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Presenter Notes
Presentation Notes
Re order such that mechanism is first or post discovery and over explain, eliminate some white space, highlight key differences like no copper or etc. Actually use good text boxes that will explain, have conclusions that summarize the entire slide or what we learned etc

If looking at a mechanism show overall reaction scheme, why did the authors do this? Rationalize ligand design 
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Number of Outpatient Prescriptions for Antibiotics in 2024:

Number of Antibiotic Prescriptions Antibiotic Prescriptions Per 1,000 Persons,
Characteristics (Millions) Rate®
Antibiotic Class
Penicillins 58.3 171
Cephalosporins 39.4 116
Macrolides 37.5 110
B-lactams, increased activity 34.5 101
Tetracyclines 31.0 91
Antibiotic Agent
Amoxicillin 55.2 162 p-Lactams in drugs are typically
Azithromycin 36.3 107 bicyclic in nature, are heteroatom
Amoicillin-clavulanic avid 34.5 101 dense, and have specific
Doxycycline 28.4 84 stereochemistry at both C3 and C4.
Cephalexin 229 67

Structural Class of Drugs and Specific Examples:

Penicillins Cephalosporins Cephamycins Penem Oxapenems Carbapenem
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Amoxicillin Cefalexin Cefoxitin Faropenem Clavulanic Acid Meropenem

CDC. Antibiotic Use in the United States. Antibiotic Prescribing and Use. https://www.cdc.gov/antibiotic-use/hcp/data-research/antibiotic-prescribing.html


Presenter Notes
Presentation Notes
Despite Fleming discovering Pencillin G, with no alpha amino group and no para hydroxy, society still heavily uses antibiotics either based on beta lactams, macrolides, or are glycopeptides from nature.
In fact from a CDC report in 2024, these three structures compose 3 of the top five most prescribed oral antibiotics in the US. With the other two being a macrolide and tetracycline.
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Staudinger Synthesis (1907):

H H
0] Ry )
A N \,U DCM, 0 °C Rin\_fuRo
R )LH s N‘Rs
! (E) Imine
H R
O R2 o 2
A N ,\IJ/ DCM,0°C Ry \_fuH
R H 3
! (2) Imine
Intramolecular N-Acylation:
Amide R R,

Condensatlon !
NH

Gilman, H.; Speeter, M. J. Am. Chem. Soc. 1943, 65, 2255., Staudinger, H

Intramolecular N-Alkylation:

R,

Imine geometry determines
cis or trans selectivity

H,N jl)\(Rz
LG

Gilman-Speeter (1943):

Ketenes are sensitive and R4 R,

can undergo side reactions 0 + '\J
Ry Br

\RS

Kinugasa Reaction (1972):

Does not generate new
stereocenters

Ri—==—Cu

. Justus Liebigs Ann. Chem. 1907, 356, 51-123..

R; H
+ N=

d@%2—> ); R
© 3

How are B-Lactams Synthesized?

R, R,
Base
NH
H H
Zn Ris—fuR2
—>
Toluene, reflux N
\RS

1

Similar pKa of N-H and C-H
leading to side reactions

Zinc enolate preferentially
makes the trans isomer

New disconnects and
inherent cis-selectivity



Presenter Notes
Presentation Notes
Despite Fleming discovering Pencillin G, with no alpha amino group and no para hydroxy, society still heavily uses antibiotics either based on beta lactams, macrolides, or are glycopeptides from nature.
In fact from a CDC report in 2024, these three structures compose 3 of the top five most prescribed oral antibiotics in the US. With the other two being a macrolide and tetracycline.
Funnily enough, Clavulanic acid itself is not an antibacterial, but rather a coadministered drug to inhibit beta lactamases on resistant bacteria as a sacrifice.


