The Beckmann Rearrangement

The Mona Lisa of Rearrangements

Jeremy Henle, 11/19/2013
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Oximes
HO. HO.
L 1
R" “H R" "R?
aldoxime ketoxime

Known to exist in isomeric forms (as of 1890, Hantzsch and Werner)
Many are crystalline, air stable compounds

Generally more stable to hydrolysis than hydrazones (2-3 times as stable)
Preparation

NH,OH-HCI HO.

@)
J - N

2
R base R

R1

Hantzsch and Werner, Ber. 1890, 23, 11.
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Reactions of Oximes

m Neber Rearrangement
HO TsCl TsO. NaOH O

. N >
RJ\/R ] RJ\/R R)K(R

m Beckmann Fragmentation

Fpo= 3y — 8 oy

m Beckmann Rearrangement -1886 to present

N~ Conditions H

o - R

R2 ®)

R1

Most widely used industrial process for lactam formation
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Significance of the Beckmann Rearrangement

m Industrial Significance

N’OH ') Half of all produced
| H,SO, cyclohexanone is
> HN converted to the oxime
for this process.
Precursor to nylon-6

caprolactam

m  Academic Significance

1 Mechanism still
uncertain

0 Ilustrated in numerous 100
natural product
syntheses

Beckmann Rearrangement Publications
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Discovery
1886
m  Ernst Beckmann

0 Attempting to find a novel method of distinguishing aldehydes and ketones from
their corresponding aldoximes/ketoximes

HO
\N PC|5 N
I " 7
1 R
R H
0 Ketoximes gave unexpected products identified by hydrolysis
HO\N e} @ O NH
| PClg hydrolysis 2
oo O Ao Re!
T H
. J
Y
identifiable

0 Reaction could be catalyzed by PCl;, SbCls, other metal chlorides

0 Strong mineral acids could be used, catalytically if necessary
m Beckmann solution: acetic acid, HCI, and acetic anhydride

0 Alkali metal hydroxides did not catalyze the reaction

m  Beckmann expected the mechanism to be quite complex with many
different intermediates due to generality and possible reagents

Beckmann, Ber. 1886, 988. A. H. Blatt, Chem. Rev. 1933, 215.
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Initial Mechanistic Assumptions

m [nitial hypothesis that the reaction was formally an exchange of a “hydroxy
radical” and “carbon radical” (Hantzsch, 1891)
m Isomeric oximes were shown to give different constitutional products
m Cis shift assumed because the groups are closer in space

NOH ¢is shift NR? NHR?

R1JL R1k0

= Mechanism unquestioned due to “inherent reasonableness”
0 Pfieffer (1904) and Bucherer (1914) suggested a trans shift

m Reagents were simple catalysts of this process
m  Until 1921, the cis shift assumption remained popular opinion
m Used to identify the configuration of many ketoximes

R "R? OH

Hantzsch, Ber. 1891, 24, 13, 51
A. H. Blatt, Chem. Rev. 1933, 215.
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Controversy in Configuration

m In 1921, Meisenheimer constructed a BKR-independent method of

determining oxime configuration o

Ph Ph Ph
ozonolysis | Ph
A\ - = N
N\O Ph o

O)\Ph
m  Beckmann had assigned the oximes based on the BKR

@) @]
The BKR must proceed through a trans shift!

I \
N N

“OH HO~ Meisenheimer was able
Benzoylation of -oxime ner i
gave the Meisenheimer | ®°Xime p-oxime © gde_ N ?te1= fhe oxime
high m.p. low m.p. Irect y from an
product o ozonolysis
) BzCl Ph\HJ\ph Ph Ph O
p-oxime - | ozonolysis Ph
low m.p. N [\ — Ph
? N CO,H N
N 2 -
A. H. Blatt, Chem. Rev. 1933, 215. O%Ph O OH

Meisenheimer, Ber. 1921, 54, 3206. m.p. corresponds to B-oxime



g

Further Examples of Stereospecificity

H
BKR N Ph
_ @[ )
@)
Cl

Ph Ph
| \)\\ _OH A ©\/\<N
//// > /
/\CI O
Ph Ph
N A
Cl O
isolable
@)

