphite was studied by X-ray single-crystal diffraction. Triferrocenyl trithiophosphite has nine axes of
internal rotation: three P–S bonds, three C–S bonds and three Fe–cyclopentadienyl axes. Rotation around the P–S bonds results in a
totally asymmetric structure with three ferrocenylthio groups exhibiting different orientations towards the phosphorus lone electron
pair (LEP). A comparison of DFT calculations and X-ray diffraction data is presented, herein we show which conformations are
preferred for a given ligand.
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Introduction
The design of novel “stimuli-responsive” molecules is a very
attractive area in modern chemistry due to a number of various
practical applications of such compounds [1-6]. Multifer-
rocenes are of particular fundamental interest because of their
multistep electrochemical and magnetic properties. Such
switchable systems with conjugated organic fragments contain-
ing an FeII/FeIII system were used in organic electronics as mo-

lecular switches, optoelectronic materials and in biochemistry
as photonic or redox devices [6].

A promising approach is the coordination self-assembly of
multiferrocene ensembles from ferrocene-containing ligands
and metal ions or clusters. This makes it possible to realize an
almost infinite number of multiferrocene compounds and to
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select leading compounds for the successful creation of molecu-
lar electronic devices. It should be noted that with the excep-
tion of tertiary phosphines, a relatively small number of triva-
lent phosphorus derivatives has been used to construct multifer-
rocene compounds. The use of ferrocene derivatives containing
a phosphorus–sulfur bond is a promising direction, since coor-
dination with a metal atom can occur both at the phosphorus
and sulfur atoms [7]. It is important to know the conformation-
al capabilities of such ligands for construction of such com-
plexes [8-11].

However, to date, XRD data on phosphorus derivatives contain-
ing a ferrocenyl substituent at the sulfur atom are presented only
in oxidized and sulfurized forms. Trithiophosphite has not been
studied by X-ray diffraction analysis, although it is of great
interest for the construction of complexes with multiferrocene
systems. Herein we present for the first time X-ray diffraction
data of (FcS)3P and compare it with DFT calculations to show
which conformation are preferred for a given ligand.

Experimental
General
All reactions and manipulations were carried out under dry pure
N2 using standard Schlenk techniques. All solvents were
distilled from sodium/benzophenone and stored under nitrogen
before use. The NMR spectra were recorded on a Bruker MSL-
400 spectrometer (1H 400 MHz, 31P 161.7 MHz, 13C
100.6 MHz). SiMe4 was used as internal reference for 1H NMR
chemical shifts, and 85% H3PO4 as external reference for 31P
NMR. The elemental analyses were carried out at the micro-
analysis laboratory of the Arbuzov Institute of Organic and
Physical Chemistry, Russian Academy of Sciences.

Synthesis
To a suspension of white phosphorus (0.08 g, 0.645 mmol) in
acetone (30 mL) were added diferrocenyldisulfide (1.68 g,
3.8 mmol) and 0.2 mL 15 N solution of potassium hydroxide.
The reaction mixture was stirred for 12 h at room temperature
and then the solvent was evaporated in vacuo. The product was
extracted with benzene (3 × 30 mL) and after evaporation of the
solvent triferrocenyl trithiophosphite (1.34 g, 76%) was ob-
tained as a yellow powder. Single crystals suitable for
X-ray diffraction were obtained by dissolving the compound in
a mixture of benzene/hexane 1:1 and storing the solution in a
fridge.

Mp 200–203 °C; 1H NMR (400 MHz, C6D6, δ) 4.56 (m, 6 Hβ),
4.03 (m, 6 Hα), 4.14 (s, 15H); 31P NMR (161.7 MHz, C6D6, δ)
126.6; Anal. calcd for C30H27Fe3PS3 (760.37): C, 52.82; H,
3.99; P, 4.54; S, 14.09; found: C, 52.84; H, 3.96; P, 4.49; S,
14.04.

Single crystal X-ray diffraction
The data set for single crystals of triferrocenyl trithiophosphite
was collected on a Rigaku XtaLab Synergy S instrument with a
HyPix detector and a PhotonJet microfocus X-ray tube using Cu
Kα (1.54184 Å) radiation at 100 K. Images were indexed and
integrated using the CrysAlisPro data reduction package. The
data were corrected for systematic errors and absorption using
the ABSPACK module. The GRAL module was used for analy-
sis of systematic absences and space group determination.
Using Olex2 [11], the structure was solved by direct methods
with SHELXT [12] and refined by the full-matrix least-squares
on F2 using SHELXL [13]. Non-hydrogen atoms were refined
anisotropically. The figures were generated using the Mercury
4.1 program [14].

Crystal data for C30H27Fe3PS3 (M = 682.21 g/mol): mono-
clinic, space group P21/c (no. 14), a = 7.49490(10) Å,
b = 19.8932(3) Å, c = 18.4291(3) Å, β = 99.792(2)°,
V = 2707.70(7) Å3, Z = 4, T = 100.0(5) K, μ(Cu Kα) =
15.586 mm−1, Dcalc = 1.674 g/cm3, 17211 reflections measured
(6.59° ≤ 2Θ ≤ 153.132°), 5496 unique (Rint = 0.0570, Rsigma =
0.0467) which were used in all calculations. The final R1 was
0.0496 (I > 2σ(I)) and wR2 was 0.1349 (all data). CCDC num-
ber 2201898.

DFT calculations
All calculations were performed with the Gaussian 16 suite of
programs [15]. The hybrid PBE0 functional [16] and the
Ahlrichs’ triple-ζ def-TZVP AO basis set [17] were used for op-
timization of all structures. In all geometry optimizations, the
D3 approach [18] was applied to describe the London disper-
sion interactions as implemented in the Gaussian 16 program.

Results and Discussion
Previous electrochemical studies for triferrocenyl trithiophos-
phite revealed in their cyclovoltammograms three reversible
one-electron peaks corresponding to stepwise oxidation of the
three ferrocene moieties. It should be noted that the first oxida-
tion potential is almost identical to free ferrocene [6]. Herein we
report the crystal structure of triferrocenyl trithiophosphite.

For triferrocenyl trithiophosphite a trans-gauche-gauche con-
figuration with torsion angles of −34°, −40°, and 173°, respec-
tively, has been observed, although a propeller-like gauche-
gauche-gauche configuration of alkyl(aryl)thio groups has been
observed for trithiophosphites even in the solid state [7] or in
the gas phase [8-10].

Triferrocenyl trithiophosphite has nine axes of internal rotation:
three P–S bonds, three C–S bonds, and three Fe–cyclopentadi-
enyl axes. The rotation around the P–S bonds results in a totally
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Figure 2: Optimized conformations and relative energies of four possible conformers of triferrocenyl trithiophosphite.

unsymmetrical structure with three ferrocenylthio groups exhib-
iting different orientations towards the phosphorus lone elec-
tron pair (Figure 1).

Figure 1: ORTEP representation of triferrocenyl trithiophosphite
showing 50% probability thermal ellipsoids.

Several possible conformations of triferrocenyl trithiophosphite
have been considered quantum-chemically (Figure 2, Table 1):
trans-trans-trans (ttt), gauche-trans-trans (gtt), gauche-gauche-

Table 1: Calculated relative energies and dihedral angles
Fc(C)–S–P=X (°) (X = LEP, O, S) of four possible conformers of
(FcS)3P, (FcS)3PO, and (FcS)3PS.

(FcS)3P (FcS)3PO (FcS)3PS

ttt 0.91 0 0.04
149/151/151 149/149/149 149/149/149

gtt 0 0.23 0.20
−56/175/−161 −56/−173/−135 47/174/135

ggt/cgt 0.23 0.52 0.36
8/−60/173 −62/−47/165 46/45/176

ggg 1.73 0.55 0
−37/−35/−36 −52/−34/−53 42/44/44

trans (ggt), and gauche-gauche-gauche (ggg). During optimiza-
tion the ggt conformer adopted a cis-gauche-trans conforma-
tion with Fc(C)–S–P lone pair dihedral angles of 8°, −60°, and
173°, respectively (Table 1). The lowest energy has been pre-
dicted for the gtt conformer, nevertheless the energy differ-
ences between the gtt and cgt conformers are negligible
(0.23 kcal/mol). Interestingly, the cgt conformation has been
found previously for tricymantrenyl trithiophosphite [19]. The
highest relative energy is predicted for the ggg conformer
(1.7 kcal/mol). The ferrocene adopts an almost eclipsed confor-
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Figure 3: Calculated NBO charges on the Fe ions and hydrogen atoms for the optimized ttg conformer (left) and for two neighboring molecules (right)
from X-ray analysis data.

mation in all the models with the dihedral angle between two
Cp rings of ≈ 10°. Our previous work indicated that Cp can
rotate at room temperature [20]. The Fc(C)–S–P lone pair dihe-
dral angle for the ttt conformer is ≈ 150°, and for the ggg
conformer it is ≈ −35°. For the gtt/cgt conformers the trans
S–Fc bonds are almost antiparallel to the phosphorus lone pair
(LEP): 175°, −161°/173°. The dihedral angle for the gauche
S–Fc bond in the gtt conformer is −56°, and a close value is
predicted for one of the gauche S–Fc bonds in the tgg
conformer (−60°), whereas the second one is almost parallel to
LEP (8°).

The energy difference between the considered conformations is
quite small, suggesting other factors playing a significant role.
The highest energy predicted for the ggg conformer is obvi-
ously related to the absence of stabilizing intramolecular CH···π
(like in the gtt and cgt cases) or CH···Fe (like in the ttt case)
interactions between neighboring fragments in the structure.
The latter plays an important role from the electrostatic point of
view; the NBO analysis predict a negative charge at the Fe ion
and positive charges at hydrogen atoms (Figure 3). Thus the
crystal structure of (FcS)3P is defined rather by plural intermo-
lecular interactions than by relative energetics of conformers
(Figures S1–S3 in Supporting Information File 1).

Previously, for triferrocenyl trithiophosphate and triferrocenyl
tetrathiophosphate with P=O and P=S moieties propeller-like
ggg conformations have been found by X-ray diffraction analy-
sis. Indeed, computations predict the ggg conformer to be the

most energetically advantageous for the P=S containing com-
pound, however with very close energies of the ttt and the ggg
conformers (Table 1). For the P=O containing compound the ttt
conformer is predicted to have the lowest energy. Nevertheless
for both P=X compounds computations predict very small
energy differences between all four conformers, lower than
0.6 kcal/mol. Thus, one can conclude that in these cases crystal
packing influences the conformation. A comparison of the
crystal packings for the PLEP, P=O, and P=S containing com-
pounds clearly confirms this conclusion experimentally
(Figure 4).

We compared the crystal packings of three similar compounds:
(FcS)3P, (FcS)3PO [19], and (FcS)3PS [7] (Figure 4). All three
compounds form crystals belonging to the monoclinic syngony.
In all three cases, the molecules in the crystals form a herring-
bone motif. In (FcS)3P, C–H···π interactions dominate, while in
(FcS)3PS and (FcS)3PO, in addition to C–H···π interactions, by
one C–H···S and two C–H···O interactions, respectively, are ob-
served. It should be noted that (FcS)3PO crystals contain a sol-
vent molecule that participates in intermolecular interactions.
Thus, despite the similarity of the molecular structure of the
three compounds and some crystal parameters, the intermolecu-
lar interactions differ noticeably from each other.

At the same time one should underline the role of the ferrocene
moiety for the crystal structure of the (FcS)3P. The related
(PhS)3P molecule with Ph rings instead of Fc units exist in the
propeller-like gauche-gauche-gauche configuration [21],
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Figure 4: Molecular structures in the solid state of a) (FcS)3P, b) (FcS)3PO [19], and c) (FcS)3PS [7] as established by single crystal X-ray diffraction
analyses. C atoms – grey, Fe atoms – brown, O atoms – red, P atoms – orange, S atoms – yellow.

Figure 5: Quantum chemically optimized conformations of the (PhS)3P molecule and their relative energies (kcal/mol).

forming the C–H···π-bonded dimers (Figures S4 and S5 in Sup-
porting Information File 1). The computations of the relative
energies of five possible conformers of (PhS)3P (ggg, ttt, ttg,
ggt, ccg) predict the lowest energy for the ccg conformation
(Figure 5). The propeller-like ggg conformer found in the solid
state has the highest energy. Most obviously the latter is stabi-
lized by intermolecular C–H···π interactions (Figures S4 and S5
in Supporting Information File 1). The bulky Fc moieties do not
allow to form such type of dimers.

Conclusion
Triferrocenyl trithiophosphite (FcS)3P was studied by X-ray
single-crystal diffraction for the first time. DFT calculations and
X-ray diffraction data were compared, and the preferred confor-
mations were established. Despite the similarity of the molecu-
lar structures and some crystal parameters of (FcS)3P,
(FcS)3PO, and (FcS)3PS, the intermolecular interactions differ
noticeably from each other.
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Abstract
The synthesis of phosphonate esters is a topic of interest for various fields, including the preparation of phosphonic acids to be em-
ployed as organic linkers for the construction of metal phosphonate materials. We report an alternative method that requires no sol-
vent and involves a different order of addition of reactants to perform the transition-metal-catalyzed C–P cross-coupling reaction,
often referred to as the Tavs reaction, employing NiCl2 as a pre-catalyst in the phosphonylation of aryl bromide substrates using
triisopropyl phosphite. This new method was employed in the synthesis of three novel aryl diphosphonate esters which were subse-
quently transformed to phosphonic acids through silylation and hydrolysis.

1518

Introduction
Phosphonates and phosphonic acids are a very interesting class
of compounds and examples of their use can be found in a num-
ber of different areas, including pharmaceuticals [1-6], metal
chelation [7-9], anti-corrosion coatings [10-12], fertilizers
[13,14], proton conduction [15-17], and catalysis [18], amongst
others. Phosphonates can also be employed as organic linkers in
combination with metal ions to afford coordination polymers
and metal-organic frameworks (MOFs), or more aptly, metal
phosphonate frameworks [19,20]. One of the main challenges in
the synthesis of metal phosphonates is that the linkers are rarely
commercially available and can often be difficult to prepare.
Most often, the challenge is, in fact, not the synthesis of the

phosphonic acid itself, but that of the phosphonic ester precur-
sor [21].

