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George Hermann Biichi
Born: August 21, 1921 in Baden, Switzerland
Undergraduate studies: ETH, Zurich, Switzerland
(chemical engineering)

Doctoral studies: ETH, Zurich, Switzerland
(thesis advisor Leopold Ruzicka)
Postdoctoral Fellow: University of Chicago
(advisor Morris Kharasch)
Independent career: MIT, 1950-1998

Selected Career Highlights:

Ruzicka Prize (Swiss Chem. Soc.); Fritzche Award,
Award for Creative Work in Synthetic Organic
Chemistry (ACS); Member - National Academy of
Science; Editor - Organic Syntheses; industry
consultant (Hoffman-LaRoche, Firmenich SA)

From Organic Synthesis Vol. 77, pp. xxiii—xxvi

"For George, the satisfaction of a completed total synthesis for outweighed the
gratification that honors could bestow."

"His syntheses have been consistently notable for economy, elegance, and originality
and have the style that characterizes today's organic synthesis."

"Throughout his life, George was an avid outdoorsman who traveled to many parts of the
world in order to indulge his love of hunting and fishing. He often returned with substantial
trophies to be hung in his office; these impressed visitors, but more importantly, they
provided and opportunity for reluctant students to plan diversionary tactics when there was
little research progress to report."

Under the tutelage of Professor and future Nobel Laureate Leopold Ruzicka, George
Buchi would study the structure of naturally occuring terpenes, the synthesis of their
degradation products, and and meticulously work towards elucidating complex structures.

Wenn Sie wissen, wie man Deutsch spricht, empfehle ich diese ...
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Uiberfiihrung des Breins in epi-a-Amyrin  Zur Kenntnis der Tripterpene
Helv. Chim. Acta1946, 29, 442 Helv. Chim. Acta1948, 31, 241

As a Firestone Postdoctoral Fellow, George
Buchi performed research at the University of
Chicago in the laboratory of Professor Morris

Kharasch, studying the effects of radical
reactions in the solution phase.
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Further reading: J. Am. Chem. Soc. 1951, 73, 632 CO,Et
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Returning to our system of interest...

Our story begins in the ltalian countryside at the turn of the 20th century... Mo M i
e. Me

Ph M )OL Ve
e — +
Me — \@)\/KO% Me” “H Ph\%Me
“H

Paterno & Chieffi, Gazz. Chim. Ital., 1909, 39, 341
Lo 0
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"Trimethylene oxide" formation was reported, but no exact structure was postulated ) H )
These findings were destined for the annals of history, r Me 1
that is, until Biichi observed a tantilizing connection! 0
_______________________________________________________________________________________ Ph @ Me )l\ + Me” \rMe
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Me E— 0J) Me Ph H
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Kharasch, et al., J. Org. Chem. 1949, 14, 248 pe,-gxides %
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(57%) not observed!
el i With the correct structure elucidated, Biichi then asked, "what is going on?"
. . . ' Kharasch's proposed mechanism would predict 1b to be the major product:
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Biichi was determined to identify the structure of Paterno's reaction, and to
develop a general method for highly substituted oxitanes

Biichi, G., et al. J. Am. Chem. Soc. 1956, 76, 4327 U 1Y 73 Y X
B LR T R e R e R R E e T LR e LR EEEREL P EERER RS . o0 s\ Me Me o—""
: Q Me Me Lo vy, ~h @ — o™ —
: N Me hv 0 o i Ph”H Ph)\H Me” ~Me )\f Me Ph Me
5 H )I —> e or Me T SRR PR TH e .
Me™ ~Me Me PN M Ph Further evidence for a 1,4-diradical intermediate:
. 1a 1b :

L0

Can degradation products provide insight? Blichi enokes similar reactivity: Ph)l\ Ph * ( o Me
: Ph,/j 4:(
, Me

H\@,H ‘

OH R R Ph

R R" Hy 2 R@ RO -HL R O R 0 Ph# Ph
\I/\|/ \'/\l/ M/ \% + Y )l\ + )l/
R OH R L:OH R R' Ph” ~Ph free rotation to most 61 trans : cis

stable orientation

J. Am. Chem. Soc. 1952, 74, 4279 Amnold, D.R., Adv. Photochem., 1968, 6, 301
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The General Accepted Mechanism: Despite Professor Buchi's disenchantment, the Paterno-Buchi reaction has had a major

