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Absfrucl: Two diastereomeric reductive amiaation reagents. la and lb, were synthesized. Each reagent was 
condensed with ethyl pyntvate as a model a-keto acid. Flash vacuum pyrolysis of the pyrnvate adducts, 1Oa and lob, 
res&s ia cheleotmpic elimiition of CO, followed by a new type of remaza-eae reaction. A molecule of benzene 
~da~~~~~v~~, 11,arepmducedinrhe~;~~.This~~ceeonstitutestheFnst formal 
reductive amination of 813 a-keto acid via a thermal rearrangement. Diastereomez 1Ob undergoes the rearrangement 
more readily than diastercomer 108, indicating that an ETO transition state is preferred over an end0 transition state for 
this pa&alar retro-ara-ene reaction. 

In 1927, Knoop and Oesterlin first reported the nonenzymatic reductive amination of an a-keto acid to an 

cr.-amino acid.1 Since that time, a myriad of chemical2 and biomimeti~3 reductive ~inations of a-keto acids 

have been disclosed. In the former approaches, an azomethine intermediate (imine, hydrazone, oxime) is 

generated and then chemically reduced. The biomimetic procedures employ modified pyridoxamines as both 

amino donor and reducing agent. In both of these approaches a hydrogen equivalent (proton, radical or hydride 

ion) is delivered intermolecufarly to the a-center of an aminated a-keto acid. 

In this work, a m~h~isdca~y distinct approach to the same overall ~sfo~ation is examined. An a- 

keto acid would be tethered to an appropriate amino alcohol in an iminolactone linkage, Upon heating, an a- 

hydrogen equivalent would be delivered to the imino center via a retro-aza-ene reaction (see Scheme 1). This 

would be the first instance of a formal reductive amination of an a-keto acid via a thermal rearrangement. 

Moreover, hydrogen delivery would be mechanistic&y constrained to be innumoleculur and geometrically con- 
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Scheme 1. Formal Reductive Amination via a Retro-Ene Reaction 
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strained to occur from only one face of the imine. This approach was seen to hold promise for the absolute 

control of face selectivity in reductive amination. 

An inspection of tbe literature reveals no known tetro-aza-ene reaction of this class. Rough estimates of 

the enthalpy of reaction for these transformations suggest an explanation for this situation. Whereas the two 

heretofore reported retro-aza-ene reactions are either exotbetmic4 (Table 1, entry l), or approximately 

isoenthaipics (Table 1, entry 2), the desired retro-aza-ene rearrangement (Table 1, entry 3a) is clearly 

endothermic. However, if this tetro-ene reaction could be coupled to the aromatization of a benzene ring, then 

the overall process would be enthalpically favorable gable 1, entry 3b). 

Table 1, R&o-Em+ Reactions Involving a Single Nitrogen Heteroatom 

(2) 

(3a) 

‘AHest 

(kc.Wmole) Refs 
650% 

($1 > -7 4 
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0.001 Torr 
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+I9 unknown 

(3bf 
/ H a this work 

\ 

* Calculated using ama@ bond energies from ref. 6. The rem s~bfii~at~n 

energy of benzene is taken as 36 kcahnole.7 

The required 1,3_cyclohexadiene moiety might be prone to oxidation and could therefore be unmasked 

“at the last second,” thermally, via a cheleotropic elimination of Co from a suitable norbomen-7-one system.8 

These considerations led to the design of retro-ene reductive amination “reagents” la and lb. To test the 

feasibility of this mtro-ene approach to reductive amination, a synthesis of the racemic reagents, la and lb, was 

undertaken. 

Me Me 

H 
H 

3 

\ 
.dC‘H, 

H2N 
lb H 

In retrosyntbetic terms, the target molecules, la and lb, may be disconnected to cyclopentadienone 

dimetbyl ketal and cMnylalaninol by a Diels-Alder transform. Although ketals of cyclopentadiene am known, 
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they dime&e rapidly even at lwlm temperature. 9 On the other hand, the commercially available diene 2 may be 

heated to high temperatures without dim&zing and is known to react with a wide variety of dienophiles.8~10 The 

dienophile 3 could be obtained in 87% yield from the reduction of N-benzoyl-a-vinylalanine methyl ester, 4, 

with ethanolic sodium borohydride. Vinylalanine derivative 4, in turn, was available in multigram quantities 

from alanine via a new a-vinylation px0cedure.l l 

$&Me :-&JJ$ c:%“s+ ctXZ$jYYs 

2 3 5s 5b 
Ph P 

( Sa:5 b 
Scheme 2. = 1.3:l.O) 

The Diels-Alder reaction of protected vinylalaninol3 and diene 2 proceeded smoothly. Interestingly, 
under the conditions of the Diels-Alder reaction, the P-hydroxybenzamide 3 cyclizes--either before or after 

undergoing cycloaddition--to an oxazoline, with concomitant loss of water. The diastereomeric endo Diels- 

Alder adducts obtained, 51 and Sb, were separable by conventional chromatography. 

The endo stereochemistry was assigned to the adducts, Sa and Sb, on the basis of NOE experiments. 

Thus irradiation of the anti methoxy group gives NOE’s at both the Cs methine proton. and the C6 exe proton, 

for each diastereomer. The C=J protons must then be exe in both 5a and Sb, and so the adducts have the endo 

stereochemistry. A high endo bias for the diene 2 has been noted by others,lh and is probably due to an 

effective screening of the exe face by the methoxy groups. 

Scheme 3. Assignment of the Relative Stereochemistry 
at C5 and CqV in Adduct 5a by NOE 

It remained to establish the relative stereochemistry at Cs and Q for each endo diastereumer. Thus 5a 

could be converted to the tricyclic his-ketal6a in two steps via a curious cyclization reaction fit noted by Hoch 

and coworkers*2 (See Experimental for details). Observation of an NOE at the endo Clo-proton in 6a upon 

irradiation of the Q-methyl group (see Scheme 3) established that 6a has the (6R*,7R*) stereochemistry, and 

hence Sa must have the (5R*$R*) stereochemistry. It follows that Sb has the (5R*$S*) ste=ochemistry. 

The relative stereochemistry at C5 and C4* in 5a and Sb eventually manifests itself in differential 

reactivities of the corresponding pyruvate adducts 1Oa and lob toward the desired thermal rearrangement. 
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Therefore, it was deemed appropriate to rigorously confirm the NMR-based assignment of relative 

stereochemistry by means of X-ray diffraction. Accordingly, crystals of the retro-ene reductive amination 

reagent la (vide in&z). derived from 5a, were grown and a single crystal X-ray structure determination 

performed. A schematic representation of la is displayed in Figure 1. The results of X-ray crystallography 

unambiguously demonstrate that la has the (9?*,2’S’) stereochemistry. By direct correlation then, 5a must 

have the (5R*,47?*) sterecchemistry, in agreement with the assignment based on NOE. 

Figure 1. Perspective Drawing of the X-Ray Crystal Structure for Compound la: Vibrational 

ellipsoids of C, N and 0 are drawn at the 50% probability level (C = solid ellipse: N = solid ellipse with one octant cut out: 0 = 

solid ellipse with one octant cut out and shaded). 

The oxazoline ring in 5a and Sb could be cleaved by heating in acidic aqueous methanol (shown for the a 

series in Scheme 4). Reductive cleavage of the resulting benzoates, 7a and 7b, could be effected with lithium 

‘Ph 

7% H2S04. LiAIHI Ixs) 

95% MeOH (a& 

reflux, 15 h 

(97%) 

Li, NH3. EtOH. Et20 
b 

hiih dilution, 
inverse addition, 

-m 

(82%) 

Et20, r&x. 1 h - 

(89%) 

Scheme 4. Synthesis of Retro-Ene Reductive Amination Reagent la 

aluminium hydride, without attending benzoyl migration or Hoch cyclization.l* To prevent undesirable side 

reactions from interceding at a later stage, 13 the dechlorination of 8a and 8b was undertaken. Traditional 



A new metro-aza-ene reaction 1719 

dehalogenation methods14 failed, or pmceeded with accompanying double bond reduction.l~* A new method 

for the reductive dechlorination of tetrachloronorbomenone ketals was developed15 If the reductan~ lithium in 

liquid ammonia, is added inversely to a dilute solution of the tetrachloride. &I or 8b, at -78’C in ether, then la 

or lb, respectively, is obtained in good yield, and completely free of contaminating saturated byproduct. 

