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Abstract—The [VO(acac),]/Schiff base [R-2-(N-3,5-di-tert-butylsalicylidene)amino-2-phenyl-1-ethanol, S-2-(N-

3,5-di-tert-butylsalicylidene)amino-3,3-dimethyl - 1-butanal,

S2-(N-3,5-di-tert-butylsdlicylidene)amino-3-methyl -

1-butanal, or R-2-(N-3,5-di-tert-butyl sdlicylidene)amino-3-phenyl - 1-propanol]/H,0, catalytic systemsfor the asym-
metric oxidation of sulfides and the [VO(acac),l/(3bR4aR)-2-(3,4,4-trimethyl-3b,4,4a,5-tetrahydrocyclo-
propa 3,4] cyclopenta 1,2-c] pyrazol- 1-yl)ethanol /tert-butyl hydroperoxide/ TBHP and VO(OAIkyl)4/[2,2] paracyclo-
phane-4-carboxylic acid N-(1,1-dimethylethyl)-N-hydroxamide/ TBHP catalytic systems for the asymmetric epoxi-
dation of alylic acohols were studied using 13C, 5V, and 7O NMR spectroscopy. The key intermediates of these
systems (peroxo and a kyl peroxo complexes of vanadium(V)) were detected, their structuresin solution were studied,

and the reactivity was evaluated.

INTRODUCTION

The development of methods for the preparation of
optically pure compounds is a priority branch of
present-day metal complex catalysis. At the sametime,
studies of the mechanisms of asymmetric catalytic
reactions have received little attention. It is evident that
knowledge of the detailed mechanism of operation of a
particular system can be of crucia importance in
revealing factors responsible for the level of asymmet-
ric induction and the yield of products, as well as in
improving the available systems. This article is a brief
review of studies that were performed at the Boreskov
Institute of Catalysis, Siberian Division, Russian Acad-
emy of Sciences, on the active intermediates of the fol-
lowing three catal ytic systems based on vanadium com-
plexes with chiral ligands: (1) the [VO(acac),]/Schiff
bases [R-2-(N-3,5-di-tert-butylsalicylidene)amino-2-
phenyl-1-ethanol (1a), S-2-(N-3,5-di-tert-butylsali-
cylidene)amino-3,3-dimethyl-1-butanol (1b), S2-(N-
3,5-di-tert-butyl salicylidene)amino-3-methyl-1-butanol
(1c), and R-2-(N-3,5-di-tert-butylsalicylidene)amino-
3-phenyl-1-propanol  (1d)]/H,O, systems for the
asymmetric oxidation of sulfides and the (2)
[VO(acac),]/(3bR,4aR)-2-(3,4,4-trimethyl-3b,4,4a,5-
tetrahydrocyclopropa[ 3,4] cyclopenta| 1,2-c] pyrazol-
1-yhethanol (2)/tert-butyl hydroperoxide (TBHP) and
(3) VO(OAIkyl)4/[2,2] paracyclophane-4-carboxylic acid
N-(1,1-dimethylethyl)-N-hydroxamide (3)/TBHP sys-
tems for the asymmetric epoxidation of allylic alco-
hols.

The first test system was developed for the enanti-
osel ective oxidation of organic sulfides[1] (Scheme 1).

S_ O
I

1. VO(acac), (1 mol %) S*\

2. 1a-1d (1 mol %)

3. H,0, 30% O/ ,

in a CH,Cl; solution

H
x N ~R
where isachira ligand,
oH HO
1

R=Ph (1a), -Bu (1b), i-Pr (1¢), CH,Ph (1d).
Scheme 1.

Sincethe publication by Kagan [2] about a modified
Sharpless reagent, the titanium tetraethoxide/tartrate
ligand/water/alkyl hydroperoxide system, the asym-
metric oxidation of sulfides has attracted considerable
interest. Chiral sulfoxides are used in the pharmaceuti-
cal industry, household chemical goods, and agricul-
tural chemistry. However, the above titanium-tartrate
systems are characterized by low catalyst turnover
numbers; thisis an obstacle to the wide commerciaiza-
tion of these systems. The vanadium system considered
in this paper can operate at a catalyst concentration of
0.01 mol % [1]. Inthis case, it exhibited an enantiomer
excess (ee) of up to 59% even with a simple substrate,
thioanisole (for other substrates, the ee was as high as
85%). Thus, this system is attractive in terms of both
practical applications and detailed mechanistic studies.
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The second and third systems studied in this work
were designed for the asymmetric epoxidation of
alylic alcohols. The early most outstanding success in
this area of oxidation catalysis was associated with the
well-known Sharpless system, which was discovered
by Katsuki and Sharpless: titanium tetraethoxide/tar-
trate ligand/alkyl hydroperoxide [3, 4]. This system
remains unsurpassed in terms of asymmetric induction
level; however, it is characterized by a small turnover
number of no higher than 10-20, which stimulates the
search for new organometallic catalysts. The second of
the above systems was first studied at the Boreskov
Institute of Catalysis, Siberian Division, Russian Acad-
emy of Sciences; the maximum diastereoi somer excess
(de) was 56% for linalool [5] (Scheme 2).

