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A strategy utilizing N-heterocyclic carbenes (NHCs) derived from thiazolium salts has been developed
for the generation of carbonyl anions from acylsilanes. Synthetically useful 1,4-diketones and
N-phosphinoylei-aminoketones have been prepared in good to excellent yields via NHC-catalyzed additions
of acylsilanes to the correspondings-unsaturated systems ahdphosphinoylimines. These organo-
catalytic reactions are air- and water-tolerant methods to execute robust carbonyl anion addition reactions.
Additionally, polysubstituted aromatic furans and pyrroles have been efficiently synthesized in a one-pot
process using this carbonyl anion methodology. The addition of alcohols to the reaction renders the
process catalytic in thiazolium salt. In an effort to synthesize a potential intermediate along the proposed
reaction pathway, silylated thiazolium carbinols have been identified to provide good yields of carbonyl
anion addition products when subjected to the standard reaction conditions in the presence of suitable
electrophiles.

Introduction ponent coupling reactiorf§-31 A valuable synthetic tactic that

) NHCs are capable of catalyzing is the polarity reversal, or
.N-Heterocychc carbenes (NHCs) hg\{e begn shown to be Umpolung?®? of carbonyl-containing compounds. Umpolung
highly useful_comgnounds able to participate in a number of g ategies are highly useful methods to form carboarbon
diverse reaction$.® Because of their unusual electronic char- pon4s through unconventional modes of reactivity. The polarity

acteristics, they are unique molecular architectures for the reyersal of carbonyl units generates carbonyl or acyl anions, a
development of new organometallic process¥s?e catalysts

in organocatalytic reactio’$1427 and reagents in multicom-
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SCHEME 1. Catalytic Acyl Anion Addition Reactions with
Aldehydes Employed as Acyl Anion Precursors
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SCHEME 2. N-Heterocyclic Carbene-Catalyzed Generation
of Acyl Anions
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fluoride or cyanide anions. In 1981, the Heathcock laboratory
reported the use of fluoride (KF, tetrabutylammonium fluoride)
to promote alkylation of the carbonyl carbon of acylsilanes with
various alkyl halided? These findings were followed by
disclosures from Degl'innocenti and co-workers showing the
conjugate additions of acylsilanes to enones catalyzed by either
fluoride or cyanidé® More recently, Johnson has reported

useful class of reactive intermediates. Many important biological asymmetric cross-benzoin reactions of acylsilanes and aldehydes
processes utilize carbonyl anions generated from the corre-catalyzed by cyanide or metallophosphite spetieShese

sponding a-keto acids via an NHC derived from thiamine
pyrophosphate, a cofactor of vitamin.B

nucleophilic phosphorus compounds have also been shown to
promote conjugate additions of acylsilanes to unsaturated

Two established catalytic acyl anion addition reactions are carbonyl compounds.

the benzoin condensati&ns® (1,2-addition of a carbonyl anion Beginning in 2002, our laboratory has focused on developing
to an aldehyde, Scheme 1, eq 1) and the Stetter red€tfén strategies to catalyze carbonyl anion addition reactions under
(1,4-addition of a carbonyl anion to ags-unsaturated system,  more neutral reaction conditions than those previously reported.
eq 2). In these processes, a catalyst, such as cyanide or an NHGDOn the basis of the pioneering work by Heathcock and
is used to generate an acyl anion equivalent from an aldehyde.Degl'innocenti, we chose acylsilanes to investigate as a unique
Unfortunately, because of the highly reactive nature of alde- carbonyl anion precursor. It is well established that NHC
hydes, a significant amount of self-condensation side productscatalysis can be used to generate acyl anion equivalents from
are often formed when they are employed as acyl anion aldehyde$;®1535%and we envisioned applying this same approach
precursors. The intrinsic reactivity of the starting aldehyde is to acylsilanes. At the onset of our investigations, it was
advantageous when generating a carbonyl anion species viaeasonable to propose that an NHC would undergo nucleophilic
addition of an NHC, but this aspect is limiting in that multiple addition to an acylsilanelj and promote a 1,2-silyl group shift
products are observed when electrophiles that are less reactivéBrook rearrangemert®>3from carbon to oxygen, thus render-
than aldehydes are employed. ing the carbonyl carbon nucleophilic (Scheme 2). However,
Acylsilane$®~8 are useful molecules that have been utilized when compared to smaller nucleophiles such as fluoride and
as unconventional acyl anion precursors. Acylsilanes are morecyanide anions, it was unclear whether a larger five-membered
sterically congested than aldehydes because of the substitutiorheterocycle such as a thiazolium would add to the carbonyl
on silicon, and this attenuated reactivity precludes side reactionscarbon of an acylsilane. Indeed, heteroazolium carbenes/
associated with additions to carbonyl groups. The standard zwitterions had not been used to promote Brook rearrangements
method to convert acylsilanes into carbonyl anions typically of acylsilanes prior to our findings. As mentioned, these overall
involves the addition of charged nucleophilic species, such as neutral carbenes/zwitterions have found utility as organocatalysts
in a variety of reactions, can be generated in situ from stable
precursors, tolerate air and moisture, and are generally nontoxic.
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SCHEME 3. Acylsilane Addition Reactions Catalyzed by SCHEME 4. Acylsilane Additions to Chalcone with
NHCs Catalytic Thiazolium Salt
o 1. 3,DBU Ph 0
.. R.__O 0 o 2250 0
SN-R R1/\)J\R2 o L + /\)J\ THF, 70°C m
S Ph” SiMeg PN, o Ph Ph
o H R R? 1a 2a 4
)j\ R R | 1,4-diketone o 5O
R SiX NHC Br r
° Catalyst - POPh2 BN By s
_P(O)Ph, R 3a >:<//0H 3b \—(
JNJ\ R3 Me Me Me
R3” NH o 100 mol%: 71% yield 100 mol%: no product observed
a-aminoketone 30 mol%: 43% yield
TABLE 1. Optimization of Acylsilane Additions to Chalcone with SCHEME 5. Catalytic Sila-Stetter Reaction with Exogenous
Stoichiometric Thiazolium Salt* Alcohol
Ph.__O
o o 1. 3a, base, o '
Jv o AN solvent I)L 3 1..30 mol% 3,0BU ; |®/\
P sileg” PN e~ Ph pn® ta + 2a FPOHTHETOC D Mo ANg
1a 2a 2. Hy 4 2. H,0 Co )=

with 3a: 77% yield
with 3¢: 77% yield

entry base solvent yield (%)
% BEE I:E Zé (Scheme 4). A more surprising result was obtained when no
3 KO'BU THE 0 product was observed with a stoichiometric amount of catalyst
4 DBU CHCl, 39 3b.
5 DBU PhCH 0

