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Diasteroomeric pairs of carbamates (4a, b-26a, b) were synthesized and separated chromatographically on a pre- 
parative scale. These carbamate diastereomers display a correlation between structure, stereochemistry, and elu- 
tion order. In addition, consistent NMR spectral differences observed between pairs of diastereomers correlate 
with established stereochemistry. These spectral correlations, Eu(fod)s gradients, and “acylation shifts” indicate 
that the carbamate diastereomers uniformly show a preference for solution conformations 2a and 2b. The popula- 
tion of these conformations in solution appears related to the origin of the chromatographic separability of the dia- 
stereomers and a rationale for this relationship is presented. All of the diastereomeric carbamates so investigated 
show evidence of a dynamic equilibrium between the E and 2 (2:E N W10) rotamers at 220 MHz and 27 “C in the 
presence of Eu(fod)s. The possible effect of such an equilibrium on the chromatographic separability of these dia- 
stereomeris is discussed. 

We recently reported’ the resolution of 2,2,2-trifluoro-l- 
(1-naphthyl)ethanol, a useful chiral solvating agent, via the 
automated multigram chromatographic separation2 of dia- 
stereomeric Carbamate derivatives. In this paper, we address 
ourselves to the reasons underlying the chromatographic 
separability of this and other structurally similar carbamate 
diastereomers. 

On the basis of our own work and the pioneering efforts of 
others, we feel that most “first time” resolutions of enantio- 
mers will soon be effected almost solely by liquid chromato- 
graphic techniques. Historically, the usual approach to reso- 
lution has involved an empirical search for a chiral derivatizing 
agent (CDA) that will convert the racemate into a mixture of 
diastereomers separable by fractional crystallization.3 This 
approach can be time consuming, inefficient in overall yield, 
and may provide but one enantiomer in appreciable (but 
possibly uncertain) optical purity. In contrast, the chroma- 
tographic behavior of many diastereomers will follow sys- 
tematic rules that, once understood, will allow rational se- 
lection of CDA that afford predictable separations of the di- 
astereomers. The widely held view that liquid chromatography 
is a cumbersome method for effecting preparative scale sep- 
arations is obsolete; our recent give a clear portent 
as to the future of large scale chromatographically effected 
resolutions. Apart from their potential predictability, chro- 
matographic resolutions will generally afford both enantio- 
mers in high yield and high optical purities. Finally, CDA of 
known absolute configuration potentially provide information 
concerning the absolute configurations of the derivatized 
solutes through differences in the spectral and chromato- 
graphic properties of the diastereomeric derivatives. 

Results a n d  Discussion 
Chromatographic Behavior. The diastereomers derived 

from reaction of alkylarylcarbinols with chiral 1-(1-naph- 
thy1)ethyl isocyanate4 (1) are generally separable on a pre- 
parative scale by chromatography on alumina with benzene 
(Table I). In the present instances, we observe a correlation 
between structure, stereochemistry, and elution order of these 
diastereomers. The stereochemistry of the diastereomers 
entered in Table I has been determined by hydrolysis of the 
separated diastereomers and determinations of the absolute 
configuration of tHe liberated alcohols. We also note consistent 
NMR spectral differences between diastereomers that cor- 
relate with stereochemistry and thereby suggest uniform 
conformational behavior for these carbamates. 

A recent NMR studf of esterlike derivatives of secondary 

alcohols similar to those presently employed discusses the use 
of “acylation shifts” and Eu(fod)s gradients to  support car- 
binyl hydrogen bonding (CHB) as an effective agent for con- 
formational control. As a consequence of CHB, the carbamate 
conformations (or their weighted time-averaged equivalenta) 
depicted in 2a and 2b are thought to be substantially popu- 
lated in nonpolar solvents. These conformations account for 
the consistent chemical shiftfdifferences observed (Table I) 
between the methyl doublets of diastereomeric pairs 4a,b- 
21a,b, as well as the correlation of the sense of this chemical 
shift difference with known stereochemistry. Owing to  the 
shielding effect of the cis aryl group, the methyl doublet res- 
onance of 2b occurs upfield to that of 2a. T o  avoid continual 
recourse to stereochemical convention, these carbamate dia- 
stereomers are designated as “erythroid”, 2a, and “threoid”, 
2b. These depicted conformations also represent a useful 

H H 
2a erythroid 2b threoid 

initial vantage point for consideration of the observed corre- 
lations between structure, stereochemistry, and elution order 
as well as the NMR-stereochemical correlation. Although a 
more detailed conformational discussion is subsequently 
presented, we presently point out that the natures of the alkyl 
and aryl substituents appear to play but secondary roles in 
determining “backbone” conformational preferences for the 
diastereomers in Table I. 

