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Basic Properties of Vanadium

Atomic # - 23 ' Scandinavian Goddess - "Vanadis" - beautiful
MW =50.9415 multicolored compounds
[Ar] 3d3 452

v (99.75%) -1=7/2 Light gray or lustrous powder

%%V (0.25%) radioactive dey-centered cubic crystals

Valences-2,3,4,5

mp - 1917 °C | Insoluble in water

bp - 3409 °C ' X )
5 Reacts with hot H,SO,, HF, HNO , aqua regia

Vanadium metal: 95% purity - $20 / Ib.
99.9% purity - $100 / oz.

Discovered by del Rio in 1801 - A French chemist incorrectly declared that del Rio's new element was impure chromium;
del Rio accepted his analysis. (It never paystodo that....)
Rediscovered by Selstrém in 1830; Prepared nearly pure by Roscoe in 1867; Prepared ultra pure in 1927.

Minutae: V,05 - Manufacture of yellow glass, inhibits UV transmission, depolarizer, dyeing, developer in photography
VOSO, - Manufacture of blue and green glass, dyeing
VOCI, - printing .

Merck Index. 12th ed. Whitehouse Station: Merck & Co.; Inc. 1996.
CRC Handbook of Chemistry and Physics. 72nd ed. Boca Raton: CRC Press, 1991.
http://www.webelements.com/webelements/elements/text/V/key.html



=" WebElements: the periodic t:._le on the world-wide web
http://www.webelements.com/

1 2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
hydrogen helium

He

hum | beryiim sement name Toron cvben T e e e
3 4 atomic number 5 6 7 8 9 10
Li | Be BI|C|N|O| F|Ne
1" 12 . 13 14 | 15 16 17 18
Na | Mg | | Al | Si|P| S |CI|Ar

S ugtio T T T | T ettt moval goee L wenn | seu
19 20 21 2 - 23 24 25 26 ri4 28 29 30 31 32 33 34 35 36
K |Ca Sc| Ti| V|Cr{Mn|Fe|Co| Ni|Cul|2zn Ga|Ge| As| Se | Br | Kr

| s i [ e | s - e IO $82450) os oxvonol smosou | sssens | essun | i | L Tasey | Tesoun | s
37 338 39 40 41 42 43 45 46 . 47 48 49 50 51 52 53 54
Rb| Sr Y | Zr INb(Mo| Tc |Ru|Rh| Pd Ag|Cd|In |Sn|Sb|Te| I | Xe

Eana S AN Bl R - m g ey o vee e e gy | Lol o |
55 56 57-70 I 72 73 74 75 76 m” 78 79 80 81 82 83 84 85 86
Cs Ba| * |[Lu|Hf| Ta| W |Re|Os!| Ir | Pt | Au Hg| Tl |Pb| Bi | Po| At | Rn

1 3:_:0:.“53} 137'..:3.':‘0) ;::x__(:_n)_ mng:rgzdm) 180.9479(1) 1&.&12 1&07;.“ (W) 130.2;3) 1 92_.21 O] 195.075 2) 1196.90655(2 ‘2004g“ 2)_| 204.3833(2) l"207 .2(1 )] 208.96038(2) umn‘\:i:n [209.0671] mlz_zz ::;:nl
87 88 89-102 103 104 108 108 107 108 109 110 11 112 114 118 - 118
FriRa| * | Lr | Rf |Db| Sg|Bh | Hs | Mt {Uun/UuulUu Uuq Uu Uuo
[223.0197) 0254] 62.109' [281.1088] [262.1142] 121 [264.1247] | 12601 41] | [268.1389) [271.1461] - 72.1538] R [289) [280) [203]

lanthanum | cerkum samerkim | europhim | oadolnium | tarblom T Syemostan T hokiiom erbhum thullom | ylterbham
57 58 62 ] 84 65 68 67 88 69 70
*lanthanoids | La | Ce Sm|Eu|{Gd|Tb|Dy|Ho| Er |Tm/| Yb
89 90 94 95 96 - 97 98 99 100 101 102
**actinoids | Ac | Th Pu/Am|Cm| Bk | Cf | Es |Fm| Md| No
_t227.00m | 232 0381(4)| MMMMMMMMM
Element symbols and nemes

symbols, nemes, snd are those by IUPAC (htip vwww.iupac.org/). Aher y. e nemes of ek 101-160nna~ confirmed (Pure & Appl. Chem., 1997, 89, 2471-2473). Names have yet to be proposed for he elements

110-112,114,113.“11!.Im-mdm“lum.hnpuﬂymmlenm(hnl . Chem., 1970, 84, 381-384). In the UBA and some other he fum iy i i

Atomic weights (mean relstive masses): Apert from the heaviest
and iumn heve ch istic &

), positions ium) and itetium (lews ) in he periodic lable”, J. Chem, Ed 1682, 59, 634-636
F mon sysiems see: W.C. Femelus snd W.H. Powell, “Contusion in the perodic table of the elements”, J. Chem. Ed., 1982, 58, 504-508.
QMRMJW&MWLMMUMNO’&M.MMM!M.i For updaten 1o this table see hitp./Avww A i . Version date: 30 Jutv 2001.

http://www.webelements.comlwebelements/support/media/pdf/

AT



First Metal Catalyzed Epoxidation

t-BuOOH, VO(acac), (0.02 mol%)
)\/k 7 days, 25 °C ?)]\X

44% conversion
quantitative yield

also seen with acetoacetonates of Cr, V, MoO,

Indictor, L; Brill, W.F. JOC 1965 30 2074.