A comparison of catalyst8a and 3b reveals that the free
2 Reaction performed at 0.8 M for 24 h at reflux in the solvent  alcohol (an artifact of the conversion of thiamine into structures
indicated.? Isolated yield after chromatographic purification. such as3a) may be the cause for the difference in reactivity.
To explore whether a free alcohol was necessary for the reaction,
NHC catalysts derived from commercially available thiazolium 4 equiv of 2-propanol was added to an acylsilane addition
salts (Scheme 3). This full account describes in detail the reaction containing 30 mol % o8a (Scheme 5). We were
development of our NHC-catalyzed acylsilane addition reactions, pleased to find that the straightforward addition of an exogenous
including an examination of the catalyst structure and mecha- alcohol improved the yield of to 77% with only 30 mol % of

nistic studies. 3a. Further confirmation of the importance of an alcohol additive
was observed when thiazoliuBt was employed with 4 equiv
Results and Discussion of 2-propanol: these reaction conditions provided the same yield
as with 3a. These results show the counterion has a minimal
Development of a Successful NHC Catalyst Systen@ur effect on the outcome of the acylation reactions.

investigation of NHC-catalyzed acyl anion additions began with
a survey of reaction conditions to carry out 1,4-additions of
acylsilanes to chalcone. Our choice of pursuing the synthesis
of 1,4-dicarbonyl compounds via a carbonyl anion addition was
driven by the utility of these molecules in organic synthesis.
After significant experimentation, we discovered that a sto-
ichiometric amount of thiazolium sal8a and DBU (1,8-
diazobicyclo[5.4.0]undec-7-ene) successfully promotes the ad-
dition of benzoyltrimethylsilandato chalcone to produce 1,4-
dicarbonyl4 in a good yield after 12 h of reflux in THF (71%,
Table 1, entry 1). With the desired bond-forming process
achieved, a brief survey of bases and solvents indicated that
DBU and THF were optimal. Methylene chloride provided only
a 39% vyield product, most likely because of the low reaction
temperature (entry 4). The use of toluene as a solvent resulte
in a heterogeneous mixture that afforded no product formation
(entry 5).

After successful formation @f in the stoichiometric process,
we focused on developing a catalytic acylsilane addition
reaction. On the basis of our knowledge of the Stetter reaction,
we suspected that the process should be catalytic in thiazolium
salt; however, when the amount@dwas reduced from 1 equiv
to 30 mol %, only a 43% vyield of the product was isolated

A key variable we were interested in examining was the
structure of the heteroazolium catalyst. The reactivity of an NHC
can significantly be affected by steric and electronic properties;
therefore, an examination of potential catalysts was carried out
to determine the best NHC to effect the desired conjugate
addition. To our surprise, NHCs derived from imidazolium and
triazolium compounds fail to produce significant amounts of
the desired produet (Table 2, eq 4). Surprisingly, the catalyst
derived from benzothiazoliurBd doesnot provide any of the
desired product, thereby underscoring the subtle electronic
effects that control the interaction of the heteroazolium-derived
carbene with the acylsilane as well as the carbcarbon bond
forming process. Additionally, no decomposition of the chalcone
L acylsilane is observed wid. There is no product formation
with the sterically hindered catalyst resulting from imidazolium
salt 3e, although some acylsilane is consumed. Interestingly,
benzaldehyde is the only product resulting from the reaction
catalyzed bydeand no benzoin products were observed by gas
chromatography. The benzimidazolium-derived catalyd) (
affords nearly complete conversion of the acylsilane, but only
a 5% yield of 1,4-diketond is observed. Triazolium-derived
catalysts3g and 3h had similar results, with little product
formation and little recovered acylsilane. These observations

(54) Mattson, A. E.. Bharadwaj, A. R.; Scheidt, K. A Am. Chem. emphqsme how sllght perturbamons in the he_tero_azollum core
S0¢.2004 126, 23142315, and nitrogen substitution can cause drastic differences in
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TABLE 2. Examination of Catalyst Structure? TABLE 3. Catalytic Sila-Stetter Reaction with Acylsilane 1a and

o o 1. 30 mol% 3, DBU Ph. _O B-Aryl Unsaturated Phenyl Ketones!
PrOH, THF, 70 °C Q
’ ’ (4)
Ph)J\SiMe: Ph/\)J\ph mph
1a 2a

o ) 1.30 mol% 3a,DBU PP 20 4
2. 0 o iPrOH, THF, 70 °C I)J\ 5)
4 Ph)J\SiMe: R1/\)J\ R R R
1a 2

2 2 H,0 1 2
entry catalyst 1a conversion 2 conversion yield®? 514
5O entry R R2 yield (%) product
r
BN s 1 Ph 4-CIPh 82 5
1 >;—_<//0H 3a 100% 100% 77% 2 Ph 4-OMePh 80 6
Mé 3 1-naphth Ph 72 7
o 4 4-BrPh Ph 66 8
I~ 5 4-CIPh Ph 74 9
MeNT s 6 2-CIPh Ph 68 10
2 N_ 3¢ 100% 100%  77%°
= 7 4-MePh Ph 84 11
Me Me 8 3-OMePh Ph 75 12
1© 9 4-OMePh Ph 77 13
Me~\ A \g 10 4-HOPh Ph 50 14
3 3d 0% 0% 0%
aReaction performed at 0.8 M for 24 h.°lIsolated yield after
chromatographic purificatiorf.Based on 70% conversion.
d Cle . . N TABLE 4. Catalytic Sila-Stetter Reaction with Acylsilane 1a and
4 MESéNé\N,MES 3e 50% 31% 0% B-Aryl Unsaturated Phenyl Ketonest
\=/ 0 1.30mol% 3a,DBU R\ 20
© J\ O 4 g i-PrOH, THF, 70 °C I)J\ 6)
Me~ 2\ -~Me R SiN e 2 H.0 Ph Ph
5 @ 3f 74% 9% 5% 1 &H, 2 4,15-18
entry  acylsilane R R? yield (%P  product
o 1 la Ph Ch 77 4
6 Mely/N-Me 3g  100% 53% 7% 2 1b 4-CIPh CH 82 15
\ 3 1c 4-CHzPh Ch 70 16
—N 4 1d Ph Ph 61 4
S} 5 le CHs Ph 70 17
Cl ®Né\N’Ph 6 1f cyclohexyl Ph 63 18
7 3h  93% 27% 0%

aReaction performed at 0.8 M for 24 h."lIsolated yield after
chromatographic purification.

