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Reaction of vanadate with carbasilatranes [methoxy{ N,N',N'"-2,2' 3-[his(1-methylethanolato)(propyl)]Jamino} silane
(1), methoxy{ N,N',N'"-2,2' 3-[bis(1-ethanolethanolato)(propyl)Jamino} silane (2), and { N,N',N''-2,2' 2-[his(ethanolato)-
(glycolpropyl ether)Jamino} silane (3)] in agueous solution results in the formation of vanadosilicates and five-
coordinated chelate vanadium(V) complexes as evidenced by 5V, 'H, and *C NMR spectroscopy. Chiral
carbasilatrane S,S-1 was characterized in the solid state by X-ray diffraction, revealing a trigonal bipyramidal geometry
around the metal ion, with one unidentate methoxy group and one atrane nitrogen atom at the axial positions and
one carbon and two atrane oxygen atoms at the equatorial plane of the bipyramid. Crystal data (Mo Kat; 100(2)
K) are as follows: orthorhombic space group P2:2:2;; a = 8.8751(6), b = 9.7031(7), ¢ = 14.2263(12) A; Z = 4.
The complexation of vanadium either with 1 or 2 is stereoselective yielding ~94% of the complex containing ligand
in the S,R-configuration. The lower ability of the S,S- and R,R-diastereoisomers of 1 and 2 to ligate vanadate was
attributed to stereochemical factors, dictating a square pyramidal geometry for the chelated complexes. A dynamic
process between the vanadium chelate complexes and the respective carbasilatranes was evaluated by 2D {H}
EXSY NMR spectroscopy. These spectra show that the vanadate complexes with the open carbasilatranes exchange
more slowly with the free ligand compared to the respective alcohol aminate complexes.

Introduction based inorganic oxides through solution chemical techniques,

The devel t of envi tally friendlv technoloai such as the selgel process, is an ideal method for catalyst
€ development of environmentaily friendly teChnologies ., ., o hilization because of its diversity and mildnéss.

has prompted much research in heterogeneous catalysis ang! - -0 metal ions can be introduced into oxide gels

in the heteroggngtlo? of known act!ve _homogeneous produced by the selgel method, either at the sol stage or
catalysts for oxidatiod? The heterogenization approach : .
after the gel is formed by posttreatment and surface deriva-

consfitutes a convenient marriage of the engineering advan'tization. The former method is particularly attractive due to

tages of heterogeneous catalysts, such as ease of recovene generation of several catalytic metal centers uniformly
with advantageous features of homogeneous catalysts, such

p . . ; . distributed into the bulk of the silica matrix. Hydrolysis and

as better selectivity and higher tunabifitylnorganic materi- . . . ' .
o : . condensation reactions produce an inorganic or a hybrid
als such as silica are particularly suitable as heterogeneous

A . organic-inorganic xerogel incorporating a metal complex.
catalyst supports because of their high mechanical s’[rengthThge metal igns dissol\glle d in tr?e sol %earrange theplocal

nd chemical inertness. In ition, the pr ion of silicon- ; . . .
and chemical inertness. In addition, the production of silico structure of the gel to suit their bonding requirements, thus
forming complexes of various coordination numbers. Several
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information, at the molecular level, for the chemical pro-
cesses which give rise to the gel properties.

In this work we develop silicate-based vanadium com-
plexes with the view to produce heterogeneous catalysts for
stereoselective and enantioselective oxidations of organic
substrates. Inspired by the studies of the structure and
function of vanadium(V) haloperoxidases, several research
groups have applied vanadium(V) complexes to the homo-
geneous peroxidative oxidation of alkenes, aromatic hydro-
carbons, and alkanes and to sulfoxidatfoft. Ligation of
vanadate with organic ligands was shown to increase
stereoselectivity in oxidation reactions. For example vanadate
complexes with alcohetaminate ligands (e.§VO[N(CH-
CH,0)3]}) oxidized benzene and cyclohexane with signifi-
cant stereoselectivityintroduction of chiral centers into the
alcohot-aminate ligands (RI(CH,CHROH), R= —Me or
—Ph) was found to yield enantioselective catalysts for
sulfoxidation reaction&®

Molecules containing aminealcoholic groups covalently
attached to alkoxy silanes might be very useful for the
synthesis of immobilized stereoselective and enantioselectiv:
oxygen transfer catalysts based on vanadium(V). Carbasi-
latranes’? which satisfy the above structural criteria, have
lower hydrolytic rates than alkoxy silanes giving a better
control of the sot-gel polymerization process8.A disad-
vantage of these compounds might be the high affinity of
amino—alcohols to ligate silicon(lV), which thus competes
with vanadate for the ligation of the chelate moiety. Further
complications might arise in the seyel solutions from the

Evgeniou et al.

published to date related to the interaction of carbasilatranes
with vanadate or its oligomers.

In this study, we characterized the species generated from
the reaction of vanadate with carbasilatranes [(methoxy-
{N,N',N"-2,2,3-[bis(1-methylethanolato)(propyl)]amiho
silane (), methoxy N,N',N"'-2,2,3-[bis(1-ethanolethanolato)-
(propyl)Jaming silane @), and methoxyN,N',N"'-2,2 2-
[bis(ethanolato)(glycolpropy! ether)lamijgilane) @)] in
aqueous solution using multinuclear NMR spectroscopy. The
stability and the stereochemistry of the chelate complexes
in solution are controlled by steric interactions between the
substituents on the chelate rings of amiadcohols. We
anticipate that this study will facilitate the development of
useful stereoselective immobilized oxidation catalysts in
situations where both the catalytic properties of transition
metal ions and the presence of a silica matrix are required.

Experimental Section

Materials and Methods. The reactions for the synthesis of
silatranes were performed under high-purity argon using standard

€schlenk techniques. All solvents used in this study except methanol

were dried over Capland distilled before use. Methanol was dried
with CH;ONa. NaVvQ, (3-aminopropyl)trimethoxysilane, (3-gly-
cidoxypropyl)trimethoxysilaneR- and S-optical isomers of pro-
pylene oxide, glycidol, N-[3-trimethoxysilyl)propyllethylene-
diamine, and propylamine were purchased from Aldrich and used
without further purification. Propylene oxide and diethanolamine
were purchased from Aldrich and were dried over gdHemental
analyses were performed on a EuroVector 3000 CHN analyzer.

strong interactions between vanadate and silicates, which lead Synthesis of MethoxyN,N',N"-2,2,3-[bis(1-methylethanolato)-

to the formation of \-O—Si bonds. Although vanadium-

(V) is well-known to combine with silicate¥,in particular

in mesoporous silica®,there is only one report on simple
aqueous vanadosilicat&swhereas no reports have been
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(propyl)]Jamino}silane (1). This compound was prepared by a
modified literature procedur®@. Propylene oxide (32.0 mL, 460
mmol) was added to a stirred solution of (3-aminopropyl)-
trimethoxysilane (40.0 mL, 230 mmol) in MeOH (100 mL). The
mixture was refluxed for 2 days. The solvent was removed under
reduced pressure, and the colorless oily residue was redissolved in
hot dry hexane. The solution was refrigerated overnight, and the
resulting white crystalline precipitate was filtered out. The solid
was collected and recrystallized with hot hexane (25 mL) affording
41.0 g (77%) of white crystals df. 'H NMR [0 (CDCl) (ppm)]:
SSlandRR-1, 2.32 (M, Ha Jia10 = 12.2 HZ,J15 24 = 4.90 Hz,
Jia2p = 135 HZ), 2.79 (m, lth, Jip-2a = 1.60 Hz,J1p-on = 4.98
Hz), 1.68 (M, Hy, Joa—2b = 14.4 Hz,J4-3, = 1.60 Hz), 1.55 (m,
Hop, Jop—3p = 5.80 HZ), 0.49 (m R J3a—3p = 15.6 HZ,J35-22 =
7.94 Hz,J35 0, = 12.9 HZ), 0.80 (m, b, Jap-1p = 1.30 HZ), 2.21

