
290 1 

A General Method for the Synthesis of Amines by 
the Rearrangement of Allylic Trichloroacetimidates. 
1,3 Transposition of Alcohol and Amine Functions 

Larry E. Overman' 
Contribution f rom the Department of Chemistry, University of California, 
Iruine. California 92664. Received September 5,  1975 

Abstract: A new synthetic method for the preparation of amines is reported (Scheme I). Allylic alcohols are condensed with tri- 
chloroacetonitrile to yield the corresponding allylic trichloroacetimidic esters (3).  Thermolysis of 3 at  25- 140 O C  results in al- 
lylic rearrangement to afford the corresponding trichloroacetamide 4. To complete the l ,3 conversion of a hydroxy to a pri- 
mary amino group, the trichloroacetyl group can be removed by treatment with dilute base. Details of the application of this 
method to 13 varied primary, secondary, and tertiary alcohols are described. With the exception of 3-substituted 2-cyclohexen- 
1-01s. the overall yields are excellent. Evidence is presented to indicate that the thermal rearrangement is an operationally con- 
certed [3,3]-sigmatropic rearrangement, Mercury(I1) salts dramatically catalyze the rearrangement of trichloroacetimidic 
esters of 2-alken- 1-01s. Rate accelerations of up to 1 O I 2  are obtained. A two-step iminomercuration-deoxymercuration mecha- 
nism (Scheme 11) is suggested for this novel mercury(I1) catalysis. 

In recent years, the 1,3 interchange of allylic functionality 
(eq 1) has  played a n  increasingly important role in synthetic 

R1R&=CR--CF&R4 -t R,R&-CR=CR,R, (1) 
I 
Y I 

X 
organic m e t h ~ d o l o g y . ~ ~ ~  Excellent synthetic procedures, which 
embody significant substrate flexibility, exist for the 1,3 con- 
version of oxygen functions into carbon (Claisen-type rear- 
r a n g e m e n t ~ ) , ~ ~  and  halogen3c functionalities. Many 
other such transformations have also been demonstrated* but 
their scope has not yet been fully delineated. Among these are  
the 1,3 conversions of sulfur functions to oxygen3d and nitro- 
gen3e functionalities and the allylic interconversion of oxygen 
and nitrogen f u n ~ t i o n s . ~ ~ , g  In large part ,  due  to their high 
specificity in affording only a single allylic isomer, [3,3]- and 
[2,3]-sigmatropic rearrangements have been particularly 
widely employed. 

Prior to 1974 a generally useful synthetic method for the 1,3 
transposition of oxygen and nitrogen functions (eq I ,  X = O R ,  
Y = NR2) was not available. Tha t  such a method would be 
useful in synthesis is readily apparent when one considers how 
much more difficult is the introduction of a n  amino than  a 
hydroxyl group into complex m o l e c ~ l e s . ~  Previously existing 
methods for achieving this transformation have serious limi- 
tations. The  SN2' reaction of allylic alcohol derivatives with 
amines is sometimes successful, but it is restricted to cases 
where direct displacement is precluded by steric or other fac- 
tors (eq 2).5.6 Rearrangements of the type illustrated in eq 3 

^. 
LI n 

60-73% 

H 
60-250 "C 

R,FGC=CR-CR,R4 - R,&C-CR=CR,R, -L 

I 
R,"-XO- 

I 
O X N b '  

+ 

I X = CO, R = C,H,, H7 
CO, S02C1,HS 
SO, CH,,CH,' 

RiR,C-CR=CR,R, + XO (3) 
I 
W' 

also affect this t r a n ~ f o r m a t i o n . ~ - ~  The  most useful of these 
processes is the base-catalyzed thermal rearrangement 
(200-240 "C)  of allylic phenyl urethanes (eq 3, X = CO,  R' 
= C6H5, H) which affords the allylically transposed amine in 
24-60% yield. Unfortunately, reactions of this type have some 
ionization (SNi) component and even in the most favorable 
cases afford significant amounts of the "arranged allylic 

Allylic N-phenylbenzimidates'O (1, R' = C6H5) and 
N-phenylformimidates" (1, R' = H) a re  also reported to  

200-250 'C 
RIRpC=CR-CRJR, RI&C-CR=CR,R, 

1 2 

rearrange a t  200-250 O C  to give in high yieldsI2 the corre- 
sponding rearranged amides 2. The general utility of these 
rearrangements is, however, seriously limited by the moderate 
yields obtained in preparing the imidate derivative (<50% 
based on the allylic alcohol),lOsl I the  high pyrolysis tempera- 
tures which may result in further transformations of the 
product amides 2,13 and the lack of flexibility in nitrogen 
substitution. 

In 197414 we reported that  the [3,3]-sigmatropic rear- 
rangement of t r i c h l o r o a ~ e t i m i d i c ' ~ ~  esters of allylic alcohols 
provides a superior method for the 1,3 transposition of hydroxyl 
and amino functions. In this paper we present the details of our 
investigations of this synthetic procedure. 

Results 
Scheme I illustrates the sequence. The  application of this 

method to a variety of primary, secondary, and tertiary allylic 
alcohols is summarized in Table I. With the exception of 3- 
substituted cyclohexenols, the overall isolated yields a re  ex- 
cellent. 

Preparation of Trichloroacetimidates.I6 The base-catalyzed 
addition of alcohols to trichloroacetonitrile was first reported 
by Cramer.I7,l8 The  procedure we have found most repro- 
ducible is to utilize the corresponding sodium or potassium 
alkoxide (0.1-0.2 equiv) a s  the catalyst and to carry out the 
condensation with trichloroacetonitrile a t  0 OC in an  ether 
solvent. For tertiary and many secondary alcohols, it is essential 
that  the alcohol-alkoxide solution be added to an ether solution 
of trichloroacetonitrile a t  0 O C  (inverse-addition). The  reason 
for the higher yields obtained by this sequence is unclear. In 
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Scheme I. 
the Rearrangement of Allylic Trichloroacetimidates 

1,3-Transposition of Hydroxyl and Amino Groups via 

CC1,CN 
R,R&=CR-CR,R, - R,$C=CR-CR,R, 

I I 
25-140 T - 

OH OCCCI, 
I1 
NH 

3 

dilute R,R,C-CR=CR,R, - R,R,C-CR=CR,R, 
NaOH I 

NH, 
I 

I1 
HNCCCl, 

0 
4 

this way trichloroacetimidic esters (3) of a variety of primary, 
secondary, and tertiary alcohols have been prepared in crude 
yields of 80-100% without the necessity for yield optimization. 
In our early experiments crude imidates were generally purified 
by distillation (Table IV, Experimental Section); however, in 
more recent experiments they have been used directly without 
purification. 

Thermal Rearrangement of Allylic Trichlor~acetimidates.~~ 
The conditions required for the thermal rearrangement varied 
considerably with the structure of the imidate. Trichloroa- 
cetimidic esters of primary and secondary allylic alcohols were 
isomerized in refluxing xylene (1 40 O C ;  t 1 1 2  - 1 h for primary 
esters and -5 min for secondary esters). Tertiary imidates 
rearranged a t  a convenient rate in refluxing benzene (80 O C ,  

t 1p - 1 h).  The  trichloroacetimidic ester of the bisallylic al- 
cohol 19 (Table I)  underwent facile rearrangement a t  room 
temperature,  and only the rearranged amides 17 and 18 were 
isolated when 19 was condensed with trichloroacetonitrile in 
the normal fashion. Overall yields were not significantly im- 
proved by purifying the trichloroacetimidic ester (Tables I and 
IV),  and we therefore recommend that crude imidates be 
thermolyzed directly. 

The rearrangements are totally regiospecific. In no case was 
a trichloroacetamide with an unrearranged carbon skeleton 
detected in the IH N M R  spectrum of the crude thermolysis 
product (2% of this isomer would have easily been detected in 
the cases of 5, 7,9, and 15). 

The  rearrangement of trichloroacetimidic esters of secon- 
dary allylic alcohols proceeded in a highly stereoselective 
manner.  Amides 9 and 10 were assigned the trans configura- 
tion on the basis2I of strong ir absorption a t  965-970 cm-l and 
the absence of absorption a t  690-720 cm- ' .  The  stereo- 
chemical homogeneity of 9 was examined in detail by HPLC, 
and no trace of a second isomer was detected. Similarly high 
stereoselectivity was apparent in the formation of the trisub- 
stituted alkene 11. The 'H N M R  spectrum of the crude ma- 
terial showed only a single allylic methyl singlet a t  6 1.62 (2% 
of another isomer would have been detected). Although ste- 
reochemical correlations for trisubstituted alkenes containing 
allylic amide substitutents have not to our knowledge been 
established, the observed methyl chemical shift is within the 
range2c,22 expected for the E isomer, and such a tentative as- 
signment is made. Thermolysis of the trichloroacetimidic ester 
of linalool (21) affords a 60:40 mixture of the geranyl and neryl 
amides, ( E ) -  and (2)-15. The  assignment of the E configu- 
ration to the major isomer on the basis of the smaller chemical 
shift observed for its C-3 allylic methyl in the ' H  N M R  spec- 
trum was confirmed by the results of shift reagent experiments 
(see Experimental Section). Although 17 and 18 were not 
stereochemically homogeneous (alcohol 19 was a mixture of 
E and Z isomers), the disubstituted double bond in 17 is pri- 
marily trans (ir 964 cm-I, absorption minimum 690-720 
cm-I).  

