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Abstract: The mechanism of the recently reported 1 SeO2 promoted oxidative rearrangement of 2-alkyl 
oxazolines was investigated. 13C labeling studies with la-2-13C showed that rearrangement proceeds by fission and 
migration of the C=N bond, not the C-C bond as first proposed. Oxidation-rearrangement of I proceeds by rapid SeO2 
promoted oxidation to 2-acyloxazoline 3 followed by slower rearrangement of 3 to oxazinone 2. The second order rate 
constant for the oxidation step for 2A-diphenyloxazoline lb  in 1,4-dioxane at 40 ° C was k 1 = 2.85 5:0.62 
x 10 -2 M-l.s q. The second and rate limiting rearrangement step (3b-~2b) had afirst order rate constant of k2 = 
1.15 + 0.09 x 10 -3 s -1 while the relatively low apparent energy of activation E A of 4.2 + 1.6 kcal-mo1-1 in the 
presence of 2.0 equiv of SeO2 suggests heterogeneous catalysis. The reaction is catalyzed by Lewis acids, including 
SeO 2 or small amounts of H20. A plausible mechanism is proposed involving Lewis acid activation and nucleophilic 
catalysis with H20. Copyright © 1996 Elsevier Science Ltd 

I n t r o d u c t i o n .  

The oxidative rearrangement  of 2-alkyloxazolines 1 with SeO21 in 1,4-dioxane (dioxane) 

provides a convenient  entry to 5,6-dihydro-2H-1,4-oxazin-2-ones 2 (referred to hereafter in this 

paper  as 'oxazinones ' )  and  also affords the only known route to s imple 3-unsubstituted 

dihydrooxazinones .  

1,4-dioxane, A / R 
Ph 72-94% / Ph 

1 L 3 

O 

R ,'yLo 

Ph 2 

Oxazinones  are useful  precursors for the synthesis of m-amino acids, 2-6 however,  3- 

u n s u b s t i t u t e d  oxaz inones  (2, R=H) have added versati l i ty as chiral electrophilic glycine 

equivalents.  The yields of the oxidat ion-rearrangement  were highest for 2-methyl- (1, R=H), 

benzyl-  (1, R=Ph) and neopentyl-oxazolines (1, R=t-Bu), but  the reaction failed completely with 

2-ethyloxazol ine (1, R=Me). The latter observations, together with other data 1 suggested a 

possible mechan i sm invo lv ing  carbon-carbon bond  migra t ion  and  correlat ion of reaction 

efficiency with migratory apti tude of the group attached at the (~-position of the 2-oxazoline. A 

mechan i sm was advanced  1 to explain the events leading to heterocyclic product  2 which 

involved  oxida t ion  to the pu ta t ive  acyl in termedia te  3 followed by r ing open ing  and a 

'n i t r i l ium-acyl ium'  ion rearrangement  (Scheme 1, path a). High migratory apti tude of R in the 

ni t r i l ium ion i would  promote rearrangement  to the acyl ium ion ii. Because of the synthetic 
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uti l i ty of this reaction, we were  interested in examining the mechanism in more  detail .  This 

paper  reports  isotopic labeling exper iments  and kinetic studies that prove  the mechanism does, 

indeed ,  p roceed  th rough  the in t e rmed ia te  3 but  without subsequen t  ca rbon-ca rbon  bond  

cleavage. Instead,  new evidence suppor t s  a mechanism involving Lewis acid cata lyzed ring 

opening  of 1 fol lowed by  C-N bond  cleavage, migrat ion and e l iminat ion to give 2 (Scheme 1, 

path b). Addi t ional ly ,  we provide  data  that the rate of the rearrangement  is accelerated by  Lewis 

acids or H20  and that this rearrangement  step is rate limiting. 

Path a 
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S c h e m e  1: Possible mechanisms of SeO 2 promoted oxidation-rearrangement of oxazoline 1 to dihydrooxazinone 
2. Steps in Path b may be under heteregeneous catalytic control and may or may not be concerted • = 
13C label, LA = Lewis acid. 

R e s u l t s :  

a) Labeling Studies: Rearrangement of (R)-2-methyl-4-phenyloxazoline-2-13C, l a .  

