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Abstract: The organic side chain of tin-substituted Dawson polyoxotungstates R1- and R2-[P2W17O61{SnCH2-
CH2COOH}]7- can be used to direct regioselective acylations of oxo ligands in the inorganic backbone,
which was examined both experimentally and computationally. Acylation of the oxo ligand gave exalted
electrophilicity to the acyl moiety, and the compounds that were obtained led to direct ligation of POMs to
complex organic molecules.

Introduction

Functionalization of the basic structures of polyoxometalates
(POMs) by grafting organic molecules is a unique way to install
designed additional features that modulate POM properties,
which is a key to numerous applications in catalysis, materials
science, and potentially chemical biology. Activation of the
numerous oxo ligands is an appealing strategy for such a
purpose.1,2 However, saturated polyoxotungstates remain mostly
unreactive toward electrophiles because their charge density is
too diffuse for the oxo ligands to be nucleophilic enough.3,4 An
additional problem is selectivity. By nature, POMs have
numerous oxo ligands, and distinguishing them is generally a
difficult task. Thus, one generally relies on reactions of lacunary
compounds with a more limited number of nucleophilic oxo
ligands.

Introduction of designed substituents in the polyoxometallic
framework for the orientation of subsequent functionalization
is an attractive way to cope with this lack of selectivity. In
particular, it has been shown that a metal ion in an oxidation
state lower than six increased the nucleophilicity of the attached
bridging oxo ligands. Not only was Lindqvist niobotungstate
[Nb2W4O19]4- methylated in a few minutessits parent [W6O19]2-

did not react under the same conditionssbut also the reaction
was selective for the oxo ligands that were bound to the Nb-
(V).3 Klemperer thoroughly used this feature to prepare numer-

ous compounds.5-10 However, a mixture of isomers was often
generated. A similar effect was observed with a reduced
molybdenum species,11 in Nb- and V-containing Keggin or
Dawson complexes,12-14 and for the acylation of Zn- and Cu-
substituted Keggin polyoxotungstates.15 In this latter case, So
obtained mixtures of products from acylations of several W-O-
Zn ligands, while all W-O-Cu ligands were acylated. Control
of the regioselectivity between oxo ligands with very close
reactivities is thus an important milestone to be set for the
designed functionalization of tungstates.

As part of our program focusing on the preparation of
polyoxometalates incorporating designed functions,16-21 we
introduced anω-carboxyl moiety on the side chain ofR1- and
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R2-tin-substituted Dawson16,17 and R-tin-substituted Keggin18

polyoxotungstates for coupling to designed functional amines.22

It appeared to us that under certain reaction conditions the
activated carboxyl group of our scaffolds could be trapped
intramolecularlyby an oxo ligand and thus ensure exclusive
monoacylationof the POM (Scheme 1).

Oxocarbon derivatives of POMs are known, but they are very
rare for tungstates.23 Carbonates, carboxylates, oxalates, and
related ligands are generally structural building units of the
polyoxometallic frameworks, where they adopt a bridging
binding mode.24-27 Aldehydes are converted to their hydrates
for binding.28,29To the best of our knowledge, So’s are the only
examples of acyl-POM derivativessa carboxylate bound to the
metal by only one oxygen.14,15

The stereoelectronic constraints induced in this proposed
intramolecular acylation and the probably increased nucleophi-
licity due to the presence of the Sn(IV) atom should direct the
cyclization to specific oxo ligands only. Regioselectivity was
hoped for. This increased control over reactions introduced by
tethering the reactive partners in stepwise synthesis is common
in organic chemistry.30 To the best of our knowledge, there is
no report of its extension to POMs nor has the effect of tin
functionalization on the control of further functionalization been
investigated. We therefore decided to explore the intramolecular
acylation of polyoxotungstates by investigating the reactivity
of a family of similar organotin-phosphotungstates.

We report herein the regioselective mono-oxoacylation of
polyoxotungstatesR1- andR2-[P2W17O61{SnCH2CH2COOH}]7-,
which were regioselectively converted into inorganic lactones
to afford doubly functionalized structures (two separate functions
introducedsequentially).TheKeggincompoundR-[PW11O39{SnCH2-
CH2COOH}]4- was also investigated. Computational studies
have been used to understand the reactivities of the different
oxo ligands.