Table I. 
Thermolysis of Allylic Trichloroacetimidatesa 

1,3 Conversion of an Alcohol to an Amide. 

Isolated yield, % 

Conversion Overallb Thermolysis 

5 

-OH - J Y  6 

c6HH,7 OH - cbHT- NHTAc 

7 

@I -4- 
OH NHTAc 

a 
-NHTA~* 

9 

NHTAc 

C H , p "  - & 
10 

OH NHTAc 
11 

6-0 12 NHTAc 

OH 
l 

13 

OH L;] -J- (-pTh&l1 

14 

d qoH-v CH,NHTAc 

21 15(60% F 40% Z) 

16 

' OH 
19 

17 (60%) 
+ 

NHTAc 

18 (40%) 

67-74 87-92 

12  

76 

50 

74 

74 

6 1  

92 

87 

63 

92 

93 

89 

6 1  79 

10-43 18-7ge 

20 

83  

5 7  ( 6 7 4  

66 

aYields were maximized for 5 only. bFrom starting alcohoL 
CTAc = trichloroacetyL dFor discussion of stereochemistry, see 
text. eNot reproducible, see Experimental Section. fBased on re- 
covered alcohoL 

T h e  results of our preliminary kinetic investigations of the 
thermal rearrangement of imidate 20 (eq 4) a re  summarized 
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Table 11. Kinetics of the Thermal Rearrangement of the Trichloroacetimidic Ester of Geraniol (20) 

Solvent Temp, "Ca io%, rib No. of runs Activation parameters (x,ylene) 

Xylene 119.9 4.25 t 0.47 7 E,  = 24.6 k 0.5 kcal mol-' 
Xylene 132.3 10.8? 1.1 5 e'= 23.8 i 0.5 kcal m01-l~ 

Xylene 143.5 25.3 i 1.6 5 LogA (s-')= 9.3 i 0.3 
AS*'= -18.6 cal deg-' mol-'e 

Nitrobenzene 132.3 55.0 i 4.7 3 
aiO.1 "C. bRuns made following both the disappearance of imidate 20 and the appearance of amide 5 are included in this average. CCalcu- 

lated at 132.3 "C. dMaximum error = 2.8 kcal/mol. eMaximum error = 7.2 cal deg-' mol-'. 

NH 
20 5 

in Table  II .  The  rearrangement was conveniently monitored 
in the ir by following either the appearance of the C=O band 
of 5 or the  disappearance of the C=N band of 20. The  reac- 
tions were cleanly first order over 3 half-lives. 

Removal of the Trichloroacetyl Group. T o  complete the 1,3 
conversion of a hydroxyl to a primary amino function, the 
trichloroacetyl can be removed a t  room temperature 
by treatment with 3 M sodium hydroxide as is illustrated in eq 
5 and 6. 

A N H T A c  

(5) 

5 

Mercury(I1)-Catalyzed Rearrangement of Allylic Trichlo- 
roacetimidates. Mercury( 11) salts dramatically catalyze the 
rearrangement of some allylic trichloroacetimidates (Table 
111). For example, if 0.1 equiv of mercuric trifluoroacetate (or 
mercuric nitrate) is added to a THF (or benzene) solution of 
imidate 22 in a 'H NMR tube and the spectrum immediately 
recorded, only the rearranged amide 6 is observed. This should 
be contrasted to the thermal rearrangement of imidate 22 
which requires 12 h a t  140 OC. Tha t  trifluoroacetic acid was 
not responsible for the observed catalysis was clearly estab- 
lished by control experiments. For example, the addition of 
0.1-0.8 equiv of trifluoracetic acid to  T H F  solutions of imid- 
ates of 20 or 22 afforded after 5 h only a trace (<3%) of the 
rearranged amides 5 or 6. As was the case with the thermal 
rearrangement,  the mercury( 11)-catalyzed rearrangement of 
imidates 5, 6,7, and 21 occurs with complete regiospecificity, 
since no trace (<3%) of the corresponding amide  with an  un- 
rearranged carbon skeleton could be detected by 'H  N M R  
analysis. Several methods have been utilized to separate the 
mercuric catalyst from the product amide. The  catalyst has 
been removed by chromatography on silica gel, complexation 
with pyridine,26 or complexation with t r i pheny lph~sph ine~ '  
(preferred). 

As is apparent from Table Ill,  the scope of the catalyzed 
reaction is very limited and is synthetically useful only for 
imidates derived from 2-alken-1-01s. With tertiary and some 
secondary imidates, the major process appeared to be an  
elimination reaction since considerable trichloroacetamide was 
isolated. 

The  following incidental observations were made. The  
mercury(I1)-promoted rearrangement of imidate 20 was rapid 
even a t  -60 OC (0.3 equiv of mercuric trifluoroacetate in T H F ,  
catalyst destroyed a t  -60 "C with sodium borohydride) and 
afforded a 40% yield of amide 5 after 1 h. The  mercuric tri- 

fluoroacetate-catalyzed rearrangement of 20 was, on the other 
hand, totally suppressed in protic solvents such a s  methanol 
or  THF-water.  The  rearranged amide  6 was also not formed 
when imidate 22 was treated with aluminum chloride etherate 
or silver tetrafluoroborate. Such  treatment in T H F  resulted 
in the disappearance of imidate 22 without the formation of 
any  detectable amide 6. 

Discussion 
Mechanism of the Thermal Rearrangement. The  thermal 

rearrangement of allylic trichloroacetimidates (3  -. 4) is, to 
the limits of detection, irreversible. This results from the large 
enthalpic driving force associated with the conversion of the 
imidate to the amide functionality.28 Although we have not 
made an  extensive study of the mechanism of the thermal re- 
arrangement,  its formulation a s  an  operationally concerted 
pericyclic process seems appropriate. Thus  by the usual 
mechanistic criteria an intermediate has not been detected. For 
example, only amides with allylically rearranged carbon 
skeletons were obtained from the thermal rearrangement of 
all the monoallylic imidates we have studied, even in cases such 
as the preparation of amides 7, 15, and 16 where formation of 
an  intermediate would have appeared particularly favora- 
ble.3e,29 The  stereoselectivity observed in the formation of 
substituted alkenes is similar to that observed for other 
[3,3]-sigmatropic rearrangements. The  large preference ob- 
served for the formation of the E isomer of the di- and trisub- 
stituted alkenes 9 and 11 is expected from the large steric bulk 
of t he  trichloromethyl substituent and the usual chair  model 
for the cyclic six-centered transition s ta te  29.30 The  lack of 

H 

R1 
29 

stereoselectivity observed in the formation of 15 is also con- 
sistent with this model, and similar product ratios have been 
reported for the rearrangement of other linalool  derivative^.^" 

The  activation parameters observed for the rearrangement 
of 20 (e = 24 kcal/mol, a* = - 19 eu) are  typical of those 
observed for other [3,3]-sigmatropic  rearrangement^.^^^ T h e  
small increase in rate31b obtained upon changing solvent from 
xylene to nitrobenzene and the rate increase resulting from the 
attachment of carbocation stabilizing groups to the imidate 
bearing carbon suggest that  there is some charge separation 
in the transition state 30. A similar polarized transition state 
was suggested for the gas-phase rearrangement of allylic tri- 

HNYo 
CCl, 
30 
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Table 111. Mercuric Trifluoroacetate Catalyzed Rearrangement of Allylic Trichloroacetimidatesa 
Yield (%) Amide 

Imidate HgX,b, equiv Time, h product Isolated 'H NMRC 
NH 

0.10 0.25 6 79 92 

22 
NH 

-oKcc, 0.20 l e  i 78 

NH 

C,H,-O~CCI,  
24 

0.40 7 45 

~ o y c c 1 3  

NH 

0.20 If 5 79 

20 

0.20 
0.30 

5 
5 

70 81 
73 

4 
4 

0.30 4 12 TI (4%) 

25 

0.30 4 10 10s -=+ 

26 

p 1 CCI3 
0.30 4 9 TI (<6%) B/\/v 

27 

0.30 4 16 none (<2%y 

28 

aIn  THF at 25 "C using distilled imidate samples unless otherwise noted; [imidate] = 0.2 M. bMercuric trifluoroacetate. CEntries in this col- 
umn correspond to experiments conducted under identical conditions. In all cases the reaction was quenched after 4 h with triphenylphoa 
phine and the yields determined by NMR analysis using internal standards d[ Imidate] = 1.0 M. erhe catalyst was added to 0 "C and the reac- 
tion allowed to warm to room temperature. fThe catalyst was added at -78 "C and the reaction allowed to  warm to room temperature. 
gElimination was the major reaction. Considerable trichloroacetamide was isolated. h A  crude sample of imidate was employed. 2,2,2-Tri- 
chloro-N-( 1-buten-3yl)acetamide. 

fluoroacetate esters,32 a reaction which is a close oxygen an- 
alogue of the allylic trichloroacetimidate rearrangement.  