Mechanisms of Chromatographic Separation. There 
are two limiting general mechanisms for separation by ad- 
sorption chromatography. At one extreme, separability derives 
entirely from differential solvation of the solutes by the elution 
solvent. At the other,’ separability stems solely from differ- 
ential probabilities for or energies of adsorption for solutes 
and is independent of the solvent. A blend of both processes 
is operative in the separation of diastereomers.8 Helmchen? 
among others,1° has used the concept of differential ease of 
approach to the adsorbent in rationalizing the separation of 
certain kinds of diastereomers by liquid chromatography. This 
rationale is closely related to that  used earlier by Karger and 
co-workers8J1a-c to  explain the gas chromatographic separa- 
bility of diastereomeric esters and amides. 

Helmchen’s rationale, pertinent to our results, stems from 
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Table I. NMR and Chromatographic Properties of Some Carbamate Diastereomers 

Chemical shift datad 

Compd R Ar 6, 6 b  A6,e A S b e  6 ,  
4 CF, C 6 H 5  5.54 1.48 0.01 0.05 6.04 
5 CF, p-CH,C,H, 5.62 1.54 0.02 0.04 6.06 
6 CF, p-FC6H, 5.61 1.62 -0.03 0.04 6.18 
7 CF, m-NO,- 5.67 1.61 -0.05 0.07 6.26 

8 CF, a-Naph 5.58 1.46 0.02 0.08 7.02 
9 CF, 3-Pyrenyl 5.67 1.60 0.03 0.12 >7.00g 

10 CF, 9-Anthryl 5.50 1.56 -0.10 -0.36 >7.00g 

C6H4 

11 CF, 10-CH3-9- 5.42 1.55 0.03 -0.42 >7.00g 
anthryl 

1 2  C,F, C,H, 5.60 1.54 0.03 0.14 6.26 
1 3  C,F, a-Naph 5.57 1.44 0.04 0.14 >7.00S 
1 4  C,F, 9-Anthryl 5.40 1.29 0.00 0.20 >7.00g 
1 5  CBr, C6H, 5.62 1.62 0.00 0.07 6.27 
1 6  CH, C 6 H 5  5.55 1.44 -0.05 -0.08 5.71 
17  CH, a-Naphf 5.67 1.62 0.01 -0.06 f 
18 C,H, a-Naph 5.64 1.58 0.00 0.08 6.44 
19  C,H, C6H, 5.37 1.50 0.02 0.08 5.57 
20 C(CH,)., a-Naph 5.65 1.52 -0.11 0.08 6.45 
;j C ( C H 3 ) i  C 6 H 5  5.48 1.46 -0.04 0.14 5.44 

A6,e 

0.00 
0.00 
0.02 
0.00 

0.01 

0.02 

0.01 
0.00 
f 

0.00 
0.02 

-0.05 
-0.08 

Chromatographic 
data 

XI’  K,’ Q: High Rf LowRf 
Mp,i “C 

3.3 5.2 1.58 130-131 120-121 
2.9 4.4 1.52 137-139 133-133.5 
2.4 4.9 2.04 131-133 130-131 

1.58 137-139 

3.0 4.7 1.56 139-140 123 
3.2 5.4 1.64 186-188 190 
3.8 5.3 1.40 
2.4 3.2 1.33 115-118 110 

1.7 3.6 2.12 141-143 122-122.5 
1.7 3.6 2.12 .I j 

1.00 j j 
i 
j 

1.20 ; i 
1.25 ; j 
1.22h j j 

18.0 23.5 1.31 ; j 
25.2 33.7 1.30 j j 

6.0 9.3 1.55 r 
15.0 19.5 1.30 .I 

dChemica1 shifts (6 )  are given for the low Rf diastereomer in parts per million, downfield of Me$. = Shigh R~ - 
61qw R 
silica g& with CH,Cl,-hexane (7:3). iAll of the carbamates in this table gave satisfactory mass spectra or elemental analyses 
or both. 1 Not determined. 