Mattay & coworkers; TL 1984, 25,817  (2-alkoxyoxetane

0 RS RS R3 inpact on the field of synthetic organic chemistry:
J]\ JL ISC JOL >=< (0] R4 Ph_otochemical process offers_ c_:omplimgntary selectivity to both thermal and Lewis
R1” “R2 R1 R2 R4 RS R 14. s acid-catalyzed [2+2] cycloaddition reactions
So Ty > R2 RS : o o
R3 R 5 free rotation ' Ac OEt M A
stereospecific o <— )l\[r e+ JI\ o > | AC
[2+2] cycloaddition nonstereo v Me OEt [2+2] Me I EtO” ~OEt [2+2]
i | 3-alkoxyoxetane

specific [2+2]
R4 RS j wR cycloaddition
R
R2
(+ reg|0|somer) (+ reg|0|somer

Up to three stereogenic centers can be created in a single transformation!

. The nature of the carbonyl substituent greatly influences diastereoselectivity
Quenching of the singlet state with olefins is rare and requires specialized ,

conditions (e.g. alkyl aldehydes with a high alkene concentration) R= endo : exo

-------------------------------------------------------------------------------------- : Me 45: 55
Evidence for the triplet state predominating: M )L —> o " Bu 91:9
O

e e Me Me e : Ph 88: 12
o] M M | N ' endo Mes >98: 2
e\n/ e o) c Me o Me Q EWhat gives? Three possible scenarios...
+ ¢ vy < Me 2 050 'Y R HH, i 5 .
0 Me)LMe "0 —~o ISC R é 1SCy, exo % I;C bond cleavage;
: o@( > endo o071 O?( —% returnS.M. |
p 0 H w HH noy H .

Wilson, R., et al., J. Am. Chem. Soc. 1982, 104, 4429

Buchi briefly piloted efforts to access previously unattainable structures: Amore rigorous physical treatment could be useful...

Remember, the C—C bond that leads to product formation can only happen after ISC back

J. Am. Chem. Soc. 1956, 78, 876 to the excited singlet (S4) state. The major mechanism for enhancing the (first-order

tBu COOMe <1 :50

Buchi would soon become disenchanted with photochemistry, because "useful applications
were not forthcoming, and because the course of transformations could rarely be predicted,
thus robbing the investigator of the pleasure derived from designing new reactions."

o Bu Me O forbidden) spin flip is spin-orbit coupling (SOC), as governed by Salem's rules.
hv retro 4mn SOC = B(R){S}sin¢ ST 6 ) -l-;‘ --------------- |-|- ™
Me * | | — X Bu where B(R) is a function of : !
the distance between radical ! E:i@ :
Bu Bu centers, {S}is the overlap : H H H I R !
not isolated integral, and ¢ is the angle H
J. Am. Chem. Soc. 1956, 78, 689 H between p-orbitals \_..endo . . . exo .
- N _Me
C.) Me Me Me  Me 2 | N \n’ in other words, the radical centers will be in close proximity and the p-orbitals at right angles
N :[ h (0] O} eeemmemmeemmeeemeemeeeemeeeeemeeeeemeemeeeeeeeeeeemeeeeemeem—emme .-
+0 + | v ] )g‘Me 2 e ) “‘l
©/ Me H > N“O via a proposed zwitterion, EThe plot inevitably thickens Rl= R2= exo: endo :
dimerization, ' | A (0] h Ph H 212:1 H
. decompoosition pathway .t Q + LA - Ph Me 50 :1 H
not isolated : le) R1JLR2 Ph CN 37:1

.................................................................................

Griesbeck & coworkers; J. Am. Chem. Soc. 1990, 112, 1281
Carlacci & coworkers; J. Am. Chem. Soc. 1987, 109, 5323

.
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The Intramolecular Isomerization of Carvone to Carvonecamphor
J. Am. Chem. Soc. 1957, 79, 4741

Previous findings (Ciamician & coworkers):
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Biichi's systematic investigation...
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”Suspected Structure”

3° alcohol

cyclopropyl!

mechanism
the skeletal

OH

- Unsaturated
monoacetate suggests

- Terminal CH» and
confirmed by IR
- The concerted

rearrangement the
movement of electrons
is in a single plane

CH,were

proposed in

L U 4

e

S|I|ca

Structures proposed
"from inconclusive
evidence"

Chem. Ber. 1908, 41, 1928

Lactone formation with skeletal rearrangement
was proposed, but the identity was unknown

H&?