Mechanism of the Mercury(I1)-Catalyzed Rearrangement. 
Catalysis of the rear rangemint  of allylic imidates by protic3g 
and Lewis acidsZo has been reported. For example, treatment 
of trichloroacetimidate 23 with 0.1 equiv of boron trifluoride 
etherate in refluxing benzene yields the mixture of products 
shown in eq 7.20 A characteristic feature of these catalyzed 
rearrangements is the formation of mixtures of allylic isomers 
and Friedel-Crafts products. Ionic (SNi) mechanisms, in- 
volving ion pair intermediates such as 31, have been suggested 
for these acid-catalyzed p r o c e s s e ~ . ~ g ~ ~ ~  

Our observation that mercury(I1) will promote the rear- 
rangement of trichloroacetimidic esters of 2-alken- 1-01s (20, 
22,23, and 24) constitutes, to our knowledge, the first report 
of mercuric ion catalysis of a formal [3,3]-sigmatropic rear- 
r a ~ ~ g e m e n t . ~ ~  Catalysis by mercury(I1) of the rearrangement 
of allylic imidates differs dramatically from the previously 
reported catalysis by acids in that mixtures of allylic isomers 
a re  not formed in the former process. The two-step mechanism 
we propose for the mercury(I1)-catalyzed reaction is shown 

NH 
11 BF,, A 

benzene 
CH3CH=CHCH,0CCC13 - 

23 

CH,CH=CHCH,-X + CH3CHCH=CH2 + CCl3CONH2 ( 7 )  
I 

X 
X = NHTAc (4 %) 

in Scheme 11. In the first step, the mercuric electrophile adds 
to the double bond to form a mercurinium ion (or its equiva- 
lent)34 which is then captured intramolecularly a t  C-3  by the 
nucleophilic imino nitrogen to afford 32.35 Dihydrooxazine 32 

X = NHTAc (3 %) (6 %I 
CsH, (9%) C6H5 (12%) 
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Scheme II. Iminomercuration-Deoxymercuration Mechanism 

32 

can then suffer cleavage of the carbon-nitrogen bond to reform 
the starting material or the carbon-oxygen bond to afford the 
rearranged amide. T h e  later process should eventually be fa- 
vored due  to the thermodynamic driving force. The  success of 
this catalyzed reaction undoubtedly derives from the fact that ,  
in aprotic solvents, adduct formation between a n  olefin and 
mercuric trifluoroacetate is both rapid and r e ~ e r s i b l e . ~ ~ , ~ '  A 
related two-step mechanism has been suggested for the pal- 
ladium(I1)-catalyzed isomerization of allylic propionate es- 
t e r ~ . ~ *  

T h e  clean regiospecificity observed for the mercury(I1)- 
catalyzed reaction and the absence of Friedel-Crafts products 
(eq 7) when the reaction is conducted in benzene are  consistent 
with the mechanism of Scheme I1 and  incompatible with an  
SNi'-type mechanism. The iminomercuration-deoxymer- 
curation mechanism also provides a convenient rationale for 
the limited scope of the mercury(I1)-catalyzed process (Table 
111). Thus  mercury(I1) catalysis is expected to  be most fa- 
vorable for imidates such as 20 where addition of the imino 
nitrogen a t  C-3  is favored and less successful for imidates such 
as 25,27, and 28 where addition a t  C-2 is preferred.39 In these 
later cases alternate reaction processes, such as the elimination 
reaction observed for 28, may dominate. Evidence for the 
formation of C-2 adducts in the case of imidates 25 and 27 
comes from experiments utilizing 1 equiv of mercuric trifluo- 
roacetate where subsequent transformations of the interme- 
diate adducts affords the corresponding 2-amino  alcohol^.^^*^' 

An estimate of the magnitude of the rate  acceleration 
brought about by the mercury(I1) catalyst was obtained by 
comparing the estimated half-life of -70 min for the rear- 
rangement of imidate 20 in T H F  a t  -60 O C  (0.3 equiv of 
mercuric trifluoroacetate) with the extrapolated half-life for 
the thermal rearrangement (xylene solvent) a t  this tempera- 
t ~ r e . ~ ~  Such  a comparison indicates a catalytic effect for 
mercury(I1) of greater than 

Synthetic Applications. The  method reported in this paper 
for the 1,3 transposition of hydroxyl and amino groups 
(Scheme I )  is, we believe, the preferred method for achieving 
this transformation. Some of the important features of this 
sequence a r e  ( a )  the overall high yields, (b) the relatively low 
temperatures required for the thermal rearrangement, (c) the 
ability of mercury(I1) to catalyze the rearrangement of imidate 
derivatives of 2-alken- 1 -ols, (d) the total regiospecificity and 
high stereoselectivity of the process, (e) the ease of removal of 
t he  trichloroacetyl group, and (f)  most importantly, the ap- 
parently broad scope of this method. 

As is apparent from Table I, the  rearrangement of allylic 
trichloroacetimidic esters of tertiary alcohols is also successful, 
in contrast  to several other rearrangements of this type.2a,44 
The  only serious limitation we have encountered is a competing 
elimination reaction which becomes important for trichlo- 
roacetimidic esters of 3-substituted 2-cyclohexen- 1-01s. T h e  
reluctance of derivatives of such conformationally flexible 
alcohols to undergo [3,3]-sigmatropic rearrangements is well 
precedented .44 

This method for the preparation of amines should be par- 
ticularly useful for the synthesis of tertiary carbinyl amines, 
e.g., 5, for which there a re  few alternate synthetic  method^.^ 
With  previously existing synthetic methodology, the regio- 

specific synthesis of 3-amino-1-alkenes (e.g., the parent amines 
of 5-8) was particularly difficult;46 however, such compounds 
a r e  readily available by the method reported here. Recently 
the  use of this sequence in the construction of an  unsaturated 
azaspirc ring system was reported.25 

The  combination of this 1,3 transposition of functionality 
with the addition of vinyl organometallics to ketones and al- 
dehydes allows for synthetic transformations of the type shown 
in eq 8 and 9. In cases where the starting carbonyl component 

is an  aldehyde (R2 = H), this method should stereoselectively 
afford the E isomers (R2 = H ) .  Such  conversions have been 
demonstrated in the preparation of amides 11 and 16 in yields 
(based on the start ing carbonyl compound) of over 50%. 

W e  believe the method of amine synthesis reported in this 
paper is both convenient and practical. In many cases it should 
be the preferred method for the preparation of a variety of 
amines. 

Experimental Section 

Allylic alcohols (purity 98% or better) were purchased from Aldrich 
Chemical Co. or Chemical Samples Co. 1 - V i n y l c y c l ~ h e x a n o l ~ ~  and 
5,9-dimethyl- 1 ,4,8-decatrien-3-o14* were prepared in greater than 85% 
yield according to the procedure of N ~ r m a n t . ~ ~  Tetrahydrofuran 
(THF) was distilled from benzophenone and sodium immediately 
prior to use. Benzene and xylene (a mixture of isomers, bp 139-143 
"C) were distilled from calcium hydride. Mercuric trifluoroacetate 
was purchased from Aldrich Chemical Co. or prepared as described.s0 
This hygroscopic salt was stored in a desiccator over potassium hy- 
droxide, and only material melting above 163 OC was used; the an- 
hydrous salt melts at 166-168 OC. Some samples of commercial 
material contain considerable water and melt as low as 100 OC. Such 
samples can be purified by recrystallization from trifluoroacetic acid 
and vacuum drying over KOH. Trichloroacetonitrile was purchased 
from Aldrich Chemical Co. and was distilled. The shift reagent yt- 
terbium tris(2,2,6,6-tetramethylheptanedionate) (Yb(dpm)3) was 
purchased from Ventron Corp. All other chemicals used were ana- 
lytical reagent grade. 

Microanalyses were performed by Chemalytics, Tempe, Ariz., or 
by Galbraith Laboratories, Knoxville, Tenn. Analyses agreed with 
calculated values within 4~0.4% unless otherwise noted. Melting points 
were determined in capillary tubes with a Buchi apparatus which was 
calibrated with known standards. 

Proton magnetic resonance ( 'H NMR) spectra were determined 
at 60 MHz on a Varian 56/60 or EM360 instrument. Chemical shifts 
are reported as 6 values in ppm relative to tetramethylsilane = 0. 
Coupling constants ( J )  are reported in Hz; abbreviations used are: 
s, singlet; d, doublet; t,  triplet; m, complex multiplet. Infrared spectra 
were determined on a Perkin-Elmer Model 137 spectrophotometer. 
Unless otherwise indicated, short-path (bulb-to-bulb) distillations were 
carried out at <150 OC (<0.05 Torr) in a Kugelrohr apparatus. 

All thin-layer (TLC) and preparative-layer (PLC) chromatography 
separations were done with E. Merck silica gel (GF and PF-254). Dry 
column chromatography used Woelm silica gel for d ry  column 
chromatography purchased from ICN Corp. W. R. Grace silica gel 
(grade 62) was used for slurry packed columns. 

All reactions were run under a nitrogen atmosphere. Concentrations 
were done using a rotary evaporator under reduced pressure. 