Discovery by Kinugasa

First Report by Kinugasa (1972):

R, H Roq P
Ph—=—_Cu * dN@ng 1) Pyridine, 1t, 0.5 - thy | |
o 1 2)HO Rj Ph Only comprised of aryl substituents, required
51-60% yield preformed copper acetylides, unclear role of
Cis/Trans pyridine, and small substrate scope.
8.3:1 - 30:1
Substrate Scope, Yields and dr:
Cl
Ph_ O Ph_ O
Ph_ O o) N N
N N Ph Ph However, allowed for access of cis-g-lactams. What
PH Ph is the mechanism to selectively generate the cis
PH Ph OMe Cl isomer?
59% yield 62% yield 56% yield 53% yield
10.8:1 dr 30:1dr 8.3:1dr 25.5:1dr

Kinugasa, M.; Hashimoto, S. The Reactions of Copper(l) Phenylacetylide with Nitrones. J. Chem. Soc., Chem. Commun. 1972, No. 8, 466. https://doi.org/10.1039/c39720000466.


Presenter Notes
Presentation Notes
Thesis: Initial discovery of synthesizing CIS beta lactams from diaryl nitronesnitrones and copper acetylides.

It was previously known that ketenes could undergo 2+2 cycloadditions to generate the trans beta lactam, but in 1972, Kinugasa reported the first cis selective synthesis of beta lactams using copper acetylides and diaryl nitrones. The procedure called for stirring both starting materials in pyridine under nitrogen to prevent unwanted dimerization of the acetylide with a subsequent quench via water. There are a lot of questions and things that could be improved on like use of a stoichiometric copper acetylide species, unclear role of pyridine as the solvent, relatively small substrate scope, and an unexplained preference for the cis isomer. However Irwin in 1976 would follow up Kinugasa’s original report in 1972

Conclusion: Small substrate scope, with only aryl derivatives
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Expansion of Substrate Scope (Irwin 1976):

Selected Substrate Scope:

Expansion of Alkynyl Substrates and Mechanism Proposal

Ph o) Ph\N O p—tonI\N 0 Ph_ o]
R, H R, O R, O N N
— P N N
_—_— + N 1) Pyridine, rt, 4 hr_ +
S L G E s G . . .
o) RS Ri RS Ry
1 2 Me Cl
22 Examples o 1 . o 2. o 3. o 4.
9-75% Yield 66% yield 55% yield 9% yield 51% yield
Cis:Trans Cis/Trans Cis/Trans Cis/Trans Cis/Trans
1_1'_12_1 12:1 N/A N/A 3:1
Ph 0 Ph_ 0 Ph_ 0 Ph, ¢}
. . , - . N N N N
Rationale for Cis-p-lactam in Irwin's Proposed Mechanism: I I
o H Phth Phth N, N
. Ph 7
: dring
R, '+ R Steric hinderance from R, Cl Cl Cl
\ . e cicB-lactam 6 7 8 9
N protonation rationalizes cis-p 31% yield 12% yield 52% yield 44% yield
R-~ [Cu] Cis/Trans Cis/Trans Cis/Trans Cis/Trans
¥ 0 . 9:1 N/A 111 N/A
H
Irwin's Proposed Mechanism (1976):
H
S H-0® N
H
Ri—=—JCy] [Cu] Ring closure and [Cu] Ring opening
[3+2] R; stereodefining | R1 promoted by R 0 i i
Cycloadditio /) protonation o | hydroxide ligation What experiments were performed in
R, Qe R % ND —_— N confirming this proposed mechanism?
>5N\ R Ry @ R Rz R
H ~@'R, ks 3 3

Ding, L. K.; Irwin, W. J. Cis- and Trans-Azetidin-2-Ones from Nitrones and Copper Acetylide. J. Chem. Soc., Perkin Trans. 1 1976, No. 22, 2382-2386. https://doi.org/10.1039/P19760002382.

Ph O
N\

CO,Et

Cl 5

50% yield
Cis/Trans
N/A

Ph 0
N\

Cl
10
50% yield
Cis/Trans
1:1


Presenter Notes
Presentation Notes
Thesis: Expanded the substrate scope of the alkyne derivative from just simple aryl alkynes, to aliphatic, aniline derivatives, pthalamides, and a hydroxylated piperidine.

