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Bicyclic iminium ethers can be synthesized by the reactions of ketones with hydroxyalkyl azides. These
cationic species react with a variety of nucleophiles via two possible pathways. The initially formed,
kinetic product arises from direct addition to the iminium carbon in the substrate. In some cases, the
initial adduct reverts to the starting iminium ether and the ultimate product arises from nucleophilic
displacement at th@-alkyl group to afford the terminally functionalizéttsubstituted amide. The behavior

of a range of nucleophiles was studied by using several iminium ethers. In general, the relevant pathway
could be identified by characterization of the product formed. For hydroxide addition, which can afford
only one product regardless of mechanism, the reaction was shown to arise by the kinetic pathway, using
180-labeled hydroxide. A one-pot synthesis of functionalized lactams entailing treatment of ketones first
with hydroxyalkyl azides followed by nucleophilic addition was also developed.

Introduction Hinig has described two pathways for the addition of
Iminium ethers exhibit ambident electrophilic character Nucleophiles to iminium ethers (Scheme'dKinetic attack
toward nucleophilet These cationic species are usually formed 9enerally occurs at the carbon bearing the lowest electron density
by O-alkylation of amides, but cyclic versions are also directly 0 form a neutral intermediate (path a) that can directly lead to
formed byN-alkylation of oxazolines or dihydrooxazir?eer product in certain cases. However, if this intermediate reverts

by the reactions of ketones with hydroxyalkyl azides under Pack to the relatively stable iminium ether such that an
Lewis acid promotiod. Such N-alkyloxazolinium and N- equilibrium results, attack at the distal ether carbon of the ring

alkyldihydrooxazinium saltsl(or 2, respectively) are particu- May ultimately occur to produce the lactam products as shown
larly attractive substrates for the preparation of substituted I Path b. The factors that influence the mechanism are
heterocycles (Scheme 1). In most applications of this chemistry, dependent on the relative nature of the nucleophile, the stability
the iminium ethers have been convertedaehydroxyalkyl
amides by base hydrolysis.

(2) See ref 1d and: (a) Wiley, R. H.; Bennett, L. L., @hem. Re.
1949 44, 447-476. (b) Meyers, A. |.; Collington, E. WJ. Am. Chem.
Soc.197Q 92, 6676-6678. (c) Forestie, A.; Sillion, B. J. Heterocycl.
Chem.198Q 17, 1381-1383. (d) Brunel, S.; Fixari, B.; Le Perchec, P.;
Sillion, B. Tetrahedron Lett1985 26, 1013-1014. (e) Brunel, S.; Chevalier,
Y.; Le Perchec, PTetrahedron1989 45, 3363-3370. (f) John, M. P.;
Hermitage, S. A.; Titchmarsh, J. Retrahedron Lett2002 43, 6997
6999. (g) Lambert, T. N.; Chittamuru, S.; Jacobs, H. K.; Gopalan, A. S.
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SCHEME 1. Ambident Electrophilicity of Iminium Ethers
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SCHEME 2. Preparation of Iminium Ethers of a second hydride equivalent completes the reaction. This
o] o conversion was achievable either under hydrogenation (Table
* o e BF3eOFEt, \N/%)" o 1, entries 1 and 2) conditions or with sodium borohydride
n CH,Cly, 0 °C—rt BF,4 (entries 3 and 4). These mild conditions stand in contrast to the
usual reduction of lactams with lithium aluminum hydride or
3.n=1,77% borane reagents. One particularly useful application of this
4,n=2,78% reaction would be the synthesis of D- or T-labeled amines under

very mild conditions (entry 5).

of the ambident iminium ether, the temperature and duration Path a adducts can also lead to alternative products when
of the reaction, and the solvent. Similar regioselectivity issues ring opening successfully competes with the ejection of the
arise in the ring-opening chemistry of oxazolines, which is often nucleophile. Two examples are shown in Scheme 3. Thus, when
carried out throughN-protonated intermediatég:h disodium sulfide is added to the iminium ether, the resulting