(1717 cm-?
Whl/e some may stop there, Blichi wants further proof!
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Proposed mechanism of isomerization:
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Stereospecific Synthesis of Uleine and Epiuleine
J. Am Chem. Soc. 1971, 93, 2492

- Secondary plant metabolite of
Aspidosperma ulei

- Indole alkaloid notably lacking
tryptomine unit

the

- At onset of synthesis, origin of the 0

bridgehead ethyl was unconfirmed

- Treatment with methyl iodide formed 3-formylindole,
quaternary ammonium rapidly, 1N NaOH

suggesting ethyl was oriented away HoN (66%)
from the basic nitrogen
;{ e} 8 4.1 ppm (d)
)! e Jhap = 9 Hz
5'5'54 )_tail\""e H
% <— —
(87%) HN
configurational inversion O

+ rotomer (55.30,58.25) Me Hp

....................................................................

Special case of A-strain with axial indole due to vicinal alkyl amide '

tBuOH/THF :

Me

LA%
73%)

(+)-Uleine

(50% + ' ?—a/ky/ ketone and the two trigonal centers further stabilize axial subst/tuentsj
24 % rsm)
Me H
o
H (6]
)\—H =<N
= N >
= Hg(OAc)», S Pd/C, H,
AcOH MeOH
HO 3 P Et Ac
74 (67%) (36%)
HN

© (+ epimer)
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Total Synthesis of Aflatoxin B,
J. Am. Chem. Soc. 1971, 93, 746
This second-generation synthesis gave access to several bioactive
analogs, and efficient access to the key tricyclic phenol 2

Aflatoxins B & G

- Fungal metabolites produced by Aspergillus flavus
- Responsible for many outbreaks of unusal toxicity
in several animal species in Britain

- Postulated to infest feed grains during harvest or

storage OH

- Several species had been isolated but none

characterized

OH
i Ac,0 (2 eq);
Isolation and characterization Aflatoxin B (1) 2 g‘;g/Nz, H+
Buchi, Wogan, & coworkers; J. Am. Chem. Soc. 1963, 85, 1706 BnBr; )
(0] H OBn ﬁ]eozz Me OBn then
; S en Zn, PhsPCHCOEt
CHCl, TLC yields = -

Cultures of A. flavus o 4o ion 20 frgctions Fluorescent blue compound (1) X <_ACOH 90/
grown on sterile H o OMe (75%) oo o)
crushed wheat Et,0 (2 UV active) Fluorescent green compound (2) O

precipitation

. DIBALH;

e e e . 1(67%) | then Ac,0,
Compound 1 ! H Product 1a ' NaOAc
H C17H120, E Pd/C, H, ' C47H160s, E OB
: M.W. 312 (mass spec.) : ) i M.W. 300 (mass spec.) : :AcO H 5" PdiC, Hy
[a]p -558° 1 "reaction complete 1 [o]p -312° : N th%o
! \max 1760, 1665, 1630, 1600 cmt §  afer3males Fly by 41705 1625, 1600 om-t ! . en
: 1 were absorbed 1 ffmax : (69%) y
! Amax 223, 265, 362 nm ; 1 Amax 223, 265,362 nm 6} OMe ( ) :

""""""""""""""""" R b H " Aflatoxin B,
- The intensity of the 1705 cm- signal was of significantly goTTTTTTTTER e ~. See also: JACS 1967, 89, 6745 (1st gen. synthesis)

reduced intensity : 0 H JACS 1970, 92, 1035 (Biosynthetic pathway elucidation)

- The UV spectrum of 1a had a shape identical to synthetic o e
coumarin 3, with peaks shifted ~7 nm longer wavelengths ' | i 1 Structure elucidation of complex natural products would continue (a small sample)...

