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trimethylbenzaldehyde and benzaldehyde in THF at 0 °C showed
no significant difference in their reactivity (product ratio, 3a/3d
= 6/4). Thus, the formation of the butyl adduct from 1d is the
result of retardation of the concerted insertion by the bulky
substituent. Unless primary alkoxides have sterically demanding
substituents, we can deduce that they are inserted through a
concerted mechanism.

The scope and limitation of the present mechanism must be
defined not only by the steric requirements between alkoxides and
the carbenoid® but also in terms of hydride transfer reactivity of
alkoxides.
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The coenzyme form of vitamin B, is synthesized in living
systems by the reaction of ATP with reduced vitamin By, (B,4)
under the influence of the enzyme cob(I)alamin adenosyl-
transferase. This enzyme is present in homogenates of liver and
kidney! and in extracts of Hela cells grown in tissue culture.?
Partially purified forms of the enzyme are available from Clos-
tridium tetanomorphum®=® and Propionibacterium shermanii.t
In the reaction catalyzed by the Clostridium enzyme, the for-
mation of a carbon—cobalt bond between C-5" of ATP and B,
is accompanied by the release of inorganic triphosphate (eq 1).

OH OH
’ Ad
prRO—S 5
OH OH o

Evidence has also been obtained which suggests that the reaction
catalyzed by the Clostridium enzyme may involve formation of
an adenosyl-enzyme intermediate.” The importance of coenzyme
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Figure 1. (A) Adenosylcobalamin derived from 5/(R)-(5'-2H,)ATP. (B)
Adenosylcobalamin derived from 5/(S)-(5'-*H,;)ATP. The NMR spectra
were taken at 270 MHz in D,O.

B,, and the unusual mechanistic features of Clostridium By,
adenosyltransferase have led us to carry out a stereochemical
analysis whose results are reported here.

Clostridium tetanomorphum (ATCC 3606) was grown anae-
robically according to the procedure of Barker et al.2  Cob(I)-
alamin adenosyltransferase was isolated from lyophilized C. te-
tanomorphum cells by a modification of published methods.* The
partially purified enzyme was assayed by HPLC?® and all ma-
nipulations were carried out in dim red light.

Incubation of cob(I)alamin adenosyltransferase with 5(R)-
(5-*H,)ATP and 5/(S)-(5'-*H;)ATP yielded two samples of
chirally deuterated coenzyme B,,, which were isolated by prep-
arative reverse-phase HPLC on a C,5 4.6 X 250 mm column. The
270-MHz 'H NMR spectra of these enzymatically derived sam-
ples of (5’-2H,)coenzyme B,, are shown in Figure 1. The reso-
nance positions of the two diastereotopic hydrogen atoms at C-5’
of coenzyme B,, have been assigned: The 5’ pro-R hydrogen
appears as a triplet at ca. 0.59 ppm and the 5’ pro-S hydrogen
appears as a doublet at ca. 1.54 ppm.'®!! An examination of the
spectra shown in Figure 1 reveals the 5'(R)-(5'-*H,)ATP yields
coenzyme B,, which shows a doublet at ca. 0.57 ppm with the
trace of a singlet at ca. 1.54 ppm. On the other hand, the NMR
spectrum of coenzyme B,, derived from 5'(S)-(5’-2H,)ATP ex-
hibits a singlet at ca. 1.54 ppm and traces of a doublet at ca. 0.57
ppm.!2 Together, these two spectra clearly demonstrate that the
formation of coenzyme B,, from ATP is a stereospecific process
which proceeds with overall inversion of configuration at C-5' of
the adenosyl moiety. The same stereochemical result has been
observed with the only other known adenosyltransferase, L-
methionine S-adenosyltransferase.!3