The third test system based on vanadium com-
plexeswith chiral hydroxamic acidsisareturnto the
system that was also developed previously by
Sharpless (vanady! tris(alkoxide)/chiral hydroxamic
acid/tert-butyl hydroperoxide [6]) on a new level:
the ligand (hydroxamic acid 3) incorporates a para-
cyclophane fragment, which exhibits planar chiral-
ity [7] (Scheme 3).

Undoubtedly, a key point in the understanding of
reaction mechanisms is knowledge of the nature of
intermediates (structure, stability, and reactivity). The
intermediates of the above three systems were studied
using NM R spectroscopy. The monitoring of vanadium
complexesin reaction mixtures was performed by mea-
suring %'V NMR spectra, whereas *C and YO NMR
spectroscopy was used for determining the structures of
intermediates.

4 \2/0(a:a:)2

,.n\‘OH t-BuOOH
2 PhOH

(-)—(3R)-lina ool
de <56%

2R/2S isomer mixture

335
[VO(acac),]/1a—1d/H,0, Systems

Previoudy [8a], it was found that, in the
[VO(acac),]/1a/H,0, cataytic system in a CH,Cl,
solution immediately after the addition of H,0,, two
signals (at —511 and —645 ppm) were predominant in
the 'V NMR spectrum (Fig. 1). Signals A and B were
tentatively attributed to the peroxo complexes of vana-
dium(V) containing chiral ligand 1. Signal C belongsto
the bis(peroxo) complex [VO(0O,),(H,O)]~ [9]. How-
ever, with the use of 'H NMR spectroscopy, it was
found that a large quantity of free (uncomplexed)
ligands were present in the system. Moreover, parent
vanadyl(1V) acetylacetonate is paramagnetic, which
impairs resolution in the 'H and '*C NMR spectra.
Therefore, to avoid the undesirable presence of free
ligands and paramagnetic vanadium(lV) impurities, we
successfully used tris(isopropyl) orthovanadate
[VO(Oi-Pr);] as a source of vanadium. Moreover, the
system was made homogeneous. 80-90% hydrogen
peroxide dissolved in CH;CN was used as an oxidizing
agent.

[VO(Oi-Pr)g] /Chiral Schiff Base 1a/H,0, System

Figure 2a demonstrates the 'V NMR spectra of
vanadium(V) compounds formed in the [VO(Oi-
Pr);]/1a/H,0, system at —12°C. Two signals of equal
integral intensities and equal widths at -514 (Av,, =
700 Hz) and —651 ppm (Av,,, = 680 Hz) were predom-
inant in the spectrum. These signals are identical to

Scheme 2.

VO(Oi-Pr)3 (5 mol %), O
ligand 3 (7.5 mol %) . . .
PN OH B0 (15 equ ™ 1 OH: whee ligand 3

Me tholyol, -20°C Me
1
@]
R = adamantil (3a), -Bu (3b)
Scheme 3.
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Fig. 1. IV NMR spectra of a solution of 2.5 mg of
VO(acac), and 7 mg of ligand 1a in 600 pl of CH,Cl,; the

spectra were measured (&) before the onset of reaction and
at different points in time after the addition of 3 pl pf 30%
H,0,: (b) after 3 min, (c) after 60 min, and (d) 3 min after
the addition of another 3 pl of H,0,.

those in the [VO(acac),]/1a/H,0, system, and they
belong to the two complexes A, and B, [8b]. The con-
centration ratio between complexes A,, and B,, isclose
to 1, and the line widths are approximately equal.

