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The equilibria and speciation of the proton cryptate polyoxometalate
0-[(Hz)W12040]5~ (1) were examined by NMR following the phase-
transfer cation metathesis of aqueous Nagl with Q*Br~/CH,Cl,,
leading to the isolation of the (n-Bu)sN* (Q*) salts Qs1 and a-Qs-
[(H3)W12049] (Qs2). Several groups report salts of the protonated
anions H,1 (x = 1 and 2) with no consensus on proton numbers
or locations. Reported herein, a combination of 'H and #W NMR
evidence, elemental analysis, acid titration measurements, and H/D
isotopomer assignments establishes that in nonaqueous media
the internal cryptand cavity of 1 reversibly accommodates only
one more proton to form 2. Because an external proton must
transfer across the close-packed tungsten oxide surface of 1, which
should constitute a substantial activation barrier, it is significant
that the transformation is instantaneous by *H NMR (1 equiv of
HBr in CH3CN), whereas the reverse process is slow (t, ~ 17.4
h; 1 equiv of Q*OH").

Proton cryptate complexes, particularly those derived from
metal-oxygen frameworks, are rare, with most examples
originating from the protonation of azamacrocycl&he o
isomer of the metatungstate aniam[(H2)W12040]%" (1),
represents a prototypical example of a wholly inorganic
proton cryptate with two protons “entombed” within the
solvent-inaccessible interior of this polyoxometalate (POM)
complex (Figure 1%~ The proton cryptate nature df is
underscored by numerous studieslah aqueous solutions

that reveal no evidence for exchange of its internal protons

with water or for its further protonatiott® Under nonaque-

ous conditions, however, a triprotonated species is reported

by Fuchs and Flindt as a tn-butylammonium salt and the
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Figure 1. Polyhedral representation dfthea-Keggin structure, consisting

of four sets of three edge-shared \W@rtahedra or triads linked together
by shared corners. This YAO framework encloses a central cryptand cavity
defined by four internaks-bridging O atoms, one from each triad, arranged
in a tetrahedron about the anion center with ovefalsymmetry for the
formal a-[W12040]8~ unit. The two protons (blue) are coordinated to and
rapidly exchange among the four equivalent internal O atoms, thus
preserving theTq symmetry of the anion on the NMR time scale, as is
consistent with théH, 70, and8W NMR spectra ofl in an aqueous
solution®:10

anion formulated ast-[(H3)W12040)°~ (2) with all three
protons assigned to the internal cryptand ca%itjowever,
this view has not been met with wide acceptance, presumably
because of the well-documented behaviorloin water.
Indeed, assignment of the third proton as an external
countercation with the anion formulated asH[(H»)-
W12040]°~ (H1) is favored both in the review literatufeand

in a recent study by Boskovic et al., who report the tetra-
n-butylammonium (Q) salt, QH1.? Furthermore, a tetra-
protonated species is reported by Himeno et ab-§@H,)-
W1,040]%" with all four protons assigned to the internal
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H 183\ = 6.80 ppm®W, d = —91.3 ppm) that are similar to those
in Figure 2A {H, 6 = 6.81 ppm;'8W, 5 = —87.6 ppm).
The other pair of resonance$i( 6 = 6.01 ppm;8W, 6 =
—99 ppm) has not been report&dAll other peaks in the
A H NMR spectra originate from Qcounterions and solvent,

l and all chemical shifts are independent of the aqueous-phase
initial pH. However, the relative peak integrals in botth
and 183W NMR spectra slowly change, with equilibration
reached usually within 24 h. During this period, the sum of
B the two'H NMR peak integrals does not change relative to
J those from the @ counterion, which serves as an internal

standard and establishes the slow approach to equilibrium

as an interconversion between two proton populations.
Similarly, the relative changes #$3W NMR peak integrals
C also are consistent with an interconversion between two W
populations. Furthermore, as the initial pH of the aqueous
phase increases from 3, 5, 6, to 8, fieand W NMR