Kinetics of Vanadium Catalyzed Epoxidation of Cyclohexene

VO(acac),, t-BuOOH
neat or cyclohexane

5

Average rates measured in the first 1-4% of reaction

Table L Typical Kinetic Data for the Vanadium-Catalyzsd
Epoxidation of Cyclohexene with ~Butyl Hydroperoxide.
Solvent, Cyclohexene L )

2gak

Temp, Catalyst] Rate X -
T Ko meosm . ion
42.1 12.10 0.452 246

’ 6.00 117
2.00 9.1
0.61 12.5
34.1 2.2 0.452 15.9
0.0452 6.43
1.11 0.452 7.85
0.0452 3.4
1.05 0.226 6.11
©0.0452 3.39
31.0 1.10 0.452 11.4
0.226 9.45
0.135 8.54
0.0904 6.98
0.0452 4.51
0.0271 3.34
36.0 1.11 0.452 16.5
0.226 14.5
0.135 12.3
0.0904 10.4
0.0452 7.08
0.0271 4.72
41.3 1.03 0.452 23.0
0.226 18.0
0.135 16.2
0.0904 13.5
0.0452 9.10
0.02711 6.05
50.6 1.04 0.452 4.1
0. 2.7
0. 2.7
0. .3
0. 2
. 86

[=4
§
o

E Pl

* Total concentration of VO{acac), added. * Rates in M min—
H.

extrapolated to zero ¢-BuO]

Catalyst - 0.00005 to 0.001 M
Peroxide - 0.027 - 0.5 M
Alkene - 0.0875- 1.8 M

| k [Vo]
rate = Km = 1/Kp
(1/[P]Kp) +1

-k =limiting specific rate (obs. at high ratio of [P]/[V]

[Vo] = total conc. of vanadium
[P] = conc. of hydroperoxide

Kp = vanadium/hydroperoxide association constant

Table IL  Kinetic Data for the Vanadium-Catalyzed
Epoxidation of Cyclohexene with ¢-Butyl Hydroperoxide.s
Solvent, Cyclohexane - = - :

[Olefin] " Rate X 10%» ket
1.795 - 2.69 . 3.19
0.897 13 3.28
0.449 0.630 - 2.98
. 0.180 0.253 2.99
70,0875 i ©0.109 2.66

ks (av) 3.02 £ 0.20

" * Reactions at 41.3°. Hydroperoxide, [P], = 0.181 M. Total
concentration of VO(acac)k, [Vq], = 5.62 X 10~¢ M. ®Ratesin M
min™, extrapolated to zero ~BuOH. «Calculated second-order
rate constant (in L mole™! min~1), (1/V,){ 1/K[P]) + 1}(rate/[olefin]),
where X is taken as 11.6 M-1 (see Table III).

Ist order in catalyst, 1st order in alkene
peroxide - low - rate ~ [P]
high - levels off and approach

limiting value ~ [cat.]

1 1
2.0 7
3
: 25 1.6
T
£1.2 .
.
b v
¢ 0.8 7
" .
-4
0.4 0.0482 M 7
0.0271 W
1 !

0.005 0.010 0.005  0.010
(-BuOH), M. (+-BuOH), M.

Figure 1. Extrapolation of rate data to zero s-butyl alcohol
(epoxidation reactions in cyclohexene, 41.3°; [VO(acac)k)iniiia
1.04 X 107*M): (A) observed rates, (B) rates calculated from eq
3; parameters taken from Table III and Figure 4. Note the close
approach to linearity with the calculated rates.

Gould, E.S.; Hiatt RR.; Irwin, K.C. JACS 1968 90 4573.