Materials and Methods
Reagents and chemicals were purchased from commercial sources

and used as received. Functionalized polyoxometalates TBA6H[R1-
P2W17O61{SnCH2CH2CO2H}] (1) and TBA6K[R2-P2W17O61{SnCH2CH2-
CO2H}] (3) were prepared following methods reported in the litera-
ture.16,18 Unless otherwise noted, reactions were carried out under air
atmosphere with magnetic stirring. CH3CN was dried and distilled from
CaH2. Thin-layer chromatography (TLC) was performed on Merck
60F254 silica gel.

Analytical Details. IR spectra were recorded from a Bruker Tensor
27 ATR diamond PIKE spectrophotometer.1H NMR [13C NMR] spectra
were recorded at room temperature with a 400 MHz [100 MHz] Bruker
AVANCE 400 spectrometer or a 200 MHz [50 MHz] Bruker AVANCE
200. Chemical shifts are given in ppm, referenced to TMS (δ ) 0 ppm)
using the solvent signalsδ ) 1.94 ppm for CHD2CN [δ ) 118.3 ppm
for CD3CN]. Coupling constants (J) are given in Hertz (Hz).31P NMR
spectra were obtained at 298 K in a 5 mmo.d. tube at 162 MHz on a
Bruker AVANCE 400 spectrometer equipped with a QNP or BBFO
probe at a concentration of 100 mg/0.5 mL. External 85% H3PO4 in a
coaxial tube was used as the reference.183W NMR spectra (300 K)
were recorded in 10 mm o.d. tubes (sample volume 2.5 mL) at 12.5
MHz on a Bruker Avance II 300 equipped with a low-frequency special
VSP probehead and at 20.8 MHz on a Bruker DRX500 spectrometer
with a standard tunable BBO probehead. Chemical shifts are referenced
to WO4

2- (δ ) 0 ppm). They were measured by the substitution method
using a saturated aqueous solution (in D2O) of dodecatungstosilicic
acid (H4SiW12O40) as a secondary standard (δ ) -103.8 ppm).119Sn
NMR spectra (300 K) were recorded in 10 mm o.d. tubes at 111.9
MHz on a Bruker Avance II 300 equipped with a standard tunable
BBO probehead. Chemical shifts are referenced to (CH3)4Sn and were
measured by the substitution method. Mass spectrometry experiments
have been carried out on an electrospray-ion trap instrument (Bruker,
Esquire 3000). The 50µmol‚L-1 solutions of POMs were infused using
a syringe pump (160µL‚h-1). The negative-ion mode was used with
capillary high voltage 3500 V. The orifice/skimmer voltage difference
was set to 45 V to avoid decomposition of the POMs. The low mass
cutoff (LMCO) of the ion trap was set to 80 Th. (K). Elemental analyses
were carried out by the “Service Central d’Analyse”, CNRS, Vernaison,
France, or by the ICSN, CNRS, Gif, France.

Computational Details. The TURBOMOLE31 software was used
to perform the QM (DFT) calculations using the B-P86 functional within
the framework of the RI approximation. The SV(P) basis set developed
by Ahlrichs32 was used for geometry optimization, and energetic single
points were subsequently done with TZVP.33 Due to the size of the
Dawson cluster, frequency calculations were not performed. Only the
calculations carried out for the Keggin POMs were checked by
frequency analysis. Except for the transition states, no imaginary
frequencies were found. Solvent effects induced by acetonitrile and
water were taken into account by turning on the COSMO implementa-
tion. The dielectric constant was set to 36.64 for acetonitrile and 78.5
for water.

