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Diisopropylamino-cis-2,6-dimethylpiperidinocarbene  reacts

regio- and diastereoselectively with CO to afford wth 100%

atom efficiency a bicyclic B-lactam, whose spectrum of
10 activity resembles that of penicillin G or amoxicilin.

The chemistry of carbenes and ketenes has beenwirted
for a century now.In 1913 Staudinger described the thermal 1b
decarbonylation of ketenes, together with an anslg$ the
follow-up products of the resulting transient cares® The
15 decomposition of the parent ketene+C=0 to CO and CH

trans-4b 4c

(-31.8) (-33.3)

Scheme 2Carbonylation ofLb, leading to the bicycli-lactamcis-4b as
final product. The isometsans-4b and4c shown in grey are not

is one of the most extensively studied reactiongliysical

chemistry® Conversely, a classic method for the detection of

transient carbenes is their trapping by carbongtati

The advent of isolabléN-heterocyclic carbenes in 1991

20 triggered the development of these and related igters
diaminocarbenes from laboratory curiosities to afelé

observed. Only one enantiomer is shown in each €edeulated\Gyog
40 values (kcal mal) are given in parentheses.

type are rare. Previously studied cases exhibitsictamrably
higher calculated activation barriers 87 kcal mot).!® The
processla+ CO - 4arepresents a new entry to the important
B-lactam ring systeft and proceeds with 100% atom

workhorses in synthesis and catalysiSuch carbenes ares efficiency!? As a first milestone of a systematic study to

usually inert towards CO, but exceptions occur with

particularly electrophilic representatives suchfas,example,
2s acyclic diaminocarbenes (ADACs).® (iPr,N),C (1a) was

reported in 1996 as the first ADAC to be isolatedd a

probe the limitations of this new synthetic methed have
shown that3-lactam formation requires very bulky ADACY.
We here address the question whether this reaatan be
applied to the synthesis of bicyclig-lactams, using bulky

structurally characterisetl. We found that its primary so ADACs with cyclic amino groups. This is importamt view

carbonylation product iPrN),C=C=0 @a) undergoes a

remarkable intramolecular follow-up reaction (Scleef)®>®

of the bicyclic nature of the penicillins and cefgdsporins,
which are the most widely use@-lactam antibiotics?

0 A retro-Wolff rearrangement leads to the (amino)(carbox- Diisopropylaminoeis-2,6-dimethylpiperidinocarbene

amido)carbene3a, which subsequently affords tHelactam
4aby a G-H insertion.Bona fideexamples of this reaction

re
>/N 17.5?(2;7“0\ 1 ;<\‘_<
T e

4a 3a

Scheme 1Carbonylation ofla, leading t3-lactam4a (racemic mixture)
35 as the final produchG*es values were calculated by DFT methods.

AGH=
22.9 keal mol ™’
- .

+CO

AGH=
21.7 keal mol™'!

(iPLN)C(PipMe) (1b)** is the only ADAC known to date

ss which meets the requirements for this investigatidust like
1a, it is very bulky. In addition, it contains a ciclamino
group (PipMe), which incidentally may be viewed as a
conformationally constrained version of ti,N group.

We have shown previously that and1b are very similar

eo in terms of stability, both undergoing a sl@afragmentation
reaction in solutiort® Indeed, we have found such a chemical
similarity also in their carbonylation. The reactiof 1b with
CO proceeds smoothly and swiftly at room temperatur
cleanly affording the bicyclicB-lactam derivativecis-4b

es (Scheme 2). This process is regioselective, sincky the
PipMe, unit undergoes the rearrangement and concomitant
C-H insertion. The monocyclif-lactam4c, which contains
an intact PipMe unit, is not observed. Equally remarkable is
the diastereoselectivity of the reaction. The diestmer of

70 4b which exhibits arans orientation of théPr,N group with
respect to the methyl substituentsafs-4b), is not observed.
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2b,, (-1.9)

I

4]

2b,, (-1.0) 1522%(19.1)

- 3b,, (-3.5)

cis-TS2°(7.2) cis-ab,, (-32.5)

Cis-TSuapp (7.8)

3beg, (-8.7) cis-ab gy (-31.2)

Fig. 2 Computed kinetically favourable reaction pathwiysdiaminoketen&b (shown for one enantiomer only). Pathways potéyptieading totrans-
4b and4c (Scheme 2) are kinetically less favourable ancelzeen omitted for clarity (see ESI for details). 1

s Fig. 1 Molecular structure ofcjs-4bH]ClI in the crystal (ellipsoids drawn
at the 30% probability level). The broken line icaties a hydrogen bond
between the chloride anion and the catioRigHN substituent.