/
=N

aReactions performed at 0.5 M for 24 'hYields and conversions
obtained by GC unless otherwise notédsolated yield after purification.

dMes = Mesityl. there are no stringent precautions to exclude moisture in any
of these reactions.
|nvestigati0n of Acy|si|ane Additions to a,ﬁ_Unsaturated The influence of the acylsilane structure on the reaction was

Electrophiles. With an operative catalytic process identified, 2alS0 examined (Table 4, eq 6). Because the addition of a
we proceeded to examine the scope of the addition reaction ofthiazolium-derived carbene/zwitterion is an important step in
various acylsilanes ta,-unsaturated systems. After our initial  th€ overall process, the substitution of the silyl group should
success with chalcon@4), we screened numerous unsaturated Nfluénce the accessibility to the carbonyl carbon atom. Ac-

amides and esters as electrophiles with no success. A curren{sord'n.glyt’ goth aIkIyI gnd substltutedAar);I llz(i)ylsnant.es_ were
requirement of our acylsilane conjugate additions is that the Investigated as acyl anion precursors. Acylsilabeontaining

- ) . an electron-withdrawing substituent in the para position provided
electr.ophlle needs. t.o. be anf-unsaturated ketone or a highly the best results, generatiig in 82% yield (Table 4, entry 2).
reactive ester. Utilizing an unsaturated acyl pyrrole as the inal is th . lani
electrophile produced a complex mixture of compounds with Interestingly, Lb is the most reactive acyl anion precursor we

" . . . have surveyed. This may be due to the ability of this analogue
no desired carbonyl anion products. Additionally, no desired

. . ._to offer additional stabilization to the carbonyl anion equivalent
product was observed when a cyclic ester and amide, maleic

) L _ " that is generated in the reaction. Acylsilanes with alkyl groups
anhydride, andN-methyl maleimide were examined. Additions R. (Le and 1) are successful substrates and generate 1,4-

to alkylidene malonates were met with limited success as low jiketone productd7 and 18 in good yields (entries 5 and 6).
conversions prevented high yields of product from being These entries indicate that the reaction can accommodate
isolated. Our attempts to add to nitroalkenes failed because theacyisilanes with enolizable protons. Additionally, dimethylphe-
starting materials decomposed under these reaction conditionsny| acylsilaneld proved to be a suitable acyl anion precursor
Our investigations of the chalcone substrate scope began withyielding 61% of4 (entry 4).

an examination of various substituted derivatives (Table 3, eq  The scope of the sila-Stetter reaction was further examined
5). The addition reaction can tolerate both electron-donating by employing various classes af,5-unsaturated carbonyl
and electron-withdrawing substituents on either aryl group, electrophiles (Table 5, eq 7). Even with multiple nucleophilic
delivering good to high yields of product in all cases<{@&2%, species in solution (e.g., DBU, 2-propanol, thiazolium carbene/
entries 1-9). Even a free hydroxyl group provides the desired zwitterion), a surprising number of highly reactive conjugate
1,4-diketonel4, albeit in a slightly reduced yield (50%, entry — acceptors that are prone to polymerization provide moderate
10). Because 2-propanol is a key constituent in the reactions,yields of 1,4-dicarbonyl products. Diethyl fumarate and dimethyl

5718 J. Org. Chem.Vol. 71, No. 15, 2006
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TABLE 5. Acylsilane Additions to #,8-Unsaturated Esters and TABLE 6. Examples of Furans Prepared in a One-Flask
Ketones! Synthesig?
o 1. 30 mol% 3a, DBU Ar o o] 1. 20 mol% 3a, DBU
T g POH, THF, 70 °C 7 j\ ~ N FPrOH,THF, 70 °C RO\ __R?
/\)J\ + . @ + R ph \ /  ®
R; Rs Ar SiMeg Ro R R X
2.H,0 R s 1 2. AcOH
2 1 A= CPh 1 X = SiM ? "
1b: Ar = 4- 19-24 = SiMeg, ..
SiMe,Ph 25-30
entry Ar 2 product yield®
Ph.__O PheON__Ph Bt O\ —Ph Bt O\ —Ph
: : DR Vo
1 1a EoL - 25 26 27
Ogt EtO OFt ° Ph 81% Ph 82% 3,4-CIPh 81%
(o] 2b 19
o Et \O/ Ph Me \O/ Ph Me \O/ Ph
0 o o
28 29 30
2 1a MeO MeO Ph 729 4-BrPh 84% Ph 74% 4-MePh 83%
‘o
MeO | MeO a All reactions performed at 1.0 M for 24 h. See Supporting Information
2c 20 for details.? Isolated yields after chromatographic purification.
o] o}
0 - . .
o pounds3’-58we envisioned that our addition reaction could be
3 1a /\f OEt 72% . . . .
ORt Ph the first step in a direct, one-flask process to access polyaromatic
2d o 21 furans without the need for a transition-metal catalyst. Thus,
o the 1,4-dicarbonyl compounds synthesized by the thiazolium-

/Yo )WMe catalyzed conjugate addition of acylsilanes could be directly
4 1a Me Ph 75% convertgd to furans in a one-pot process upon simple addition
2 o o O 2 of an acid.
o o We were pleased to find that straightforward addition of acetic
X Ve Me acid to the reaction after 100% conversion of the conjugate
5 1b 639 acceptor followed by stirring at reflux f(8.h yielded the desired
of 23 ° furan product25 (Table 6, eq 8). In this process, both alkyl

and aryl acylsilanes successfully participate in the one-pot

o 4CPh 20 reaction with a variety of chalcone derivatives, providing
N excellent yields of highly substituted furans 784%). Notably,
6 1b t8u LBy 48%4 these yields are for a two-step process yielding greater than 90%
24