In a preliminary report, we described the preparation of two thiolate directly undergoes ring opening to afford the thioamide
isolated iminium ethers and their reaction with several nucleo- product in modest yield (Table 1, entry 6). A similar situation
philes* We have recently had occasion to re-examine this was observed with amines (entries 70) as well as hydrazines
chemistry as a tool for library generation. Here, we present a (entry 11), which were found to yield amidines and hydrazones,
full account that addresses (1) the expansion of the scope ofrespectively. The products resulting from amine nucleophiles
the reaction to encompass a series of substrates related to avere found to be unstable to agqueous workup and;SiO
recently reported series pfturn mimics?® (2) the determination purification, such that hydrolysis to the corresponding amide
of the regiochemistry of hydroxide addition to the iminium occurred when a standard aqueous workup was used. In contrast,
ethers, and (3) the development of a one-pot iminium ether immediate silylation of the side chain alkoxy resulted in stable

synthesis/nucleophilic addition sequence. amidines (entries 910), suggesting that the hydrolysis step
involved intramolecular addition of the terminal hydroxy group
Results and Discussion to the amidine (Scheme 4). In our preliminary report, we

misassigned the product of hydrazine addition as taking place
via path b to afford a '3(dimethylhydrazino)propyl lactarh.
Resynthesis and spectroscopic examination of the product of
this reaction suggested that it affordedMuguanidinyl lactam
6h; this compound was isolable by recrystallization from the
reaction mixture. Its structure was further supported Gy
silylation under standard conditions to affd@il which was only
consistent with the presence of a hydroxy group (Scheme 4).
Reactions That Proceed via Reversible Nucleophilic Ad-
ion (Path b). Some nucleophiles that add to iminium ether
% via path b are shown in Table 2. In each case, the nucleophile
was able to undergo elimination from the first-formed adduct
and ultimately attack at the terminal carbon atom (i.e., path b).
A number of diverséN-alkylated lactams were produced in this
way, including azides (entry 1), ethers (entry 2), sulfides (entry
3), and halides (entriesb). In a carbor-carbon forming step,
cyanide could also be added to yield nitrile derivwedlkylated
lactams (entry 6).

The applicability of this reaction to peptidomimetic synthesis

as demonstrated in the construction of 1,4-diazepin-5-bnes.
Compounds containing this ring system have recently been
shown to exhibit effective inhibition of the lymphocyte function-
associate antigen-1 LFA-1 in inflammation and autoimmune

Survey of the Ambident Electrophilicity of Iminium
Ethers. Our initial experiments were carried out with isolated
iminium ethers3 and4, which were prepared from cyclohex-
anone as previously reportédThis involved the treatment of
cyclohexanone with the hydroxyethyl or hydroxypropyl azide
in the presence of boron trifluoride followed by crystallization
of the resulting iminium ether as its tetrafluoroborate salt
(Scheme 2). First, reactions that unambiguously arise from either
mechanism, as judged by the products formed, were surveyed. diti
We then considered special cases that are either mechanisticall
ambiguous (hydroxide addition, which would afford the same
product by either mechanism) or have a more complex
dependency on nucleophilic structure (a related series of
stabilized carbon nucleophiles).

Reactions That Proceed via Irreversible Nucleophilic
Addition (Path a). Nucleophiles that provide product via path
a do so because the initial addition of nucleophile is either
irreversible or the initial adduct has another pathway open to
it. Examples of these reactions are shown in Scheme 3 and Tabl
1. Treatment with reducing agents leads to the fully reduced
tertiary amine because the addition of hydride to the iminium
ether is obviously irreversible. Furthermore, the reduced het-
erocycle is in equilibrium with the correspondimghydrox-
ypropyliminiumN-hydroxybutyliminium ion and so the addition

(6) (a) Abrous, L.; Hynes, J., Jr.; Friedrich, S. R.; Smith, A. B., llI;
Hirschmann, ROrg. Lett 2001, 3, 1089-1092. (b) Han, Y.; Mierke, D.