TBA6[r1-P2W17O61{SnCH2CH2C(dO)}] (2). To a solution of
TBA6H[R1-P2W17O61{SnCH2CH2CO2H}] (1, 1.55 mmol, 9.0 g) in CH3-
CN (100
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Scheme 1 General Strategy for Regioselective Acylation of Oxo Ligands (LG ) Leaving Group)
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mL) was added NEt3 (3.4 mmol, 2.2 equiv, 0.48 mL) and isobutyl-
chloroformate (1.86 mmol, 1.2 equiv, 0.24 mL). The mixture was stirred
at rt for 3 h. If the reaction was not totally completed as attested by
31P NMR, some more NEt3 and isobutyl chloroformate were added
depending on the conversion and the mixture was stirred one more
hour. A cation-exchange resin (Amberlyst 15, 16-50 mesh, TBA+

form) was added, followed by acetone (10 mL), and the mixture was
stirred for 1 h. The resin was filtered off, and the filtrate was
concentrated in vacuo. The oil that was obtained was dissolved in
acetone (7 mL) and precipitated upon addition of EtOH/Et2O (7 mL/
300 mL). The solid was isolated by filtration, washed with Et2O, and
dried in vacuo to afford the desired POM2 (1.22 mmol, 7.1 g, 79%)
as a white powder. IR:ν̃ ) 2962 (m), 2935 (w), 2874 (m), 1721 (w),
1485 (m), 1381 (w), 1152 (w), 1090 (s), 1011 (w), 957 (s), 911 (s),
788 (vs) cm-1. 1H NMR (400 MHz, CD3CN): δ 1.08 (t,J ) 7.2 Hz,
72 H, N[(CH2)3Me]4), 1.38-1.48 (m, 50H, N(CH2CH2CH2Me)4 +
SnCH2), 1.61-1.68 (m, 48 H, N(CH2CH2CH2Me)4), 2.84 (m, 2 H,
CH2CdO), 3.14-3.20 (m, 48 H, N(CH2Pr)4). 13C NMR (100 MHz,
CD3CN): δ 13.9 (N[CH2]3Me), 20.1 (SnCH2), 20.3 (N(CH2CH2CH2-
Me)4), 24.3 (N(CH2CH2CH2Me)4), 32.4 (CH2CdO), 59.1 (N(CH2Pr)4),
170.2 (CdO). 31P NMR (162 MHz, CD3CN): δ -11.9 (s, 1 P),-5.4
(s + d, 1 P,JSnP ) 26 Hz).119Sn NMR (CD3CN): δ -506.9 (dd,JSnP

) 26 Hz, JSnW ) 85 Hz). 183W NMR (CD3CN): δ -98.2, -100.5,
-105.9,-108.4,-144.8,-148.7,-158.5,-163.0,-169.5,-172.8
(2 W), -180.4,-191.2,-196.9,-220.1,-244.3,-257.2. Anal. Calcd
for C99H220N6O62P2SnW17 (5792.94 g‚mol-1): C, 20.53; H, 3.83; N,
1.45. Found: C, 20.71; H, 3.85; N, 1.43. ESI-/MS: see Supporting
Information for full details.

TBA6[r2-P2W17O61{SnCH2CH2C(dO)}] (4). To a solution of
TBA6K[R2-P2W17O61{SnCH2CH2CO2H}] (3, 0.075 mmol, 450 mg) in
MeCN (3 mL) was added NEt3 (0.165 mmol, 2.2 equiv, 0.016 mL)
and isobutyl chloroformate (0.113 mmol, 1.5 equiv, 0.015 mL). The
mixture was stirred at rt for 3 h. If the reaction was not totally completed
as attested by31P NMR, some more NEt3 and isobutyl chloroformate
were added (quantity depending on the conversion) and the mixture
was stirred 1 more hour. A cation-exchange resin (Amberlyst 15, 16-
50 mesh, TBA+ form) was added, followed by acetone (10 mL), and
the mixture was stirred for 1 h. The resin was filtered off, and the
filtrate was concentrated in vacuo. The remaining oil was dissolved in
acetone (3 mL) and precipitated upon addition of EtOH/Et2O (3 mL/
50 mL). The solid was isolated by filtration, washed with Et2O, and
dried in vacuo to afford the desired POM4 (0.068 mmol, 402 mg,
91%) as a white powder. IR:ν̃ ) 2959 (m), 2933 (w), 2872 (m), 1711
(w), 1483 (m), 1379 (w), 1222 (w), 1093 (s), 952 (s), 889 (s), 763 (vs)
cm-1. 1H NMR (400 MHz, CD3CN): δ 1.08 (t, J ) 7.2 Hz, 72 H,
N[(CH2)3Me]4), 1.26 (m, 2 H, SnCH2), 1.38-1.48 (m, 48H, N(CH2-
CH2CH2Me)4), 1.61-1.68 (m, 48 H, N(CH2CH2CH2Me)4), 2.72 (m, 2
H, CH2CdO), 3.14-3.20 (m, 48 H, N(CH2Pr)4). 13C NMR (100 MHz,
CD3CN): δ 13.9 (N[CH2]3Me), 18.0 (SnCH2), 20.3 (N(CH2CH2CH2-
Me)4), 24.3 (N(CH2CH2CH2Me)4), 31.9 (CH2CdO), 59.1 (N(CH2Pr)4),
170.4 (CdO). 31P NMR (162 MHz, CD3CN): δ -12.2 (s, 1 P),-10.0
(s + d, 1 P,JSnP ) 24 Hz).119Sn NMR (CD3CN): δ -465.9 (dd,JSnP