(t, Hag Jaa—an = 12.3 HZ), 2.75 (M, ki), 2.20 (t, Hg Jsasp = 12.3
Hz), 2.68 (d, Hp), 3.86 (M, K, Js—2a= 11.1 HZ,Js_4p = 3.72 Hz,
Js-s = 6.08 Hz), 3.96 (M, K J7-50 = 11.1 Hz,J7-5, = 3.72 Hz,
J7-9=6.08 Hz), 1.18 (d, 3§), 1.17 (d, 3H), 3.41 (s, 3Ho); SR-
1,2.66 (d, 2H, H, J1—» = 12.4 Hz), 1.67 (m, 2H, K J,-3 = 7.02
Hz), 0.71 (t, 2H, H), 2.43 (9, Ha Hsa Jaa—ap = 12.6 HZ,J54-5, =
12.6 Hz), 2.95 (q, kb, Hsp), 4.03 (m, 2H,H,H7, Js-4a = 8.68 Hz,
Js—ap = 5.0 Hz,Js—g = 6.2 HZz,,J7—5, = 8.68 Hz,J7—5, = 5.0 Hz,
J7—9 = 6.2 Hz), 1.21 (d, 6H,3K 3Hy), 3.44 (s, 3Hp). RS1: 2.72

(d, 2H, H, J;» = 12.4 Hz), 1.70 (m, 2H, K J,-3 = 7.06 Hz),
0.72 (t, 2H, I’i), 2.46 (q, Ha Hsg Jag-ap = 12.6 HZ,J55- 5 = 12.6
HZ), 2.85 (q, Hp, H5b), 4.16 (m, 2H,M,H7, Jo—4a= 8.68 Hz,Js—ap
=5.0Hz,J5-g = 6.2 Hz,J;-5,= 8.68 Hz,J7—5, = 5.0 HZz,J;—g =

6.2 Hz), 1.22 (d, 6H,3K3Hy), 3.43 (s, 3Hp). 3C NMR [0 (CDCly)
(ppm)]: SS1 andRR-1, 53.27 (G), 21.0 (G), 8.24 (G), 60.18
(Cy), 60.18 (@), 64.59 (G), 64.96 (G), 20.69 (G), 20.69 (G),



Interaction of Vanadate with Carbasilatranes

Chart 1. Numbering and Configurations of Diastereocisomerst

50.28 (Go). SR-1: 56.21 (G), 22.69 (G), 7.84 (G), 65.06 (G,
Cs), 67.13 (G, Cy), 22.78 (G, Cy), 50.45 (Go); RS1, 59.41 (G),
22.1(G), 9.82 (G), 63.19 (G, Cs), 67.71 (G, Cy), 22.39 (G, Co),
50.11 (Go). 2°Si NMR [0 (CDCl) (ppm)]: SS1andRR-1, —63.8;

SR-1, —62.4;R,S1, —61.4. The numbering is according to Chart

1. Anal. Calcd for GoH,1NOsSi: C, 51.91; H, 9.15; N, 6.05;
Found: C, 51.90; H, 9.12; N, 6.11.

Synthesis 0fS,S-1. The reaction of (3-aminopropyl)trimethoxy-
silane (2.00 mL, 11.5 mmol) witt§f-(—)-propylene oxide (1.6 mL,

23 mmol) was carried out in a manner similar to that described for
1. The mixture was refluxed for 2 days. The yield was 2.09 g (79%).

1H, 13C, and?*Si NMR spectra o551 in CDCl; gave exactly the
same peaks as those of 881 andR,R-1 isomers of the racemic
1 described above.

Synthesis ofR,R-1. This complex was prepared by a procedure

analogous to that described f&S1, using (3-aminopropyl)-
trimethoxysilane (2.00 mL, 11.5 mmol) andR)¢(+)-propylene

oxide (1.6 mL, 23 mmol) as reactants. The yield was 2.05 g (77%).

The compound gave NMR spectra identical with thaS@& 1.

Synthesis of Methoxy§ N,N’,N"-2,2,3-[bis(1-ethanolethanolato)-
(propyl)Jamino}silane (2).Glycidol (4.56 mL, 68.8 mmol) was

12.1 Hz,Jpp-3p = 6.02 Hz), 1.14 (m, Bk, J3a-3o = 15.7 Hz), 0.62
(m, H3b), 2.72 (m,4H, 2H, 2H5), 3.89 (m, H, Jo—ga = 3.61 Hz,
Je—gh = 2.41 HZ), 4.27 (m, H J7—9a= 3.61 Hz,J7—9p = 2.41 HZ),
3.46 (d, 3Ha Jsasp = 12.1 Hz), 3.41 (d, ), 3.66 (0, Ha Joa_ob
=12.1 Hz), 3.77 (q, k), 3.38 (d, 3Ho). SR-2: 2.95 (M, 2H, H,
Jip=11.6 Hz), 1.77 (m, 2H, b} J»_5 = 7.15 Hz), 0.52 (d, 2H,
Ha), 2.84 (d, 2H, H), 2.85 (d, 2H, H), 4.28 (m, 2H,H,H, Js_s =
8.43 Hz,Js-8a = 4.82 Hz,Js—gn = 3.61 Hz,J;-5 = 6.01 Hz,J7-0a
= 3.61 Hz,J7_9p = 4.82 Hz), 3.47 (d, Ik, Jga-sp = 10.8 HZz), 3.42
(d, Hep), 3.85 (d, Ha Joaop = 10.8 Hz), 3.78 (d, k), 3.39 (s,
3H); RS2, 2.95 (M, 2H, H, Ji_» = 12.3 Hz), 1.83 (m, 2H, b
Jos = 7.11 Hz), 0.56 (d, 2H, k), 2.83 (d, 2H, H), 2.84 (d, 2H,
Hs), 4.47 (m, 2H, H,H7, Jo—4 = 6.01 Hz,Js_go = 3.61 Hz,Js_gp =
4.82 Hz,J7-5 = 8.43 Hz,J7-9a = 4.82 Hz,J;—gp, = 3.61 Hz), 3.46
(d, Hea Jsaso = 10.8 Hz), 3.44 (d, k), 3.78 (d, Ha Joa oo =
10.8 Hz), 3.73 (d, k), 3.39 (s, 3H). 13C NMR [6 (CDCl) (ppm))]:
SS2 andRR-2, 53.52 (G), 20.64 (G), 7.87 (G), 54.25 (G),
54.09 (G), 63.89 (G), 64.10 (G), 69.02 (G), 69.42 (G), 50.26
(C10); SR-2, 56.04 (G), 22.06 (G), 7.47 (G), 58.13 (G, Cs), 64.61
(Cs, Cy), 71.42 (G,Cs), 50.26 (Go); RS2, 59.01 (G), 22.50 (G),
9.37 (G), 57.44 (G, Cs), 64.79 (G, C;), 72.00 (G, Cs), 50.60

added to a stirred solution of (3-aminopropyl)trimethoxysilane (6.00 (C10)- *Si NMR [6 (CDC) (ppm)]: SS-2 andR R-2, —63.6;SR-

mL, 34.4 mmol) in MeOH (15 mL) at room temperature. The

2, —62.6; RS2, —60.8. The numbering is according to Chart 1.

mixture was refluxed for 2 days. The solvent was removed under Anal. Calcd for GoHz1NOsSi: C, 45.61; H, 8.04; N, 5.32. Found:
reduced pressure, and the colorless residue was redissolved in hot» 49:21; H, 8.11; N, 5.41.