At room temperature, complexes A,, and B, sym-
batically disappeared with 1,, =20 min. The concentra-
tion of these complexes can be restored by the addition
of anew portion of hydrogen peroxide. The addition of
thioanisole (to aconcentration of 0.5 M) resulted in the
rapid disappearance of both complexes within a spec-
tral accumulation time (2 min). Thus, either or both of
the complexes (A,, and B,,) are active toward sulfide.
The 3'V chemica shifts of complexes A,, and B,, lie
within arange typical of the monoperoxo complexes of
vanadium(V) with O- and N-donor ligands [9-12]. All
the above data suggest that A,, and B, are peroxo com-
plexes of vanadium(V) (see also [13]). Signals at —200
to —400 ppm belong to unidentified degradation prod-
uctsof complexes A, and B,, (marked with asterisksin
Fig. 2a). The intensity of these signals increased with
time as the intensity of signals due to A, and B,
decreased. A line at =688 ppm belongs to the complex
[VO(0,),(H,0)] [9].

It was found that peroxo complexes A;, and By,
each contain one chiral ligand per vanadium atom. As
judged from the widths of >V signals, these complexes
are mononuclear [8b]. In the spectrumin Fig. 2b, asig-
nal of complex A (&CH, = 79.5 ppm) and a signal of
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Fig. 2. (@ 'V and (b) '3C{'H} NMR spectra of the
[VO(Oi-Pr)3]/1a/H,0, system at —12°C. Line x belongs to
the residual complex [VO(Oi-Pr)la].

complex B (&CH, = 84.1 ppm) are marked; two other
marked signals in this region belong to the CH carbon
atoms of complexes A, and B,,. Signals in the region
120-150 ppm are the lines of aromatic carbon atoms of
A,, and B,,; linesin the region 160-170 ppm belong to
the C=N and aromatic C-OH carbon atoms of A and B.

[VO(Qi-Pr),]/1b-1d/H,0, Systems:
The Nature of Active Intermediates

Two sorts of complex B occurred in the [VO(Oi-
Pr);]1/1b/H,0, system; because of this, two >'V NMR
signals appeared in the region characteristic of com-
plexes of this type (—633 and —650 ppm), whereas one
peak at —395 ppm belonged to complex A (Fig. 3).

The existence of two forms of complexes By,
resulted in additional splitting of '*C NMR signals due
to CH, carbon atoms (peaks at 77.1 and 77.3 ppm) and
asymmetric CH carbon atoms (86.0 and 86.1 ppm;
Fig. 3b, insert). This allowed usto distinguish the lines
of By, from the lines of A,, (CH, at 65.7 ppm and CH
at 74.5 ppm). Note that the chemical shift of the CH,
carbon of Ay, (65.7 ppm) is close to the shift in free 1b
(63.5 ppm), whereas the shifts of the CH, carbon of By,
are much greater (77.1 and 77.3 ppm). This fact indi-
cates that the CH, carbon atom in A,,, ismuch less dis-

KINETICS AND CATALYSIS Vol. 44 No.3 2003
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Fig. 3. (@) °'V and (b) '3C{'H} NMR spectra of the [VO(Oi-Pr);]/1b/H,0, system at —12°C. (a) Signals (*) in the region from
—200 to —300 and at —580 ppm belong to unidentified products of the degradation of A1, and Byy,. (b) Signals due to free ligand 1b

are marked with 1 (3(CH,) = 62.2 ppm; 8(CH) = 81.0 ppm).

turbed by ligand coordination to vanadium than that in
B,,- Scheme 4 illustrates the structures proposed for
complexes A and B with consideration for the above
special features (ligand L = i-PrOH or H,0). Theligand
coordination is bidentate or tridentate in complex A or
B, respectively.

R \\H OH R \\H
f O . (e}
_N\ Il N\ Il /O\H
/Y\_—/ == /Y\_—/O
o @]
X (0] L X (@) L
X X
A B
Scheme 4.

The 'V and 3C NMR spectra of vanadium com-
plexes in the [VO(Oi-Pr);]/(1a-1d)/H,0, systems with
all ligands 1a—1d were recorded. In all cases, the con-
centration ratio A/B was of the order of 1; complexes A
and B with any ligands exhibited approximately equal
activitiestoward thioanisole. The3'V chemical shifts of

KINETICS AND CATALYSIS Vol. 44 No.3 2003

complexesB,,, By, B, and B, werevery close (Table 1).
Thus, it is reasonable to expect that the structure of all
complexes B is analogous to the structure of complex
B, (Scheme 4). Based on the same arguments, com-

Table 1. The >V chemical shifts (ppm) of the peroxo com-
plexes of vanadium(V) (ppm) in the [VO(Oi-Pr)s]/(la—
1d)/H,0, catalytic systems at —12°C

Entry Ligand Complex A | ComplexesB
1 la -514 —-651
2 1b -395 —633, —650
3 1c -396 —636, —654
4 1d* —-386 —633, —650
* At 5°C.
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Fig. 4.V NMR spectra of vanadium(V) complexes formed in the [VO(Oi-Pr)3]/1¢/H,0, system in a CH,Cl, solution at 5°C: (a)
100 pl of i-PrOH was added; (b) 300 pl of i-PrOH was added. Lines marked with L; and L, belong to complexes A;. and By with
different axial ligandsL (L; = H,O; L, = i-PrOH). Signals marked with asterisks were unidentified.

plexes Ay, Ay, and A4 (Table 1) should have the same
structure—the structure of complex A (Scheme 4; L =
H,O or i-PrOH).