) 25 Hz, JSnW ) 52 Hz). 183W NMR (CD3CN): δ -70.5, -99.2,
-114.6,-143.1,-147.6,-152.2,-157.9,-160.1,-169.2,-171.0,
-172.2,-176.9,-187.3,-190.7 (2W),-197.2,-230.2. Anal. Calcd
for C99H220N6O62P2SnW17 (5792.94 g‚mol-1): C, 20.53; H, 3.83; N,
1.45. Found: C, 20.50; H, 3.60; N, 1.51. ESI-/MS: see Supporting
Information for full details.

Results and Discussion

We modified our initial [R1-P2W17O61{SnCH2CH2COOH}]7-

(1) carboxyl activation protocol16 by replacingtBuOK with
triethylamine as the base to scavenge the proton released. A
new POM2 was isolated in 79% yield from1. Its 31P NMR
spectrum showed two signals in the expected region for
substituted Dawson POMs, andJP-Sn coupling proved that the

polyoxotungstic framework was not affected. Further confirma-
tion of this POM structure came from the IR spectrum and the
17-line 183W NMR spectrum. Chemical shifts for2 were
different from 1 but in the normal range for diamagnetic
phosphotungstates (Figure 1).119Sn NMR showed a signal at
-506.9 ppm for2 compared to-551.5 ppm for1. Its 1H NMR
and 13C NMR spectra were similar to that of the starting
compound, i.e., showing only two methylene and one carbonyl
groups, a good hint that the cyclization had taken place (see
Supporting Information). Negative-mode ESI-MS suggested the
loss of a hydroxyl moiety in2.

Most importantly, the well-resolved NMR spectra of all
the nuclei observed indicated a single compound. Thus, cy-
clization of a backbone oxygen to the activated carboxylic
acid yielded a doubly functionalized POM (2) with total
regioselectivity. Even if there were reasons to expect closure
onto only a few oxo ligands (out of the 53 external ligands
in the Dawson structure) owing to the higher nucleophilicity
of W-O-Sn bridging ligands and the length of the tether,
this outcome was still surprising since it was not obvious
that the four different W-O-Sn bridges should behave so
differently. In addition, theintramolecularapproach made the
reaction stop at monoacylation of the POMs.

We decided to examine this in more detail as it should give
deeper insight into the reactivity of Dawson polyoxotungstates.
Where relevant, we decided to approach these issues also from
a theoretical point of view by QM (DFT) calculations. This was
very challenging because of the very high number of heavy
atoms involved, and it was not clear whether efficient and
reliable methodologies could provide a good description of the
reactivity of molecular species as large as Dawson POMs.

The following issues needed to be addressed: (i) What is
the scope of the regioselective monoacylation? (ii) Which oxo
ligand is involved in the cyclization? (iii) What is the mechanism
of the reaction? (iv) Is the tether really needed? (v) What is the
reactivity of the cyclized products?

1. Scope of the Intramolecular Acylation. In addition to
the R1-Dawson derivative1, we examined two related POMs:
the isomeric achiralR2-[P2W17O61{SnCH2CH2COOH}]7- (3)
and the Keggin derivativeR-[PW11O39{SnCH2CH2COOH}]4-

(5). Our purpose was to examine the relative roles of the charge
and geometries of the polyanions.