They employed very similar reaction conditions to Kinugasa, just increasing the amount of time to stir from an hour to four, and purified the cis isomer from the crude via multiple recrystallizations in methanol. They were able to expand the substrate scope by moving away from aryl alkyne derivatives and proposed a mechanism with experiments I’ll cover soon. But the overall mechanism Irwin proposed starts off with a 3+2 cyclo addition of the nitrone and is followed up by ring closure to the bicyclic intermediate with stereodefining protonation at the same time. The cis relationship can be explained by a kinetic protonation where the stereochemistry of R2 defines the preferred orientation of protonation.

After that the ligation of hydroxide promotes ring opening to resulting beta lactam 
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Confirmation of Substitution in p-lactam (Irwin 1976):

PhN H

R + =

[Cu] g® :Ph
©

PhN H

N —

[Cul d erTgo-tom
©

p-tolyl H

p-tolyl
Ph———"

Ph—=—=—TICu] *

wiIo 1 rayincinauvii vi

‘N_J(
R4 R,

180 Labeled Water Quench:

Ry H
— + N=(
Ri—— [CU] d @ ,
o

p-lactam:

Fragmentation

D,0 Quench:
Ry H
J— N=
Ri——[Cu] +
JdOR,
©

O'gﬂﬁh

Mechanistic Insight by Irwin

Solvent Replacement to Inhibit Isomerization:

Ph

1) Pyridine, rt, 4 hr N EtOC——
r
2) H20
P o-tolyl

Ph

p-tolyl

1) Pyridine, rt, 4 hr,
2) H20

o 71" * 0
3~
ol j‘\ ; E
R1)LH Ry” °H Ry
Ry 10
1) Pyridine, rt, 4 hr N
18 >
2)H'"0
Observed
R @)
- ‘N
1) Pyridine, rt, 4 hr,
' o wD
2) D20 \
R5 ]
Observed

1) Pyridine, rt, 4 hr N
2) H20 >
Ph
p-tolyl\N
y e
Ph Ph

Et02C
o+
Ry
sz
Ry,  '®0
N
Not Observed
Rs @]
‘N
A H
R
2 1
Not Observed

cul * N=g) 1) Pyridine, rt, 4 hr
(el de -tolyl  2) H20 >
©

Ry H

_ + N= 1) Ethanol, rt, 4 hr
[Cul ™ g a-tolyl >
©

Determined the positions of each of the
substituents in the Kinugasa

Rj O Rj 0
\N + \N
wH WwCO5Et
p-tolyl CO,Et  p-tolyl H

Not Observed Observed
R; (@] Rs 0]

‘N + ‘N
O\ H Al COZEt
CO,Et p-tolyl H

Cis/Trans
3:1

p-tolyl

)

proton must be exogenous and
protonation determines stereochemistry

Bases causes isomerization depending on
the substituent

Still no evidence to support this bicyclic
intermediate

[Cu]
R
N\
| N °
Rz/ ®\R3

Ding, L. K.; Irwin, W. J. Cis- and Trans-Azetidin-2-Ones from Nitrones and Copper Acetylide. J. Chem. Soc., Perkin Trans. 1 1976, No. 22, 2382-2386. https://doi.org/10.1039/P19760002382.



Presenter Notes
Presentation Notes
Thesis: Expanded the substrate scope of the alkyne derivative from just simple aryl alkynes, to aliphatic, aniline derivatives, pthalamides, and a hydroxylated piperidine.

They employed very similar reaction conditions to Kinugasa, just increasing the amount of time to stir from an hour to four, and purified the cis isomer from the crude via multiple recrystallizations in methanol. They were able to expand the substrate scope by moving away from aryl alkyne derivatives 
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p-Lactams via TMS-acetylene (DeShong 1994):

MS o
L\Mz
R1

4 examples
5 examples
62-96% yield 31-38% yield
R/S: 2:1 - 6:1

TBAF

@R
R THF, rt, 48h
—_— —_—
THF, 0 °C, 1h

R1)I\H

=—_TMS *+

Proposed Mechanism of TMS Acetylenes (Deshong 1994):
o

F 2
- Induced N,O
F ’ .,fO
MS P Ring Closure 0
Bond Cleavage /Ii \ and Protonation —r
R RY R,
NQ 2
R