CH3CN. The solution was refrigerated overnight. The resulting

Synthesis of Methoxy{N,N',N""-2, 2,2-[bis(ethanolato)(gly-

white crystalline precipitate was filtered out, washed with hot colpropyl ether)Jamino} silane (3).(3-Glycidoxypropyl)trimethoxy-
hexane (10 mL), and dried under vacuum. The yield was 4.3 g silane (20.0 mL, 90.5 mmol) was added to a stirred solution of

(46%). 'H NMR [0 (CDCl) (ppm)]: SS2 and RR-2, 2.36 (d,
Hia Jia-10 = 12.0 HZ,J14 —2a = 4.82 HZz,J14-2p = 13.3 Hz), 2.96
(t, Hip, Jip-2a= 1.1 HZ,J1p-op = 4.82 HZ), 1.92 (m, b, Joaop =
14.4 Hz,J55-3a = 7.8 HZ,Jp5-3p = 1.2 HZ), 1.68 (M, kK, Jop-3a =

diethanolamine (9.80 g, 90.5 mmol) in MeOH (25 mL). The mixture
was refluxed for 6 days. Dry MeOH (30 mL) was added resulting
in a clear and colorless solution. After 1 day at32R a white

solid was formed. The precipitate was filtered out, washed with

Inorganic Chemistry, Vol. 44, No. 21, 2005 7513



hexane, and dried under vacuum. The yield was 17.5 g (78%).
NMR [0 (CDCl) (ppm)]: 3.37 (m, 2H, H, J;—, = 16.4 Hz), 1.56
(m, 2H, H, J,—3 = 16.4 Hz), 0.26 (m, 2H, b, 3.71 (m, 4H, H,
Hs), 2.79 (m, 4H, H, Hy), 3.46 (s, 3Hy), 2.48 (M, H1a J11a-116=
11.7 Hz,J115-10 = 11.7 HZ), 2.96 (m, iy Ji1p-12 = 4.14 HZ),
3.92 (m, H, le), 3.61 (t, H3a J13a—13b= 11.7 HZ,Jlga_lz =8.19
Hz), 3.31 (M, Hap Jizp-12 = 4.14 Hz).13C NMR [0 (CDCly)
(ppm)]: 75.67 (GQ), 25.64 (G), 12.64 (G), 58.03 (G, Cs), 52.33
(Ce), 51.82 (G), 51.06 (Go), 54.79 (G1), 66.84 (Gy), 73.49 (Gy).
295i NMR [0 (CDCly) (ppm)]: —68.0. The numbering is according
to Chart 1. Anal. Calcd for GH»3NOsSi: C, 47.63; H, 8.36; N,
5.05. Found: C, 47.44; H, 8.19; N, 5.14.

Synthesis of{ [N,N-(Propyl)Jamino} bis(propan-2-ol) (4).Pro-
pylene oxide (1.70 mL, 24.4 mmol) was added to a stirred solution
of propylamine (1.00 mL, 12.2 mmol) in MeOH (15 mL). The
mixture was refluxed for 7 days. The solvent was removed under

Evgeniou et al.

The 2D'H NMR COSY-45 (pulse sequence 9&;—45°) and
2D {3C,'H} HETCOR experiments were conducted using 256
increments (each consisting of 16 scans) covering the full spectrum
(4.0 ppm in both dimensions and 4.0 ppm on F1 and 70 on F2
dimensions, respectively). The phase-sensitive HMQC sequence
enriched with BIRD filter and GARP decoupling (9Qvas applied
at inverse H, C correlation for the 2D HMQC spectra. The standard
NOESY pulse sequence (96t;—90°—t,,—90°) was used in the
2D {*H} EXSY—NOESY measurements, and these spectra were
acquired using 512 increments (with 16 scan each) covering the
full spectrum (4.0 ppm in both dimensions) and G-2035 s mixing
time (tm). The spectra were run with temperature control at 25, 50,
80, and 15C°C.

For the assignments of the differefi8i NMR peaks we used
the following terminology: each silicon atom is noted ®ith O
< x + Yy < 3, x andy being positive integers. °Sefers to the

reduced pressure, and the residue was redissolved in aqueous HQhonomersl—3, while x is the number of bridging oxygens agd

(12 M, 10 mL). The solvent was evaporated until dry under reduced

the number of hydroxides on the silicon centers.

pressure, and the remaining brownish oil was redissolved in acetone X-ray Structure Determination. Crystals suitable for X-ray

(~30 mL). n-Hexane 50 mL) was added into the solution until

diffraction study were obtained by recrystallization 851 in

an oil was formed. The solvent was decanted, and the oil was n-hexane. The intensity data §fS-1 were collected on a XCalibur

washed with hot ethyl acetate providing a white solid. The solid
was dried under vacuum. The yield was 1.10 g (43%)NMR [0
(D0)]: 3.23 (M, 6H, H, Hys), 1.75 (m, 2H, H), 0.97 (q, 3H,
Hs), 4.22 (m, K 7), 1.24 (m, 3H, Hg). 13C NMR [0 (D20) (ppm)]:
56.16 (G), 20.13 (G), 10.34 (G), 61.53 (G, Cs), 62.55 (G, C7),
20.59 (G, Co). The numbering is according to Chart 1. Anal. Calcd
for CgH,1NO,: C, 61.67; H, 12.08; N, 7.99. Found: C, 61.74; H,
12.19; N, 7.73.

Synthesis ofS,S-{[N,N-(Propyl)Jamino} bis(propan-2-ol) (S S

I1I, 4-cycle diffractometer{ = 0.7107 A). The structure was solved
by direct methods using the program SHELX28&nd refined by
full-matrix least-squares techniqués.

Mass Spectrometric Analysis.All electrospray mass spectro-
metric experiments were performed using an LCQ Advantage
(ThermoElectron, San Jose, CA) mass spectrometer, equipped with
a pneumatically assisted electrospray source and an ion trap mass
analyzer with unit mass resolution and capable of conducting MS.
In all experiments the ion source was operated in the positive ion

4). This compound was prepared by a procedure analogous to thatmode. Instrument settings were optimized for maximum intensity

described fo#, using propylamine (1.00 mL, 12.2 mmol) arg-
(—)-propylene oxide (1.70 mL, 24.4 mmol). The yield was 1.7 g
(66%).*H NMR [0 (D20)]: 3.23 (m, 6H, H, Ha,s), 1.76 (m, 2H,
Hy), 0.97 (m, 3H, H), 4.18 (M, K 7), 1.25 (m, 3H, Hg). 3C NMR

[0 (D2O) (ppm)]: 56.15 (@), 16.81 (G), 10.23 (G), 61.48 (G,
Cs), 61.56 (G, Cy), 20.16 (G, Co). The numbering is according to
Chart 1.

Preparation of Vanadate—Carbasilatrane Aqueous Solutions.
The vanadatecarbasilatrane solutions were prepared by mixing
various amounts of standard solutions of NaM@.500 M) and
carbasilatranes (1.000 M) or the prehydrolyzed with acid carbasi-
latranes in deuterium oxide at pH 9. To reach equilibrium the

solutions were kept at room temperature for 6 days and then the

of the expected molecular ions. Typical values for the electrospray
ionization potential ranged from 4 to 5 kV, with transfer capillary
temperatures ranging from 200 to 3TW0. Samples in solution were
infused continuously into the electrospray source at a flow rate of
3 uL/min.

Results and Discussion

Synthesis.The silatraned—3 were synthesized in high
yields (50-80%) by a modification of an older methéd.
The main difference in the new synthesis is the purification
of the compoundd—3 through recrystallization fromn-
hexane, CHCN, and CHOH, respectively, in contrast to

pH was corrected again. The composition of these solutions wasthe distillation process used previously. Reaction of (3-

checked by NMR spectroscopy.

The prehydrolyzed with acid standard solutions of silatranes
(1.000 M) were prepared by adding trifluoroacetic acid (0.390 mL,
5.00 mmol) into an aqueous solution of silatrane (1.160 g, 5.000
mmol) in DO (5.000 mL). The clear solution was stirred for 3 h,

aminopropyl)trimethoxysilane with racemic epoxides gave
all the possible combinations of isomerslo&nd?2 shown

in Chart 1. Compoun@® was synthesized by the reaction of
racemic (3-glycidoxypropyl)trimethoxysilane with dietha-
nolamine. Chira5S-1 (eq 1) andR,R-1 were obtained from

and then the pH was adjusted to 7.0 by aqueous solutions of NaODygaction of (3-aminopropyl)trimethoxy silane wis and

(0.01-0.50 M). All solutions for the NMR measurements were
prepared in triplicates.
NMR Spectroscopy.NMR spectra were recorded on a Bruker

Avance 300 spectrometer operating at 300, 75.5, 59.6, and 78.9

MHz for H, 13C, 2°Si, and®V nuclei, respectively. ThéH, 13C,

295i, and®V NMR spectra were recorded using a sweep width of
1000, 4500, 7000, and 30 000 Hz, respectively, and ‘apslse.
The exact chemical shifts, coupling constadfsnd integrals were
calculated by simulation of the experimental spectra using the
software gNMR2”

(27) Budzelaar, H. M. PgNMR version 4.1.0 Cherwell Schientific
Publishing: Oxford, U.K., 1999.
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R-propylene oxide, respectively.