Perhaps the most well-known C–P coupling procedure is the
Michaelis–Arbuzov rearrangement involving a reaction be-
tween a primary alkyl halide and a trialkyl phosphite, first re-
ported in the late 1890s, the general scheme for which can be
seen in Supporting Information File 1, Scheme S1 [22]. It
should be noted that this reaction is not suitable for use with
aryl halide substrates due to the poor reactivity between aryl
halides and trialkyl phosphites [23]. Some of the most studied
C–P coupling reactions involving aryl substrates are those em-
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Scheme 1: Scheme showing the transformation of the Br-substrates to phosphonate esters and then to phosphonic acids.

ploying catalysts, which are required in order to lower the
energy barrier of the reaction and overcome the poor reactivity
between aryl halides and trialkyl phosphites [24-26]. These cat-
alytic cross-coupling reactions tend to follow similar pathways
to the Michaelis–Arbuzov reaction, with the inclusion of a cata-
lytic intermediate step. A number of suitable catalysts have
been identified, ranging from nickel(II) bromide and nickel(II)
chloride, to palladium(II) acetate and palladium(II) chloride
[23,27,28]. Reactions involving these catalysts are most often
carried out at high temperatures, usually in excess of 160 °C,
and involve slow dropwise addition of the trialkyl phosphite to
the substrate [23]. In the search for milder reaction conditions, a
new catalyst, tetrakis(triphenylphosphine)palladium(0), was
introduced by Hirao and co-workers, which allowed for the
lowering of the reaction temperature to approximately 90 °C
[29-31].

In this work, we have developed an alternative experimental
protocol to perform the Ni-catalyzed C–P cross-coupling reac-
tion, or Tavs reaction, whose mechanism is shown in Support-
ing Information File 1, Scheme S2 [32]. Starting from commer-
cially available bromide precursors, we target a series of novel
aryldiphosphonic acids sharing the feature of having non-linear
– or V-shaped – geometry, intended to be employed as organic
linkers for the synthesis of open framework metal phosphonate

materials. The proposed protocol does not require a solvent,
while featuring reaction times and yields comparable, if not
better, to those of most procedures commonly employed in the
literature.

Results and Discussion
The goal of this work is the phosphonylation of the commercial-
ly available bromo-substituted N-aryl precursors bis(4-bromo-
phenyl)amine (Br2BPA), 3,6-dibromocarbazole (Br2DPC), and
4-bromo-N-(4-bromophenyl)-N-phenylaniline (Br2DPPA) (see
Scheme 1). In light of using the resulting phosphonic acids as
linkers for the construction of metal phosphonate frameworks,
two main considerations were made when selecting these sub-
strates with regards to rigidity and geometry (Figure S1, Sup-
porting Information File 1). In the compounds considered here,
rigidity is ensured by the network of sp2-hybridized carbon
atoms, or aromatic rings, and is important to ensure stability in
the potential MOF structures derived from the proposed linkers.
The geometry of these linkers, termed as V-shaped, was
selected to try and move away from the pillared-layered struc-
tures that are obtained when using linear diphosphonate linkers,
which are often either non-porous or have low porosity and
have little to no long-range order. The idea here was that the
V-shaped linkers, as well as different substituents attached to
nitrogen, could potentially force a non-layered porous structure.
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Conventionally, the transition-metal-catalyzed C–P cross-cou-
pling reaction is carried out by placing the aryl halide and the
precatalyst into a round-bottomed flask in the presence of a suit-
able solvent, such as 1,3-diisopropylbenzene or mesitylene, and
setting to reflux. The advantage of using such solvents lies in
their high boiling point (203 °C and 164 °C, respectively),
which allows for reactions to be run at high temperatures, thus
enhancing the rate of the reaction. While the reaction mixture is
refluxing, the alkyl phosphite is added in several small portions.

The work we present differs from the conventional nickel-cata-
lyzed cross-coupling reaction in two aspects: we use no solvent
and we employ a different order of addition of reactants. The
absence of solvent presents a few advantages over the original
method. First of all, the removal of said solvent by distillation
after the completion of the reaction is no longer required and
thus there is a simplification of the workup procedure. Second,
there is no dilution of the reaction mixture, which lends itself to
an increased reaction rate. Contrary to the conventional method,
this alternative method starts with the nickel(II) precatalyst and
the alkyl phosphite, triisopropyl phosphite in our case, being
added to a round-bottomed flask and heated to approximately
160 °C, leading to the formation of the nickel(0) catalyst, more
accurately representing the catalytic cycle presented in Scheme
S2 (Supporting Information File 1). The solid aryl bromide is
then added to the mixture via a powder addition funnel over a
2–4 hour period, depending on the substrate, and is then left to
react for an additional 1–3.5 hours to reach complete conver-
sion of the substrate into the respective phosphonic ester. In this
way, the dibromide substrate is always the limiting reagent,
promoting full conversion to the respective diphosphonic ester
and limiting the accumulation of an undesired, partially
converted product that would need to be separated during
workup.

Figure 1 shows the setup for the reaction, with the solid aryl
bromide in grey and the precatalyst/triisopropyl phosphite mix-
ture in red. It is important to note here that the system is kept
under a constant flow of either argon or nitrogen, mainly to
avoid side reactions with components in the air (humidity,
oxygen), but also to prevent the solid in the addition funnel
from contacting any vapour and turning soggy before it is added
to the round-bottomed flask. As can be seen in Figure 1, this is
achieved by flowing the gas through the powder addition funnel
via a gas inlet. This also allows for the quick removal (usually
complete in less than 30 minutes) of residual triisopropyl phos-
phite at the end of the reaction by simply increasing the gas
flow, thus preventing the equilibrium between the gas and
liquid phases and allowing to bypass the further step which
would have involved removing these components by vacuum
distillation. Although not shown in Figure 1, the addition of a

second condenser and collection flask perpendicular, as in a dis-
tillation, to the first column also allows for the collection of
unreacted phosphite, and byproducts, such as isopropyl bro-
mide. Firstly, this prevents any release of vapours of toxic com-
pounds and facilitates appropriate disposal procedures. Second-
ly, it is likely that the majority of what remains in the flask at
the end is simply unreacted phosphite, which would ideally
need to be investigated to assess its recyclability, and lead to a
process with greener attributes. In this sense, the phosphite is
likely to be the last product coming over via distillation, and
should be relatively pure, but further investigation would be re-
quired in order to confirm this.

Figure 1: Experimental setup for the improved C–P cross-coupling
reaction.

The choice of the phosphite is also important, partially due to
the boiling point and the potential for running reactions at
higher temperatures, and also the formation of an alkyl halide
byproduct. It is the reactivity of this byproduct that determines
which phosphite is chosen. In this case, triisopropyl phosphite
has been chosen over commonly employed triethyl phosphite,
since the latter results in a more reactive alkyl halide (i.e., ethyl
bromide), which would react with triethyl phosphite to produce
diethyl ethylphosphonate, thus consuming the triethyl phos-
phite in a competing reaction and introducing undesired side
products that would make the workup procedure more labo-
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Table 1: A comparison of literature phosphonate syntheses with the alternative method proposed in this work. The microwave-assisted method made
use of a pressure-resistant vessel due to considerable pressure buildup (≈ 10 bar), while the other methods were run under reflux conditions.

this work method A [33] method B [34] method C [35] method D [36]

time (h) 4–6 20 20 20 54
scale (g of
precursor)

3–5 30 8 10 6.3

temperature (°C) 160 180 180 170 185
P/Br ratio 7 1.5 3 2.1 4.5
mol %/Br (NiX2) 13% X = Cl 17% X = Br 39% X = Cl 16% X = Br 15% X = Cl
isolated yield (%) 70–90 60 89 61 80
solvent no solvent 1,3-diisopropyl-

benzene
1,3-diisopropyl-

benzene
tert-butylbenzene 1,3-diisopropyl-

benzene
procedure addition of

Br-substrate
addition of
phosphite

addition of
phosphite

addition of
phosphite

addition of
phosphite

substrate dibromo-
polyarylamines

1,3,5-tris(4-bromo-
phenyl)benzene

2,4,6-tri-(4-bromo-
phenyl)-s-triazine

tetra(4-bromo-
phenyl)methane

4,4-dibromo-
biphenyl

this work method E [37] method F [38] method G [39] method H [40]

time (h) 4–6 29.5 6.5 3 0.75
scale (g of
precursor)

3–5 19.5 4.5 23 0.543

temperature (°C) 160 180 180 180 225
P/Br ratio 7 1.6 1.5 1.5 5
mol %/Br (NiX2) 13% X = Cl 6% X = Br 7% X = Br 8% X = Br 5% X = Cl
isolated yield (%) 70–90 78 85 80 82
solvent no solvent 1,3-diisopropyl-

benzene
mesitylene mesitylene no solvent

procedure addition of
Br-substrate

addition of
phosphite

addition of
phosphite

addition of
phosphite

one-pot synthesis
(microwave

assisted)
substrate dibromo-

polyarylamines
1,3-dibromo-

benzene
2,5-dibromo-

thiophene
methyl 3-bromo-

benzoate
1,3,5-tris(4-bromo-

phenyl)benzene

rious. Furthermore, the boiling point of triisopropyl phosphite is
181 °C, versus 156 °C for triethyl phosphite, which allows to
run the reaction at higher temperature and reduce the time.

In Table 1, we see a range of different methods based on cross-
coupling reactions compared to the method proposed in this
work. The first, and one of the most important comparisons, is
time. The upper range for our method is in the 5.5 hour mark,
whereas most of the literature routes run for at least 6.5 hours.
The shorter time for method F is likely due to the fact that it
involves a monobromo substrate, with no issues related with the
presence of partially converted side products, which are
common with polybromo substrates. The shorter time for
method H is due to the much higher temperature at which the
reaction can be run in a pressure-resistant closed vessel. The
relatively short time, in part, can be attributed to the absence of
solvent, which we cited previously as an advantage in that we
are not diluting the reaction mixture and thus not slowing down
the reaction. This in turn explains the high phosphite-to-
bromine ratio, which in our case is higher than all the other

routes, since the phosphite itself acts as the solvent as well as
being a reactant. If this ratio was lower, there would be a con-
siderable drop in the reaction rate towards the end and would
likely lead to generally lower yields. This issue could be further
minimized upon exploration of recycling the phosphite distil-
late. It is to be noted that our method, by bypassing the distilla-
tion step necessary to remove the solvent in most literature
methods, in just 30 minutes on top of the time reported in
Table 1 provides a reaction crude that can be then worked up to
obtain the desired product. We also manage to use less catalyst
than some of the other methods, except for methods F, G, and
H. In keeping with the mild conditions, the temperature we use
is 160 °C, which is lower than that of the other reactions.
Working at 180 °C, close to the boiling point of triisopropyl
phosphite, was actually detrimental to the reaction. In these
conditions, under a constant stream of inert gas, the phosphite is
prone to be swept away, even in the presence of a reflux
condenser. Reactions carried out in such conditions afforded a
very viscous crude and a low conversion of the starting materi-
al, as revealed by TLC.
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Notably, the yield we achieve, which varies between substrates,
is generally comparable to those of literature routes. With
regards to method H, we note that the scale of this method, orig-
inally reported by one of us, was limited to 0.543 g (1 mmol) of
substrate. Scale up of this protocol was not attempted, but it
might become problematic due to issues with microwave pene-
tration in a medium that contains a strong absorber, such as the
Ni catalytic complex. In this work, we have employed either
5.0 g (15.3 mmol), 4.0 g (12.2 mmol) or 3.0 g (7.4 mmol) of
substrate.

Once the phosphonate esters had been successfully obtained and
characterized by 1H, 31P, 13C NMR and mass spectrometry (see
experimental section and Supporting Information File 1), they
were then subjected to silylation and subsequent hydrolysis
using the method put forward by McKenna et al. (1977), which
involves the use of trimethylbromosilane (TMSiBr) in a transes-
terification of the dialkyl phosphonate to bis(trimethylsilyl)
phosphonate, followed by treatment in water or short-chain
alcohols to obtain a phosphonic acid, as shown in Supporting
Information File 1, Scheme S3 [41,42]. Prior to using this
method, the standard hydrolysis under prolonged reflux in 6 M
HCl was attempted, though these conditions proved too harsh,
and often led to cleavage of the C–P bond. Thus, this popular
method was abandoned in favor of using the less harsh method
employing TMSiBr, which most often led to achieve overall
yields above 70% for the phosphonic acid, based on the initial
Br-substrate.

Conclusion
Presented in this article is the synthesis of three novel phos-
phonate esters and their corresponding phosphonic acids. While
the phosphonic acids are indeed the target products, the
progress made here is mainly focused on the improvement of
the cross-coupling procedure used to obtain the phosphonate
esters. Oftentimes, these reactions take up to 24 hours to reach
completion, sometimes more, while here we have presented a
simple yet effective change that can be made to the order of ad-
dition of reactants, which affords a reaction time that is at least
five times faster than most literature methods with no consider-
able effect on the yield or the purity of the product. This has
also completely removed the requirement of a solvent, since
triisopropyl phosphite acts as the solvent. In making savings for
both cost of reagents and in total reaction time, and with no
detriment to the yield, it is clear that this method presents an
advantage over the literature routes, both in terms of cost and
efficient use of time. Referring specifically to the phosphonic
acids presented in this work, we have obtained three novel and
structurally related linkers for the preparation of metal phos-
phonates. Each of the linkers was obtained in good yield and
with no considerable impurities identified during characteriza-

tion. This series of linkers will allow to determine the effects of
the geometry and of different substituents on the formation of
metal phosphonate frameworks.