Let us discuss the reason for the appearance of two
>V NMR signals for complexes By, B, and B4 (see
Table 1) using complex B, as an example. By analogy
with the results obtai ned using vanadium(V) complexes
with amino acid salicylaldimines and polyhydric alco-
hols [14] and with data published by Bolm et al. [15],
we assumed the existence of two diastereomers of com-
plexes B,. (endo and exo forms; Scheme 5, where L =
H,O or i-PrOH). The 'V NMR signals at 636 and
—654 ppm correspond to these forms. It was found
experimentally (5°C) that each diastereomer of B, can
exhibit two peaksin the®V NMR spectrum because of
H,O or i-PrOH coordination to one of the coordination

sites: peaks at 634 and —642 ppm belong to the pre-
dominant isomer, whereas the second isomer exhibits
signals at -660 and —665 ppm (Fig. 4).

H
Hinum, it R
(e} (@]
_N\ \”/ JO~NH H-OL \”< N=
N %
X ogho o\ X

L L

X X

endo-B exo-B

Scheme 5.

Thus, the monoperoxo complexes of vanadium(V),
which are intermediates in a catalytic system for the
enantioselective oxidation of sulfides, were success-

KINETICS AND CATALYSIS Vol. 44 No.3 2003
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Fig. 5. 1V NMR spectra of vanadium(V) complexes formed in the [VO(acac),]/2/t-BUOOH system in a CH,Cl, solution at 20°C:
(a) [VO(acac),] = 0.019 M, [2] = 0.024 M, and [t-BuOOH] = 0.083 M; (b) [VO(acac),] = 0.019 M, [2] = 0.10 M, and [t-BuOOH] =
0.33 M; (c) [VO(On-Bu)3] =0.01 M and [2] = 0.025 M. The signal of residual VO(On-Bu); is marked with an asterisk (& =-591 ppm).

fully characterized with the use of the NMR spectra of
various nuclei.

[VO(acac),] /Terpene Ligand 2/tert-Butyl
Hydroperoxide System

The oxidation of linalool with TBHPin the presence
of [VO(acac),] in catalytic amounts was first described
in 1973 [16]. In this case, 1,2-monoepoxide was pre-
pared almost quantitatively. In the system that will be
considered below, the highest diasterecisomer excess
was 56% (toluene; 20°C; [2]/[VO(acac),] = 6 : 1) at
97% conversion of linalool [5].

Figure 5 demonstrates the spectra of vanadium

compounds occurring inthe [VO(acac),]/2/TBHP cat-
alytic system. The data of predecessors allowed us to

KINETICS AND CATALYSIS Vol. 44 No.3 2003

attribute some of the observed signals: & = -350 ppm
([VO(acac),00t-Bu]) and & = 489 ppm
([VO(acac),0t-Bu]) [17]. A broad signal at -517 ppm
(Av,;, = 1.0 kHz) belongs to a new complex denoted
by I. Itschemical shift liesintheregion typical of vana
dium(V) complexes with O,N-donor ligands[18]. Note
that complex I can be quantitatively prepared in solu-
tion from [VO(On-Bu);] and ligand 2 (Fig. 5c). This
fact was used in the subsequent study: [VO(On-Bu);]
wastaken in place of [VO(acac),] asasource vanadium
compound; this allowed us to obtain qualitative *C
NMR spectra. Complex I contains one ligand molecule
per vanadium atom; *C NMR dataare givenin Table 2.
A comparison between the chemical shiftsin the ligand
and complex I demonstrates that carbon atoms at the
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1-, 3-, and 5-positions are most perturbed by coordina-
tion. Thus, it ismost likely that the ligand coordination
istridentate (Table 2).