The most  useful examples  of the SeO2 promoted  ox ida t ion- rea r rangement  are p rov ided  

by react ion of the 2-methyloxazol ines  to give 3-unsubst i tu ted  oxazinones,  t The mechanism 

shown in Scheme 1 path a predicts  that the oxidat ion state of C2 will  be exchanged with  that of 

the (z-carbon (the 2- formyl  group)  in the pu t a t i ve  oxazol ine  i n t e rme d ia t e  3. The lat ter  

hypothesis  is easily testable by  13C labeling. [2-13C]-Oxazoline l a  (50 atom %) was synthesized by  

~" Benzoxazinones ('azacoumarins') are known in the literature. Synthetic methods for fused-ring oxazinone 
syntheses include condensation of glyoxylic acid with 2-aminophenols 7,8 and a novel NaOMe promoted ring 
expansion of o~,(z-dichloromethylbenzoxazole, 9 however, neither method has been applied to make simple 
monocyclic 3-tmsubstituted oxazinones 2. 
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condensation of acetic acid-l-13C with R-(-)-phenylglycinol using the one step procedure of 

Vorbri~ggen and Krolikiewicz 1° (CC14, Ph3P, CH3CN, 17%). 

O 
( R)-phenylglycinol /O SeOa II 

CH313COOH ~ ~e~, dioxane, a 
CCl4, PPh3, CH3CN N Ph 

Ph 
la  2a 

Treatment of a la  with 2.2 equiv SeO2 under standard conditions gave 2a (61%) after 

chromatography. A unimolecular rearrangement was evident because EIMS analysis of 2a 

showed retention of label (44+5 atom %, no inter-molecular exchange of label). Examination of 

the 13C NMR spectrum of 2a revealed that the enhanced signal was C2 (carboxyl), instead of C3 

as expected from the mechanism in Scheme 1, path a. The chemical shift of the C2 signal was 

unambiguously assigned in earlier work I from DEPT and 2D heteronuclear correlation 

spectroscopy. This labeling pattern is consistent, not with C-C bond fission and migration, but 

with retention of 13C label at the carboxylate and preservation of the oxidation state of oxazoline 

C2. A mechanism that is consistent with this finding must invoke fission of the C=N bond in 

oxazoline la, and subsequent migration of N to the formyl carbon in presumed 3 (R=H). 

b) Oxidative Rearrangement (1 --~ 2): Intermediacy of 2-acyloxazoline 3. 
The oxidation-rearrangement proceeds well for a variety of oxazolines, but we chose to 

investigate the kinetics of conversion of lb  to 2b because under the reported standard conditions 

(100 °, 2.2 equiv SeO2, anhydrous dioxane) the yield is high (94%) and both starting material and 

product could be followed conveniently using HPLC with UV detection (~ 254 nm). Previous 

experiments under standard conditions (100°C) failed to detect intermediate 3, even after only a 

few minutes. However, when the reaction temperature was lowered to 40°C, a less polar 

intermediate appeared rapidly and increased in concentration at the expense of lb. When the 

reaction was run again on larger scale and stopped after 26 rain, a less-polar intermediate was 

isolated by HPLC (9%) and determined to be the 2-acyloxazoline 3b by spectroscopic means. The 

formula of 3b, C16H13NO2, isomeric with product 2b, was secured from EIHRMS. The UV 

spectrum of 3b showed a strong chromophore (Krnax 258, E 10,200) associated with a substituted 

acetophenone. The 13C NMR spectrum revealed that the (z-methylene carbon found in lb  was 

replaced in 3b by a signal due to a conjugated C=O (5 183.4 ppm, s). Finally, the structure was 

confirmed by independent synthesis of 3b by autoxidation of lb  (02, Cu(myristate)2, benzene, 

17% isolated, 25% based on recovered starting material). 

Heating 3b in dioxane at reflux (100°C) in the absence of SeO2 for 19 hours produced no 

change, however, when the reaction was repeated with 2 equiv SeO2 rapid conversion to 2b was 

observed. While SeO2 is required for the oxidation of l b  to 3b, the function of SeO2 in the 

rearrangement of 3b to 2b appears to be that of a Lewis acid catalyst. Efficient conversion of 3b to 

2b was catalyzed by the presence of 2 equiv or less of SeO2 (see below), while 2-acyloxazoline 3c, 
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prepared  by  autoxidat ion of oxazoline lc  (38%), could be smoothly  converted to 2c by  0.15 equiv 

of either SeO2 (77%) or freshly disti l led BF3.Et20 (88%) in refluxing dioxane. 

0 

Ph N - -  benzene, O2,5811 p BF3.Et20, A 
R (25-,38%) R (77-88%) N . . ~  

/ 

l b R =  Ph 3 b R =  Ph R 2 b R =  Ph 
lc  R =/-Pr 3c R =/-Pr 2c R =i-Pr 

Thus, SeO2 serves the dual  roles of oxidant  and Lewis acid catalyst  in the oxazol ine-oxazinone 

convers ion .*  Whi le  BF3*Et20 ca ta lyzed  rea r rangement  was  most  in t r iguing ,  we restr ic ted 

further  kinetic s tudies  to the SeO2 cata lyzed react ion because  it was most  re levant  to the 

rearrangement  step in 1 --~ 2. 