Supporting Information
Supporting Information File 1
NMR Spectra, MS spectra, and respective discussions.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-18-160-S1.pdf]
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Abstract
Calculation of 31P NMR chemical shifts for a series of tri- and tetracoordinate phosphorus compounds using several basis sets and
density functional theory (DFT) functionals gave a modest fit to experimental chemical shifts, but an excellent linear fit when
plotted against the experimental values. The resultant scaling methods were then applied to a variety of “large” compounds previ-
ously selected by Latypov et al. and a set of stereoisomeric and unusual compounds selected here. No one method was best for all
structural types. For compounds that contain P–P bonds and P–C multiple bonds, the Latypov et al. method using the PBE0 func-
tional was best (mean absolute deviation/root mean square deviation (MAD/RMSD) = 6.9/8.5 ppm and 6.6/8.2 ppm, respectively),
but for the full set of compounds gave higher deviations (MAD/RMSD = 8.2/12.3 ppm), and failed by over 60 ppm for a three-
membered phosphorus heterocycle. Use of the M06-2X functional for both the structural optimization and NMR chemical shift
calculation was best overall for the compounds without P–C multiple bonds (MAD/RMSD = 5.4/7.1 ppm), but failed by 30–49 ppm
for compounds having any P–C multiple-bond character. Failures of these magnitudes have not been reported previously for these
widely used functionals. These failures were then used to screen a variety of recommended functionals, leading to better overall
methods for calculation of these chemical shifts: optimization with the M06-2X functional and NMR calculation with the PBE0 or
ωB97x-D functionals gave values for MAD/RMSD = 6.9/8.5 ppm and 6.8/9.1 ppm, respectively, over an experimental chemical
shift range of −181 to 356 ppm. Due to the unexplained failures observed, we recommend use of more than one method when
looking at novel structures.
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Introduction
Calculation of 1H and 13C NMR chemical shifts and coupling
constants using density functional theory (DFT) has increas-
ingly become an adjunct to structure determination [1-8]. In

particular for complex organic compounds, determination of
relative stereochemistry using such calculations is a powerful
technique [9-13]. A set of recommendations for best practices
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has been proposed [1-3,14] and made available online [15]
describing basis set choices, geometry optimization, incorpora-
tion of solvation, and use of scaling factors derived from linear
regressions between computed and experimental chemical
shifts. In contrast, reports of calculation of 31P NMR chemical
shifts – which span a range of roughly 500 ppm – have, even
recently, used empirical methods [16], and theoretical methods
have focused more on the choice of basis set to better match ex-
perimental chemical shifts of relatively small molecules [17-
24]. For instance, while calculations for 1H NMR are consid-
ered to be sufficiently reliable using DFT methods with the
6-311+G(2d,p) basis set [15], work on 31P NMR chemical shifts
has favored [18,21,24] the use of larger basis sets such as the
IGLO-III [25,26] and pcS-n [27,28] basis sets with a focus on
improved calculation of NMR shielding constants. Some theo-
retical work has been carried out on specialized phosphorus
compounds that cover only a small range of chemical shifts, in-
cluding nucleic acids [29-32] and polyoxometalates [33]. More
recently, DFT methods have been applied to transition metal
phosphorus complexes that cover a wide range of chemical
shifts [34,35] using methods related to what we will describe
here, but such studies are beyond the scope of this paper and
typically focus on one metal at a time.

In the same way that improved results are obtainable for both
1H and 13C NMR chemical shifts using scaling methods, calcu-
lation of 31P NMR chemical shifts benefit as well from scaling.
Chesnut first showed that scaling of the paramagnetic term of
chemical shieldings calculated using the B3LYP functional and
the 6-311+G(2d,p) basis set gave improved fits to experimental
results, and further noted that while scaling is empirical, DFT
methods themselves have an empirical component [36]. More
recent studies have included a variety of functionals and basis
sets in order to determine if there is a best combination in terms
of accuracy and speed [22,23,37]. Even within the specialized
studies of specific types of phosphorus compounds, scaling was
found to give significant improvement [33]. A number of
reports have speculated that scaling is needed to correct for
rovibrational effects [21,24,36], and recent reports show that
molecular dynamics methods can eliminate the need for empir-
ical corrections [29,30,38]. However, these calculation-
intensive methods are not likely to become routine soon, poten-
tially leaving room for empirical scaling to be useful for some
time.

The calculation-intensive and scaling approaches recently have
been characterized by Jensen as the “purist” and “application”
approaches [8], and the leading work on calculations of
31P NMR chemical shifts reflect one of each, namely, the
“purist” approach reported by Krivdin [24] and the “applica-
tion” approach due to Latypov [37]. The Krivdin group re-

ported a group of 53 phosphorus compounds, which were first
optimized at the MP2/6-311G(d,p) level with IEF-PCM solva-
tion; 31P NMR chemical shifts were then calculated using the
DFT KT2 functional [39] and a dual pcS-3/pcS-2 basis set
[27,28]. In this case the use of the locally dense basis set ap-
proach, in which the larger pcS-3 basis set was used on phos-
phorus and the smaller pcS-2 basis set was then used on all the
other atoms, allowed the computation of chemical shifts for a
variety of benchmark compounds up to 35-atom triphenylphos-
phine oxide. Comparison of the calculated chemical shifts with
the experimental values gave a mean absolute deviation
and root mean square deviation (MAD/RMSD) [3,40] of
9.4/12.0 ppm over a roughly 550 ppm range. The Latypov
group reported a training set of 22 phosphorus compounds,
which were first optimized at a significantly lower but more
easily implemented level of theory (PBE0 functional [41],
6-31+G(d) basis set, gas phase), followed by calculation of the
31P NMR chemical shifts with the same PBE0 functional with
the still-modest 6-311G(2d,2p) basis set. While the calculated
fit to experimental values was significantly worse than the
higher-level Krivdin method (MAD/RMSD = 18.7/21.9 ppm),
the linear fit of the calculated chemical shifts of the 22 training
set compounds to their experimental values gave a scaled set of
corrected calculated values with a much-improved MAD/
RMSD = 9.3/10.9 ppm over a roughly 500 ppm range. That is,
scaling of the theoretical results to experimental values gave
values with deviations comparable to the unscaled results ob-
tained at much higher levels of theory. In addition, the Latypov
results provide a prescription that could be applied readily to
larger and more interesting novel compounds. A collection of
10 such compounds actually gave a somewhat better scaled
MAD/RMSD of 6.9/9.0 ppm, using the scaling factors derived
from the benchmark set of 22 compounds.

In addition to the above review of 31P chemical shift calcula-
tions, a recent review by Krivdin covered an additional range of
factors for higher-level calculations, scaling, and a variety of
specialized compounds [42]. In this paper we describe work that
had been in progress when the Latypov group’s report was
published. It is similar in style, in that we describe the use of
significantly lower levels of DFT calculations than the Krivdin
group, but the motivation was to develop a high-accuracy
method that would allow identification of both unusual phos-
phorus compounds and of stereochemistry, and still be acces-
sible to organic chemists without specialized software. In addi-
tion, we were concerned by some of the choices made by the
Latypov group for their training set of compounds, and so
sought to use a much simpler set of phosphorus compounds for
scaling purposes. We report here (1) a comparison of basis sets
for calculation of a range of 31P NMR chemical shifts of well-
known tri- and tetracoordinate phosphorus compounds, (2) de-
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velopment of scaling factors for calculation of 31P NMR chemi-
cal shifts, and (3) application of this method to determination of
stereochemistry at phosphorus in heterocycles and to corrobora-
tion of some unusual compounds that have been reported previ-
ously. At that point we were left with two or possibly three
structural types for which some of these methods failed to
provide accurate chemical shifts, and so we report here (4) a
search of 23 more recent combinations of DFT functionals that
have been recommended for theoretical reasons, expedited by
focusing on these failures.

Results and Discussion
1. Experimental chemical shifts. A number of compilations of
31P NMR chemical shifts were published early in the develop-
ment of NMR [43-45], followed by book-length compilations
[46-48]. These chemical shifts were referenced to external 85%
H3PO4 at 0 ppm (with positive values reported here downfield
of H3PO4). The early work of necessity included mostly pure
liquid samples, that is, without any deuterated solvents, and one
of the compilations noted that chemical shift changes upon dilu-
tion with CS2, CCl4, CHCl3, and ethanol were all small
(<2 ppm) [43]. As much as possible, we have tried to use chem-
ical shifts in CDCl3 solution, and for the cases where we have
literature data or have measured the chemical shifts ourselves,
have found the solution values are very close to the reported
liquid values (liquid/CDCl3 in ppm: PCl3 220 [44]/219.79;
P(OMe)3 141 [44]/141.41; (iPrO)2P(O)CH3 27.4 [49]/28.61;
(iPrO)2P(O)H 4.2 [43]/4.54; PMe3 −62 [44]/−61.58 [50]). We
have also included chemical shifts in more polar solvents (i.e.,
DMSO and methanol) when those were the only reported
values.

The chemical shifts of two commonly used reference standards
for 31P NMR calculations require comment, since a reference is
needed to convert the calculated absolute magnetic shielding (σ)
to the chemical shift (δ). The calculated chemical shift
δ(31P)calcd is given by the difference between the absolute mag-
netic shielding values of the reference and the desired phos-
phorus compound calculated at the same level of theory, plus
the experimental chemical shift of the reference compound
(Equation 1) [18,21,26].

(1)

Since the 85% H3PO4 reference standard is a roughly 1:1 molar
solution of phosphoric acid in water [51], calculation of its
absolute magnetic shielding might be expected to be compli-
cated by water solvation, as well as ionization or aggregation of

the phosphoric acid in water, and calculation as a gas-phase
chemical shift is also unreasonable [51]. Because of these
issues, other studies have used PH3 as an alternative theoretical
reference standard [18,19], despite the fact that actual use of
this compound requires a fairly extraordinary experimental
setup [52,53]. An additional issue with PH3 involves the choice
of using the gas-phase or liquid-phase experimental chemical
shifts, which differ dramatically: the universally used value for
the gas-phase chemical shift is −266.1 ppm (referenced to
external 85% H3PO4) [54], while the liquid-phase chemical
shift is −238 ppm at −90 °C [44] and is also −238 ppm at 23 °C
in CCl4 [52]. In the two 31P NMR studies described in the Intro-
duction, Latypov used the gas-phase value [37] and Krivdin the
liquid-phase value [24]. As noted above, the CDCl3 solution
values are close to the liquid values, and so we will use the
−238 ppm chemical shift for PH3, and would argue this value is
the correct one for comparisons to other solution spectra. We
would further argue that the simplest solution to the reference
problem when scaling is used would be the calculation of all
chemical shifts referenced to H3PO4 with water solvation since
this provides values that can be compared immediately to ex-
perimental chemical shifts; further, as will be explained below,
scaling eliminates the need for the calculated absolute shielding
of the reference.

2. Calculation of chemical shifts. A small number of trivalent
phosphorus compounds spanning a roughly 460 ppm chemical
shift range was chosen initially to examine basis set effects,
namely, PH3, PMeH2, PMe2H, PMe3, PPh3, P(OMe)3,
methoxyphospholane (i.e., MeOP(OCH2CH2O)), and PCl3,
each of which has been used in recent reports of phosphorus
chemical shift calculations [18,20,21,24,37] except for the
phospholane, and more surprisingly with one exception [24],
PPh3 (Figure 1; see Computational and NMR Details section).
For each of these, optimization (Gaussian 09 [55], DFT with
6-31+G(d,p) basis set) included solvation using the default
polarizable continuum model (IEF-PCM using CHCl3), and
except for trimethylphosphite resulted in one energy minimum.
We found three local minima for trimethylphosphite, so NMR
spectra were calculated for each and the energy-weighted aver-
age was used for the calculated chemical shift; methoxyphos-
pholane was added as an alternative to trimethylphosphite
simply because it seemed likely that it would exhibit only one
local minimum, and so could provide a check on the calculated
chemical shift. The choice of basis set for the optimizations was
guided by recommendations by Tantillo and co-workers [3] for
cases involving multiple conformations, and in addition here the
presence of lone pairs on third-row atoms provides additional
reason to use a higher level basis set than the usual 6-31G(d)
[3]. As pointed out by van Wüllen [18], the energy-optimized
structure for PCl3 is not a good fit to the experimental geome-
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Figure 1: Training set of tri- and tetracoordinate phosphorus compounds; chemical shifts are in ppm, referenced to external 85% H3PO4 at 0 ppm
(positive values downfield of H3PO4).

try [56], and the chemical shift changes significantly with ge-
ometry. Chemical shift values for both the optimized structure
and the experimental geometry were therefore calculated, and
the latter was much closer to the experimental chemical shift.
For each compound, GIAO calculation of the chemical shift
was carried out first using the widely used 6-311+G(2d,p) basis
set with the B3LYP and PBE0 functionals, both used for
1H NMR calculations [3,15]. One lower-level basis set was
used (6-311G(d,p)) [21], as well as two higher-level basis sets
used by others [18,21,24] (IGLO-III [25,26] and pcS-2 [27,28])
specifically optimized for 31P, each with the B3LYP functional.
Another widely used functional, M06-2X [57,58], was also used
for the optimization (again using the 6-31+G(d,p) basis set)
with the NMR chemical shifts calculated using both the B3LYP
and M06-2X functionals with the 6-311+G(2d,p) basis set and
IEF-PCM (CHCl3) solvation. Last, two versions of the Latypov
method were calculated. In one, the structures were both opti-
mized (PBE0/6-31+G(d,p), IEF-PCM using CHCl3) and the
NMR calculated (PBE0/6-311+G(2d,p), IEF-PCM using
CHCl3) in the same manner as the calculation methods de-
scribed above. In the other, the same method as used by
Latypov (PBE0 gas phase 6-31+G(d) optimization followed by
PBE0 gas phase 6-311G(2d,2p) NMR) was carried out in order
to allow a direct comparison [37]. Results may be found in
Tables S1–S3 in Supporting Information File 1 for both the
absolute chemical shifts and the chemical shifts referenced to
that calculated for 85% H3PO4 at 0 ppm according to

Equation 1. As described above, the same functionals and basis
sets were used for H3PO4 but with water solvation, except when
using the gas-phase Latypov method.

As expected, on the basis of the results reported by Krivdin and
Latypov, the agreement between experimental and calculated
chemical shifts, regardless of the basis set, for these simple
compounds is poor. The MAD/RMSD values averaged
21/25 ppm and were remarkably similar for the nine combina-
tions of DFT functionals, optimizations, and basis sets chosen.
This was true both for the two larger basis sets optimized for
phosphorus (IGLO-III and pcS-2) and the smaller basis set (due
to the absence of diffuse orbitals) that gave significantly short-
ened computational times (6-311G(d,p)) [21].