Kinetics of Vanadium Catalyzed Epoxidation of Cyclohexene

VO(acac),, t-BuOOH
neat or cyclohexane

6

_— Table IV.  Typical Kinetic Data for +-Butyl Alkcohol Inh::ition 6{
e el . .. the Vanadium-Catalyzed Epoxidation of Cyclohexene with ~-Buty
Table L hgnnngSpea.ﬂcM(k)mdAsoamonConmn Hydroperoxide at 41,3° : ‘
(K3) of Vanadium-Hydroperoxide Complex, VP - =
: - — (A) [Vd,  Rate(obsd) Rate (caled) &
. ‘Temp, *C k, min=t C Ky MY P, M* MX10%% MX10¢s. X 1004 X 108¢ v
U2 730 3 0.04 15.3 & 2.0 0.452 10.37 1.08 1.47 1.37 X
o307 121 & 02 0 U13.24 1.0 0.226 555 1.08 1.41 1.35 >3
360 172 204 | 12.4%£ 0.9 . " 38s 1.10 1.04 %
41.3 - ‘4.7 &= 2.0 <1106 0.8 12.05 - 0.81 0.81 S s
0.6 9.3 =13 10.3 % 0.7 0.181 5.07 - 1.04 1.18 1.21 -2
-Evalm'xed from intercepts and.dopu of Haofstee-type pll,og 1??3 8,8’(5) 8',33 Ez
vauw@a&ﬁ;m where - 0.091 4.33 1.04 0.78 0.86 3
b iy : TR . 7.45 0.58" 0.62 =
0.045 - 3.76 1.10 0.63 0.58 R
! 5.46 0.48 0.48 1 D -
6.72 0.38 0.40
0.027 3.16 1.10 0.47 0.42 | |
4.45 0.32 0.35 - s 10
vors 5.57 0.27  0.24 G-BuOHD) X104 M.
- -1 ¢ -BuOsH. ¥ 1-BuOH, average value. ¢ Total concentration of .
i VO(acac), added. ¢ Rates in M min~3, *Rates calculated using  Figure 4. Vasistion of the ratio Z{VAJ[VYA] with conceatra-
T €3 3. Values of k and X, taken from Table IIl. X = 119 M3,  tion of +BuOH. Z{VAd], the total of alohol-bound vanadium,
i Ky’ =21 X 104 M3, is obtained by measuring the decreass in epoxidation raies a3
" o . measured quantities of r-butyl alcobol are added (see ref 14).
g : Epoxidation reactons in cyclobexene, 41.3°, ‘The intercept of the
) 13 Y T T T least-squares line shown gives & value of 119 M~ for the associa-
a 0010 B tion constant of the 1:1 vanadium-alcohol complex, VA. The
= slope of this line gives the value 2.1 X 10¢ M~ for the association
2 1 ComstantorVas K= 119 Mol Ki%e 2dend o>
0.005 e k[;’
- i
rate = 3
— APEXKIAl + KAF F h+1 O
0.5 1.0 1.5 -
Rate, N min™t X104, : 1 1 .
i
Figure2. Hofstee-type plot, rate/fhydroperoxide] os. rate (epoxida- " : _
ticn in cyclohexene, 36.0%; [VO(scac)limua 1.11 X 107¢ M), 31 32 33 34 A te) = 1] 1
‘Rates adjusted to zero ~BuOH. mmﬁﬁ"’sﬁ“ﬁ 1T X0t %ﬂq- - —
lins shown indicates an assoclation constant of 11. or ¢ Figure 3.  Arrheaius plot, log k vs, /T, for the rate-determining S T e
vanadium-hydroperoxide complex. The intersection of this line step in the epoxidation of cyclobexene with #-butyl hydroperoxide
with the abscissa (st 0.001985 M min“?) corresponds to a specific in the presence of added VO(acach (solvent eyclohexene). From
rate of heterolysis, k, of 17.8 min~?,

the slope of this plot, 8 AH¥ value of 12.7 = 0.4 keal/mole and a
AS* value of - 19,9 = 1.9 eu were obtained.

“High uncertainties in Kp disallow estimate in AHqqociation-
Likelihood that VA and VA, inhibits the reaction. Gould, E.S.; Hiatt R R.; Irwin, K.C. JACS 1968 90 4573.



—\l"— + tBuOH === --\l/"—?

Proposed Mechanistic Scheme 7

VO(acac),, t-BuOOH
O neat or cyclohexane E)O
| .
VO(acac)z L B"O’H --\lf"— ' catalyst activation; rapid, irreversible (5
i _
I /Bu

complex formation; rapid, reversible, K, (6)

)
wvP) Ong

+ O —_— H—O:O + -—\ll"— _ ) ' ~ heterolysis; rate-determining @)

O _
I o
H— + —-V—OBu — + ._..\If | proton transfer; rapid (8)

pa . '
Bu02H _— —\:f—g/ + BuOH ligand exchange; rapid, reversible )
Bu .
l t-BuOH I et s . )
—-\If T— —-\{(BUOH)2 inhibition; reversible, X and Ki’ (10)
H
VA VA,

Gould, E.S.; Hiatt R.R.; Irwin, K.C. JACS 1968 90 4573



Epoxidation of Allylic Alcohols 3
tBuOOH (0.14- 1.5eq)
VO(acac), (0.14 - 1 mol%)

R._A~_ OH THF (2 g =2.25 mL) R.I>>_ _OH
NN 80 - 100°C, 30 - 60 min. 4>\(

(1eq.) R’ _ : R'
§'= zlklkyll i 7 - 97% conversion (80-90's)
= y 5

51-100% yield (80-90's)

t-BuOOH (0.1 eq.)

VO(acac), (0.25 mol%) :
THF 2g=2.25mL, 17.7M)
= @)
= o i
/W 80°C, 30 min. | W + W
OH (leq.) OH . OH
‘ 4:1
77% conversion, 92% yield -
VO(acac), (1.4 mol%) allylic-OH > homoallylic-OH > alkene

t-BuOOH (1.1 eq.)

S | oH  refluxing benzene, 4 hr. Q O on HO jol HO\<>O jO’
93% yield, 98% regiopure
1

200 10
(98/2) (98/2)
green >> deep red >> yellow >> light green
V) (0-0)
Later publication comments that RT°C and 1.5 eq. Sheng, M.N.; Zajacek, J.G. JOC 1970 35 1839.
t-BuOOH is a better condition. . List F.; Kuhnen, L. Erdol. Kohle. 1967 20 192.

Sharpless K.B.; Michaelson, R.C. JACS 1973 95 6136.



Formal Synthesis of dI-C;g Cecropia Juvenile Hormone 9

OCPh;  Me,CuLi (8 eq.) OCPhg

OCPMs v (acac), (1.4 mol%) ley
N t-BuOOH (1.5 eq.) 0°C, 12 hrs. «
benzene, 25°C, 2 hrs. 58%, 2 steps
' o OH
H
© OH HOO HO OH
HO
(Farnesol) | | : | /OYO\
PN
ocPh 25°C, 12 hrs.
OH
5% HCIO,/THF ° Ac,0,130°C OCPh,
N\ 0°C, 1.5 hrs. A\ 33%, 2 steps
| o |
\ \ | .
o)
Corey AN /

COOMe s
N . et
Juvenile Hormone M - -

Tanaka, S; Yamamoto, H.; Nozaki, H.; Sharpléss, K.B.; Michaelson, R.C.; Cutting, J.P. JACS 1974 96 5254.
Corey, E.J.; Katzenellenbogen, J.A.; Gilman, N.W.; Roman, S.A.; Erickson, B.W. JACS 1968 90 5618.