c) Kinetics of Oxazoline-Oxazinone Rearrangement (3--~2) 

Assuming  that  the mechanism is the same for 2-acyl der ivat ives  3 (R=alkyl,  aryl,  etc) 

other than 3a we examined  the mechanism in more  detail  by measur ing  kinetics of the both 

ox ida t ion  and  r e a r r a n g e m e n t  s teps  us ing  3b.  O x i d a t i o n - r e a r r a n g e m e n t  of l b  at lower 

t empera tu re  (40°C) af forded us the oppor tun i ty  to s tudy  the course of the react ion in some 

detail  as the d isappearance  of start ing material  and appearance of both the acyl in termediate  3b 

and the final p roduc t  2b were  slow enough to be easily moni tored  by  HPLC. Reactions were  

ini t iated under  N2 a tmosphere  at controlled tempera ture  (oil bath) by add ing  solut ions of 1 in 

anhydrous  dioxane to rapid ly  st irred mixtures of SeO2 in the same solvent  (final concentrat ion 

of 1, 0.060-0.061 M). Aliquots  of the reaction mixture were  sampled  at var ious  t ime intervals  

after init iation and analyzed by HPLC (Dynamax 811 silica, EtOAc:n-hexane). Concentrat ions of 

l b ,  2b and 3b in each sample  were de te rmined  by integrat ion of peak  areas in the respect ive 

chromatograms  and compar ison  with s tandard  curves or by  s t andards  add i t ion  to ind iv idua l  

samples.  Both analyt ical  methods  gave comparable  results. Calculat ions of initial  rates were 

done using only the first four t ime points  (_< 10 min), and rate constants k were  calculated from 

integrated rate equations (Table 1). 11 

Apprec iable  conversion of l b  to 3b was observed within the first minute  of the reaction at 

40°C wi th  l i t t le  or  no a p p a r e n t  induc t ion  pe r iod  (Figure  1). P r o l o n g e d  reac t ion  was  

accompan ied  by  a decl ine in the concentra t ion of l b ,  fol lowed by an initial  rise in 3b,  the 

appearance  of 2 and a concomitant  decrease in the concentrat ion of 3b as l b  was  deple ted .  

Consumpt ion  of l b  was shown to be second order  with respect to SeO2 and l b ,  and the second 

order  rate constant  kl of the first step (oxidation of l b  --> 3b) was es t imated  from the rate of 

When less than 2.2 equivalents were used (eg. 1.0 equiv.) incomplete reaction was observed. It is therefore clear 
that a minimum of 2 equivalents of SeO2 are required for complete conversion as expected from the required 
stoichiometry of the SeO2 oxidation step. The excess over the stoichiometric amount used in standard reaction 
conditions (0.2 equiv) ensures Lewis acid is always present, even at completion of oxidation, however, we cannot 
exclude the possibility that unidentified reduced Se containing byproducts also catalyze the reaction. 
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consumpt ion  of 1 to be k 1 = 2.85 x 10 -2 M-l.s -1 at 40"C. t The rate constant  for conversion of 

3b--)2b could not  be reliably measured from this time course data for two reasons. First, the rate 

of appearance of 2b was dependent  upon  the concentration of 3b, which in turn  was dependent  

upon  the amoun t  of conversion of l b l > 3 b .  Second, the rear rangement  step (3b--)2b,  rate 

constant  k2) was found to be catalyzed by SeO2 (see below), the concentrat ion of which also 

varied with time. Instead, we calculated k2 by carrying out separate experiments in which pure 

3b was subjected to the same reaction condit ions,  bu t  in the presence of a fixed SeO2 

concentration (2.0 equiv, -0.11 M). 

0.061 

~ 0.04" 

8 
0.02" 

0.001 
0 4000 

Oxazoline I b 
A 2- Acyloxazoline 3b 

1000 2000 3000 
Time (s) 

Figure 1: Time course of SeO2 promoted oxidation-rearrangement of oxazoline lb to oxazinone 2b in 1,4-dioxane. 
Initial [SeO2] ~ 0.11 M, T = 40 ° C. 