Meisenheimer, Ber. 1924, 57, 289.
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Kinetics and Mechanism (1933)

m Wallach
N H.C. ~
Vel HoCZ PN HN
M — N
H;C™ CHj CH, HO HC™ "0

0 Disproven with aromatic substrate

Cl
@O
Wallach, Ann., 1899, 309, 3
Cl Wallach, Ann., 1900, 312, 187

A. H. Blatt, Chem. Rev. 1933, 215.
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Kinetics and Mechanism (1933)

m Sluiter kinetic data

0 BKR of acetophenone oximes is first order in oxime

[0 Large temperature coefficient
N/OH

H
| conc. HX | \/NT(
P O
A
rapid HX
rapid

N% N~
| slow I y + H,0

0 No supporting evidence for mechanism other than order of the reaction

A. H. Blatt, Chem. Rev. 1933, 215.
Sluiter, Rec. trav. Chim. 1905, 25, 372.
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‘Univalent Nitrogen”

Stieglitz
m Hoffmann
O Br, Q -HBr O O HO  NH,
RJ\NHz NaOH R*”/Br RTON R oo, "
m Curtius
0 O N{Z o 0
— )J\ = .C”
R)J\Ng, R N\@/N R)J\N R/N
m Beckmann
-OH HCI HN-O N NR  H,0

Stereospecificity would not arise from this mechanism!

Blatt, Chem. Rev. 1933, 215.
Stieglitz, Am. J. Chem. 1896, 18, 751
Stieglitz, Am. J. Chem. 1910, 43, 782



Oxime Ester Studies
Kuhara

Postulated that acyl derivatives of oximes undergo rearrangement, not the

original oximes
N/OX

JI\ X must be EWG
R2

R1

Careful synthesis of a variety of ester-like oxime compounds showed
competency in the reaction
[0 Spontaneous

O o)
OH O\\é/\m N8 heat i
N” PH ca Ph
)|\ > )|\ Ph —_— Ph)J\N’
Ph” >Ph Ph”” Ph H
isolable

0 Acid catalyzed

O
- O
JN\ Y A, )J\ _Ph Blatt, Chem. Rev. 1933, 215.

N Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1906, 1, 25
H Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1910, 2, 3&
Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1914, 1, 1C
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Kinetics of Oxime Ester Rearrangement

m  Oximes treated with acetyl chloride undergo rearrangement
CI'

i o)
oHn H. o H. hil
N Cl Y . AN
ph)l\ Ph rapid Ph O slow )\ k rapid o H

m Kinetic trends
1 Addition/Inc. HCI conc, inc. rate

00 Inc. “negativity” of acetyl group (lower pKa of conjugate acid), inc. rate.
Sulfonyl esters rearrange without acid.

10 0.0% 61.0% 93.2%
60 26.9% 70.7% -
120 43.9% 76.9% -

Blatt, Chem. Rev. 1933, 215.

Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1906, 1, 254
Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1910, 2, 387
Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1914, 1, 105
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Summary

m Kuhara conclusions

00 If the “acid group” is sufficiently electron withdrawing, rearrangement will occur
spontaneously. If not, salt formation is required to drive rearrangement.

[0 Esters of oximes are capable of spontaneous rearrangement

m  Problems:
0 Did not account for acid catalyzed BKR (without ester-like precursors)

0 Sulfonyl ester BKR products were oils that could not be purified or separated
from sulfonic acids

Blatt, Chem. Rev. 1933, 215.

Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1906, 1, 254
Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1910, 2, 387
Kuhara, Mem. Coll. Sci. Eng. Kyoto Imp. Univ. 1914, 1, 105
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Oxime Picryl Ethers

m Chapman began to study the picryl ethers of oximes

0 Highly crystalline NO2
[0 Easy to isolate and purify
O,N NO,
o
Ph)\Ph . .
m Undergo spontaneous BKR upon heating to isolable
products
NO2 N NO,
|
/<>\ A Ph)\o rapid
O\lN Ph\[(N\Ph
Ph)\Ph NO, @)

m Chapman suggests that sulfonyl esters go through
similar process to the N-phenylsulfone

Chapman, J.