Proposed Mechanism of Epoxidation

Table l. Stereochemistry ol Epoxidation of Acyclic Allylic Aicohols.*

Allylic alcohol
>
9
VS, TBHP
MCPBA
~
10 Vv, TBHP
MCPBA
\/}:
1
V-5, TBHP
MCPBA
Y.
12
V'S, TBHP
MCPBA

Re 3 Re
(o} O
R A,
. \,-/o R L\,é H
-Bu-0- t-Bu-O- {
Lo C '

14 (erythro) 14(threo)

threo erythro
OH [«]
»H"l NH"
H,
20 80
80 40
H H
-C
“H * cn.%—é,‘.'
s
95
45 55
C:D:i -] H
N H, e (-H
oK H,
29 kAl
64 36
H H
* \en, 1, S
71 29
95 -1

Scheme V. Consideration of Stereo-
electronic Effects in Peracid Epoxi-
- dations of Allylic Alcohols.

Sharpless, K.B.; Verhoeven, T.R. Aldrichchimica Acta 1979 12 63.

Scheme ill. Possible Mechanism for the Vanadium-Catalyzed Epoxidations.

t-By
» -8y 2
TBHP+ ' - ol N,
allylic alcohol &‘ g -
Por . [ ()
omi I
%R 13
TBHP +
1-BuOH allylic aleohol lslou step
+
. By
HO ™ |
7 401-Bu ra 70
Om” =_ -0
1P
-4
Scheme |V, Predicted O-C-C=C Dihedral Angles
for V¢, TBHP epoxidations:
~50*
&
-f0*
%2_ R Ry
s %
H

15, Ieads to threo product 18, leads to erythro product

for peroxy acid (MCPBA) epoxidations:

~120*
H
‘\-lm‘
-Rq
R‘ 3
Rl

17, Ioidu to threo progduct 18, loads 1o erythro product



First Vanadium Catalyzed Asymmetric Epoxidation 11

AN
HO O
IA,R- CH3
1b,R = Ph

1, R=2,6Me,Ph

¢ H —H R 0 0
Lo Mo (Y Py e ko N Aa
OH M ¢/ I 9 0 0
2 ’ 3 4 ™0 M\o:/ "N R')ko/ \P

of Allylic Alcohols

|
s s. ke ,U
: 6 7 8
Table I. Asymmetric Epoxidations of Allylic Alcohols?®
Hydroxamic Allylic .

acid (equiv)? alcohol °C % ect % conversion?
. -11a(5) 2 -78 —25 = 17 83
21a (3) 3 ~78 — 25 10 100
-31a(5) 3 -78 — 25 21 80
. 41a(10) 3 ~78 — 25 18, 22
" 51b(4) 2 ., —T78—25 19 : 100
B 61b (4) 2 25 17.5 100
e T1b(5) 2 25 30 86
© 8 1b(5) 2 -78 — . 0
o 91b(T) 2. ~78 =25 10 10
101b (1) 3 —78 — 25 <8 100
11 1b (2) 3 -78 — 25 8 100
121b(3) 3 ~78 — 25 225 100
13 1b (5) 3 -78 =25 50 30
14'1b (5) 3 25 40 84
© 151b(5) 4 25 40 87
S 161b(5) . 4 -10 44 75
v 17 16 (3) 2 0 S 70
- 181c(4) 2 0 19 55
- 191c(5) 2 0 — 0

"." @ All reactions were performed with 1 mmol of allylic alcohol and 2.5 mg (1%) of VO(acac), catalyst in 20 mL of toluene under a nitrogen
- atmosphere. When the appropriate amount of hydroxamic acid was added to these solutions they immediately turned from green to reddish
brown iri color. Stirring was continued at room temperature for 15 min then, after cooling, 2 equiv of tert-butyl hydroperoxide (90+9%, Lucidol)
. "\_iais added dropwise. During addition of the hydroperoxide the solution turned ruby red and this color persisted even after warming to room

y TLC and acetylation was accomplished in situ by addition of pyridine and acetic anhydride. Acetylation

< was allowed to proceed for 2 h at room temperature and workup (see ref 5b) afforded the crude epoxyacetates which were purified by PLC
and or microdistillation. ® The figure in parentheses refers to the equivalents of hydroxamic acid added based on the amount of VO(acac),
catalyst. ¢ The enantiomeric excess (ee) was determined by '"H NMR using Eu-OPTISHIFT II [Eu(hfbe)s] chiral shift reagent on the epox-
'yacétates (see ref 13 for estimated rotations of the three epoxyacetates). 4 The percent of epoxy alcohol product plus the percent of unreacted
" allylic alcohol equals 100%. In cases of 100% conversion the isolated yields of epoxy acetates ranged from 70 to 90%.

Hydroxamates of vanadium are not isolable, but best ee as of 1979,

Michaelson, R.C.; Palermo, R.E.; Sharpless, K.B. JACS 1977 99 1990.