OCH, o (IJCH:,
HsCO™ I~ __NHp+2 /\ —,—SiuQ +2 CHzOH (1)
H3CO/ | O>\

R

All compounds were very soluble in both water and
organic solvents. The solids and the organic solution$ of

(28) Sheldrick, G. MSHELXS-86: Program for the Solution of Crystal
Structure University of Gottingen: Gottingen, Germany, 1990.

(29) Sheldrick, G. MSHELXL-97: Program for the Refinement of Crystal
Structure University of Gottingen: Gottingen, Germany, 1997.
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Figure 1. ORTEP drawing ofA-SS-1 with 50% probability ellipsoids.

Table 1. Crystal and Structure Refinement Data f&Sj-1

empirical formula GoH21NO3Si
cryst size (mrf) 0.375x 0.239x 0.145
fw 231.37

temp (K) 100(2)
wavelength (A) 0.71073
cryst syst orthorhombic
space group P2,2:2;

a(A) 8.8751(6)

b (A) 9.7031(7)
c(A) 14.2263(12)

V (A3 1225.11(16)

Z 4

Pcalcd (Mg/m3) 1.254

abs coeff (mm?) 0.1814

0 range for data collcn (deg) 4.231.08
index ranges —12<h=12,-12<k=<13,-20=<1=<19

no. of obsd reflcns 8660
no. of indpdt reflcns 3586
data/params 16.3
max/minAp (e A-3) 0.348,—0.288

R, WR (obsd data)
R, WR (all data)

0.0286, 0.0782
0.0277,0.0794

aRefinement method: full-matrix least squaresFn

and 2 are stable for at least 6 months. Compoudd

decomposes slowly at room temperature in the solid state,

forming a less soluble white powder. However, it was

from the presence of the methyl groupsdhd G in SS1
may be the reason for the observed-Rielongation.

This particular carbasilatrane has three five-membered
chelate rings that can be arranged in two different ways.
Chart 1 shows the absolute configurations of the molecules.
The A- andA-forms have a right- and left-handed propeller
structure, respectivelf. 37 The absolute configuration of the
compound in the crystal unit is th&-SS-1 (as defined in
Chart 1).

Assignment of'H, 13C, and 2°Si NMR Spectra for 1—3
in CDCI3. The solution structures df—3 were investigated
by H, 13C, and®*Si NMR spectroscopy in CD&lChemical
shifts, coupling constants, and assignments of selected peaks
of the compounds are listed in Table 3. The numbering and
all possible geometrical configurations bf 3 that may be
formed from their synthesis reactions are shown in Chart 1.

The reaction of the racemic epoxides (propylene oxide and
glycidol) with (3-aminopropyl)trimethoxysilane leads to the
formation of four couples of enantiomeric carbasilatranes,
A-SS/IA-RR-, A-RR-/A-SS, A-SR-/A-SR-, andA-RS/
A-RS-. Because\- andA-configurations interconvert rapidly
through a propeller mechanisth A-SS/A-RR- and the
A-RR-/A-SS are not distinguishable by NMR spectroscopy.
Thus, only three nonequivalent sets of peaks are expected
to appear in the NMR spectra &for 2. On the other hand,
two couples of enantiomers,-S/A-R- andA-R-/A-S-, may
be formed from the reaction of diethanolamine with racemic
(3-glycidoxypropyl)trimethoxysilane. Consequently, only one
set of peaks is expected f@& because of the fash-/A-
interconversion.

It is important to note here that the kineticslof3 were
studied by variable-temperatutd (VT) and 2D{*H} NMR
EXSY spectroscopy at a temperature rargtb to 150°C
in CDCl; (low temperatures) or C{TN and dmsads (high
temperatures). These spectra did not show any separation
between theA andA isomers, indicating that even at65
°C the A-/A-interconversion is very fast. On the other hand

possible to store the compound without any decomposition 2D {*H} EXSY spectra did not show any cross-peaks

for at least 3 months at20 °C as evidenced byH NMR.

X-ray Crystallographic Results. The ORTEP structural
plot for SS-1is presented in Figure 1. Crystallographic data

and interatomic bond lengths and angles are provided in
Tables 1 and S2, respectively. The coordination environment

of the silicon atom ir§S-1 is a distorted trigonal bipyramid.

The methoxy oxygen and the nitrogen atoms occupy the
apical positions. Two oxygen atoms and one carbon atom

originating from the atrane moiety define the equatorial plane
of the trigonal bipyramid ofSS-1. Despite the structural
similarities betwee$,S-1 and methoxyN,N',N"'-2,2,3-[bis-
(ethanolato)(propyl)]Jaminisilane, the SN bond length
(2.2437(8) A) of the former is significantly larger than the
respective distance of the latter compound (2.22% And
similar to the bond lengths observed for atkglarbasila-
tranes (2.2432.336 A)31-33 Steric interactions originating

(30) Kemme, A. A,; Bleidelis, Y. Y.; Zelchan, G. |.; Urtane, I. P.; Lukevits,
E. Y. Zh. Strukt. Khim1977, 18, 343.
(31) Boer, F. P.; Turley, J. WI. Am. Chem. S0d.969 91, 4134.

between the protons of the atrane chelate rings even at 150
°C in dmsods, indicating that these molecules are inert
toward the opening of the rings.

The2°Si NMR spectrum ofl in CDCl; solution revealed
three signals at-61.4, —62.4, and—63.8 ppm with ratio
3:2:5, respectively. The larger peak at63.8 ppm is
attributed to theA-SS-1/A-RR-1 and theA-RR-U/A-SS1
isomers. The correct assignment of this peak was facilitated
by comparing these silicon chemical shifts with those
observed in théSi NMR spectra of the pur§S-1 andR,R-1
compounds in CDGI The other two peaks at62.4 and

(32) Hencsei, P.; Kovacs, I.; Parkanyi,L.Organomet. Chenl985 293
185.

(33) Parkanyi, L.; Fulop, V.; Hencsei, P.; Kovacs])lOrganomet. Chem.
1991, 418 173.

(34) Tasaka, M.; Hirotsu, M.; Kojima, Mnorg. Chem.1996 35, 6981.

(35) Chandrasekaran, A.; Day, O. R.; Holmes, RJRAmM. Chem. Soc.
200Q 122 1066.

(36) Timosheva, N. V.; Chandrasekaran, A.; Day, R. O.; Holmes, R. R.
Organometallics2001, 20, 2331.

(37) Timosheva, N. V.; Chandrasekaran, A.; Day, R. O.; Holmes, R. R.
Organometallics200Q 19, 5614.
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—61.4 ppm are assigned 8R-1 and theR,S 1, respectively.