Chem. Soc., 1927, 1743.
Chapman, J. Chem. S

. Soc., 1934, 1550.
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Picryl Oxime Ethers Provide First Accurate Kinetics

)Nl\’ NO,
/©\ A Ph o rapid
OzN NO; ———= O NGz —— O,N NO,
O. RT
/Il\ll\ PhTN\Ph
Ph” “Ph NO, o

BKR of Benzophenone Oxime Picryl Ether
(50 °C, chloroform)  y=32.375In(x) - 88.155

106 R? = 0.9905
< 00 30.5 4.2
5 7o LN 60 3.8
o 66 \.\

S 5o 90 3.95
3 s &

2 39 . 120 3.9
B 20 v \.\.

T 16 180 4.15

10 40 9 140 190 240 240 4.1

i ; = -32.37 188.15
time (min) y > :%('29‘65 Avg 40

m First order with respect to substrate
00 Unimolecular

Chapman, J. Chem. Soc., 1935, 1223.
Chapman, J. Chem. Soc., 1935, 1226.
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Substituent Effects

m Kk

rel
EWG EDG

Al Al
4 A 4 A

RO.
N RON
| |
o J J T
i& Cl Me
0.52 RO 2.44
O,N NO, |

R T C
RO.
N 0.00 RO\N
' “
L, O C
0.22 7.69

EWG retard reaction rate, while EWG accelerates
Effect is greater on the migrating group

Chapman, J. Chem. Soc., 1935, 1223.
Chapman, J. Chem. Soc., 1936, 448.
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Intramolecular or Intermolecular?

Is the migrating carbon group kinetically “free™?

O Entry of the migrating group into a separate molecule has never
been observed

m Large ring expansion

Unlikely that
the ring
280, opened as
closure would

be prohibitive

exclusively

m Retention of stereochemistry

W 1250, i J\/\/\/\
I N>
BKR H

N
HO~

No loss of enantiomeric enrichment
No inversion of configuration

Kenyon and Young, J. Chem. Soc. 1941, 263.
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Solvent Effects
Picryl Oxime Ethers

m Rate increases with increasing dielectric constant
o C,H,Cl, > CHCI; > CCl,
m Rate increases with increased concentration within solvent — first
order kinetics

[0 Discrepancy between energy of activation calculations and observed
rates suggests catalytic activity of other solutes, and that their activity
must be essentially equal.

m Suggests oxime ether functions as a catalyst

00 Further experimentation showed significant discrepancy from observed
rate and calculated E_ based on substrate concentration/temp. rate data
alone indicating catalytic effect of other solute/solvent molecules

m |f correct, it should stand to reason that the addition of “foreign polar
molecules” should increase rearrangement rate

Chapman, J. Chem. Soc., 1934, 1550.
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Solvent Effects
Polar Solvents as Catalysts

m Carbon tetrachloride as solvent doped with other solvents
0 Benzophenone oxime picryl ether rearrangement

50
41 Cl Br
[ ]
& 0+
b
“Q) N Cl Br y
% 20 v
Ky non-polar, but individual dipoles far apart
show rate enhancement
70
|
Cl /\/C
O i L ! L L dipoles in close proximity
¢ 02 04 06 08 0 no rate enhancement observed

Catalyst concn., g.-mol [L.

Chapman, J. Chem. Soc., 1934, 1550.
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Stereospecificity Explained

m 1944
NO,
XO. N
N Ph Ph
.Nto dlptc? le | e” oriented to experience : .
interac Ion % dipole (AKA overlap) Nature of isomerization
unclear

m Proposed as a concerted exchange

m The strength of the dipole dictates the energy required to
force the rearrangement

Jones, Chem. Rev. 1944, 335
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Stereospecificity
FMO

Addition of EWG on the oxime oxygen J\
polarizes the LUMO contributions Ph
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The Problem of Acid-Promoted BKR

m How do mineral acids promote the rearrangement?

HO. HC O
e e

R™ N
R R BKR H

m N-chloroimines shown to be unable to rearrange

Cl O
A BPSR )L
| 77 > ,R
N RN
R R A H
Bng\

CN' PhmgBr_
coId
60%

Stieglitz, Am. Chem. J. 1896, 18, 751.
Stieglitz, J. Am. Chem. Soc. 1914, 36, 272
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Acid Catalysis
HCI Kinetics

Curve | (approx 0.4 eq HCl used)
HO. HO.+_H
N N™ cr
J\ + HCI or J\
Ph” ~Ph Ph”™ “Ph
Curve Il
)OL HO\N
_Ph + + HCI
Ph” "N
H Ph)\Ph
30% 70%
Curve lll
HO\N Cl
| + HCI + )\\ _Ph
Ph)\Ph Ph™ N
.002 equiv
Curve IV HO. Cl
| + ~ Ph
Ph)\Ph Ph)\N’

.002 equiv

700

0 25 30 75 700 125 70 775 200 205 250
ime (mins.).

