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Abstract-The rate of the thermal rearrangement of (S)-2-chloromethyl-I-ethylpyrrolidine [@)-la] to (R)_3chloro- 
I-ethylpiperidine [(RQaJ has been examined at three temperatures in benzene by PMR and polarimetry. The 
rearrangement was shown to be completely stereospecitic and to obey a simple first order rate law. The calculated 
E,, AHS and AS# were 22 +- 2 kcallmole (25”), 212 2.5 kcalfmole (25”) and - 10 2 2 eu. (0°K) respectively. The effect 
of solvents having differing dielectric constants was also studied. A transition state 9% and an ion pair intermediate 
3a are suggested for the rea~angement. The stereochemical course of the reactions of (SHP, @WI and (S)_2a 
with hydroxide and methoxide ions have been shown to LX IOf% stereospecific with an uncertainty of about 1%. 
The absolute configurations of all optically active reactants and products f(S)_ and (R)-da. (S)-4b, (R)- and (S)-Sa. 
(RI-Sb, (S, S’)#a, (S, R’t7a and (R, R’)-%s] were established by chemical correlations with known compounds or by 
ORD and chemical inference. The ring opening of both the primary and secondary aziridinium ion positions of 
l-a~nia-l~thylbicyclof3.l.~lhexane [CWal by nucleophiles proceeds entirely by SNZ processes. The conversion 
of (R)-l~thyl-3-hydroxypi~ridine [{Rf-5~11 to tS)-2s. HCI with thionyl chloride in chloroform proceeds by 
inversion with 4.8% racemization, whereas the thermal rearrangement of (S)-Is to (RI-2a occurs with complete 
retention of absolute configuration. 

The thermal rearrangement of 2-chloromethyl-l-ethyl- 
pyrrolidine (la) to 3-chloro-t-ethylpiperidine (2a) first 
observed by Fuson and Zirkie’ has been studied’.5-8 
(Scheme I). The rearrangement of la * HCI to 2a - HCI by 
heating above the m.p. of la*HCI is also well known.‘.c8 
We have reported previously’* that this rearrangement 
of la to 2a and their reactions with nucleophiles had a 
stereospecificity of 98 * 5%. The inaccuracy of tttese 

measurements left open the possibility that a portion of 
the reaction proceeded via a prior ring opening of the 
intermediate azjridinium ion 3a to a secondary car- 
bonium ion and subsequent reaction with a nucleophile 
to form the piperidine ring products 5 and 8, as has been 
suggested by Leonard ef ~1.~ The thermal rearrangement 
of (&la to (RI-2a was assumed to be stereospecific with 
retention of con~guralion~ but the absolute contigura- 
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tion of the piperidines 28, Sa and 5e was undeter- 
mined.5.’ 

While Fuson and Zirkle’ were unable to isolate la 
from la * HCI, Doyle et u!.~’ successfully isolated Id 
from IduHCl by treatment with cold sodium hydroxide. 
Doyle et at. also showed that ld was isomer&d to 60% 
2d over a 2 hr period at 100” as a neat liquid, but rates of 
the rea~a~ement were not measured. They proposed 
the tricyclic transition state 9d for the rearrangement as 
shown in Scheme 2. 

They apparently did not favor an intermediate ion pair 
such as 9’d+3d although the same intermediate (3d) was 
suggested for the reactions of Id or 2d with nucleophiles. 
The chlorine atom of Doyle’s proposed transition state 
W could a~~mplish the desired 1.2~shift as a single 
orbital (IO) or as two orbitals (11) as suggested by 
Craig:” 

Any of these three representations (W, 10 or 11) for 
the transition state or an intermediate aziridinium ion 
pair (9’+3) would explain the retention of absolute 
stereochemistry that we report here. 

Since our earlier reports,‘-’ we have discovered” 
three bus-~-aminoethers @ia, ?a and 8a in Scheme I) as 
additional products of the reaction of la or 2s with 
hydroxide ion in water. We have also reported”“’ that 
while la is thermally isomerized to 2a and the reactions 
of la and Za follow clean first order kinetics to form the 
same intermediate aziridinium ion (Ja), and la proceeded 

directly to 3a without prior isomerization to 2a. The rate 
of loss of chloride ion from la, which was four orders of 
magnitude faster than from 2a, supported this con- 
clusion, Since the product ratios changed drastically 
under near solvolytic conditions in 80% ethanol-water 
with no change in rate, a solvolysis mechanism was ruled 
out. Thus the high stereospecificity, the enhanced rate of 
the reaction of 2a with hydroxide ion compared to 
cyclohexyl chloride, and the independence of the 
nucleophile used, supported a neighboring group parti- 
cipation mechanism (&ib) in which 3a is formed in the 
ratedetermining step in all reactions of la or 2a with 
nucleophiles. Purification of all products was done very 
carefully because many 2-substituted methylpy~olidine 
derivatives {except 4a, 4b and 4e) thermatly rearrange to 
the corresponding piperidine isomer.6*7 

It has been found” that a stable cold benzene solution 
of la can be prepared, thus making possible a complete 
kinetic study that could provide definitive information 
concerning the nature of this interesting rearrangement, 
This paper reports a detailed investigation of the ab 
solute stereochemistries of both the reactants and all 
products as well as more accurate results (+ 1%) on the 
stereospecificity of the reactions. In addition, the kinetics 
of the thermal rearrangement of (S)-la to (R)-2a and the 
stereospecificity of the reactions of (S)-4a and (RI-Sa 
with thionyl chloride to produce (S)-la.HCI and (S)- 
2aaHCI respectively are reported.” 

t-Proline [(S)-121 was reduced with LAH’4 to (S&2- 
hydroxymethylpyrrolidine [(S&13), which was then 
ethylated to (S)-I-ethyl-Zhydroxymethylpyrrolidine I(S)- 
4a]. Alternately, (9-12 was acetylated to N-acetyl+ 
proline [(S)-141 and reduced with LAH directly to (SMa 
(Scheme 3). While the absolute configuration of (S)-4a 

other Cpds. 