Under similar activation conditions as for the preparation of
2 (NEt3, 2.2 equiv; chloroformate, 1.5 equiv; room temperature;
4 h), 3 yielded 90% of acylated POM4 as a unique product.
Again, 31P NMR and IR indicated the intactR2-Dawson
framework, and the signal of119Sn NMR was deshielded
(-465.9 ppm for4 compared to-494.7 ppm for3, Figure 2).
Interestingly, theR-carbonyl1H NMR signal went from a triplet
in 3 (coupling with two equivalent SnCH2 protons) to a much
more complicated ABXY system in4 (two diastereotopic
protons, Figure 3). This demonstrates that4 is chiral, and this
was further confirmed by the 17-line183W NMR spectrum
(Figure 2). This is unambiguous proof that the mirror plane of
theR2-Dawson isomer is suppressed by the reaction of the POM
framework. Consequently, the transformation of3 to 4 corre-
sponds to a regioselective intramolecular cyclization leading to
a chiral compound. ESI-MS is in agreement with this formula-
tion.

Regioselective Functionalization of Polyoxotungstates A R T I C L E S
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Surprisingly, no cyclization was observed for the Keggin
anion [PW11O39{SnCH2CH2CO2H}]4-, 5. The only isolated
POM (6) after cation exchange with a TBA-loaded amberlyst
resin was the mixed anhydride (Figure 4).

The lactonization could be performed without activating
agent. POM3 yielded 55% of 4 by simple heating in a
microwave oven. Unfortunately, some degradation took place
and4 could not be isolated pure by this route. POM1 did not
cyclize into2 under these conditions. Seventy-five percent of
1 was recovered.R1 to R2 isomerization of1 into 3 was not
observed. Even if those conditions are yet to be refined to lead
to synthetically useful and preparative transformations, micro-
wave irradiation is a promising avenue for POM functionaliza-
tion.34

2. Regioselectivity of the Intramolecular Acylation. De-
termination of the activated oxo ligand was a more challenging
issue. The acylated POMs2 and 4 could not be crystallized,
and the spectroscopic results gave only limited information. In
both cases, the large shift of the119Sn nucleus, the variation
of the 2JSn-W coupling constants, the length of the tether, as
well as the published results from the literature4,15 argue for

acylation occurring on a W-O-Sn bridge. To obtain further
insight and discriminate between the four W-O-Sn ligands,
we decided to look at the problem from a theoretical point of
view.

Previous theoretical studies on POMs have shown DFT
calculations to be helpful to analyze their structures35-38 or
understand their reactivities.39-42 One question that arises when
doing calculations with negatively charged clusters like Dawson
heteropolyanions is the importance of the solvent effect. A
previous study by Poblet showed that it is necessary to include
at least nonspecific solvent effects (through COSMO or PCM
models) when the ratio (charge/number of metal centers) is

(34) Bagno, A.; Bonchio, M.; Sartorel, A.; Scorrano, G.Eur. J. Inorg. Chem.
2000, 17-20.

(35) Lopez, X.; Maestre, J. M.; Bo, C.; Poblet, J. M.J. Am. Chem. Soc.2001,
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Figure 1. Spectroscopic characterization of2 (structure drawn from the calculations, see below); ESI-MS;119Sn NMR (CD3CN, 1.4 g/mL;183W NMR: (a)
POM 1 for comparison (CD3CN, 1.3 g/mL) and (b)2 (CD3CN, 1.4 g/mL). See Experimental Section for details.
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superior to 0.8.43 In the case of Dawson derivatives2 and 4,
the ratio is 6/18) 0.33. Therefore, the solvent effect should be
moderate, but we will see that in some cases it is important to
explain reactivity. The effect of counterions is also an issue.44

Their proximity to the POM may give them an important

chemical role. Only molecular dynamics with periodic boundary
conditions can answer this question since counterions are not
covalently bound to the POM. Due to the cost of this type of
calculations within the QM framework, it is unfortunately
currently still out of reach for POM systems.

Case of4. The R2 complex3 hasCs symmetry. As stated
before, the only suitable oxygen atoms available for cyclization
are the ones that are bound to the tin atom (Scheme 2). Thus,
there are two options: the activated carboxyl can react either
with a cap/belt bridging Sn-O-W oxo (A) or with a cap/cap
bridging Sn-O-W oxo (B). We analyzed both possibilities.