70 68 66 64 62 60 ppm 0 -0 -200 pem peak integrals of the equilibrated™@xtracts also increase
Figure 2. H (500 MHz) and'®} (20.8 MHz) NMR spectra of (A) an  for the resonance paitH, 0 = 6.01 ppm;8W, § = —99
equilibrated @ extract of Nal (aqueous-phase initial pH= 5.17) ith itant d for the pHit © = 6.81
reconstituted in CBCN, (B) the addition of HBr (0.0802 Min Ci¢N, 1 PPM), with concomitant decreases for the péit, 0 = 6.
equiv) to the extract in part A, and (C) the addition of@H~ (1 M in ppm; W, 6 = —87.6 ppm) assigned previously talFf
MeOH, 1.3 equiv) to an anhydrous @EN solution of @2 (vide infra) This behavior is derived from OHextracted into CkCl,

with field lock provided by CRCN within a coaxial insert'H and 83w S ;.
NMR chemical shifts are reported relative to tetramethylsilane irGND because it mirrors that observed upon the addmon*zﬂ)&

and 2 M NawWOy, in D,O. directly to an equilibrated Qextract solution, including the
slow approach to equilibrium (Figure 2C), whereas the

. %pposite and instantaneous peak transformation behavior is
numbe_r and Iocatl_on of added protonsaanetatungstate, observed upon the addition of hydrobromic acid (Figure 2B).
these issues require reassessment. . Taken together, these data are consistent with the formation

I_bV_Ve re;()jort her_e'tf‘ a rfeTIxamma:lr?n oLmetzitungfstate etqm- and reversible interconversion of two POMs of the general
lbria and speciation folowing thé phase-transier cation formulaa-[(Hy)W1,040] €~ that differ only in the number

]Tettathes;sdo{) agueius_ g\latuslnfwg gBr‘ n C';',ZCE’ as l|zs of internal protonsx, and equilibrate either rapidly in the
irst reported by Boskovic et al for the preparation Gf{Q. presence of suitable Brgnsted acids or slowly with bases,

Two interconverting species are identified and assigned while maintaining effectiveTs symmetry on the NMR time

unambiguously ad and 2, wherem 2 can be. protonated scale (eq 1). Although a fast exchange of an external proton
further only to H2, thereby resolving confusion on meta-

cavity ** Because these reports indicate no consensus on th

tungstate protonation in nonaqueous media. Of particular . H* (fast) 5
significance is the observation of fast kinetics for the — {(HaW;204] m‘ o-[(Hg) W50, (1)
formation of 2 from 1. Because an external proton must 5=6.01 ppm ('H) »=6.81 ppm ('H)
transfer across a close-packed surface of kinetically inert  ®=-99 ppm (W) 8 =-88 ppm (W)

W—0 bonds, which in other metal oxides normally consti-

! DI GOS0 AR s o consiste i
challenges our understanding of proton transfer and conduc—SIOW rate of anion deprotonatmn, which instead is typical of
tivity in metal oxides. Detailed studies of the kinetics and proton cryptate behavior. . . .
mechanism of proton transfer are in progress. The number of protons aSS|gngd to each species shown in
Phase transfer of aqueousig20 mM: initial pH = 3 eq 1 was det_e_rmlned from thre.e mdependent.measurgments.
5, 6, and 8) into a ChCl, solution of Q‘B,r* (6 equiv 20’0 First, an eq_umbrated Qextrgct in CHCN.was titrated with
o ’ a standardized hydrobromic acid solution (0.0802 M), and

mM) by cation metathesis does not lead to the clean H NMR peak integrals were measured at equilibrium relative
formation of Q1. Instead, NMR examination of these" . :
! Q xamina Q to a naphthalene internal standard (0.1077 M) in;C®

extracts either directly in CiLI; (after drying over MgS@) . i ) . .
or by first removing the solvent under vacuum followed by housed within a coa_1X|aI mse_rt tube _(Flgure_ 3?)' This experl
L o ment allowed for field locking while avoiding potential
reconstitution in acetonitriles (CD;CN) reveals two reso- . ) :
. 18 . hydrogen/deuterium (H/D) exchange from interference with
nances each in bofid and'®W NMR spectra (Figure 2A). L : ) .
. . 1 the measurements of the"Htoncentration associated with
Boskovic et al. report NMR data fasolatedQsH1 (*H, ¢ . . :
each POM. In a model of two interconverting species,