Y=O ($1-14 
CH3 ,.I 

Scheme 3. 
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can be assumed,” the optical purity is unknown because 
from batch to batch, a variable amount of racemization 
occurs during the acetylation’” or reduction steps. Con- 
sequently, each sequence of reactions reported here was 
completed separately with a specific batch of 4a. Reac- 
tions involving the pyrrolidine ring alcohol (S)4a (shown 
below) are completely stereospecific within the experi- 
mental error C t 1%). This is proven by the fact that the 

through 3.5 half life times and followed a perfect first 
order rate law.12 These observations imply that an ion 
pair is formed in which Cl- exchanges with any stronger 
nu~~eophile available in solution before attack by 
Cl- can occur. In the present rearrangement, however, 
no other nucteophiles are present to exchange with Cl- 
of the ion pair intermediate 3s. Thus, either the more 
stable isomer 2.a results from attack by Cl- on 3a or the 

-OH 

,,I,s_‘;$,. + other cpds. - (S)-Ia.HCICH30H J 

molecular rotation of the alcohol (S)-4a does not 
decrease after it has gone through the sequence 
(CH20H +CH2 + intermediate +CHtOHf twice, 

The rate of rea~angement of la in benzene was very 
slow at room temperature, with a half life of over 2 
weeks. Addition of other solvents, however, had a mar- 
ked influence on the rate as shown in Table 1. With a 
single solvent system, there is a direct relationship be- 
tween the dielectric constant of the medium and the rate 
of the rearrangement. There is also a specific solvent 
effect, however, for when the solvent system is changed 
to 75/25 methylene chloride~~nzene the rate is much 
greater, even through the dielectric constant is only 6.9 
Debyes. In 75/25 chloroform/benzene (dielectric constant 
ca 4.0Debyes) the rate is too rapid to measure by CW 
NMR at 30”. Hammer and CraigI found that the rear- 
rangement of la to 2a in 80% aqueous ethanol (dielectric 
constant ca 34.1 Debyes) was slower than the rate of 
reaction of intermediate 3a with base or solvent. Chloro- 
form and methylene chloride are known’* to solvate ions 
in organic solvents. This solvation may be more im- 
portant in promoting the charge separation necessary to 
form 3a than the dielectric constant of the medium. It is 
not possible to rank 80% aqueous ethanol in the above 
list of solvents because both solvolysis and nucleophilic 
displacement reactions are more rapid than the rear- 
rangement in 80% ethanol. ff rearrangement were com- 
petitive with the reaction of la with base, the rate would 
become slower as the reaction proceeded. The rate of 
reaction of la with base, however, remained constant 

reaction reverses to the less stable starting material ia. 
Moreover, the transition state 9’a leading to the ion pair 
intermediate 3a, and not the tricyclic transition state 9a 
which was suggested by Doyle et of.,” is the reaction 
path best supported by these observations. 

The kinetics of the rearrangement were studied in pure 
benzene at three temperatures so that the activation 
parameters could be determined. These data are shown 
in Table 2. The ASS of - l0e.u. also suggests some 
change separation in the transition state lending further 
support for 9’s. The rates of the rearrangement of (S)-la 
to (R)_2a were found to be similar by both polarimetry 
and PMR. Therefore, the rearrangement was completely 
stereospecific, since the rate by polarimetry would be 
faster than the rate determined by PMR if racemization 
had occured. The rearrangement was observed through 
ten half lives (99.9%) and no racemization was seen in 
the polarimetric plot of I&[( a - a,lao - a,) X MO] versus 
time, where a is the observed rotations 

A benzene solution of fS)-la was prepared from (S)- 
la*HCI. The PMR spectra of this solution before and 
after isomerization indicated that the solute was at least 
99% (S)-la and that no more than 1% contamination of 
(R)-2a was obtained. The contaminate was either trace 
amounts of 4a or la. Methylene chloride was added to 
speed up the thermal rearrangement. When this (RI-2a 
was reacted with aqueous hydroxide ion and the (S&4a 
isolated from the five products, the molecular rotation of 
the product alcohol was identical, within experimental 
error, to that of the thermal isomerization of @)-la to 

Table I. Effect of solvent on the rate of rearrangement. of la to 2a 

k (see -l)d,b relative 
rate 

dielectric 
constant 
(Debyes) 

solvent 
composition 

[v/v) 

3.06 x 10 -6 lC 2.3 benzeneC 

4.15 + 0.46 x 1o-5 14 18.1 50/50 

8.86 0.98 10 -5 
nitrobenzene/benzene 

+ x 29 26.0 75/25 

5.71 + 0.32 x 1o-4 187d 
nitrobenzene/benzene 

6.9 75/25 
methylene chloride/benzene 

a. at 30bC except as noted. 

b. t 2 standard deviations for a 95% confidence level - 
c. rate in benzene calculated at 30-C from data in Table 2. 