2 Attack onto

the ketene

F
heagraaniaton
.2 - =N
Ne) Ry R,
R N
R
HF Causes Unexpected Product (Deshong 1994):
TMS o 0
HF, H,O -
| N—sn oA
B
Ph 90% yield

Proposed Polymer

Structure Rationalizing

Product

Ph O Ph O
- =7
sin AN A [ — /(
Bn Bn E R NH

HF Crossover Experiment (Deshong 1994):

TMS
b Jo
—_—
EtO,C N
Ve

Deshong’s Inspiration of a Different Intermediate

0] O
Ph/\)LN'Bn + Ph/\)LH’Me
H
O 0]

Although not mediated through
copper, isolated isoxazoline heavily
supports initial [3+2] cycloaddition.

In acidic conditions, byproduct from
cleavage of a polymer supports
ketene intermediate. Scrambling of
substituents also supports this
intermediate.

./O

R

Ph O Ph O

Proposed polymer structure is

highly unlikely to originate from
Irwin's byciclic intermediate.

Ahn, C.; Kennington, J. W.; DeShong, P. A New Approach to the Synthesis of Monocyclic .Beta.-Lactam Derivatives. J. Org. Chem. 1994, 59 (21), 6282-6286. https://doi.org/10.1021/jo00100a033.


Presenter Notes
Presentation Notes
Well the inspiration for mechanism #2 actually came from DeShong where he performed cycloadditions with TMS-acetylene. He observed that adding fluoride to these TMS acetylenes generated beta lactams and undesired cleavage of the isooxazoline into just the N protected imine. When he tried this beta lactam formation from the isolated isooxazoline with an acidic fluoride source like HF, he observed the formation of these cinnamoyl amides derivatives. He proposed a polymer as the intermediate prior to cleavage generating this undesired product, which could realistically only be explained by an attack of a ketene intermediate of another alpha amino ketene. In fact the scrambling experiment he performs below heavily supports the formation of a mixed polymer. While this does highly support a ketene intermediate, it is important to note that this is under acidic conditions, while the original conditions of TBAF are considered more basic.

Ahn, C.; Kennington, J. W.; DeShong, P. J. Org. Chem. 1994, 59, 6282, 


First Catalytic System by Miura (1993,

1995):

10 mol% Cul

1.1

Ri——

2.0 eq H,0

eq K,CO;

Rs; H

H + N=
46 %
o 2
Selected Substrate Scope:

MeO

82% Yield
46:54 Cis/Trans

Ph O

Ph

4
54% Yield
65:35 Cis/Trans

Miura, M.; Enna, M.; Okuro, K.; Nomura, M. Copper-Catalyzed Reaction of Terminal Alkynes with Nitrones.

5004. https://doi.org/10.1021/jo00121a018.

>
DMF:pyr 3:1,0 °C, 4 hr

.Rs
\N + NI
)_J[/, Rz)\
RZ R1

21-82% yield 11-72% yield
0:100 - 80:20 Cis/Trans

Ph 0] Ph (@]
N *N
Ph Ph
Cl 2 3
73% Yield 65% Yield

70:30 Cis/Trans 66:34 Cis/Trans

Ph 0 Ph 0
N N
Ph P OMe
Me 5 6
21% Yield 35% Yield

60:40 Cis/Trans 0:100 Cis/Trans

Miura’s Catalytic System and Insight on the RDS

Ligand time (h) Cis/Trans Yield [%]
None 10 N/A 18
P(n-Bu)3 5 N/A 36
dppe 4 N/A 3
1,10-phen 3 44:56 55
pyr 8 69:31 71
6_ . . .
Ri———[CuL] HypotheS|:3<g ;I::stsp;r:jo[szﬂgllne ligands
9
O Electron withdrawing groups on R,

increased desired product

Without any ligand, precipitates formed
due to Cu (l) acetylide aggregates

Selective Synthesis of 1-Aza-1-Buten-3-Yne and 2-Azetidinone Derivatives. J. Org. Chem. 1995, 60 (16), 4999