The 7O NMR spectrum of complex I exhibited
onelineat 1175 ppm (Av,,, = 800 Hz), which istyp-
ical of O> and OH- in the six-coordinated com-
plexes of vanadium(V) [19]. Bridging oxygen atoms
(V-O-V, characteristic signals in the region 500—
600 ppm) were not detected. Thus, I is a mononu-
clear vanadium(V) complex containing one chiral
ligand and O* and OH~ ligands.

BRYLIAKOV, TALSI

It was also found that complex I was formed only if
1 equiv. of H,0O was added to the system in accordance
with Scheme 6 [5].

o)

Il N (llj/O

V(On-Bu)z + Hy,O + L === (N VSt 2n-BuOH
n-BuOH

Scheme 6.

Scheme 7 demonstrates the most probable structure
of complex I and the exchange processes: proton trans-
fer between oxygen atoms and ligand exchange at the
axial position [5].

PRI
0 / 0\ n-BuO OH
(N\ll 0 n-BuoH <N\II/ O <N\\I//O
N/fQO MBUOH  \N-7KS O N~ [0
e n-BuCH n-BuO
n-Bu'OH 7o\ 7
<N\\II/ ~OH
NS0
n-BuO
Scheme7

Reaction of Complex | with tert-Butyl Hydroperoxide

On the addition of various amounts of TBHP to a
solution of complex |, it was found that the 3'V chemi-
cal shift depends on the concentration of TBHP. This
fact suggests rapid exchange between at least two spe-
cies that occur in solution (Fig. 6). At the same time,
t-BuOO~ groups coordinated to vanadium were not
detected in the 3C NMR spectra at temperatures from
—90 to 0°C. These facts are indicative of the formation
of the very short-lived complex I - TBHP. The concen-

tration of TBHP in the sample remained constant at
=5°C; the addition of linalool resulted in a decrease in
the TBHP concentration, and the formation of diastere-
omeric linalool oxide was observed ([2] = [L] =
0.024 M; [TBHP] = 0.4 M; [linalool] = 0.2 M; de 28%;
almost complete conversion for 15 min). This suggests
that the complex I - TBHP is active toward allylic alco-
hols and can lead to an asymmetric reaction.

The following should be explained for determining
the nature of the complex I - TBHP: (1) the short life-

Table2. The'3C chemical shifts (ppm) of ligand 2 and complexes| and | - TBHPin a CH,Cl, solution

Atom number*
Sample
1 2 3 4 5 6 7 8 9 10 11 12
2 62.8 52.7 | 1436 | 126.3 | 1529 | 134 24.6 14.6 35.5 235 27.3 27.6
| ** 73.7 524 | 1486 | 1279 | 1554 | 14.3 25.2 14.8 35.2 23.9 27.3 27.8
| - TBHP*** 73.6 52.3 | 148.0 | 1275 | 1551 | 144 24.9 14.7 35.0 23.7 27.4 27.6

* Carbon atoms are numbered in accordance with Scheme 2.

** Complex | ([1] = 0.010 M) was prepared from VO(On-Bu)z and 2 (2/V = 1: 1) in 3 ml of CH,Cl,.
*** Tosamplel ([I] =0.024 M; 2/V = 1: 1; 3 ml of CH,Cl,), 60 pl of t-BuOOH was added at -5°C; [t-BuOOH] = 0.2 M. The signals of

KINETICS AND CATALYSIS Vol. 44 No.3 2003



INTERMEDIATES OF ASYMMETRIC OXIDATION PROCESSES CATALYZED

time of the complex, (2) the absence of t-BuOO- groups
coordinated to vanadium, and (3) why the complex was
formed with TBHP but not formed with t-BuOH (no
concentration dependence of the 'V chemical shift).
All of these facts were explained in terms of a hypoth-
esis on the formation of an outer-sphere 1 : 1 complex
between I and TBHP[5, 20]. The experimentally found
dependence of the 'V chemical shift of the complex
I-TBHP at various temperatures is fully consistent
with the following theoretical function for an outer-
sphere1: 1 complex [5]:

1 1,1 1
e—0s A KA[TBHP], -

ey

Here, 0, is the observed 3'V chemica shift of the
outer-sphere complex I - TBHP, 9, is the shift of com-
plex I in the absence of TBHPR, [TBHP),, is the concen-
tration of the added peroxide, K isthe stability constant
of the outer-sphere complex, and A is a parameter with
dimensions of chemical shift.

Equation (1) allowed usto find constants K at vari-
ous temperatures (Table 3). In turn, the thermodynamic
parameters of complexation were calculated from

the temperature dependence of K: AHyg = —6.5 +

2.0 kI/mol and ASygs = —20 + 6 Jmol-! K-!. These val-
ues are typical of outer-sphere complexes[20].