d. rate at 36*C 
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Table 2. Kinetic data of the rearrangement of ($-la to (R)-2a’ 

T 'C k f~.ec-l)~ 
method of 
measurement 

61.4* 

60.2O 

50.00 

39.4" 

39.20 

3.95 + 0.14 x 10-5 pmr 

3.77 + 0.02 x 1o-5 polarimetry 

1.75 + 0.04 x 10-5 polarimetry 

6..15 + 0.10 x 10-6 pmr 

7.44 + 0.42 x 1O-6 - polarimetry 

Calculated Thermodynamic Parametersb 

=a = 22 + 2 kcal/mole at 25OC 

AH* = 21 + 2.5 kcal/mole at 25OC 

AS+ = -10 + 2 e.u. at O"X 

a. in pure benzene 

b. k 2 2 standard deviations for a 95% confidence level 

IN-h and the reaction of (R)-2a with base is IOr: 1% 
stereospecific: 

(S)Qa z (S)-la.HCI - (S)-la 5 (Rf-Za 
IdID - 110.5’ [&ID-27.0" 

OH- 
/j;-ja,+?+ other cpds. I 

The absolute configuration of l~thyl-3-hydroxypiperi- 
dine (Sa) from the reaction of (S)-la or (R)-2a with 
aqueous hydroxide ion was demonstrated by synthesis 
(Scheme 4). Both (R)- and (S)-hydroxypiperidine, (R)_15 
and (S)-15, were prepared by resolution of racemic 
15. 18*t9 The absolute con~gurations of 15 are known~’ 
thus (R)-IS was ethylated to (R)-91. The glc retention 
times on two stationary phases,’ the refractive index, 
and the PMR and IR spectra of this (R)-5a were the 
same as those of the (R)-Sa recovered from the reaction 
of (S)-la or fR)-Za with hydroxide ion. The ORD curves 
were nearly identical to the QRD curve of the synthetic 
(R)-5a, but shifted slightly in the positive direction. 
While the condition-sensitive ORD curves of (R)-!!a (the 

free base) varied somewhat, the ORD curves of the 
hydrochlorides, (R)-SaeHCI, from both sources were 
identical. 

The absolute conjuration of (R)-2a was deduced by 
converting (R)-5a to (S)-2a.HCl by a route known to 
proceed with inversion of configuration.” The (S)_2a so 
produced had an ORD curve opposite to that of (R)-2s 
obtained from the thermal isomeri~tion of (S)-la: 

(s)4a = (S)-ls*HCI ~OH 
161il-I00(r 

- (9-4s + (RI-k + other cpds. 
()]~-101.6’. -4.6’ 

I Socl~ 

(RMa t IS)_Sn e (S)-2wHCI 
lOlIp 9” Idb+ZO.b' 

The (Rj-41 obtained had an ORD curve with the 
opposite sign and 90.5% intensity compared to the start- 
ing (9-4s. The loss of optical activity is attributed to 
some racemization in the conversion of (R)-5a to (St 
2aaHCl with thionyt chloride, rather than racemization in 
the ring opening of the intermediate (R)-3a to form 
(R)-4a because the latter reaction had previously been 
shown to be 100% stereospecific. The [I#]~ expected for 

Et 

(R)-2a*HCl 
'r'_ (S) -5a 

Scheme 4. 
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(S)&HCI is + 24.5”, if the optical purity of the starting 
(S)-4a used in this experiment is corrected 
(~~]~1~.0~110.5”, therefore it should vary over all 
waveien~hs by a factor of 0.~~ from the previous 
experiment in which (R)-2aaHCl was prepared by the 
thermal rearrangement of (S)-lo*HCl. in fact, a point-by- 
point comparison of the expected IS)-2asHCI rotation 
values with those of (R)-2a~HCl showed that the values 
were 90.4% as intense as expected, which is in excellent 
agreement with the 90.5% found for (R)-Qa in this 
experiment. Thus the total inverse decrease in optical 
purity can be attributed to 4.8% [(f~-~.4)~2] race- 
mization in the thionyl chloride that led to the-inversion 
of configuration of (I?)-Sa to (S)-Za-HCI. 

Unfortunately, the ($58 obtained in this reaction 
could only be identified by glc retention time. Quan- 
titative ORD could not be determined because the 
amount recovered by preparative glc was too small to 
remove the contamination traces of the glc stationary 
phase by molecular distillation. Qualitatjve~y the ORD 
curve of (S)-Sa was the same shape but opposite in sign 
to that of (R)-5s. In addition, when a few drops of HCI 
were added, a shift in the ORD curve was observed like 
that of (R)-58 to (R)-Ss*HCI (Fig. 2) but in the opposite 
direction. 

When the methanol crystallate of (S)-ta.HCI was in- 
advertently used in these studies, two additional peaks 
were found in the chromato~ams. These were identi~ed 
as (S~l~thy~-2-methoxymethylpy~olidine [(S)-4b] and 
(R)-l-ethyl-3-methoxypiperidine[(R)-5b] by comparing 
their spectra with those of authentic samples.’ The ab- 
solute configuration of the methoxy ethers was assigned 
on the basis of their ORD spectra and the now-demon- 
strated stereospecificity of the reaction. Since (S)-4a and 
($-4b have very similar ORD curves, they must have the 
same absolute configuration. The ORD curve of (S)-4a is 
consistent with the Cymerman~raig rule,22 which states 
in part, that the ORD curve of an amine chromophore 
with no other interfering chromophores is negative if the 
amino group has the same absolute configuration as the 
t.-aminoacids. 