A second set of tetracoordinate phosphorus compounds was
then added to the trivalent set for scaling (Figure 1). In contrast
to common trivalent phosphorus compounds, the chemical
shifts of typical tetracoordinate analogues do not span such a
large range, nor have calculations been routinely reported. A set
of 13 compounds (with 14 different phosphorus atoms) was
chosen, including PY4

+ (Y = H, Me, Ph, OMe, OPh), Y3P=O
(Y = Me, Ph), O=P(OCH2)3P=O, Y2P(O)H (Y = MeO, iOPr),
Y2P(O)Me (Y = MeO, iOPr), and EtOP(O)Me2. Despite span-
ning a chemical shift range of only about 150 ppm, this set
exhibited a wider range of structural types than the trivalent
compounds. A number of the compounds required inclusion of
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Table 1: MADa and RMSDa (ppm) for scaled 31P NMR chemical shifts.b

Optimization functionalc NMR functionalc NMR basis setc MAD/RMSD all datad

B3LYP B3LYP 6-311G(d,p) 8.9/10.6
B3LYP B3LYP 6-311+G(2d,p) 7.0/8.4
M06-2X B3LYP 6-311+G(2d,p) 6.5/8.0
M06-2X M06-2X 6-311+G(2d,p) 4.1/5.7
B3LYP B3LYP IGLO-III 6.0/7.1
B3LYP B3LYP pcS-2 6.5/8.0
B3LYP PBE0 6-311+G(2d,p) 6.2/7.6
PBE0 PBE0 6-311+G(2d,p) 5.9/7.1
PBE0e PBE0e 6-311G(2d,2p)e 7.8/9.7

aMAD/RMSD: mean absolute deviation (MAD = Σn|δcalc − δexp|/n) and root mean square deviation (RMSD = [Σn(δcalc − δexp)2/n]1/2) [3,40]. bIn all
tables, notable results (i.e., best and among the worst) are in bold, and the very best in bold italics. cOptimization basis set/solvent and NMR solvent,
except as noted: 6-31+G(d,p)/CHCl3. dDeviations calculated for the training set of tri- and tetracoordinate phosphorus compounds (Supporting Infor-
mation File 1, Table S5, 22 points). eOptimization (6-31+G(d)/gas phase) and NMR (gas phase) for the same training set of tri- and tetracoordinate
phosphorus compounds, but following Latypov’s method [37].

several conformational isomers, and for the cationic com-
pounds, the counterions were included, and the experimental
chemical shifts included compounds as pure liquids and as
CDCl3, CH2Cl2, CH3CN, DMSO, and CH3OH solutions (see
Computational and NMR Details section). Minimizations and
NMR chemical shift calculations were carried out as before,
albeit all with CHCl3 solvation, and once again as expected, the
average MAD/RMSD values of 9/12 ppm were high (albeit
lower than the trivalent compounds) and together the MAD/
RMSD values averaged 13.5/18.1 ppm.

3. Scaling of chemical shifts. Each of the sets of calculated
chemical shifts was next plotted against the experimental chem-
ical shifts according to Equation 2 to give an empirical scaling
relationship [36] with a unique slope and intercept for both the
training set compounds and the calculation methods used (Table
S4 in Supporting Information File 1).

(2)

This resulted in extraordinarily linear fits for the trivalent phos-
phorus compounds spanning the full chemical shift range, and a
bit more scatter of the tetracoordinate compounds over their
smaller range. The slope and intercept were then used to
convert the DFT-calculated values to the empirically more
accurate scaled values according to Equation 3, allowing the
scaled MAD/RMSD values to be determined (Table 1 and
Table S5 (Supporting Information File 1), and Figure 2).

(3)

The average MAD/RMSD values dropped from 13.5/18.1 ppm
to an average of 6.0/7.4 ppm for most of the optimization/NMR
combinations; the B3LYP method using a smaller basis set and
the Latypov method using the phosphorus compounds de-
scribed above both exhibited higher deviations. The higher de-
viations for the Latypov method (7.8/9.7 ppm), using gas-phase
calculations and smaller basis sets with this set of phosphorus
compounds, compared to our method (5.9/7.1 ppm) with CHCl3
solvation and the larger basis sets, is notable. The greater scatter
is clearly visible by comparing the scaling plot for the Latypov
method in Figure 2b to the best fit method using the M06-2X
functional for both optimization and the NMR calculation
(Figure 2a, MAD/RMSD = 4.1/5.7 ppm). For both scaling plots,
the fit shown occurs using the experimental rather than the
calculated geometry for PCl3, consistent with van Wüllen’s ob-
servation [18] noted above. Also consistent with our observa-
tion on the use of the liquid chemical shift value for PH3, the fit
for both scaling plots shown occurs with the liquid rather than
the gas chemical shift. That is, as seen in Figure 2a, the values
for the liquid PH3 and the experimental geometry for PCl3 are
both clearly in line with the other chemical shifts, and while the
fit is not quite as good in Figure 2b, it is close. Use of the
−266.1 ppm gas-phase value for PH3 (as was done by Latypov
[37]) for Figure 2b does not shift the scaling line significantly
(giving a calculated scaled shift of −240.5 ppm) and a worse fit
(MAD/RMSD = 8.5/11.6 ppm vs the 7.8/9.7 ppm shown for the
−238 ppm liquid-phase value shown).

Since the absolute shielding of the reference (here
σ(H3PO4)calcd) is a constant, one can equally well create a
scaling equation using just the experimental vs the calculated
absolute shieldings by rearrangement of Equation 1 and Equa-
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Figure 2: (a) Plot of experimental vs calculated chemical shifts of tri- and tetracoordinate phosphorus compounds (M06-2X optimization and NMR
(6-311+G(2d,p) basis set) referenced to H3PO4, IEF-PCM CHCl3 solvation). Equation 2 m = 0.855 ± 0.011, b = 4.91 ± 1.27, giving scaled
MAD/RMSD = 4.1/5.7 ppm (Equation 3). (b) Plot of experimental vs calculated chemical shifts of tri- and tetracoordinate phosphorus compounds
(Latypov PBE0 optimization and NMR (6-311G(2d,2p) basis set) referenced to H3PO4, gas phase). Equtation 2: m = 0.858 ± 0.019, b = 12.36 ± 2.19,
giving MAD/RMSD = 7.8/9.7 ppm. For both (a) and (b), see Table S3 in Supporting Information File 1; the points for PCl3 (DFT calculated geometry)
and PH3 (gas phase) were not included in the linear fits.

tion 2 to give Equation 4, where the intercept b1 in Equation 4
simply incorporates the calculated shielding and chemical shift
of the reference as shown.

(4)

Calculation of the absolute shielding of the reference is there-
fore irrelevant if one is using a scaling method, and Equation 4
gives the identical scaled chemical shifts without the need to
calculate the reference shielding. In the study reported by
Latypov [37], gas-phase values for the H3PO4 calculation were
used for this purpose, so only the scaled chemical shifts would
be expected to be valid. In the study reported by Krivdin [24], a
partially experimental absolute shielding for 85% H3PO4 in
water was used (σ(85% H3PO4) = 351.6 ppm), derived from the
experimental chemical shift of PH3 referenced to 85% H3PO4
[53]. The use of this value has the virtue of eliminating all theo-
retical complications of conformations and hydrogen bonding in
phosphoric acid [51], since it is not based on a DFT-optimized
structure. However, the goal of Krivdin’s work was the direct
calculation of chemical shifts without scaling, so that a plot of
experimental vs calculated chemical shifts as in Figure 2 would
give a slope of 1 and (for the H3PO4 reference) an intercept of
0; actual values were 0.977(16) and 1.2(1.7) [24]. Nevertheless,

for the present work we will use Equations 1–3 as they are intu-
itively straightforward and provide an approximate check via
the unscaled chemical shifts, and will expect to derive a scaling
relationship since the level of calculation is considerably lower
than that of Krivdin’s work.

4. Calculated 31P NMR chemical shifts for the Latypov test
compounds. The next step, then, requires application to a
variety of compounds not yet included in the training set. One
such set is the set of tri- and tetracoordinate phosphorus com-
pounds that we have already calculated chemical shifts for
using the Latypov method, so if our training set is comparable
to the Latypov training set, then we should obtain a similar
scaling equation and similar MAD/RMSD values. In fact we do
not, even though both training sets cover a similar chemical
shift range with a similar number of data points. The slope of
the Latypov scaling equation is 0.925, which is significantly
higher than the slopes for all of the scaling equations using the
tri- and tetracoordinate phosphorus compounds (i.e. that for the
Latypov PBE0/PBE0 method using our training set gave a slope
of 0.858, Figure 2b). The Latypov scaling equation gave a
MAD/RMSD = 9.3/12.3 ppm for the tri- and tetracoordinate
phosphorus compounds, so the question arose as to why the two
training sets would be so different.

As described above, one difference is the choice of the PH3
chemical shift for the training set; by using the lower gas-phase
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Figure 3: Plot of experimental vs calculated chemical shifts of training
set compounds reported by Latypov et al. [37] (open circles, PBE0/6-
31+G(d) gas-phase optimization, PBE0/6-311G(2d,2p) gas phase
NMR referenced to gas phase H3PO4), and the best fit line to give
scaling Equation 2 m = 0.925 ± 0.017, b = 13.2 ± 2.5, MAD/RMSD =
9.1/10.9 ppm. Alternate data includes PH3, (H2P)2 (virtually un-
changed), and both P atoms in (H2P)2PH instead (red + symbols) and
best fit line to give scaling Equation 2 m = 0.926 ± 0.021,
b = 11.9 ± 3.1, MAD/RMSD = 10.7/13.7 ppm.

value, the slope of the scaling equation will increase, as seen
from 0.858 to 0.925, and the effect is amplified since this is the
lowest chemical shift as seen in Figure 2. However, there are
also other discrepancies. For instance, two of the highest field
experimental chemical shifts are listed in the Latypov report
[37] as −162.6 ppm for (H2P)2PH and −203.6 ppm for (H2P)2
[59]. Problems include (a) the Latypov group did not specify
whether the PH or PH2 moiety is the one exhibiting the peak at
−162.6 ppm in (H2P)2PH, (b) there is no reason both moieties
should not be included, (c) the chemical shift values were deter-
mined using a complex INDOR spectrum of a mixture of com-
pounds, exhibiting 47 lines, and so certainly subject to interpre-
tation (and uncertainty), and (d) both (H2P)2PH and (H2P)2
exhibited multiple conformations in our hands that especially
for (H2P)2PH affected the calculated chemical shifts, and (e)
while we did not check all chemical shifts, the citation in refer-
ence [37] for CH2=C(H)PF2, the furthest downfield point (and
hence a critical value) is wrong, although the value of
219.5 ppm is correct [60]. While these uncertainties in both the
experimental and calculated chemical shifts suggest this
training set may be unreliable, as seen in Figure 3 where we
have plotted the Latypov data and our limited changes, these
data points almost exactly cancel out in their effect on the best-
fit scaling line. The MAD/RMSD of 9.5/12.4 ppm for our tri-

Figure 4: “Large” compounds selected for 31P NMR calculation by
Latypov [37].

and tetracoordinate phosphorus compounds was virtually the
same as that using the original training set data reported by the
Latypov group – that is, both gave an equally poor fit to the
simplest phosphorus compounds.

The next step requires use of the scaling equations to calculate
chemical shifts for a set of 10 “large” compounds chosen by
Latypov (Figure 4; there are a number of errors in the drawings
and references in the Latypov paper so they are all redrawn and
referenced here) [37]. Compound 1 chosen by Latypov had
many different minima upon optimization in our hands, in some
cases giving widely divergent chemical shifts for the two chem-
ically equivalent phosphorus atoms, which could potentially
exacerbate any deviations from the experimental chemical
shifts. Since derivatives with methyl (1a) and butyl substitution
on PA were reported and had comparable chemical shifts [61],
we substituted compound 1a for 1. Going forward, we used the
optimization and NMR functional combinations from Table 1
that gave the lower set of MAD/RMSD values with some
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Table 2: Experimentala and scaledb 31P NMR chemical shiftsc for Figure 4 compounds.

Optimization functional: B3LYP B3LYP M06-2X M06-2X PBE0 PBE0
NMR functional: B3LYP B3LYP B3LYP M06-2X PBE0d PBE0d,e

Basis set for NMR: 6-311+G(2d,p) IGLO-III 6-311+G(2d,p) 6-311+G(2d,p) 6-311G(2d,2p) 6-311G(2d,2p)

Compound Exp.f

1a P(A) 39.6 [61] 46.8 45.2 48.4 56.1 37.2 40.3
1a P(B) 297.6 286.3 280.0 288.1 338.9 279.1 303.0
2 −110 [62] −109.1 −103.4 −108.8 −106.2 −98.6 −107.2
3 −54.5 [63] −50.7 −47.8 −50.1 −47.1 −46.5 −50.5
4 24 [37] 23.8 25.4 22.4 26.1 31.7 34.3
5 P(A) 18.3 [64] 10.2 11.4 13.0 20.3 17.3 18.8
5 P(B) 27.6 17.9 19.2 22.2 28.2 25.2 27.4
6 −10.2 [65] 3.0 4.5 0.1 −5.7 −7.5 −8.1
7 38.7 [66] 45.0 42.7 39.3 44.8 43.9 47.7
8 P(A) 76.7 [67] 74.9 77.7 74.9 75.3 67.2 72.9
8 P(B) −157.7 −110.6 −112.4 −121.8 −115.5 −135.6 −147.3
9 P(A) −29.7 [68] −4.8 −3.9 −19.6 −24.4 −23.6 −25.7
9 P(B) 100.5 90.7 91.7 85.5 94.5 84.5 91.7
9 P(C) −10.6 15.4 14.5 15.1 13.4 6.3 6.7
9 P(D) 75.7 64.3 66.1 65.4 72.5 62.7 68.1
10 P(A) −22.6 [69] 1.0 2.6 −5.9 −9.8 −19.0 −20.6
10 P(B) 84.1 105.8 104.5 93.3 99.1 76.1 82.6
MADg 13.3 13.7 10.1 11.4 9.1 5.3
RMSDg 17.7 17.7 13.5 17.0 11.0 7.0
9, 10 (P–P)h