29 per step.
2Reactions performed at 0.8 M for $24h.PIsolated yield after Encouraged by the efficiency of our simple furan synthesis,
chromatographic purificatiorf.64% conversiond 59% conversion. this one-flask strategy has been applied to the synthesis of 2,3,5-

trisubstituted pyrrole&® The addition of a primary amine to a
malonate are competent substrates generating the corresponding,4-dicarbonyl compound in the presence of acid accesses
products19 and 20 in good yield (entries 1 and 2). Highly ~ pyrroles in good yield and is known as the Palshorr
reactive substrates lacking substitution in fheosition such  cyclization®-52The combination of our conjugate addition with
as ethyl acrylate and methyl vinyl ketone undergo these @ Paat-Knorr reaction in a single flask would constitute the
nucleophilic acylation reactions to gener&teand22 in 72% multicomponent assembly of polyaromatic pyrroles. Rapid
and 75% yields (entries 3 and 4). Finally, additions to alkyl access to various substituted pyrroles is a continuing goal in
chalcone derivativegf and2g produce the desired 1,4-diketones Organic chemistry because these heterocycles are important
in moderate yields (entries 5 and 6). In this system, alkyl motifs in natural product®’ ¢ therapeutic compoundé?®and
chalcones are less reactive than aryl chalcones and the loweimaterials®®~"* Accordingly, new synthetic approaches to access
yields are a result of the reactions not going to completion under
numerous conditions surveyed. In an effort to aid in the  (57)Hou, X. L.; Cheung, H. Y.; Hon, T. Y.; Kwan, P. L.; Lo, T. H.;
conversion of the alkyl chalcones, acylsilaiiecontaining the Tong, S. Y.; Wong, H. N. CTetrahedron1998 54, 1955-2020.
p-Cl substituent was employed because it is the most reactive ggg; gﬁgﬁ’éd%;ﬂﬁ"ih%”} sscohce'i?f &?%éﬁfﬁigéi' 6. 24652468,
acyl anion precursor that we have examined. (60) Knorr, L. Chem. Ber1884 17, 1635-1642.

One-Pot Synthesis of Furans and Pyrroleswith a robust (61) Paal, CChem. Ber1885 18, 367-371.

i~ ; i _ (62) Amarnath, V.; Anthony, D. C.; Amarnath, K.; Valentine, W. M.;
and efficient preparation of 1,4-dicarbonyl compounds devel Wetterau, L. A Graham, D. GL. Org. Chem 1991, 56, 6924-6931.

oped, we became interested in applying this new Umpolung " (63) 0’hagan, DNat. Prod. Rep200Q 17, 435—446.

methodology to a one-flask synthesis of highly substituted  (64) Furstner, AAngew. Chem., Int. ER003 42, 3582-3603.
heterocycles. Initially, our efforts were directed toward the _ (65) Boger, D. L. Boyce, C. W.; Labroli, M. A;; Sehon, C. A.; Jin, Q.
synthesis of furans because these important heterocycles ard" Chem. S0d999 121, 5462,

ynt ! 4 p Cy (66) Hoffmann, H.; Lindel, TSynthesi2003 1753-1783.

easily accessible from 1,4-diketones and are found in natural (67) Colotta, V.; Cecchi, L.; Melani, F.; Filacchioni, G.; Martini, C.:
products, pharmaceuticals, and materfé@lalthough there are Giannaccini, G.; Lucacchini, AJ. Med. Chem199Q 33, 2646-2651.

; ; ; _ (68) Cozzi, P.; Mongelli, NCurr. Pharm. Des199§ 4, 181-201.
many strategies available to synthesize these valuable com (69) Curran, D.. Grimshaw, J.. Perera, S.Them. Soc. Re 1991 20,

391-404.
(56) Keay, B. A.; Dibble, P. WComprehensie Heterocyclic Chemistry (70) Deronzier, A.; Moutet, J.-Gurr. Top. Electrochenl994 3, 159—
Il; Elsevier: New York, 1996; Vol. 2. 200.
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TABLE 7. Select Examples of Pyrroles Synthesized in a One-Pot
Sila-Stetter Proces®

Mattson et al.

TABLE 8. Survey of Amines for Pyrrole Synthesig

. o o 20 mol% 3a, : ||R
0 R o s BT
o+ R,/\)J\Ph R Ph (9) Ph™  "SiMe, Amine V
Riq X 2. PhNH,, TsOH W 1a 2a TsOH, 4A sieves  py” 39.49
X S?ill\'\/IA::Ph 2 4A sieves R 31-38 — : . .
ry Amine pyrrole yield (%)
" " " Ph
PheN\__pPh  4MePh_-N\__pn 4cPh_N__ph —
Vm m M 1 cu@—wz /@’Q\Ph 39 57
PH 66% ol 7T1% o 61% cl o
o ™ e
cyclohexyl N Ph HiC N Ph -
Ph 69% PH 71% Br Ph
Ph Ph Ph P
| | | —
Ph—_N\__ph pho N\ _ph acpho NS _pn 3 HO@—NHZ /®/N P~pn M 61
4-MePH 70% 4-CIPH 58% 4-OMePh 69% -
a All reactions performed at 0.8 M for 16 h. See Supporting Information
for details.P Isolatped yields after chromatographic pu?i?icatio?l. 4 HaN-0,CCH, H’QPh 4= 62
Ph
pyrroles continue to be an area of intense rese&rch.Our o __
multicomponent approach is similar to the furan synthesis above 5 CHaNH;, =N A ~pn 43 70
in efficiency and avoidance of expensive and/or toxic transition- :
metal catalysts. oy
To optimize this conjugate addition/Pad{norr sequence, =
various acids were added directly along with aniline to a 6 GCHy(CH)oNH, =N ~pn 4 82
thiazolium-catalyzed reaction betwednand 2 after 100% oh
conversion of2. With p-toluenesulfonic acid (TsOH) after 8 h Ph
at reflux, moderate to good yields of the pyrroles can be isolated. =
In this manner, a wide array of highly substituted pyrroles can 7 PRCHNH, gn-NA~pn ¥ 65
be readily prepared (Table 7, eq 9). The reaction is tolerant of Bh
various substituted chalcones, including both electron-donating oh
and electron-withdrawing substituents. Additionally, pyrroles —
were easily generated from an assortment of alkyl and aryl 8 <:>-NH2 Qph 46 63
acylsilanes in high yield. To gain an additional element of O/
diversity, the amine was investigated (Table 8, eq 10). Substi- P
tuted anilines proved to be suitable substrates, as both electron- Ph,
donating and -withdrawing analogues generated the desired 4 s e, [T
pyrroles in high yield (entries-13). Both straight chain and ®_\NH r Z~pn 47 54
branched alkylamines successfully participate in the cyclization 2 Ph pn
reactions to yield the desired products in-&2% yields (entries Ph
5—8). Chiral pyrrolesA7 and 48 were generated in good yield e =
from optically active amines (entries 9 and 10). 0 e Gt MeYN A~p, 4B 56
Although this multihour process affords good yields of Bt pp
pyrroles, we felt that a more efficient means of heating could Ph
reduce the time required and thus improve the overall process. =
The use of microwave heatiffg”® significantly reduces the 11 HzNONHz /O/N S~pn 49 70
HN Ph

