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Introduction

First Use of Phosphanes to Olefinate Carbonyls:
Zur Reaktionsweise des Pentaphenyl-phosphors

und einiger Derivate

Von Georg Wiitig und Georg Geissler
()
P

(CH,),P—CH, (CoH;),P—CH, (CH,) CH, TR g
= VI - s |+ I
+ 0=C(CeHj;), 0—C(CeH5), 0 C(CgHy),
oxaphosphetane o i
Georg Wittig
Advantages: Disadvantages:
*Highly effective *Multiple step synthesis of ylides
*Broad scope *Ylides are water and oxygen sensitive

Well-known chemoselectivity *Strong base needed to form phosphane
CHO>C=0>>CO,R,CONR *Stoichiometric R;P=0 formation

Catalytic methods that provide mild
nditions, | -pr formati
conditio 5, 1655 by P oduct fo ation Wittig, G.; et al. Justus Liebigs Ann. Chem. 1953, 44-57.

are desireable http://nobelprize.org/nobel_prizes/chemistry/laureates/1979/




Background

Rhenium (General):

*was the last naturally occurring element
discovered (1925)

*used for high-octane gasoline production and
high-temperature super-alloys in jet engines
*the U.S. is the 3" largest producer preceded

by Chile (1%t) and Kazakhstan (2") Rhenium

Organorhenium Oxides as Catalysts:

4 R h

Rey
o1l ™0

O

Organo-
rhenium-

_(VI1) oxide |

] . R MTO/AI;05-SiO; R R
Olefin metathesis: et — )=~ s

. . . R R? MTO R O R?
Olefin oxidation: = —— ¥X
R' R’ H202 R! R3
L R R' R _H Rl '
Carbonyl olefination: 7¢" + "¢« e, 2 Se—cC 4 by + Rt

US Geological Survery: http://minerals.usgs.gov/minerals/pubs/commodity/rhenium/
http://periodictable.com/Elements/075/index.html
Herrmann, W. A.; et al. Acc. Chem. Res. 1997, 169-180



Original Discovery

0 R? R2 no. R!CHO N,=CR?*R?® phosphane R'~CH=CR?R’(5)
7 / MTO / i .
RI-C_ +N,=C_ +PR, < RI~CH=C_ +N, + O=PR, yield {%] - (E):(2)
R* R’ I 2a 3a 4a 82 85:15
2 3 4 5 2 2a 3b 4a 79 -
3 2b 3a 4a 97 €=  60:40
4 2¢ [b] 3a 4a 89 45:55
2a, R' = (CH,),CH 5 2d [c] 3a 4a 91 €=  43:57
2b, R! = C;H,CH=CH (trans) 6 2d[c] 3b 4a 75 .
2¢, R! = (CH,),C=CH(CH,),CH(CH,)CH, €— ; gz g: :: gg <<
24, RI‘ = (CH,),C=CH(CH,),C(CH,)=CH €— 0 b 30 " % €—  42:58
2¢, R' =C,H, €— 10 2g 3b 4a 87 -
2¢ R' =4-BrC,H, €— 1 2g 3a 4a 93 €—  92:8
2g, R! = 4-NO,C,H, € 12 2g 3a 4a 78 {d] 92:8
2 3 13 2g 3a 4b 76 [el 60:40
3a, RZ =H R = C032C2H5 14 2g 3a 4c 98 97:3
3b, R* = CO,CH;, R” = CO,CH, 15 2g 3a 4c 16 91:9
4a, R' = (C,H,)
4b, R’ = (m-C.H,SO Na*) fa] Reaction conditions: 20°C, 20 min, benzene, 10 mol % CH;ReO,; see [4].
te R — ot [b] (R)-(+)-citronellal. [c] Citral. [d] 3 mol% CH;ReQ,, 120 min. [e] Two-
¢, R'=(n-C/H,) phase system C4H/H,O.
(~a,B-unsaturated, alkyl, ) ¢
: e. methyltrioxorhenium (MTO)
aromatic aldehydes are 0?1170 Y
0
compatible
*Electron-poor aldehydes favor 1.0 equiv of 2, 3, and 4 used

KOIGfl nation j Herrmann, W. A.; et al. Angew. Chem. Int. Ed. 1991, 1641-1642.