Ethyl pyruvate 

rt-BuOH, reflux 

(60%) 

(a) 2.0 eq. BrBMe, 
CH#& -76”C, 1 h 

* 

@) NaHC4 (a@, 
THF, r.t.. 5 min 

(79%) 
‘-‘3 

0 

1 

Scheme 5. Condensation of the Reductive Amination Reagent 
la with Ethyl Pyruvate 

The two diastereomeric reductive amination reagents, la and lb, could now be evaluated by condensing 

them with pyruvate as a model a-keto acid. Upon refluxing la with ethyl pyruvate in n-butyl alcohol, the 

desired iminolactone, 9a, was obtained (see Scheme 5 and Experimental for 9b). These conditions are an 

adaptation of those of Koch and coworkers for the synthesis of simple 5,6dihydro-1,4-oxazin-2-ones.16 

It remained only to unveil the bridging ketone functionality. This transformation demands a high degree 

of chemoselectivity as the iminolactone moiety in compounds 9a and 9b could easily be cleaved under the 

aqueous acidic conditions normally employed for ketal hydrolysis. The dimethylboron bromide reagent of 

GuindonI7 performed admirably in this regard. Using two equivalents of this reagent, the dimethyl ketal 

functionality in 9a and 9b could be selectively cleaved to yield the desired rearrangement precursors 10a and 

lob, respectively. 

To have a standard for comparison, the desired rearrangement product, 11,was first prepared by an 

independent route. Indeed, 11, a protected alanine derivative, had been synthesized by Schultz and Steglich.l* 

In this work, 11 was obtained from alanine and acetol by a similar procedure (see Scheme 6). 

0 

bof -Bu 

12 

(a) carbonyldiimidazole, 
THF 

\ 

(b) hydroxyacetone 

(80%) 

(a) HBr, HOAc, r.t. 
w 

(b) NMe3, CH#~Z, 0°C 

(68%) 

Scheme 6. Independent Synthesis of the Rearrangement Product 

Armed with an authentic sample of the rearrangement product 11, the proposed cheleotropic 

elimination/retro-ene rearrangement of diastereomers 1Oa and lob was examined. Both the cheleotropic 
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elimination of carbon monoxide and the subsequent retro-ene reaction could be observed when the pyrolysis was 

caked out dizctly in the injector of the GC-MS (gas chmmatograph with mass spectral detector). At an injector 

temperature of 21OY!, both 1Oa and l&b gave single peaks with mass specm indicative of loss of carbon 

monoxide (14a and 14b, respectively; m/e = 205). Thus, under these conditions the initial extrusion of carbon 

monoxide apparently does take place, but the subsequent retro-ene reaction does not. 

As the temperature of the injector was raised, small amounts of both the rearrangement product 11 and 

benzene wed observed iu the GC, in addition to 14a and 14b, indicating that the desired retro-ene reaction does 

take place. However, whereas the initial cheleonopic elimination goes to completion for both diastenzomers 1Oa 

and lob at 210°C, the progress of the subsequent retro-ene reaction differs for the two diastereomers. For lOa, 
retro-ene rearrangement product (m/e = 127; retention time and mass spectrum identical to those of authentic 11) 

first appears at an injector temperature of 300D-35O“C. For lob, on the other hand, retro-ene rearrangement 

product is clearly visible at an injector temperatme of 25oOC. 

The thermal rearrangement could be carried out under flash vacuum pyrolytic conditions and sufficient 

material obtained to permit IH-NMR spectral analysis. The 1H-NMR spectrum, the mass spectrum and the GC- 

trace of the product isolated from these pyrolyses were superimposable upon those of authentic 11, prepared by 

an independent synthesis (vi& slrpru). The results of a series of flash vacuum pyrolyses of diastereomers 1Oa 

and 10b are shown in Table 2. By filling the pyrolysis tube with quartz Raschig rings to incnase contact time, 

the temperature necessary to effect the retro-ene rearrrangement could be effectively lowered by ca. IOO’C 

(Compare entries 6 and 10). On the other hand, use of a carrier gas resulted in slightly decreased product yields 

(Compare entries 4 and 5). In the best case, a modest 25% yield of the desired alanine derivative 11 was 

obtained. 

Table 2. Flash Vacuum Pyrolysis Experiments 
Quartz Pyrolysis 
Raschig T&4 

piastJ.fLm& ProduW 

(1) IOa 4oooc No 22 cm recovered 1 Oa 

(2) IOa 800°C No 22 cm 7% 11 

(3) IOa 400°C Yes, 3 mm 22 cm intermediate 14a 

(4)’ 10a 800°C 

(5) IOa 6OO”C, 
~_________________. 

(6) lob 350°C 

(7) IOb 4oooc 

(8)’ IOb 4oooc 

(9) lob 210°C 

(10) 10b 250°C 

(11) 10b 300°C 
(12) IOb 350°C 

Yes, 3 mm 22 cm 

N2 carrier gas Yes, 3 mm 22 cm 
.~~~--~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~ 

No 30 cm 

No 30 cm 

Yes. 3 mm 22 cm 

Yes, 2 mm 30 cm 

Yes, 2 mm 30 cm 

Yes, 2 mm 30 cm 
Yes, 2 mm 30 cm 

12% 11; 5% 148 

10%. 11 
--------_-___________ 

25% 11 

20% 11 

18% 11; 4% 14b 

65% 14b 

21% 11; 13% 14b 

10% 11 
10% 11 

* See Experimental for a detailed description of this experiment. 
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Interestingly, just as in the GC-MS experiments, the reanaugement of diaswmer lob is clearly more 

facile than the narrangement of diastereomer 1Oa (compare entries 3 and 8). Diastexeomer lOa leads to a metro- 

aza-ene reaction with an end0 transition state, whereas diastereomer lob leads to a tetro-aza-ene reaction with an 

exe transition state (see Scheme 7).19 

H &;s 0+ 0 
N 0 

M 

1Oa retro-aza-ene 14a 
reaction 

~1 

$ 

H 
-+I 

,I-“: i 
w ; Q _. 
N 
M 

end0 
transition 
state 

10b 

*x0 

transition 
state 

Scheme 7. The Cheleotropic Elimination/Retro-Ene Sequence for 1Oa and lob 

CONCLUSIONS 

Flash vacuum pyrolysis of the pyruvate derived adduct 1Oa gave alanine derivative 11, in modest yield. 

This is the first instance of the formal reductive amination of an a-keto acid to an &amino acid via a thermal 

rearrangement. The rearrangement consists of a chekotropic elimination of CO, followed by a new type of retro- 

aza-ene reaction. The results of the GC-MS ex~~rnents and the flash vacuum pyrolyses indicate that, for this 

type of retro-aza-ene teaction, an exe transition state (from diastereomer IOb) is more favorable than an endo 

transition state (from diastereomer Ma). 

EXPERIMENTAL 

AI1 chemicals were of reagent grade unless otherwise stated. AlI melting points were measured on a Bikhi 510 melting 
point apparatus and are uncorrected. JR spectra were recorded on a Perkin-Elmer Model 983G qxctmphotometer. 1~ NMR spectra 
were recorded on a Bruker WM-300, Brukex AM-400 or a Varian XL-300 sptctrrxr~~. 13C NhSR spectra (broad-band and DEFT) 
were recorded on a Variaa XL-300 or a Bruker AM-400 spectrom+ter. Chemical shifts are reported ia ppm relative to 
tetramethylsilane. Electron impact mass specrra were obtained on a F&a&i-W-Elmer RMU-6M and FAB mass spectra on a 
Kratos AEI MS-5 mass spectrometer. Mass spectral peaks are given in units of mass/charge followed by relative peak intensity in 
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parentheses. A@dcaf gas chmmamgmphy was performed using a Hewlett F’ackmd 5890 CC with mass spectral detector (CC-MS). 
The Column was Cross-linlred methyl silicone (fii thichness: 0.33 R: interior diameter: 0.020 mm: length: 12 m). Elemental 
anatyseswerecarrieduutinthemicmamdyticallaboratoryattheETHZUrich. 

(*]-Methyl 2-benznmido-2-methylbut-3.enoate [(~)-N-Benzoyl-a-vinylalanine methyl ester] (4) was 
sylltbcsRcdasprcviuuslyreporR%Lll 

(f)-2-Benzamido-2-methylbat-3-enol I(f)-N-Benzoyl-a-vinylalaninol] (3). Modest yields (ca. 60 %) had been 
reported20 for the reduction of M N-benxoyl-a-amino ester using NaRHq in aqueous ethanol. The following pro&me, using 
absolute ethanol to ehminate possible competing ester hydrolysis, would appear to be a signitlcant impr~~e.mCnt, 

Methyl ested (12.1& 51.9 mmol) was dissolved in absolute ethanol (distiEed from Na-diethyl pinhaRte, 120 ml) and the twn&ittg 
solution cooled to 4T. Sodium borobydride (9.82 g. 260 mmol) was added and the reaction mixture stirted for 19 h at room 
temperature with e~usi~ of moisture. The reaction was quenched by pouring on to iceethyl acetate and acidifying to pH 6.5 with 
HCl (initially cottc HCl, theu 2 N HCQ The two-phase mixture was let stand in a separators funnel until hydrogen gas evolution 
subsided. After a second extraction of the aqueous layer. the organic layers wem combined and dried over MgS04. The solvent wss 

evapoFated in WLXO and the crude pnduct puti8ed by flash chromatography [7:3 petrolarm otbcr (40-7O‘Qctbyl acetate] tu yield 8.73 
g (87%) of3, as a colorless oil which solidifikl upon storage at -WC: bp(O.02 torr) 128-129% IR (CHC13): 3430 (s, NH), 3150- 

3450 @r, OH), 3CNIO (sh), 1660 (s. C=(J), 1515 (s). 1485 (s), 1460. 1290. 1060, 995,925. 870 cm-l; 1~ NMR (300 MHz, 
CDC13): 8 1.50 (s, 3H, CH3). 3.65-3.71 (dd. HI, J = 7.0 Hz, 11.6 Hz, Cl-H). 3.73-3.79 (dd. lH, J = 5.9 Hz. 11.6 Hz, 1H. Cl-H), 
4.52-4.57 (apparent t, J = 6.1 Hz, 6.9 Hx, 1H. OH). 5.21-5.27 (m, W, C=CB2). 5966.05 (dd. Jcis = 10.6 Hz, Jtrans = 17.6 Hz, 

lH, HC=CHz), 6.4-6.5 (s. br. H-L NH). 7.40-7.54 (m. 3H, m-, pArH). 7.75-7.78 (m. W, o-ArH); 13C NMR (75 MHZ, CDCl3): 
8 22.69 (CH3), 60.27 (C2), 69.34 (CH20). 114.5 (C=I;H2); 127.0. 1287, 131.7 (Ar CH); 134.8 (ipso-A& 140.1 (Hc=CH2). 