- These observations, along with the observed physical changes N ’Pr¢ H

following hydrogenation, are explainable if Aflatoxin B containsa : ! A o/‘kr/N

carbonyl group in a five-membered ring cross-conjugated with :MeO OMe ; | CO

the a,pB-unsaturated lactone funcationality 3 ! N

- TH-NMR of 1 and 1a indicated a dihydrofuran moieity in N.P. ~ ~""7"7==7========""" ' o o)

From this data, the correct structure of Aflatoxin B was assigned! JOH
: N
56.89 (d, 1H) 0 0 e} e} ' N Me
6.52 (t, 1H) . . H
l wL Assignment of Aflatoxin : %Me
i 1H) (0] G's structure was easily ' 0
accomplished comparing : Ditr : -
hpge ' yptophenaline Tryptoquivaline
0] wsn|  the ntearly gjentlc_aclj NMR ; TL, 1977, 28, 2403 JAprS 1%75, 97, 663
5.537‘ 0 OMe 2348t 2H) tsﬁg gt?e?g g;r;lsld:tgng : Total syntheses: Total Syntheses: o ;
1 . . P Overman; JACS 2001, 123, 9465 Buchi - stay tuned! 522?:%’%1 356638
Aflatoxin B Aflatoxin G 1 Movassaghi; ACIEE 2008, 47, 1485 Nakagawa; TL 1984, 25, 3865 T
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Tryptoquivaline G

Total Synthesis of Tryptoquivaline G

J. Am. Chem. Soc. 1979, 101, 5084 (total synthesis)
J. Am. Chem. Soc. 1975, 97, 663 (structure elucidation)

The model system employed provides insight into Blichi's chemical intuition:

o)
OH
O TiCI
N DMSO
A\ DCM, -20°
N ) (65%)

[a]®p -113°

[a]?5p -206°

- When treated with sodium hydride or imidazole, A was recovered unchanged
- Under the same conditions B was recovered as the enantiomer of A ([a.]*p +134°)

- Since epimerization of tryptoquivaline G to tryptoquivaline L is accompanied by a large

- Secondary metabolite from the fungus Aspergillus clavatus
- Found on mold damaged rice crops

- Toxic metabolite that induces tremors

- Structure was elucidated by (you guessed it!) Buchi

*Key challenge = developing a methodology for converting
N-acyl tryptophans into spirolactones with stereocontrol

negative shift in optical rotation, the absolute configurations at C3 and C;g should be

opposite that in the model compound B

- Thus, the major, more stable epimer of oxidative lactonization has the correct

stereochemistry at the spirocenter

0 [0} -877°
N
H key intermediate 1

CO,H
o-nitroBzCl;
NH, then PhCHNy;
A\ then Fe /HCI
reflux
N
Ho
: N
H (0] (/
H N
: ()

COan
NH,

MSZO,
DMSO
DCM, -20°
(56%)

(+ <10% epimer)

then TsOH,;

then Pd/C, H,
(50% from L-trp)

HO,C

To confirm stereochemistry, the enolate was generated and protonated to
give the enantiomer of the minor epimer ([a.]*p +320°)

N NO, _ OMe OMe
¢
O, N BSA;
> 0" 4 then 2, DMF,
O/' N (o) TN NM94C I
< o * OJ?( Yi2) T 1)
Me" Me O
NH ;
(prepared in 2 steps
from methylalanine) o r/
N
TFA, anisole;
m-CPBA (76%)
(87%) then NaCNBHg;
then DDQ
(80%)
KH; . N
i then HCI ' Tryptoquivaline G !
! ‘epimerizatiori  __[aPp+142° .
- The absolute configuration of the tryptoquivalines was determined
- It was concluded that the tryptoquivalines are derived from D-tryptophan
- Stereospecific spirolactonization from N-acyltryptophans was developed
A Synthesis of Pilocarpine
Me, J. Org. Chem. 1993, 58, 62
N - Isolated from the leaves of Pilocarpus jaborandj pilocarpine is a
Me \ \Il leading treatment for glaucoma
N - Due to the depletion of the natural source, synthesis was sought
- Despite its simple appearance, seven syntheses to date had all
070 failed to provide optically active material with the correct
Pilocarpine configuration
Ve A 0kt
Hg(OAc),, CHO H,, Pd/C
O = [(+)-IpcBCIl  HO™ = Et,0 X PhH, py
> 71%)
(68%, 92% o6) o i (98%,
07 © O dr2:1 oY 3:2 dr)
Me,
N \| K,COs, CHO
Me | MeNHz,
No epimerization observed at C, en
TosMIC, 070
070 EtoN
Pilocarpine (61%)
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IPatchoulilOil} The Story of Patchouli Alcohol A New Synthesis of (L:/yglopecn;eno?g; M:;hg:)g?smonate, and Jasmone

iy [ | 2 Am Crom Ser 198 60,97 st sgeton 305, 0. . 171 3,

Herbal ~ Proc. Chem. Soc. London 1963, 383 (gm odified strl)J/ctu re) \ - Main olfactory component derived from Jasmonium grandiflorum
S J. Am. Chem. Soc. 1964, 86, 4438 (2nd generation synthesis) '