(71) Lee, C. F,; Yang, L. M.; Hwu, T. Y.; Feng, A. S.; Tseng, J. C;
Luh, T. Y. J. Am. Chem. So200Q 122, 4992-4993.
(72) Merlic, C. A.; Baur, A.; Aldrich, C. CJ. Am. Chem. So200Q

a8 Reaction conditions: 20 mol % @f and 30 mol % of DBU, 4 equiv
of i-PrOH; 0.8 M at 70°C for 8 h. Amine, TSOH, ath 4 A sieves were
then added for an additional 8 hisolated yield after purification.

122, 7398-7399.

(73) Kel'in, A. V.; Sromek, A. W.; Gevorgyan, VJ. Am. Chem. Soc.
2001, 123 2074-2075.

(74) Wang, Y. L.; Zhu, S. ZOrg. Lett. 2003 5, 745-748.

(75) Takaya, H.; Kojima, S.; Murahashi, S.Qrg. Lett.2001, 3, 421~
424,

(76) Minetto, G.; Raveglia, L. F.; Taddei, NDrg. Lett.2004 6, 389—
392.

overall time for this two-step, single-flask process (Scheme 6).
The first heating cycle for 15 min at 16@ combinesla and
o,-unsaturated keton2 in the presence of 20 mol % &,
30 mol % of DBU, and 4 equiv of 2-propanol. This sequence

(77) Minetto, G.; Raveglia, L. F.; Sega, A.; Taddei, Hur. J. Org.
Chem.2005 5277-5288.
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(78) Lidstrom, P.; Tierney, J.; Wathey, B.; Westman,Tétrahedron
2001, 57, 9225-9283.
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SCHEME 6.
(o}

One-Pot Pyrrole Synthesis in the Microwave

o 20 mol% 3a, 0
(o}
Ph
C 2

DBU, iPrOH. THF [ ™"
Ph-NH,, TSOH
one pot, 30 min
55%

Ph” “siMe; *
1a

A Ar
15 min, 160 °C

uW (300 W)
Hy
4A sieves

uW (300 W)
15 min, 160 °C

HyC

is followed by the addition of aniline and TsOH, and a second
15 min heating cycle at 160C smoothly affords the desired
pyrrole 36) in 55% yield in only 30 min. This streamlined
approach generates the target heterocycle in 3% of the time
required using conventional heating (30 min vs 16 h).

Investigation of Acylsilane Additions to Imines. The
successful conjugate additions of acylsilanes confirmed that
NHCs could promote carbonyl anion reactions. After exploring
different unsaturated ketones as electrophiles in these 1,4-
additions, we turned our attention toward developing the related
1,2-addition manifold. Acylsilane additions to activated imines
would enable the direct preparationafaminoketone products,
valuable compounds in synthetic and medicinal chemi$t§L
Although powerful methods exist to generateamino acids
from imines, such as the Strecker reactidr#* the options to
directly synthesize protectagtaminoketones are limited.

The optimal conditions were established using a similar
catalyst system that was developed for the 1,4-addition reactions
Chloroform and 2-propanol combined with the carbene derived
from thiazolium salt3c and DBU provided an excellent yield
of a-aminoketoné1 (93%, Table 9, entry 1). It is important to
note that the phosphinoyl protecting group is crucial for success
in these reactions. The other imines surveyedg, N-sulfinyl,
N-sulfonyl) were unsuccessful in this process. For these nu-
cleophile-catalyzed reactions, a careful balancing of reactivity
must be present: the ultimate electrophile (conjugate acceptor
or imine) cannot interact irreversibly with the nucleophilic
catalysts. The unique characteristicsNephosphinoylimine®
in these acylsilane additions vs other imines underscore this
point.

With the optimal conditions now identified, we examined the
scope of this 1,2-addition reaction with regard to the acylsilane
structure and imine substitution. First, the effect of the acylsilane
structure on the reaction was examined. In a vein similar to the
previous conjugate additions, the imine process can accom-
modate either alkyl or aryl acylsilanes, producing high yields
of product in all cases (Table 9, eq 11). An acylsilane with a
protected alcohol is a competent acyl anion precursor in the
reactions (entry 5).

Various aromatic substituteéd-phosphinoylimines were also
examined as electrophiles in the acylsilane addition reactions

(79) Di Gioia, M. L.; Leggio, A.; Liguori, A.; Napoli, A.; Siciliano, C.;
Sindona, GJ. Org. Chem2001 66, 7002-7007.

(80) Beguin, C.; Andurkar, S. V.; Jin, A. Y.; Stables, J. P.; Weaver, D.
F.; Kohn, H.Bioorg. Med. Chem2003 11, 4275-4285.

(81) Haustein, K. Olnt. J. Clin. Pharm. Ther2003 41, 56—66.

(82) Yet, L. Angew. Chem., Int. EQ001, 40, 875-877.