168.1 (C=o); MS (RI): 205 (M+. 0.4). 190 @f+ - CH3.0.5). 174 (.M+ - CH2OH, 18). 122 (8.1). 105 (COPh. RIO), 77 (ph. 46), 
51 (14); Anal. Cslcd for C12H15N02: C, 70.22: H, 7.37; N, 6.82. Found: C, 70.08; H, 7.49; N. 6.76. 

(1R*,4S*,SS*,4’S*)-7,7-Dimethoxy-1,2,3,4-tetrachloro-5-[4’-(4’-methyl-2’-phenyl-2’-oxazolinyl)]- 
bicyclo[2.2.l]hept-2.ene (5~). 
(1R*,4S*,5S*,4’R*)-7,7-Dimetboxy-1,2,3,4-tetrachloro-S-[4’-(4’-methyl-2’-phenyl-2’-oxazolinyl)]- 
bicyclo]2.2.l]hept-2-eae (Sb). A mixture of 3 (478 mg, 2.33 mmol) and 7,7dimethoxy-1,2,3,4-tetrachlotocyclopentadiene 2 
(nuba, 3.08 g, 11.7 mmol) was placed under Ar atmosphere by carrying out twenty cycles 00 (a) evacuation with a high vacuum 
pump, followed by (b) purging with Ar. The stopcock was closed and the reaction mixture heated at 17ooC for 60 h. After Cmhg 

to room temperature, the crude prodtXt was takeu up in ethyl acetate, adsorbed on to silica gel, and chromatographed directly. Two 
fractions were obtained, each of which was subjected to another round of flash chromatography [R&I) 0.2% RfiSb) 0.21.9: 1 
petroleum ether (40-7OQethyl acetate] to obtain complete sepsmtion. The total yield was 72%. consisting of 431 mg (41%) of 5a, 
and 324 mg (31%) of Sb. both as glassy light orange solids which could be distilLed on a kugelrohr apparatus. 
For 5a: bp(O.03 torr) 2lOV.; IR (CHCl3): 2980,2960,1650 (s, C=N), 1610, 1580, 1495, 1450, 1360, 1300, 1195 (s), 1120 (s), 

1100,1065,1025,990,890 cm-l; 1 H NMR (300 MHZ, CDC13): 8 1.53 (s. 3H. 4’-CH3), 1.73-1.78 (dd, Jtrans = 4.8 Hz. Jgem = 
11.6 Hz, lH, endo C6-H), 2.42-2.49 (dd, Jcis = 9.2 HZ, Jgem = 11.5 Hz, lH, exe C6-K), 2.87-2.92 (dd, Jtmns = 4.8 Hz. Jcis = 9.2 
H.G lH, C5-H). 3.56 (s. 3H. ryn OCH3). 3.61 (s, 3H, anti OCH3), 4004.04 (d, J = 8.6 Hz, 1H. C5-H), 4.07-4.10 (d, J = 8.6 Hz, 

lH, C5’J-l). 7.36-7.49 (m, 3H, m-,p-ArH), 7.93-7.96 (m, 2H, o-ArH); lH NMR NOE experiments (300 MHz. CDC13): (a) 
Irradiation of the syn 0CH3 (3.56 ppm) showed no enhancemenS (b) Irradiation of the anfi 0CH3 (3.61 ppm) gave a 0.92% NOE at 

the C5 proton and a 0.31% NOE at the exe C6 proton; 13C NMR (75 MHx, CDC13): 8 26.97 (4’~CH3). 38.53 (Cg); 51.66.52.86 
(ketal 0CH3); 53.74 (Cj), 72.39 (C4’); 73.85, 77.96 (Cl, C4); 78.73 (CH20), 112.6 (C7): 127.5, 130.0 (C2, C3); 128.2 (ipso- 

Ar); 1282.128.5.131.4 (Ar CH); 162.8 (C=N); MS (FAR, 3-NOBA matrix): 454 (60). 452 (MH+ for 3 x 35C1,l x 37Cl, 96). 

450 (81). 418 (15). 416 (M+ - Cl, 17). 414 (15). 256 (44). 254 (45). 219 (7.2). 188 (10). 160 (100). 105 (COFh, 65). 104 (33), 77 
(Fh, 26). 59 (14); Anal. Calcd for ClgHlgN03CLq: C, 50.58; H. 4.24; N, 3.10; Cl, 31.43. Found: C, 50.29; H. 4.23; N. 3.13: 
Cl. 31.61. 
For 5b: bp(O.03 torr) 2lO’c; TR (CHC13): 2980, 2960.2850, 1650 (s. C=N), 1603, 1580, 1495, 1450, 1360, 1280, 1195 (s), 

1120, 1100,1065,990.885 cm-l; 1 H NMR (300 MHZ, CDCl3): 8 1.49 (S. 3H, 4’-CH3), 1.99-2.04 (dd, Jeans = 4.6 HZ, Jgem = 
12.0 Hz, lH, endo Cg-H), 2.49-2.56 (dd, Jcis = 9.2 Hx, Jgem = 12.0 Hz, lH, e.~ C6-H), 3.09-3.13 (dd, Jtmm = 4.6 Hz,Jcis = 9.2 
Hz, lH, C5-H), 3.55 (s, 3H, syn OCH3). 3.61 (s, 3H, anri OCH3), 3994.02 (d. .I = 9.2 Hz, IH, C5Q-I). 4.38-4.42 (d, J = 9.2 Hz, 

lH, C5GI), 7.36-7.49 (m. 3H, m-. p-&H), 7.87-7.91 (m. 2H, o-ArH); lH NMR NOE experiments (300 MHz, CDC13): (a) 
Irradiition of the syn 0CH3 (3.55 ppm) showed no enhancemenu (b) Irradiation of the unri OCH3 (3.61 ppm) gave a 0.97% NOE at 

the C5 proton and a 0.36% NOE at the exe C6 proton; 13C NMR (75 MHx, CDCl3): 8 29.02 (4’~CH3). 38.98 (C6); 51.73.52.82 
(hetat OCH3); 52.73 (C5). 72.61 (Q’), 73.58 (CH20); 74.03, 77.95 (Cl, Cq): 112.4 (C7); 127.6, 129.5 (C2. C3); 128.3, 128.4, 

131.4 (Ar CH); 128.6 (ipso-Ar), 162.7 (C=N); MS (FAB, 3-NOBA matrix): 454 (60). 452 (MH+ for 3 x 35Cl. 1 x 37Cl, 100). 
450 (82). 418 (13). 416 (M+ - Cl, 17), 414 (17), 256 (29). 254 (27). 219 (6.5). 188 (9.0). 172 (7.0). 160 (84). 105 (COPh. 55). 
104 (32). 77 (ph. 25). 59 (12); Anal. Calcd for ClgHtgN03C4: C, 50.58: H, 4.24; N, 3.10; Cl, 31.43. Found: C. 50.35; H. 
4.10; N, 3.11; Cl, 31.63. 
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(lR*,4S*,5S*,2*S*)-7,7-Dimetboxy-1,2,3,4-tetracbIoro-5-[2’-(2’-am~no-l’-benxoyloxy)-propyt]- 
bicyrIo[2.2l]hept-2-e (Is). A solution of 7% H2SO4 (w/v) in 95 % aque~~ methanol was pmpared as foUows: To 
methanol (50 ml) was added cont. H2SO4 (Merck, 4 ml), H20 (5 ml). and thea methanol to a total volume of 100 ml. To solid Sa 
(625 mg, 1.39 mm09 was xlded 7% H2SO4 in 95% MeOH (25 ml). The rraction mixture WPP &uxed for 15.5 h. aIlowed to 
cooltoroom~m~~,andthenbmughttopH8withlNNaOH. FoIlowingadditiooof~(15Oml),m~basewasadded(to 
ca. pH II) and the aqueous Iayer extractal (2 X 150 ml ether). The con&in& ether portions were dried (MgSO4) and the voIatiIes 
removed in vacua. Thorough drying on a high vammm pump 81 ruom temp~~&~~ gave 629 mg (97%) of 7a as a Iight orange oil 
which displayed a satisfsctory 1~ NMR spectrum. An analytical sample could be obtained by Bash chromatography (Rf 0.22, 
methylene chloridepetroleum ether (40-7OY)-methanoI, 60:40:1): IR (CHCI3): 3400 (w. NHd, 2990.2955,2850.1720 (s, GO), 