These assignments were further confirmed by £Bi}

NOESY spectroscopy and are discussed in the following

section. The?*Si NMR spectrum of2 in CDCl; solution

revealed also three signals-a60.8,—62.6, and—63.6 ppm

in the ratio 1:2:4, respectively, originating from tReS-2,

SR-2, andSS2/R,R-2 isomers, respectively. In contrast, the

2Si NMR spectrum of3 in CDCl; gave only one peak at

—68.0 ppm, originating from thA-S-3/A-R-3 and theA-R-

3/A-S3 isomers as expected. Figure 2. Experimental and simulated by gNMRI NMR spectra ofL in
Correlation plots of théSi chemical shift with the SiN CDsCl and assignment of the peaks.

donor distance of silatranes have shown an upfield shift in H, and H, protons of the SFC—C—C—N ring (Chart 1),

the 2°Si value upon increasing the donor coordinafib#b.%” g ) .
Such correlation plots cannot be applied to the Ioresentg|V|ng separate pgaks. In contrast, the respective protons in
molecules because of the lack of crystallographic data for the S’.R' an_d R,Slsomgrs gave resonances at the same
this type of carbasilatrarf. A tendency that has been chemical shifts, suppprtlng the symmetric structures proposed
observed for other types of silatranes is that as the Ste”nggzgozsgp;w;vsnu;mzgg?(r)t dllstligtl;gh ﬂl\lﬁ(g}Ele\r(onl:”lAhz
hindrance of substituents becomes larger, the signals are SR.1 isomer. More specifically, biand H gave strong NOE

shifted to lower field®* A similar tendency is observed for
: : : . cross-peaks with the +and H protons of theSR-1 isomer.
1 and?2, in which the peaks of the sterically hinderB&- These cross-peaks were absent in the case ofRf

and SR-isomers appeared at lower field compared to the isomer, because the structure of the molecule does not allow
signal of the less hindere§S- and R,R-isomers (Chart 1). these protons to approach each other (Chart 1){28)

. Due to fastA-/A mterconversmn’, thek S and.SR NOESY NMR spectroscopy was used to distinguish the H
isomers have a symmetry plane defined by the Gi-C—
; . . from the H, protons. For example, the,idrotons of the§S-1
C—N ring. Thus, only seven nonequivalent carbon nuclei . .
. isomer belonging to atoms;3C,, and G gave strong NOE
are expected for each of these molecules, three from the Si . : . .
CH,—CH—CH.—N rina. three from the two SiO—CH cross-peaks with the neighboring; ldroton (Figure S1B).
z e e g In conclusion, théH and3C NMR spectra ofl—3 are in

5;2_—(:(;'(237—21 Srnogusp(xc; _tr?:st’)t;]ngizﬂ()i’;SndazgeF:ng-m agreement with the proposed solution structures shown in

. hart 1.
enantlomers do not POSSESS any e'ef“em of symmetry.andc Aqueous Solution NMR Studies of 3. In comparison
they contain 10 nonequivalent aliphatic carbons. Excluding with triethoxysilanes, the corresponding silatranes are much
the signals from CDGJ the*C NMR spectrum ofl revealed Y ’ P 9

e s ;
24 peaks (Table S3), exactly the number expected for theMO'€ difficult to hydrolyzé. However, in Fhe presence of

. . acid, the rate of hydrolytic cleavage of silatranes becomes
three isomers shown in Chart 1, seven &, seven for

SR-, and 10 forSS/R R-. Additional proof for the correct significantly faster. The first and slowest step of the acidic

assignments was acquired from i€ NMR spectra of the hydronS|§_|s protonation of_t_he oxygen with S|m_ultaneous
. nucleophilic attack at the silicoli.Recent theoretical cal-
pureSS1or RR-1. Each of these spectra revealed 10 signals
. L . ulations support the view that O-protonation is kinetically
as expected. These experimental findings are in agreement . - able than N-protonatidf.
with the asymmetric structure §S-1 determined in the solid b

13, 29q;
state by crystallography (Figure 1). A similar type '8€ Nﬁgiméi?::gffoinisﬁjégg%egtzcgo?zﬁong’( aﬂg w?alre
NMR spectrum was observed f& indicating that the P P z b

solution structures of the isomers of this molecule are similar 10.6, 10.5, and 9.3, respectively) are listed in Table S4. The

t0 those ofL. The 13C NMR of 3 gave 10 signals (Table hydrolysis reaf:tlons of—3 in aqueous solution at various
. L pHs were monitored by NMR spectroscofiy.NMR spectra
S3), six peaks originating from the -SC—C—C—0O—C— . . .
. of 1 and2 in D,O gave peaks from all the isomers which

C(OH)-C—N ring, three from the carbon atoms of the two . . .

. LS . have been previously identified in CDTable S3). At these
diastereotopic SiO-C—C-N rings, and one from the alkaline solutions only the C40— group starts to hydrolyze
—OCH; group, supporting the structure shown in Chart 1. y group yaroly

. . : .~ within ~2 h after dissolution of or 2. These two molecules
R St o 1 Sltnes a2 Complcaed il gt vry sabe, and for exampe, even 3 months e
. . dlssolut|on 1 was only ~60% hydrolyzed at the CiD—

1
isomers. 20 *H} QOSY and NOESY NMR spectroscopies group, whereas the atrane rings remained intact. The
were used to clarify the spectra (Figure S1). To accurately hydrolytic rate of the CHO— group is increased at higher
calculate the chemical shifts and the coupling constahts,

: . : pHSs. In contrast, dissolution &fin water results in complete
the spectra were simulated using gNNRhe experimental hydrolysis of the CHO— group and of the atrane ring. The
and the simulated spectra 8S-1 are shown in Figure 2 as yaroly group g

an -example. Chemical shifts] coupling Canta_mSy and  (38) Voronkov, M. G.: Zelchan, G. Khim. Geterotsikl. SoedirL969 450.
assignments of thiH NMR peaks ofLl—3 are listed in Table ~ (39) Voronkov, M. G.; Emelianov, I. S.; Dyakov, V. M.; Vitkovski, V

S3. The absence of symmetry in tB& and RR-isomers \1(3 Kapranova, L. V.; Baryshok, V. Khim. Geterotsikl. Soedii976
of 1 and 2 creates nonequivalent environments around the (40) Yoshikawa, A.; Gordon, M. Srganometallics2001, 20, 927.
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Figure 3. 29Si NMR spectra of 0.05 M ol (a) in D;O for 1 day, (b) in
D,O for 10 days, and (c) 0.10 M GEOOH in D,O for 2 days after
dissolution of the compound.

greater instability o8 compared td and2 can be attributed
to the structural differences of the chelate rings (nine-
membered SiC—C—C—O—C—C(OH)—C—N ring in 3
versus five-membered SC—C—C—N ring in 1 and2).

Addition of CRCOOH increases the hydrolysis rates of
the carbasilatranes at the atrane rings. THh&IMR spectra,
acquired at various times after dissolutionloef3 in water
and after the addition of 2 equiv of @EOOH, showed that
compoundsl and 2 are hydrolyzed completely within 3 h
after the addition of the acid wheredsis hydrolyzed
immediately (Figure S2).

29Si chemical shifts are very sensitive to the degree of
hydrolysis and condensation of silicon alkoxid&si NMR
spectroscopy has been used for the characterization of the
species formed from the hydrolysis of alkoxysilaf&g?
Figure 3 shows thé®Si NMR spectra and the assignments
of the peaks ofl in D,O in the absence or in the presence
of 2 equiv of CRCOOH. The?°Si NMR spectrum of a fresh
solution of 1 in D,O contained peaks only from the three
isomersR,S1, SR-1, andSS/RR-1 (S°). The spectrum of
the same solution 10 days later contained three additional
peaks originating from thR S, SR-, andSS/R,R-isomers
of the species hydrolyzed at the methoxy group).(¥he
—OH groups are more electronegative than th®CHs
groups and cause hydrolyzed monomericsBecies to be
shifted to fields lower than that of the’ SSurprisinglyR,S
and SR- appear to be hydrolyzed faster than ®&/RR-
isomers, which may be attributed to the larger steric
hindrance oR S andSR- compared t&S/R,R-. The?°Si
NMR spectrum of a fresh solution df in D,O in the
presence of 2 equiv of GEOOH gave peaks assigned to
the fully hydrolyzed open silatrane$, §,°S?, $i°S,'S:?, and
S1SIS;t (Chart 2). The chemical shifts of these peaks are
comparable with those usually observed for other trifunc-
tional alkoxy- and hydroxylsilanes. For example (3-amino-
propyl)trimethoxysilane gave peaks at approximatel4
ppm for the T, —53 ppm for the T*, and—62 ppm for the
T species X = 0—3).4

(41) Rousseau, F.; Poinsignon, C.; Garcia, J.; PopallCkem. Mater.
1995 7, 828.

(42) Innosenzi, P.; Brusatin, G.; Licoccia, S.; Vona, M. L.; Babonneau,
F.; Alonso, B.Chem. Mater2003 15, 4790.