Preparation of Trichloroacetimidates. Representative procedures 
are  detailed below. The inverse addition procedure is preferred for 
secondary and tertiary alcohols. In early experiments crude imidates 
were often purified by vacuum distillation, and the distilled yields and 
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physical properties for these materials are summarized in Table IV. 
In more recent studies, crude imidates have been used directly and 
their characterization is described individually. With the exception 
of low-boiling members, trichloroacetimidates are reasonably difficult 
to purify to analytical purity. This is particularly true of secondary 
and tertiary imidates which may rearrange to some extent during 
vacuum distillation and are often unstable (undergo elimination) upon 
PLC or column chromatography (silica gel or alumina). As a result 
of these difficulties, with but a few exceptions, analyses have not been 
obtained on trichloroacetimidate intermediates. 

Method A. Normal Addition. (E)-3,7-Dimethyl-2,6-octadien-l-yl 
2,2,2-Trichloroethanimidate (20)51 (Geraniol Trichloroacetimidate). 
A suspension of sodium hydride [410 mg of a 57%dispersion in min- 
eral oil (10 mmol), which had been previously washed twice with 
hexane] and 60 ml of anhydrous ether was treated dropwise with a 
solution of 15.4 g (100 mmol) of (E)-3-7-dimethyl-2,6-octadien-l- 
01 (geraniol) and 15 ml of anhydrous ether. After the evolution of 
hydrogen ceased (-5 min), the reaction mixture was cooled to -10 
to 0 OC, and trichloroacetonitrile ( 1  0.0 ml, 14.4 g, 100 mmol) was 
added dropwise to the stirred solution, while the temperature was 
maintained below 0 OC. Addition was complete within 15 min, and 
the solution was allowed to warm to room temperature and was con- 
centrated. Pentane [ 150 ml, containing 0.4 ml ( I O  mmol) of methanol] 
was added, the mixture shaken vigorously for 1 min, and a small 
amount of dark, insoluble material was removed by gravity filtration. 
After washing the residue two times with pentane, the combined fil- 
trate was concentrated to give 27-29 g (90-97%) of crude 20. 

The crude imidate was sufficiently pure (-95% by ' H  NMR) for 
most purposes. It could be distilled rapidly through a short Vigreux 
column to give 24-28 g (80-93%) of pure 20: bp 109-1 1 1  OC (0.1 
Torr); umax (film) 3340 (NH)  and 1660 cm-' (C=N); ' H  NMR 
(CC14) 8.3 (broads, NH), 5.5 (approximate t, J = 7, C-2 vinylic hy- 
drogen), 5.1 (broad s, C-6 vinylic hydrogen), 4.77 (d, J = 7, CH20- 
(C=NH)CC13), 1.73 (s, CH3), 1.66 (s, CH3), and 1.58 ppm (s, CH3). 
Anal. ( C I ~ H ~ ~ C I ~ N O )  C, H ,  N .  

Method B. Inverse Addition. 3,7-Dimethyl-1,6-octadien-3-yl 
2,2,2-Trichloroethanimidate (33) (Linalool Trichloroacetimidate). A 
solution of 1.54 g (10 mmol) of 3,7-dimethyl-1,6-octadien-3-ol (li- 
nalool) in I O  ml of anhydrous T H F  at room temperature was treated 
portionwise with a hexane slurry of 0.17 g (1.5 mmol) of potassium 
hydride (a 35% dispersion in oil, which had been previously washed 
twice with hexane). After stirring for 5 min, the yellow alkoxide- 
alcohol solution was added dropwise (double-needle transfer) to a 
solution of 1 .O ml(1.44 g, 10 mmol) of trichloroacetonitrile in 10 ml 
of anhydrous ether. The temperature during addition was maintained 
at  -5 to 0 "C by external cooling. After stirring for 1% h at 0 OC, the 
yellow solution was concentrated (temperature <25 "C); pentane [50 
ml, containing 0.1 ml (2.5 mmol) of methanol] was added, the 
mixture shaken vigorously for 1 min, and a small amount of insolu- 
ble material was removed by filtration. Concentration afforded 
2.87 g (96%) of crude, 33, a light-yellow liquid which appeared at  
least 85% pure by IH NMR analysis: umax (film) 3400 (N-H, 
1660 (C=N), 1290, and 1075 cm-I; ' H  NMR (CC14) 8.2 (broad 
s, NH), 4.7-6.3 (m, CH=CH2 and C-6 vinylic hydrogen), 1.55 (s, 
CH3), and 1.67 ppm (s, two CH3 groups). 

Thermal Rearrangements. 2,2,2-Trichloro-N-(3,7-dimethyl-1,6- 
octadien-3-y1)acetamide (5). A solution of crude imidate 20 (28 g) in 
300 ml of xylene was heated at  reflux for 8 h. After cooling to room 
temperature, the dark xylene solution was filtered through a short 
column (4.5 cm in diameter) which was packed with silica gel (70 g) 
and toluene. The column was eluted with an additional 250 ml of 
toluene, and the combined light yellow eluent was concentrated and 
distilled through a short Vigreux column to give 20-22 g (67-74% for 
the two steps) of 5 ,  bp 94-97 OC (0.03 Torr), TLC (Rf  0.4, trace im- 
purity R,- 0.7, 4: 1 hexane:ethyl acetate.) The analytical sample was 
prepared by crystallization from hexane at -78 OC to give a colorless 
liquid: mp <20 OC, vmax (film) 3267 and 3330 (NH), 1724 (CEO), 
1503 (amide I1 band), 987 and 917 (CH=CH2), and 817 cm-' 
(C-CI); ' H  N M R  (CC14) 6.6 (broad s, NH),  5.96 (approximated 
of doublets, J = 9.5 and 18.5, C-2 vinylic hydrogen), 4.9-5.3 (m, C-l 
and C-6 vinylic hydrogens), 1.67 (s, CH3), 1.60 (s, CH3), and 1.49 
ppm (s, CH3). Anal. ( C I ~ H I ~ C I ~ N O )  C, H, CI, N .  

Similar thermolysis of a distilled sample of imidate 20 afforded pure 
5 (homogeneous by TLC) in 87-92% yield after distillation through 
a short Vigreux column. 

2,2,2-Trichloro-N-(l-hexen-3-yl)acetamide (6). A solution of dis- 

d 
I 

:z u 
2=u 

0 

0 

ti m 

n 

E- o 
r- 
I1 
Is s 
W P 
* 

ccv,v,cc 3 0 0 
W w w W w w  w w W 
2 2 2 2 2 2  2 2 2 

zU 
3 ~ 2 " * 3 k  *i: 2 3 

e z E E z r  E 2 E 

1 u  ;*,. ,..,. \.,.\. . .  . .  . .  

Journal of the American ChemicalSociety 1 98:lO 1 May 12, 1976 



tilled imidate 22 (254 mg, 1.03 mmol) in 10 ml of xylene was heated 
at reflux for 12 h, concentrated, and distilled (short path) to afford 
234 mg (92%) of 6, pure by ' H  NMR analysis, TLC (RJ 0.3, trace 
impurity Rf 0.2, 12:l ethyl acetate: hexane). The analytical sample 
was prepared by PLC (benzene) and distillation (short path): Vmax 

(film) 3410 (NH), 1695 (C=O), 1510 (amideIIband),987 and923 
(CH=CH2), and 820 cm-' (C-CI); IH NMR (CC14) 6.6 (broad 
s, NH), 5.0-6.2 (m, CH=CH2), and 4.4 ppm (m, CHNHTAc). Anal. 

2,2,2-Trichloro-N-(l-propen-3-yl)acetamide (8). A solution of dis- 
tilled imidate 34 (1.99 g, 9.83 mmol) and 25 ml of xylene was heated 
at  reflux for 18 h, concentrated, and distilled (short path) to afford 
1.78 g (89%) of 8, contaminated with 8%of 34 ( 'H NMR analysis). 
A 1 50-mg sample was purified by PLC (1O:l hexane:ethyl acetate) 
to afford 107 mg (63%) of 8: mp 28-3 1 OC (lit.20 mp 3 1-32 "C); Ymax 

(CC14) 3400 (N-H), 1727 (C=O), 1508 (amide I1 band), 989 and 
922 cm-' (CH=CH2); ' H  NMR (CC14) 6.9 (broad s, NH), 5.0-6.3 
(m, CH=CH2), and 3.97 ppm (apparent t, J = 5.5, CH~NHTAC) .  

2,2,2-Trichloro-N-(3phenyl-1-penten-3-yl)acetamide (7). A solution 
of distilled imidate 24 (910 mg, 3.27 mmol) and 25 ml of xylene was 
heated at reflux for 10 h, concentrated, and purified by PLC (1O:l 
benzene:ethyl acetate) to afford 793 mg (87%) of 7, a light yellow 
solid: mp 56-58 OC, TLC (Ry0.6, 1O:l benzene:ethyl acetate). The 
analytical sample was prepared by sublimation (80 OC, 0.1 Torr): mp 
58-59 'C; umax (KBr) 3257 (NH), 1689 (C=O), 1513 (amide I1 
band), 999 and 934 cm-' (CH=CH2); ' H  NMR (cc14) 7.39 (s, 
C6H5), 5.1-6.2 (m, CH=CH2), and 5.6 ppm (m, CHNHTAc). Anal. 