Thefirst order rate constant of the rearrangement step 3b--~2b was calculated as k2= 1.15 × 

10 -3 s -1 (40* C and 0.11 M SeO2) and, therefore, mus t  be the slower, rate l imi t ing step of 

oxidat ion-rearrangement .  As no other intermediates could be detected under  these reactions 

conditions, we propose that the simplest sequence of events is rapid SeO2 promoted oxidation 

of I to 2-acyloxazoline 3 followed by a slower rearrangement of 3 to oxazinone 2. 

d) Effect of Se02 
SeO2 is an appreciable Lewis acid and  catalyzes the convers ion of 3b to 2b.  The 

dependence of k2 upon  [SeO2] was examined in reaction time courses conducted in the presence 

of varying amounts  of SeO2. Rearrangement of 3b was promoted by 1.0 equiv of SeO2 (k2 = 7.7 x 

10 -4 s -1 at 40°C) while  2.0 equiv SeO2 almost doubled the rate (k2 = 1.15 x 10 -3 s -1) unde r  

otherwise identical  conditions.  It is not  clear whether  second order kinetics or ' saturat ion 

kinetics' characteristic of catalysis are followed in the latter case because of the heterogeneous 

f Strictly, this may be pseudo second order because at high SeO2 concentrations lb-+ 2b, 3b is a heterogeneous 
reaction. 
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nature  of the react ion - SeO2 is only  spar ing ly  soluble in anhydrous  d ioxane  and does not  

appear  to dissolve complete ly  at higher  concentrations. 

e) Effect of Temperature 
The effect of t empera ture  of the rearrangement  of 3b to 2b was invest igated by  carrying 

out the reaction at different  tempera tures  (Figure 2). Predictably,  the reaction was s lowest  at 

room tempera tu re  26°C (k2 = 1.1 x 10 -3 s -1) and fastest at 100°C (k2 = 3.9 x 10 -3 s-l). A simple 

Arrhenius  plot  11 of rate constants,  k2 measured  at different tempera tures  p rov ided  an apparent 
Arrhen ius  ac t iva t ion  energy  of EA = 4.2+1.6 kcal.mo1-1 for the r ea r r angemen t  s tep in the 

presence of 2.0 equiv SeO2. 

Entry Starting Material Initial Rate Rate constants k 

and initial conc. (M) (M.s  -1) (+ uncert.) (s -1) 

lb  I 0.060 

3b 0.053 

3b 0.053 

3b 0.053 

3b 0.053 

3b 0.053 

3b 0.053 

3b 0.055 

lb  0.061 

Product Equiv Equiv Temp. 

H20  SeO2 (°C)  

2b, 3b 2.2 40 

2b 1.0 40 

2b 2.0 26 

2b 2.0 40 

2b 2.0 58 

2b 2.0 79 

2b 2.0 100 

2b 1.0 2.0 40 

2b, 3b 1.0 2.2 40 

9.6 x 10 -5 2.85 a (0.62) x 10 -2 

2 .2x 10 -5 7.70 (0.93) x 10 -4 

2.9 x 10 -5 1.10 (0.12) x 10 -3 

3.3 x 10 -5 1.15 (0.09) x 10 -3 

4.8 x 10 -5 1.60 (0.26) x 10 -3 

8 .1x 10 -5 3.21 (0.31) x 10 -3 

8.1 x 10 -5 3.90 (0.24) x 10 -3 

6.9 x 10 -5 3.40 (0.78) x 10 -3 

2.2 x 10 -4 8.13 a (_)bx 10 -2 

Table 1: Compilation of initial rates of reaction and rate constants for SeO2 promoted reactions of l b  or 3b in 
anhydrous dioxane. Rates were calculated based on consumption of I or 3. Initial rates were es t imated  from 
slope (d[x]/dt where x is l b  or 3b) over the first 10 minutes of reaction. Rate constants are first order for 
3b---~2b and second order for lb--~3b. Rate constants, k's, and uncertainties were determined as described in 
the Experimental. a k l  second order rate constant, units M -1.s-1; b Estimate only, N=3 data points. 

f) Effect of added H20o 
The rea r rangement  of 2-acyl oxazolines appears  to require  Lewis acid ca ta lyzed  r ing 

opening with  the possibi l i ty  that the two oxygen atoms in the star t ing mater ial  are preserved in 

p roduc t  (un imolecu la r  reaction).  In the absence of ev idence  for the i nvo lvemen t  of an 

inc ip ient  n i t r i l ium ion i (Scheme 1, path a), the poss ib i l i ty  was  cons ide red  that  H 2 0  or a 

nucleophi l ic  Se b y p r o d u c t  might  be involved in an addi t ion-e l imina t ion  at the same t ime as 

ring opening.  Al though the reaction was carried out  wi th  anhydrous  solvent,  it is conceivable 

that H 2 0  m a y  be genera ted  by  d i spropor t iona t ion  or e l iminat ion  of the 'H2SeO' equ iva len t  

fo rmed dur ing  the oxida t ion  step. The effect of small  amounts  of a d d e d  wa te r  w o u l d  be 
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expected to accelerate the reaction, and, indeed, the rate constant increased when the 

rearrangement of 3 b ~ 2 b  was carried out in the presence of 2.0 equivalents of SeO2 and 1.0 equiv 

of added H20  (k2 = 3 .4  x 10 -3 s-l). Nucleophilic catalysis with H20  is necessary and sufficient to 

account for this rate increase, however, SeO2 may also undergo hydration in the presence of 

H20. The product, H2SeO3, is an appreciable Brensted acid (pKal 2.62, pKa2 8.3212) and may also 

participate in general acid catalysis of the reaction. While the initial rate of appearance of 2 was 

enhanced by added H20, prolonged reaction times resulted in loss of product and starting 

material, presumably due to competing irreversible hydrolytic ring opening of the H 2 0 -  

sensitive oxazoline and oxazinone. 