The 'H and ?°Si NMR spectra of the CEOOH-
hydrolyzed1 and 2, at various times after pH adjustment
around 9, showed that the compounds remained hydrolyzed
for 4 days. However, the atrane rings subsequently started
to slowly chelate back the silicon atom in the alkaline
solution, and 40 days after the pH adjustment more than 60%
of the carbasilatrane was re-formed.

Hydrolyses of 1-3 in the Presence of VanadateThe
hydrolyses ofl—3 in alkaline aqueous vanadate solutions
(pH = 9) at 25 and 8C°C were followed by'H and >V
NMR spectroscopy. The Si resonances were not observed
in the vanadate solutions BSi NMR spectroscopy because
of the broadening caused by tH&V—2°Si coupling?®
Addition of vanadate in the aqueous solutions of carbasila-
trane at 25°C results in increase of the silatrane hydrolysis
rates (both methoxy and atrane hydrolysis) and the generation
of new vanadium species (vanadosilicates and vanadium
chelate complexes) as evidenced®By NMR spectroscopy.
The formation of the vanadium chelate complex with
concomitant ring opening d3R-1 is shown in eq 2.

o
ocn-l3 oH - (WAt
H.0 00—V,
‘o>\ +HVO, 7 ——~ [\ +CHOH (2)

&

The measurements of the amount of vanadium chelated
complexes versus time 5% NMR spectroscopy show that
these solutions need more than 5 days to reach equilibrium
at room temperature (Figure 4). Elevation of the temperature
%f the solutions up to 80C increases hydrolysis rates,
favoring the formation of higher nuclearity vanadosilicates.

ESI-MS Studies of 1-3. The speciation ofl—3 in
aqueous solutions was also studied by ESI mass spectros-
copy. Spectra collected 30 days after the dissolutioh iof
a H,O/CH;OH (1:1) solution are shown in Figure 5. The
mass spectra of these compounds support opening of the
atrane ring and partial oligonucleation of the silicates in
agreement with the NMR spectra. Despite the very slow
reactivity of carbasilatranes in,B, MS shows formation
of a number of mononuclear and dinuclear species in these
solutions (Chart 2). The dinuclear species were not detected
in the 2°Si NMR spectra of this solution probably because
they exist in small quantities. 4/CH;OH solutions ofl
acidified with CRCOOH were found to contain trinuclear
oligomers as well (Chart 2). The nuclearity of the species
formed in these solutions increased with time.

Characterization of Vanadium(V) complexes in Aque-
ous Solutions. Reaction of vanadate either directly with
aqueous solutions of the carbasilatrahe8 or with the Ck-
COOH-prehydrolyzed carbasilatranes at pHs1® results
in the formation of new vanadium complexes. Totals of 6
and 4 days for the former and the latter solutions, respec-
tively, are needed to reach equilibrium. The equilibrated
solutions have similar compositions as revealeG"WyNMR
spectroscopy.

HO" ISI\/\/N o]
Nel

il
il

]

(43) Artaki, I.; Bradley, M.; Zerda, T. W.; Jonas,Jl.Phys. Cheml985
89, 4399.
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Chart 2. Proposed Structures of the Species Identified by ESI-M$*of
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Figure 4. ESI positive-ion mass spectra ob®CH;OH (1:1) solution
containing (a) 0.04 M ofl. and (b) 0.04 M ofl and 0.2 M of CECOOH,
30 days after dissolution.
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the peaks at-481.0, —483.7, —487.8, and—484.4 ppm
(Figure 6) belong to the five-coordinated dioxovanadium
alcohol-aminate chelate complexas;1, V-2, V-3, andSS
V-1, respectively (Chart 3). An important feature of these
spectra is the difference between the chemical shiff-af
andSSV-1. More specifically, the peak 8SV-1 (—484.4
ppm) is downfield shifted by-3.4 ppm with respect to that
of V-1 (—481.0 ppm). On the basis éH and '3C NMR
spectra (described below in detail), it appears thatRise
V-1 isomer consists of about 94%1. To further investigate
this chemical shift difference, theV NMR spectra of the
aqueous solutions containing vanadate and the ligédasl
SS4 were acquired. These two ligands do not contain
silicon, but they have the same ligating groupd andSS

1. The peaks of the five coordinated dioxovanadium alcehol
aminate chelate complex¥s4 (mainly theR,S-V-4 isomer)
andSSV-4 appeared at484.0 and-481.4 ppm, showing
behavior similar to that of the related silicate comple¥es
and SSV-1. The observed chemical shift difference is
probably due to the structural differences between the two

Figure 6 shows th#"V NMR spectra of aqueous solutions complexes tha_t arise. from the different positions of the
containing equimolar quantities of vanadate and carbasila-methyl groups in the isomers (Chart 3).
trane. Four new peaks in addition to the resonances of the The solution structures of the chelate vanadium complexes

vanadate oligomers (monomern,\imer \,, tetramer \i,

(Vo) formed from the reaction of silatraneb—4 with

and pentamer ¥ appeared for these solutions, including the vanadateV-1—V-4, respectively) were examined Byl and

vanadate chelate compleXd) with alcohol-aminate group

13C NMR spectroscopy at pH 9. The chemical shifts of

and the vanadosilicates. The vanadosilicates gave one peakhe vanadate chelate complexes and the assignments in these

at—569.1 ppm, assigned to;8i; ([OsVOSIO(OH)RF"), and

H and 3C NMR spectra are collected in Table 2. The

two broader peaks at599.4 and-603.8 ppm, assigned to  assignments of the signals have been made on the basis of
the V,Si, oligomers. The chemical shifts of these peaks are 2D {*H} COSY, 2D{*H} NOESY, and proton-observed 2D
of magnitude similar to those observed for aqueous vana-{'H,"*C} correlations. The spectra contain broad peaks due
dosilicates derived from the reaction of sodium metavanadateto the presence of many compounds with similar structure,
and sodium metasilicate at pH 10.5. In this latter solution, produced both from the hydrolysis of the silatranes and the
V1Si; ([O3VOSIO(OH)Y]®") gives one resonance at569 complexation of the hydrolyzed silatranes with vanadate. The
ppm and the ¥Si, a broad resonance at603 ppm?®
The fve.coordinated geomeny o e vanadstedil o il (0 €% © €/ S00,0 10 40, Cer, Seesbt s e,
aminate negatively charged complexes in agueous solutionig) crans, D. C.; Chen, H.; Anderson, O. P.; Miller, M. 8Am. Chem.
is very well documented®V NMR spectra of these Soc.1993 115 6769.
complexes give peaks in a very narrow range betwe478 (47) Crans, D. C.; Shin, P. Knorg. Chem.1988 27, 1797.

o (48) Crans, D. C.; Ehde, P. M.; Shin, P. K.; Pettersson].LAm. Chem.
and —487 ppm**~48 Thus, it is reasonable to assume that Soc.1991, 113 3728.
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40 CIS value forV-4 is 13.8 ppm indicating that in solution

35 oo ° ° ° the vanadium nucleus of this complex has coordination

w0l sphere very similar to that of YTEA/V—TPA (five-

sl e u - m n coordinated vanadium atom). Because of the br_oadness of
< a" the peaks of the hydrolyzed carbasilatranes, it was not
gk AL possible to determine the CIS values for ¥hgcomplexes.

15 gadaa A A A However the'3C chemical shifts ofV-4 are similar to the

10 shifts of complexe¥/-1 andV-2 (Table 2), which suggests

5 a five-coordinated Vfor these molecules as well.

0l ‘ . ‘ ‘ Upon coordination of the diol aminate ligands to vana-

0 5 10 15 20 dium, formation of several different stereoisomers is ex-

Time (Days) pected, similar to what we had previously observed for
Figure 5. Diagram of the percentage of the vanadate chelate complexes compoundsl and 2. However, NMR spectroscopy shows
to the total vanadium versus time, calculated from>heNMR spectra of all compounds to be diastereomerically erFé)(l% ofRS

solutions in RO of 0.05 M of (a)1, squares, (b®, triangles, and (cB, . ) L L
circles. These data are the mean values of three separate experiments whiclBOMer), supporting that the coordination of the diaminate

were performed for each compound. The deviation was less than 5% of igands on vanadium(V) atom is stereoselective.
the mean values. . .