Binaphthyl Hydroxamic Avci'ds

LM o .
Hon O 4R B §
RO”IOR Q Lon == “or
OR R ng %\Q
active active Bt - Scheme 1°
but racemic chiral tnactive inactive
L-H : Kgand

12

Table 2. Catalytic Epoxidation of Various Substituted
Allyl Alcohols in the Presence of VO(OPr/)y/1c”

co,H & :-R . CO’NHR
cot o oo™

1 (10' —_— 1c>

hyroxamic acid yiold(’!zt):m 2
1a (R = cyciohexyl) 84

b(R=Bn) 72

¢ (R = CHPh,) 89

VO(OPr);3 (5 moi%)
W
H X H
R toluene, -20°C R
entry allylic alcohol yield (%)* et (%)°  config.(2.3)¢
OH

1 \[/\/\K\’ 80 66 5.9
2 /J\/\)%ou 87 41 (5.R)

THF, -78 to 0 °C.

Table 1. Catalytic Enantioselective Epoxidation of
trans-2,3-Diphenyl-2-propenol*

*Key: (a) (COCl)z, cat.DMF, CHCly; (b) 3. NEts, CH,Clz; () +BuLli,

VO(acac); or
VO(OPA, (5 mol%)
P ligand 1 (15 mol%) Ph
oM + ROO! (0] "
. . P toluene PH .
Fig. 2. ORTEP drawing of ligand e,
entry catalyst ROOH*  conditions (°C. h)  ee® (%)
1 VOf(acac)/la CHP 0. 6 days 25
2 1b CHP 0. 8 days 54
3 1c CHP 0,19 65
4  VO(OPriylc CHP 0.3 68
5 TBHP -40, 10 40
6 TrOOH —20, 68 86
74 TrOOH -20, 24 83
8¢ TrOOH -20, 24 73

# Unless otherwise noted, the reaction was carried out in toluene
in the presence of vanadium complex (5 mol %) and 1 (15 mol %).
The isolated yield in each entry was around 80%. *CHP =
cumenehydroperoxide, TBHP = rert-butyl hydroperoxide, TrOOH
= triphenylmethyl hydroperoxide. * The absolute configuration of
the major enantiomer in each run was 25,35, and the ee values
were determined by chiral HPLC (column, OD-H) analysis. 7.5
mol % of 1c. ©6.0 mol % of 1c. )

> {2V praxh )

(IR oL ™

Fig. 3. Proposed transition states of asymnerric epoxidation.

7 Ph\[k/OH 14 71 (8.5

8 |L/OH 19 38 (SR
9 3 39 28
o

10 })J\/OH 16 40 (25)

7 The epoxidation was conducted at —20 °C for 2-3 days in
toluene in the presence of VO(OPrf3 (5 mol %) and 1c¢ (7.5 mol
%). but the reaction time (entries 7-10) was 1 week. " Isolated
yield. “ Determined by chiral HPLC (column. OD-H) analysis
?Determined by comparison of reported optical rotation. * Deter-
mined by chiral GLC (column, 8-TA) analysis.

Murase, N.; Hoshino, Y.; Oishi, M; Yamamotb, H. JOC 1999 64 338.
Hoshino, Y.; Murase, N.; Oishi, M.: Yamamoto, H. Bull. Chem. Soc. Jpn. 2000 73 1653.



o-Amino Acid Based Ligands

Scheme 1. Design of an a-Amino Acid-Based Hydroxamic
Acids as a Ligand

optically active
carboxylic acid

R*—COM )
NHOH —>“
ArJ\Ar ‘
hydroxylamine

NHOH
HzN._COzH )\0
* H AT A

hydroxamic acid 1

acid snhydride 2 a-amino acid 3 hydroxylamine 4
(tor protection) (chirality source)

Scheme 2. lterative Positional Optimization Approach

o] o L-a-amino acid part
1a: Ala 1. Tle
N\)LN/LPh 1biAbu  1g:Phe
H A 1¢: Val 1h: Trp
[0} R OH 1d: lle 1i: Ih.xs(Pht)
ﬂ 1e: Leu 1): Met
0 o P irnido pad
1k; 4-(Me)Pht 1p: 2,3-Nap
N\_/u\NJ\,,h 11; tetra(F)Pht 1q: 1.8-Na
1m: tetra(Cl)Pht 1r; 4-Br-1,8-Nap

1n: 2,3-di(Me)maleoyl 18: Ant
10: 2,3-di(Ph)maleoyl

‘ g Arar At-Ar part
1y: fuluorenyl

O o o ePrPh 12: dibenzosuberyl
i u: o (s ¥ 4 nZOsUl

N\)\N)\Ar' }v: T,m-d:s&ey‘u)zpn }a:ﬁg}-phemmyl

H w: 1-na| +(S)-pheneth

I~ O 1x: 2-(M30)naphth-1-y1 4 v

18, 20 0 6 80 100
. oe of 6a 1%
Figure 1. Enantioselectivities of epoxy alcohol 6a.

(a) , !