fData for I-d substituted diastereomer. B Buried in the aromatic region. h This carbamate was chromatographed on 

the observation that  the diastereomers of Certain amides ap- 
pear to  preferentially populate conformations 3a and 3b in 

3a 3b 

solution. The diastereomers having the smallest A and the 
smallest C substituents on the same conformational face are 
found to be chromatographically the least mobile, and 
Helmchen suggests that steric hindrance of approach to the 
adsorbent determines elution order. Feibushl* has expressed 
this same concept in terms of “bulkiness chirality”. 

Despite the success of the steric “ease of approach” type 
model, it  is conceptually bothersome to suppose that the 
conformational behavior in solution of conformationally 
mobile molecules will exert control over chromatographic 
behavior. If two diastereomers are chromatographically sep- 
arable, it  is because their energies of adsorption are noni- 
dentical. Conformation while adsorbed is surely relevant to 
adsorption energy. However, little is known about confor- 
mations of adsorbed molecules and they may be unlike those 
populated in solution. In general, the energy provided by 
adsorption of a moderately polar molecule upon silica gel or 
alumina should be great enough to disrupt most solution 
conformations should they be unfavorable adsorption con- 
formations. If adsorption does cause conformational change, 
then the possibility arises that adsorption energies for sepa- 
rable diastereomers may differ, a t  least in part, because the 
energies required to disrupt the solution conformations of the 
diastereomers are different. Thus, diastereomers having 
stereochemically dependent intramolecular interactions 
should generally be separable by chromatography. For ex- 

ample, erythro and threo diol diastereomers differ in their 
degrees of intramolecular hydrogen bonding and hence also 
in their chromatographic behavior.8 However, in Helmchen’s 
amides,15 in Karger’s esters and amides, and in our carba- 
mates, there is no reason to suspect the existence of significant 
differences in conformational “disruption energies” between 
diastereomers. Nevertheless, the diastereomers are chroma- 
tographically separable and the separations improve with a 
restriction of conformational mobility.16 From the correlation 
noted between the solution conformations of a series of dia- 
stereomeric carbamates, structure, and stereochemistry, we 
infer that carbamate conformations while adsorbed are rather 
similar to those noted in solution. This surprising inference 
cannot be directly substantiated, yet it is consistent with a 
body of data. 

In the case of the presently discussed carbamates, the 
principal adsorption site(s) presumably lies between the chiral 
centers. Hence, the most important aspects of conformational 
control are those that govern the spatial relationship of one 
chiral assembly with respect to the other. In carbamate con- 
formations 2a and 2b, conformational control and rigidity is 
provided by carbinyl hydrogen bonding (CHB).6 Superim- 
posed upon this “backbone” effect will be conformational 
preferences of backbone substituents (Le., the alkyl and aryl 
groups) and possible interactions between these substituents 
and the adsorbent. 

Assuming the preferential population of conformations 
similar to 2a and 2b, it is clear from the elution orders in Table 
I that the Karger-Helmchen steric ease of approach model is 
only partially successful. For example, for methyl bearing 
carbamates 16 and 17, the elution order is that expected on 
the basis of this model, in that the threoid isomers are the first 
to be eluted. For these diastereomers the erythroid isomer 
bears both “small” groups (i.e., the methyls) on the same face 
of the backbone and is expected to be most strongly adsorbed. 
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Unexpectedly, the elution order of the diastereomers inuerts 
when R is ethyl, prop,yl, trifluoromethyl, etc. In terms of van 
der Waals radii, these groups are smaller than phenyl or other 
aryl substituents and no inversion of steric order has oc- 
curred. 

A serious omission of the steric model is that  it neglects 
other possible modes of interaction between substituents and 
adsorbent. Even a partial understanding of the chromato- 
graphic behavior of diastereomers requires not only confor- 
mational knowledge but also an appreciation of the “effec- 
tiveness scale” for the ability of substituents to  ward off (or 
bind to) the stationary phase. In the case of a homologous 
series of alkyl groups, ‘warding off’ ability might well parallel 
size even though s t e m  bulk alone may not be the principal 
source of this effect. 