2,2,2-Trichloro-N-[(Ej-2-hepten-l-yl]Acetamide (9). A solution of 
distilled imidate 27 (432 mg, 1.67 mmol) in 20 ml of xylene was heated 
at reflux for 2'h h, concentrated, and purified by dry column chro- 
matography on silica gel (9: 1 hexane:ethyl acetate) and distillation 
(short path) to give 399 mg (92%) of pure 9: umax (film) 3410 (NH), 
1698 (C=O), 1508 (amide I1 band), 967 (trans CH=CH), and 820 
cm-' (CCI); ' H  NMR (CC14) 7.2 (broad s, NH),  5.2-6.0 (m, 
CH=CH), and 3.9 ppm (apparent t, J = 5, CHzNHTAc). Anal. 

This sample when analyzed by HPLC (2 ft fi  porasil column, >6000 
theoretical plates, three solvent systems) showed only a single peak. 

2,2,2-Trichloro-N-[(E)-3-hexen-2-yl]acetadde (IO). A solution of 
distilled imidate 26 (1.14 g, 4.67 mmol, a mixture of cis and trans 
isomers) in 25 ml of xylene was heated at reflux for 1 h, concentrated, 
and distilled (short path) to afford 1.06 g (93%) of pure 10: bp 88-89 
"C (0.7 Torr); TLC (Ry0.5, benzene), umax (film) 3410 (NH), 1700 
(C=O), 1508 (amide I1 band), 966 (trans CH=CH), and 823 cm-' 
(CCI); ' H  NMR (CC14) 6.8 (broadened d, J -  6, NH), 5.1-6.0 (m, 
CH=CH), 4.2-4.6 (m, CHNHTAc), 1.6-2.5 (m, CH2), 1.32 ( d , J  
= 7, CH3), and 1.00 ppm (t, J = 7, CH3). Anal. (CgH12C13NO) C, 
H, N. 
2,2,2-Trichloro-N-[(E)-2-methyl-2-hepten-l-yl]acetamide (1 1). 

Following procedure B, 2-methyl-1-hepten-3-01 (1.28 g, 10 mmol) 
was condensed with trichloroacetonitrile to yield 2.64 g (97%) of the 
crude imidate, which appeared to be greater than 90% pure by IH 
NMR analysis. A 1.00-g sample in benzene was filtered through a 
short column packed with silica gel (3 g) and benzene to afford 0.71 
g (69%) of pure 2-methyl- 1 -hepten-3-yl 2,2,2-trichloroethanimidate: 
Ymax (film) 3320 (NH), 1665 (C=N), 1300, and 1070 cm-I; 'H 
NMR (CC14) 8.2 (broads, NH), 5.27 (t, J = 6, CHO(C=NH)CC13), 
4.8-5.1 (m, =CHI), and 1.73 ppm (broadened s ,  CH3). 

A 200-mg sample of the above purified imidate was dissolved in 
xylene and heated at reflux for 3% h. Concentration, purification by 
PLC (3: 1 benzene:hexane), and distillation (short path) afforded 179 
mg (8996) of analytically pure 11: TLC (R~0.35 ,  3:l benzene:hexane); 
Ymax (film) 3320 (NH), 1710 (CEO), 1520 (amide I1 band), and 820 
cm-' (CCI); 'H  NMR (CCII) 6.8 (broad s, NH),  5.33 (t, J = 7, 
=CH), 3.85 (d, J = 6, CH~NHTAC),  and 1.63 ppm (s, CH3). Anal. 
( C I O H I ~ C ~ ~ N O )  c ,  H, N. 

The isomeric purity of the product amide was at least 98% since no 
trace of a second vinyl methyl singlet was apparent in the 'H NMR 
spectrum. A resolved vinyl methyl singlet 2% as intense as that of the 
major isomer would have been detected. The addition of sequential 
amounts (up to 0.5 equiv) of Yb(dpm)3 also failed to resolve a second 
isomer. 
2,2,2-Trichloro-N-(2-cyclohexene-l-yl)acetamide (12). A solution 

of distilled imidate 25 (1  53 mg, 0.63 1 mmol) and 20 ml of o-dichlo- 
robenzene was heated at reflux for 1 h, concentrated, and purified by 

( C ~ H I ~ C ~ ~ N O )  c ,  H, c l ,  N.  

( C I I H ~ O C I ~ N O )  C, H, C1, N. 

( C ~ H I ~ C I ~ N O )  C ,  H ,  CI, N.  
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PLC (benzene) to afford 121 mg (79%) of pure 12, 84-86 OC. The 
analytical sample was prepared by one recrystallization from hexane: 
mp 85.5-87 'C; umax (KBr) 3226 (NH), 1686 (C=O), and 1522 
cm-l (amide I1 band); IH NMR (CCI4) 6.53 (broads, NH), 5.4-6.2 
(m, CH=CH),  and 4.4 ppm (m, CHNHTAc). Anal. (CgHloNOC13) 
C, H, N .  

2,2,2-Trichloro-N-( 1,5,5-trimethyl-2-cyclohexen- 1-y1)acetamide 
(13). A solution of distilled imidate 36 (361 mg, 1.27 mmol) in 15 ml 
of xylene was heated at reflux for 1 h and concentrated to afford a 
colorless semisolid material. Hexane (20 ml) was added and the 
mixture filtered to yield 93 mg (0.57 mmol) of trichloroacetamide, 
mp 137-139 OC (lit.52 mp 142O). The concentrated hexane filtrate 
was purified by PLC (benzene) to afford 177 mg (49%) of 13, a col- 
orless liquid, TLC (R~0.5 ,  benzene). Two additional pyrolyses of other 
samples of presumably comparable 36 afforded 13 in 18 and 79%. 
Imidate 36 is apparently very sensitive to acid-promoted ionization, 
which we believe to be responsible for the widely differing results 
observed. As examples of the extreme sensitivity of 36, attempted 
filtration through silica gel resulted in extensive elimination, as did 
extraction of a pentane solution of 36 with dilute aqueous acetic acid. 
The analytical sample of amide 13 was prepared by distillation (short 
path): umax (film) 3330 (NH), 1705 (C=O), and 1510 cm-' (amide 
I1 band); ' H  NMR (CC14) 6.6 (broads, NH), 5.8-5.9 (m, CH=CH), 
1 .l-2.4 (m, 2 ring methylenes), 1.50 (s, C-1 CH3), and 1.02 ppm (s, 
two C-5 CH3 groups). Anal. (Cl I H ~ ~ C ~ ~ N O )  C, H, c1, N. 

2,2,2-Trichloro-N-[ l-(rl-ethylenedioxy- I-butyl)-2-cyclohexene-l- 
yllacetamide (14). Following procedure B (NaH was used in place of 
KH), 3-(4-ethylenedioxy- I-butyl)-2-cyclohexen-l-01~~ (23.0 g, 0.108 
mol) was condensed with trichloroacetonitrile to yield 36.3 g (94%) 
of 3-(4-ethylenedioxy-l-butyl)-2-cyclohexen-l-yl 2,2,2-trichlo- 
roethanimidate; 90% pure by 'H  NMR analysis; 'H  NMR (CC14) 

C(=NH)CC13), 4.73 (m, CH(O)O), and 3.79 ppm (m, 
OCH2CH20). 

The above imidate sample was dissolved in 1.5 1. of hexane and 
heated at reflux for 5 days. After cooling to 0 OC, the mixture was 
filtered to yield 9.5 g (58.5 mmol) of trichloroacetamide mp 136-139 
OC (lit.52 142 "C). The concentrated filtrate was dissolved in 30 ml 
of hexane and allowed to crystallize at 0 OC to afford 4.85 g (1 3% for 
two steps) of the rearranged amide 14: mp 86-89 OC; TLC (RfO.2, 
4:l hexane:ethyl acetate). An additional 2.61 g (7% for two steps) of 
14, mp 86-88.5 OC was obtained by dry column chromatography (4:l 
hexane:ethyl acetate). The analytical sample was prepared by two 
recrystallizations from hexane to yield fine colorless needles: mp 
90.5-91.5 "C: umax (KBr) 3200 (NH), 1701 (C=O), 1511 (amide 
I1 band), and 824 cm-l (CC1); 'H  NMR (CC14) 6.28 (broads, NH), 
5.89 (s, CH=CH), 4.78 (unsymmetrical t, J = 4.5, CH(O)O), and 
3.83 ppm (m, OCH2CH2O). Anal. ( C I ~ H ~ O C I ~ N O )  C, H, N. 

2,2,2-Trichloro-N-[(E)- and -(Z)-3,7-dimethyl-2,6-octadien-l- 
yllacetamide (15). A 1.15-g sample of linalool trichloroacetimidate 
(33) (preparation described above) and 40 ml of benzene was heated 
at reflux for 2 h ,  allowed to cool to room temperature, and filtered 
through a short column packed with 5 g of silica gel and benzene. After 
elution with an additional 10 ml of benzene, the eluents were con- 
centrated to afford 1 .OO g (83% for the two steps) of a 60:40 mixture 
of amides (E)-15 and (Z)-15. Two isomers were apparent by TLC 
(9:l hexancethyl acetate, double elution): a major isomer RJ 0.4, a 
minor isomer Rf 0.5, and a trace impurity RJ 0.3. The isomer ratios 
were conveniently determined by integration of the 'H NMR spec- 
trum after the addition of the shift reagent Yb(dpm)3, which caused 
a larger downfield shift for the NH hydrogen of the major isomer. The 
analytical sample (isomer mixture) was prepared by PLC (15:l 
hexanexthy1 acetate) and distillation (short path): umax (film) 3246 
(NH), 1686 (C=O), and 1502 cm-l (amide I1 band); 'H  NMR 
(CC14) 6.8 (broad s, NH) ,  4.8-5.4 (m, two =CH), and 3.90 ppm 
(apparent t, CH2NHTAc). Anal. (C12Hl8C13NO5 C, H, N. 