HCl
)kN/Ph — <. _pPn

Ph
H Ph N

Chapman, J. Chem. Soc., 1935, 1223.
Chapman, J. Chem. Soc., 1935, 1226.
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Proposed HCI Catalysis Mechanism

m Chapman, 1935

Process 1 (slow)

H *H,0. Ph _Ph
N Cr _BKR, N

| cr |
Ph)\ Ph )\ 2+ HC| )\
Cl Process 2 (rapid) Cl HCI
HCl ph)\\N’ph AP '

HO + .
N

H
| - = | ~
Ph)\ Ph Ph)\ Ph

Ph N H,O
2
H CI y Ph/&o
N _Ph ! Cr-
Ph™ X NY__Ph \
P N* ~Ph
I HCI PR PR ey J HO
N O. T
J\ |N slow O\r/ P
Ph” ~Ph
A Ph)\Ph Ph

Intermediate A was synthesized stoichiometrically and treated
with aq HCI, and shown to convert quantitatively to product

Chapman, J. Chem. Soc., 1935, 1223.
Chapman, J. Chem. Soc., 1935, 1226.
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Recap

m While many reagents catalyze the BKR, the mechanism

likely requires the intermediate formation of an ester-like
compound

m No evidence of dissociation of free ions in the
mechanism
0 Migrating carbon is never kinetically free

m “...more needs to be discovered before the mechanism

of this Mona Lisa of molecular rearrangements is fully
understood” — Jones, 1944
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Introduction of Nitrilium lon Intermediate

m Jones (Nature, 1946)

1 Recent reports had indicated 180 incorporation into amides
following PCl; catalyzed BKR — may arise from ionic
Intermediates

o x5y R "0 OH
1O HX , “7N / . N™ N s R
- > n. X - » =
M M c* R// X R* N
R™ R R™ R R Jy
XO. R + R )o\x
—_— I OX - _N - > X\ -R
)% . N RN
R7 R R” R™ OX

m If ionic intermediate is formed, it must be through a
concerted process to preserve stereospecificity

Jones, Nature, 1946, 519.
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Evidence of Nitrilium Intermediate
Matsumoto (1955)

HO. HO.  -H

*H,0. HSO4

OSO3H
| H2804
i i - » f - » i + H,O

\-OSOsH o
| slow CC; 4 HO b
i — ——= HN

m  Generated a potential kinetic equation for these steps, which condensed to
a relationship between log k and the Hammett acidity property
m Derived eqn:

logk =loga,, 50, —

—3.00
log a,,,, + H, + const

H, = pKa+Iog( % j
CBH+

Observed data appear to

support the derived relationship ~5.00 /

Matsumoto, J. Chem. Soc. 1955, 4643. Schofield, J. Chem. Soc. 1970, 338. (acetophenone oximes)

3.0 4.0 50 60 70 80
i —Hyor —J.

log &.

&
—4.00 F

9.0
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Initial Evidence of Cationic Intermediate

m  Huisgen (1957)
0O p=-4.1

+24

0 Build up of positive charge in the RDS
transition state

m  Review of RDS proposals
0 Kuhara — no dissociation

XO.
QN) slow OX +0.8
o P N
Ph” ~Ph Ph™ N
0 Chapman — no dissociation following isomerization 2
H CI < v
(PR T oer g
Ph Sy BKR Ph/NYPh
O slow O ZNopn 03
N e |
Ph” “Ph Ph
0 Jones — direct isomerization/ionization
i ] =1.b
XO. _R' + R
|N — > N OX =-—» ///N’
R)\ R' R/C+ R ox o (HammETT)