The stereochemistry of the vanadium chelate complexes
can be unequivocally assigned by the NOEs from tie H
to the protons of the propyl chain. The ZBH} NOESY
spectrum olV-1 is reported in Figure 7. The most significant
NOE is that of the K7 protons with the i 1, protons of
the propyl chain, indicating that the absolute configuration
of the asymmetric centers of-1 is the G(9-C«(R). To

pH=8.89

o v2

il confirm that the other stereoisomers do not form stable
o) V8,81 complexes with vanadate, the reaction mixtures of vanadate
P v, with the S,S1 or theR R-1 isomers were examined B}V,
a’pH=9_52 va VU v:hsh v, Vish 3C, and 'H NMR spectroscopy. The spectra of these
solutions showed that only a very small quantity of com-
450 -500 ppm -550 -600 -650 plexed vanadate is present (4.68&V-1) (Figure 6), in
Figure 6. 5 NMR spectra of DO solutions containing 0.05 M of GF accordance with our NOE resuli:2 andV-4 gave similar
COOH prehydrolyzed (a}, (b) SS-1, (c) 2, and (d)3and 0.05 M Nav@Q. cross-peaks in the 2D'H} NOESY spectra, indicating that

The pH’s of th lutions h ' h NaoD. ; e
€ pH's of these solutions have been adjusted aphith NaO these complexes haves(S)-C-(R) configuration similar to

Chart 3. Proposed Trigonal Bipyramidal and Tetragonal Pyramidal that of V-1.

Structures $R- and S, S-Configurations) in Solution of th¥/-Chelated . s
Complexes56 on the gasis élf-l?li‘ic, and)51v 1D NMR and 2D{ 'H} Relative Stabilities and pH Dependence of the Vana-

COSY and NOESY Spectra dium Complexes.The stability of these complexes varies
with the ligand and with the reaction conditions; among them
the pH plays a particularly important role. Diagrams \6f][

[V 1] versus pH gave bell type curves, which are well-known
for alcohol-aminate vanadium(V) complexésThe opti-
mum pH (pHy, pH of higher complex stability) for each
vanadium(V) complex was estimated from these diagrams
and is listed in Table 3. The pHvalues for these complexes
ranged from 8.5 to 9.5, which is close to the optimum pH
(8—9) obtained for simpler alcohelaminate vanadium(V)
complexes® To investigate the stoichiometry and stability
of the complexes, the amount of complex in a series of
solutions containing variable vanadate and ligand concentra-
tions at optimum pH was measured ¥y NMR. The plot

'H and*3C NMR spectra of the vanadate silatrane aqueous of [V-4] versus [\Vi][4] gave a straight line, which proves

solutions give peaks from the free atrane group, the atranethat the formed complex is mononuclear. In contrast, the

group coordinated to silicon, and the atrane group coordi- respective plots of the chelate vanadate complexes with

nated to vanadium. carbasilatranes were not linear. The lack of linearity is
The solution structure d¥-4 was investigated using the probably due to the existence of several other equilibria
13C coordination-induced shift (CIS dcoordinated ligand— Ofree between the silicates and vanadate that could not be

ligand) values. The V-TEA/V —TPA (TEA = triethanolamine, accurately observed due to the overlap of the peaks in the
TPA = triisopropylamine) complexes for the carbon atoms 5%V spectra. Excess of silatrane in solution results in the
Cs.7 exhibit a CIS value of+15 ppm?#* The corresponding  formation of more chelate compléx., whereas excess of
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Table 2. 'H NMR, 13C NMR, and>V NMR Chemical Shifts ofV; Chelate Complexes of Vanadium(V) with Carbasilatranes

atoms SSV-1/RR-V-1 RSV-1/SR-V-1 RSV-2/SR-V-2 V-3 V-4 SSV-4
Cy, Hi2 54.83,3.14 54.81, 3.18 79.80 54.07, 3.15
Cy, HA 18.63, 1.64 19.29, 1.74 20.45 17.42,1.64
Cs, H? 11.47,0.89
Ca,5, Ha5pa Has)s? 66.15, 2.15, 3.32 64.32, 2.32, 3.50 70.59, 2.79 66.15, 2.13, 3.39 2.4,2.7
Ce,7, Hs 7 76.34,4.70 80.87, 4.57 52.84, 4.03 76.30, 4.67 4.6
Cg,a Hg,9a He9)8* 20.56, 1.14 20.54, 3.483.79 20.08, 1.05
Jus)a-@5)0 11.46
J6.7- (4.55,96,7- (4.5, 11.46, 2.69
J6,7-8,9)a J6,7-8.9) 9.39
Slya —481.0 —484.4 —483.7 —487.8 —484.0 —481.4

a Chemical shifts in ppm? Hi—H; coupling constants in HZ.Js 7, 9)a= J6.7-(8.9)>

76 45() 45) 2 ‘ go (Table 3). However the stabilities of the vanadium(V)
' I\ / N\ J complexesV-1 and V-2 comprise the stabilities of all
i ‘ vanadium isomers formed from the reaction of vanadate with

o  ufos0 the mixture ofSS, RR-, RS, and SR-isomers ofl or 2,

rﬁ o e - .’*-b F1.00 respectively. The concentrations ESRR-V-1 in the
a0 8 8 ":'_ o P10 aqueous solution containing equimolar quantities (0.050 M)

ali . I g " [2.00 vanadate and at pHy,,; were found to be 15 times smaller

* o# LI ST PP than that folSR-V-1, whereas th&® SV-1 was not detected
| 5 &< il
> o s
¥
)

L

as evidenced by multinuclear NMR spectroscopy.

. # ; ! , ﬂ " 00 Apparently this large stability difference between the
' %z i 350 stereoisomers can be attributed to neither the electron
L@%’ S F4.00 donation by the nitrogen atom nor th&jof the ligand nor
“,i -— -4.50 general solvation effects. It must be attributed to stereo-
450 400 350 300 250 200 150 1.00 ppm T chemical factors originated from the different orientation of
Figure 7. 2D {H} NOESY spectrum of a D solution containing 0.05  the substituents X on the ligand stereoisomers (Chart 3). To
M 1and 0.05 M NavQ@at pH= 9.3, at 25°C using mixing timetm = 300 avoid any possible complications caused by the silicates,

ms. The solution has been allowed to equilibrate for 7 days. The numbers ¢j i ; i _gili -
in the 1D1H NMR on the top represent the profons of §B.V.1 chelate similar experiments were conducted using the non-silicate

complex. The two arrows in the 2D show the cross-peaks of the NOE contfaining ."gandsfl andSS4. The Concemratio_n o&R-
interaction between the protonskand H. V-4 is 12 times higher than those of tf85R R-isomers,
Table 3. Stability of the Alcohol Aminate Vanadium(V) Complexes supporting the argum_ept that steric factors are reSponSIble
1—a2 for the observed stability differences.

There exist only few oxovanadium complexes with chiral

complex 6(5V) (ppm) V. (% to the tot. V) PHpt . . S .
triethanolamine derivatives whose crystallographic charac-

V-1 —484.4 23 9.52 o ; . 5

SSV-1 _481.0 1.6 032 terization has been reported in the literattf®.5° These

V-2 —483.7 15 8.90 complexes exhibit approximately trigonal bipyramidal co-

V-3 —487.8 33 8.89 ordination geometry, with the nitrogen and terminal oxo

V-4 —484.0 45 8.90 . ; hy . .