A 78-mg sample of the isomer mixture was separated by PLC (30: 1 
hexane:ethyl acetate, developed four times) to afford 42 mg of the 
major isomer: lower RJ methyl singlets in the ' H  NMR (CC14) at 
1.72, 1.66, and 1.59 ppm, vmax (CC14) 3437 and 1623 cm-I; and 21 
mg of the minor isomer: higher Ry, methyl singlets in the ' H  NMR 
(CC14) at 1.77, 1.69, and 1.61 ppm, umaX (CC14) 3432 and 1621 cm-l. 
The major isomer was assigned the E configuration on the basis of the 
smaller chemical shift observed for its C-3 methyl group (6  1.77 vs. 
1 .72).22 Consistent with this assignment were the results of shift re- 
agent experiments conducted on the isomer mixture. The NH, 

8.1 ( S ,  NH),  5.5-5.8 (m, =CH), 5.34 (S,  wH/2 = 1 1  Hz, CHO- 
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CH~NHTAC,  and C-2 vinylic hydrogens of the major isomer exhibited 
larger downfield shifts than the corresponding hydrogens of the minor 
isomer, but the C-5 vinylic hydrogen exhibited a smaller downfield 
shift than the same hydrogen of the minor isomer. 

2,2,2-Trichloro-N-(2-cyclohexylideneethyl)acetamide (16). Fol- 
lowing procedure B, I-vinylcycl~hexanol~~ (2.53 g, 20 mmol) was 
converted into 4.12 g of crude imidate 28. The ' H  NMR spectrum 
indicated that this sample was contaminated with 15% of l-vinylcy- 
clohexanol. A solution of 1.13 g of this imidate sample in 30 ml of 
benzene was heated at reflux for 2 h and concentrated to afford 1.29 
g of a colorless semisolid material. The ' H  NMR spectrum indicated 
that this sample was a 15:85 mixture of 1-vinylcyclohexanol and 
rearranged amide 16. Crystallization from 4 ml of hexane afforded 
764 mg (51% for the two steps, 60% based on recovered alcohol) of 
16, mp 60-63 OC. An additional 89 mg (6%) of 16, mp 60-62 OC, was 
obtained by purification of the crystallization residues by PLC (9: 1 
hexane:ethyl acetate). The analytical sample was prepared by two 
recrystallizations from hexane: mp 64-65 OC; TLC (Rf 0.4, 9:l 
hexane:ethyl acetate); umax (cc14) 3433 (NH), 1723 (C=O), and 
1503 cm-l (amide I1 band); ' H  NMR (CC14) 7.23 (broadened t, J 
= 5, NH),  5.17 (t, J = 7, =CH), and 3.9 ppm (m, CH2NHTAc). 
Anal. ( C I O H ~ ~ C I ~ N O )  C, H, N.  
2,2,2-Trichloro-N-(5,9-dimethyl-2,4,8-decatrien- 1 -yl)acetamide 

(17) and 2,2,2-Trichloro-N-(5,9-dimethyl-l,3,8-decatrien-5-yl)ace- 
tamide (18). Following procedure B, 5,9-dimethyl-1,4,8-decatrien-3- 
014* (900 mg, 4.99 mmol) was condensed with trichloroacetonitrile 
to afford 1.522 g (94%) of a yellow liquid. The ' H  N M R  spectrum 
of the crude product clearly indicated that no imidate was present (no 
absorption at 6 8.3) and that the crude product was a 60:40 mixture 
of the rearranged amides 17 and 18.53 

Purification of 218 mg of this isomer mixture by PLC (15:l hex- 
ane:ethyl acetate) followed by distillation (short path) afforded 92 
mg (39%) of 17: Rf0.25; umax (film) 3300 (NH), 1706 (C=O), 1510 
(amide I1 band), and 964 cm-I (trans CH=CH); ' H  NMR (CCI4) 
7.1 (broad s, NH), 4.7-6.7 (m, four vinylic hydrogens), 3.96 (apparent 
t, J = 5, CH~NHTAC) ,  1.75 (s, CH3), 1.63 (s, CH3), and 1.57 ppm 
(s, CH3). Anal. ( C ~ ~ H ~ O C I ~ N O )  C, H,  N.  The higher Rf fraction 
afforded 63 mg (27%) of 18: Rf0.45; umax (film) 3390 (NH), 1724 
(C=O), 1508 (amide I1 band), 1004, and 908 cm-I; ' H  NMR (CC14) 
6.4 (broad s, NH), 4.8-6.4 (six vinylic hydrogens), 1.67 (s, CH3), 1.58 
(s, CH3), and 1.52 ppm (s, CH3). Anal. ( C ~ ~ H ~ O C I ~ N O )  C, H, N. 

Mercury(I1)-Promoted Rearrangements. 2,2,2-Trichloro-N-(3,7- 
dimethyl-1,6-octadien-3-yl)acetamide (5). A. Pyridine Quenched. A 
solution of distilled imidate 20 (7.47 g, 25 mmol) and 125 ml of an- 
hydrous T H F  was cooled to -78 OC. A solution of mercuric trifluo- 
roacetate (25 ml of a 0.2 M T H F  solution) was added dropwise over 
15 min using a glass addition funnel. The resulting solution was al- 
lowed to warm to room temperature during l h, and pyridine (8 ml) 
was added to complex free mercuric ion.26 T H F  and excess pyridine 
were removed in vacuo, ether was added, and the ether solution was 
washed with H2O until the aqueous extracts gave a negative test for 
ionic mercury (NaBH4-NaOH). Drying (MgS04) and distillation 
through a short Vigreux column afforded 5.93 g (79%) of pure 5, 
which was identical with a sample prepared by thermal rearrange- 
ment. 

B. Triphenylphosphine Quenched. A solution of distilled 20 (595 
mg, 1.99 mmol) in 10 ml of anhydrous T H F  was treated at room 
temperature with 181 mg (0.424 mmol) of mercuric trifluoroacetate. 
After 4 h the reaction was quenched by adding 230 mg (0.88 mmol) 
of triphenylphosphine. The resulting solution was stirred for 5 min, 
a few crystals of bis(triphenylphosphine)bis(trifluoroacetato)mer- 
cury(I1) (37) were added, followed by 15 ml of hexane. A light-gray 
precipitate began to form, and the mixture was stirred overnight. 
Filtration afforded 403 mg (67%) of 37, mp 118-130 OC (lit.27 136 
OC)The filtrate was concentrated and purified by dry column chro- 
matography (4:l hexane:ethyl acetate) to afford 421 mg (70%) of pure 
5. 

2,2,2-Trichloro-N-( 1-hexen-3-y1)acetamide (6). A solution of dis- 
tilled imidate 22 (93.3 mg, 0.379 mmol) and 0.4 ml of anhydrous THF 
was treated at room temperature with 17.1 mg (0.040 mmol) of 
mercuric trifluoroacetate. A ' H  NMR spectrum taken immediately 
after addition indicated the absence of 22. Pyridine (0.5 ml) was added 
and the solution was shaken for 2 min. After concentration, purifi- 
cation was affected by PLC (benzene) to afford 74 mg (79%) of pure 
6, identical with a sample prepared by thermal rearrangement. 

2,2,2-TrichIoro-N-(l-buten-3-yl)acetamide. A solution of distilled 

imidate 23 (216 mg, 1.00 mmol) in 5 ml of T H F  was cooled to 0 O C  

and treated dropwise with 2.0 ml of a 0.10 M solution of mercuric 
trifluoroacetate in anhydrous THF. After allowing the reaction 
mixture to warm to room temperature it was concentrated and purified 
by PLC (9:l hexanexthy1 acetate) to afford 168 mg (78%) of pure 
2,2,2-trichloro-N-( l-buten-3-yl)acetamide, lit.20 bp 120-1 30 OC (1 1 
Torr), identical with a sample prepared by thermal rearrangement. 

2,2,2-Trichloro-N-(3-phenyl-l-propen-3-yl)acetamide (7). A solution 
of distilled imidate 24 (278 mg, 1.00 mmol) in 10 ml of T H F  was 
cooled to -78 OC and treated dropwise with 2.0 ml of a 0.20 M solu- 
tion of mercuric trifluoroacetate in anhydrous THF. After the addition 
was complete, the reaction mixture was allowed to warm to room 
temperature and was concentrated to afford a light yellow semisolid 
material. Analysis by 'H NMR indicated that this material was a 7:3 
mixture of 7 and the starting imidate 24. Purification by PLC (9:l 
benzene:ethyl acetate) yielded 125 mg (45%) of 7, which was 90% pure 
by IH NMR analysis. 