MAD 19.6 19.2 14.5 11.1 10.6 6.9
RMSD 20.6 20.5 15.6 13.2 11.7 8.7
1a, 8 (P=C))i

MAD 16.8 17.3 14.0 25.3 13.1 5.1
RMSD 24.5 24.4 19.1 30.7 15.2 6.2
2–7, 9, 10j

MAD 12.3 12.6 8.9 7.1 7.8 5.4
RMSD 15.0 15.1 11.2 9.5 9.3 7.2

aExperimental chemical shifts referenced to external 85% H3PO4 at 0.00 ppm, positive values downfield. bNMR calculations were carried out using
GIAO with IEF-PCM solvation on optimized structures (DFT/6-31G+(d,p)/IEF-PCM) except as noted for the last two columns; the IGLO-III basis set
was taken from the Basis Set Exchange [70], and all other basis sets were taken from Gaussian. Except as noted for the final column, all calculations
scaled using the tri- and tetracoordinate training set. cChemical shifts calculated from the absolute isotropic chemical shieldings according to Equa-
tion 1 (Tables S6–S8 in Supporting Information File 1), where H3PO4 was optimized and its NMR was calculated using the same basis sets and func-
tionals, and except for the final two columns, IEF-PCM using water, and scaled using parameters in S4 (Equation 2) giving scaled shifts (Supporting
Information File 1, Table S9, Equation 3). dOptimized (PBE0/6-31+G(d)/gas phase), NMR (PBE0/6-311G(2d,2p)/gas phase), and H3PO4 reference
(gas phase) following Latypov [37]. eScaled using the Latypov training set, and values for 2–10 taken from Latypov [37]. fCompounds 1a–4 were
measured and calculated in benzene, and 5–10 in chloroform. gSee note a in Table 1. hMAD/RMSD (ppm) for compounds that contain a P–P bond
with no P–C multiple bonding. iMAD/RMSD for compounds with P–C multiple bonding. jMAD/RMSD (ppm) for compounds that contain no P–C
multiple bonding.

exceptions. First, the large IGLO-III and pcS-2 basis sets failed
to overcome any deficiencies in the functional used, at least for
the B3LYP case, and due to the significantly higher calculation
time, these basis sets were not evaluated with other functionals.
Since the IGLO-III basis set was better than the pcS-2 basis set,
we kept this into the next round. In order to minimize the num-
ber of different optimization calculations, we dropped the PBE0

optimization with CHCl3 solvation and just included the
Latypov gas-phase method, scaled both to our tri- and tetracoor-
dinate phosphorus compound training set and to the original
Latypov training set.

On the basis of the MAD/RMSD criterion (Table 2), the
Latypov method using the Latypov training set is superior for
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this collection of compounds; the substitution of 1a – which still
exhibited two conformations – for 1 actually gave better results
for the Latypov method than for the others, and gave a much
better fit than had 1. Inspection of the deviations showed that
(1) use of the large IGLO-III basis set did not provide any
advantage, and (2) the B3LYP and M06-2X methods using the
M06-2X optimization were mostly comparable to the Latypov
PBE0 method when scaled to our collection of compounds (i.e.,
MAD ranging from 9.1–11.4 ppm), but not to the Latypov
training set. These B3LYP and M06-2X methods initially
appeared to fare worst for compounds having P–P bonds (i.e.,
8–10), while the M06-2X NMR calculation for compound 1a
gave a large downfield chemical shift deviation for the phos-
phorus atom with a multiple bond to carbon. However, the
largest deviation for the P–P-bonded compounds was that of PB
in 8 of up to roughly 40 ppm. An alternative hypothesis for this
deviation might be that it could be due to multiple P–C bond
character rather than the P–P bond itself, due to π overlap of
dicoordinate PB with the naphthalene ring. The MAD/RMSD
values for the limited number of data points for compounds 9
and 10 support this in that the MAD values for the M06-2X and
PBE0 NMR calculations (using the tri- and tetracoordinate
phosphorus scaling equation) were similar (10.6–11.1 ppm).
However, the MAD value for the M06-2X NMR calculation for
PB in 1a and PB in 8, that is the atoms that we propose have
multiple P–C bonding, were double (25.3 ppm) the P–P MAD
value.

At least part of the cause for the P–P chemical shift deviations
might be that the Latypov method gives better agreement of the
P–P bond lengths with those observed by X-ray, but simply
using the X-ray structure geometries with the other functionals
(or even with the PBE0 functional) does not give better agree-
ment of the calculated to the experimental chemical shifts. That
is, the P–P bond length in compound 8 is 2.147(6) Å by X-ray
[67] and is 2.143 Å using the Latypov PBE0/6-31+G(d)/gas-
phase optimization method. This optimized geometry gave a
scaled NMR (PBE0/6-311G(2d,2p)/gas phase) of −147.3 ppm
compared to the experimental chemical shift of −157.7 ppm.
The P–P bond length was 2.175 Å and 2.156 Å using the
B3LYP and M06-2X optimizations, respectively, giving scaled
chemical shifts of −115 to −120 ppm for the former and −116
and −128 ppm for the latter optimization. Calculation of the
scaled chemical shifts using the X-ray geometry gave −133.5
and −121.8 ppm for the B3LYP and M06-2X functionals, so
clearly the more accurate M06-2X bond length did not give
better agreement with the experimental chemical shift. A simi-
lar bond length comparison was seen for compounds 9 and 10,
where the PBE0 functional gave P–P bond lengths that were
closest to the X-ray geometries, but using the X-ray geometry
for the B3LYP and M06-2X NMR functionals gave some im-

proved and some far worse calculated NMR chemical shifts.
Clearly the problems with both the B3LYP and M06-2X NMR
calculations are with the functionals themselves, not the geome-
tries.

In order to test if the P–C multiple bond effect was repro-
ducible, we optimized 3,4-dimethylphosphabenzene (a training
set compound chosen by Latypov, with experimental and scaled
chemical shifts of 187.9 [71] and 197.4 [37] ppm) and found the
scaled chemical shift was 175.1 ppm for the M06-2X (optimiza-
tion) and B3LYP (6-311+G(2d,p) NMR) combination, but was
225.2 ppm when the M06-2X functional was used for both the
optimization and NMR. As will be seen below, this chemical
shift calculation failure was seen in all the subsequent cases we
examined that have P–C multiple bonding when the M06-2X
functional was used for the NMR calculation.

The results in Table 2 show that the Latypov functionals, used
without any solvation and with the Latypov training set for
scaling, gave the best fit for these 10 compounds (MAD/
RMSD = 5.3/7.0 ppm). Use only of our different training set
gave a significantly worse fit (MAD/RMSD = 9.1/11.0 ppm),
showing that Jensen’s point that choice of functional resembles
data fitting [8] can also be applied to choice of training set.
Following removal of the multiple bonded P–C chemical shifts,
the Latypov scaling was still best (and essentially unchanged)
but the M06-2X NMR method was closer (MAD/RMSD =
7.1/9.5 ppm) and was better than the Latypov method scaled
with the alternate training set (MAD/RMSD = 7.8/9.3 ppm).

5. Calculated 31P NMR chemical shifts for stereoisomers
and unusual structures. We next chose our own set of phos-
phorus compounds (Figure 5, 11–29; for simplicity compounds
30–34[O] discussed later are included in the MAD/RMSD
values here). This was done to to determine if the calculation
and scaling would be accurate enough to distinguish stereoiso-
mers via chemical shifts rather than coupling constants [72,73]
and provide confirmation of unusual structures and chemical
shifts, and with the further stipulation that multiple P–C bond-
ing would likely give inaccurate M06-2X NMR calculations
(Table 3; results with the IGLO-III basis set are included in
Supporting Information File 1, Tables S6–S9, and as expected
gave higher MAD/RMSD values). The M06-2X (optimization)
and B3LYP (NMR) functional combination gave the best
MAD/RMSD, and the relatively low RMSD is consistent with
the fact that there were no glaring discrepancies in experimen-
tal and calculated chemical shifts, both for the initial group of
1a–10 (Table 2) and the new group of 11–34[O]. As expected
the M06-2X functional gave the highest values when it was
used for the NMR calculation due to the presence of com-
pounds with P–C multiple bonds. In all cases for the sets of
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Figure 5: Stereoisomers and unusual phosphorus compounds used for chemical shift calculations.

stereoisomers (i.e., 11/12, 13/14, 15/16, 17/18, and 27/28), the
correct order of calculated upfield and downfield shifts was ob-
served, although the calculated difference between the cis and
trans isomers tended to be larger than the experimental differ-
ence for the trivalent compounds. Conformational differences
play a role here, particularly for the six-membered rings in com-
pounds 15–18, where the twist boat conformations can be the
major isomers in solution [74] (see Table 3 footnotes and Sup-
porting Information File 1 for details), although care was taken
to find all important conformations to be included in the NMR
calculations.

Unusual structures such as phosphenium cation 20, having a
chemical shift upfield of the trivalent chloride 19, contrary to
expectation where the cation is typically 100 ppm downfield of
the corresponding chloride [77,84-86], were confirmed by each
of the calculation methods, as were the remarkably downfield
shifts for the novel di- and trications 21 and 22, for which even

drawing suitable resonance structures is a challenge. Two phos-
phinidenes (23, 24), i.e., carbene analogues with potentially an-
ionic phosphorus atoms, have remarkably upfield chemical
shifts that are once again confirmed by the calculated values.
Both of the P–C bond lengths are indicative of single bond
character albeit relatively short (both the X-ray [80] and DFT
structures), although the large downfield deviations for the
M06-2X NMR calculation suggest multiple P–C bonding –
perhaps a novel use of this DFT failure.

The acylphosphonodiamidite 25 is another novel structure con-
firmed by the chemical shift calculation, although the largest
deviation was seen for the M06-2X NMR calculation, again
perhaps suggesting multiple P–C bonding. The case for multiple
P–C bonding in compound 25 is supported by the amide-like
CO infrared stretching frequency of 1654 cm−1. This com-
pound further warrants mention since one might suppose that
the carbonyl carbon atom would be found near 170 ppm in the
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Table 3: Experimentala and scaledb 31P NMR chemical shiftsc for the compounds shown in Figure 5, Figure 6, and Figure 7.

Optimization functional: B3LYP M06-2X M06-2X PBE0
NMR functional: B3LYP B3LYP M06-2X PBE0d

Compound Exp.e

11f 152.9 [75] 156.9 153.3 152.1 166.5
12 f 139.3 [75] 142.0 138.5 139.3 150.6
13 133.0 [76] 133.8 125.4 125.0 128.8
14f 136.7 [76] 144.8 128.8 132.0 138.8
15f 132.2[74] 129.3 126.4 124.7 137.5
16f 138.5 [74] 142.1 137.2 134.8 150.3
17f 125.8 [74] 128.6 126.2 124.9 133.7
18f 145.3 [74] 146.7 144.5 142.3 152.8
19g 169 [77] 181.3 178.9 172.3 186.0
20g 153 [77] 147.8 146.4 148.7 169.2
21h 355.7 [78] 350.9 355.2 398.1 372.4
21 (Ph3P) 26.2 20.7 19.2 23.8 20.9
22i 302 [79] 310.4 299.7 350.9 306.4j

23 −127.2 [80] −125.7 −124.8 −107.0 −130.0
24 −151.0 [80] −129.0 −131.2 −120.6 −140.3
25 63.5 [81] 64.7 68.7 73.6 63.6
26 187.9 [71] 181.7 182.1 224.9 197.3
27f 13.9 [82] 11.0 12.3 17.7 19.6
28 16.0 [82] 14.2 15.4 20.6 22.7
29g 93 [77] 80.8 97.1 104.6 94.1
anti-30 24.2 [83] 34.8 25.2 17.9 18.8
syn-30f 11.3 [83] 23.5 15.6 9.1 7.8
anti-30[O] 54.1 [83] 44.8 42.1 45.4 44.7
syn-30[O]f 61.8 [83] 49.7 46.3 49.3 50.1
anti-31 −24.4 −12.1 −29.2 −27.9 −31.2
syn-31 −21.8 −0.9 −21.4 −19.6 −22.2
32f −181 −59.2 −169.3 −180.1 −119.8
33 −79 −78.8 −74.7 −72.1 −90.3
34 −14 −3.6 −11.2 −10.0 −20.4
33[O] 38 27.2 30.3 36.3 24.6
34[O] 26 12.6 13.7 20.8 11.0
11–34[O]
MAD/RMSDk 11.1/23.7 5.4/7.3 9.7/15.8 9.8/14.4
1a–34[O]
MAD/RMSD 11.9/21.8 7.1/9.9 10.3/16.3 8.2/12.3
2–7, 9–20, 27–34[O]l

MAD/RMSD 12.0/22.8 6.4/8.5 5.4/7.1 8.7/13.1
a,b,c,dSee notes a–d for Table 2; NMR basis sets and solvation were 6-311+G(2d,p) and CHCl3 except for PBE0 (6-311G(2d,2p) and gas phase).
eCompounds 11, 12, and 30–31 were optimized and the NMR spectra calculated in toluene, 13, 14, 19, 20, 25, 26, 29, and 32–34[O] in chloroform,
15–18, 23, 24, 27, and 28 in benzene, 21 in dichloromethane, and 22 in acetonitrile. fMajor conformations shown in Figures 5–7 but compounds 11,
12, 14, 16–18, 27, syn-30, syn-30[O], and 32 exhibit multiple conformations; for 16 twist-boat 1 and twist-boat 2 are significant, and for 17 the chair
and twist boat 1 are significant; for 15 only the chair was significant (Table S7, Supporting Information File 1). gOptimizations and NMR calculations
were carried out on the compounds without the methyl groups para to the oxygen atoms due to problems with convergence because of methyl rota-
tion; no significant chemical shift differences were seen. hBF4¯ rather than the actual AlCl4¯ ions were used in the calculations to minimize the size of
the calculation. iPF6¯ and Cl¯ ions rather than the actual SbF6¯ and Br¯ ions were used in the calculations to minimize the size of the calculation. jIn the
absence of solvation the trication structure could not be optimized in the presence of anions so this calculation is for the trication alone. kSee note a in
Table 1. lCombined MAD/RMSD for all compounds in Table 2 and Table 3 with no multiple P–C bonds.
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Figure 6: Phosphorus-catalyzed oxygen transfer reaction intermedi-
ates.