(4) Gracias, V.; Milligan, G. L.; AubgJ.J. Org. Chem1996 61, 10— F.; Chorev, M.Biopolymers2002 64, 1—15. (c) Vasudevan, A.; Villamil,
11. C. I Djuric, S. W.Org. Lett.2004 6, 3361-3364. (d) Alajam, M Vidal,

(5) Ramanathan, S. K.; Keeler, J.; Lee, H.-L.; Reddy, D. S.; Lushington, A.; Tovar F.Tetrahedron2005 61, 1531-1537. (e) Iden, H. S.; Lubell,
G.; Aubg J.Org. Lett. 2005 7, 1059-1062. W. D. Org. Lett 2006 8, 3425-3428.
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SCHEME 3. Alternative Pathways for Initial Adducts

0] H
H ) )
O — & o

R
H *NH
Ho

HS
- .
,>) ) H o N
~ R” (& o) OH
Nl o [ RNHy v e . @hv

0.0 S
N @ )n @mOH
L n

TABLE 1. Nucleophilic Addition Reactions of Iminium Ethers via pot, allowing for all three components (piperidone, hydroxy
Pact)h a « « azide, and nucleophile) to be incorporated at once. The
3) x© or XH OH TBSCI Et.N OTBS exogenous nucleophiles were deliberately chosen to maximize
No" o 2920 N*\)n\/ LTl L N'(”)n\/ fn . A e .
BF, ontrios 9 and 10 the utility of the resulting 1,4-diazepin-5-ones. Thus, the azide
derivatives could in principle be further elaborated to substituted

3n=1 Sab,n=1 5tg amines by using aza-Wittig chemistry or reductive amination.
4n=2 6ac-eh,n=2 Nitriles are known as reversible inhibitors of cysteine protédses
iminium yield and the addition of phenoxide and thiophenoxide could lead to
entry  ether reagent X product (%) further diversification by using aryl-substituted versions. Fol-
1 3 Hs H, H 5a 87 lowing considerable experimentation, it was determined that
4 H, H, H 6a 52 isolation of the iminium ether could be avoided by simply
3 3 NaBH, H,H 5a 82 carrying out the ring-expansion reaction under normal conditions
4 4 NaBH, H, H 6a 78 in DCM, removing the solvent in vacuo, redissolution in DMF,
g 2 H;@m g' D 22 ;g and.finally nyclepphilg addi'_[ion. This one-pot sequence was
7 4 H,NCH,CH=CH, NCH,CH=CH 6d o carried out with six amino acid der!ved hydroxyl azid8sdnd
8 4 HoNCH,CH,CH,  NCH>CH>CHs 6e ol 11-15) and four path b nucleophiles (NgN\NNaCN, NaOPh,
9 3 HzNCH,CH=CH, NCH,CH=CH, 5f 91b and NaSPh) as summarized in Table 4.
12 2 :ZHERA mﬁr,\‘/l 2?, ggu Elucidation of the Mechanism of Hydroxide lon Addition.
2NN ©2 The addition of hydroxide to iminium ethers results M
aProduct yield by crudéH NMR. ? Isolated as theert-butyldimethylsilyl hydroxyalkyl lactams$2However, this product could be obtained
ether. by either of two possible pathways. The usel®®-labeled

hydroxide clearly demonstrated the operation of path a in this
disease$, anticonvulsant activit§, and inhibition of reverse  case. Addition of potassium hydroxide (98% yield) or saturated
transcriptase of HIV-2.In addition, a preliminary report from  sodium bicarbonate (85% yield) prepared fré#®-enriched
this laboratory suggested the use of 1,4-diazepinon-5-ones agvater (~30%) showed exclusive incorporation 80 (~30%)
y-turn peptidomimetic8.n that work, the heterocyclic structure ~ at the carbonyl oxygen according'# NMR analysis (Scheme
was prepared by using a Schmidt-like nitrogen ring-expansion 6). Two signals corresponding to the lactam carboryl=
reaction in which piperidones were treated with hydroxy azides 177.25 and 177.28 ppm) were observed, with the 177.25 ppm
derived from amino acids and the iminium ether intermediates signal integrating to approximately 30% assigned to @
opened with KOH (Scheme 5). The utility of the method would carbonyl. On the other hand, a single signal was observed for
be enhanced if it were possible to diversify the products through the alcohol carbon (57.82 ppm). Extended treatment of the
reaction of the iminium ether with other nucleophiles. As a first
step, 2-azido-1-ethan8lwas treated witiN-benzyl-4-piperidone (10) (a) Moon, J. B.; Coleman, R. S.; Hanzlik, R.9?Am. Chem. Soc.
to yield the expected iminium eth&r(Table 3). The isolated 1986 108 1350-1351. (b) Hanzlik, R. P.; Zygmunt, J.; Moon, J. B.
iminium ether was then treated with path b nucleophiles (jlaN  Biochim. Biophys. Actd99Q 1035 62-70. (c) Otto, H. H.Chem. Re.