Presenter Notes
Presentation Notes
Well the inspiration for mechanism #2 actually came from DeShong where he performed cycloadditions with TMS-acetylene. He observed that adding fluoride to these TMS acetylenes generated beta lactams and undesired cleavage of the isooxazoline into just the N protected imine. When he tried this beta lactam formation from the isolated isooxazoline with an acidic fluoride source like HF, he observed the formation of these cinnamoyl amides derivatives. He proposed a polymer as the intermediate prior to cleavage generating this undesired product, which could realistically only be explained by an attack of a ketene intermediate of another alpha amino ketene. In fact the scrambling experiment he performs below heavily supports the formation of a mixed polymer. While this does highly support a ketene intermediate, it is important to note that this is under acidic conditions, while the original conditions of TBAF are considered more basic.

Ahn, C.; Kennington, J. W.; DeShong, P. J. Org. Chem. 1994, 59, 6282, 
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Third Proposed Mechanism

Irwin's Proposed Mechanism (1976):

Ri——=——IcCu]
[3+2]
* Cycloaddition
R2 /O e
>=N_
H  ®R;

Mechanism Adapted From Deshong (1994):

Ri—=—=—IcCu]
[3+2]
+ Cycloaddition
R, O@ —_—
=N’
H @R,

Mechanism Involving a [3+2] Cycloreversion (Hein 2018):

[CU]
R1L[CU] [3+3]
+ Cycloaddition
—_—
Rp.  O°
>=Ng
H ‘R3

[Cu] Ring closure and [Cu] Ring opening R o
R; stereodefining TN\ promoted by T\
= 0 protonation o | hydroxide ligation
N /_N< RS _N\
Rz L RY @Y, 2 R,
3
[Cul Ring opening R ©
1 R .. O 1 ) - R,
— promoted by 1 z N\ Stereodefining \
N/ hydroxide ligation I@ Ring closure - protonation
—_—
—N
R2 R2 N R / /
}:{3 Ry 2 R, RS
[Cu] ¢ [Cu] R,
) [Cul  Reductive R [3+2] Ry [2+2] N\
R4 ,\{b Elimination ( 0 Cyclorever3|0n )L \-k Cycloaddition
» D ————
2 Rs Ry N/ RS

ks

Why are two Cu species
proposed? and why the
cycloreversion?

J. Chem. Soc., Perkin Trans. 1 1976, No. 22, 2382-2386., J. Org. Chem. 1994, 59 (21), 6282-6286., J. Am. Chem. Soc. 2018, 7140 (29), 9167-9173.


Presenter Notes
Presentation Notes
The top mechanism was one proposed by Irwin, they proposed the enantiodetermining protonation step during the formation of a highly strained bicyclic intermediate. Frankly there is a lack of evidence for this intermediate, but it was the one proposed at the time to obtain the beta lactam. The only thing that supports their experiments supported is the retention of the oxygen from the nitrone in the presence of O18 labeled water, and the incorporation of only one deuterium atom at C3 or the alpha position of the lactam of both the cis and trans isomer implies that the trans isomer comes from epimerization of cis isomer. Noteably he reported that replacing the solvent of pyridine with ethanol enabled isolation of both the cis and trans isomer.

The other mechanism came about due to Deshong’s work on a similar reaction, but instead proposes a ketene intermediate, with the same idea of the the protonation being the enantiodetermining step.

The final possible mechanism is a slight modification to the aminoketene intermediate, where instead, cycloreversion occurs and fast recombination of the two fragments sets the stereochemistry at both the 3 and four position of the beta lactam.
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Selection of the model system, Hein (2018):