1605 (sh, C=C). 1450.1275 (s). 1190,112O. 1030.990.910 cm -l; lH NMR (so0 MHz. CDc13): 6 1.33 (s, 3H. Y-CH3). 1.3- 
1.5 (9, br, D20 exchang&Ie. 2H, NH2). 2.11-2.1s (ddJ&.aruj = 5.0 Hz.Jgem = 11.8 Hz. 1H. endo C&l). 21462.51 (dd, J& = 9-4 
HZ, Jgem = 11.8 HZ. lH, cxo C6-H). 2.90-2.93 (dd, Jm = 4.9 HZ. J& = 9.4 Hz. IH. Cg-Ii), 3.55 (s, 3H, syn OCH3). 3.60 (s, 
3H. anti OCH3), 4.064.09 (d, J = 11.0 Hz, lH, ClGIj, 4.11-4.14 (d, J = 11.0 Hz, IH. Cl’-H), 7.45-7.49 (m. W, m-ArH), 7.57- 

7.61 (m. lH,p-ArH), 8.04-8.06 (m, 2H. o-&H); 13C NMR (100 MHz. CDC13): 8 24.34 (3’-CH3). 38.10 (C6); 51.62,52.87 
(ketaI OCH3); 51.76 (C5). 53.80 (CT), 72.16 (CH20); 73.94, 77.93 (Cl, Cq); 112.8 (C7); 128.5. 129.6, 133.2 (Ar CH); 128.5, 
129.9 (C2. Cg); 129.4 (ipso-Ax), 166.2 (GO); MS (FAB. 3-NOBA matrix): 472 (11). 470 (M&I+ for 3 x 3%X, I x 37Cl, 22), 
468 (17). 255 (5.4), 253 (6.2), 105 (COPh. IOO), 77 (8.7); Annl. Cakd for Cl9H2lNOqC4: C. 48.64; H, 4.51; N, 2.99; Cl. 
30.22. Found: C. 48.98; H, 4.69; N, 2.88; Cl, 30.31. 

(1R*,4S*,5S*,2’R*)-7,7-Dimethoxy-~,2,3,4-tetrachioro-5-~2’-(2’-~mino-l’-ben~oy1oxy)-p~opyl]- 
bic~clo[2.2.l]hept-2-ene (Ib). 
To solid 5b (10.8 g, 23.9 mm&), was added 7% H2SO4 in 95% MeoH (@I ml, prepared as for the hydrolysis of 5a. vide SIQW~). 
Afterrenwringfor4clhthenactionwasworkedupinthesame~ asfor’ls. lnthiscasethecrudepaductwaspurifiibyflash 
chromatogmphy (eluant: CH2Cl2-petroleum ether (40-70”C)-MeOH-NH3(as), 50:50:2.5:0.5) to give 11.0 8 (98%) of 7b as a light 
orange oil: lR (CHCl3): 3400 (w, NHZ). 2980,2960,2850, 1720 (s. GO), 1605 (sh, C=C), 1450, 1320, 1275 (s), 1195, 1120, 

1030,990 cm-l; lH NMR (300 MHz. CDC13): 8 1.11 (s, 3H, 3’-CH3). 1.2-1.5 (s, br, 2H. NH2). 2.20-2.26 (dd, J-s = 5.1 Hz, 
Jgem = 11.4 HZ, IH, Z&O C6-H), 2.41-2.48 (dd, Jcis = 9.3 Hz. Jgem = 11.3 Hz, IH. ex~ C&-H). 2.92-2.97 <dd. Jms = 5.1 Hz. 
&is = 9.3 HZ, IH, C5-H), 3.55 (s, 3H, syn OCH3). 3.60 (s, 3H, anti 0CH3). 4.254.29 (d, J = 1l.l Hz, IH. Cl*-l-l), 4.37-4.40 (d, 

J = 11.0 Hz. lH, C1Gl). 7.44-7.50 (m. 2H, m-ArH), 7.56-7.62 (m, lH, p-ArH), 8.05-8.08 (m. 2H. o-ArH); 13C NMB (75 MHz, 
CDCI3): 8 25.70 (3’-CH3). 37.78 (C6); 51.57, 52.83 (ketaI 0CH3); 51.57 (Cg), 53.86 (Q), 71.96 (CH20); 74.00, 77.88 (Cl, 
C4). 112.9 (C-I); 127.8. 128.5, 130.1 (C2. C3, ipso-Ar); 128.5, 130.1, 133.1 (Ar Cl@; 166.1 (GO); MS (FAB, 3-NOBA matrix): 

470 @fH+ for 3 X 35C1, 1 X 37Cl, 47), 468 (37). 253 (8.1). 178 (24). 105 (COPh, 100). 77 (Ph. 22). 70 (15); Anal. C&d for 
C19H21NO&lq: C. 48.64; H, 4.51; N, 2.99; Cl, 30.22. Found: C. 49.06; H, 4.77; N, 2.80; Cl. 29.94. 

(lR*,2R*,3S*,6S*,7S*,8S*)-6-Amino-6-methyl-l,2,8-trichloro-3,9,9-trime~~oxy-4- 
oxatricy~io[5.2.1.83~8]deeane (6a). 
(1R’,2R*,3S*,6S*,7SL,8S*)-6-Benzamido-6-methyl-l,2,8-triehloro-3,9,9-trimethoxy-4- 
oxatricycIo[5.2.1.03~8]decane (Ua). To a solution of beuzoate 7s (629 mg. 1.34 mmol) in THF (2 ml) were added 6 N 
KOH (2 ml, 12 mmol) and methanol (4 ml). The resulting yellow emulsion was stirred vigorously at room temperature for 5 h and 
then brought to pH 4 with 2 N HCI. The mixture was partitioned between ether (100 ml) and H20 (100 ml). The organic layer was 
extracted with a second portion of H20 and ~~~erseIy, the aqueous Iayer extrac& with a second portion of ether. The combined 
~ueou~ layers were lpphihd. The combined e.ther extracts wem dried over MgS04 and then adsorb& dir&y on to silica gel and 
subjected to flash chromato8raphy [etuant: 5&50:0.5 CH2CI2@troleum ether (4~70-QMeOHl. This procedure afforded 54.3 mg 
(8.7%) of 15~ as a white solid which could be crystallized from ether-hexane to give a while powder: mp 160_161°C. The residue 
obtained from lyophilization of the aqueous extracts was taken up in CH2Cl2 (200 ml) to which Na2CO3 (530 mg, 5.0 mmol) and 
H20 (4 mI) were added. The resulting suspension was stirred vigorously at room temperature for 2 h and then dried over Na2SO4. 
The solvent WBS removed in vacua and rhe residue putifii by f&h c my [eIuantz 57:38:5: 1 CH2Cl2-~1~ e&z (40- 
7Ooc)-MeOH-NH3(aq)l to give a first fraction wO.46) containing 90.5 mg (18.7%) of 6a as a white crystalline solid: mp 83-85oC. 
A second fraction (RfO.20) a&r&d 299 mg (61.1%) of amino alcohol 8a (vi& i&z). 
For compound 6a: IR (KBr): 3375 (sh, NH2). 3000,2970,29.50,2840. 1470, 1445, 1320, 1220, 1130, 1085, 1045, 830, 810, 

760, 700,650 cm-l; lH NMR (400 MHz. CDCI3): d 1.09 (s, 3H, CH3), 1.72 (s, br. 2H. NH2), 2.15-2.20 (dd, Jms = 5.4 Hz, 

Jgem = 13.1 HZ, IH, tndo ClO-w), 2.22-2.29 (ddd, 4Jl&~ = 2.4 HZ., J& = 11.7 HZ. Jgem = 13.1 HZ, 1H. GEW Clo_H), X54-2.59 

(ddd, 4J7,5 = 1.0 Hz, J~s = 5.5 Hz, Jck = 11.7 Hz, IH. C7-l$3.49 (s. 3H, exe OCH3). 3.64 (s. 3H, ketaI OCH3), 3.66 (s, 3H. 
ketal OCH3). 3.62-3.66 (dd. 4J5,7 = 1.0 Hz. IH, C5-HR), 4.07-4.10 (d. J =12.1 Hz. lH, CJ-HS). 4.664.67 (d, 4~2,lh P 2.4 HZ, 
U-L Q-H): NOE experiments (300 MHz. CDCI3): (a) Irradiation of the c(i methyl group gave enhancements at endo ClO-H 
(1.9%). C5-H.3 (l.295). C7-H (0.76%) and at the NH2 (0.26%). (‘Ihe NOE obsuvcd for the end0 Cl0 proton esrablishes the relative 
stereochemistry at C6 and C7 as (6R,7B).]; (b) Irradiation of the C6 amino group showed ~~~en~ at C7-H (2-f%), C5-HB 