4081 i 1997, 97, 133-171. (d) Greenspan, P. D.; Clark, K. L.; Tommasi, R. A,;
NaOPh_, NaSPh, NaCN, F, and 1) to produce lact fin Cowen, S. D.; McQuire, L. W.; Farley, D. L.; van Duzer, J. H.; Goldberg,
good yield. R. L.; Zhou, H.; Du, Z.; Fitt, J. J.; Coppa, D. E.; Fang, Z.; Macchia, W.;

Isolation of the iminium ether is not always possible and zhu, L.; Capparelli, M. P.; Goldstein, R.; Wigg, A. M.; Doughty, J. R.;

rarely convenient in synthetic contexts. Accordingly, we sought \E/;\?hzce\;(’ g- ?h Knap, Afj KSJ r\éled. Ctheimzé)Ol‘ 44,C4E24K/|4534-k(e)T
; ; ; ard, Y. D.; Thomson, D. S.; Frye, L. L.; Cywin, C. L.; Morwick, T.;
to determine whether this sequence could be performed in ON€E 1 manuel. M. J.: Zindell. R.- McNeil. D Bekkali, Y.- Girardot, M.
Hrapchak, M.; DeTuri, M.; Crane, K.; White, D.; Pav, S.; Wang, Y.; Hao,
(7) Wattanasin, S.; Kallen, J.; Myers, S.; Guo, Q.; Sabio, M.; Ehrhardt, M.-H.; Grygon, C. A.; Labadia, M. E.; Freeman, D. M.; Davidson, W.;
C.; Albert, R.; Hommel, U.; Weckbecker, G.; Welzenbach, K.; Weitz- Hopkins, J. L.; Brown, M. L.; Spero, D. Ml. Med. Chem2002, 45, 5471~

Schmidt, G.Biorg. Med. Chem. Let2005 15, 1217-1220. 5482. (f) Leser, R.; Schilling, K.; Dimming, E.; Gschow, M.J. Med.
(8) Kesheva Murthy, K. S.; Knaus, E. Brug Dev. Res1999 46, 155— Chem. 2005 48, 7688-7707. (g) Patterson, A. W.; Wood, W. J. L,

162. Hornsby, M.; Lesley, S.; Spraggon, G.; and Ellman, JJAMed. Chem.
(9) Parker, K. A.; Dermatakis, A. Drg. Chem1997, 62, 4164-4167. 2006 49, 6298-6307.
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SCHEME 4. Hydrolysis of Amidines to Amides under Aqueous Conditions
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SCHEME 5. Modular Synthesis of 1,4-Diazepin-5-ones

R BF3'OEt2
+ —_—
N Ho)\/N3 CH,Cly, 0 °Cst
Bn
TABLE 2. Nucleophilic Addition Reactions to Iminium Ether 3
via Path b
(e} (o}
3 x© ~UX
N® BF, —> N
3 7a-f
yield
entry nucleophile X product (%)
1 NaNs N3 7a 85
2 NaOPh OPh 7b 74
3 NaSPh SPh 7c 95
4 (n-Bu)N*TPhsSiF~ F 7d 64
5 (n-Bu)aN*1- I 7e 55
6 NaCN CN 7f 82
TABLE 3. Nucleophilic Path b Addition Reaction Yielding
1,4-Diazepin-5-ones
o} o}
BF3eOEt, :N% o XO N
*Ho NN e ()
N HoCly, 0 °C>rt . N
Bn B Bn
8 9 10a-f
yield
entry nucleophile X product (%)
1 NaNs N3 10a 74
2 NaOPh OPh 10b 64
3 NaSPh SPh 10c 80
4 NaCN CN 10d 76
5 (n-Bu)sN+PhsSiF~ F 10e 59
6 (n-Bu)aN*1— I 10f 50

labeled product with unlabeled base showed no decrease
relative amount of isotope incorporation, indicating that
change was not occurring in the amide product.