(13) Himeno, S.; Yoshihara, M.; Maekawa, Nhorg. Chim. Acta200Q [(H)W12040] &9~ and [(Hei-n) W1204g] &7, that differ by
298 165-171. n protons, the theoretical slopes in the plots of moles bf H

(14) (a) Rao, C. N. R.; Raveau, Bransition Metal OxidesJohn Wiley S
& Sons: New York, 1998. (b) Smyth, D. Nhe Defect Chemistry of within each POM versus moles of HBr added arg for

Metal Oxides Oxford University Press: New York, 2000. [(HYW12040 8@~ at 6 = 6.01 ppm andx + n for

between POM surface O atoms and residual water is
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2r insufficient to distinguish between first- and second-order
[(Hyn) W20l @ kinetics, they were fit satisfactorily to a first-order model
(5 =6.81 ppm) for the sake of comparison with observed rate constants and

10 F

2 l amplitudes for the decay & [k = (1.114 0.06) x 10°°
ey & s Ap=3.14+0.1] and therise ol [k = (1.134+ 0.1) x
e Al [(H W40, 10° s}, A, = 2.0 £ 0.1], as is consistent with the
g ("6 =6.01 ppm) equilibrium and protonation assignments in eq 1 and indicates
E 2f i a substantial kinetic barrier for the deprotonatior2ofhe

ol \\ kinetics for protonation ofl are too rapid for'H NMR

measurements.
2= Py " e , The basicity of @1 in CHsCN is similar to that of triethyl-
mmol of H* titer amine (K, ~ 18.8)° because significant protonation bf

Figure 3. Titration of an equilibrated Qextract of Nl with standardized to 2 occurs in the presence of 1 equiv of triethylammonium
hyldr_obromic acidh(g.(?aoz M) in Cf‘DN- lgtegr?éiig ?;tpr %theakz chloride. However, furtheinternal protonation of2 with 1
relative to a naphthalene internal standar . 3 ouse H H H . :
within a coaxial insert tube enabled the number of millimoles f#ithin equiv of either hydropromlc q_D'tOIuenesu'fomc acid (fa
each POM to be determined. The titration plots were fit to linear ~ —9 and—2, respectively) fails; théH NMR resonance at
functions: (}-[(Hx)leOzto](8’X’(8’_,X§|3£)e= —x = —1.82, intercept= 3.12, 0 = 6.81 ppm shifts downfield t& = 6.89 ppm with no
EZ—R‘;-i"g'g;[é”H")Wﬂo‘*ol , slope=x+n = 3.03, intercept= change in the relative integrated intensity. Therefore, the
' tetraprotonated species reported by Himeno et al. is reas-
A HD HD H, B H, HD signed as K with an externalproton counteriof316
" o " A Cyclic voltammograms of €1 and Q2 were recorded in
CHsCN with Q'[PFs]~ as the supporting electrolyte using a
@) @) glassy carbon working electrode (Figure S2 in the Supporting
Information). For @1, a single quasi-reversible reduction
@ @ L takes place aE;, = —1.934 V vs Ag/AgNQ (peak—peak