Recent Investigations by Hein

observed

J_Ph

PN

4
h Attack on Ph\N
nitrilium |
i Ph
Ph //
h ph—=—1Icy] 5

Ph 0 Ph 0 ( HO h
10 mol% Cu(MeCN),BF, Ph 1 Ph P o ‘Ph N- With DIPA as a base, only
Ph ] E)Oer;%;@;gr 18U NJ/) 17% of both product 1 and 2, and
Ph——H * %N——\ A » SN observed product 3 and 4 in equimolar
o MeCN, rt d_/“NN-_N N amounts, yet how are they formed?
DS ST Cal
Llr + N Bn Or P l Ph \
Ph P{ o P L TCPTA OH)
3 5
Byproducts Dependent on Base
Proposed Pathways for Formation of Byproducts:
Miura (1995): Hein (2018):
Proposed Pathway to Alkynyl Imine: Proposed Pathway to Imine and Amide:
R, Ry Ri [Cu]
RoH Transferofalkyne Xy Re  Elimination X R, ph. 0 Ph iy 2
| | ?\J/ H '\J /( [3+2] Cycloreversion ] . N Addition onto ketene‘ )\N
O'@Rs [Culng-Neg H R > U H >
[Qu] 3 B B 3 N H Ph N
\_/e Phr \Dh 3 \r Y
Proposed Pathway to Imine and Phenylacetic Acid: Proposed Pathway to Alkynyl Imine and Phenylacetic Acid:
P
R—=—=—0—][Cu] . R
Oxygen transfer 1 1 OH 0] Ph
R, [cul + ’\,\Jr\ yg N Hydration . @ Addltlon \@/Ph Ph 0] @lNI
@o @ Rs Ry H 2H,0 I o’ N= A N 7‘T o l
7\}/ Ph H Ph)\H B B
“Rs

Hein and coworkers argue that

byproduct 4 in DIPA implies a free
ketene and subsequently a [3+2]

cycloreversion

Hein also argues that Miura's proposed

byproduct 5 would also slow down the
reaction rate by removing the active Cu

species.

So what is the rate of reaction? it's
RDS? and why were two copper
species and a new intermediate

proposed?

Malig, T. C.; Yu, D.; Hein, J. E. A Revised Mechanism for the Kinugasa Reaction. J. Am. Chem. Soc. 2018, 740 (29), 9167-9173. https://doi.org/10.1021/jacs.8b04635.


Presenter Notes
Presentation Notes
Hein and coworkers decided on a model system to begin their mechanistic investigation involving a tris((triazolyl)methyl))amine in acetonitrile due to their prior work in copper catalyzed alkyne azide click chemistry. They employed this copper one source and the hydroxylated version of the ligand to improve solubility in acetonitrile.. While this reaction is catalytic, the only thing that influences is the generation of the copper acetylide.
From prior work, most reported high yields with secondary bulky amine bases, but when employed in this system, they only observed 17% of both product 1 and 2 attributing most of the mass balance to be the formation of product 3 and 4 in equimolar amounts. 
Prior work actually attributed the generation of product 3 by copper promoted deoxygenation, however that would not agree with the equimolar generation of both product 3 and 4. 
The formation of 4 heavily supports the generation of a ketene, but not the alpha aminoketene shown prior, but it’s fragmented form.
When the authors employed DBU as the base they observed a much higher combined yield of 1 and 2 of 78%, and no observed formation of product 4.

Thomas C. Malig, Diana Yu, and Jason E. Hein 
Journal of the American Chemical Society 2018 140 (29), 9167-9173 
DOI: 10.1021/jacs.8b04635 



Determining the RDS

0.05
b s0%09%0
0.08 o O [1],=[2],=0.1M 0.04 < o 00O
o o R O [1],=[2],=0.07M o] (]
S 0.06 o ¥ Q ¥ Timeshifted s 0.03 o 0 o
— o —
~ o Q 2 o (m) o
) ™ o
0.04 © o & R & 0.02 & s B
° . 8 o . - g o o [1],=0.07M [2],=0.1M
0.02 P R Q 0.01 § o 0 (1],=0.07M [2],=0.07M
© o o g B g O [1),=0.1M [2],=0.07M
0 o
0 50 100 150 200 0 50 100 150 200
Time (min) Time (min)
C d 0.06
0.06
© [Cu]=0.02M
[0 [Cu] =0.01M Som
S 0.04 © [Cu] =0.005M = & [Cu]=0.02m
i 2 0 [Cul=0.01M
o -]
=, O [Cu] =0.005M
0.02 0.02
0 o &
0 30 100 150 200 0 0.005 0.01 0.015 0.02 0.025

t[cat]?