Thus, Bryliakov et al. [5] characterized the outer-
sphere complex I - TBHP in solution using the NMR
spectra of various nuclei. This complex is the last
observed intermediate in the asymmetric epoxidation
of alylic alcohals. It is most likely that the true inter-
mediate responsible for the step of oxygen transfer is
formed in the reaction of the outer-sphere complex with
asubstrate (allyl alcohaol).

[VO(Oi-Pr)4]/Chiral Hydroxamic
Acid 3/tert-Butyl Hydroperoxide

This system exhibited the best results in the oxida-
tion of 2-methyl-3-phenyl-1-propanol: ee 71% and
85% yield with ligand 3a [7b] and ee 72% at 81% yield
with ligand 3b [7a]. TBHP was used as a stoichiometric
oxidizing agent. Note that it is universally recognized
that the alkylperoxo complexes of vanadium(V) are
activeintermediatesin catal ytic systems based on vana-
dium complexes and TBHP [21]. However, only one
example of the alkylperoxo complexes of vanadium
(which were characterized by 'H and **C NMR and IR
spectroscopy) active toward olefins was published:
VO(OOR)(R'-OPhsal-R?), where R'-OPhsal-R? is the
tridentate N-(2-oxidophenyl)salicylaldiminato ligand
[21a, 21b]. In this work, the formation of active alkyl-
peroxo complexes of vanadium (V) in asymmetric cat-
alytic system is studied for the first time.

KINETICS AND CATALYSIS Vol. 44 No.3 2003
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Fig. 6. (3) 1V NMR spectra of vanadium(V) compounds
formed by the interaction of complex I (0.01 M) and
t-BUOOH in CH,Cl, at 258 K; [TBHP] = (1) 0, (2) 0.17,
(3) 0.33,and (4) 0.50 M. (b) Theplot of 1/(8,— &) against
1/[TBHP], where 8, is the observed 3V chemical shift of

the outer-sphere complex [I - TBHP] at (1) 233 or (2) 291 K.
Solid lines were drawn using the |east-squares technique in
accordance with Eq. (2).

Reaction of Tris(alkyl)orthovanadate
with Chiral Hydroxamic Acid 3

[VO(On-Bu);] was used as the parent vanadium
compound. The monitoring of vanadium(V) com-
pounds in the reaction solution demonstrated that the

Table 3. Stability constant (K) of the outer-sphere complex
| - TBHPin CH,Cl, at various temperatures

T, K K, M

203 2.35+0.50
233 2.00+0.10
258 1.75+0.05
201 1.36+0.11
313 1.04+£0.10
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Table4. The 3C, 1V, and 7O NMR chemical shifts (ppm) for ligand 3a and vanadium(V) complexes ||—IV in CH,Cl,

solutions at 20°C

Compound Cc=0 N—C(CH,); OCH, OOC(CHy)3 Sty v=1"0

VO(On-Bu), - - 84.32 - -594 11622

3b 170.1 62.5 - - -

Il 165.2 66.5 82.2° - -508 n. d°

1+ 1ad 165.4 65.3 86.8, 83.5, 83.8° - —451, —440 1244
(163.7) (65.6) —446, —437 n. d°

IV + 1ad 165.6 66.0, 66.2 84.9, 85.0f -355 1265
(163.7) (65.6) -361

3b'9 165.6 62.4 - - -

n-BuOH - - 63.7 - - -

t-BUOOH —~ - 81.6 - —h

a Datafrom [194].
b The 13C shifts of n-BuOV: 14.8, 20.0, 36.2, and 63.7 ppm.
€ o Not detected.

d Complex 111 and compound 3b' simultaneously appeared in solution; therefore, the 13C NMR spectra of the mixtures of 111 + 3b' and

1V + 3b were compared.

eThe C chemical shifts of n-BuOV groups: 15.1, 20.8, 37.0, 83.5, 83.8 (narrow lines), and 86.8 ppm (broad line).

f The 13C chemical shift of VO(OC(CH3))3is 27.8 ppm.

9 Obtal ned in the following experiment: a solution of ligand 3b in CH,Cl, was shaken with solid NaOH at —20°C.
N The 170 chemical shifts of oxygen atomsin t-BuOOH: 210 and 264 ppm.

addition of 1 equiv. of hydroxamic acid 3b to [VO(On-
Bu);] resulted in the disappearance of the signa of the
latter and in the appearance of a new narrow line
(-508 ppm, Av,,, = 93 Hz) due to a new vanadium(V)
compound denoted as II (Fig. 7, spectra a, b) [22]. At
higher ligand/vanadium ratios, the concentration of II
decreased, whereas the concentration of four com-
plexes denoted as III increased (Fig. 7, spectra c, d).