The ORD spectra of 4 and 5 are interesting because 
both series have two possible chromophores, the n+o* 
transitions of the N and 0 nonbonded electrons. In 4 the 
nitrogen is adjacent to the asymmetric center, while in 5 
the oxygen is adjacent. When both compounds are 
derived from the same source, the absolute stereoche- 
mistries of the asymmetric centers are the same, Thus it 
is now possible to assess the importance and sign of the 
two chromophores. For (S)-da and (R)-58 in methanol, 
the njtrogen chromophore has a negative sign because the 
protonated (‘HCI) spectra of both are more positive as 
shown in Figs. 1 and 2, While the oxygen chromophore 
in (S)-4a is also negative and approximately as intense, 
the oxygen chromophore in (R)-5a is positive and very 
much the dominant and shorter wavelength (higher 
energy) chromophore. The spectrum of (RI-58 in a non- 
polar solvent (isoiictane), however, is almost identical to 
those of {RI-5b and (RI-SaaHCI in methanol, Apparently 
only the oxygen n-r@ transition is important, sugges- 
ting that (RI-Sa in a non-polar solvent is a H-bonded 
dimer, making the oxygen chromophore similar to that of 
(I?)-Sb. The ORD spectrum of (R)-5a in 2% methanolic 
KOH (not shown) was also similar to that of (R)-Sb, 
possibly due to the increased electron density on the 
oxygen caused by the presence of some (R)-fa alkoxide, 
It is also possible that there is a conformation change 

Fig. I. ORD curves of (?+@a. (SfQrHCI and (Sk& in methanol, 

Fig. 2. ORD curves of (RMa, (RtSwHCI and (RI-Sb in 
methanol, and (RI-Sa in isoiictane. 

of (R)-Sa in methanol as has been demonstrated in 
3-hydroxypiperidines23s24 and could be the cause of the 
changes reported here. The pyrrolidines (S)-2a and (S)- 
4b have very similar negative ORD spectra and while 
(S)+HCi is more positive, it still has a clear negative 
Cotton effect. Pyrrolidines are conformationally less 
flexible than the piperidines. This could account for the 
less pronounced changes in the ORD curves under vary- 
ing conditions than was observed in the ORD curves of 
the piperidines. The similar behavior of the ORD curves 
of the methoxy ethers (S)ab and (RtSb to those of the 
alcohols (sl-411 and (R)-58, as well as their intensities 
under the conditions detailed above, are taken as proof 
of both the absolute configuration and high degree of 
stereospecificity of their formation. 
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The absolute configuration of the three Es-B-amino- 
ethers, 2,2’-his-(lethyl-2-pyrrolidinomethyl) ether @a), 
3-1I’-ethyl-Z-pyrrolidinomethoxy)-I-ethylpiperidine (?a), 
and 3,3’-big-l~thyl-3-piperidinyl ether @a) were assigned 
on the basis of their origin, the nowdemonstrat~d 
stereospecificity of the reaction, and their optical 
activity. It has been shown that the ethers arise from the 
reaction of intermediate 3a with the anions of the alcohols 
4a and Sa formed from the reaction of the intermediate 
3a with hydroxide ion.’ Thus one of the pyrrolidine 
moieties in 6a and one of the piperidine moieties in 8a 
must have the same configuration as 4a and 5a respec- 
tively. Therefore the absolute configurations of the 
second pyrrolidine moiety in 6a and second piperidine 
moiety in 8a must have the same configuration as (S)4a 
and (R)-Sa respectively. If not, 6a and 8a would be meso 
and be optically inactive. Thus, the symmetric ethers are 
(S, S’)-6a and (R, R’)-8s respectively. Similarly, 7a has 
been assigned (S, R’)-?a because of its high optical 
activity. {S’, S’)da has an observed molecular rotation 
([#ID of - MY’, - 3%” and - 185” from three reactions) 
that is twice the molecular rotation of the methoxy ether 
(SMb. This simple additivity would be expected if the 
two asymmetric centers in (S, S’)da did not interact. 
While the molecular rotation of (S, R’J-la ([4)D - 116”) is 
higher than the sum of the molecular rotations of 
methoxy ethers (S)-4b and (R)-Sb, an asymmetric inter- 
action could be expected here because the optical cen- 
ters are closer together. In (R, R’)_%a ([lb)o-24*) the 
oxygen chromophore is adjacent to both asymmetric 
centers, hence additivity would not be expected. In ad- 
dition, significant changes in the conformational equili- 
brium of the piperidine ring systems of 7a and 8a are to 
be expected relative to the conformational equilibrium of 
Sb. As in the case of the methoxy ethers (S)-Qb and 
(R)-Sb, the high optical activity is taken as indicative of 
high stereospecificity in the formation of (S, S’)-6a, 
(S, R’)-7a and (R, I?‘)-8a. 

Now that we have proven the absolute configurations 
of all the products and the 100% stereospecificity of the 
reaction mechanism”“,” we can now comment on the 
ring opening of secondary positions of aziridinium ion. 
Leonard d ~1.9 have suggested that ring opening reac- 
tions of aziridinium ions can be described as &l-like or 
&Zlike. They have assumed that the ring opening at a 
primary (unsubstituted) position must involve an SJ 
attack by the nucleophile, but that attack at a secondary 
(or tertiary) position occurs via an &l like mechanism 
(see Scheme 5, as applied to our example): 

1’ attack 

/-xi--- 

(51-3 

t -OR 

none of the ring opening of this secondary aziridinium 
ion proceeds via an !$,.,I-like mechanism. When either 
W4a or (R)-Sa were cycled through the reaction twice 
via the chlorides, the only racemi~tion that occurred 
was due to the formation of (Sf-2a-HCI from (R)-Sa in 
the thionyl chloride step and not from racemization in 
the ring opening steps. Further work on a tertiary case is 
in progress. 