(2.4%) and at Ihe C6 methyl pup (1.9%); (c) Irradiation of the C3 0CH3 group gave a single NOE at the C2-H (3.1%); l3C 
NMR (100 MHz, CDcI3): d 24.66 (CH3), 33.85 (ClO), 48.39 (C7). 48.97 (C6); 50.09, 51.42, 51.78 (3 x OCH3); 71.14 (CHCI), 
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71.28 GWh 71.14.72.98 (Cl, Cg); 97.02. 103.0 (C3, C9); MS (FAB, 3-NOBA ma&): 364 (26), 362 (78), 360 (MH+ for 3 x 

35CL 83). 345 (6.1). 343 (6s). 330 (6.5). 328 W+ - ocH3.9.4). 289 (8.5). 287 (8.1), 273 (11). 271 (13). 215 (18). 154 (24). 147 
(28). 137 (29). 136 (46). 135 (26). 109 (23). 91 (31). 73 (100); Anal. Wd for C13H2ONo4C13: C. 43.2~ H. 5.59; N, 3.88; Cl. 
29.49. Foand: C. 43.19; H, 5.64; N, 3.6% Cl, 29.05. 
For =poM 1Sa: IR (KBr): 3430.3310 0.2975,2950,2840.1635 (8. GO), 1550, 1480,1320, 1280. 1265, 1215.11~1, 
1090.1050.1040,830.815,710 cm-l; 1 HNMR (400 MHE, CDCl3): d 1.51 (3,3H, CH3). 2.14-2.19 (dd,Jtrans =4.8 Hz,Jgem 

= 13.2 Hz, lH, endo Cl&H), 2.34-2.41 (ddd, 4Jl~,2 = 2.6 Hz, Jcis = 12.2 Ha, Jgem = 13.2 Ha, 1K exe ClO-H-j, 3.43-3.48 (ddd 

4J7,5 = 1.6 a+ Jtrms = 4.8 Hz. Jcis = 12.1 HZ, 1H, C7-IQ, 3.50 (8,3H. exe 0CH3). 3.61 (s, 3H, ketal OCH3), 3.65 (s. 3H, ketal 

mH3), 4.024.06 (dd. 4J5,7 = 1.7 Hz, J = 13.1 Hz, lH, C5-HR). 4.414.44 (d, J = 13.1 Hz. IH. C5-HS), 4.744.75 (d, 452.10~ = 

2.6 Hz. lH, C2-H). 6.53 (s, br, 1% NH). 7.38-7.42 (m, 2H. m-ArH), 7.45-7.49 (m, lH, p-ArH), 7.73-7.76 (m, 2H, o&H); 13C 
= (la0 =, CDC13): d 19.83 (CH3). 32.50 (Clo). 42.43 (C7). 50.14 (~0 0CH3); 51.41. 51.89 (ketal 0CH3); 51.87 (C6), 
68.50 (CHZO). 70.09 (CHCU 71.26.72.13 (Cl. Cg); 97.37, 102.9 (C3, Cg); 127.0,128.5. 131.3 (Ar CH); 135.3 (ipso-A@, 167.6 

(Cd); MS @A& 3-NOBA matrix): 466 03). 464 WH+ for 3 x 35Cl. 34), 434 (9.9). 432 (M+ - OCH3.10). 215 (5.9). 160 (12). 
154 (u). 137 (25). 136 (25). 105 (Coph. lOO), 79 (33). 77 (ph. 23); Anal. Calcd for C2OH24NO5Cl3: C. 51.69; H, 5.20; N, 
3.01: Cl, 22.88. Found: C, 51.91; H, 5.39; N, 2.80; Cl, 22.85. 

~1R*,4S*,SS*,2’S*)-7,7-Dimetboxy-1,2,3,4-tetrachloro-S-[2’-(2’-amino-l’-hydroxy)- 
propyll-bicyclo[2.2.llhept-2-ene (8a). 
Lithium aluminiUm hydride (50.3 mg, 1.32 mmol) was suspended in ether (d&&d from Na-benxophenone, 8 ml) and brought u, 
r&k. A s~lutioo of 7a (270 mg, 0.576 mmol) in dry ether (2 ml) was &lded by syringe and refluxing c~ntbmed for 1 h. ~fer 
cooling to roOm tempcmturc, the reaction was quenched with H20 (300 pl) and let stir 1.5 h, whereupon B genenxts white precipitate 

formed. ‘k e&f was decad and Ihe precipitate exrractcd thoroughly with ether (9 x 20 ml). The combined ether portions were 
dried 0~ NazSO4. The sohnt was evaporated in vacua and the residue pmificd by flash chromatography [&mot: CH2C12- 
Pe~Okom ek (40-70”~MeOH-NH3(as). 5Oz50:2.5:0.51 to yield 187 mg (89%) of 8a as a slightly yellow oil: Dt (CHCl3): 3630 

@r. OH), 3300-3500 NH2). 2990.2950.2850, 
CDC13): 8 1.16 (s. 38 3’-CH3), 1.45-1.85 

11.8 Hz. 19 exe C6-H). 2.77-2.80 (dd, Jeans = 4.9 HZ, Jcis = 9.4 Hz. 
1H. C5-H), 3.24-3.27 (d, J = 10.7 Hz, lH, Cl’-H). 3.37-3.40 (d, J = 10.7 Hz. lH, Cl*-H). 3.55 (s, 3H, syn OCH3). 3.61 (s, 3H, 

anti OCH3); 13C NMR (100 MHx. CDC13): 6 23.11 (3’~CH3). 37.98 (0; 51.70. 52.86 @etai 0CH3); 52.01 (cg), 54.91 (CT), 

69.86 (CH20); 73.95. 78.10 (Cl, Cq); 1128 (C7); 128.5, 129.4 (C2. C3); MS (FAB, 3-NOBA): 368 (56), 366 (MH+ for 3 x 

35CL 1 x 37CL 100). 364 (86), 334 (18), 332 (18). 255 (18). 253 (17). 219 (10). 74 (63). 70 (37). 59 (16); Anal. Calcd for 
C12H17N03C4: C, 39.48; H. 4.69; N. 3.84; Cl, 38.84. Found: C, 39.94; H, 4.84; N. 3.62; Cl, 38.49. 

(~~*,4S*,SS*,2’R*)-7,7-Dimethoxy-l,2,3,4-tetrachloro-5-[2’-(2’-amino-l’-hydroxy)- 
propyll-bicyclo[2.2.Uhept-2-ene (8b). To a refluxing suspension of LiAlH4 (1.38 g. 36.3 mmol) in ether (distilled from 
Na-bcn&=nonc, 100 ml) was added via syringe a solution of 7b (7.40 g, 15.8 mmol) in dry ether (50 ml). After refluxing for 0.5 
h. the reaction mixture was cooled to 0°C. carefully quenched with H20 (7.5 ml), and then s&red at mom temperature for 1 h. After 

decanting the ether, the white precipitate was cxbactcd once more with ether and then allowed to stir overnight with a third potion 
(100 ml each). The combined organic extracts were dried over Na2SO4, and the solvent removed in vacua. Flash chromatography 
[RfO.24. CH2C12-pemleum ether@O-70°C)-MeOH-NH~bqh 56~38~5: 11 afforded 4.52 g (79%) of 8b as a white solid which could 
be reWs@llized from ether-hexane: (white needleS) mp 112Oc Et (KBr): 3380.3305 (both sh, NH2); 3050-3500 @r, OH), 2995, 

2950.2825. 1605 @I. C=C), 1580. 1465. 1290, 1210, 1195, 1120, 1035,995,905,885,785, 730 cm-l; 1H NMR (3~ MHZ, 
CDC13): 8 0.98 (s, 3H. 3’-CH3), 1.4-1.85 (br, 3H, NH2. OH), 1.94-2.00 (dd. Jms = 5.1 Hz, Jgem = 11.5 HZ, lH, G&I C6-H), 
X41-2.47 (dd. Jcis = 9.4 HZ, Jgem = 11.5 Hz, lH, cxo C6-H), 2.83-2.88 (dd, Jeans = 5.1 HZ, Jcis = 9.4 HZ, lH, C6-H), 3.36-3.40 

(d, J = 11.0 fi, 1H, Cl*-I-I), 3.45-3.49 (d. J = 11.0 Hz, lH, ClM), 3.55 (s, 3H, syn OCH3). 3.61 (s, 3H, anti OCH3); 13C NbfR 

(75 Ma, CDC13): 8 23.76 (3’-CH3). 38.17 (C6), 51.44 (C5); 51.66, 52.86 (ketal 0CH3); 55.25 (CT), 70.11 (CH20); 73.90, 

78.31 (Cl, C4); 113.0 (C7); 128.1, 129.6 (C2. C3); MS (FAB, 3-NOBA matrix): 368 (48). 366 (MH+ for 3 x 35c1,l x 37CI. 
lo’% 364 (77). 334 (15). 332 (13). 255 (8.9). 253 (8.7). 74 (60, 70 (43); Anal. Calcd for Cl2Hl7N03Cl4: C. 39.48; H, 4.69; N, 
3.84; Cl, 38.84. Found: C, 39.43; H, 4.56; N, 3.80; Cl, 39.19. 