Mechanistic Studies

O R? R?
v / cat. MTO /
RI—C\ + N2=C\ + PR, ——— RIWCH=C\ + N, + O=PR],
H R’ R’
2 3 4 5
cal. CH;ReO
( 2(CH,),P=C(CO,CH,), e :ECH(COZCsz,)]Z + 2P(C,H,), (b)\
_ cal. CH;ReO, 7
2(C¢H,),P=N—-N=C(CO,CH,), > ZEC(COZCH3)2_]2 +2P(C,H,)y, + 2N, (¢)
, cat. CH,ReO,
2N,=CH(CO,C,H,) FCH(CO,C,Hy) | +2N, (d)
P(C,H,), + N,=C(C,H,), (C4Hy),P=N—-N=C(C,H,), (e)
Qjﬁlr{5}3P=C(COZCH3)2 + C,H,CHO + CH,ReO, CeH ,CH=C(CO,CH,), + O=P(C,H), (f)j

*MTO does not catalyze ylides or phosphazines to olefins (b) or (c)
*Diazoacetate dimerization occurs in the presence of MTO (d)

* Phosphazines can be formed (e), and produces olefins in the
presence of MTO and aldehyde

*MTO catalyzes reaction of malonate derived ylides (inert using
Wittig chemistry) (f)

Herrmann, W. A.; et al. Angew. Chem. Int. Ed. 1991, 1641-1642.



Initial Mechanistic Proposal

P /R2 MTO /R2 '
R'-C +N,=C_ +PR; = RI~CH=C_ +N, + O=PR| Reduction
Metalla- H R R? to Re(V)

oxetane 2 3 4 5 /
N L \
Q H

VII HI

CH3ReO; - P(CgHs)s

lio
AN
CH;Re C A
TN N
O /\
R2 R b v v
. Carbene  cH,Re0, - OP(CH,);
A'
+ Ng::CFlel3
+ R'COH ~Ne.
CH39602(=CR293) - O,‘P{CGHS)S

B

Metallocarbene B and metallocycle C
[ Are B and C intermediates? ] are not observed

Herrmann, W. A.; et al. Angew. Chem. Int. Ed. 1991, 1641-1642.



MTO Catalyzed Epoxidation

R'H) C
j\ + NoCHCO,E! cat MTO R'(H) H

R'(H) R? N,
50-60 °C R? CO,Et
R! R? yield® (%)

H CsH; 79 (52)b
H n-Pr 75

Me s-Bu 64

Me CeHs Y

Me i-Pr 49

¢ Isolated yields, after vacuum distillation, based on EDA, taken
in small deficiency relative to the imine. ®* The lower yield was
obtained when the EDA was added all at once rather than

dropwise.
*Intermediate A was established o
. . . Q
fcf)r MTO/H,0, oxidation of oIefTs Ox AL?‘? O*‘AL‘::?
. v
Does the proposed carbenoid HsC O HeC CHR
A Ac

A have relevance in aldehyde
\ olefination? )

Espenson, J. H.; et al. J. Org. Chem. 1995, 7090-7091.



MTO Catalyzed Deoxygenation of
Epoxides

Catalytic: Stoichiometric:

R1 R3 MTO Ry__ Rs
7&( + PPhg —0 /= = +  O=PPhg CHs 0 GHs

R2 R4 RQ R4 I Ra\ / \ Rs O§R|e/o Rs
0=Re=0 + S ——= o7\ R
Substrate Olefin product Yield (%) o) R’ R 0 R
DCM, rt, 24 h R2
styrene epoxide styrene 83 1.0 equiv 1.2 equiv I
cyclohexene epoxide cyclohexene 71P
o] ©/=\© g7
m CH;Re(0),(OCR,CR,0) + PPh, —

* In benzene at room temperature with epoxide: MTO = 10:1. benzene. rt
® Product yields were caiculated from "H-NMR. ’

Is a bis(alkoxy)rhenium(VI) species an)|
intermediate for olefination of
aldehydes?

) Espenson, ). H.; et al. J. Mol. Cat. 1995, 87-94.
Espenson, J. H.; et al. Inorg. Chem. 1996, 1408-1409.




Abu-Omar’s Proposed Mechanism

O R? R?
Vi / cat MTO /
R'—C +N,=C_ +PRy ——— RI"CH=C_ +N, + O=PR,
H R? R3
2 3 4 5

Based on the work of Espensen:

Ris _ ,H H
O=PPh; + H,C-C\H:2 N=C.
i CHa 1
Bis(alkoxy)- % N Carbenoid
rhenium(VII ‘ .
(Vi) PPh; / formation
H e
Can be isolated e v LR,
0/16\0 H1 OH
Ry H
Y.
C\
k H>g<a1 . 0%:3 Ry H
Epoxide > o H C0°

intermediate
Owens, G. S.; et al. Catal. Today 2000, 317-363.