Insofar as silica gel or alumina presents a relatively polar 
surface to approaching molecules, the substituent “effec- 
tiveness scale” that seems to offer the best means for fitting 
the chromatographic behavior of carbamate diastereomers 
to an ease of approach type model is a “hydrophobic” scale. 
Bearing in mind that backbone rigidity has a marked chro- 
matographic consequence, it appears that  the “warding off’ 
effect increases in the sequence methyl < phenyl = ethyl < 
n -propyl < tert- butyl << trifluoromethyl < heptafluoropropyl. 
The relative magnitudes of these “warding off’ effects cannot 
be quantitatively ascertained for it must be borne in mind that 
the magnitude of such an effect is probably not independent 
of the other substituents present. 

Introduction of trifluoromethyl groups onto the carbamate 
backbone has not seriously altered solution conformations 
judging by the consistent chemical shift differences observed 
between diastereomei~~ Trifluoromethyl groups are known 
to be quite hydrophobic17 and appear to be extremely effective 
in “warding off” the polar adsorbent and reducing the prob- 
ability that the carbamate will be adsorbed from the face 
presenting this group. This effect suffices to  account for the 
“inverted” (from steric consideration on1y)’s elution orders 
and for the hastened elution of both diastereomers relative 
to those of the nonfluorinated analogues. When the proba- 
bility for adsorption from the trifluoromethyl bearing face is 
low, it makes little additional difference as to the identity (i.e., 
alkyl vs. aryl) of the swond group of this face (provided that 
it is relatively nonpolar). The probability that adsorption will 
occur from the opposite face is somewhat greater and is sig- 
nificantly influenced by the identity of the second group. 
Thus, the overall adsorption probability for the trifluoro- 
methyl carbamates is higher for the diastereomer having the 
aryl groups trans to one another. The improvements in chro- 
matographic separability of the diastereomers that attend the 
trifluoromethyl substituents is presumed to stem largely from 
the increased degree of conformational control that this group 
confers through enhanced carbinyl hydrogen bonding.6 The 
9-anthryl substituted carbamates 10a,b and 1 la,b are 
anomalous in that the usual elution order is inverted, pre- 
sumably as a consequence of the greater “warding off’ ability 
of 9-anthryl than trifluoromethyl. Elution order is normal for 
14a,b since the (now) greater hydrophobicity of heptafluo- 
ropropyl dominates the effect of the 9-anthryl substituent. 
These carbamate diastereomers show no anomalies in the 
chemical shift difference-stereochemical correlation, 
suggesting that no appreciable alteration of backbone con- 
formation has occurred. 

The present model says nothing about the site(s) of inter- 
action of the adsorbent with the carbamate diastereomers. 
Although one might intuitively expect the carbonyl oxygen 
to be the major site for interaction with the adsorbent, the 
observation (subsequently to be discussed) that the as and K’s 
increase in the order acidic < neutral < basic alumina and the 
much reduced K‘ (and a )  values for analogous N-methylated 

Table 11. Eu(fod), Induced Chemical Shift Gradients for 
Aryl Alkyl Carbamates 

Gradient,a ppm/mol Eu(fod), in CCl, 

R Ha Hb Hc 
4.3 2.6 8.7 
5.7 3.7 7.4 

CF, 
CH, 

a Gradients are presented as least-squares slopes of the es- 
sentially linear portion of the curves noted for Eu( fod), : 
substrate ratios of less than 0.2. The correlation coefficients 
of the least-squares slopes range from 0.999 to  0.988. 

carbamate diastereomers leads to speculation that perhaps 
the hydrogen on nitrogen plays some role in the adsorption 
process. Identification of the site(s) at which adsorption occurs 
is of interest and importance even though the present model 
does not hinge upon explicit identification of this site. How- 
ever, the model does imply that adsorption occurs principally 
in the central polar region of the carbamate between the chiral 
carbons. 