~~R*,4R*,5R*,2’SL)-7,7-Dimetboxy-5_I2’-(2’-amino-l’-hydroxy)-propyl]-bicyclo[2.2.l]-hept-2-ene (la) and 
(1R*,4R*,5R*,2’R*)-7,7-Dimethoxy-5-[2’-(2~-amino-l’-hydroxy)-propyl]-bicyclo[2.2.l]bept-2-ene (lb) wcrc 
synthesized by reductive dechkxioaticm of 8a and 8b, respectively, as previously repmted.15 

~1R’,4R*,SR*,5’S*)-7,7-Dimethoxy-S-[5’-(3’,S’-dimethyl-5’,6’-dihydro-2’~-l’,4’-oxazin-2~-onyl)]- 
bicycloRWbept-2-ene @a). The condensation conditions used here are similar to those employed by Kcch et al.16 to 
generate simple 5.6-dihydro-W-l,4-oxazin-2-ones. To a solution of amino alcohol la (992 mg. 4.37 mmol) in refluxing a-butyl 
alcohol (distilleri from Na-di&yl phthabuc. 22 ml) under Ar was added dmpwise, via s ’ 
bp(35 torr) 63-64X 488 pl, 4.37 mmol]. 

ge, freshly distilled ethyl pyruvate muka, 
A Dean Stark trap containing activated 4 Y molecular sieves was used to remove H20 
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msParent prisms mP 110°C; IR 0: 2990,2%0.2940,2830.1735 (s, C=Qj, 1640 (m. ON). 1575 (w). 1479,14M. 1410, 
1290,125O. 1115 {s), 1100,1085,1035,1010.795,755 (sh). 660 cm- 1; *H NMR (400 MHG cDcl3): 8 0920.97 {dd, J&mm = 
5.6 Hz, Jgem = 11.9 Hz, lH, endo f&-H). 1.14 (s, 3H, 5’-CH3), 202-2.08 {ddd, J6x,l = 4.1 Hx,Jcis = 89 Ha,Jgem D 11.9 HZ, 
1% m c6-H). 2.23 (s, 3H 3’-CH3), 256-260 (ddd, J5.4 = 3.2 Hz. Jtrans = 5.6 Hx, Jcis = 8.9 Ha, If-t, Q-H), 2.79-2.82 (m, IH, 
Cl-H). 2.91-2.93 (me 1H. Cq-H), 3.13 (s. 3H, sya 0cH3), 3.20 (s, 3H. anti 0CH3). 4.09-4.11 (d. J = 11.5 Hz, lH, W-H), 4.20- 
4.23 (d. J= It.5 Hz, lH, c6”H), 6.02-6.05 (ddd, 4J3,1= 0.94 Hx,J3,4 = 3.2 HZ, J cis = 6.2 Hz, 18 C3-H). 6.12-6.14 (ddd. 4J2,4 = 
0.95 Hz, J2,1 = 3.5 Hz, Jcjs i 6.2 Hz 1K C2-H): ‘H NMR deeoupling experiments (300 MHx. CDCI~): (a) kradiadon of Cl-H 
gave decwpting at c2-H and Cxo c6-H as Wa 2% a$iC ~%XXX@Q at Q-H, (b) lnadiation of CL+H sbowed decoupling at C3-H 

and Q-H, as wetl as alIylic decoupkg at C2-H, 13C NMR ft.88 MfIz. CJXl3): 8 21.57 (5’-CH3), 22_71(3’-CH3). 2.691 (cg); 
44@,44.70.47.02 (cl, tk CJ); 49.70.51.98 @tat oCH3); 5816 fC53.73.84 [CH20), 119.0 (C7); 131.2,133_2 {cz, C3); 

155.8 tc=N), 156.6 (c-0); M8 @A& 3-NOBA matrix> 280 @@I+. 57). 279 (M+, 53), 264 (M+ - CH3,33), 248 @i+ - OCH3, 
lo@, 232 (12), 193 (l4), 154 (w), 153 (66), 137 W), 136 (52). 128 (37), 79 (41): Anai. Cakdfor Cl5H2lNO4: C. 64.550; H, 
7.58; N, 5.01. Foundz C.64.18; H, 7.53; N. 4.83. 

~1R*,4R*,5R*,5’R*)-7,7-~imethoxy-5-[5’-(3’,5’-dimetbyl-5’,6’-dihydro-2~~-1~,4~- 
oxaaia-2’-owWbicyclo[Z.2.llbept-2-ene (9b). To a refluxing solution of amino alcohol lb (1.48 g, 6.52 mmol) in a- 
butyl alcohol (distilled fnnn Na-dibutyl phthakq 32.6 ml) under Ar was added dropwise, via syringe- freshly d&i&j etbyf py~vate 
IFhtka, bp(35 torr) 62-64V. 728 ttl, 652 
l? 

mmoll. and refluxing contin~ for 12 b. Reaction, work up and fbtsb C-Y 

tf 
O-35,1:1 etbyt acetote-pemane) were carried out in tbe same marmer as for the synthesis of 9a (vidc sup@ to give 1.16 g (64%) 

o 9b as a slightly yellow oil: IR (CHCl3): 2980,2940,2840,1735 (s, GO), 1648 (m. C=N), 1575 (very w), 1465,1450,1488, 
1370,1314 1290.1120 (s), l080.1050.870 cm$ * H NMR (388 MIfi. CDCl3): 8 1.05-1.11 (dd. Jm I 5.4 HZ, Jgcm = 11.7 
H& lH_ endo c6-H), l-16 tk 3H, S_CH3), 2-01-2.09 &Id, J6x,l= 4.1 Hz. J& = 8.9 HZ, Jgem = 11.8 Hz, lH, e.~ C&H), 2.23 (tt, 
3H- 3’-CH3). 2-63-268 (ddd, J5.4 = 3.3 Hz. Jtrans zw S-4 Iiz, Jcis = 8.9 Hz, lH, C&H), 2.82-284 (m, 1H. Cl-H), 2.93-2.% (m, 
tH. c4-H), 3.13 (s, 3H, syn WH3). 3.20 (s. 3H, anti OCH3). 4.044.08 (d, J = 11.5 l-Ix, lH, C6-H), 4.16-4.20 (d. J I: 11.5 Hz. 
lH, Q-H), 5.90-5.93 (ddd, 4J3,1 = 0.94 Hz, J3,4 =I 3.2 )Iz, Jcis - - 6.2 Hz, IH. C3-H), 6.14-6.17 (ddd. 4J2,4 = 0.97 Hr., J2,1 = 3.6 

HZ+, Jcis = 6.2 Hz, 1H, Q-H); IH NMR decoupling experiments (300 MHZ, CDCl3): (a) brad&ion of C1-H gave decoupling at 
C2-H and exe C6-H, as weli as allylic decoupling at C3-H; (b) Irradiition of C4-H showed deccup~mg at C3-8 and C5-H, as we8 as 

allylie decoupling at C2-H; 13C NMR (100 MHz, CDCQ: 8 2135 (S-CH3). 22.88 (3’-CH3). 26.26 (Qj); 44.50,44.69,46.68 
(Cl. C4, C5); 49.70, 51.97 *etai OCH3); 58.28 (Cs), 73.87 (CH20). 119.3 tC7); 130.7, 133.7 (C2. C3); 155.9 (C=N), 156.8 
G=O); MS (FAR 3NOBA matrix): 280 (MH+, 60). 279 (M+, 53). 264 (M+ - CH3.69), 252 (49). 248 +f+ - m3, loo), 153 
(97)- 128 (71)- 12l(48), 105 (37), 95 (49)s 91 (45), 79 (38). 77 (36)s 75 (38); Anal. Ckicd for Cl5H2tm4: C. 64.50: H, 7.58; N. 
5.01. Found: C, 64.37; H, 7.69; N, 4.78. 

bicyclo[2.2.llhept-2-en-7-one (lOa). Reparation of a solution of dimethylboron bromide: The general ketal depruection 
pmcedme employed berc is due lo Guindoa and wwo&zrs.17 Dimetbylbcron bromide was obtained as a neat liquid lrmn Aldrich. A 
1.5 M solmien of Me2BBr in CH2Cl2 (distilled from CaH2 and stored over 4 k molecular sieves) was prepared as follows: 
50 ml round bottom flask was added 23.5 ml of dry CH2Cl2. The flask was flusbed with Ar and seated with a septum. 