CONcLUSIONS 
The thermal rearrangement of la and 2a follows first 

order kinetics and is 100% stereospeci~c. The data 
presented support a transition state having some charge 
separation such as 9’8, and the probable formation of an 
ion pair intermediate like 3a, which is suggested by the 
specific solvent effects. It has been proven that the 
reactions of la or 2a with hydroxide and methoxide ions 
are 100% stereospecific with an uncertainty of 1%. The 
absolute stereochemistries of the reactants and all 
products have also been es~blished. The ring opening of 
the intermediate aziridinium ion 3a with nucleophiles at 
both the primary and secondary positions proceeds only 
by an SN2 mechanism. This is a necessary condition of 
the mechanism previously proposed’S* for this reaction 
and is, therefore, final confirmation of the mechanism. 
The only meaningful ORD data of these compounds 
must be obtained on the salts where intramolecular H- 
ending and resulting conformational changes are not 
important. Using the information presented here, it is 
now possible to synthesize either the (RI- or (S)-series of 
2-substituted-methylpyrrolidines or 3-substituted-piperi- 
dines with ease. Variable racemization, however, occurs 
in the reduction step of the L-prolines, and the reaction 
of Sa with thionyl chloride proceeds with inversion and 
4.8% racemization. 

(St13, was prepared by the reduction of (9-12, with LAH?’ 
B.p. 7O-73”(5 mm) [lit. b.p.6 6%72”(2 mm), b.p.% IOO-105”(9 mm) 
and b,p.n 10~-110’(10mm)]: [c6]o+2.Yo, t 3.9” and +O.Y for 
three batches” [lit.6 [I$],-, t lo” and t I” and*’ t 3”]. [&lD of 
;S’$HCI+23+ I” [lit.% [4Jo+21.8’ for the oxalate]; qoM 
. . 

(S)_l-ethyi-2-hydruxy~e~~y~py~o~i~i~e~~S)~] 
By ethyfution of (St13 witk erhyi brumide’. (Sk13 (lS.9g) 

gave (S)-da (10.8 g, 47%), T$ 1.4720, [ t$lD - 106.7”. 
By reduction of N-acetyl-L-proline [(Sb141. (S)-14 was pre- 

pared by acetylation of t_-proline.a [alo - I IS”, m.p. 84-W [lit.” 
[a]o - IO@, m.p. 81-82” for the monohydrate]. LAH (25g, 

0 

H 
: 
CH$R' 

k CS)-p,. 

2’ attack H 

-0 

/ 
.OR' 

I 

Scheme 5. 

R 5 -- 

If this suggestion were correct for this reaction, then 
no optical activity would have been observed in (R)-Sa 

0.66 mole) was suspended in ether (2L1 under flowing Nt, 
vented through a condenser and stirred mechanically. The mix- 

or (RI-5b. Based on this work, we can conclude that ture was cooled in an ice bath and W-14 (3 1 .O g. 0.197 mole) was 
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added in small portions over a 2 hr period. The suspension was 
refluxed for 4 days, with continued N2 and stirring. The 
mixture was cooled and diatomaceous earth G?!iOg) was added. 
Water {lOOmi) and MeOH (lOOmI) were successively added 
slowly. The slurry was suction filtered and the filter cake was 
extracted with boiling MeOH (2 X 100 ml), which was filtered and 
combined with the ether filtrate. The combined filtrate was 
evaporated under reduced pressure at 45” until an aqueous slurry 
remained. The slurry was extracted with benzene (4 x 25 ml) and 
most of the benzene evaporated through a column containing 
glass beads to a height of 5 cm. The residual liquid containing 25 
to 50% benzene was purified by glc.’ Pure (?+$a was collected 
(lS.Og, O.lHimole, 58%), [$]o- 101.6”, - 110.4” and - 100.0” for 
three batches” [lit.’ [,$]p-%’ and - lOSo]; ~3 1.4720, 1.4718, 
and 1.4720 [lit.’ 7:: 1.4660 and mo?z 1.4662 (racemic)]. 

Separations were done by preparative glc on a Hewlett- 
Packard Model 776 Prepmaster Jr. chromatograph, as previously 
described.’ Liquid fractions were further purified by molecular 
distillation before physical measurements were made. Thermal 
stability of (S)-Pa was demonstrated by passing a sample ([,$]u- 
lIt?.4“) through the preparative gIc, collecting and reinjecting for 
a total of five passes ([dr]n- I f0.S” after fifth pass). 

IR and PMR spectra were identical to known racemic samples 
concomitantly determined.’ 