The chromatographic data in Table I were obtained using 
a 1 X 26 cm column packed with Woelm 18-32 p neutral alu- 
mina and benzene eluent. The activity and increased surface 
area of this adsorbent cause the K’ values reported to be 
somewhat larger than those observed on the adsorbent 
(Brinkmann 63-200 p neutral alumina) used in the large (5 
X 120 cm) multigram columns. However, a values are rela- 
tively unchanged. Acidic alumina affords smaller as and K’s 
than does neutral alumina of the same brand and particle size 
whereas basic alumina affords increased a and K’ values. 
Silica gel is usually less effective than alumina for separating 
these diastereomers, although there are exceptions to  this 
generalization. Variation of adsorbent or solvent has thus far 
produced no change in elution order. Increases in the polarity 
of the eluting solvent hastens elution and lessens a. Presum- 
ably, this latter diminution stems from less effective confor- 
mational control (by intramolecular carbinyl hydrogen 
bonding). 

Solution Conformations. From magnitudes of the 
Eu(fod)3 induced chemical shift gradients [ppm/mol Eu(fod)3] 
shown in Table 11, it is evident that both the carbinyl and 
methine hydrogens are near the site of Eu(fod)~  coordination, 
the carbonyl o ~ y g e n . l ~ - ~ l  The effect of the electronegative 
trifluoromethyl is to enhance the degree of CHB and to de- 
crease the extent of coordination by Eu(fod)s to carbonyl 
oxygen. Enhanced CHB is noted in Table I1 by the relatively 
larger gradients for the carbinyl than for the methine proton 
when R is trifluoromethyl rather than methyl. Similarly, a 
reduced coordination level is indicated by the lesser methine 
and methyl (Le., Hb) gradients for the fluorinated carbamates 
relative to the nonfluorinated analogues. This inference is 
strengthened by the results of competition experiments on 
structurally similar carbamates.6 Significantly, the erythroid 
and threoid diastereomers do not preceptably differ in their 
Eu(fod)3 gradients as evidenced by representative data in 
Table 111. This suggests that Eu(fod)3 does not discern ap- 
preciably between diastereomers and is consistent with the 
two diastereomers having solution conformations similar to 
2a,b (or the weighted, time-averaged equivalent) and the 
Eu(fod)s-oxygen bond lying essentially along the carbon- 
oxygen axis of the carbonyl group. I t  cannot be rigorously 
inferred that Eu(fod)s binds differently to the carbamates 
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2 
than does alumina (or silica) simply because the shift reagent 
shows no marked preferential binding to one diastereomer 
whereas the adsorbents do. "Warding off" effects by sub- 
stituents may be rather different toward Eu(fod)s than for an 
adsorbent. 

Table I11 also contains chromatographic data for the dia- 
stereomeric carbamates derived from some acetylenic alco- 
hols. The usual correlations between NMR spectral differ- 
ences, elution order, and stereochemistry are observed for 
diastereomeric pairs 22a,b-24a,b. One infers that ethynyl 
groups are more effective in warding off the adsorbent than 
methyl, ethyl, or n-butyl groups. 

Shift reagent studies similar to those just described show 
that there is no notable alteration in backbone conformation 
between diastereomers 17a,b and 18a,b, even though an in- 
version in elution order of the diastereomers occurs. For these 
diastereomers, the Eu(fod)s gradients for each of the erythroid 
and threoid isomers indicate the carbinyl and methine protons 
to be in close proximity to the carbonyl oxygen, and the alkyl 
substituents to be equivalently disposed with respect to the 
backbone structure. 

Conformational Equilibria. The Eu( fod)~  experiments 
conducted on compounds appearing in Tables I1 and I11 were 
carried out a t  220 MHz and a t  27 "C. In the absence of shift 
reagent there were no spurious signals in the spectra of any 
of these diastereomers. However, upon incremental addition 
of Eu(fod)3, all diastereomers so investigated gave rise to 
minor resonances, which were taken to indicate the "freezing 
out" of a dynamic equilibrium between the Z and E rotamers 
owing to hindered rotation about the carbonyl carbon-ni- 
trogen bond. 