see ESI for details),T with special attention te tixial (ax)

1sand the equatorial conformation (eq) of the PipMgoup,
including in our analysis also possible boat (bihfoomations
of the six-membered ring (Fig. 2). First of all, veeldress
thermodynamic aspects concerning the final carbatioh
product. The energy of the experimentally obserbagyclic

20 B-lactam cis-4b is 0.7 kcal mol' lower than that of its
diastereometrans-4b and 0.8 kcal mét higher than that of
the monocyclicB-lactam4c (Scheme 2). These small energy
differences indicate that the intramolecular folloyw reaction
of 2b, which exclusively gives rise tois-4b, is governed by

s kinetic, rather than thermodynamic, factors. Theref we
now turn our attention to the course of the reactibhe axial
carbene conformethb,, is more stable than the equatorial one
(1beg) by 6.8 kcal mal' (not shown in Fig. 2; see ESI).t This
significant contrasteric bias is due to the anomeffect!® It

30 is less pronounced for the kete2le whose axial conformer is
only 0.9 kcal mol* lower in energy than the equatorial one,
which corresponds to a value of the equilibrium stant of
ca. 5 at room temperature. For each calculated reactio
pathway, the first stepyiz. the retro-Wolff rearrangement, is

Theall-cis arrangement of the substituents at the bicyclie cos rate-determining. This rearrangement can involvbegi the

of the final product is unequivocally demonstrated the
10 structure of the hydrochloridecig-4bH]CI, which we were

able to determine by single-crystal X-ray diffracti(Fig. 1).
We have investigated the formation @$-4b by high-level

PipMe, or theiPr,N group. For the dominant conformb,,
the activation barrier has a value of 21.3 kcal théor the
process which involves the PipMearoup, leading to the
transient carbene3b,,. The corresponding process which

DFT calculations (B2GP-PLYP-D/def2-QZVP//B97-D/SVP x involves theiPr;N group and would finally lead tdc has a
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significantly higher barrierAG* = 25.6 kcal mdt}, see ESI
for details).t In the case of the less abundanfaramer 2b,,,
too, theretro-Wolff rearrangement involving the PipMeanit
is kinetically favoured over the alternative prozesvolving
the iPL,N group AG* = 20.1vs. 23.7 kcal malY). For both
ketene conformers the activation energy differen@esG* =
4.3 kcal mol* and 3.6 kcal mat for 2b, and 2be,
respectively) are sufficiently large to be compkilwith an
essentially exclusive formation afis-4b via the kinetically

¥ In the same vein, the nucleophilic additionlbfto 2b, affording the
0 oxyallyl species Ib),CO, turned out to be kinetically unfavourable and
has therefore not been incorporated in Fig. 2 E®idfor details). T

1

65 2
3

favoured carbeng&b. At the same time, the energy barriero

differences for the various calculated pathways aneall
enough to suggest that subtle changes in the pampbf a
bulky ADAC may have a dramatic influence on thecmme
of its carbonylation. A comprehensive study will texjuired
to develop a rationale for the reactivity of theinpary
carbonylation productiz. the diaminoketeng.

We have investigated the antimicrobial activity tife
monocyclic B-lactam 4a and its bicyclic relativecis-4b
against Gram-positive and Gram-negative bacteria
determining their minimal inhibitory concentratiofMICs)
(see ESI).T The bicycliB-lactamcis-4b exhibits significant
activity against the Gram-positive bacteBa subtilisand S.
aureus MIC values are 64 128 ug mL™? for the S. aureus
type strain and 128g mL' for B. subtilis 168 and a

methicillin-resistantS. aureus(MRSA) strain. The antibiotic

activity of 4ais lower by a factor of 2 (MIC = 256g mL ™ in

54

80

by

85 6

. . . 90
all cases). Both compounds are inactive againstmGra

negative bacteria. Their spectrum of activity rebls that of
penicillin G or amoxicillin, whose activities, hower, are
higher than that ofis-4b by ca. two orders of magnitude.

In conclusion, the efficient and highly selectsynthesis of

7

8
95

cis-4b from 1b and CO under mild conditions opens up new

possibilities to access unprecedented bicyBHactams with
useful antibiotic properties. We will continue ostudy with

new ADACs containing bulky cyclic amino substitugnt®

which we are currently developing.
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