-5.5 ~ 

-6.0 

_c 

-6.5. 

0.0026 0.0028 0.0030 0.0032 0.0034 
1/'1" 

Figure 2: Temperature dependence of the first order rate constant k2 for rearrangement 3b --~ 2b 
in 1,4-dioxane in the presence of 2.0 equiv of SeO2. 

D i s c u s s i o n .  

The mechanism of SeO2 promoted oxidative rearrangement of 2-oxazolines involves 

oxidation of the (z-carbon to carbonyl followed by Lewis acid catalyzed ring opening and 

migration of the nitrogen to the newly formed (z-carbonyl. Formally, this must  involve 

fragmentation of the oxazoline ring to an ester by departure of an amino group rather than 

convent ional  leaving group  OR. The relatively low apparent act iva t ion  energy  

of EA = 4.2 kcal-mo1-1 (Figure 2) strongly suggests a mechanism limited by one or more transport 

processes (diffusion, chemiadsorption,  desorption, etc.) as is typically found in some 

heterogeneous catalytic reactions. 13"14 While this points to a catalytic mechanism that could be 

occurring on the surface of SeO2, we cannot conclude more without additional experiments. 

Nevertheless, at 40 ° C the rate constants (Figure 1 and Table 1) show the rate limiting step 

under  these conditions is intramolecular rearrangement  3b--~2b, but the observed rate 

enhancement with H20  also militates for simultaneous nucleophilic catalysis. 

A possible sequence of elementary reactions for the rearrangement that is consistent with 

these observations is presented in Scheme 1, path b. Some or all of these reactions may occur at 
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the surface of solid phase SeO2. Activation of the nitrogen on the oxazoline ring by Lewis acid 

(SeO2) is followed by addition of trace H20 (for example, adsorbed on hygroscopic SeO2) at C2 of 

oxazoline, generating a tetrahedral intermediate, ortho-amide iii that collapses by protonation 

of the c~-carbonyl and migration of N to the c~-carbonyl giving aminal iv. The latter 

intermediate eliminates H20 to provide the final product 2. 

Essentially the proposed sequence in Scheme 1 path b is Schiff base formation between 

the newly created carbonyl group and an amino group liberated by cleavage of the oxazoline 

ring. The latter appears to be initiated by nucleophilic attack by trace H20. Displacement of the 

amino group rather than hydroxyl is the usual path for cleavage of oxazolines by aqueous acid 

(55 M H20) 15 or under certain conditions with strong nucleophiles 16 although this may not be 

so under anhydrous conditions with other Lewis acids. In the conversion of 3b to 2b, under 

almost anhydrous conditions the weak nucleophile H20 apparently still prevails, again with 

displacement of the amino group. Several factors probably contribute to this preference, for 

example preferential Lewis acid activtion of the more basic nitrogen, ring-strain relief by 

opening of the oxazoline and facile 1,2 nitrogen migration-elimination, assisted by 

intramolecular H-bonding in iii to produce the stable conjugated heterocycle 2. 

The intermediates iii and iv are not observed in solution during the time frame of the 

present experiments. If path b is correct, the intermediates may be transient or bound 

(covalently or non-covalently) at the surface of solid SeO2. Trapping experiments may help to 

resolve this issue, however, at this point we cannot divine further aspects of the mechanism. 

An attractive experiment that would clarify the mechanism would utilize as starting material 

3b labeled with 180 in the acyl group. Loss of 180 label would support path b, whereas retention 

of label would argue against the H20 elimination step iv---~2b. Alternatively, monitoring the 

reaction in the presence of H2180 by appearance of 180 label in 2b may further elucidate the 

possible role of water catalysis. 

Conclusion.  

We have shown that the SeO2 promoted oxidation-rearrangement of oxazolines proceeds 

via Lewis acid catalyzed ring opening and C=N bond fission and migration rather than the 

earlier proposed C-C bond cleavage. The intermediacy of 2-acyloxazoline 3 is proven while 

Lewis acid activation of the oxazoline nitrogen followed by nucleophilic catalysis in ring 

opening is invoked to explain observed trends in reaction rates and the outcome of 13C labeling. 

The low apparent energy of activation EA (4.2 kcal.mo1-1) suggests that the rearrangement of 3 to 

2 is under control of heterogeneous catalysis by solid SeO2 and the rate is limited by transport 
processes. 
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Experimental Procedure. 