Reactions of Stabilized Carbon NucleophilesAs shown
in Table 5, the mechanistic pathways taken by a small group

o R
KOH KLN)\/OH
)
N
Bri

o
A/L\Né "o
BF, — o R
N
Bn/ Xe KLN)\/X
 —
N_)
Bri
X =N, CN, SPh,
OPh, F, |
TABLE 4. One-Pot Nucleophilic Addition Reaction Yielding
1,4-Diazepin-5-ones
(0] 0}
T BF3eOEt ~X
3*Vtlh N
T CHoCly, 0 °Csrt <)_\)
N 212, —! N
Bn Br
8, R=H 10,R=H
11, R = CH,Me, 16, R = CH,Me,
12, R = CH,CHMe, 17, R = CH,CHMe,
13, R = CH,Ph 18, R = CH,Ph
14, R =Ph 19, R=Ph
15, R = CH,CgH,0Bn 20, R = CH,CgH4OBn
hydroxyalkyl product yield (%)
entry azide N OPh SPh CN
1 8 10a(81) 10b(67) 10c(80) 10d(79)
2 11 16a(60) 16b(55) 16¢(58) 16d(63)
3 12 17a(66) 17b(63) 17c(62) 17d(69)
4 13 18a(66) 18b(58) 18c(60) 18d(74)
5 14 19a(74) 19b(62) 19¢(70) 19d(70)
6 15 20a(55) 20b(40) 20c(52) 20d(52)

of the nucleophile. Sodium dimethyl malonate (entry 1) and
the sodium anion of bis(phenylsulfonyl)methane (entry 2)
provide reversible path b addition produc28a and 23b,
respectively, although th®-alkylation product was obtained
in the case oR3a Alternatively, the addition of NaCH(CN)
produced?4 (entry 3) via base-promoted elimination. Our results
show that the nature of the anion-stabilizing group determines
whether path a or path b predominates in the reactions of NaCH-
(COMe),;, NaCH(SGPh), or NaCH(CN).! In each of these
adducts, the presence of an acidic proton allows for the
in tha?ossibility of elimination following the initial addition. The
ex- Slightly higher acidity of malononitrile (g, = 11.1)}2 relative

(11) (a) Dreme, M.; Le Perchec, P.; Garapon, J.; SillionT&rahedron
Lett. 1982 23, 73—74. (b) Dreme, M.; Brunel, S.; Llauro, M. F.; Le Perchec,
P.Tetrahedrorl984 40, 349-354. (c) Dreme, M.; Brunel, S.; Le Perchec,

of stabilized carbon nucleophiles differed according to the nature P. Tetrahedron1984 40, 4947-4953.
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TABLE 5. Nucleophilic Carbon Addition Reactions of Iminium Ethers
NC._CN
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CN
' OH v NaCH(CN), > NaCH(GO Mo, i X
A a 2 SN or NaCH(SO,Ph S
N N < O@ BF 4@ (SO2Ph), | @
24 3 23a X = OC(OMe)CHCOOMe
23b X = CH(SOzPh),

yield

entry Nu X product (%)

1 NaCH(CQMe), OC(OMe)CHCOOMe 23a 34

2 NaCH(SQPh) CH(SQ:Ph) 23b 54

3 NaCH(CN} C(CN) 24 71
SCHEME 6. Addition of *80O-Labeled Hydroxides to Experimental Section

Iminium Ethers

3C NMR: & = 177.25 (30%)

P 177.28 (70%)

) 13C NMR: & = 57.82 (100%)
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to bis(phenylsufonyl)methane Kg = 12.2)® and dimethyl
malonate (K= 16.4}* might explain the exclusive observation
of 24 (by in situ deprotonation of the bracketed intermediate
shown in Table 5), although it is also possible that this is the
only nucleophile in this series small enough to add to the
iminium ether in the first place. At present, we cannot
distinguish between these possibilities.