(1) (1) L separationAE, = 0.090 V), whereas £ exhibits two one-

T T . T T T T T T electron processes &atl.486 (AE, = 0.068 V) and—1.970

688 687 686 685 ppm 611 610 609 6.08 ppm _ g
Figure 4. Temporal evolution in théH (500 MHz) NMR spectra of the v (AEp =0.075 V).'.The ferroceniumyferrocene redox couple
isotopomers [(HDx)W1:040]> (A) and [(Hr_xDy)W1204q®~ (B) formed under these conditions i, = +0.06 V. These data reflect
by heating a solution of € (89 mM) in CD:CN with Q*OH~ (1.3 equiv, the known strong influence of the anion charge on the POM
1 Min methanol) at 60C within the NMR probe for (1) 35 min, (2) 140 reduction potential, where the 450-mV separation between
min, (3) 245 min, and (4) 470 min. . . . . .
the first reduction potentials of {0 and Q2 is typical of

[(Hxtn)W12040] &~ at o = 6.81 ppm, respectively. Equat- a-Keggin POMs in nonaqueous solvents, as is the 36-mV
ing these with the measured slopes in Figure 3 gives separation in reduction potentials between the isocharged
1.8 andx + n = 3.0, indicating that the transformation is specieso-[(H3)W1,040]®~ and 1.17:18 Measurements of the
monoprotic and that the experimental average valueisf protonation equilibria, associated reaction kinetics, internal
1.9, which unambiguously establishes the identities of the proton dynamics, and mixed-valence structure in nonagueous
two POMs in solution as the diprotonated compleand an solutions ofl and2 are in progres¥’
internally triprotonated specigswhose elemental constitu-
tion is otherwise in agreement with that of Boskovic et?al.
No further peak transformations were observed up to 1 wee
after the addition of acid. Second, bdttand2 were isolated
and purified as @ salts, giving elemental analyses, cyclic
voltammograms, andH and **W NMR data that are Supporting Information Available: Synthesis, analytical data,
consistent with the formulationsg@and Q2 (see Figure 2 and cyclic voltammograms of42 and Q2 along with preliminary
and the Supporting Information). Thirtt NMR monitoring kinetics data on the deprotonation ofZThis material is available
at 60°C of the deprotonation of £ (89 mM) in CD;CN by free of charge via the Internet at http://pubs.acs.org.
Q"OH" (1 equiy 1 M in methanol) to forntl also revealed | ~ys1370c
H/D isotope exchange between Oldnd CRXCN followed
by the incorporation of deuterium within both POMs (Figure  (15) kaljurand, 1. Kitt, A.; Soova, L.: Rodima, T.; Mz&mets, V.: Leito,

Acknowledgment. J.K.M. thanks the Ronald E. McNair
kProgram for an undergraduate summer research internship,
and the University of Wisconsin system is gratefully

acknowledged for financial support.

4). The spectra show the following evolution2{6 = 6.858 16) ll-\jMKspge:, I A.J.tOdrg- Chfen11?2>005 70, 1(_Jlt9—%02%] 4 oxch

. s _ ata reported in re are consistent with rapid exchange
pPPM)—[(H2D)W1,04d] " (6 =6.865 ppm)—[(HD2)W1,04q° between a fourth proton on the POM exterior and water observed at
(0 =6.872 ppm) and. (6 = 6.090 ppm)— [(HD)W 15040] ¢~ 6 = 2.1 ppm, which was misassigned to the cryptate protons.

= i i (17) (a) Pope, M. T.; Varga, G. M., Jnorg. Chem1966 5, 1249-1254.
© . 6.087 p.pm). AH NMR spectrum confirmed deuterium (b) Altnau, J. 1 Pove. M. T Prado. R A.: So. IHorg. Chem.
enrichment in botHl and 2. 1975 14 (2), 417-421.

Additional evidence was obtained from a single kinetics (18) Il;/llaetda, Kl-; Cﬁatarlcsgggggslzléai,l 7T3.; Himeno, S.; Saito, A.
. — . ectroanal. em — .
mea}surement of th? depmtonat_'on Qﬂ@y Q+OH (Flgure (19) A reviewer noted that thE3W NMR spectra (Figure 2) also require
S1 in the Supporting Information). Although the data are that the rate ofH exchange betweehand2 must bekex < 237 s,
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