SSV-4 _481.4 20 8.90 atoms in axial positions. In all these studies the ligands were

o ) , found to be homochiral in the solid state. Although for the
aThe reactions in this work were studied at 50 mM concentrations of thesis of di V) tri-2 laminate C
silatranes and 50 mM vanadate. The NMR spectra were acquired 4 dayssyn esis ol oxovana "j'm( X ) tri- -propano_ aminate rans
after the preparation of the solutions. et al. have used racemic tri-2-propanolamine, most of the
precipitate consisted of the homochiral isomer. This indicates
vanadate favored the higher nuclearity vanadosilicates V that even small substituents, such as-Mgroups, control
Si, (Figure S3). the stereochemistry of these compounds through steric
interactions!® Unfortunately there have been no crystal-
lographic data on the five-coordinated alcohaminate di-
) . oxovanadium(V) species to date. However, a trigonal bipy-
|mportant facto.rs that control the stability of the alcohol ramidal geometry for the dioxovanadium(V) compounds
aminate vanadium(V) complexésFor example MeDEA  gnqid stabilize the homochir®S and RR-complexes
(PKa = 8.52) forms more stable complexes than DEA and petter than theneseisomers, due to steric interactions (Chart
EtDEA (pKa = 8.88 and 8.66, respectively). The presence 3).
of an extra chelating functionality (vTPA, V-TEA), even It is possible that the complexes exhibit structures similar
when it is pendant in aqueous solutifmay contribute to  to those of the analogous five-coordinated dioxomolybde-
the stability of the vanadium(V) compleX/; complexes num(VI) complexesgis-dioxo(2,2-oxydiethanolatd®,0’',0")-
formed from the reaction of vanadate with the mixture of
; ; ; (49) Nugent, W. A,; Harlow, R. LJ. Am. Chem. S0d.994 116, 6142.
diastereoisomers of the carbasilatranes appear to followgo) wemme, A, A Bieidelis, Y. YLats. PSR Zinat. Akad. Vesfihim.
similar stability rules, with stability ordev-3 > V-2 ~ V-1 Ser.1976 322.

It has been previously shown that the,f the protonated
amino—alcohol and the alkyl substitution on the ligand are

7520 Inorganic Chemistry, Vol. 44, No. 21, 2005



Interaction of Vanadate with Carbasilatranes
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Figure 8. Structures of [(ODE)Mog] and [(HNO;)MoO,].
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Figure 9. Partial 2D{1H} EXSY spectra of RO solutions containing
0.05 M NaVG and 0.05 M (a)l at pH 9.5,t, = 250 ms, (b)2 at pH 9.6,

tm = 360 ms, and (cY-4 at pH 9.6,t,, = 700 ms, at 50C. The solutions

a and b have been allowed to equilibrate for 7 days. Numbers with asterisks
show the protons of the chelate compleXés whereas numbers without
asterisks are the protons of the carbasilatranes.

oxomolybdenum(VI) [(ODE)Mog] andcatena((uz-0x0)(N-
(phenyloxyethyl)N-(1,2-diphenyloxyethyl)amine)oxomo-
lybdenum(VI) [(HNQ)MoO,] (Figure 8)°152 These com-

plexes have a distorted square pyramidal geometry, with the

two ethanolate rings and one of the two oxo groups defining
the basal plane of the pyramid. Careful examination of this
geometry for the§S, RR-, RS-, andSR-isomers suggests
that SR- will be the sterically less hindered structure. In
particular, the two methyl groups have more space in the
SR- isomer whereas one methyl group in t8& or RR-

and both of them in th& ,S-isomer are very close to the
propyl group, inducing destabilization of these configurations
in agreement with the experimental data.

Ligand Exchange of Vanadium Complexes.The ex-
change reactions between free ligand andtheomplexes
were studied by 20'H} EXSY spectroscopy (Figure 93.

The 2D{H} EXSY experiments were conducted at 25 and
50°C on samples containing 500 mM vanadate and 500 mM
of silatrane. The 2D spectra clearly show exchange between
the peaks oiV. and the resonances of tfS- andSR-
carbasilatranes. The resonanceS@&/R,R-isomers did not
give any cross-peaks due to the very small quantities of the
SS/RR-V. complexes present in solution. The exchange
rates could not be accurately calculated due to the overlap
of the diagonal peaks. However, a rough approximation of
the exchange rates, using the ratios of the intensities of the
cross versus the diagonal peaks measured in th¢'RD
EXSY spectra oW/-4 andV-1, revealed thaV¥-4 exchanges
faster tharV-1. This rate difference is explained by the extra
step needed to open the carbasilatrane chelate ridgaf

the alcohot-aminate ligand to ligate vanadate.

Conclusions

In this study we have synthesized carbasilatrdre3and
their complexes with vanadate. The speciationlef3 in
aqueous solution at alkaline and acidic pH’s was investigated
by H, BC, and ?°Si NMR spectroscopy and ESI mass
measurementd and2 were found to be hydrolyzed slowly
only at the methoxy group. The lower stability &fin
aqueous solution comparedt@nd?2 has been attributed to
the different size of the SiC---N atrane chelate ring (nine-
vs five-membered il and?2). Addition of vanadate results
in a significant increase of the hydrolysis rates of carbasi-
latranes by opening of the atrane moiélyl, 1°C, and®V
NMR spectra show the formation of vanadosilicates and five-
coordinated diot or triol—aminate dioxovanadium chelate
complexes. Although racemit or 2 were used for the
complexation of vanadium ion, NMR spectroscopy shows
that theSR-isomer comprises 94% of the product formed,
whereas theR,R-/SS-isomer accounts only for 6%. This
stereoselectivity has been attributed to the steric interactions
between the methyl or hydroxymethyl groups (foand?2,
respectively) and the carbon atoms of the chelate rings.
Examination of the structures and comparison with other
literature structures leads to the conclusion that only the

(51) Wilson, A. J.; Penfold, B. R.; Wilkins, C. Acta Crystallogr, Sect.
C: Cryst. Struct. CommurL983 39, 329.

(52) Barbaro, P.; Belderrain, T. R.; Bianchini, C.; ScapaccinGrg. Chem.
1996 35, 3362.

(53) Crans, D. C.; Jiang, F.; Boukhobza, I.; Bodi, I.; Kiss|rlarg. Chem.
1999 38, 3275.
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temperature. The highest concentrations of the chelate Supporting Information Available: Figure S1, 2D{H} (A)
complexes were found at pH 9; they increased upon  cosy and (B) NOESY spectra of 0.05 M 851 in CDCl; at 25
increasing the carbasilatrane concentration. On the otherec and a mixing time for the NOESY,, of 860 ms, Figure S2,
hand, higher temperatures favor the formation of vanado- diagram of the percent hydrolyzed carbasilatranes versus time
silicates. 2D{'H} EXSY NMR studies demonstrate that calculated from théH NMR spectra of 0.05 M BO solutions of
compoundsl—4 are involved in an exchange process with (a) 1, empty rhombus, (b3, filled circles, and (c3B, filled squares,
theV-1—V-4, respectively. The exchange rate of this process in the presence of 0.10 M GEOOH, Figure S3;'V NMR spectra

for V-1 is slower than the rate for-4. This is attributed to and assignments of D solutions containing various concentrations
the slow opening of the atrane ring bfIn conclusion, pH, ~ °f vanadate and GEOOH-hydrolyzed1, Table S1, atomic
concentration, temperature, and the structure of the Iigandcoordlnates>€10“) and equivalent isotropic displacement parameters

. tant fact that trol th iation in th (10® A?) for 1, whereU(eq) is defined as one-third of the trace of
are important tactors that control the speciation in these ., orthogonalizetl; tensor, Table S2, bond lengths (A) and angles

vanado-carbasilatrane solutions. When using these com- (deg) for 1, Table S3, anisotropic displacement parameterd (10
pounds, alone or in combination with other silicates, t0 A2)for 1, where the anisotropic displacement factor exponent takes
produce sotgel materials it is clear that, depending on the form—2z2[h2a*2U11 + ... + 2hkatb*U17, Table S4, hydrogen
solution conditions and the structure of the ligand, one can coordinates % 10% and isotropic displacement parameters’(A@)
produce solid catalysts with widely varying properties. An for 1, Table S5!H NMR, 1*C NMR, and?*Si NMR chemical shifts
investigation of the relationship between the vanadate in CDCl and'H NMR coupling constants for silatrarie-3, and
carbasilatrane solution conditions and the structure of final Table S6,'H NMR and **C NMR chemical shifts in BO for
sol-gel materials as well as the activity and stereoselectivity silatrane1—3. This material is available free of charge via the
of the metal ion centers in catalytic oxidation reactions is 'Mtemet at hitp://pubs.acs.org.

currently underway. IC050929Q
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