13C NMR spectrum by analogy to amides, but was instead ob-
served at 228 ppm and confirmed by a calculated (unscaled)
value of 242 ppm [81]! Such a result demonstrates the value of
DFT calculations for structures not having any experimental
NMR precedent.

We include here phosphabenzene 26 [71], which as noted above
was used as part of the Latypov training set, for these four
methods. As expected the calculations confirm the failure of
only the M06-2X NMR method for compounds with multiple
P–C bond character.

We finish with two challenging examples, one a relatively
recent report by the Radosevich group of a novel catalytic
oxygen transfer reaction involving four-membered ring phos-
phorus compounds [83], and one involving a 57-year old report
by the Katz group of the first characterized three-membered
ring phosphorus heterocycle [87]. The four-membered ring
phosphetanes and proposed intermediate structures (30, 30[O],
31, Figure 6) provide examples of novel structures [83] where
stereochemistry is also confirmed by calculations, even for the
challenging intermediates anti and syn-31. The authors of that
study chose to optimize the structures using the M06-2X func-
tional with the 6-311++G(d,p) basis set, but we found that the
smaller 6-31+G(d,p) basis set that we had been using was
adequate. Each of the methods allowed the stereoisomers
to be distinguished, although the optimization and NMR with
the B3LYP functional was much worse (MAD/RMSD =
12.9/13.4 ppm) while the M06-2X optimization and NMR was
the best (MAD/RMSD = 5.9/7.0 ppm). We also note that the

Figure 7: Phosphirane reactions.

calculated chemical shifts reported in the phosphetane study
[83] were referenced to anti-30 rather than H3PO4, while here
all the values were calculated with reference to H3PO4, before
being scaled.

As the final example, Katz reported in 1966 [87] the reaction of
cyclooctatetraene dianion with PhPCl2 to give a single phos-
phine product 32 having an unusually high field 31P NMR
chemical shift of −181 ppm. Compound 32 underwent a stereo-
specific thermal [1,5]-sigmatropic rearrangement to bicyclic 33
exhibiting a 31P NMR chemical shift of −79 ppm. Pyrolysis of
33 at 480 °C gave isomeric 34 having a 31P NMR chemical
shift of −14 ppm, while H2O2 oxidation of compounds 33 and
34 gave the corresponding phosphine oxides 33[O] and 34[O]
with chemical shifts of 38 and 26 ppm, respectively (Figure 7).
Identification of the isomers by 31P NMR would represent a
nice example of the utility of the calculations described here.
Results for 33, 34, 33[O], and 34[O] all confirmed the 1966
identifications (although the deviations are smallest for the two
M06-2X optimization methods), but the 31P NMR of the com-
pound of primary interest, 32, differed by 61 ppm from the
calculated value using the Latypov method and 122 ppm using
the B3LYP optimization, but gave excellent agreement using
the M06-2X optimization, especially with the M06-2X NMR
calculation (Table 3)! The X-ray structure of 32 was reported in
2004 [88,89] so the identification is correct, and provides a sur-
prisingly extreme example of how these DFT functionals can
differ. Comparison of bond lengths showed that this might be
due to sensitivity of the DFT chemical shift to bond lengths.
The three-membered phosphorus ring in the X-ray structure
exhibited C–C and average C–P bond lengths of 1.495(2) and
1.869(5) Å, while the values for the M06-2X, Latypov, and
B3LYP optimizations were 1.495/1.869, 1.488/1.882, and
1.489/1.908 Å, respectively. This suggested that the virtually
exact match of the M06-2X optimization with the X-ray struc-
ture contributed to the agreement of the NMR calculation with
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the experimental chemical shift. Consistent with this, calcula-
tion of the NMR chemical shifts using the X-ray structure ge-
ometry also gave near perfect fits to the experimental for the
B3LYP and PBE0 functionals. However as noted above use of
the X-ray geometries of 8–10 with the B3LYP and M06-2X
NMR functionals showed that the poor agreement of the NMR
chemical shift calculations was due to the NMR functionals, not
the geometries used.

6. The search for a failure-free functional. Looking at the
complete collection of compounds evaluated (Table 2 and
Table 3), the best MAD/RMSD (7.1/9.9 ppm) for 1a–34[O] was
seen for the M06-2X optimization and B3LYP NMR. As seen
in the last row of Table 3, elimination of the failures due to
compounds with P–C multiple bonding character gave the best
MAD/RMSD = 5.4/7.1 ppm for optimization and NMR calcula-
tions both with the M06-2X functional. Clearly we are looking
at a better “fitting” functional as described by Jensen [8], but
what truly distinguishes these 31P NMR results from the better-
studied 1H and 13C results is the existence of the 31P NMR fail-
ures.

The failures that we encountered included (1) the P–C multiple
bonds for the M06-2X NMR calculations (i.e., 1a), (2) possibly
P–P bonding for both the M06-2X and B3LYP NMR calcula-
tions (i.e., 8 and to a lesser extent 9 and 10), and (3) the phos-
phirane 32 for the B3LYP/B3LYP method and the PBE0
method of Latypov. We therefore set out to look at these
outliers with recently recommended functionals rather than the
widely-used functionals [15,90] that we have already tried (i.e.,
B3LYP, PBE0, M06-2X). In this way we might hope to see if
this could provide a short-cut to find the best NMR functional,
that is, one that might give the best fit with the least scatter (i.e.,
the lowest MAD), but also with none of the failures.

A recent review assessed 200 density functionals [91] and
assigned them to the five rungs of “Jacob’s ladder” [92-95]. In
principle these 200 functionals could be evaluated for our
31P NMR chemical shift problem, but in that same review
Mardirossian and Head-Gordon noted that while DFT methods
have been successfully used for chemical shift calculations,
magnetic properties are not included in conventional functional
development nor in the energy benchmarks that are used.
Instead, we looked at recent work, mostly on 13C NMR spec-
troscopy, for recommendations [7,90,91,96-98].

Results are collected in Table 4 for the chemical shifts for com-
pounds 1a, 8, and 32, scaled using only the first and last points
for the trivalent series, PCl3 and PH3 (see Computational and
NMR Details below). Comparison of the two-point scaling
values for entries 1–4 in Table 4 with the full linear regression

for scaling in Table 2 and Table 3 validates this short-cut. The
GIAO NMR method was used for all of the calculations de-
scribed to this point, as well as for the commonly recom-
mended methods for 1H and 13C calculations [15]. However,
the first method to be tried for this group of three compounds
utilized the alternative CSGT NMR method recommended by
Iron [7] with the TPSSTPSS [92,99,100] functional for the
NMR calculation (albeit we used the computationally less inten-
sive basis sets and the M06-2X optimization method already
employed). As seen in entry 5 (Table 4) the GIAO method gave
no improvement over entries 3 and 4, but use of the recom-
mended CSGT method did give a reduction in the MAD
(Table 4, entry 6). Optimization with the TPSSTPSS functional
followed by the TPSSTPSS/CSGT NMR (Table 4, entry 7)
failed, especially for compound 32. Iron further found that long-
range corrected (LC) functionals all out-performed the non-
corrected functionals, so this was tested as seen by entries 8 and
9 (Table 4) for both the GIAO and CSGT calculation. The
GIAO entry was only slightly better while the CSGT entry was
worse, but more interestingly, both failed for the P–C multiple-
bonded case, giving chemical shifts over 80 ppm downfield
from the non-long-range corrected calculations for PB in 1a
(Table 4, entries 5 and 6). The related PBETPSS functionals
recommended by Modrzejewski et al. [98] exhibited the iden-
tical downfield failure for P–C multiple bonding (Table 4,
entries 10–13) upon adding in the LC calculation. An obvious
hypothesis for the M06-2X P-C multiple bonding NMR failure
therefore was that this functional employs too much long-range
correction, and Truhlar has described it as a medium-range
method [57,101]. We therefore tried the local version of the
M06-2X functional, namely the M06-L functional [102], for the
NMR calculation (Table 4, entries 14–16), and were rewarded
with the best MAD for these three compounds when using the
M06-2X optimization and the M06-L/GIAO NMR calculation
(Table 4, entry 14). Interestingly, this functional was not recom-
mended in a recent study on calculation of solid-state chemical
shifts for 31P NMR [103]. Use of the CSGT NMR method gave
a higher MAD (Table 4, entry 15) and M06-L optimization
gave a very poor result (entry 16). Use of the newer local M11-
L functional [104] for the NMR however was much worse
(Table 4, entries 17 and 18) due entirely to the poor fit of 1a
when using M06-2X optimization but all four chemical shifts
were poor (even PA in 1a, used essentially as a control) using
M11-L optimization. Two fourth rung [90] functionals, M11
and MN12-SX [105,106], also failed to give any improvement
(Table 4, entries 19 and 20), and these were also worse than the
older fourth rung [90] functional M06-2X. Grimme’s D3
dispersion correction has been recommended for general use as
it increases the accuracy of many calculations [97,98], particu-
larly with the BLYP functional (Table 4, entry 21) [97], but for
the cases we tried no improvement was seen (Table 4, entries
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Table 4: Scaled (using PH3 and PCl3) chemical shifts for the “failures” 1a, 8, and 32 for various optimization and NMR functionals.

Entry Optimization NMRa 1a PA 1a PB 8 PB 32 MADb

experimental 39.6 297.6 −157.7 −181
1 PBE0 (Latypov) PBE0 (Latypov) 37.2 282.5 −139.6 −112.7 33.9
2 B3LYP B3LYP 42.1 278.4 −114.2 −59.2 61.5
3 M06-2X B3LYP 40.3 272.2 −125.7 −167.9 23.5
4 M06-2X M06-2X 56.2 336.0 −115.1 −175.2 28.9
5 M06-2X TPSSTPSS 36.9 256.4 −135.8 −164.1 26.7
6 M06-2X TPSSTPSS* 34.3 260.3 −148.1 −173.3 18.2
7 TPSSTPSS TPSSTPSS* 31.8 259.0 −132.9 −20.9 74.5
8 M06-2X LC-TPSSTPSS 38.1 339.4 −132.4 −184.8 23.6
9 M06-2X LC-TPSSTPSS* 33.4 345.0 −149.8 −199.0 24.4
10 M06-2X PBETPSS 44.1 260.1 −124.5 −152.2 33.1
11 M06-2X PBETPSS* 41.4 264.4 −139.0 −162.3 23.5
12 M06-2X LC-PBETPSS 40.9 342.1 −127.4 −178.4 25.8
13 M06-2X LC-PBETPSS* 35.0 348.7 −147.5 −195.4 25.3
14 M06-2X M06-L 36.5 274.4 −156.7 −180.9 8.1
15 M06-2X M06-L* 32.1 278.1 −171.5 −190.8 14.4
16 M06-L M06-L 27.4 257.4 −161.4 −61.5 54.5
17 M06-2X M11-L 23.6 231.5 −156.5 −181.8 22.7
18 M11-L M11-L 7.8 212.3 −172.6 −70.1 70.4
19 M11 M11 43.8 339.8 −124.9 −194.4 29.5
20 MN12-SX MN12-SX 27.2 274.6 −154.9 −145.6 20.4
21 BLYP-D3 BLYP-D3 34.4 242.3 −100.1 −7.6 95.4
22 M06-2X-D3 M06-2X-D3 56.1 336.0 −115.0 −175.2 29.0
23 M06-L-D3 M06-L-D3 27.3 257.4 −161.3 −61.5 54.4
24 TPSSTPSS-D3 TPSSTPSS-D3* 31.8 259.6 −140.5 −23.1 71.0
25 M06-2X ωB97X-D 39.3 293.1 −132.8 −177.7 10.9
26 ωB97X-D ωB97X-D 38.0 292.8 −136.9 −174.2 10.8
27 M06-2X PBE0 43.3 285.1 −133.2 −169.0 16.3

aCSGT method indicated by *; all others are GIAO. bMAD for 1a isomer A PB, 8 PB, and 32 isomer A; scaled chemical shifts for 1a isomer A PA
(which has a P–C single bond) are shown for comparison but are not included in the MAD calculation, and scaled chemical shifts for 8 PA are not
included because these are correctly calculated by all methods previously (Table 2).

21–24). Last, Modrzejewski et al. [98] noted that Head-
Gordon’s ωB97X-D, a long-range corrected range-separated
functional with dispersion correction [96], was also found to be
highly accurate, and it was the most recently developed of the
five representative functionals chosen by Jensen for evaluation
[8]. Somewhat surprisingly, given the long-range correction that
we previously found had resulted in the failure of P–C multiple
bonding calculation, this functional (Table 4, entries 25 and 26)
gave two of the best MAD values, with optimization either by
the M06-2X or ωB97X-D functionals. Last, given the success
of many of the M06-2X optimizations here and the Latypov
PBE0 method, it seemed appropriate to test that (Table 4, entry
27). Here the PBE0 NMR calculation was carried out in the
same way as entries 2–26, with CHCl3 solvation and the
6-311+G(2d,p) basis set, and as seen it gave one of the best
results.

The optimization/NMR methods that gave the lowest MAD
values in Table 4 (entries 6, 14, 25–27, apart from entry 15
which was worse than the related entry 14) were then used for
the full set of tri- and tetracoordinate compounds for scaling,
and then the full set of test compounds 1a–34[O]; MAD/RMSD
results are listed in Table 5 (see Supporting Information File 1,
Tables S7 and S10–S17 for all data) along with comparisons to
the four best prior methods in Table 4 (entries 1, 3, and 4). As
can be seen by examination of the results for the training set of
tri- and tetracoordinate compounds in the first column, two of
the new combinations, namely the M06-2X/PBE0 and the M06-
2X/ωB97x-D functionals for optimization and NMR calcula-
tions, were among the best for the MAD/RMSD values in
Table 1 and Table 5. These two also exhibited the lowest MAD/
RMSD values of 6.9/8.5 and 6.8/9.1 ppm, respectively, for the
full set of test compounds 1a–34[O]. The higher RMSD for the
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Table 5: Comparison of the besta functionals for 1a–34[O].