!
I
0

-

(b)

| ,
© | l

0 -100 -200 -300 -400 -500 -60

: ) i ppm
Figure 2. 5'V NMR spectra in benzene~ds at room temperature (VOCls,
0 ppm): () VO(O-i-Pr)s, (b) VO(O-i-Pr); and ligand 1w (molar ratio,
1:1), and (¢) VO(O-i-Pr); and ligand 1w (mofar ratio, 1:1.5).
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Table 1. The Asymmetric Epoxidation of Various Allylic Alcohols
in the Presence of VO(O-i-Pr); (1 mol %) and Hydroxamic Acid 1w
(1.5 mol %)

entry epoxy aicohol & time (h) yield (%)°  ee (%)°
1 6 9% 95
29 Ph.. 6 93 9
3" © on 15 9 86
M Ph 6a 6 98 91
Ph
5 © on 6 97 95
&b
6 &OH 5 82 93¢
6¢c
7 z 0 s 95 d
© o 81
: 6d
8 o, ~ 3 97 78°
OH
e
. Vs, P
. \/\/\kO/OH 7 o o
Ph 6t
10 L on . 80 56* 87
69
Ph
» !
11 O on oh 1 week 71 76
12 % on o« 2 80 82¢

« All reactions were carried out at 0 °C in the presence of 1.5 equiv
of tert-butylhydroperoxide and 1 mol % of vanadium catalyst prepared
in situ by mixing VO(O-i-Pr); and ligand 1w (Viigand 1:1.5) unless
otherwise noted. * Isolated yield by column chromatography. © Deter-
mined by HPLC analysis with a chiral column (Chiral OD-H) unless
otherwise noted. ¢ Determined by GLC analysis with a chiral stationary
phase column (B-TA). ¢ The aldehyde was obtained in 9% yield as a
byproduct. The allyl alcohol was recovered in 8% yield. / The allyl
alcohol was recovered in 21% yield. ¢ The reaction was conducted under
an atmosphere of dry argon. # 0.1 mol % of VO(O-i-Pr)s and 0.15 mol
% of 1w were used. i 1.1 mol % of 1w was used.

‘Hoshino, Y.; Yamamoto, H. JACS 2000 722 10452



Silylvanadate Catalyzed Rearrangements of
o-Acetylenic Alcohols

(R"3510)3VO (3 mol%)

refluxing xylene, ~1 hr. | H (R’
R X . M
OH™\R  85.95% vield ®"=Pp) R

R" = alkyl, aryl OH
R = alkyl

R'=H, alkyl (one example, 92% yield)

R )l
|
[R3Si0],vO + ——[Rr3Si0}, V /|-—R2 + R3SiOH
(6) ? HO/R"Z\% 2 ~%\R‘
(7) (8)
+ R3SiOH | .2 O
[R3s.o]2|\'/ \[l
0
H
RI” "R2
R1\—)=0 '
R2/

14

Pauling, H.; Andrews, D.A.; Hindley, N.C. Helv. Chim. Acta 1976 59 1233



Vanadium Catalyzed Additions of Allenic

15
VO(OSiPhy);
OH R3CHO » OH O
CH,Cl,, RT°C | P
R1\ ‘j\ R3 R2
e —— I:‘2
R
s : Table 1. Vanadium-Catalyzed Additions of Allenic Alcohols and
iﬁ:::;; els Proposed Additon of Allenic Alcohols and Aldehydess .
oM O Te) Eary  Alleaic alcohol  Aldehyde Product Yiel® Syw : o .
R,)\('\/\Rz L,{‘f\‘,_ " oH — Anif l Om "% 61% 66133
R! [8 S— (-] [+ ' S
"o Aee™ pncno e e 12
l 2 Y o M gk -
H ‘ \j\; H OMe o 9 Ph&—'— PhCHO ,,,./\)\/Lm
o R B
Lk"‘-J. " -t : ! ¢ ) @ o 83% 4258 s o o
R‘j\(i,\ o=V\?L a0 ‘ . s __aw m/\/.k/k/\n. 70%
. 1 ™~ 14
] R 0 OH
e me” SRR 1 /\W] "o, g ™
s R PhaSIOH : ! w ™ M 88% 6733 o
7 1 H o 83%
2 L 5. oo o oM . 15
H)OL °'V<L 4 1 ' m/\/'j:‘\‘_) 8 o 62 oue . .
~ Rt L= OSiPh, 12 s
N A ; . Pl S ’"N'Vt(la.
N, CHO N, . o0
* ! w "A*hj 88% 70730 .
, o
2 “In a typical procedure the reactions were carried 50'-":‘ o‘ll 2":}
¢ ! GHCHO  Pr 79% 7422~ temperawre in didmmnfmﬁ:;? d(c2 ingdi 3’355?3?? allenic alcohol
Me . iPh)s, 1.2 equiv of aldehyde, -V QY O :
o A X:Si(e? i:rrtz:xosph:r?c pressure of argon. The mcn:m?é?m
0% 24 10 48 h.  Isolated yield after flash chromatogrpdy. 1o A",
! ' S Mo 7i%° 80:20 ratio was determined by 'H NMR. ¢ The allenic alco

n slowly over a period of 6 h.

Trost, B.M.; Jonasson, C.; Wuchrer, M. JACS 2001 123 12736.



O 0O~JOAWK & W

R

cnol silane

TMS
70

Mukaiyama-Type Aldol Additions

d.re
a

(40/60)

1a 80/20

1a 74726

1a 80/20

1b 90/10

1b* 90/10

1c¢ 87/13

SbCls  50/50

'I'MSOTfQ 50/50

Chen, C.-T.; Hon, S.-W.; Weng, S.-S. Synlert 1999 8§16.