(83) Sigman, M. S.; Vachal, P.; Jacobsen, EANgew. Chem., Int. Ed.
200Q 39, 1279-1281.

(84) Masumoto, S.; Usuda, H.; Suzuki, M.; Kanai, M.; ShibasakiJM.
Am. Chem. So003 125 5634-5635.

(85) Weinreb, S. M.; Orr, R. KSynthesi®005 1205-1227.
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TABLE 9. Effect of Acylsilane Structure on Addition to Imines?

o
1}
o] /|':'\—ph 1. 30 mol% 3¢, DBU HN/F‘\—F’h
JJ\ e N “ph IPA, CHCIg, 60 °C Ph (11)
s bl )\H/R‘
. Ph 2.H,0 Ph
1 Me 50a 2 o 51-55
entry R! R2 product yield®
P(O)Ph,
’ HN” (O)Phy o5
Ph Me )ﬁfph 51 o
Ph
o
P(O)Ph,
HNZ (O)Ph, o0
2 4-CIPh Me )\H/ wcpn 52 6
Ph
o
P(O)Ph
KN o 53 81%
3 4-MePh Me )}(A_Meph o
Ph
o
P(O)Ph,
HN” (O)Ph,
4 Me Ph )\’(Me 54 87%
Ph
o
P(O)Ph,
HN® (O)Phy .
5 CH,)3;0Bn Ph 63%
(CHo)g Ph Appo%

I

aAll reactions performed at 0.5 M for ¥24 h. See Supporting
Information for details? Isolated yields after silica gel chromatography.

(Table 10, eq 12). Imines containing electron-withdrawing
substituents on the aryl ring, such as 4-Cl and 2-Cl, are suitable
substrates generating high yields of the correspondiagni-
noketone products (entries 1 and 4). The imine derived from
para-anisaldehyde produced an excellent yiel&8{86%, entry

3). The reaction can also successfully incorporate heterocycles,
such as thiophene, into the final product in high yield (80%,
entry 5). The use oN-phosphinoylimines derived from alkyl-
substituted aldehydes did not generate 1,2-addition products
because the presence of an enolizable proton allows for facile
conversion to the more stable enamide. In an attempt to avoid
this problem by generating only small concentrations of reactive
imine during the reaction, Charette’s method using sulfinic acid
adducts of imines was employ&Unfortunately, no desired
products were observed using the imine precursors.

Reaction Pathway.With the successful development of 1,2-
and 1,4-acylsilane addition reactions, we became interested in
a deeper understanding of the mechanism of these NHC-
catalyzed processes. We have advanced a plausible reaction
pathway based on the mechanism proposed for the benzoin
condensation (Scheme #8774 The deprotonation of the

(86) Cote, A.; Boezio, A. A.; Charette, A. Broc. Natl. Acad. Sci. U.S.A.
2004 101, 5405-5410.

(87) White, M. J.; Leeper, F. J. Org. Chem2001, 66, 5124-5131.

(88) Chen, Y. T.; Barletta, G. L.; Haghjoo, K.; Cheng, J. T.; Jordan, F.
J. Org. Chem1994 59, 7714-7722.

(89) Chen, Y. T.; Jordan, RB. Org. Chem1991], 56, 5029-5038.

(90) Barletta, G. L.; Zou, Y.; Huskey, W. P.; Jordan,J* Am. Chem.
So0c.1997 119, 2356-2362.

(91) Jordan, F.; Kudzin, Z. H.; Rios, C. B. Am. Chem. Socd987,
109 4415-4416.

(92) Rios, C. B.; Chung, A.; Jordan, Biochemistryl988 27, 3107~
3107.

(93) Jordan, FNat. Prod. Rep2003 20, 184-201.

(94) Kluger, R.Chem. Re. 1987, 87, 863—-876.
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TABLE 10. Examination of Acylsilane Additions to Phosphoy!
Imines?

0
1}
0 _P—ph  1.30mol%3¢,DBY PP
e, N IPA, CHCl3, 60 °C PP 12)
Ph” “Si-Me A " > HO Ar)\mph
1 Me " 50 ak o 46-57
entry Ar product yield®
HN’P(O)PhZ
1 4-CIPh m Ph 56 85%
o
cl
HN’P(O)PhZ
2 4-MePh /@)Y Ph 57 94%
o)
Me
HN/P(O)F’hz
3 4-OMePh mph 58  86%
o)
MeO
P(O)Ph
o e OP
4 2-CIPh P89 77%
o)
P(O)Ph
HN” (O)Ph,
5 2-thiophene CV)\V( Ph 60 80%
\_s o

aAll reactions performed at 0.5 M for 24 h. See Supporting
Information for details® Isolated yields after silica gel chromatography.

SCHEME 7. Proposed Reaction Pathway
TS SYN_R
H
j\ | bBU j\
B R T\ R sizg
-8
S @
eject addition; Brook
catalyst
o 0Sizy 0Siz,
ENS RS H® R! s
R I
B AV
R’® 1 / 5
v R R
addition ROH "
OH
E® RS, desilylation
m R/N %

ROSIZ,

thiazolium salt TS) yields the nucleophilic carbene. The
addition of the NHC to an acylsilane generates a tetrahedral
intermediate which undergoes a 1,2-silyl group migration from
carbon to oxygen (Brook rearrangement). This thermodynami-
cally driven migration produces acyl anion equivalérfafter
electronic reorganization). The carbon with the silyloxy group
appended is now nucleophilic by virtue of the connecting
enamine and is most likely in equilibrium with when in the
presence of an available proton. All attempts to observe and/or
isolate compounds such &shave been fruitless (vide infra).

Mattson et al.

TABLE 11. Effect of Alcohol on Acylsilane Additions to Chalconé

o 0 1. 30 mol% 3b, DBU th
Ph)J\SiMe; Ph/\)J\Ph
1a 2a

Alcohol, THF, 70 °C (13)

Ph

2.H Ph
20 4
entry alcohol K2 (DMSO) yield (%}
1 EtOH 28 56
2 i-PrOH 29 85
3 t-BuOH 29 99
4 (CFs),CHz0H 18 70
5 phenol 18 81

a All reactions performed at 0.8 M for 24 RYields obtained by GC.