General 

All solvents were distilled before use. In particular, 1,4-dioxane (dioxane) was distilled 

immediately before use from Na-benzophenone ketyl. Silica chromatography was carried out 

using 43-60 I1 silica (EM Merck), TLC was conducted on 0.2 mm plates coated with silica 

impregnated with a fluorescent indicator. 1H and 13C NMR measurements made at 300 MHz 

and 75 MHz, respectively, and the spectra referenced to internal residual solvent signals CHC13 

(6 7.26 ppm for 1H and 77.00 ppm for 13C). 13C signal multiplicities were determined from DEPT 

experiments and are listed as CH3, CH2, CH or C (quaternary). Class A analytical volumetric 

flasks were used in the kinetic studies. 

(4R)-2-Methyl-4-phenyl-4,5-dihydrooxazole-2-13C (la) 

Triphenylphosphine (2.58 g, 9.84 mmol) was added to a solution of acetic acid (0.1 ml, 1.75 

mmol), [1-13C]acetic acid (99 atom%, 0.1 ml, 1.72 mmol) and acetonitrile (7.5 ml). The reaction 

solution was cooled to 0°C, and CC14 (3.2 ml, 33.2 mmol) was added dropwise. After stirring for 

2h at 0°C, a solution of (R)-(-)-2-phenylglycinol (0.4019 g, 2.93 mmol), Et3N (1.6 ml, 11.5 mmol) 

and acetonitrile (12.5 ml) was added dropwise. After 20 min, the ice bath was removed, and the 

reaction stirred at room temperature for 14 h. The reaction mixture was filtered, and the filter 

pad washed with EtOAc. The solvent was removed under reduced pressure leaving a brown 

solid which was purified by column chromatography (2.5 x 30 cm; 1:5 EtOAc:n-hexane to 2:3 

EtOAc:n-hexane) to give la  as a yellow oil (0.0812 g, 17%). 1H NMR (300 MHz, CDC13) ~ 2.09 (s, 3 

H), 4.07 (m, 1 H), 4.59 (m, 1 H), 5.16 (m, 1 H), 7.30 (m, 5 H); 13C NMR (CDC13) 6 13.8 (CH3, 1Jc-c = 

58.6 Hz), 69.6 (CH), 74.5 (CH2), 126.4 (CH), 127.4 (CH), 128.6 (CH), 142.3 (C), 165.6 (C x 68 times 

enhanced intensity). The nominal isotopic purity, determined from dilution of acetic acid-13C 
was -50 atom % [2-13C]. 

(5R)-5-Phenyl-5,6-dihydro-2H-1,4-oxazin-2-one-2-13C (2a) 

A solution of (4R)-2-methyl-4-phenyl-4,5-dihydrooxazole-2-13C (la, 0.0379 g) in dioxane (3 ml) 

was added to SeO2 (0.0623 g, 0.56 mmol) in 2 ml of dioxane. The mixture was stirred under 

reflux for 45 min, cooled, and filtered through silica gel with 1:1 EtOAc:n-hexane. The solvent 

was removed under reduced pressure to give a red oil (0.0340 g) with some red precipitate. The 

crude material was purified by HPLC (silica, Dynamax, 3:7 EtOAc:n-hexane; 3 ml-min -1) to 

provide pure 2a (61%). 1H NMR (300 MHz, CDC13) 6 4.29 (m, 1 H), 4.59 (m, 1 H), 4.92 (m, 1 H), 

7.37 (m, 5 H), 8.06 (dd, 1 H, J = 3.0 Hz, 2JC_H = 14.6 Hz); 13C NMR (CDC13) 8 59.9 (CH, 3Jc_c = 10.0 

Hz), 71.0 (CH2), 127.0 (CH), 128.5 (CH), 129.0 (CH), 136.0 (C), 153.2 (CH, 1Jc_ C = 59.1 Hz), 154.0 (C x 

21 enhanced intensity, 1Jc_ C = 59.1 Hz, C2); LRCIMS found m/z 177.15 (MH+I, 53%), 176.20 

(MH +, 47%) C10H10NO2, 13C1C9H10NO2. 13C isotopic purity estimated from MS (44+5 atom %). 