MAD/RMSD (ppm)

Opt/NMRb P3 and P4
training set

1a–34[O] P–P: 8–10 1a–7, 11–34[O] P=C: 1a, 8PB,
21–26

2–8PA, 9–20,
27–34[O]

M06-2X/B3LYP 6.5/8.0 7.1/9.9 15.6/18.5 5.4/7.1 9.7/14.0 6.4/8.5
M06-2X/ M06-2X 4.1/5.7 10.3/16.3 13.7/18.8 9.7/15.7 29.1/32.8 5.4/7.1
PBE0/PBE0c 7.8/9.7 8.2/12.3d 6.9/8.5 8.5/12.9 6.6/8.2 8.7/13.1
M06-2X/M06-L 7.2/8.8 7.5/9.3 9.3/10.7 7.2/9.0 8.2/9.6 7.4/9.2
M06-2X/TPSSTPSS*e 6.7/8.2 8.7/12.1 11.8/13.1 8.0/11.8 17.2/20.7 6.4/8.4
M06-2X/ωB97x-D 5.9/7.3 6.8/9.1 11.6/13.8 5.8/7.9 10.4/13.9 5.9/7.4
ωB97x-D/ωB97x-D 6.1/7.5 7.4/9.4 11.0/13.3 6.6/8.4 9.8/12.6 6.7/8.3
M06-2X/PBE0 5.8/7.1 6.9/8.5 10.8/13.0 6.1/7.2 8.4/10.7 6.5/7.7

aBest results are in bold. bFunctionals for optimization (6-31+G(d,p) basis set) and NMR (6-311+G(2d,p) basis set), both with CHCl3 solvation (IEF-
PCM) except as noted. cOptimization and NMR following Latypov, gas phase and 6-31+G(d) and 6-311G(2d,2p) basis sets, respectively. dWithout 32,
MAD/RMSD = 7.1/8.6 ppm. eCSGT NMR method; all others are GIAO.

Figure 8: (a) Plot of experimental vs scaled chemical shifts derived from the tri- and tetracoordinate phosphorus training set compounds (M06-2X op-
timization and PBE0 NMR (6-311+G(2d,p) basis set) referenced to H3PO4, IEF-PCM CHCl3 solvation; see Supporting Information File 1, Table S17
for values). The line drawn (slope = 1, intercept = 0) is the perfect fit line. (b) Plot of experimental vs scaled chemical shifts derived from the Latypov
training set compounds (PBE0 optimization and PBE0 NMR (6-311G(2d,2p) basis set) referenced to H3PO4, no solvation; see Supporting Information
File 1, Table S9 for values). The line drawn is the perfect fit line.

M06-2X/ωB97x-D combination is due to the relatively large
number of scaled chemical shifts that differ by 18–26 ppm from
the experimental chemical shifts, while the M06-2X/PBE0 com-
bination exhibits only one of those large chemical shift
deviations. The next best M06-2X/M06-L combination
(MSD/RMSD = 7.5/9.3 ppm) exhibits four such large devia-
tions, although it was the best for the troublesome PB of 8. In
fact, the only other combination that has only one large devia-
tion is Latypov’s gas-phase PBE0/PBE0 calculation, and as de-
scribed above that is the phosphirane 32, with a scaled chemi-
cal shift calculation of −120 ppm compared to the experimental

value of −181 ppm. Without that one data point, the MAD/
RMSD drops from 8.2/12.3 ppm to 7.1/8.6 ppm, which is one of
the best results. As seen in Figure 8, plotting the experimental
chemical shifts against the scaled calculated values for
1a–34[O] for the M06-2X/PBE0 and the Latypov PBE0/PBE0
combinations each gives a set of values very close to the desired
straight line with a slope of 1 and an intercept of 0, except for
the one failure for compound 32 as shown; by inspection it can
be seen that the Latypov plot does exhibit more scatter about
the perfect fit line, so the higher MAD/RMSD for the points
other than that for 32 makes sense.
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We conclude this section by examining separation of the P–P-
bonded compounds or the P–C multiple-bonded compounds.
Separating out first the P–P-bonded compounds 8–10 showed
that the Latypov PBE0/PBE0 method was by far the best for
those compounds, with the M06-2X/M06-L method that gave
the best calculated chemical shift for PB in 8 (−148.0 vs
−157.7 ppm for the experimental value) the only other method
that was close; the M06-2X/B3LYP method was the worst.
When compiling the MAD/RMSD values for the remaining
non-P–P-bonded compounds 1a–7 and 11–34[O], the overall
results were somewhat better and the M06-2X/B3LYP method
was the best. On the other hand, when the P–C multiple-bonded
compounds 1a, 8(PB), and 21–26 were separated out, the failure
of the M06-2X/M06-2X was confirmed (MAD/RMSD =
29.1/32.8 ppm), and surprisingly the M06-2X/TPSSTPSS*
method also failed (MAD/RMSD = 17.2/20.7 ppm) – surprising
since this had been selected in the screening method. The
Latypov PBE0/PBE0 method was once again the best for this
subset, with the M06-2X/M06-L and M06-2X/PBE0 methods
the only others that were close. When these multiple-bonded
compounds were eliminated from the test set and the MAD/
RMSD values compiled for 2–8(PA), 9–20, and 27–34[O], how-
ever, the M06-2X/M06-2X was best (MAD/RMSD =
5.4/7.1 ppm).

Conclusion
We have developed a method for accurate calculation of
31P NMR chemical shifts using a training set of well-known tri-
and tetracoordinate phosphorus compounds that allows scaling
of the readily accessible DFT chemical shifts. The present
method follows established norms [15] of optimization of com-
pound geometries in solution and weighting of the calculated
chemical shifts on the basis of calculated equilibrium ratios in
solutions of the different conformers. We compare this to the
previously reported method described by Latypov [37], which
uses a somewhat eclectic mix of unusual phosphorus com-
pounds, some of which have questionable chemical shifts, and
that are optimized using gas-phase calculations. The Latypov
method, using the PBE0 functional for both optimization of
compound geometry and chemical shift calculation, was found
to be superior for compounds that contain P–P bonds and P–C
multiple bonds. Optimization with the M06-2X functional was
found to be superior for all compound types except the P–P-
bonded compounds when the B3LYP functional was used for
the chemical shift calculation, and the M06-2X functional was
also found to be superior for all compound types except the P–C
multiple-bonded compounds when the M06-2X functional was
used for the chemical shift calculation.

One of the goals of this work was that the calculated chemical
shifts should be sufficiently accurate to distinguish stereoiso-

mers and confirm structures of unusual compounds. In fact, the
methods were able to correctly reproduce the relative chemical
shifts of stereoisomers that differed by as little as 3 ppm. How-
ever, for the unusual compounds, some combinations of func-
tionals failed for confirmation of structures that contained
multiple P–C bonding, P–P bonding, and for a 3-membered
phosphirane ring. For instance, use of the M06-2X functional
for both optimization and NMR calculations gave large down-
field shifts of 30–49 ppm from the experimental values if there
was any P–C multiple-bonding character, and B3LYP and
PBE0 optimization led to downfield shifts of 61–124 ppm from
the experimental value for the phosphirane ring. The P–P bond-
ing failure is less clear, with downfield shift failures of
20–47 ppm for PB in 8 for all pairs of functionals except the
Latypov PBE0/PBE0 method and the M06-2X/M06-L combina-
tion, both of which gave downfield shifts of 10 ppm. A
screening method was used to allow rapid calculations of scaled
values to detect methods that would avoid these three failures,
in hopes that this might lead to better overall methods.
The results show that the strategy of screening methods
using the “failures” did in fact lead to improvements in calcula-
tions, including a potential method using a localized version
(M06-L) of the M06-2X functional for the NMR, and the two
best methods for general use: the best combination involved op-
timization using the M06-2X functional with NMR calculations
using the PBE0 functional, and use of the ωB97x-D
functional for the NMR calculations was a close second.
For compounds without P–P bonds, the M06-2X/B3LYP
combination, on the basis of fairly limited data, can be used,
and for compounds without P–C multiple bonds, the
M06-2X/M06-2X combination is a good choice. For com-
pounds with those functionalities, the Latypov method is best.
Given the unexpected failures noted, for compounds with novel
structures not covered here, more than one method should be
used.

On the interesting question posed by Jensen [8] on whether the
search for the “best” functionals and basis sets for chemical
shift scaling is an exercise in data fitting, we note that unlike the
case for 1H and 13C chemical shifts, 31P chemical shifts must
depend on a far more variable collection of phosphorus bond
lengths and geometries. The functionals that give the most accu-
rate bond lengths to phosphorus might give the best calculated
chemical shifts, but changing the bond lengths to the correct
lengths using the X-ray geometries does not necessarily then
yield the correct chemical shifts as described in detail for 8 and
in brief for 9 and 10, and of course this is not a viable strategy
to confirm novel and unknown structures. In the failure of the
M06-2X functional with multiple bonding, the cause is clearly
not due to failure to give proper bond lengths, as chemical shifts
using the B3LYP functional are reliable using the identical
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M06-2X optimized structures. The decrease in scatter using the
M06-2X optimization, however, can be considered as improved
data fitting as described by Jensen [8], but the failures, includ-
ing P–P bonding, P–C multiple bonding, and, for the Latypov
optimization, the three-membered phosphirane ring, are exam-
ples of functionals that clearly do not give a fit to experimental
chemical shifts due to serendipitous cancelling of errors, but
rather must have some fundamental flaw for those structural
types. Reports of comparisons of functionals do not describe
such failures [7,8,107], so the observation here of a closer fit of
calculated to experimental chemical shifts for most compounds
using the M06-2X functional for the NMR calculation, but with
major significant failures for some structural types, is unique
and so must be taken into account when looking at novel struc-
tures.

Overall these scaling methods were shown to provide excellent
support for confirmation of stereochemistry and of solution
structures of unusual phosphorus compounds, and should be
considered part of standard practice for DFT calculation of
31P NMR chemical shifts of novel compounds and those with
unknown stereochemistry. Future work, however, should focus
on the outlier compounds described here, whose unusual bond-
ing gives rise to increased sensitivity to chemical shift calcula-
tions, and may help to more rapidly uncover which functionals
are best for both geometry optimization and NMR chemical
shift calculation.

Computational and NMR Details
For the trivalent phosphorus compounds, NMR chemical shifts
(referenced to external 85% H3PO4 at 0.00 ppm, positive values
downfield) were measured in CDCl3 on a 400 MHz Bruker
spectrometer for PPh3 (−5.28 ppm), P(OMe)3 (141.41 ppm),
and PCl3 (219.79 ppm) or were taken from the literature: PH3
(−238 ppm, liquid sample at −90 °C [44] and at room tempera-
ture in CCl4 [52]), PMeH2 (−163.5 ppm, liquid sample [44]),
PMe2H (−98.5 ppm, liquid sample [44]), PMe3 (−61.58 ppm in
CDCl3 [50]), MeOP(OCH2CH2O) (133.3 ppm, in CDCl3
[108]). For PCl3 the experimental geometry was used for the
NMR calculations (P–Cl = 2.043 Å, (ClPCl) = 100.1°) [56]
rather than the DFT optimized geometries (B3LYP: P–Cl =
2.096 Å, (ClPCl) = 100.9°; M06-2X: P–Cl = 2.069 Å,

(ClPCl) = 100.0°; PBE0: P–Cl = 2.070 Å, (ClPCl) =
100.7°; PBE0/6-31+G(d)/gas phase: P–Cl = 2.066 Å,

(ClPCl) = 101.0°).

For the tetracoordinate phosphorus compounds, NMR chemical
shifts (referenced to external 85% H3PO4 at 0.00 ppm, positive
values downfield) were measured in CDCl3 on a 400 MHz
Bruker spectrometer for (iPrO)2P(O)H (4.54 ppm), Ph4P+ Br−

(23.17 ppm), and (iPrO)2P(O)Me (28.61 ppm) or were taken

from the literature: PH4
+ BF4

− (−105.3 ppm in CH3OH/CH3OD
solution [109,110]), (PhO)4P+ PF6

− (−28.0 ppm in CH3CN
solution [111]), O=P(OCH2)3P=O (−18.1 ppm in DMSO solu-
tion [112]), O=P(OCH2)3P=O (6.4 ppm in DMSO solution
[112]), (MeO)4P+ BF4

− (1.9 ppm in CH2Cl2 solution [113]),
(MeO)2P(O)H (11.3 ppm, liquid sample [45]), Me4P+ Br−

(25.1 ppm in DMSO solution [114]), Ph3P=O (29.10 ppm in
CDCl3 solution [115]), (MeO)2P(O)Me (32.3 ppm, liquid sam-
ple [116]), Me3P=O (38.79 ppm in CDCl3 solution [115]),
EtOP(O)Me2 (50.3 ppm, liquid sample [43]).

Chemical shifts for the phosphonium salts R4P+ (R = MeO, Me,
Ph) require comment. In the case of (MeO)4P+ BF4

−, initial
reports gave the 31P NMR chemical shift as 51.5 ppm
[117,118], while all of our initial calculations placed it near
−3 ppm. Subsequent work found the chemical shift to be
1.9 ppm [113], in agreement with our calculated shift, and no
explanation for the original report has been offered [113]. For
both of the R4P+ (R = Me, Ph) salts, chemical shift data were
readily available for the Br− but not the Cl− salts. Bromine is
not included in the IGLO-III and pcS-2 basis sets, however, so
in those cases the calculated chloride salt chemical shifts were
substituted. For Me4P+, the other basis sets gave identical
chemical shifts for the Cl− and Br− salts, but for the Ph4P+ salts
the Br− salts were on average 2.7(0.2) ppm upfield of the Cl−

salts; if this correction were made, the deviations for the IGLO-
III and pcS-2 basis sets would have been further reduced. Given
the small difference and the absence of a strong justification for
the correction, the chloride calculations were used without
change.