— - Important chemical in modern perfumery
Me | - Limited synthetic efforts were inefficient and produced
OH inseparable isomers
Me., - Synthesis plan revolved around an unprecedented ring
0 contraction via a cyclopropane intermediate
Methyl Jasmonate

- Sesquiterpene patchouli alcohol is the main consituent
of commercial patchouli oil, a fragrence derived from the
shrub Pogostemon patchouli \
- Extensive spectroscopic and synthetic degradation I:|
studies lead to the assigned structure 1 Me

proposed intermediate

! OH  KOH, 1-bromo- Na.CO 0o
- Synthetic efforts were undertaken to access large Patchouli Alcohol (1) : 2-pentyne: a,COs,
quantities efficiently and to confirm the proposed structure (proposed structure) : y xylenes
: then 'BuOCI rggg/x o
Me Me

Me

\

MeOZC

wn/

o) CO,H o
—> SOClz. pyiy, PhP5CHy;
Me\@ —Me— then AlCly then Hy,_
o R?Qg"xo)'\h Llndlars CO.Me_== =
| >—' —M < ’,,,. ~
Methyl Jasmonate (e} (e

H,, Pd/C; Me BH,, 202, Me MeCOsH;
then 350° C Me NaOH ««OH__ then BF3 [ o I T P R
Ac O 7% 0 Synthesis of Muscone - Enone / Alkynone Fragmentation
AcO™ 22, PY; Helv. Chim. Acta1979, 62, 2655 (synthesis)

- The active component in "musk" fragrance
- Naturally occurs as a glandular secretion from musk deer

Me O) M OH Me| - Synthesis subsequently replaced harvesting from nature
= A\ €. ,\OH Ac0, py; ) . (x)-muscone - CoIIaboration to improve on ring expansion poineered by Ohloff
MeCOgH, HO then A; PR
: Neore, | CIA)HO) —=CTA)  ganm ™ 1101 p o B m ! I L
a-patchoulene G & PtO, : ’ I >
(consistent with natural Me Me 1 (4 Me NBS, (4 ( Me
MeOH
sample) : e
: @OMe OMe ° 0
- Synthetic 1 was in complete agreement with the spectral properties of natural samples ! H.,
- Synthesis of 1 confirmed structural assignment and determined the absolute configuration ' " . . Pd/C
- The sense of resolve would be short lived, for one year later Dunitz & coworkers obtained : ePrg)\(/ 'ieefozggeffgéo srt%i/(gaolfy i‘/r% SWVC';Z Zne;o Or ;r;e;ttgn % blematic.”
an x-ray structure which did not agree with Buchi's orginal conclusions: POXY y p ’ (x)-muscone
Synthesis of Rosefuran
: J. Org. Chem. 1962, 33, 1227
peracid> 277 > ! L ELO: Me
: t
: O(_CONa HgCly, o2 0 =
. 2 \ /) t en
! \ / NaszO% p | / Me
a-patchoulene Revised structure of Me (83%) Rosefuran
patchouli alcohol ' Br e
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The Claisen Rearrangement of 3,4,-Dihydro-2H-pyranylethylenes:
A New Method for the Synthesis of Cyclohexenes
J. Am. Chem. Soc. 1970, 92, 3126