Rhenium(VIl) Carbene

Tandem Mass Spectrometry
ESI CID

select |:>
356 m/z
C|)J/ (Py)nRe\f‘C’)CHMe ¢
//O —1 + 2a - 3a 0O
(Py)nReQ'O o + - +
OD\ (Py)nﬁ + /O S
1 O=RO PyRl=cr,
0]
o
L "
2b J
N\ J
If? =2
o I+
(PY)nRé/:::O

xS

select
326 m/z

CH,

Observation of carbenes supports

metallooxetane intermediacy

,/,-*"\UM

PVE f
:> (D?}Rtgaﬂpr 370 m/z

100000 — /}3 -1+
(Py)Re\i—fCHMe CH,
0o é/ 356
80000 mMz=326
o T+
. |
(F’y)F{e(OCHQ cive /? 1+
600004 mz=312 o  _CD (yRe© |
O
—/
7 " miz = 356
(Py) He\\
40000 - o O(
m/z= 298
P
20000  (Pyrde0 312
(o] /// I ‘
1 miz=314 || 326
298 314, |
o
0 e e = e i e

Chen, P.; et al. Angew. Chem. Int. Ed. 2003, 3798-3801.



Rhenium-Phosphane Observed

CN\(IZIJ AN
Re=O |
NS N N
m/z = 391 C =
N Z N
PPh, PMe, |
(in sol'n) {(gas phase) =
N O 1@ o 1@ N O 1®
~ ~ I ~
—C Re—PPh, -»C S C Re -PMejg
N/ 1l N/ 1l
o O
m/z = 637 m/z= 375 m/z = 451
EDA{gas phase) lEDA(gas phase) EDA(gas phase)
0 [ N O R © N O T ® 7]
NQ ../CHCOzC s 1O N PPTS-'@) CiD/Xe PMe; (gas phase) |/~ PMeq
M€ _CHCO,C,H, Re—| /Re CHCO,C,Hs - “Re—l
..\ 2lv2hs N/g CHCO,CoHs N~ o N lcl) CHCO,CoHsg
Peh
miz = 809 m/z =723 m/z = 461 m/z = 537
N O —]®
lCID/Xe C N H/ZHCO o
7 ||\ 22115
5 ® N_ //O_|® N H
N ~ B  — Re\ PMea
Re=CHCQ,C,H < e -
Cpocosss | Ly o e v ooy mEzO8 |\ o g0
O C Re_ m/z = 445 ( Re/
m/z = 461 -l \CHCO »CoHs ral \CHCOQC Hs
| m/z=723 — | m/iz=537  _|
0
CA
—— R
N
m/z =375

Chen, P.; et al. Chem. Eur J. 2003, 1852-1859.



Phosphine Effects

o 0 m)LOCZHs
[RezO5(bi C
AL+ H%ocsz, + PRy e e Ll ocks N + O=PR; +N;
Ph”” H
Nz
cinnamate azine
solvent phosphine mol % catalyst reaction time [h] T[C] % cinnamate E/Z ratio % azine % recovered aldehyde
THF PPh, 3 44 25 86 38 2 12
THF PPh, 3 8 60 91 20 - 9
THF PPh, 0.7 22 60 75 31 6 19
THF P(OMe), 3.6 94 25 14 3 - 54
CH;CN PPh, €— 3 50 25 36 22 €— 16 16
CH,CN P(OMe), €= 3.6 94 25 36 3 €— - 28
CH,CI, PPh, 3 48 25 37 27 21 20
H
0 OEt
THF
H —
H OEt H
PPhs rt, 24 h
E/Z ~20:1 €—

Phosphine effects olefin geometry

Is a classical ylide an
intermediate?

Chen, P.; et al. Chem. Eur J. 2003, 1852-1859.



Chen’s Proposed Mechanism

. N :O_@
:
\'__ COQCZH5 C \F{e=O
N/ i
I 0
o Phy
Ph3P=O
PhsP=0
F;iHF? CHCO,C,H 010 Carbene
3 2v2lls \ " N, =CHCO,C,Hs .
Ylide wi “ formation
Ny
formatlon /
o 0
N F’Ph3 N ~ i L
“Re—| “Re=CHCO,C.Hs
Nidl ll CHCO,C,Hs Nid 1l

PhsP
Are these gas phase results\ \F{/F’P@% i
e

\_

applicable to a solution N’g\CHcozczm
phase reaction?

- Chen, P.; et al. Chem. Eur J. 2003, 1852-1859.