Calculations were carried out using Gaussian 09, Revision D.01
[55]. The IGLO-III and pcS-2 basis sets were taken from the
Basis Set Exchange [70], and all other basis sets were taken
from Gaussian. X-ray structure coordinates were used as a
starting point for optimizations when available. Energy optimi-
zations were all accompanied by vibrational frequency calcula-
tions to ensure that stationary points were minima (all vibra-
tions positive), and to ensure that true stationary points were
confirmed in the vibrational frequency calculation. For the rela-
tively large molecules, it was often found that the best results
(in particular convergence to a minimum) were obtained using
the “nosymm” instruction, and an initial calculation of all force
constants (“calcfc”), rather than using the tight convergence
criterion. All optimizations for the tri- and tetracoordinate phos-
phorus compounds utilized the 6-31G+(d,p) basis set with the
polarizable continuum model, IEF-PCM/CHCl3, except for the
Latypov calculations, which used the 6-31+G(d) basis set and
no solvation [37]. NMR calculations (GIAO) were then carried
out on these optimized structures using the same solvation
method (IEF-PCM/CHCl3) or for the Latypov calculations, with
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no solvation. The reference calculations on H3PO4 were carried
out the same way, using water solvation, again except for the
Latypov calculations where no solvation was included. For
compounds 1a–34[O] the same solvent used for the experimen-
tal NMR spectrum was used for each optimization and NMR
calculation, again except for the Latypov calculation where no
solvent was used. Keywords to run M06-2X calculations were
m062x and integral=ultrafine, and for PBE0 pbe1pbe. For com-
pounds where multiple optimized minima were found, energies
were taken from the vibrational calculation (sum of electronic
and thermal free energies) and used to calculate the relative
amount of each conformation present at 298.15 K or at the tem-
perature of the literature NMR when available [59], and the
energy-weighted NMR chemical shifts were then computed.
Coordinates and GaussView 6 images for all optimized struc-
tures including conformational minima may be found in Tables
S18–S26 in Supporting Information File 1.

For Table 4, isotropic absolute magnetic shielding values were
calculated for isomer A of 1a and 32 (both of which were about
90% of the total, and isomer B did not differ significantly for
both) and for 8 for each method. In order to scale these isotropic
values, the absolute shieldings were calculated in each case for
the two most distant points in the trivalent scaling plots corre-
sponding to Figure 2, namely, PH3 (liquid phase) and PCl3 (ex-
perimental geometry), and these two points were then used
(Equation 4, which does not require the reference H3PO4) to
scale the test compound values. Comparison of the values for
the first four entries in Table 4 to those in Table 2 and Table 3
shows the agreement is acceptable. In order to compare each
method, the MAD for each was determined using only the prob-
lematical chemical shifts for 1a (that is, C=PB) and 8 (dicoordi-
nate PB) as well as that for 32, but PA for 1a was also listed for
each.

Supporting Information
Supporting Information File 1
Tables of calculated absolute isotropic chemical shifts,
isomer ratios, unscaled chemical shifts, linear regressions,
scaled chemical shifts and deviations, and coordinates of
DFT optimized structures used for NMR calculations.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-4-S1.pdf]

Supporting Information File 2
Tables S1–S17 in editable format.
[https://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-19-4-S2.xlsx]
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Abstract
In this paper, we present the solvolysis reaction of dipeptide analogues of fluorinated aminophosphonates with simultaneous quanti-
tative deprotection of the amino group. To the best of our knowledge, this work is the first reported example of the application of
fluorinated aminophosphonates in cathepsin C inhibition studies. The new molecules show moderate inhibition of the cathepsin C
enzyme, which opens the door to consider them as potential therapeutic agents. Overall, our findings provide a new avenue for the
development of fluorinated aminophosphonate-based inhibitors.
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Introduction
Cathepsin C, also known as dipeptidyl peptidase I (DPPI)
belongs to the family of lysosomal cysteine proteases encom-
passing 11 human enzymes (cathepsins B, C, F, H, K, L, O, S,
V, W, and X) [1]. Cathepsin C is considered a good target for
designing new anticancer agents with broad substrate speci-
ficity [2].

Cathepsin C, which affects the processing of keratin, is of great
importance in maintaining the structural organization of the
epidermis, primarily the extremities, and the integrity of the

teeth' tissues. Genetic studies have shown that a mutation
in the gene encoding DPPI leads to early periodontitis, prema-
ture tooth loss, and keratosis of the palms and soles [3,4].
These conditions occur in Papillon–Lefevre syndrome and
Haim–Munk syndrome [1]. Cathepsin C is an emerging phar-
macological target due to its involvement in inflammatory and
autoimmune diseases. Cathepsin C is upregulated in immune-
related cells. DPPI also plays a role in the development of
cancer – particularly in the liver and breast, hence the potential
contribution of its inhibitors in chemotherapies to support tradi-
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tional anticancer drugs. Moreover, there is a growing interest in
the topic of cathepsin C inhibition, which directly affects serine
protease activity [5,6]. Inhibitors of cathepsin C can be cystatins
that show activity against a large group of cysteine proteases
[7]. Other inhibitors are dipeptide derivatives showing sub-
strate-like sequences. One of the most effective inhibitors is the
dipeptide Gly-Phe-CHN2 (glycylphenylalanine-diazomethane),
which, however, has not been used as a therapeutic substance
due to the instability of the diazomethylketone group [8,9].
Based on its structure, many other inhibitors have been de-
veloped, such as vinyl sulfones, fluoromethyl ketones, and
semicarbazides [8,9]. These inhibitors covalently bind to the
nucleophilic thiol group of Cys234 in the active site of
cathepsin C via a thioether bond.

Phosphonates have been identified as potential inhibitors of
cathepsins. The phosphorus atom by default should mimic the
tetrahedral intermediate, but this role may also be played by the
hydroxy group present in hydroxyphosphonates, which mimic
the carbonyl carbon in the peptide bond by forming a hydrogen
bond with the amino group of the catalytic cysteine Cys234
[10]. Phosphonates, as well as their analogues phosphonic
acids, can be modified in a number of ways, one of which is the
introduction of a fluorine atom into their molecules by fluori-
nation or alkylfluorination [11-14]. However, the reaction of
β-aminoalcohols with nucleophilic deoxyfluorinating reagents
often does not lead to the expected products with a fluorine
atom in place of the –OH group. They usually undergo rear-
rangement, and intramolecular cyclization leading to products
that are constitutional isomers [15].

The solvolysis reaction of phosphonates to the corresponding
phosphonic acids or their salts is often a necessary step to
measure activity in enzyme inhibition bioassays [16-22]. There-
fore, our goal was to determine the best conditions for carrying
out the solvolysis reaction of synthesized dipeptide analogues of
fluorinated aminophosphonates [23,24] with the simultaneous
deprotection of the amino group. The free amines were subject-
ed to kinetic studies to investigate their interaction with
cathepsin C. The required steps should be simple and fast, and
the conditions of the reactions should be as mild as possible.
The reactions should proceed with high yields, and any byprod-
ucts should be easily removeable.

Results and Discussion
Dipeptide analogues of α- and β-fluorinated aminophospho-
nates 5 and 7 were obtained from the corresponding ʟ-amino
acids [23,24] 1. In the key step of the synthesis fluorine was
introduced to the corresponding α- and β-fluorinated amino-
phosphonates 4, 6 (Scheme 1) by regioselective deoxyfluorina-
tion reactions of α-hydroxy-β-aminophosphonates 2 [24-26].

Next, the conditions for the solvolysis were carefully assem-
bled (Scheme 2). The optimized reaction conditions included
8 equiv of trimethylsilyl bromide (TMSBr) and freshly distilled
methylene chloride as a solvent. In each case the reactions were
carried out at room temperature overnight under an argon atmo-
sphere. The next day, the solvent, volatile byproducts, and
TMSBr residues were thoroughly evaporated. Time of solvol-
ysis reactions varies in the literature, ranging from 10 minutes
to several hours [27-29]. In our case the alcoholysis was carried
out for 30 minutes. During this process, disappearance of the
brownish or yellowish color of the compounds was observed.
According to the literature, addition of diethyl ether in the next
step should make precipitation more efficient [10]. This was
done for compound 8a, but no improvement was observed.
Much better results were obtained with additional double wash
of the precipitate with methanol combined with evaporation of
the solvent under reduced pressure. As a result of the reactions
carried out, the dipeptide analogues of α- and β-fluorinated
aminophosphonic acids 8 and 10 were obtained. All the sam-
ples were solids, with very poor solubility in water and organic
solvents such as DMSO and MeOH.

The final step of the synthesis was the reaction of the resulting
phosphonic acids 8 and 10 with a 1 M aqueous NaOH solution.
Based on the literature data, alternatively to this method [30-
32], phosphonic acids can be passed through an ion exchange
column [33]. The reactions of compounds 8 and 10 with 1 M
NaOH were carried out at room temperature (Scheme 2). When
a clear solutions were obtained, the reaction was carried out for
another 15 minutes. The solutions were then concentrated under
reduced pressure. The precipitated salts were washed with
methanol [31] and the solvent evaporation procedure was
repeated. Sublimation drying (lyophilization) was carried out,
obtaining white powders with a yield of 99% in each case. The
resulting sodium salts of phosphonic acids 9 and 11 were sub-
jected to 1H, 13C, 19F, and 31P NMR spectroscopic analysis as
well as mass spectrometry (MS) confirming their purity. The
spectroscopic data of 9 and 11 are in agreement with the litera-
ture data of the starting esters 5 and 7 literature data [23,24]. A
very good correlation of chemical shifts was also observed in
the 13C NMR spectra for the key signals from the C1 and C2
atoms (Table 1). Each sample was pure; no byproducts were
present.

Kinetic studies
Due to the homology and similar structural requirements,
bovine cathepsin C is often used in research as a model for
human cathepsin C as it was well documented by Poręba et al.
[34] in the study of the substrate specificity of these two
mammalian cathepsins. They showed the best fit of amino acids
with larger side to the S1 pocket of the enzyme. In contrast, the
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Scheme 1: Synthetic strategy towards 5 and 7.

Scheme 2: Synthesis of 9 and 11. (a) R = -CH3; (b) R = -CH(CH3)2; (c) R = -CH2CH(CH3)2; (d) R = -CH(CH3)CH2CH3, (e) R = -CH2Ph; i) (a) 5 or 7
(1 equiv), TMSBr (8 equiv), CH2Cl2, rt, 20 h, (b) MeOH, 30 min.; ii) 8 or 10 (1 equiv), 1 M NaOH (2 equiv), H2O, 15 min.

S2 pocket preferably accommodates amino acids having short
aliphatic side-chains, but also recognizes aromatic amino acids,
preferably phenylalanine. To study the structural requirements
of the S1 binding site of the enzyme, we synthesized a series of

ten dipeptide analogues of fluorinated aminophosphonic acid
sodium salts 9, 11 with phenylalanine at the N-terminus and
evaluated their inhibitory activity against bovine cathepsin C.
Inhibition kinetics were carried out at 37 °C for 10 minutes in
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Table 1: The 13C NMR chemical shifts of C1 and C2 carbon atoms.

R = 5 C1 [ppm] 9 C1 [ppm] 5 C2 [ppm] 9 C2 [ppm]

(a) -CH3 89.56 94.72 45.66 47.77
(b) -CH(CH3)2 88.97 93.30 54.77 57.29
(c) -CH2CH(CH3)2 91.33 95.36 48.62 50.22
(d) -CH(CH3)CH2CH3 88.89 92.17 54.45 56.33
(e) -CH2Ph 88.05 94.79 51.39 52.93

R = 7 C1 [ppm] 11 C1 [ppm] 7 C2 [ppm] 11 C2 [ppm]

(a) -CH3 49.51 54.13 89.00 92.58
(b) -CH(CH3)2 47.55 50.45 98.03 99.23
(c) -CH2CH(CH3)2 50.00 54.09 92.21 94.76
(d) -CH(CH3)CH2CH3 47.16 49.91 95.16 96.08
(e) -CH2Ph 48.69 53.55 93.24 96.21

Table 2: Inhibitory constants of the studied of α- and β-fluorinated aminophosphonic acid sodium salts towards bovine cathepsin C.

Dipeptide

9
KI ± SD [mM]

11
KI ± SD [mM]

Phe-Ala
(a) -CH3

0.603 ± 0.1 0.733 ± 0.087

Phe-Val
(b) -CH(CH3)2

0.0951 ± 0.05 1.869 ± 0.171

Phe-Leu
(c) -CH2CH(CH3)2

0.309 ± 0.066 0.847 ± 0.38

Phe-Ile
(d) -CH(CH3)CH2CH3

0.273 ± 0.15 up to a concentration of 0.37 mM, it does not inhibit activity;
at a higher concentration, it precipitates

Phe-Phe
(e) -CH2Ph

precipitates in a buffer precipitates in buffer

acetate buffer at pH 5. Changes in product concentration versus
time were monitored spectrophotometrically at λ = 405 nm.
Seven of the tested compounds were moderate competitive in-

hibitors with millimolar inhibitory activity (Table 2). Three of
them at higher concentrations precipitated from 0.1 M acetate
buffer at pH 5.0. Dipeptide analogues of α-fluorinated amino-
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phosphonic acid sodium salts 9 were more active against
cathepsin C than β-fluorinated analogues 11.

The dipeptide analogue of α-fluorinated aminophosphonic acid
sodium salt bearing the valine residue as a second amino acid in
the chain (9b) showed the greatest inhibitory power (Figure 1).
The type of inhibition and the inhibition constant were deter-
mined from the Dixon-type linearization of Equation 1 [35]. For
each of the simple data, Equation 1 determines the slope factor
a, whereby a weighted fit was used. The statistical weight for
each point in the above-mentioned transformation 1/V0,i = f(I) is
equal to .

Figure 1: Dixon plot for the hydrolysis of Gly-Phe-pNA substrate cata-
lyzed by bovine cathepsin C in the presence of 9b (T = 37 °C, pH 5.0).

(1)

where:

Vmax = maximum reaction velocity, KM = Michaelis constant,
Kic = competitive inhibitory constant, Kiu = uncompetitive
inhibitory constant, [S] = concentration of the substrate,
[I] = concentration of the inhibitor.

Conclusion
In conclusion, we demonstrated the solvolysis reaction of
dipeptide analogues of fluorinated aminophosphonates with the
simultaneous deprotection of the amino group. The resulting
acids were converted into the corresponding salts. All the reac-
tions proceeded quantitatively. Obtained compounds were sub-
jected to kinetic studies against cathepsin C, and the results in-
dicated that they are moderate competitive inhibitors of this en-
zyme. This study presented the first kinetic investigation of
fluorinated dipeptide derivatives of aminophosphonic acid salts

against cathepsin C, thus contributing to the development of the
novel cathepsin C inhibitors. We are currently working on the
development of more effective fluorinated inhibitors of
cathepsin C in our laboratory.

Supporting Information
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