Regioselective Synthesis of Alkyl Pyrazines
J. Org. Chem 1991, 56, 2605

.OH

: N Me
3 3 Exclusive formation of the minor : i | allyl KOtBu
/(j\% ([ ] M Me product in a Diels-Alder reaction : Me\n/\Me |nsitor:iatreny|l_|C| Me Me amine Me \ -OH
89%) e e.g. isoprene + MVK, : —_—
(e.g. isop ) : o) o) — > \/\
' Me Me Me
: Me 300°C Me\)\\ -OCOMe Me X, .OH
O, o= QW @\m ’ (ST S <_C')L°Me o
CO,Me 77% (trace) ' N~ NP Me N A
MeO,C . (62% overall Me " Me
O |t o t :
! Various alkyl substituents were tolerated with comparable yields
\ %‘\ —> Cis product 2
R Vinyl Migration in Wittig Rearrangements
cis-configurationofa ~ Substitution on the olefin terminus are limited J. Am. Chem. Soc. 1974, 96, 2576
terminally substituted olefin  to trans configuration as the cis configuration ' While attempting to develop a method for alkylation of allyl vinyl ethers, it was observed
crowds the boat-like T.S. creates steric clash in the transition state that the lithiated derivative undergoes a [1,2] rearrangement before alkylation takes place
A Two-Step Synthesis of Imidazoles from Aldehydes via 4-Tosyloxazolines Ve OH
- i 2 Z  nBuli M
Heterocycles 1994, 39, 139 ° \l\g ?sgt/l) / Y el X
° Me
Rl RGN OH M
g R2NH e
RICHO  TosMIC J: > 2 I \> . OH Me
Me nBuLi 0] nBuLi
(40—60%) N Phr o X Me MUl P \/\ N
R2 (84%)  Ph Me (87%)

R' = alkyl, aryl, esters, allyl, vinyll R2=alkyl, ary i
Structural Identification of the Major DNA Adduct Formed by Aflatoxin B, in vitro
Wogan, Blichi, & coworkers; Proc. Natl. Acad. Sci. USA 1977, 74, 1870

C-prenylation of Phenols Promoted by Aluminum Oxide Surfaces
J. Org. Chem. 1986, 56, 4481
Br CGHO - As part of a multi-PI effort, it was discovered that Aflatoxin B,
Y\/ ©/\)\ ©/ covalently binds with high affinity to guanine residues
Me
a0, A|2O3 N
o (25%)

- It was determined that Aflatoxin B] is metabolipal!y activated via
CHO (359 Me oxidation of the 2,3-dihydrofuran prior to DNA binding

OH Me

Br OH Me
Z Me
A|203 A| o
CO,Me (39%) CO,Me 50 NO,

(32%)

- HPLC separation and characterization by mass spec of the
Aflatoxin B{-DNA adduct was achived by liberation with formic
acid
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Selected natural product syntheses not covered in this seminar:

A\
N
Me H

Sesquirose oxides Flavocarpine

Helv. Chim. Acta 1980, 63,1589

Maaliol Agarofuran
JACS 1960, 82, 2327 JACS 1967, 89, 5665

CO,Me

Velbenamine
JACS 1970, 92, 999

HO o
CO, Me
HO N® /

Fulvoplumierin
JACS 1969, 91, 6470

Me
\ (0]
\ HO
N CO,H
HO.C® K
Betanidine (+)-cis-cinerlone

JOC 1978, 43, 4765 JACS 1971, 93, 4319

JACS 1962, 34, 3393

MeO

Me

Aromadendrene
JACS 1969, 91, 6473

Me
(x)-Vindoline

JACS 1975, 97, 6880

Atrovenetin
JOC 1986, 51, 4813

Me

Furopelargone A
JACS 1966, 87, 1589

Me

a-Sinensal
JACS 1974, 96, 7573

O NN

7 "N
_/ HH

Br Br

Dibromophakellin
JACS1982, 104, 1776

OH O

Camptothecin
JOC 1976, 41, 699

Holomycin
JACS 1963, 85, 647

D—NH,
N

N\
"t Q\N
N
M l’\l)\NHz
© Me

Zoanthoxanthin
JACS 1976, 98, 3049

HO,C
7 NH CO,H
A
.
(0) N~ “CO.H
(0]
Methoxatin

JACS 1985, 107, 5555

N
\ /

N CoMe Me

Catharanthine
JACS 1970, 92, 999

OH
HO/,. “\OH

OH

H
CO,Me

Loganin
JACS1970, 92, 2165

Gymnomitrol
JACS1979, 101, 6767

Me Me
Ar
MeO o
Tropolone

JACS 1985, 107, 5555

Me OMe
N Me

Alchorneine
JOC 1989, 54, 4494

HO OH

MeO

Genipin
JACS 1967, 89, 2776