In order to compare accurately the relative stabilities of the
POM framework in the two regioisomers, the side-chain
conformation was maintained identical. As expected, the acyl-

(43) Lopez, X.; Fernandez, J. A.; Romo, S.; Paul, J.-F.; Kazansky, L.; Poblet,
J. M. J. Comput. Chem.2004, 25, 1542-1549.

(44) Rocchiccioli-Deltcheff, C.; Fournier, M.; Franck, R.; Thouvenot, R.Inorg.
Chem.1983, 22, 207-216.

Figure 2. Spectroscopic characterization of4 (structure drawn from the calculations, see below); ESI-MS;119Sn NMR (CD3CN, 0.6 g/mL);183W NMR:
(a) POM3 for comparison (CD3CN, 1.0 g/mL) and (b)4 (CD3CN, 0.6 g/mL). See Experimental Section for details.

Figure 3. Significant1H NMR data for4. Comparison of theR-carbonyl
protons signals in3 (a) and4 (b). All spectra were taken in CD3CN.

Figure 4. Isolation of POM6.
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ation is accompanied by a lengthening of the Sn-O bond from
2.09 (cap-belt oxygens) and 2.13 Å (cap oxygens) in3 to 2.31
Å in A and 2.33 Å inB (Table 1). Also, the W-O bond is
lengthened by acylation from, respectively, 1.89 and 1.91 Å to
2.36 and 2.26 Å, and the W-O-Sn angle decreases (inA from
143.0° to 126.4°; in B from 116.9° to 108.2°). This distortion
propagates through the whole structure by thetranseffect. The

W-O bond in the trans position to the acylated oxo is shortened,
which in turn lengthens the next W-O distance, etc. This
calculated distortion of the entire POM is in agreement with
the chemical shift variations of all W atoms in183W NMR
spectra, even of those remote of the reactive site. The same
phenomenon occurs in mixed-metal Dawson compounds, where
local substitutions also influence the chemical shifts of remote
nuclei.45 The calculated energy is significantly lower (5.61 kcal/
mol) when acylation takes place at the cap oxygens, soB is the
privileged regioisomer of4. This is the net result of all bond
distortions and cannot be attributed only to a local perturbation
of the POM framework.

Case of2. The startingR1 complex1 is chiral; thus, all oxygen
atoms are nonequivalent. Again, because the cap/belt bridging
W-O-W atom is too far away from the acyl carbon atom (>3
Å) and the electronic effects introduced by the initial function-
alization, only the four distinct W-O-Sn bridges had to be
considered as reactive sites (Scheme 3).

As before, acylation of an oxo ligand lengthens its Sn-O
and W-O bonds and decreases the W-O-Sn angle (Table 1),
and this perturbation propagates through the whole framework
(Figure 6). The decrease of the bond angle is particularly
pronounced for the oxo ligand that bridges the PW8Sn and PW9

moieties, which contributes to the instability of isomerE.
IsomersC andD are of similar low energy, and the calculations
do not allow predicting which of the two is formed in the
reaction. One might notice the similar arrangement ofD andB
(the most stable isomer in theR2 case) with the organic ligand
within an edge-sharing Sn-W group. This is in accordance with
the regioselectivity of oxalkylation in Keggin ions which took

(45) Contant, R.; Abbessi, M.; Thouvenot, R.; Herve´, G. Inorg. Chem.2004,
43, 3597-3604.