Huisgen, Helv. Chim. Acta. 1957, 191
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Isolation of a Competent Intermediate

m Firstisolation of a “nitrilium salt” by Grob

Cl<

o)
N SbCls R H.0
)R = o7 SbClg i
Ph”™ “Ph  CH.Cl, H
isolated but not 90%
characterized
m Authors state competency in reaction precludes other intermediate

structures

0 Recall: N-chloroimines do not undergo acid catalyzed BKR

m Futher kinetic studies indicate isomerization followed by ionization may be a
stepwise course to the nitrilium cation

TsO. ethanol N R
IR A PR -~ T = OTs
R™ R R” “OTs R

Grob, Helv. Chim. Acta. 1964, 47, 1003
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Further Support

Carbenium lon Trapping and Observation

R'—\ isomerization R
TsCl L then ionization
—_—
ridine
(l)H OTs N”
X R >
R:_ ! 7 OTs" AN
P H30+ | OTs
N AN - = X
i - N R OTs N~ R —
+N Z Z
Y +
O — \N
N/ NC @ Ne

isolated and characterized
by NMR

m R = EWG, fragmentation less favorable (stability of benzylic cation)

m 0-methylacetophenone oxime
0O “More S|m|Iar to anilinium than phenonium, and concluded to be nitrilium ion..”

ﬁi O Cri=
Me

known phenonium ion Anilinium lon Observed Intermediate
Ar-H 2.42 © 2134 ¢ Ar-H 2.00 < Ar-H2.1+t
Ref: TMS: 10.00 ppm more similar to anilinium

than phenonium
Nelson, JOC., 1969, 1230
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Concerted or Stepwise?

m Acetone oxime model H*(AcOH),; (Beckman Solution)

S e v G I e ¢
/\.. H\ ./_— O/H.-.--‘ \H"--‘O,-"'/ /H \H »-/
0 . | S Q
= IS DI |
¢ KJim +19.2 KJ/ mole l KJ I mol
N N ~ #
/( % /< H D% ""'"é{N =
o—H o/ 0/
e 0*/-—0/“ ”\,/ — 4
SRS G
H\N/
/& Concerted reaction to the
nitrilium cation

Yamabe, JOC., 2005, 70,10638.
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Concerted or Stepwise?

m Acetophenone Model H*(AcOH); (Beckman Solution)
0 Stepwise through pi-complex to nitrilium ion (sigma-complex)

TS: +16.0 kcal/mol :

+ HO

pl complex
-8.3 kcal/mol

H
—p~~  3CH,COOH

TS: +5.4 kcal/mol

-28.5 kcal/mol
- K

&

Yamabe, JOC., 2005, 70,10638.

slgma complex l
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Concerted or Stepwise

m Cyclohexanone model H*(AcOH),; (Beckman Solution)

O:N\ +H*(ACOH); —
O-H

20A [0 kcal/mol]

O H

- Q’ + (ACOH)3
Q
H

(0.989).7 <(\1'69°) ‘o 22A [-54.2 kcal/mol]
TmmA (oo e
| O
500 A NG Concerted directly to protonated caprolactam

due to relief of ring strain

v =300.9 icm™
C
21A (TS1) [+10.8 kcal/mol]

Yamabe, JOC., 2005, 70,10638.
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Classic BKR

Summary

m Rearrangement is a stereospecific trans shift
m Rearrangement occurs through an ester-like oxime intermediate
(either EWG reagent or autocatalysis)
m The migrating carbon group is never kinetically free
0 Migration of chiral group does not decrease ee

m The migration step involves an isomerization followed by ionization
to a nitrilium ion intermediate
[0 Stabilization of this intermediate enhances rate (solvent, R properties)

m The isomerization/ionization step is a spectrum of step-wise
and concerted processes

XO. A R < R
~ — _
i Ao

R R R™ "OX
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Organocatalyzed BKR