(.q:)-2-Benzoyl-4-phenyl-4,5-dihydrooxazole (3b) 

Method A: A solution of (+)-2-benzyl-4-phenyl-4,5-dihydrooxazole (lb,  1 0.5001 g, 2.14 mmol) in 

dioxane (5 ml) was added to SeO2 (0.5157 g, 4.65 mmol) in 16 ml of dioxane. The mixture was 
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heated at 40°C for 26 min, cooled, and filtered through silica gel with 1:1 EtOAc:hexane. The 

solvent was removed under reduced pressure to give 0.3649 g of a yellow oil with red 

precipitate. The crude material was dissolved in EtOAc:n-hexane, centrifuged and the 

supernatant separated by HPLC (silica Dynamax 3:7 EtOAc:n-hexane, 3.0 ml-min -1) to obtain 3b 

(9%), recovered starting material l b  and oxazinone 2b. Method B: To a rapidly stirred solution 

of oxazoline lb  (0.5000 g, 2.22 mmol) in benzene (50 ml) was added copper (II) myristate (0.0462 

g, 0.089 mmol). The flask was repetitively evacuated and purged with 02 and left under one 

atmosphere of 02 for 58 h with continuous stirring. Removal of the solvent under reduced 

pressure and purification of the crude product by column chromatography (silica gel; 1:4 methyl 

t-butyl ether:n-hexane) provided 3b (oil, 93.8 mg, 17% total, 25% based on recovered starting 

material) and starting material. UV (CH3CN) ~. 258 (e 10,200); IR (NaC1, neat) 1737 (PhC=O), 1668 

cm °1 (C=N); 1H NMR (300 MHz, CDC13) 8 4.33 (dd, 1 H, ] = 8.8, 8.5 Hz), 4.83 (dd, 1 H, J = 10.5, 8.8 

Hz), 5.53 (dd, 1 H, l = 10.5, 8.5 Hz), 7.40 (m, 7 H), 7.61 (m, 1 H), 8.35 (m, 2 H); 13C NMR (CDC13) 8 

70.9 (CH), 74.4 (CH2), 126.7 (2 x CH), 128.4 (CH), 128.9 (2 x CH), 130.6 (2 x CH), 134.3 (2 x CH), 134.7 

(C), 140.7 (C), 160.1 (C), 183.4 (C); HREIMS found m/z 251.0940 (M+), C16H13NO2 requires 

251.0946. 

(4S)-2-(Benzoyl)-4-(1-isopropyl)-4,5-dihydrooxazole (3c) 

The title compound 3c was prepared by autoxidation (Method B, above) of lc  1 (38%). [C~]D = 

-57.1 ° (c 1.89, CHC13); UV (CH3CN) X 221 (e 2420), 257 (~ 11100), 339 (e 110); IR (NaC1, neat) 1678 

(PhC=O), 1634 cm -1 (C=N); 1H NMR (300 MHz, CDC13) 8 0.99 (d, 3 H, J = 6.7 Hz), 1.06 (d, 3 H, J = 

6.7 Hz), 1.94 (dq, 1 H, l = 6.7 Hz), 4.21 (m, 2 H), 4.46 (dd, 1 H, J = 9.2, 7.8 Hz), 7.48 (m, 2 H), 7.62 (m, 

1 H), 8.30 (m, 2 H); 13C NMR (CDC13) 6 18.3 (CH3), 18.9 (CH3), 32.6 (CH), 70.1 (CH2), 73.6 (CH), 

128.4 (CH), 130.6 (CH), 134.1 (CH), 134.8 (C), 159.1 (C); HREIMS found m/z 217.1101 (M+), 

C13H15NO2 requires 217.1103. 

Preparative Synthesis of 2c by Rearrangement of 3c with Catalytic Lewis Acid Method A: A 

solution of 3c (26.5 mg, 0.122 mmol) in dioxane (1 ml) was added to SeO2 (2.0 mg, 0.018 mmol, 

0.15 equiv) in dioxane (1 ml). The mixture heated to reflux for 1 h, cooled and centrifuged. The 

yellow supernatant was filtered through a plug of silica gel, and concentrated under reduced 

pressure to a yellow oil of pure 2c (20.5 mg, 77%), identical by 1H and 13C NMR with authentic 

material. 1 

Method B: A solution prepared by diluting BF3-Et20 in anhydrous dioxane (final conc. BF3 

conc. 1.63 M, 13 ~tl) was added to a stirred solution of 3c (30.4 mg, 0.140 mmol) in dioxane (1.5 

ml). The mixture was heated to reflux for 1.5 h, cooled, and treated with pyridine (5 ~tl). After 

stirring for 15 min, the mixture was filtered through silica gel and concentrated under reduced 

pressure to give a yellow oil of 2c (26.8 mg, 88%). 

Copper (II) myristate, Cu(C13H27CO0)2 
Potassium hydroxide (10 mmol) was added to a solution of myristic acid (tetradecanoic acid, 10 

mmol) in ethanol (50 ml) and poured slowly into an aqueous solution of CuSO4 (20 mmol) in 
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H20 with constant stirring. The resultant gelatinous precipitate was filtered, air dried under 

suction then dried under high vacuum at 56°C overnight, and the product Cu(C13H27COO)2, a 

light blue powder, was used without further purification. 