The formation of coenzyme B,, from ATP with overall inversion
of configuration at C-5’ of the nucleoside strongly suggests that
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the Clostridium enzyme catalyzes a direct displacement of tri-
phosphate by vitamin B,,. Peterkofsky’ has reported that the
Clostridium enzyme will catalyze the exchange of inorganic
[**P}triphosphate with ATP in the absence of By, This result
was interpreted as evidence for initial formation of an adeno-
syl-enzyme intermediate. However, Mudd!* has pointed out a
number of potential flaws in Peterkofsky’s interpretation. Since
our results appear to be incompatible with the formation of an
adenosyl-enzyme intermediate,'® they reinforce Mudd’s concerns
and suggest that the exchange observed by Peterkofsky is due to
processes other than the formation of an adenosyl-enzyme.
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The extensive and systematic studies of Professor R. V. Stevens
and co-workers established the generality and synthetic utility of
the rearrangement of cyclopropy! imines under acidic catalysis
at temperatures of 110 to 150 °C to provide A2-pyrrolines.! Some
evidence was accumulated which suggested that the rearrangement
proceeded by a stepwise mechanism, however, no intermediates
were detected to substantiate this reasonable and generally ac-
cepted hypothesis.>* A number of syntheses of members of the
mesembrine, amaryllidaceae, and pyrrolizidine alkaloid families
have been completed by several groups utilizing this protocol.!?

However, the method suffers from several limitations, the major
one being the requirement for relatively vigorous acidic reaction
conditions. In many instances, the success of the process depends
upon the ability to remove the reactive endocyclic enamine from
the reaction mixture as it is formed. Thus, there are inherent
factors that reduce significantly the scope of the process, especially
for applications involving relatively complex and sensitive mul-
tifunctional molecules. Therefore, we chose to investigate a process
that might circumvent these difficulties and permit access to highly
functionalized dienamines which were of interest as intermediates
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Scheme I¢
%/Y ' Qé/\r“’
BF4
+ BF4 dor e Q OAc
—_—
Z/Y H
s
(7)
c
[-]
c
¢t B 0Ac
+
OHC Ac Qw
(4) A
(8) (9)

@ Reagents: (a) KCN, MgSO,/THF /40 °C/36 h; (b) AgBF,
(1.5 equiv)/DME/room temperature; (¢) H,0; (d) LiCl (1.5 equiv)/
DME/room temperature (1.5 h) then 82 °C/1 h; (e) LiBr (1.5
equiv)/CH,CN/room temperature (4 h).

toward the amaryllidaceae alkaloid lycorine (1). We hypothesized
that the more highly stabilized iminium ion 2, which could con-
ceivably be generated under mild, nonacidic conditions, would
undergo more facile rearrangement to the stable cyclic enam-
monium salt 3. The iminium ion rearrangement appeared to offer

BF; BF 4
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(2) (3)

the further advantages of (1) applicability to both 1° and 2°
amines, (2) protection of the labile endocyclic enamine or dien-
amine as the readily isolable enammonium salt 3, from which the
related enamine could be regenerated upon choice of an appro-
priate alkyl group removable from nitrogen, and (3) substantial
flexibility in the nature of the precursors to the iminium salts 2
as well as the conditions under which the intermediates 2 would
be generated and the subsequent rearrangement conducted. This
hypothesis proved to be correct as described below.

First, with regard to mechanism, we have been able to sub-
stantiate the stepwise nature of the transformation. Condensation
of aldehyde 4 (cis/trans mixture)* with pyrrolidinium fluoroborate
(KCN/MgSO,/THF/40 °C/36 h) provided the cyanoamine 5.5
Treatment of 5§ with AgBF, in DME (room temperature/0.75 h),
as expected,® afforded the derived iminium ion 6 which upon
addition of water regenerated 4 (Scheme I). Treatment of the
solution of 6 in DME with LiCl at room temperature (1.5 h)
followed by heating at reflux (1 h) resulted in generation of the
intermediate enamine 7, whose structure was established by hy-
drolysis to aldehyde 8.7 When LiBr is utilized and the solvent

(4) Compound 4 was prepared by the following six-step sequence. Al-
kylation of cyclopropyl cyanide with 3,3-dimethylallyl bromide (LDA) fol-
lowed by reduction (DIBAL) and treatment of the resulting aldehyde with
trimethyl orthoformate yielded the corresponding acetal. Subsequent ozo-
nolysis, formation of the enol acetate (Et;N/Ac,0/DMAP), and acidic hy-
drolysis affords compound 4.
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