m First example, advertised as a milder method

CI\WN\\(CI CI\WN\ Cl

N__N NYN
_OH (5 mol%) H or _OH (2 mol%) H
N Cl g RN re N Cl g N__r2
A TR A TR
R TR2 MeCN, reflux o) R TR2 ZnCl, (2 mol%) o)
MeCN, reflux
: R=Alkyl, aryl Yields >90%
m Proposed mechanism 1-2h
R
N,OH ArCl N,OAr ont JN\
- = ea
| > 2
R1)\R2 -HClI R1)\R2 ArO” R /FE n-CH 5a (2 mol%) and acids  Ph~y-H
“l}l PhJ\ MeCN (4 mL), reflux, 2 h O)'\
r N g2 ] D\I/N““ O‘N’J\Ph 2 mmol
. e NN acids (mol%) _yield (%) of acetanilide
e
( _H - 2
®<g+ - ,\('3/ HCI (6) 68
S N ZnCl, (2) 12
L R' | Ph)t\ 5a HCI (6) + ZnCl, (2) 96
Meisenheimer
H Complex N/OH
R*‘NTRZ I 5a requires addition of acid to
I R "R? act as a catalyst
Propose Grob type

iIsomerization but not ionization

Ishihara, JACS, 2005, 127, 11240



Other Organocatalysts Lead To Mechanistic Questions
Cyclopropenium Promoted

m Stoichiometric In situ generation prior to
addition of oxime
Cl_ Cl O
\-OH y /Af\; €q) o (1.05 eq)
| es es _OH H
ST e e
e , .1,
then H,O wkup R "R2 (COCI), (1.0 eq) o)
95% r.t., MeNO,
10 ex, 85-99%
m Catalytic B B
Cl_ ClI Mes Mes
5 5 mol% \V
_OH H
N Mes Mes N Me 0

r
3
\
=(

|
Ph)\Me MeNO,, 60 °C N

90 min O é

Lambert, Chem. Sci. 2010, 1, 705
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Catalytic Mechanism

Cl. Cl
_OH A 0
)NL R,NJL
R 11 H,.
10 >—<
R__O R oY R

« HO) KRYC.- L C) \%_
14

17
° HCI
path a
catalytic B
\[r s N+ClI-
path b R
ff-
/)lopsg(l, aling 16
CIrH
RN
OH 18 R 0
N Co o
N N
S A d
10 R R 12

Cl
Cl

OH O o

(COCI), (1.0 eq) Ygo P

+ A > Me~ "N
.0
Me Mes Mes )N|\ not observed
Ph Me

Competition exp. shows cyclopropenone
not nucleophilically competitive with oximes

N’OH reagent 0
Ph)l\Ph CD3;CN ~ ph)LN’Ph
50 °C, 45 min H
Cl
Cl /g (10 mol%)

eHCI (10 mol%) N7 SN
Ph. L

|
N Ph Cl)\N/)\CI

100% conv 98% conv

Essentially same rate for these catalysts
Recall: This is the catalytic species
Chapman proposed (1935)

Lambert, Chem. Sci. 2010, 1, 705
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Investigation of TsCI Catalysis

m [nitially reported in 2009

TsCl (2 mol%)

NN znClemolw) R e
A TR
RT7OR2 MeCN, reflux o)
yields >90%
14 ex

Alkyl, aryl groups

= Major limitation
N/OH o) @)
| TsCl (2 mol%) :X:> ij
> HN
© MeCN, reflux

trace pdt 12%

0 Required 30 mol% loading of TsCl

Nl A0H
Ft1/J\ Rz
Cat TsCl
Nl,E}Ts HCI RﬁlN
R {”J\ R, TsO R
— - H* -

RWN:\' Ry

N ,.
A }I ’_<
|‘\

S . H
R,. 0- pn= e _OH
NH i _ M
A ComplexA R, P
07 "R, R Ry

0 Similar results seen with BOP-CI, cyanuric chloride

Deng, Tetrahedron, 2009, 65, 7790.
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Reinvestigation of TsCl

N’OH Reagents H Ph
x - ey
Ph Ph MeCN, reflux o)
1 th 2

Ph Ph Ph

3 4
1 3 (10) 0 -
2 HCI (10) 46 -
3 3 (10) + HCI (10) 92 12
4 TsCl (2) 100 -

Authors also state an 180 experiment that disproves the Meisenheimer complex
Mechanism proposed by Ishihara, though it is unpublished

Deng, JOC, 2013 78 4297
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Proposed Mechanism: TsCl