Mercury(I1)-Catalyzed Rearrangement-Standard Reaction Con- 
ditions. A solution of 2.0 mmol of distilled imidate i n  10 ml of anhy- 
drous THF was treated at room temperature with 256 mg (0.60 mmol) 
of mercuric trifluoroacetate, and the resulting solution was stirred 
under a nitrogen atmosphere at room temperature. After 4 h the re- 
action was quenched by adding 346 mg (1.32 mmol, 10% excess) of 
triphenylphosphine. After stirring for 5 min, 15 ml of hexane and a 
few seed crystals of bis(tripheny1phosphine) bis(trifluoroacetato)m- 
ercury(I1) were added. Sometimes an immediate precipitate formed, 
while in others crystallization was more sluggish. After stirring for 
12 h the precipitated bis(tripheny1phosphine) bis(trifluor0aceta- 
to)mercury(II) was removed by filtration and the filtrate concen- 
trated. An appropriate internal standard was added, and the yield of 
rearranged amide was determined by careful IH NMR integration. 

Control experiments demonstrated that a T H F  solution of tri- 
chloroacetamide 10 and triphenylphosphine ( 1 equiv) was unchanged 
after 24 h. 

Mercury(I1)-Catalyzed Rearrangement of Imidate 20 at Low 
Temperature. A solution of 597 mg (2.00 mmol) of distilled imidate 
20 and 10 ml of anhydrous T H F  was cooled to -60 O C .  Under a 
stream of nitrogen 256 mg (0.60 mmol) of mercuric trifluoroacetate 
was quickly added and the colorless solution maintained at -60 OC. 
After 1 h the catalyst was destroyeds4 by adding 0.30 ml of a diglyme 
solution of sodium borohydride (hydride molarity = 5.6 M) .  The 
characteristic gray color of colloidal mercury was immediately ap- 
parent, and the mixture was stirred for an additional 1 h at -70 to -60 
O C .  After warming to room temperature, the mixture was filtered and 
concentrated, and a weighed amount of freshly distilled benzaldehyde 
was added as an internal standard. ' H  NMR integration of the 
characteristic terminal vinyl multiplet at 6 5.8-6.3 (1 H) of amide 5 
vs. the benzaldehyde aldehydic hydrogen indicated that a 38-5 1% 
yield (two experiments) of 5 was obtained. 

Attempted Rearrangement of Imidate 20 in Protic Solvents. A so- 
lution of 299 mg ( 1  .OO mmol) of imidate 20 and 5 ml of methanol was 
cooled to -78 OC and treated dropwise with 1.5 ml of a 0.2 M solution 
of mercuric trifluoroacetate in THF. The reaction mixture was al- 
lowed to warm to room temperature and was concentrated. Analysis 
by IH NMR indicated that no imidate was present [no absorption at 
6 4.77 (CH2OC(NH)CCI,)] and that only a trace (<lo%) of 5 was 
present (characteristic terminal vinyl multiplet at 6 5.8-6.3). 

Nearly identical results were obtained from a similar experiment 
employing mercuric acetate as the catalyst in a 1:l mixture of T H F  
and H2O at 25 OC. 

Attempted Rearrangement of Imidate 22 with Lewis Acid Catalysts. 
A. Silver Tetrafluoroborate. A solution of 112 mg (0.456 mg) of im- 
idate 22 in 0.5 ml of deuteriochloroform was treated at room tem- 
perature with 90.2 mg of silver tetrafluoroborate (0.46 mmol). 
Analysis by 'H NMR immediately after the addition indicated that 
no 22 remained [no absorption at 6 4.77, (CH2OC(NH)CCI,)]. The 
reaction mixture was diluted with chloroform and washed three times 
with a saturated aqueous solution of sodium chloride [to remove sil- 
ver(I)], dried (MgS04), and concentrated. Analysis by ' H  NMR 
indicated that no (<5%) rearranged amide 6 was formed-no ab- 
sorption characteristic of the terminal vinyl group at 6 5.8-6.3 was 
detected. 

B. Aluminum Chloride Etherate. A solution of 123 mg (0.50 mmol) 
of imidate 22 in 2.5 ml of anhydrous benzene was treated at room 
temperature with 104 mg (0.50 mmol) of aluminum chloride ether- 
ate.5s After 1 h the reaction mixture was poured onto 5 ml of 5% hy- 
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(7) M. E. Synerholm, N. W. Gilman, J. W. Morgan, and R. K. Hill, J. Org. Chem., 

(8) J. B. Hendrickson and I. Joffee, J. Am. Chem. Soc., 95, 4083 (1973). 
(9) E. H. White and C. A. Elliger, J. Am. Chem. Soc., 87, 5261 (1965). 

33, 1111 (1968). 

[IO) 0. Mumm and F. Moller, Chem. Ber., 70, 2214 (1937); W. M. b u e r  and C. 
S. Benton. J. Org. Chem., 24, 804 (1959). 

(1 1) R. M. Roberts and F. A. Hussein, J. Am. Chem. Soc., 82, 1950 (1960); F. 
A. Hussein and S. Y. Kazandji, J. Indian Chem. Soc., 43, 663 (1966); F. A. 
Hussein, J. Chem. U.A.R.. 9, 287 (1966). 

(12) Unfortunately, in none of these cases was the isomeric purity of the product 
amide determined chromatographically. 

(13) W. M. Lauer and R. G. Lockwood, J. Am. Chem. Soc.. 76,3974 (1954). 
(14) L. E. Overman, J. Am. Chem. Soc., 96, 597 (1974). 
(15) (a) Correctly named as 2,2,2-trichloroethanimidates. (b) Correctly named 

as 2,2,2-trichloro-N-substituted-acetamides. 
(16) The preparation of imidates has recently been reviewed: S. R. Sandler and 

W. Karo, "Organic Functional Group Preparations", Vol. Ill, Academic 
Press, New York, N.Y., 1972, Chapter 8. 

(17) F. Cramer, K. Pawelzik, and H. J. Baldauf, Chem. Ber., 91, 1049 (1958). 
(18) F. Cramer and H. J. Baldauf. Chem. Ber.. 92, 370 (1959). 
(19) Our results differ from a previous report that alkyl (and allyl) trichloroace- 

timidates were thermally stable at their boiling point and that at higher 
temperatures did not afford defined rearrangement products.20 

(20) F. Cramer and N. Hennrich, Chem. Ber., 94, 976 (1961). 
(21) L. J. Bellamy, "The Infra-red Spectra of Complex Molecules", 2nd ed, Wiley, 

New York. N.Y., 1958, pp 45-49. 
(22) L. M. Jackman and S. Sternhell, "Applications of Nuclear Magnetic Res- 

onance Spectroscopy in Organic Chemistry", 2nd ed, Permagon Press, 
Elmsford. N.Y., 1969, p 225; R. B. Bates and D. M. Gale. J. Am. Chem. Soc., 
82, 5749 (1960). 

(23) TAc = trichloroacetyl [CCI&(=O)], 
(24) R. S. Goody and R. T. Walker, Tetrahedron Lett., 289 (1967). 
(25) L. E. Overman, Tetrahedron Lett., 1149 (1975). 
(26) H. C. Brown and M.-H. Rei, J. Chem. SOC. D., 1296 (1969). 
(27) Unpublished observations of C. B. Campbell: bis(tripheny1phosphine)bis- 

(rifluoroacetato)mercury(ll) is apparently formed, mp 136 OC. This complex 
is insoluble in hexane and only slightly soluble in THF. The addition of tri- 
phenylphosphine to a benzene solution of the 1.2-addition product of cy- 
clohexene and mercuric trifluoroacetate results in quantitative liberation 
of cyclohexene. 

(28) Cf. P. Beak, J. Bonham, and J. T. Lee, Jr., J. Am. Chem. Soc., 90, 1569 
(1968), and references cited therein; P. Beak, D. S. Mueller, and J. Lee, 
ibid., 96, 3867 (1974). 

(29) For example, although most primary and secondary allylic thiocyanates 
undergo thermal rearrangement to the corresponding isothiocyanates with 
allylic rearrangement, cinnamyl thiocyanate affords mainly cinnamyl iso- 
thiocyanate: E. Bergmann, J. Chem. Soc., 1361 (1935). 

(30) H. J. Hansen and H. Schmid, Tetrahedron, 30, 1959 (1974); C. L. Perrin and 
D. J. Faulkner. Tetrahedron Lett., 2783 (1969); D. J. Faulkner and M. R. 
Petersen, ibid., 3243 (1969). 

(31) (a) A large number of activation parameters are summarized in H. E. O'Neal 
and S. W. Benson. J. Phys. Chem., 71,2903 (1967). (b) For recent studies 
of the effect of solvent on the Claisen rearrangement, see J. A. Miller and 
C. M. Scrimgeour, J. Chem. Sm., Pekin Trans. 2, 1137 (1973); W. N. White 
and E. F. Wolfarth. J. Org. Chem., 35, 3585 (1970). 

(32) E. S. Lewis, J. T. Hill, and E. R. Newman, J. Am. Chem. Soc., 90, 662(1966); 
E. S. Lewis and J. T. Hill, ibid., 91, 7458 (1969). 

(33) The isomerization of allylic acetates with mercuric acetate has been re- 
ported. However an acetoxymercuration-deacetoxymercuration mecha- 
nism was suggested: 2. Rappoport, S. Winstein, and W. G. Young, J. Am. 
Chem. Soc., 94, 2320 (1972). 