16
V(SO ‘).SH:O EQ&N (0-2 oquiv)
OH CH,CII'CII on . * (EyNHRSO,
V(O-I-Po,
. 1x LeEtsN
1b: L= NM!
1¢ L= DMl
2: L= HPrOH
Scheme 1 '
Table 1. Aldol Reactions between Aldehydes and Enol Silanes Cata-
tyzed by Various Oxovanadium(IV) Complexes
R' OTMS
RCHO + ! +  cataiyst RS
Rt A .20E8n AR
s-12h 3ot
. 48
ield, % 10 2-Naph 1 8614 95
(35/65  (53)¢ - OTMS , —
(s6)¢ 11 4-MeOCgHy ' 8020 78 17 4-NOCets 1b - o
@3/5TF (20 i
504 12 4-NO,CgHy Ib' 76723 100 18 Fh >=( 1 - w
ll%; . ' (59/41%  (76) oEt
72 13 Ph—== 1b' 80720 86 19 PR ~ L 1b* 4258 T3k
93 A : '
44 14 Dcnon. _ 1b 90/10 95
;7: 15  Ph(CHa) 1b' 72728 74
218 16 cCeHyy - 1b' 60/40 78



Catalytic Nucleophilic Acyly‘b‘ubstitution of Anhydrides

17

Scheme 1. Proposed Equilibrium between an Amphoteric i ivalati jonali

. ca s R N Table 3. Acetylation and/or Pivalation of Functionalized
Vanadyl
anadyl Species and an Anhydride in the Catalytic Acylation of Table 2. Vanadyl Triflate-Catalyzed Acetylation and Pivalation Substrates
_ of Alcohols, Amines, and Thiols entry substrate” time,h  yield' %
X Q — X ) [:EO_)k_o O’C(O)R’ 1 mol%
; >l A N=0cOR I /?L o V(O)OT, i i O,OH 05 @8 %9 (%9
(0) R OJLR' CH,Cl, Rexme “OC(0)Ph
)L " IR . Ru MO, C(CH;);
x /N _g vox: 9 entry substrate” time, h yicld, % 2 203) 9695
X'VKO _—~H Trcom R” o pr Ny Mo
o 1 Ph(CH),0H 05(11) 99 (99) o
R ) 3 t8u O 0.5'(1.5) 100(85)
‘ 2 PhCH=CHCH,OH 3.5(72) 98 (85) Hz,?‘ﬁm
Table 1. Catalytic Acylations of 2-Phenylethanol with Various 4 0 12(24) 9595
Anhydrides in the Presence of Various Vanadyl Species 3 ;t/\ 10(24) 9797 Ph%
1 moi% .
o~ ’wioi —YOL __ Pho~ociom Ph = 5 oH 0 6(12) 100(100)
R CHCh, 4 OH 1(96) 97 (84) -
entry VOIL ~  anhydride (R") time (b) yield, % _d| <
6 o 9 90
1 V(O)(.elc),'r CH, 5 8s 5 HQ o 159 98 (95) ) i NH
5 v(o)al, CH, 7.5 94 i C A HO ’KO
3 V(0)S0,“ CH/ 24 92 . 5 ’ _\Q
6 5 (36) 99 (99)
4 V(OXOTY), CH, 0.5 98 . » 7 oMo - 49 75
OH -
s VYot CH, 075 o8 ) s %(69) —/\0 R 'o())<
HO
6 V(OXOTH), CF, 3 98 NH 8 OH 60 85
. 2 0
V(OXOTH, i-Pr 1 98 %o o
7 X ' 8 0©96) 99098 oAy »Toé\\
8§  V(OXOT,  ten-Bu 1 % OO - " o
. : 9 B-cyclodextrin 96* 90
9 V(OXOTD), tert-BuO 28 95 9 (i-PONH 3 97 . a5
1 .
10 VOXOTH, Ph 26 92 OO OH
10 ter-BuSH 12 (24) 99 (95) 5
11 V(OXOTY), succinic 42 93 1 By 235 6067
2 A total of 1.5 equiv of anhydride was used unless otherwise stated. )_\OH
12 V(OXOTH), phthalic 96 75 b Isolated yields and chancteﬁzc:d specuoscopically.f‘a'ln}:c d‘::ju in parse“l}- HN,
) theses correspond to pivalations. ¢ A total of 2 equiv of anhydride was used.

«Isolated yields. ® Acetylacetonate. < Five mol % catalyst was used. 4 The A total of 3 equiv of anhydride was used. /THF was sed as solvent A totl of 1.5 equiv of anhydride was used unless otherwisc suated
trihydrate was used. ¢ CH;CN was used as solvent. / Catalyst was recovered oluene was as solvent. Isolated yields and Chacter e e vt ‘Ezddn:“ i g
from aqueous layer and reused for five consecutive runs. £ Diphenethyl ester theses corespond to pivalations. o o Atdadrre
was isolated in 16%.

¢ A total of 3 equiv of anhydride was used. / Carried out at —5 °C. f No
soivent was used. * Asterisk signifies the reactive site. ' For effective
monoacylation, 0.95 equiv of anhydride was used. / Diacetylated product
was isolated in 10% yield.

1) VCl; and V(OTY); were catalytically inactive >>> V=0 necessary.
2) Tertiary alcohols are inactive (t-BuOH, Trityl-OH).

Chen, C.-T.; etal. OL 2001 3 3729.