(R)- and (S)-3-Hydroxypipere[(R)- and (S)-15].‘8~‘9 
Racemic IS (Aldrich Chemical Co., IO.1 g, 0.10 mole) in 
acetone (4OOml) was mixed with d-camphor-IO-sulfonic acid 
(Aldrich Chemical Co., 30.2 g, 0.13 mole) in acetone (400ml). The 
solution was stored in a freezer for 5-10 days, until crystal 
growth ceased. The crystals were collected by filtration and air 
dried, m.p. 134-134.5” flit.” m.p. 131~135”]. Then the crystals 
were dissolved in 4N H2S0, (25 ml) and extracted with CHC13 
(5 X 10 ml). The aqueous soln was made strongly basic with 5@% 
NaOH (carefully!) and extracted with CHCI,, (5 x IOml). The 
CHCI, soln was dried over MgSO,, filtered and evaporated 
through a column containing about Scm height glass beads. A 
little ether was added to the oily residue and the white crystals, 
which formed on standing at room temp., were filtered and dried: 
m.p. 8&85”, [&]o+S.F [lit.‘* [d]n - 3.00 andI - 1.6” andm - 7.5 
for the other enantiomer]. 

(Rtl-Eflryf-3-hydraxypipe~dj~e [(R)_Sal. To (RtlS (2.01 g, 
0.02 mole) in abs. EtOH (100 ml), EtBr (2.15 g, 0.02 mole) in abs. 
EtOH (601x11) was added dropwise at 40”. After addition was 
complete, heating and stirring was continued for 24 hr. The soln 
was neutralized to the Congo-red end point with HCI and the 
alcohol evaporated. The aqueous slurry was made strongly basic 
with 50% NaOH and mixed with diatomaceous earth (log), 
packed in a 25 x 200 mm chromato~aphic tube and eluted with 
ether (250ml). The ether was dried over M8SO+ filtered and 
evaporated through a column containing glass beads to a height 
of 5 cm. Crystals of (R)-15 (44Omg, 22% recovery) were filtered 
and washed with a little ether. Most of the ether was evaporated 
and the oily residue was purified by preparative glc on the 
column previously described.’ Yield of pure (R)-Sa was 550mg 
(27% based on unrecovered (R)_IS); T# 1.4973, [d]n- 1.6” and 
(R)-fa.HCl, [b]o t 92 1” [lit.’ 7): 1.47441. 

(S)_2-Cltloromefhyl-l-efhyipy~i~~fle hydrochbjde [IS)- 
la*HCI] was prepared from (S)40 as previousiy reported:‘ m.p. 
210-210.5” [lit? m.p. 193.5-194”]; [#ID- 31.4”, - 30.4”. - 22.5” and 
-25.5” for 4 batches?’ The MeOH solvate (S)-l~.HCI~CH~~H 
was prepared as previously reported.’ 

(R~-3-Ch~~r~-l-efhy~p~pe~dine f(R)_Sa] was prepared from (St 
la by thermal isomerization. (Sf-IaHCI was layered with ben- 
zene, 50% NaOH added and shaken vigorously.” The benzene 
layer was separated and dried over MgSO,, filtered, CHJ& 
added and refluxed. The isomerization was followed by PMR by 
observing the Me triplet (1.05 ppm 6) of (S)-la decrease as the 
methyl triplet (0.95 ppm 6) of (RI-Za increased. The solvents were 
removed and (RQa distilled; T$’ I.4708 [lit.’ ng I.4674 and6 
1.46461. (R)+HCI: m.p. 213-214.5” (lit.’ 193_1pQ”], [#lo- 
27.00.” 

(Sj3-Ch~uro-I-efhy~p~pe~dine ~yd~ch~~~de [(S~~,HCl]. To 
(RI-59 (2.38 8, 0.018 mole) in CHCls (50 ml) stirred in a 3.neck 
round bottomed flask cooled in an ice bath, SOClz (4.8g, 

0.04 mole) in CHCI) (IO ml) was slowly added dropwise. The ice 
bath was replaced with a heating mantle and the soln was 
refluxed for 2 hr with stirring. The solvent was removed under 
reduced pressure and the residue was decolorized by refluxing 
with charcoal in MeOH five times. Evaporation of the NeOH 
yielded white crystals, which were shown to con~n about 50 : 50 
(R)-Sa-HCl and (S)-2aHCl from the IR spectrum. Recrystal- 
lization from isopropanol three times gave pure (S)-2s.HCI 
(470mg. m.p. 213-214.5” and [,#]p t 20.6*.” The lR spectra of 
(S)-2aHCl and racemic 2aHCI (Aldrich Chemical Co.) as KBr 
disks concomitantly determined were identical. 

Reactions of (S)-IaHCI, (S)-la*HCICH,OH, (R)-2~ and (Sk 
2a. HCI with 25% aq NaOH were performed as previously des- 
cribed.’ The optically active products were separated by pre- 
parative glc and purified by molecular distillation as described 
above.’ 

Kkretics 01 the fhermul rearrangement of (S)-la to (R)-2a 
Stock benzene s~~~tj~~s of (SI-la, (S~~~*HCl (usually 200 mg) 

was placed in a 3ml test tube. Benzene (l.Oml) and 50% 
aq NaOH (about 0.2ml) were added and rapidly shaken. The 
benzene layer was carefully pipetted into a second 3 ml test tube 
containing anhyd MgSO, fabout IOOmg) and was shaken 
vigorously. The benzene soln was filtered into a 5mm. NMR 
tube or polarimeter cell. No attempt was made IO determine the 
final concentration because it was shown that the rate was 
constant when starting with 6&200mg (SI-la,HCl. It was also 
shown that the solute prepared as described above was at least 
99% (*la. A benzene soln of Is has a “musty” odor not 
observed for 23 either neat or in benzene soln. 