The structure and composition of the complexes were
studied in detail using *3C, 51V, and 1O NMR spectros-
copy (Table 4).

Complex II contains one molecule of 3b and two
n-butoxide fragments per vanadium atom. Thus, it is
most likely that II is the complex VO(On-Bu),(3b'),
where 3b' denotes the anionic form of the ligand
(Scheme 8).

o t-Bu ?/ On-Bu
i _On-Bu II-BU \N—O/ ~On-Bu
n-BuO/ \On-Bu + N\OH —n-BuOH ®
o (@]
3b 1I
t-Bu,_ o .l T
+3b' 5 N~ \\||/ OB t-Bu
—n-BuOH -On-Bu
— ) N-O
BT | R
+ n-BuOH
(@]
111 3b'
Scheme 8.
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Itismost likely that complex III, which isformed at
ratios of ligand/vanadium > 1, occurs as the ion pair
III - 3b' in solution (Scheme 8 and Table 4) [22]. It is
of interest that four species of complex III were simul-
taneously detected in solution. They cannot differ in
axial ligand because the addition of coordinating mole-
cules (H,0O, n-butanol) had no effect on the ratio
between them. Consequently, the four complexes 111
are diastereomers (Scheme 9; L = n-BuOH). These
structures can be obtained by varying the relative posi-
tions of the para-cyclophane fragment and V=0 and
N—t-Bu groups with respect to the horizontal plane.

The catalytic system exhibited the best results at a
ligand/vanadium ratio of 1.5: 1[7]. Theresults suggest
that at this ratio complexes |11 were formed almost
quantitatively because of special features of equilib-
rium in Scheme 8; at the same time, an excess of the
ligand did not inhibit substrate coordination.

Active Intermediates
in the [ VO(OAlkyl),] /3b/tert-Butyl
Hydroperoxide System

On the addition of alarge excess of TBHP to com-
plexes 111, the formation of new compounds IV was
detected using the 'V NMR spectra (Fig. 8). The con-
centration of 1V was settled in 10-12 h; in this case, two
complexeswith signals at —335 and —361 ppmin aratio
of about 3 : 1 were predominant. After the addition of a
substrate, the concentration of complexes |V decreased
with time, and the concentration of complexes |11
increased again (Fig. 8, spectrab, c). According to *C
NMR data, geraniol was completely converted into the
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corresponding 2,3-epoxide 24 h after the addition of
geraniol. Upon mixing ageraniol solutionand TBHPin
the absence of a catalyst, epoxide formation was not
detected for severa days. This fact indicates that com-
plexes |V are responsible for the epoxidation of allylic
alcohols. Both of the processes (the formation of com-
plexes|V and their reactions with a substrate) are slow;
thisis consistent with published data on reaction times
(up to seven days) [7, 21d, 23].

Nature of Intermediates
in the [ VO(OAlkyl);] /3b/tert-Butyl
Hydroperoxide System

It was found that active complexes IV contain
ligand 3b and a vanadyl fragment (line at 1265 ppm in
the O NMR spectrum is a superposition of signalsdue
to two complexes 1V). Moreover, it was found using
13C NMR spectra that complexes |V contain one coor-
dinated t-BuOO- group: signals at 84.9 and 85.0 ppm
(Fig. 9, Table 4). Scheme 10 illustrates the assumed
structures of intermediates 1Va and 1Vb. It is most
likely that 'V NMR signals at —349 and —-373 ppm
(Fig. 9) belong to two other conceivable stereoisomers
that differ in the position of their N—-Bu group.

Ascan be seen in Scheme 10, complexes|V contain
alabile axid ligand: n-BuOH, alyl acohal, or ligand 3b
present in an excess (at high ligand 3b/vanadium
ratios). Thisfact may explain the inhibition of the reac-
tion at ratios between ligand 3b and vanadium equal to
3 or higher.