(34) Cf. G. A. Olah and P. R. Clifford, J. Am. Chem. Soc., 95,6067 (1973), and 
references cited therein. 

(35) Although aminomercuration reactions are well known,36 there are, to our 
knowledge, no previous reports of iminomercuration. lminomercuration 
has, however, been observed in other unpublished work in our laboratory. 

(36) Cf. J. J. Perie and A. Lattes, Bull. Soc. Chim. Fr., 583 (1970). 
(37) H. C. Brown, M.-H. Rei, andK.-T. Liu. J. Am. Chem. Soc., 92, 1760(1970), 
(38) P. M. Henry, J. Am. Chem. Soc., 94, 5200 (1972). 
(39) L. E. Overman, J. Chem. SOC., Chem. Commun., 1196 (1972); L. E. Over- 

man and C. B. Campbell, J. Org. Chem., 39, 1474 (1974). 
(40) Unpublished results, details to be reported in a future publication. 
(41) A third mechanism which could be considered is one in which a complex 

other than 32, formed from the imidate and the mercury(l1) salt, rearranges 
more rapidly than the free imidate itself. This type of mechanism has been 
suggested for several acid-catalyzed [3,3]-sigmatropic  rearrangement^.^^ 
In those cases, the acceleration was attributed to the charge induced in 
the substrate molecule within the catalyst-substrate complex. Such a 
mechanism cannot be rigorously excluded, particularly if the nature of the 
complex is not defined. However, we consider it less likely than the 
mechanism of Scheme It. 

(42) Cf. U. Widmer, J. Zsindely, H.J. Hansen, and H. Schmid. Helv. Chim. Acta, 

(43) We are aware that a comparison of this type at the lower temperature 
magnifies the rate acceleration; however, we are unaware of other ways 
to make this comparison. 

(44) K. A. Parker and R. W. Kosley, Jr., TefrahedronLett., 691 (1975), and ref 
2 therein. 

(45) H. Muxfeldt, R. S. Schneider, and J. B. Mooberry, J. Am. Chem. SOC.. 88, 
3670 (1966). 

(46) Reference 6, p 724. 
(47) M. Marcou and H. Normant, Bull. Soc. Chim. Fr., 3491 (1965). 
(48) K. Suga, S. Watanabe, and M. Suematsu, Yuki Gosei Kagaku Kyokai Shi, 

(49) H. Normant, Bull. Soc. Chim. Fr., 728 (1957). 
(50) H. C. Brown and M.-H. Rei, J. Am. Chem. Soc., 91, 5646 (1969). 

56, 75 (1973). 

24, 213 (1966); Chem. Abstr., 64, 14226e (1966). 

drochloric acid, diluted with ether, and the organic layer was sepa- 
rated, dried (MgSOd), and concentrated. Analysis as above by ' H  
NMR indicated that no imidate 22 remained and that no (<5%) 
rearranged amide 6 had been formed. 

Removal of the Trichloroacetyl Group. 3,7-Dimethyl-1,6-octa- 
dien-3-amine (Linalylamine). A solution of 9.0 g (30 mmol) of tri- 
chloroacetamide 5, 160 ml of 95% ethanol, and 150 ml of 6 N sodium 
hydroxide was stirred at room temperature for 30 h. Ether (300 ml) 
was added, the organic layer separated, and the aqueous layer washed 
twice with ether. The combined extracts were dried (Na$O3), con- 
centrated, and the semisolid residue extracted with 50 ml of boiling 
hexane. The hexane solution was concentrated and distilled through 
a short Vigreux column to yield 3.24 g (70%) of 3,7-dimethyl-1,6- 
octadien-3-amine: bp 58-61 OC (2.6 Torr); umax (film) 3280 and 3200 
(NH), 998 and 919 (CH=CH*); ' H  NMR (CC14) 5.84 (approximate 
d of doublets, J = 10.1 and 17.8 (C-2 vinylic hydrogen), 4.7-5.2 (m, 
C-1 and C-6 vinylic hydrogens), 1.63 (s, CH3), 1.55 (s, CH,), 1.08 
(s, CH3). Anal. (CloH19N) C, H,  N. 

Kinetics of the Thermal Rearrangement of Imidate 20, Standard 
sealed ampule techniques were utilized. To prevent catalyzed rear- 
rangements, the ampules were washed successively with triethylamine, 
N,O-bis(trimethylsilyl)acetamide, and xylene and were dried at 150 
OC. The reaction was followed by monitoring both the appearance of 
the C=O band [v,,,(xylene) 1730 cm-' ( t  509)l and the disap- 
pearance of the C=N band [u,,,(xylene) 1662 cm-' (c  320)]. Over 
the concentration range utilized Beer's law was obeyed. The starting 
concentration of imidate 20 was 0.10-0.15 M. 

The infrared measurements were made on either a Perkin-Elmer 
521 or a Beckman 5A spectrophotometer. Similar rate constants were 
obtained with either instrument. First-order rate constants were cal- 
culated using a computer program similar to that described by 
Wibergs6 in which the experimental infinity value is varied to give the 
best least-squares fit. Runs were rejected if this procedure changed 
the infinity value greater than 8%, or if the correlation coefficient was 
less than 0.995. All errors reported are i l  standard deviation. 

Activation parameters were calculated from the least-squares slope 
and intercept of a plot of In k (s-I) vs. 1/T. The AH* and AS* were 
calculated at 132.3 OC as de~cribed.~' The maximum error in these 
quantities was calculated as described by Wiberg.58 
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Chlorocyanation of Barrelenes as a Route to 
1 -Cyanosemibullvalenes. Convenient Introduction of an 
Efficient 7r-Electron Acceptor Substituent and Its 
Influence on the Cope Equilibrium 

Leo A. Paquette* and William E. Volz 
Contribution from the Evans Chemical Laboratories, The Ohio State  University, 
Columbus, Ohio 43210. Received July 18, 1975 

Abstract: The two-step sequence of chlorosulfonyl isocyanate addition to a barrelene followed by heating in a dimethylform- 
amide at ca. 90’ proceeds with skeletal rearrangement to a [3.2.1] bicyclic frame and introduction of cyano and chloro substit- 
uents in a 1,3 relationship. These products undergo ready dehydrohalogenation with potassium tert-butoxide in Me2SO-THF 
solution at room temperature to give 1-cyanosemibullvalenes. By NMR and x-ray methods, the parent nitrile is shown to exist 
in that tautomeric form having the CN substituent bonded to the cyclopropane ring at C1. The mono- and dibenzo analogues 
lack the capability for Cope rearrangement and are consequently locked into this form as well. The initially formed barrelene- 
CSI adducts have been characterized and certain mechanistic conclusions drawn. The structural parameters of 1 (5)-cyano- 
semibullvalene are discussed in light of known cyclopropane bond lengths and those features peculiar to the semibullvalene de- 
rivative are summarized. 

As a consequence of their fluxional character,  unsymmet- 
rically bridged homotropilidenes (1) can satisfy internal 
electronic requirements by shifting the position of structural  
equilibrium. Although Schroder’s investigation’ of mono- 
substituted bullvalenes (2) has indicated that  such weakly 
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accepting and  donating groups a s  methyl, chloro, bromo, and 
iodo discriminate hardly a t  all between the various available 
sites, fluorobullvalene exists chiefly (80-85%) in tha t  form 
where the electronegative functionality prefers the lone sp3- 
hybridized aliphatic carbon (C-5).  With alkoxy and carbo- 
methoxy substituents, the preferred orientation is that  illus- 
trated in 3a-c.’** Therefore, a t  t he  bullvalene level of homol- 
ogation, a general pattern of preferential equilibration in the 
C-5 direction is seen. When an electron-withdrawing carbonyl 
group is introduced a s  in bullvalone (3d)3 or the lactams 3e4 
and 3f,5 the result is to alter the prevailing competition chiefly 

in the  opposite direction, and this trend is maintained in the 
azabullvalenes 3g6 and @-lactam 3h.’ 

Goldstein’s more recent finding2 that  homobullvalenone 4 
is characterized by preferred bonding of the carbonyl terminus 
to  C-5 conflicts with those trends found in the lower homolo- 
gues and is not easily reconciled with available theoretical 
assessments of electronic effects in Cope e q ~ i l i b r i a . ~ , ~  Because 
complications from larger longicyclic frameworkslo can arise 
from a number of sources, the t rue electronic perturbational 
effects in 4 a re  conceivably not being revealed. This is not so 
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5 - 
in the twofold degenerate barbaralone series (5) where methyl 
is recognized to prefer C-1 ( K  = 3.28) and deuterium C-5  (K 
= 0.80).” In those l (5)-  and 2(4)-substituted semibullvalenes 
(6 and 7, respectively) examined to date,’2b*c the equilibria are  
clearly illustrative of preferential attachment to olefinic > 
cyclopropyl > aliphatic, irrespective of the particular sub- 
stituent. With the exception of 7-F, good agreement is found 
with p r e d i c t i ~ n . ~ ~ ~  However, the effect of an efficient a-electron 
acceptor such a s  cyano on the very facile13 Cope rearrange- 
ment process which operates in semibullvalenes remained to 
be assessed. 
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