Po/arimefric meusuremenfs. Rotations were measured at 
546 nm with a Perkin-Elmer Model I41 automatic digital polari- 
meter. The jacketed cells were l.Odm long. Between measure- 
ments, the cell and hoses were kept in a thermos!ated box. The 
box was insulated with polystyrene foam and had glass coils in 
the walls, bottom and top through which water from a ther- 
mostated bath ( rtO.020) was circulated, an arrangement that 
eliminated small variations in cell temperature due to heat losses 
from hoses. 

PMR measurements. The central peak heights of the Me 
triplets of the N-Et groups of la and 2a at I.1 and l.Oppm 6, 
respectively, were measured on a Varian A-6ONMR Spec- 
trometer. The sum of the peak heights was determined and the 
percent of la and 2.a calculated. An average of nine measure- 
ments was calculated for each kinetic point. Since the A-60 
instrument used did not have a variable temp. probe, a time 
correction was made for the period the sample spent in the 
probe. This time correction was calculated using the ap- 
proximation that the rates doubled for every lo” rise in temp. 
This approximation proved to be nearly correct for the observed 
rearrangement. The NMR tube was thermostated between 
measurements by direct immersion in a constant temp. bath 
( ? 0.02”). 

Soluenf eflecfs sfudy. The effect of different solvent mixtures 
was determined by PMR, but with only five measurements made 
per point at probe temp. The probe temp. was Up during the runs 
using the nitrobenzenelbenzene solvent mixtures, but was 36 
during the runs using methylene chloride~~~ene solvent mix- 
ture. In the latter solvent system, the rate of rea~a~ement was 
so rapid that only one determination per point could be made, 
The poor standard deviation of this rate calculation shown in 
Table 1 reffects fhis difficulty. 

Culcu~afions. Rates were calculated from the slope of a least 
squares fitted line through the points of a plot of In[(u - a,/~~ - 
a,)~ IOO] vs time for the polarimetric determinations and 
In(%la) vs time for the PMR determinations. The activation 
parameters E,, AHS and ASt were calculated using standard 
procedures.‘* 

Rofofov dispersion dufa. While the cause was not established, 
the ORD data previously reported6*” for (S~la.HCl and (R)- 
2a.HCI are most certainly incorrect. The rotations determined 
here for four samples of (S)-~a.HCl and a sample each of (RI- 
and (S@+-HCI, each independently prepared, stron~y suggest 
that the present values are correct.3’ Since all of the optically 
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active compounds used in this study have their origin in (S)da 
(except one sample of (RI-%, (ST14 and the precursors of 
(S)-4a), and the problem of racemization during the reduction 
with LAH has already been noted,” rotatory dispersion data are 
given only for the highest values determined. The optical rota- 
tions were measured at the sodium D line (589.3 nm) and most of 
the major mercury emission lines between 580 and 254nm in a 
l.Odm or 2.0cm thermostated cell at 25’ with a Perkin-Elmer 
Model I41 hi automatic digital polarimeter. Errors for each 
measurement are given for the first and last value quoted and are 
the same in between unless otherwise indicated. 

(S)-la*HCI. c = 2.1 in MeOH. [41jsp- 31.4” z 0.4”, [4]~ - 
33.9’. [&lu6-37.2’, [dJ,%- 59.9”. [41r0c-70.1°, [~]wJ-88.8’9 
[41jy- 107.3”. [d]>,l- 125.2”, [4]w- 136.9”, [41m- 15l.l”, 
[41zsr, - 163.7”, [,$lz6s - 186.7”, [4ju4 - 202.8 ? 0.4”. 

(R)-2a*HCI, 3.1 in MeOH. [413a9- 27.0”+0.3”, [dl,n -27.1”, 
[dlsJa-30.1”, [61,x-SIX’, [91401-62.3’, [41~sl-80.8”~0.3”, 
[d]3,3- 123”~ 1.5’. [dim- 156”, [4]zar-207”, [4]zw- 230” + 1.5”. 

(S)-2a*HCI, c = 4.7 in MeOH. [blm+ 20.6” * 0.2“, [dlsn + 
22.3’. [dlwa f 25.5”, [b],% + 43.3”, [bl, + 51.7” k0.2’8 [4jLOl+ 
53” * I”. [41x5 + 67” 2 I”. 

(S)-4a. c = 1.9 in MeOH, [d]sep - 110.4” 2 0.3”, [dlsn - I l5.6”, 
141w- 130.1”, [d],M - 220.6”, [4lrae - 259.5”, [4140(-X5.0”, 
[41wl - 344.1”. [4],w -435.3’. [4]3,3 -522.y, [blnn - 580.7” 
[d]s,-612.90, [4lm - 66&l”, [dlzso-724.8”, [41~5 - 854.3”, 
Idl,<, - 958.7” 2 0.3”. _. <-_.- 

(S)-&HCI, c = 1.2 in MeOH, [41~-39.8” *0.4”, [41~eo- 
42.2”. [41T,, - 42.8”, [&]us- 47.5”. [&, -79.6”. [4Lm - 89.3’9 
[,$I~ - 90.3”. [bl~s - 116.0”. [4bu- 140.1”. [4]3la - 164.3’9 
[41,~ - 179.30, [dam- 190.40, [4h- 199.90. [4im - 217.50, 
[ ,$llhJ - 250.9’, [ I$]~% - 276.4” ? 0.4”. 

(R)-4a, c = I.9 in MeOH, [4],,+91.~~0.3”, [4]5n+%.5’, 
[dlw t 1ct9.1”, [cjj,%t 184.8”,[~1roc+221.7~~0.3~,[~1~~+28~ t 
l.6”, [~]3,,t4400, [41mt516”, [d]zao+w. [41254+698”~1.6”. 