Oxidative Coupling of Phosphonium Salts 18

Scheme 2
+*
PPhy ® Br VO(acac); (1 mol%), K2 CO; (2.5 eq) Q Table 2. Oxidative Coupling Reaction of Phosphonium Salts
18-crown-6 (0.01 eq), PhMe, Oy, 6870 °C. 4 b N O
O or ey e -
1 OAB' OJ“O AY 93 1.7:1
Table 1. Effect of Various Metal Catalysts in the
Oxidative Coupling Reactions of Phosphonium Salts 2 QB' OIOF A 83 1.6:1
catalysts yield/96# F F
none 31 CF
VO(acac)z 94 a ,
MnO, 20 3 O A 84 1.3:1
Co(acac), 50 CF; EC
Mn(acac); 40 3
Ni(acac); 50

Cl }
. 4 U Q Me A 75 131
Isolated ylelds. Me Me

Scheme 3 s ﬁ ct O/—\@ - 55 98:2
VO(scac); (0.01 og), MeO MeO OMe
O A ocr  'BOK (150a 0y m.oO-\VO
™M T —— OMe
CH;Ch, 18-crowa-6, r.t. MeO.

al MeO. OMe

5%, Z:0m 082 6 B S1. >98:<2

’ OMe OMe OMe
Scheme 4
PPh° eCT Mcthod AorB
0%
==\

8 n-Cy3Hy¢Br CyHy  CyHy B 62 >98:<2

Scheme 5

FOJ;'M eocr ;n, sCr VO(nesc); (0.01 oq) . K00y (13 o) B .. . Q.Q . ) _
) MO/ 18-crewa, PhMe, O; , 68-78°C 9 “
A

10 Me g CH;B no reaction AorB
S r or - ——e
'Q\@o... . ', : ““’m.. ’
12% 0%

trams:cle = 1.5:1, 40%

# Isolated yields. & Method A: PhMe, K,COj3 (2.5 equiv), 18-crown-6 (0.01 equiv), O atmosphere, VO(acac), (0.01 equiv), at 60-70 °C.
¢Method B: CH:Cl;, BuOK (1.5 equiv), 18-crown-6 (0.01 equiv), O; atmosphere, VO(acac); (0.01 equiv), at room temperature.

Shi, M.; Xu, B. JOC 2002 67 294.



Diastereoselective Pinacol Couplings of

Secondary Aliphatic Aldehyd
Table 2. szVClz/R;SiCIIZn-Induéed Pinacol Coupling
Reaction*
o] HO R?
R cat. CpaVCI/MGSICZn o9 ontry  aldehyde coupling product  yleld, % [d¥meso}
j)LH E— R" (1) ) oH '
R? R2 OH 1 \("\,, \’)\g‘\ 8 [919)
1 .zb o o) MegSIO OSiMe,
[o] OH 10 mot% Cp,VCl/Me,SiCliZn
» . Ph/u\/\)LPh OpaVClaMe,S P"ﬁph 2
2 H 71 (66)* {90/10) DME, 50°C, 24 h
E j OH 1) 4,74%
1c 2¢ (armeso = 91/9)
OH
A U 3 Ph Ph 67 (86)° (948
Table 1. Selectivity of the Formation of 1,2-Diol jiﬂ \r'\o‘%ph 87( ) v

R
cat VIMe,SICIZn A o)\o
RCHO ——————— R’ HT + 35

(R =Et,CH) OH ]
1a 2a R 3a
yleld, % (dV/meso)
entry cat. solvent 2a 3a
63/37)
CpV(CO) DME 0 80 (
; CgV(CO): THF 78 (91/9) 0
3 Cp2VCl2 DME 0 82 (88/12)
4 Cp2VCl THF 100 (88/12) 0
5b CpV(CO)4 THF 100 (92/8) 0
6° Cp2VCl2 THF 100 (96/4) 0
7 CpVCl2 THF 74 (70/30) 0
89 Cp2VCI: THF 0 39 (89/11)

: 2
2 conditions unless otherwise stated: aldehyde (
mm(}}l;e.a f:taig:lyst (0.06 mmol), Zn (4 mmol), Me;SiCl (4 mmol),

solvent (7 mL), 20 °C, 13 h. b PhMe,SiC1 was used instead of

MesSiCl. <40 *C. ¢-20 °C.

o
4 O)LH 100 (96)° (85/15]
OH .
1o
)°L o /K/\/H(H 3 mol% CpaVClMe,SiClZn A\ o
n
5 "CyHy 7 H "Can/krc‘H?‘ 97
OH
1"
o

F.-20 ° /
{50750 . o THF,-20°C, 20 h o
x Tk 5,92%
OH model A (a-Me/B-Me = 77/23)
s Ph/\)LH Pn/\)\/\’Ph 97 (64/36)
OH
19 29
SR X
7 H >|\)Y\K 100 (se/4d)
OH
1 2h
8 )OL " n 9 (57143}
9 PN Me PO om 7 [
1 2]

2 Reactlon conditions unless otherwise stated: aldehyde (3
mmol), Cp,VCl; (0.09 mmol), Zn (6 mmol), Me3SiCl (6 mmol), THF
(7 mL), 20 °C, 13 h. ®PhMe;SiCl was used instead of Me,SiCl.
¢Isolated yield (%). 4 —20 *C.

Hirao, T.; Hasegawa, T.; Muguruma, Y.; Ikeda, I. JOC 1996 6] 366.
Hirao, T.; Asahara, M; Muguruma, Y.; Ogawa, A. JOC 1998 63 2812.



Conclusion 20

1) Vanadium has been used successfully in catalysis.

2) Most of the useful organic reactions using vanadium catalysts
are oxovanadium species (IV or V).

3) It's primary synthetic niche is oxidation, best with epoxidation
of allylic alcohols. |

4) Oxovanadium catalysts (V) are trigonal bipyramidal in
structure and function via coordination/activation.

5) Lower valent vanadium catalysts (I, IIT) function by redox
processes. ’ |

6) Reaction conditions using the catalyst are typically mild.

7) Reactions are first order with respect to catalyst.

8) Much improvement in selectivities is needed to provide
proof of overall utility.
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