To a dry 
A “glove 

box”cons~ladfromap~~brag~simul~flushed~~houseni~andevgcuavdonahonsevacunmlineforIf 
mm. The vacuum was then removed and the following opemtious carried out in the “glove box” under positive niuogen ~mmttm. 
An ampule containing the MgBBr (5.0 g. 41.4 mmol. 4.0 ml) was cooled for 20 s in liquid nitrogen and then opened. The 
transparent liquid was transferred via syringe to the CH2Ct2~ntaining t&k. 
-2O*C and showed no appreciable decomposition after 4 months. 

Tbe resnltbtg solution was stored dessicated (ROEi) at 
To a stirred sobnioa of 9a (590 mg, 2.11 mmol) in dry 

CH2Ct2U8 ml) under Ar at -78*C was added, via syringe, MgBBr (4.23 mmol. as 2.82 ml of a 1.5 M soIution in CH2Cl2). The 
resulting lemon yellow solution was stirred for 1 h at -78°C and then transferred via cannula to a vigorously stirred suspension of 
THF (20 ml) and satmated, aqueous NaHC03 (10 ml) at room temperature. After 5 mitt, tbe suspension was poured into a 
separatory funnel containing ether (80 ml). sod enuugh H20 was added to dissolve a8 salts. The aqueous layer was extracted once 
mom (80 ml ether) and the cornbitted organic layem dried over Na804. Removal of the solvent in vacua, and Rash chtomatography 
(RfO.40, I:1 ethyl acetate-pentane) gave 393 m8 (79%) of 10a as a yellow solid Slightly yellow needles were obtained upon 

r~s~~ti~ from ether mp 73-75°C; IR (KBr): 2980,2888,1770 (s. GO, kemne), I?35 (s, GO, &one). 1645 (m, C=N). 
1455, 1410,1370.1300, ll50,1120, 1040.925,870,790,760,725 (sh). 640.615.565 cm-*; ‘H NMR (300 MHx, CDCl3): 6 
1.12-1.19 (dd, Jms = 7.8 Hx, Jgm = 121 Hz, 19 eti C&H)- l-17 (Sp3H, S’-CH3), 2-18-2.27 (ddd, 16x.1 I 4.3 Hz. Jcis = 9.8 
Hz, Jgem = 12.1 Hz, IH, aa C&H). 2.24 <s. 3H. 3%H3), 2.44-251 (&id, 35-4 p 3.1 HZ, J-s = 7.8 Hz, J& i+ 9.8 Hz, 1H, C5- 
H). 2.93-2.97 (m, 1H. Cl-H). 2.99-3-02 fm, lH, CQ-Hf, 4.12-4.16 (d, J = 11.6 Ha, IH. C&-H), 4.19423 (d. J = ! t.6 Hz. rH, cg” 

H), 6.42-6.45 (ddd. 4J3,1 = 0.76 Hz, 33.4 = 3.1 Hz. Jci, = 6.8 Hz. 1H. C3-H). 6.54 - 6.58 (ddd, 4J2,4 = 0.99 Hx, J2,l = 3.8 I&. 

Jcis = 6.8 Hz, lH, C2-H); ‘H NMR decoupling experiments (300 MHz, CDCI3): (a) bradiation of Cl-H gave decoupling at C2-H 
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and em C6-H. as WeR as auylic deco@@ at C3-H; (b) Irradiation of Cq-H showed decoupling at C3-H and C5-H, as well as 

aRYhc de-Pti”g at CZ-H; 13C NMR (100 MHx, cDct3): 8 21.61 (5’-CH3). 22.19 (3’-CH3). 26.38 (C6). 41.40 (C5); 46.64, 
48.74 (Cl. C4); 58.45 (CS’). 72.87 (CHZO); 130.4. 132.3 (C2, C3); 155.4 (C=N), 157.5 (GO, tactone), 201.4 (C=O, ketone); 
MS (FAR, 3-NOEA matrix): 234 WI-f+. 100). 233 (M+, 25), 205 (M+ - Co, 45), 165 (12). 154 (99). 137 (77). 127 (54). 91(44). 
79 (65). 77 (50). 69 (32); Anal. Cakd forC13Ht5NO3: C, 66.94; H, 6.48; N, 6.00. Found C, 66.64; H, 6.65; N, 5.81. 

(lR*,4R*,5R*,S’R*)-5-[5’-(3’,5’-Dimethyl-S’,6’-dihydro-2’~-1’,4’-oxaxin-2’-onyI)]- 
bicycIoI2Allhept-2-7-one (lob). To a stirred solution of dihydrooxaxinone 9b (1.16 g, 4.16 mmol) in CH2Cl2 
(disdged from CaH2 and stored over 4 A molecular sieves, 36.1 ml) under Ar at -78Dc was added dmpwise via syringe &m&ylh 
bromide (Aldrich, 8.32 mmol as 5.54 ml of a 1.5 hi sohttion in CH2Cli). After stirring for 1 h at -78OC, the reaction wm qumw 
(20 ml of N@C@bqW ml of ‘IzIF) and worked up exactly as in the pmpamtitm of 1Oa (vi& supru). Flash chromatography (of 
040,t: 1 ethyl ~We-pentane) gave 817 mg (84%) of lob as a white solid which readily crystalhxed fmm ethyl acetat~cth~ as 
muug=nt. ~torles.9 prisms: mp 133-135% fR (REr): 2980.2960,2940,2900.1765 (s. GO, ketone), 1735 (s, GO, lactone). 
1640 (m. C=N), t455.1430,14lO.l205,1155, 1140.1125 (sh), 1040 (sh). 865,805,780,760.730 (sh), 550 cm-t; 1~ NMR 
(300 MHz, CDcI3): 8 1.17 (S. 3H. 5’CH3), 1.31-1.37 (dd, Jeans = 7.4 Hz, Jgem = 12.0 Ha, lH, end0 C6-H), 2.17-2.26 (ddd, 
Jax,l= 4.3 Hz, J& = 9.8 Hz, Jgem I 12.0 Ha, 1H. exe Gj-H), 2.23 (s, 3H. 3’-CH3). 2.43-2.49 (ddd, J5.4 = 3.1 Hz, Jtrans = 7.4 
H& Jcis = 9.7 Hx, 1H. C5-H). 2.%-2.98 (m. 1H. Cl-H), 3.05-3.08 (m. 1H. Cq-H), 4.10-4.13 (d, J I 11.5 Ha, 1H. C6-H), 4.21- 
4.25 (d, J = 11.5 Ha. 1H. cg’-H), 6.29-6.33 (ddd. J3.4 = 3.4 Ha. &is I 6.8 Hz, IH. C3-H), 6.53657 (ddd. 4J2,4 = 0.89 Hx.J2,1 
~3.8 Hz, Jcis = 6.8 Hx, 1H, C2-H); ‘H NMR decoupling experiments (300 MHx, CDc13): (a) hradiation of Q-H gave dccouphng 
at C2-H and ey) C6-H. as well as auylic decoupling at C3-H; (b) Irradiation dC$H showed decoupling at C3-H and C5-H, as well 
as allylic decoupling at C2-H, 13C NMR (100 MHz. CDC13): 8 21.58.22.02 (3’-, 5’-CH3); 25.46 (C6), 41.69 (C5); 46.58.48.72 
(Cl, C4); 58.45 (C5). 73.36 ((X20); 129.8, 132.4 (C2. C3); 155.5 (C=N). 157.6 (GO, lactone), 201.6 (GO, ketone); MS 
(FAB. 3-NCEA matrix): 234 W-I+, 73). 233 &I+, 36). 205 @f+ - CO, 39), 154 (100). 137 (89), 136 (85). 127 (59) 107 (44). 79 
(64). 77 (42); Anal. Calcd for Ct3Ht5N03: C, 66.94; H, 6.48; N, 6.00. Found: C, 67.00; H, 6.41; N, 5.93. 

(f)-N-rert -Eutyloxycarbonylalaniue (12). The procedure for introduction of the BOC protecting group employed here is 
essentially that of Bcdansky and Bodansk~.~~ To a ~ahttion of alanine (8.91 g. 100 mmol) in a mixture of aqueous NaOH (100 
mmol as 200 ml of a 0.5 M sohuion) and dioxane (100 ml) at 0°C was added di-rerl-butyl dicarbonate (24.0 g, 110 mmol) and 
StbriW contin~ for 30 min at room temperature. The reaction mixture. was then conccnhwcd to ca. 150 ml on a rotary evaporator. 
Ethyl acetate (360 ml) was added and, after being cooled to O“C, the solution was brought to pH 2.5 with aqueous KHS04 (300 
mM). After sepamdon Of the arganic hya the aQICous phase was extracted ollcc mom with ethyl acetatf? (300 ml) and the combined 
extracts dried over Na2SO4. I&mod Of the sokurt in vacua gave 17.1 g (90.5%) of 12 as a white solid which could be 
~statfized from hotethu to give tranSpannt. Wbhss needles: mp 1f19-ll1°C (tiL22 mp 110.5-111.5°c); 1H NMR (200 MHz, 
CUCb): 8 1.44 (s. 9H, t-butyl CH3). 1.40-1.44 (d. 3H, a-CH3). 4.25-4.40 (apparent quintet, lH, a-H), 5.0-5.2 (s, br, lH, NH), 
7.6-8.3 (s, br, IH, CO2I-I). 