Time (min)

Malig, T. C.; Yu, D.; Hein, J. E. A Revised Mechanism for the Kinugasa Reaction. J. Am. Chem. Soc. 2018, 740 (29), 9167-9173. https://doi.org/10.1021/jacs.8b04635.

1

Rate of reaction over time does
not significantly slow, implying
no deactivation of Cu species

Alkyne is inverse first order and
nitrone is first order implying

the [3+2] is the RDS

Plots C and D show that the
RDS is dependent on two Cu

species.



Presenter Notes
Presentation Notes
Given that there is strong evidence for the cycloreversion. The question Hein and coworkers had asked was, given this system, what is the resting state? What is the rate order of my reactants and what can I learn about the catalytic cycle? So they performed a variety of kinetic experiments and determined a couple of interesting things. 
First is that the they noted that the reaction rate is relatively constant over time through a time shifted same excess experiment showing that there is no deactivation of the catalyst, or inhibitory effects of the product. If there was deoxygenation, then it would form copper oxides that would decrease the effective copper species.
3b shows that that the rate is inversely dependent on the alkyne, but proportional to the nitrone. 
Thirdly in graphs C and D they show that this reaction is second order with respect to the copper catalyst, which makes sense as the formation of the copper acetylide would simply not occur with non nucleophilic amine bases and one copper catalyst, it must occur with the participation/coordination of another copper species to increase the acidity. 
Note this kinetic data was obtained via HPLC aliquots and measured the product of the beta lactam through a calibration curve. 

Thomas C. Malig, Diana Yu, and Jason E. Hein 
Journal of the American Chemical Society 2018 140 (29), 9167-9173 
DOI: 10.1021/jacs.8b04635 



i Ak

Proposed Catalytic Cycle (Hein 2018):

Undesired Aggregates

(Cu]

[2+2] Cycloaddition T- Coordination
Determines

Stereochemistry

O\%-D /Ph
Cycloreversion Cycloaddition
Ph
N Ph
O/
Ph /0—'\/
= A ) Ph
[Cu] Reductive Elimination
h
[Cu] h
[Cu]

J. Am. Chem. Soc. 2018, 740 (29), 9167-9173., J. Org. Chem. 2008, 73, 18, 7402-7404

Hein’s Proposed Catalytic Cycle and Inconsistencies

Base Optimization Screen (Chmielewski 2008):

Ot-Bu
\ Ph\ @] Ph\ 0]
_ + / Cul, 1.0 eq Base N N
Ph H ® - +
MeCN, rt ‘s,
o P Ph P Ph
© 1 2
1.0 eq 2.0 eq

entry aminea time [h] yield [%] cis:trans b

1 EtsN 20 56 85:15

2 EtsN 48 58 52:48

3 FPrpNEt 20 38 98:2

4 (c-CsH11)2NMe 21 50 95:5

5 pyridine 22 10 54:46

6 TMEDA 20 26 55:45

7 EtsN 24 80c 74:26

8 EtsN 48 70c 60:40

9 NH;NH-H,0 21 58 70:30

If the [2+2] determines the
stereochemistry, then the
bulkiness of the base shouldn't
affect cis/trans ratio



Presenter Notes
Presentation Notes
Hein and coworkers proposed this catalytic cycle where the inverse order of the alkyne is hypothesized to be due to aggregation of multiple alkynes with the copper acetylide. They also proposed that the second order with respect to copper and first order is related to the copper promoted 3+2 cycloaddition to generate the six membered intermediate. The last major difference is the fragmentation of the cuprated isooxazoline with the stereodefining step being the copper promoted 2+2 ketene cycloaddition instead of prior work suggesting it was a kinetic protonation step.