O-silyl heterocycld remain uncertain, the geminal substitution
on the nucleophilic carbohrenders a nucleophilic addition at
this point in the catalytic cycle energetically unfavorable.
Instead, it is plausible that a desilylation bfoccurs in the
presence of DBU and an alcohol (such as 2-propanol) to yield
Ill, a less sterically hindered acyl anion equivalent able to
undergo addition reactions with greater facility. Enol/enamine
structures similar tdll were first invoked as the carbonyl anion
species in the seminal work on the mechanism of the benzoin
reaction by Breslow and thus were termed “Breslow intermedi-
ates”. The nucleophilic addition d¢fi to the electrophile forms
the key carborrcarbon bond which is followed by collapse of
the carbonyl to regenerate the thiazolium catalyst and produce
the acylated product.

To gain an improved understanding of the addition reactions
described above, we investigated the role of the alcohol in the
reaction and carried out a synthesis and investigation of potential
intermediatell . We were initially puzzled by the observation
that thiazolium salts such a3b lacking a hydroxyl group
affordedno product without 2-propanol. However, after deter-
mining that a full equivalent of a hydroxyl group must be present
on the thiazolium or as an additive for the reaction to proceed
to 100% conversion, we concluded that the alcohol is involved
in the generation of the carbonyl anion and not catalyst turnover.
2-Propanol had been the alcohol of choice; however, a more
thorough investigation revealed that the alcohol structure had
only a moderate effect on the yield (Table 11, eq 13).
Interestingly, more sterically hindered alcohols suchteats
butyl alcohol are slightly better additives, providing a quantita-
tive yield of 1,4-diketonet (entry 3). Surprisingly, the acidity
of the alcohol additive has a minimal impact on the overall
process. On the basis of experiments monitored by GC, the
alcohol additive is the ultimate silyl acceptor. These data support
the hypothesis that the alcohol additive promotes desilylation
of I: enolsilanes are known to be mild silylating aget¥s7
whereas silyl ethers (such as O-silylated version$\Vof are
less prone to donate a silyl group. However, this observation
does not confirm that intermediates suchl asydergo desily-
lation because silyl group transfer after additionlofo an
electrophile cannot be ruled out at this time. The elusive nature
of compounds such ds(vide infra) has made the delineation
of the exact role of the alcohol additive difficult.

Synthesis and Examination of a Potential Reaction In-
termediate. To further probe the mechanism of these acylsilane

(95) Mcwilliams, J. C.; Clardy, . Am. Chem. S0d.994 116, 8378~
8379.
(96) Veysoglu, T.; Mitscher, L. ATetrahedron Lett1981, 22, 1303~

(9?) Veysoglu, T.; Mitscher, L. ATetrahedron Lett1981 22, 1299~

Although the reactive characteristics of a species such as the1302.
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SCHEME 8. Proposed First Step in Acylsilane Additions SCHEME 10. Examination of Il in Addition Reactions
) R.Si i Ph__OTMS
RN A o® e 'e:[ o peuiPA " o
o \—/ j: Brook R‘/S/S MesN7 g /\)]\ _— Q (14)
T RGN \/) ON_/ * en Ph THF,23°C,22h p, Ph
R'” “SiR, @\ N H
1 . Me yy Me 2a 4 60%yield
SCHEME 9. Attempted Synthesis of Proposed Intermediate Ph___OTMS P(O)Ph,
' '@I _POPh,  DBU, IPA HN
Mes 7 N _— ph (15)
PhIOH Ph_ _OTMS ONT S+ )J\ CHCl3, 23°C ~ Ph
— Ph H 40 min (¢}
~ - I =
NNs JmBull AN 1 TMSCLEGN e N Me gy Me 50a 51  75%vyield
) { 2 »=( 2 el V=
Me Me Ph)J\H Me Me |e we | e SCHEME 11. Examination of Il in Addition Reactions
87% 97% o o 30 mol% Il Ph o o
DBU, IPA I)L (16)
+ —_—
Bases Surveyed Ph)J\SiMes A, THF,70°C,7h Ph Ph
DBU 1a 2a 4 54%yield
y _Base_ complex Mixture EtzN i
of Products PrEtN _P(O)Ph,

KHMDS 30 mol% Il HN

o} N~ P ©)PR, DBU, IPA ph (17)
additions, we attempted to synthesize a silylated Breslow PhJ\SiMe + )]\ CHClz, 60 °C Ph)\y(
intermediate with a structure similarltén our proposed reaction ® P TH 48 h o
pathway. Access to compounds suchlasould allow us to 1a 50a 51 70% yield
assess their ability to undergo addition reactions with or without
an alcohol present. This species is invoked in our reaction products in good yield providing additional evidence for
pathway and could be produced in a manner very similar to the intermediatell participating in the reaction.
first steps in the proposed catalytic cycles of the benzoin  Conclusions.A new strategy has been developed to generate
condensation and Stetter reactdi¥’ In these Umpolung carbonyl anion equivalents from acylsilanes. We have demon-
processes, the addition of a thiazolium-derived catalyst to the strated that in the presence of an alcohol additive neutral NHCs,
aldehyde followed by a 1,2-proton shift to generate the acyl generated in situ from commercially available thiazolium salts,
anion equivalent occurs. We suspected that a similar sequencesuccessfully catalyze the addition of acylsilanes j-unsatur-
was occurring in our addition reactions in which the interaction ated systems anN-phosphinoylimines to generate the corre-
of a thiazolium carbene/zwitterion with acylsilane generates sponding 1,4-diketones awedaminoketones in good to excellent
intermediatel (Scheme 8). To probe whethemwas involved yields. Furthermore, highly substituted furans and pyrroles can
as an intermediate in the reaction, an independent synthesis wabe synthesized via efficient one-pot sila-Stetter/cyclization
required. This was attempted by first lithiating 4,5-dimethylthi- sequences. Benzoin side-product formation is not observed in
azole at the 2-position using:butyllithium and then reacting  these processes, strongly indicating that the acylsilane does not
with an aldehyde (Scheme 9). The resulting carbinol was self-condense under the reaction conditions. To probe the
purified by simple recrystallization (ethyl acetate/hexanes) and mechanism of these new bond-forming reactions, a proposed
then protected with a trimethylsilyl group (TMS) in the presence reaction intermediate was independently synthesized and ex-
of triethylamine. Finally, the thiazolium salt was prepared by amined under a variety of conditions. The expected products
straightforward alkylation with neat iodomethane at 8D. are observed in all cases when this potential intermediate is
Confirmation of the synthesis of desired intermedidtevas subjected to a variety of reaction conditions providing substantial
obtained by*H and’3C NMR spectroscopy. We anticipated that evidence for the proposed reaction pathway. Finally, an
intermediatel could be generated by deprotonation of the investigation of the alcohol additive revealed that it is necessary
protected thiazolium carbindl . Unfortunately, upon addition  for successful generation of carbonyl anions with acylsilanes
of base (DBU, EiN, iPrEtN, KHMDS) to the thiazolium and thiazolium salts and also plays the role of the final silyl