Methyl Diazomalonate

MTO (10 mol %)

0
PhsP (1.1 equiv)  MeO OMe
H * MeO OMe - H 90%
N3 benzene, 20 °C
O:zN 20 min
0
MeO OMe
¥
H * MeO OMe 77 o H
benzene, 80 °C
PPh =
O:zN ’
0 [Re] (5 mol %)
PhsP (1.1 equiv) MeO OMe )
H * MeO OMe - Y 22%
N THF, rt, 24 h
02N 2
CHa
0 [Re] (5 mol %) | _Ph
PhP (1.1 equiv) MeO OMe O{,Re //
H *+ MeO OMe H— Y // \
PPh3 THF, rt, 4 days
O2N [Re] Ph

Rhenium is involved with more
. . Herrmann, W. A.; et al. Angew. Chem. Int. Ed. 1991, 1641-1642.
than ylide formation Kuhn, F. E.: et al. Chem. Eur. J. 2004, 6313-6321.




Rhenium(VIl) or Rhenium(V)?

CHs CHa
| | /Ph 100 olefin 1, mol %
—Rex_ a) PPhy(supp)) —Re—F 90 |
O // o 0 // / 80 azine
o b) Ph-C=C-Ph o & 70
1 2 Ph g 60
A g =) 50
O CH 2 £
N\ , 9 2 40
PhyP—Re—PPhs 30 o b g
I 20 : TR
l 10 1 Pt |
(6] -0=C— 0
Ppha . O=Rle<’ R-C=C—R 1 5 10
e (R = Ph)
3a
1 (10 mol %) 3a (5 mol %)
olefin (yield) olefin (yield)
aldehyde (%) E/Z (%) EIZ
4-0,NCgH4CHO? 93 92/8 89 78/22
4-CH;C¢H4CHO? 79 76/24 71 70/30
4-FC¢H4CHO? 94 66/34 89 67/33

“ Diazo compound, N;>=CHCOOE?t; phosphine, PPhs; THF. 525 °C;

Re(V) is likely the catalytically
active species

Herrmann, W. A.; et al. Organometallics 1994, 4531-4535.



NMR Experiments

4 ; CHy )
P /RZ [Re] R | _Ph
RI—C\ + N2:C\ + PR, ——— R!~CH= C + N, + O=PR] .——?e //
3 3
H R R d
\ 2 3 4 5 2 [Re] Y

*Phosphazine (1.2 equiv)

4-O,NC,H,CHO + PPh, + reacts immediately with

N,CHCO,Et — 4-O,NC,H,CH=N-N=CHCO,Et +  [Re] (*’O labeled, 1 equiv)
O=PPh, (2) to produce N, and OPPh,

Azine - Slow *[Re]'’0 is completely
consumed and forms an
H intermediate with a
P(CeHs)s +N2—C\C o5 ——=(CeHglsP=N-N=C{ N ) terminal oxygen ligand (170
NMR, 0 7135676 ppm)
Phosphazine - Fast *Re=C observed (& (13C, -30

°C) 323 ppm)

Kuhn, F. E.; et al. J. Am. Chem. Soc. 2003, 2414-2415.



Kuhn’s Proposed Mechanism

Phosphazine P (CoHs): +N2>C\,R1
formation R?
— ] R1
(C6H5)3P:N"N= /R2
H R H ‘
N _ 7 3 + Y - pi
RTC Npo o’:—g CR (CGH5)3P—N=N—C\’RR2
R 1Y
Metalla- @R R Metallacycle
oxetane ] ] o R / formation
. H _R +
formation __(f ’ ? \ &
—_—> =R _R’ (CeHs)3R /% !
N=N Rgz (A)
Nl
© K ] ] N,
?HS {CegHs)3P=
6M5)3r=
Re
R? >\ SN O Carber\e
S0 7 formation
L@ R2 1€

Kuhn, F. E.; et al. J. Am. Chem. So0c.2003, 2414-2415.



Conclusions

*Compelling evidence for a Re-carbene intermediate has
been reported

*Re-catalyzed ylide formation is debated, even though
some stabilized ylides do not undergo Re-catalyzed
olefination of aldehydes

*Re-catalyzed aldehyde olefinations provide mild
conditions and access to products not available from classic
Wittig chemistry

*The use of stoichiometric quantities of Ph;P as a reducing
agent is cumbersome

H H R’ cat. H R®

>=o + "% > "= o

R H R R R’

For additional catalytic aldehyde olefinations see:
Kuhn, F. E.; et al. Mini-Rev. Org. Chem. 2004, 55-64.