There are some inconsistencies associated with this catalytic cycle though. First is that based on prior experiments the selection of base is important in determining the trans/cis ratio of the products formed. However, this mechanism implies the stereodefining step does not involve base at all 


r&rk Hein’s Proposed Catalytic Cycle and Inconsistencies

Proposed Catalytic Cycle (Hein 2018): Undesired Aggregates

o J— o Ph——=——"[Cu] = Ph

(Cu]

[2+2] Cycloaddition T- Coordination
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J. Am. Chem. Soc. 2018, 740 (29), 9167-9173., Angew Chem Int Ed 2003, 42 (34), 4082-4085. Tetrahedron Lett. 1976, 17, 2905-2908.
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Presentation Notes
Hein and coworkers proposed this catalytic cycle where the inverse order of the alkyne is hypothesized to be due to aggregation of multiple alkynes with the copper acetylide. They also proposed that the second order with respect to copper and first order is related to the copper promoted 3+2 cycloaddition to generate the six membered intermediate. The last major difference is the fragmentation of the cuprated isooxazoline with the stereodefining step being the copper promoted 2+2 ketene cycloaddition instead of prior work suggesting it was a kinetic protonation step.

There are some inconsistencies associated with this catalytic cycle though. First is that based on prior experiments the selection of base is important in determining the trans/cis ratio of the products formed. However, this mechanism implies the stereodefining step does not involve base at all 
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Plausible Mechanism
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Further mechanistic studies need to be

done to identify how off cycle byproducts
are formed. ie: does the aminoketene

fragment in the precense of exogenous
nucleophile?

Understanding the formation of off cycle

byproducts can lead to rationale design of
improvements of the catalytic Kinugasa

J. Chem. Soc., Perkin Trans. 1 1976, No. 22, 2382-2386., J. Org. Chem. 1994, 59 (21), 6282-6286., J. Am. Chem. Soc. 2018, 7140 (29), 9167-9173.
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So overall, due to inconsistencies and a more plausible intermediate, the pathway where an aminoketene is generated seems to be the most plausible mechanism. However there still remains to be a couple of unanswered questions like how are the byproducts like the amide reported be Hein formed? Especially since there is evidence going against a 3+2 cycloreversion. That and the pathway to form the phenylacetic acid and the alkynyl imines either require water present or undergo the previously proposed 3+2 cycloreversion. So the question that needs to be answered is if there is a fragmentation pathway possible post an exogenous nucleophile attacking the aminoketene and if it is possible for Cu to catalyze side reactions without precense of a large amount of water.
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Chiral ®-Thiofunctional -Lactams (Xu 2021):
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53% yield
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Trapping of Sulfur Electrophile (Xu 2021):
PMP, Ph

T

PMP_S ,Ph PMP_S ,Ph
;N ;N
*Ph *Ph
3 4
61% yield 74% yield
96.5:3.5 er 96:4 er
6
62% yield
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i PMP
+ Standard Conditions o 5
N PhSO,SCH3; > N
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Not Observed

Resubjection did not result in any of
the desired product, so electrophile

trapping must occur immediately, or
protons must be removed

Trapping the enolate is challenging
due to protonation being favorable,
and copper acetylide acts as a

competitive nucleophile

Qi, J.; Wei, F.; Huang, S.; Tung, C.; Xu, Z. Copper(l)-Catalyzed Asymmetric Interrupted Kinugasa Reaction: Synthesis of a-Thiofunctional Chiral B-Lactams. Angew Chem Int Ed 2021, 60 (9), 4561-4565.

https://doi.org/10.1002/anie.202013450.
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Greg Fu in 2003 developed an asymmetric intramolecular Kinugasa, although the substrate scope and ligand screen isn’t that expansive, they showed overall moderate to high enantioselectivity and showed a potentially useful piece of information in elucidating the mechanism. Which is that one could trap electrophiles which will be important later in determining which of the three proposemechanisms the kinugasa likely undergoes. 

phosphaferrocene–oxazoline


Summary

1) Nitrone substitution influences
stereoselectivity during either protonation

or attack, tri-substituted nitrones are less
commonly employed due to competitive
sterics.

2) Studies by Fu (2003) and Xu (2021)
demonstrate electrophile trapping prior to
protonation, providing evidence against a
post-protonation [3+2] cycloreversion
pathway.

3) A six-membered, bimetallic intermediate O—l\/
may account for the observed second- cu R,

order dependence on copper.

[Cu] 1
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