carbinol, only decomposition was observed by TLGHHINMR. group acceptor. Continued investigation into the full potential
However, because of the nature of the acylsilane addition of this NHC/acylsilane combination is ongoing in our laboratory,
reactions, we speculated thiazolium shlimay be an intermedi-  and the development of related NHC-catalyzed Umpolung

ate in the process. As depicted in Scheme 7, this thiazolium reactions is currently underway.
salt (1) could be in equilibrium witH and this pathway would

provide a different entry into the catalytic cycle. Experimental Section
To probe this possibility, thiazolium carbinibl was employed S )
in two separate reactions, with chalcorg)(and N-phosphi- General Procedure for Thiazolium-Catalyzed Acylsilane

noylimine50ausing previously established reaction conditions Additions to a,-Unsaturated SystemsA screw-capped test tube
(Scheme 10, eqs 14 and 15). In both catfesdesired product was charged with the thiazolium salt (30 mg, 0.119 mmol) and

- . . . placed under a positive pressure of nitrogen. Benzoyltrimethylsilane
was obsered in good yield lending support to the hypothesis (140 mg, 0.768 mmol) in THF (0.25 mL) was added by syringe to

thatll is an intermediate in these addition reactioiisterest- the test tube followed by the addition of DBU (4E, 0.119 mmol).
ingly, the reactions readily occurred in the absence of heat. In The reaction mixture was heated to @ after which the chalcone
a second set of experiments, the thiazolium carbinol was added(0.384 mmol) in THF (0.25 mL) was added by syringe followed
to the reaction in place of the NHC precursor (Scheme 11, eqsby the addition of 2-propanol (126L, 1.56 mmol). The reaction
16 and 17). Gratifyingly, both reactions generated the desired was allowed to stir at 70C for 24 h. Upon completion by TLC
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(40% ether/hexanes), the reaction was cooled to room temperaturecompletion as determined by TLC (40% ether/hexanes). To the
diluted with ethyl acetate (20 mL), and washed with water (20 mL). solution was added amine (0.825 mmol, 3.0 equiv) followed by
The aqueous layer was washed with ethyl acetate 30 mL), addition ofp-toluenesulfonic acid (104 mg, 0.55 mmol, 2.0 equiv)
and the combined organic extracts were dried over sodium sulfate,in ethanol (0.5 mL) ad 4 A molecular sieves (spatula tip). The
filtered, and concentrated in vacuo. The resulting residue was reaction mixture remained heating at 70 for an additional 6 to
purified by flash column chromatography on silica gel. 12 h or until consumption of diketone as determined by TLC (25%
General Procedure for Thiazolium-Catalyzed Acylsilane ethyl acetate/hexane). Upon cooling to room temperature, the
Additions to N-Phosphinoylimines. A screw-capped tube was  reaction mixture was diluted with ethyl acetate (30 mL) and washed
charged with the thiazolium salt (20 mg, 0.08 mmol) and placed with water (10 mL). The aqueous layer was washed with ethyl
under a positive pressure of nitrogen. Benzoyltrimethylsilane (84 acetate (3x 30 mL), and the combined organic extracts were
mg, 0.47 mmol) in CHGI(0.25 mL) was added by syringe followed  washed with brine (10 mL) and dried over sodium sulfate, filtered,
by the addition of DBU (12, 0.08 mmol). The reaction mixture  and concentrated in vacuo. The resulting residue was purified by
was heated to 680C after which the phosphoryl imine (0.26 mmol)  flash column chromatography on silica gel.
in CHCI3 (0.25 mL) was added by syringe followed by the addition
of 2-propanol (8QuL, 1.05 mmol). The reaction was allowed to

stir at 60°C. Upon completion by HPLC, the reaction was cooled . ; : ;
to room temperature, diluted with methylene chloride (20 mL), and partially provided by Northwestern University and the NSF

washed with water (20 mL). The aqueous layer was washed with (CHE'0348979.)' K.A.S. gratefully acknowledges Amgen, Ab-
methylene chioride (% 30 mL), and the combined organic extracts POtt Laboratories (New Faculty Award), 3M (Nontenured
were dried over sodium sulfate, filtered, and concentrated in vacuo. Faculty Award), and Boehringer-Ingelheim (New Investigator
The resulting residue was purified by flash column chromatography Award in Organic Chemistry) for generous research support.
on silica gel. A.E.M. thanks the Division of Organic Chemistry for a graduate
General Procedure for Thiazolium-Catalyzed Pyrrole Syn- fellowship sponsored by Eli Lilly. A.M.Z. was a Pfizer Summer
thesis.A screw-capped test tube was charged with the thiazolium Undergraduate Research Fellow. We thank FMCLithium,
salt (14 mg, 0.055 mmol, 0.20 equiv) and placed under a positive Wacker Chemical Company, Sigma-Aldrich, and BASF for
pressure of nitrogen. Benzoyltrimethylsilane (100 mg, 0.55 mmol, providing reagents used in this research.
2.0 equiv) in THF (0.25 mL) was added by syringe to the test tube
followed by the addition of DBU (1&L, 0.083 mmol, 0.30 equiv).
The reaction mixture was heated to @ after which the chalcone
(0.275 mmol, 1.0 equiv) in THF (0.25 mL) was added by syringe
followed by the addition of 2-propanol (88L, 1.10 mmol, 4.0
equiv). The reaction was allowed to stir at 70 for 12 h or until JO060699C
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