(S)-&, c = 2.6 in MeOH, [~]~%~--95.2~f0.3~, [$lrn-99.9°’ 
0.30, [dlw- 1140-t 1.4”. [41,x- 195”, [db-228’, [9lroc-233’. 
[,11]~~-3040, [dl,w-388”. [41,,,-467”. [4130~-5l9”, [d~]s~- 
55l”, [4]m-598”. [$]zso-663”, [4h-793”, [dlw-884”k l-4”. 

(R)-Sa.HCI, c = 2.9 in MeOH, [blssp+ lO.2”~0.3”, [&n+ 
10.7”. [&, + 12.8”, [&,y + 20.5”. [4l~oe + 24.1”. [4iM5 t 32.1”, 
[41Jw t 40.40, [413,3 +48.4”, [6]m + 54.2”, [41m+6~.2”~ [41mt 
67.8”, [4]265 t 79.6”, [I$]= + 87.9” -c 0.3”. 

(R)-s~. HCI. synthesized from resolved (Q-15. C = 2.5 in 
MeOH, [~I~~~+~* 1.7”. [4]5p+yr [4]ws+ 13”. [4]+rJ4+27”. 
[d]%)+ 33”, [&b,, + 39”, [&lm +56”, Ib12u+8~ 2 1.7.” 

(R)_Sa, c = 2.3 in MeOH, [~I,s, -4.6” 2 0.3”, [dlsn - 4.5”, 
[blw - 4.8”, [dl,ss - 6.4”, [d],,,r, - 6.4”, [4la - 5.6”, [4]ws -4.v”, 
[db,,- I&‘, [$]s,l+ 3.O’, I.$lm+ 6.7’9 [4lm+9.7’* [dl.~s~+ 13.9”. 
[ &hso t 2O.y”, [4]%5 + 38.8”, [412y + 55.6” 2 0.3”. 

(R)-So, c = 2.6 in 2,2,4_trimethylpentane (iSO6Cland. [dh+ 

19.8” 4 0.2”, [41m f 20.3”, [dlus + 23.1”. [414~ + 38.9”, [dlros f 
45.70, [dh t 46.9” 2 0.2”, [,$I%5 + 61’5 1.7, [4bw t 77”. [dl~,j f 
9l”, [b]m t 102” + 1.7”. 

(R)-Sb, c = 1.8 in MeOH, [4]m+ 14.5”*0.7”, [b]m+ 15.r, 
[41us+ 17.3”. [4)4x t 31.7“. [4la+37.8’, [4l,o,+ 38.9”, [&Ixs+ 
53.7” * 0.7”, [4lau+72” + 2”, [413,3 + 9l”, [&If02 + 104”, [4lft7 + 
IC@‘, [dim+ l24”, [9]m+ 139“, [41x5+ l85”, [~1,,+2l6”~2”. 

(S,S’)& c = 1.8 in MeOH, [4lm- 1%.3”*0.7”, [41m- 
204.9’. [,$bn -207.1”. [4]~-233.7°, [4l,,-401.1”, [~I.Iw - 
473.40, [&b-481.7”, [,$]15-634.40+0.70. [dhw-8l5”+3”. 
[f##]m- IW, [-$]wr- ll77”~3”. 

(S,R’)-7s, c = 1.5 in MeOH, [4lm- 116”f I”, [4lu0-11~~ 
[4lsn- 121”v [41u6- l38”, [$lrla-231’, [4lras-2710* l”, [dlroc- 
280” ? 4”, [ tjlw - 37 lo -c 4”. 

(S)-13, c = 5.47 in MeOH, [4lm t 3.9” + 0.1”. [&]uo+ 4.0”. 
[d]w+ 4.4”, [4lrw t 5.2”. [I$ly)(+ 5.0”, I41345 + 3.3”, [413u - 0.3”. 
[41m- 10.7”, [dlrn - 13.9“. [bbj - 27.4”, [41m - 48.9” 2 0.1”. 

(s)-13.H~ c = 3.1 in MeOH, [411Lp + 23’2 lo, [d&v + 24”, 
[&]u6+270, [~L~+44’, [4146(+5-o”, [dhs+64”, [$bw+79”, 
lb]>,, t 920, (41~ t 1020,141~ + 1150, [4im+ 1230, [4ix5 + 1440, 
[4Jm+ 15y”c I”. 

(R.R’)-&, c =0.6 in MeOH, [~$lm-24”. [d]sa-41°. [41s77- 
48”, [41wa-55°. [414M -8o”, [dl,r,,-83”. Iblroc-990. [4]~.5- 
121”. 

(~14, c =O.9 in MeOH, [d]m- l3l”+ I”, [4]~77-l36’* 

[4h- IN”, [4kM-2ti”. [4l,w-326”. I41w-432”. I4l,w- 
568”, [413,>-703”, [41~-80@‘. IdIm-860”, [$lts9--946”, 
[d]m- 1077”, [b]XJ_ l390”? I”. 

(R)-15, c= 1.1 in MeOH. [4],,t8.9”+0.5”, [4]m+10.0” 
[4ly6t 11.6”, [41,x,+ 3.8”, [4l*rr+21.6”, [4hc+22.1”, [~IxJ+ 
30.7”?0.5”, [41>~+45”?2.3”, [$]~,,+60”?2.3”. 
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