Ph
’OH TsCl ’\N . (.)
,I\ Al > PH {o s

2\ \YJN thj m Ph

FI/J Ph

F‘h
E

Ph

Cycle | the more
favorable pathway

Cycle | Ph—N= Cycle ll
P
Ph\r/,N‘Ph hYN-ph
n-C H NS H
)'\ (')I\ -OH
Ph” “Ph Ph”" ~Ph /hlll\
3 . C P h
1
TS1-A TR
30 - — = : i
= { A P
l|' 5
£ u—1—-"—-——-——-————t ! TSC-D
g e = T
> .20 LS s S 1es TSE-2
E - — ||- ra — .' :i
[} 1+B Foind
g .40 - 1 ,22:2
E -t--X
i i €
SE0 - — i
E+D =::
40 B+2

Reaclien Ceordinates

" Deng, JOC, 2013 78 4297




Proposed Mechanism: HCI

H H
Ph. Nl NI Ph. _N!
# Ph Ph‘j"ﬂ‘Ph Ph
o + Ip- P athway a
2 _H.. ,,D' S Dz s P athway b
N da f" N? 09 Tsc-D TSG-H =——Pathway c
A P& + - s —
N TSF-C ry A
Ph™ Ph Ph™ "Ph Ph—N2=—Ph  '°7 —_ A
3 E B 20 TsE2 230 TES 259
H = -30
Ph.__N! : [ %2
P 1F"h Ph x“lph \‘TA “Ph ? "w__f A4
\j: OH G soE
H * _“D b r:OH D 2
N2 —= N — B a0 i -
P H-shift g4 o+ § <01 -
Ph™ "Ph Ph™ “Ph Ph—N2=—Ph 70 i
F c B B+2 H
-80
Cl Reaction Coordinates
H‘NZ;‘E: cillk--.ph H ’ D
Phy\ﬂ’}_Ph Ph—p1 Ph-pT Ph
N*I + 7 =Ph "
PR P Ph—p2 PhpZ PN
]
G H H 4

Deng, JOC, 2013 78 4297
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Organocatalyzed Cyclohexanone Oxime BKR
Ty G LT )

|6+TsCI
.20 - _
Je6 " TSK-L

40 — I.".__ o .
5 30

@
-
Relatve Enargy (kcalimal)

J %
barrierles: 60 - K
] L+dJ
NH =N N o
HO (,N_DJF N Reaction Coordinates
L Ellr \ﬁ-"

0]
7
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Generality of Self-Propagation Mechanism
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Organocatalyzed BKR
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Summary

m BKR is a general, stereospecific reaction of oximes that
proceeds through an activated ester-like intermediate

= A Nitrilium ion is the common intermediate
0 To both the BKR and the BK fragmentation

m Catalyzed reactions appear increasingly likely to go
through a self-propagation/promotion mechanism to
regenerate the nitrilium ion.

m Even a 127 year old reaction can introduce new
mechanistic insights.



Rearrangement Step
Concerted or Stepwise?

Acetophenone: Three step process .

1.834 A
o, #(1.842)

1.549 A %
(1.541) W N2 2223 A
5 ~~.(2055)
Ph 81.8
C=N_ +H*(AcOH); — L 1228) % 2287 A
M&  O-H ¢ 1(2302) Se—— Y ¢+ (AcOH)3*H,0 ——
13A [0 kcal/mol] — Me-CEN
1.039) 11.789 A
(1.859) {738 15A [-8.3 kcal/mol]

vi=239.0 icm™

14A (TS1) [+16.0 kcal/mol]

0.982 A
G c HO  ph HO  Pph
— ,C =N +H'(ACOH); —=  C=N{® + (AcOH)s
Me H
1.726 A ] 19A [-27.6 kcal/mol]
2 724 A c
@ (]
Me-C=N-Ph + (AcOH)3*H,0
vi=146.6icm™

17A [-28.2 kcal/mol]

A 18A (TS3) [-17.0 kcal/mol]
1.674 A 1,(0.985)
0981 A
(1735 Bo (0g78)
0

vt=186.9icm’
16A (TS2) [+5.4 kcal/mol]
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Concerted or Stepwise

Cyclohexanone: Concerted, one step process iminiu

<:>=N +H*(ACOH); — =
0-H

20A [0 kcal/mol]

11.704 A
\.(1.687)

D H

- Q‘ + (ACOH)3
0
H

0 22A [-54.2 kcal/mol]

v¥=300.9 icm™!

Cc
21A (TS1) [+10.8 kcal/mol]