t-Bu t-Bu
CNEOj SN0
. V-On-Bu . V-On-Bu
o | o |l
L |
==
IIIa IIIb
~ ] 1+
t-Buw -0 L
A ,,\/—On'BU
@ ol
O
IIlc 1IId
Scheme 9.
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B t-Bu T B t-Bu 0 1
N=] + TBHP NEENe
« V-On-Bu | —mBuoH g
@ o R @ o’ | "orauy
+ n-BuOH
B il B v B
B t-Bu o o 1* B t-Bu o 1
N=II O N=_O
pVAR —— Ve
O | "Ot-Bu O |l "Ot-Bu
L (0]
) v - N Vb -
a Scheme 10.
<
[}
v
I v —
a8
VO(On-Bu); I
N
a 1A%
I 111
a VAN
111 O 0
b " \O
- T
o0
7 N
|
111
I 11
C
SR
[ 11X
5 v
111 c
d
CCTr T 1T T 1 11 T T T T T T T T T T T B e
—400 —440 —480 —-520 —560 —600 -280 320 -360 -400 -440 -480 =520
S, ppm 5, ppm

Fig. 7. >'V NMR spectra of vanadium(V) compounds
formed in the [VO(On-Bu);]/3b system in a CH,Cl, solu-
tion at 20°C ([VO(On-Bu)z] = 0.05 M): (a) [VO(On-Bu);];
(b) [VO(ONn-Bu);] and ligand 3b (3b/V = 1 : 1);
(c) [VO(On-Bu);] and ligand 3b (3b/V = 1.5 : 1); and
(d) [VO(On-Bu);] and ligand 3b (3b/V =1.73: 1).

Summarizing the data, the structure of the
transition state was proposed (Scheme 11). This
structure is consistent with published concepts

Fig. 8. 1V NMR spectra of vanadium(V) compounds
formed in the [[VO(On-Bu);]/3b/TBHP system in a
CH,Cl, solution at 20°C: (a) [VO(On-Bu);] = 0.05 M,
ligand 3b (3b/V =1.73: 1), [TBHP] =0.67 M, 12 h after the
addition of TBHP; (b) 180 pl of geraniol was added, [geran-
iol] =0.35 M; (c) 24 h after the addition of geraniol.

of intermediates in other systems based on
vanadium complexes with hydroxamic acids

[6, 21d].
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t-Bu\ /t-Bu
N-O ] .0

v. ] R
IS
L ool
== R3

Scheme 11.

O0—<=0

-349
=355

51V

— 361
— =373

e
e

11X

-350 —-400 —-450

1265
— 1244

1200 800 400

13
C n-BuOH

TBHP

N-C(CHj3);
VOOt-Bu

oo © " No o
vy <t — o O O v,
o0 o0 o} o~ O O O
S =

d

N |
8 80 75 70 655 ppm

Fig. 9. ®IV NMR spectra of vanadium(V) compounds
formed in the [VO(ONn-Bu);]/3b/TBHP system in CH,Cl,

& 20°C; [VO(On-Bu)s] =0.05 M:; ligand 3 (3b/V = 1.73: 1);
and [TBHP] = 0.67 M: (a) >'V NMR spectrum, (b) "0
NMR spectrum, (c) 3C NMR spectrum with broadband

proton decoupling, and (d) >C NMR spectrum of quater-
nary carbon atoms with broadband proton decoupling.
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The guestion of which diastereomer (IVaor IVb) is
more active in epoxidation reactionsis still open. How-
ever, it islikely that they exhibit comparable activities;
thisis one of the main factors responsible for the level
of asymmetric induction in this system.

CONCLUSIONS

Catdytic systems for the asymmetric oxidation of sul-
fides ([VO(acac),]/Schiff bases 1/H,0,) and for the asym-
metric epoxidation of dlylic acohols([VO(acac),]/terpene
ligand 2/TBHP and VO(OAlkyl);/hydroxamic acid
3/TBHP) were studied using *C, °'V, and 'O NMR
spectroscopy. In thefirst system, the structure and reac-
tivity of the monoperoxo complexes of vanadium(V)
with chiral Schiff bases were characterized; these com-
plexes are the intermediates of the catalytic system for
the enanti osel ective oxidation of sulfides. In the second
system, the last observable intermediate of the asym-
metric epoxidation of allylic alcohols was detected in
solution; this intermediate is an outer-sphere complex
between achiral vanadium(V) complex and TBHP. The
thermodynamic parameters of its formation were stud-
ied, and its structure was discussed. In the third system,
the alkylperoxo complexes of vanadium(V) were first
detected and characterized using physical techniques;
these complexes are active intermediates in the asym-
metric epoxidation of alylic alcohols. Two diastereo-
meric alkylperoxo complexes of vanadium(V) occurred
in solution; this may be a factor that limits the level of
asymmetric induction. Published data on the structure
and reactivity of intermediates are very limited. We
hope that our data will be highly valuable for the opti-
mization of catalytic systems based on vanadium com-
plexes.
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