Scheme 2 Cyclization of Sn-Substituted R2-Dawson Heteropolyanion 3

Scheme 3 Intramolecular Acylation of Sn-Substituted R1-Dawson Heteropolyanion 1

Table 1. Bond Distances and Angles in Geometry Optimized
Structures

W−O (Å) Sn−O (Å) W−O−Sn (deg)

POM 3 4 3 4 3 4

A 1.89 2.36 2.09 2.31 143.0 126.4
B 1.91 2.26 2.13 2.33 116.9 108.2

POM 1 2 1 2 1 2

C 1.88 2.26 2.13 2.43 141.7 124.3
D 1.89 2.19 2.11 2.33 118.2 109.2
E 1.86 2.29 2.09 2.42 159.8 133.2
F 1.87 2.27 2.08 2.37 144.3 123.0

Figure 5. Optimized structures for the two possible regioisomers of
heteropolyanion4 (R2-Dawson), calculated at the RI-BP86/SV(P) level.
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place at bridging oxo ligands between two edge-sharing
molybdenum octahedra.4

3. Mechanism.We were surprised by the reactivity difference
between the Dawson and Keggin ions, and this prompted us to
calculate the energies of acetylated Keggin phosphotungstates.
The two regioisomers involving the W-O-Sn oxygens either
in the SnW2 trimetallic group or toward a W3 group were
considered. Calculations converged to minima, the lower one
involving reaction in the same trimetallic group, a situation
reminiscent of4B and2D. Accordingly, the cyclized product
would be stable if it was formed. Thus, the explanation for the
reactivity pattern appeared to be related to the activation barrier
leading to the cyclization. The precursors for this step are
logically the mixed anhydrides, such as6, which was isolated

in the Keggin case. Gas-phase transition states to the most stable
isomers were sought and located at 14.5 for2 (seeG, Figure
7), 6.26 for4 (seeH, Figure 7), and 14.0 kcal/mol for the Keggin
case (seeI , Figure 7), which do not reflect the observed
reactivities. We thus had to include solvent effects. This led to
an increase of all calculated activation energies (Table 2).

Cyclization of the activated derivative ofR2-Dawson ion3
was most affected, but its calculated energy remained the lowest
in the series. The transition state toward cyclization of the
Keggin derivative5 ended up being the highest of the three
POMs. No single-parameter explanation can be found for this
behavior. Unfortunately, deeper computational analysis is
impossible for those big polyanions.

From our calculations, the POM geometry seems also
important as2 has a considerably higher calculated TS than4.
On the basis of the previous calculations, the oxygen of the
carbonyl approaches the oxo ligands of the framework. While
it remains relatively far from any oxo atom in theR2-Dawson
case (4.19 Å, seeH), it is much closer in theR1-Dawson case
(3.58 Å, seeG) and the Keggin case (3.00 Å, seeI ). This
correlates well with the calculated barriers, and it can be related
to the observed difference in reactivity of both Dawson

Figure 6. Optimized structures for the four regioisomers of the acylated
Sn-substituted heteropolyanion2 (R1-Dawson), calculated at the RI-BP86/
SV(P) level.

Figure 7. Calculated transition states in theR1-Dawson (G), R2-Dawson
(H), and Keggin (I ) cases.

Figure 8. Relative energies of the propanoyl (CH3CH2C(dO)) derivative
(Me)Sn-substitutedR2-Dawson heteropolyanion7, calculated, respectively,
at the RI-BP86/SV(P) (bold) and RI-BP86/TZVP//RI-BP86/SV(P) levels.
Values are in kcal/mol. All the different oxo atoms were considered.

Table 2. Calculated Activation Energies for the Three Double
Activations (Keggin, R1-Dawson, R2-Dawson) in Gas Phase and
with Implicit Solvent Effect. Level: RI-BP86/SV(P) (kcal.mol-1)

∆Hq gas phase
acetonitrile
(COSMO)

water
(COSMO)

Keggin 13.98 (13.71a) 19.37 19.52
R1-Dawson 14.51 17.65 17.74
R2-Dawson 6.26 12.32 12.49

a The value in parentheses includes the ZPC.
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complexes1 and3 under microwave irradiation. Only theR2

isomer3 cyclized under those conditions (vide supra).
4. Role of the Tether.One clear advantage of using a tethered

electrophile is that it ensured clean monoacylation. In order to
obtain a more detailed picture of the influence of the spacer,
we calculated the energies of an untethered mono-acylated tin-
substitutedR2-Dawson compound. To simplify the calculations,
they were carried out on the methylstannyl compound [R2-
P2W11O61SnMe], and propanoyl chloride was chosen as the
acylating agent. The lack of constraints in7 prompted us to
examine all oxo atoms (Figure 8). We first determined that the

terminal oxo atoms as well as those connecting the PW8Sn and
PW9 subunits were not conducive to acylation. W-O-W
bridging oxygens away from the tin substituent led to low
calculated stabilities, which we confirmed experimentally by
the absence of reactivity of [P2W18O62]6- under our acylation
conditions. This agrees well with the reported higher nucleo-
philicity of bridging oxo ligands and overall lack of reactivity
of tungstates.4,14 However, one should note that the acylated
W-O-W bridge in the Sn-containing cap of7 has a calculated
stability within the margin of error relative to that of the Sn-
O-W cap-belt oxygens. The highest stability is found for the