(f)-2Wxopropyl N-terl-butyloxycarbonyIalaninate (13). In contrast to reports in the literature23 it was found that, at 
kit in this Case. delitkWi0n via an activated imidazdi& intelmediate uuceeds smoothlv at mom temuerature. and without addition 
of a strong base. To a solution of 12 (1.38 g, 7.30 mmol) in THF (&stilled from N&enxophenoue, 7.3 ml) was added NN- 
carbonyldiiidaaole (1.19 g. 7.30 mmol) whereupon vigorous CO2 evolution was observed. Stirring was continued for 30 min at 
morn tempemture under exclusion of moisture. l%eshly~distilkd hydmxyacetone (acetot) (509 pl, 7.30 mmol) was then added via 
syringe and the reaction mixture stirred 9 h at room temperatme. The solvent was evapomted in vacua and the residue partitioned 
between ether (150 ml) and H20 (50 ml). The ether layer was washed twice more with H20 (50 ml each time) to remove imidazole. 
The organic layer was dried oyec Na804 and then adsorbed directly on to silii gel and flash chmmatographed (gradient: 25%67% 
ethyl acemte/pentane) to afford 1.43 g (80%) of 13 as a white sohd: mp 66-69“C; lH NMR (200 MHZ, CDC13): 8 1.44 (s, 9H, I- 
butyl CH3). 1.45-1.49 (d, J = 7.2 Hz, 3H, a-CH3). 2.16 (s, 3H, COCH3). 4.334.48 (apparent quintet, IH. a-H), 4.57-4.65 (d. J = 
16.9 Hz. lH, CH20). 4.754.83 (d, J = 16.8 Hz. lH, CH20), 4.9-5.1 (s, br. 1H. NH). 

(~)-3,S-Dimetbyl-3,6-dihydro-2JY-1,4-oxazin-2-one (11). For a similar synthesis of this compound from the N-Cbz 
protected acetol ester of alanine see ref. 18. To solid 13 (300 mg, 1.22 mmol) was added a solution of 33% HEr in acetic acid 
(Fluka, 4.1 M, 3 ml, 12.3 mmol). Immediately, vigorous evolution of CO2 was observed. Stirring was continued for 40 min at 
room temperature, with exclusion of moisture. Ether (15 ml) was added and the reaction Oask cookxi to Ooc for 20 min to precipitate 
the desired ammonium hydmbmmide salt Thc salt was collected by vacuum tibmtion. washed with ether and dried on a high vacuum 
line (0.03 torr. 1.5 h) at O‘C. ‘fhe crude hydrobromide was suspended in CH2Cl2 (distilled from CaH2.15 ml) containing 4 A 
molecular sieves (Chemische Fabrik. Uetikon, Switzerland) and the suspension cooled to Ooc. Excess trimethylamine [prepad by 
liberation from the hydrochloride salt (Eastman) with aqueous 5 M NaOH at 70WC and condensation of the distillate at -78oC. 
stored over 4 A molecular sieves under or at -2ooc] was added under & via cannuta and stirring continued for 15 min. Precipitated 
trimethylammcoium hydmbromide was removed by tiltration and the solvent evaporated in vacua at O‘C. 
in ether and insoluble salts sepammd via filtration as before. 

The residue was taken up 
Removal of the solvent under reduced pressure at 0°C and drying on a 

high vacuum pump (0.03 torr, 40 min. Ooc) afforded 106 mg (68%) of 11 as a slightly yellow oil: IR (CHC13): 2960.2930.2880. 
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2&O, 1755 (s, C=O), 1675 (w. C=N), 1455. 1380,1170, 1130. 1100.1070. 1040 cm-l; lI-I NMR (200 MHz, CDCl3): 6 1.56- 

1.60 (d, J = 7.3 Hz, 3H. 3-CH3). 2.10-2.11 (d, 5J = 1.9 Hz, 3I-I. 5-CH3), 4.004.15 (qqt, 5J = 1.9 Ha, 5J = 2.0 Hz, J = 7.3 Hz, lH, 

C3-H). 4.82-4.83 (d. 5./ = 2.0 Hz. 2H. CH20); 13C NMR (75 MHa, CDC13): 6 18.34 (3-CH3). 22.55 (5-CH3). 54.60 (C3), 
69.13 (CH20). 164.8 (r&N), 169.7 (r&O); GC-MS: (Injector T: 21oOC. T gradientz 5&3OO“C at a rate of 1OVmin; solvent delay: 

0.45 min) retention time: 4.76-4.97 min. (3 runs); MS (EI): 127 (I@, 13). 84 (31). 83 (M+ - C@, 97). 69 (58). 68 (100). 56 

(65). 

Flash Vacuum Pyrolysis Experiments. 
The apparatus used for the tlash vzaxum pyrolysis experiments contained a quark py-rolysis tube (inner diameter = 2 cm, length = 22 
cm) and a rotatable cold fmger. It was similar to the appamtus displayed in reference 24. In the expexbnents described here (see Table 
2). the pyrolysis tube was stoppered with a small plug of glass wool and fllled with quartz Rasfzhig rings (inner diameter = 3 mm, 
length = 5 mm) and no carrier gas was used. Sample was placed in a magnetic “boat” and intmduced directly into the oven, after 
preheating, by means of an external magnet 

(a) Diastereomer 10a (Table 2, entry 4) 
A magnetic “boat” containing the rearrangement precursor lOa (50 mg, 0.21 mmol) was placed in a 10 ml round-bottom flask and 
the flask was connected directly to the pyrolysis tube. The apparatus was evacuated to 0.005 ton and the oven was preheated to 
6OOoC. The cold finger was cooled with liquid nitrogen and then the sample introduced directly into the oven. During the pyrolysis 
the 10 ml flask at the entrance to the oven was continuously heated with a hot air blower to prevent condensation in the flask. The 
pyrolysis was complete after ca. 12 min. A slightly yellow condensate was visible on the cold finger. The valve between the 
apparatus and the vacuum pump was closed, the cold finger rotated by 180’, and CH2Cl2 (2-3 ml) condensed directly on to the cold 
finger. Aftex allowing the liquid nitrogen ta evaporate,, luke warm water was poured into the cold finger and the solution of crude 
product collected in a flask positioned directly below the cold finger. The magnetic “boat” contained a small amount (0.6 mg) of 
black residue. The Raschig rings in the first third of the oven were visibly discolored (black). The crude product was 
chromatographed directly (CH2Cl2-MeOH 98:2) to yield a compound assigned strnctmz 14a (2 mg. 5%) in a fmt fraction (RfO.54). 
and product ll(3.4 mg, 12%) in a later fraction (RfO.14). 
For 14a: W-MS (Injector T: 21O“C; T gradient: 50-300°C at a rate of WC/min; solvent delay: 0.45 min) retention time 10.8 min; 
MS (EI): 205 (M+, 2.4). 127 (20). 91 (15). 82 (31). 79 (lOO), 77 (35). 
For 11: GC-MS (conditions as above) retention time 4.94 min; MS (EI): 127 (M+. 7.1), 84 (17). 83 @I+ - CO2, 100). 69 (32). 68 

(87). 56 (29); 1~ NMR (ux) MHz, CDC13): spectrum superimposable on the 1~ NMR spectrum of compound 11 obtained by 
independent synthesis (vide srcpra). 

(b) Diastereomer lob (Table 2, entry 8) 
The procedure for lob (50 mg, 0.21 mmol) was the same as for diastereomer 10a except that the pyrolysis was carried out at 400°C 
instead of 600°C. Following the pyrolysis, the magnetic “boat” contahxd a small amount (0.2 mg) of black residue. As before, the 
Raschig rings in the fmt third of the oven were visibly discolored (black). The crude product was chromatographed directly 
(CH2Cl2-MeOH 98:2) to yield a compound assigned structure 14b (1.9 mg. 4%) in a iirst fraction (RfO.63). and product 11(5 mg, 
18%) in a later fraction (RfO.21). 
For 14b: GC-MS (Injector T: 210°C, T gradient: 50-300°C at a rate of 10Wmin; solvent 

delay: 0.45 min) retention time 10.8 min; MS (EI): 205 (M+, 3.5). 127 (31). 91 (19). 82 (40), 79 (100). 77 (45). 

For 11: GC-MS (conditions as above) retention time 4.73 min; MS (RI): 127 (M+, 7.4). 84 (23). 83 (I& - CO2, 100). 69 (44). 68 

(93). 56 (39); lH NMR (Un, MHz, CDC13): spectrum superimposable on the 1H NMR spectrum of compound 11 obtained by 
independent synthesis (vi& supfa). 
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