Kinetic Studies: Standard Reaction Conditions and Analvtical Methods 

Concentrations of lb ,  2b, and 3b were assayed using HPLC with UV detection using a Rainin 

Rabbit HP pump (25 ml-min -1 pump head) coupled to a Dynamax silica column (8~, 250 x 10 

mm), EtOAc:n-hexane mobile phase (3.0 ml.min -1) and an ISCO UA-5 detector (~ 254 nm filter). 

For analysis of 2b and 3b, solvent A (3:7 EtOAc:n-hexane) was used, while analysis of lb  was 

carried out using solvent B (1:1 EtOAc:n-hexane). Peak areas were measured using a Hewlett 

Packard HP 3394 integrator. HPLC injections (50 ~tL) were made with a Hamilton 100 ~tL syringe 

such that the maximum absorbance was < 1.0 AU. Retention times of the relevant compounds 

are listed as follows: Compound (retention time in solvent A, min ; retention time in solvent 

B, min): lb  (18.52; 10.62), 2b (8.47; 6.81), 3b (9.58; 7.28). The following control experiment is 

representative of standard reaction conditions and analysis of the reaction time course. A dry 15 

ml two neck round bottom flask, fitted with a reflux condensor and a rubber septum, was 

purged with dry nitrogen and charged with anhydrous dioxane (6.0 ml) and SeO2 (0.1035 g, 0.933 

mmol). The mixture was equilibrated with stirring for 10 min at 40°C (oil bath) followed by 

addition of a standard solution of 2-benzyl-4-phenyl-4,5-dihydrooxazole (lb, 0.423 M, 1.00 ml, 

0.423 mmol, final conc. 0.060 M) in dioxane. The color of the reaction mixture immediately 

change to an opaque orange. Aliquots (0.100 ml) of the mixture were removed with a calibrated 

syringe at the following time points: t = 1, 5, 10, 15, 30, 45 and 60 min. Each aliquot was 

immediately eluted through a small pipet column containing silica gel (height ~ 1 cm) with 

dioxane and the eluate made up to 2.00 ml in a volumetric flask. The samples were analyzed by 

HPLC as described above. The initial concentration of lb  (0.060 M, t=0) was calculated from 

dilution of the standard solution at initiation of reaction. Concentrations in the reaction 

mixture at subsequent time points were determined by comparison of peak areas from sample 

HPLC chromatograms (see above) with those of standard curves prepared for lb -3b  and 

corrected for dilution (see Table 1). In one run, use of the standards addition method to 

monitor oxidation of lb  at 40 ° C gave essentially the same results. 

Assignment of second and first reaction orders were made by linear fit to plots of 0.5x 

[lb] -1 vs. t (factor of 0.5 accomodates 1:2 stoichiometry of lb:SeO2) and In [3b] vs. t, respectively 

(N = 6-7 sample points, correlation coefficient R > 0.95). 11,17 Rate constants were calculated from 

the slopes of the corresponding linear regression plots and uncertainties were derived from 

standard deviations of linear regression 18 (1.94-2.0 (~, student t distribution, 19 90% confidence). 

i. Rearrangement of 3b to 2b. Standard Conditions, T ° Dependence and EA. 

Reaction time course was followed as above, only the starting materials were 2-benzoyl-4- 

phenyl-4,5-dihydrooxazole (3b, 0.0399 g, 0.159 mmol) in 1,4 dioxane (total 3.00 ml, initial 

concentration of 3b, 0.053 M) and SeO2 at 40°C (oil bath). The reaction mixture remained clear 
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throughout  the time course and aliquots (0.100 ml) were sampled as described above. Kinetic 

measurements  were  repeated at 26 °, 58 °, 79 ° and 100°C (see Table 1) and the apparent  

Arrhenius activation energy E A = 4.2 + 1.6 kcal.mo1-1 calculated from the slope of In k2 vs T-1.17 

ii. Effect of H20  

A stirred mixture of dioxane (2.00 ml) and SeO2 (0.0368 g, 0.332 mmol,  2.2 equ) was 

equilibrated in an oil bath at 40"C under N2. After 10 min, l b  (0.0417 g, 0.1661 mmol) in dioxane 

(1.00 ml) and 3.0 I11 of H20  (0.17 mmol) were added simultaneously (initial concentration of lb ,  

0.055 M). The reaction mixture remained clear throughout  the reaction. Aliquots (0.100 ml) of 

the reaction mixture were sampled and measured as described above (see Table 1). 

iii. Effect of Se02 Concentration 

Reaction time course of 3b--~2b was monitored under the same conditions as before, only 

with the addition of 1.0 or 2.0 equivalents of SeO2 (see Table 1). 
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