In the absence of shift reagent, the Z rotamer is more 
heavily populated than the E rotamer. However, the latter is 

coordinated more strongly by Eu(fod)3, and with increasing 
amounts of shift reagent, the observed time averaged ratio of 
Z:E rotamers progressively diminishes. Because of its greater 
binding toward Eu(fod)3, the minor E rotamer shows larger 
gradients than the Z rotamer at the concentrations of shift 
reagent utilized. These data are readily rationalized on steric 
and electronic grounds. Coordination to Eu(fod)3 occurs most 
readily when the larger group on nitrogen (the chiral assem- 
bly) is trans anti-periplanar to the carbonyl oxygen and no 
competing CHB from the methine hydrogen is possible. Ex- 
trapolation of the observed Z:E ratios to zero Eu(fod)3 con- 
centration indicates an initial ca. 9O:lO rotamer mixture for 
all the carbamates so investigated. Apparently, the nature of 
the alkoxy1 portion of the carbamate normally has little effect 
upon this ratio. Owing to the minor amount of the E rotamer 
originally present and its spectral similarity to the Z rotamer, 
the presence of the E rotamer can seldom be detected without 
the addition of shift reagent. 

The population of the E rotamer has possible implications 
with regard to the chromatographic separability to the dia- 
stereomeric carbamates. To whatever extent coordination to 
Eu(fod)3 resembles the adsorption process, one might expect 
the E rotamers to be more strongly adsorbed than the Z ro- 
tamers. Moreover, the E rotamer may have opposite relative 
placements of the backbone substituents and might conse- 
quentially tend to invert the elution orders of diastereomers 
relative to that which would be observed were only the Z ro- 
tamers populated. Data concerning E rotamer conformation 
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Table IV. Comparative NMR and Chromatographic Data 
(Carbamate vs. Thiocarbamate) 

II X H 
I II I 

I I  
FsC-C-O-C-N- C-CH, 

Ar H a-Naph 

A60 (CH, )/ 
No. X Ar fieldsense High R f  '2 

_ ~ _  
26 S Phen:yl 0.08 low Erythroid 1.29 

4 0 Phen:yl 0.05 low Erythroid 1.58 

are difficult to extract from shift reagent studies since most 
E resonances are buried beneath the major 2 resonances. 

To determine the solution and chromatographic effects of 
less preferential population of 2 rotamers 2a,b, the diaste- 
reomeric carbamates 25a,b derived from the chloroformate 
of (f)-l-(l-naphthyl)-2,2,2-trifluoroethanol and (S)-(-)- 
N-methyl-a-phenylethylamine were prepared and studied. 

Both N-methylated diastereomers give NMR evidence of 
hindered rotation at 28 "C and 100 MHz in the absence of 
shift reagent and the relative ratio of the E and 2 rotamers 
is nearly unity. Under chromatographic conditions that easily 
separate the diastereomers of the nonmethylated carbamates, 
the N-methylated diastereomers elute rather more rapidly and 
give little separation (compare, for example, the a value of 
carbamate 4 with that of the N-methylated analogue, 1.58 vs. 
1.15). Use of less polar solvents increases the a value some- 
what, but not to  the magnitude of the nonmethylated analo- 
gues. The chromatographic behavior of the N-methylated 
carbamate diastereomers further supports the view that the 
chromatographic separability of these diastereomers is linked 
to the extensive population of one type of solution confor- 
mation. Finally, as an additional test of the observed chro- 
matographic patterns, a pair of diastereomeric trifluoromethyl 
thiocarbamates 26a,b were synthesized23 and chromato- 
graphed. It may be seen (Table IV) that replacement of car- 
bonyl oxygen with sulfur affects neither elution order (i.e., 
erythroid is first eluted) nor sense of NMR spectral differ- 
ences. However, the thiocarbamates do  not separate as well 
as their carbamate analogues. 

In summary, we note that the preceding chromatographic 
rationale offers a foundation upon which the rational design 
of improved chromatographic resolving agents may be based. 
Clearly, the use of CDA which afford conformationally re- 
stricted diastereomeric derivatives will facilitate the chro- 
matographic separation of these derivatives as will incorpo- 
ration of substituents such as perfluoroalkyls that are capable 
of translating their necessarily different stereochemical ar- 
rangement into differential probabilities of adsorption for the 
diastereomers. 

Experimental  Section 
lH NMR spectra were obtained with Varian Associates A-60A, 

A56-60, HA-100, or HR-220 instruments. Chromatographic data in 
Table I were obtained upon Woelm 18-32 p neutral alumina using 
benzene eluent. In many cases crude reaction mixtures were prepar- 
atively separated as described on 5 X 120 cm columns of Brinkmann 
63-200 g neutral alumina, again using benzene eluent. In all cases the 
effluent was monitored at 280 nm. 