Conclusion. The regioselective addition of various heteroa-
tom and carbon nucleophiles fd-alkyloxazolinium andN-
alkyldihydrooxazinium ions has been surveyed. The ambident
nature of iminium ethers toward these additions allows for the
preparation of eitheN-substituted lactams or other nitrogen

Previously Reported Proceduresiminium ethers3 and4 and
hydroxy azide$ and11—15 were prepared as previously reporigel.

General Procedure for the Reaction ofN-Alkyloxazolinium
and N-Alkyldihydrooxazinium Salts with Nucleophiles: Hexahy-
dro-1-(2'-azidoethyl)-2H-azepin-2-one (7a)Sodium azide (216
mg, 3.32 mmol) was added to a solution of iminium etB¢B00
mg, 1.33 mmol) in DMF (5 mL) and the reaction mixture was
stirred at 70°C for 24 h. Water (20 mL) was added and the reaction
mixture was extracted with ether (8 30 mL). The combined
organic extracts were washed with brine (10 mL), dried over
anhydrous sodium sulfate, and concentrated in vacuo to afford a
clear yellow liquid. The crude liquid was purified by chromatog-
raphy (2/1 ethyl acetatehexane) to yield 206 mg (85%) @fa as
a clear colorless liquidtH NMR (300 MHz, CDC}) 6 1.60-1.80
(m, 6H), 2.51 (m, 2H), 3.463.53 (m, 6H);13C NMR (75 MHz,
CDCly) 0 23.1, 28.4, 29.7, 37.1, 48.1, 49.8, 50.9, 176.0; IR (neat)
2100, 1630 cmt; MS (El) m/e 183 (M + 1), 155, 126, 44; HRMS
calcd for GH1sN,O (M+ + 1) 183.1246, found 183.1248.

General Procedure for the One-Pot Preparation of Func-
tionalized 1,4-Diazepin-5-ones from Piperidone and Hydroxy
Azides: Hexahydro-4-(2-azidoethyl)-1-benzyl-%1-1,4-diazepan-
5-one (10a).Boron trifluoride diethyl etherate (0.335 mL, 2.64
mmol) was added dropwise to a solution of 1-benzyl-4-piperidone
(100 mg, 0.528 mmol) and 2-azidoethanol (69.0 mg, 0.792 mmol)
in methylene chloride (2 mL) at @C and the reaction mixture was
stirred at room temperature for 12 h. The reaction mixture was
concentrated in vacuo and the residue was dissolved in DMF (2
mL). Sodium azide (85.9 mg, 1.32 mmol) was added and the
reaction mixture was stirred at 7€ for 24 h. HO (10 mL) was
added and the reaction mixture was extracted with ether @
mL). The combined organic extracts were washed with brine (5
mL), dried over anhydrous sodium sulfate, and concentrated in
vacuo to afford a clear yellow liquid. The crude liquid was purified
by chromatography (ethyl acetate) to yield 117 mg (81%)@d
as a clear oil!H NMR (400 MHz, CDC}) 6 2.58-2.65 (m, 2H),
2.65-2.72 (m, 4H), 3.43-3.48 (m, 2H), 3.49-3.55 (m, 4H), 3.57
(s, 2H), 7.23-7.37 (m, 5H);33C NMR (100 MHz, CDC}) ¢ 38.6,
48.5,50.2,50.8,51.4, 56.1, 63.0, 127.4, 128.5, 129.0, 138.1, 175.2;
IR (neat) 2931, 2814, 2101, 1651 ciMS (ESI)m/e 274 (M" +
1), 272, 224; HRMS calcd for HzoNsO (M* + 1) 274.1668,

heterocycles via two different pathways. Taken together, thesefound 274.1691.

results greatly extend the kinds of functionalized lactams or
lactam derivatives that can be synthesized from iminium ether
intermediates.

(12) Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell, F. G.;
Cornforth, F. J.; Drucker, G. E.; Margolin, Z.; McCallum, R. J.; McCollum,
G. J.; Vanier, N. RJ. Am. Chem. Sod.975 97, 7006-7014.

(13) Bordwell, F. G.; Van der Puy, M.; Vanier, N. H. Org. Chem.
1976 41, 1883-1885.

(14) Olmstead, W. N.; Bordwell, F. G. Org. Chem198Q 45, 3299~
3305.
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