Table 3. Reactivity of the Cyclized POMs 2 and 4

a Cat. DMAP (0.5 equiv) and NEt3 (4 equiv) were added (see Supporting Information for details).b No reaction.c Cat. DMAP (0.5 equiv) was added (see
Supporting Information for details).
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cap Sn-O-W oxo ligands. Thus, the latter should be the most
likely site for acylation in7, and it is in good agreement with
the results obtained for4. Nonetheless, the calculated stability
difference between the different W-O-Sn is lower than for
the tethered acylation. From this simulation, one could anticipate
multiple acylation, as observed by So on Keggin derivatives.15

Unfortunately, we could not isolate any intermolecularly acy-
lated POM pure enough for unambiguous characterization. TS
calculations would provide another insight. Yet, as before, they
are hugely time consuming and cannot be carried out for all
the systems. Still, the stability pattern is in favor of our initial
assumptions that tin substitution should have a good orienting
effect, albeit with the caveat that complete regioselectivity is
not warranted.Therefore, the latter is achieVed thanks to the
tether.

5. Reactivity of the Cyclized POMs.We decided to look
more closely at the reactivity of the cyclized POMs. In
particular, trapping of the acyl group by a nucleophile should
lead to organic hybrids, in contrast to So’s acylated POMs,
whose organic functionalization was removed upon amide
formation.15

In a typical experiment (Table 3, entry 1), POM4 was reacted
with a primary amine in the presence of a base. No nucleophilic
catalyst was required, and carbophilic attack took place. POM
8a was obtained in high yield after cation exchange on resin
(88%). This exalted electrophilicity may explain why we failed
to get crystals from2 or 4. Residual water may act as a
nucleophile that would reopen the hydrolytically unstable mixed
lactone to theω-carboxyl derivatives.14,15

The reaction tolerates densely functionalized organics (entries
1, 2, 4, and 5). It worked equally well in DMSO (compare
entries 2 and 3). The direct reaction from1 or 3 in DMSO was
not possible since DMSO reacts with the activating agents used
for carboxylic acids. In all cases, a proton is released that may
remain around the polyoxometalate or be trapped by triethy-
lamine or DMAP when present. Thus, all products were
converted to their TBA salts by cation-exchange resin.

Overall, as expected, the POM framework acts as an
inorganicnucleophilic activating agent. This opens interesting

opportunities for further studies, especially for chemical ligation
of POMs to amine termini of sensitive biomolecules or
molecules not soluble in acetonitrile. Gratifyingly, we could also
graft thiols to the POMs, albeit only when DMAP was added
(entries 6-8). Thioesters8e-f are suitable for ligation to
terminal cysteines of proteins, which we are currently examin-
ing.

Conclusion

We introduced a new strategy to regioselectively access bis-
functionalized Dawson polyoxotungstates through nucleophilic
displacement of a tethered electrophile by only one oxo group
(out of 53). Computer modeling and spectroscopic analyses were
used to evidence which oxo atom reacted and why a similar
reactivity was not observed in the corresponding Keggin series.
The polyoxometallic framework behaved as an inorganic acyl-
activating agent, and highly functionalized hybrid amides and
thioesters were obtained through nucleophilic attack of the
carbonyl moiety. This selectivity was achieved thanks to the
tether, which clearly establishes that the organic appendage does
play a primary role in hybrid POM reactivities and that POMs
still present fundamentally novel challenges in synthesis. Work
to further extend the tethering strategy in POM chemistry,
confirm the calculated structures by crystal structures, and use
this reagent-free ligation to organic substrates is underway in
our laboratories. Progress will be reported in due course.
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