Carbamates. All carbamatesz5 used in this study were prepared 
via one of two procedures. 

Procedure A. A mixture of racemic alcohol (ca. 4.5 mmol), ( R ) -  
(-)-1-(I-naphthy1)ethyl isocyanate (0.89 g, 4.5 mmol), and N,N- 
dimethylethanolamine (1 wt %) in benzene (50 mL) was heated to 80 
"C for 24-36 h, at which time the isocyanate band at 2260 cm-l had 
mostly disappeared. Longer reflux times did not substantially increase 

yields, but rather caused cracking of the product. The mixture was 
chromatographed directly upon a preparative HPLC system using 
benzene-alumina. The effluent was monitored at 280 nm. 

Procedure B. To a solution of phosgene (1.47 g, 15 mmol) in 15 mL 
of dry toluenez4 cooled to -5 "C was added dropwise a solution of 
racemic carbinol (ca. 7.5 mmol) and triethylamine (0.76 g, 7.5 mmol) 
in 25 mL of dry toluene.24 After addition was completed, stirring was 
continued for 30 min at 0 "C. The amine hydrochloride was then re- 
moved by filtration under nitrogen and the filtrate concentrated at 
reduced pressure (ca. 50 mmHg) with heating (40-50 "C). 

The crude chloroformate and 25 mL of CHzClz were then placed 
in a three-necked round-bottom flask equipped with overhead stirrer, 
nitrogen inlet, and vented dropping funnel. A solution of triethyl- 
amine (0.76 g, 7.5 mmol), (R)-(+)-1-(1-naphthy1)ethylamine (1.28 
g, 7.5 mmol), and 25 mL of CH2Clz was then added dropwise and 
stirring was continued overnight at room temperature. The reaction 
mixture was washed with two 50-mL portions of 3 N HC1 and the 
organic layer dried over anhydrous magnesium sulfate. After filtra- 
tion, the filtrate was concentrated (ca. 50 mmHg, 30 "C) and the 
mixed carbamates chromatographed as described. 
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Photochemical reactions of coumalic acid (12) and its methyl, isopropyl, and benzyl esters have been investigated 
in solution and in the solid phase. In solution the photochemistry has been carried out in hydroxylic and nonhy- 
droxylic solvents as well as in ethyl bromide. In the solid phase, the reaction has been studied in a potassium bro- 
mide matrix and as a sandwich between quartz plates. A particularly interesting effect of KBr, suggested to be a 
heavy atom effect of the matrix, has been observed in the photochemical reactions of coumalate esters. 

The photochemistry of a-pyrone (1) and its derivatives 
has been the subject of several studies and the systems have 
proven to be rich in variation.l-1° In spite of their apparent 
complexity, however, all the observed unimolecular primary 
photoproducts arise from the critical intermediates bicyclic 
lactone 2 and ketene 3 (eq 1). Thus, irradiation of a-pyrone 
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in ether a t  300 nm produces only isolable 2 in quantitative 
yield'-3 while in methanol under similar conditions, the three 
noncyclic products 4,5, and 6 result. Compound 4 has been 
shown to derive from ketene 3, whereas 5 and 6 are from the 
photolactone 2. 

Intermediate ketenes like 3 have been the subject of several 
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studies. The current view is that, in the case of a - p y r ~ n e ~ ~ ~ , ~  
and certain properly substituted  one^,^^^ such ketenes form, 
though in apparently analogous cases8 ketenes seem not im- 
portant. Thus irradiation of 4,6-dimethyl-2-pyrone ( la)  in 
methanol produces 4a through ketene 3a2, while 4-hydroxy- 
6-methyl-2-pyrone (lb), when irradiated in methanol, pro- 
duces 4b (in tautomeric form) in addition to anhydride 7. The 
half-ester 8 which originates from lactone 2b6 is also formed, 
Scheme I. The analogous 4-methoxy-6:methyl-2-pyrone (IC), 
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when irradiated in water a t  300 nm, produces the half-esters 
9a and 10a and the corresponding diacids 9b and lob. Both 
these products are said to originate from lactone 2c5 (eq 2). 


