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Application of Deuterium Magnetic Resonance to 
Biosynthetic Studies. 2. Rosenonolactone 
Biosynthesis and Stereochemistry of a 
Biological SN2' Reaction 

Sir: 

The introduction of 2H NMR as a biosynthetic tech
nique1"4 offers a powerful tool for the examination of subtle 
stereochemical questions heretofore accessible only with the 
use of tritiated substances and lengthy degradation procedures. 
To demonstrate the utility of this new method, potential 
problems of sensitivity and resolution must be overcome. In 
exploring the limits of 2H NMR we have examined the stere
ochemistry of the formation of ring C in the biosynthesis of the 
fungal diterpene rosenonolactone (1). 

The classic studies of Arigoni5 and Birch6 and the subse
quent work of Hanson7 have established many of the details 
of the biosynthesis of rosenonolactone. According to the ac
cepted Scheme I, electrophilic cyclization of geranylgeranyl 
pyrophosphate, formed from four molecules of mevalonate, 
gives the bicyclic labda-8( 17), 13-dien-15-yl pyrophosphate 
(2). A second cyclization involving allylic displacement of the 
terminal pyrophosphate and concomitant hydride and methyl 
migrations generates ring C. The exact timing of lactone for
mation is as yet unknown. 

The allylic displacement by which ring C is formed may 
formally be considered an SN2' process. To determine the 
stereochemistry of this process one must answer two questions. 
(1) Which face of the 13,14 double bond of 2 is attacked by the 
terminal methylene? From the known absolute configuration 
of I,8 it follows that cyclization occurs on the si face of the allyl 
system. (2) In which sense, syn or anti, does the pyrophosphate 
depart? This question may be answered by observing which 

Table I. Incorporation of [5-2H]Mevalonates into 1 

Scheme I 

i#' 

<£h 

Mevalonate 
(mmol) 

[5-2H2] (8.1) 
(SR)- (4.1) 
(5S)- (4.6) 

l.mg 

70 
30 
30 

a Based on (3/?)-mevalonate. 

Scheme II 

Incorpn, 
%° 

1.1 
0.55 
1.1 

Enrich
ment, % 

5.2 
3.0 
5.7 

of the prochiral hydrogens at C-16 of 2 becomes cis (H-16Z) 
and which becomes trans (H-16£) to the C-C bond in the 
terminal vinyl group of rosenonolactone (Scheme II). We 
describe below the solution of this problem using 2H NMR. 

Analysis of the 270-MHz 1H NMR of rosenonolactone 
(CDCl3) allows, inter alia, the following proton assignments. 
(1) The vinyl group appears as an ABX pattern, JAB = 1.0 Hz, 
ÂX = 17.5 Hz, /BX = 10.6 Hz. The individual protons were 

assigned on the basis of known cis and trans coupling constants 
for olefinic hydrogens:9 H-16Z = 4.97 ppm, H-16£ = 4.90 
ppm, H-15 = 5.80 ppm. (2) The methylene protons adjacent 
to the ketone may also be assigned from analysis of coupling 
constants: H-6/3 = 2.12 ppm, H-6a = 2.39 ppm (/H-6O-H-6/3 
= 13.7 Hz, JHS-H-60 = 16.5 Hz, /H-5-H-6a = 3.7 Hz). 

A series of specifically deuterated substrates, sodium [5-
2H2]mevalonate,10 (5i?)-[5-2H]mevalonate,u and (5S>[5-
2H] mevalonate,11 each mixed with [2-14C] mevalonate to allow 
calculation of enrichments, was fed to four-day-old cultures 
of Trichothecium roseum (ATCC 8685).16 After an additional 
7 days the mycelia were harvested by filtration, dried, pow
dered, and extracted with hexane for 24 h. The concentrate was 
triturated with pentane and the residue recrystallized seven-ten 
times from methanol to give rosenonolactone which was free 
of persistent traces of isorosenonolactone and small quantities 
of highly deuterated impurities. These experiments are sum
marized in Table I. 

Each of the biosynthetically deuterated samples was ana
lyzed by 2H NMR.17 Rosenonolactone (IA), derived from 
feeding of [5-2H2]mevalonate, shows a signal at 4.97 ppm with 
a shoulder at ~4.90 ppm. A sample of authentic [16-2H2]-
rosenonolactone (ID)19 gives an identical spectrum in the 
olefinic region as does a mixture of cis- and trans-[\6-2H]-
rosenonolactone (IE).22 The terminal methylene signals, 
separated by only 0.07 ppm (3 Hz), are therefore not clearly 
resolved. From the peak shape it was inferred that the observed 
signal results from the superposition of two resonances of un
equal line width, the higher field signal being the broader. This 
conclusion was confirmed in the sequel (see below). The 
spectrum of IA also has the expected signals at 2.34 and 2.08 
ppm corresponding to H-6a and H-6/3, respectively. The re
maining signals at 1.89, 1.71, and 1.42 ppm are presumably 
due to deuterium at C-2 and C-Il. Rosenonolactone (IB), 
derived from (5/?)-[2Hi]mevalonate exhibits a signal at 5.01 
ppm (ci/2 = 3.5 Hz) while IC (from (5S)-[2Hi]mevalonate) 
gives rise to a signal at 4.92 ppm (v\/2 = 7.5 Hz). The positions 
of the observed signals were confirmed by doping each sample 
with ~V3 part of IE: the signal from IB plus IE shows an up-
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Figure 1. Proton decoupled 2HNMR spectra of labeled 1: A, 0.13 mmol 
of IA (from feeding of [5-2H2]mevalonate), 7030 transients, line broad
ening (LB) = 0.5 Hz; B, 0.032 mmol of IB (from feeding of (5/J)-[2H]-
mevalonate), 27970 transients, LB = 0.5 Hz; C, 0.085 mmol of IC (from 
feeding of (55)-[2H]mevalonate), 6708 transients, LB = 0.5 Hz; D, ex
panded spectra of olefinic regions of deuterated rosenonolactone samples, 
including mixture of IC and ~30% IE. 

field tail, while that from IC plus IE has maxima at 4.98 and 
4.93 (cf. Figure ID). 

In accord with previous stereochemical studies of isoprenoid 
biosynthesis,23 the signal corresponding to H-6/3 (2.13 ppm) 
is enhanced in the spectrum of IB. Similarly a signal due to 
H-6a (2.37) appears in the spectrum of IC (Figure 1). 

The above observations establish that the 5-pro-/? hydrogen 
of mevalonate becomes the 16Z hydrogen of rosenonolactone. 
Conversely the 16£ hydrogen of 1 is derived from the 5-pro-S 
hydrogen of mevalonate. These results, taken together with 
the known direction of attack on the 13,14 double bond of 2, 
establish that the allylic displacement which generates ring C 
of 1 takes place with overall anti (or antarafacial) stereo
chemistry.24 

The SN2' reaction has been the subject of considerable in
terest as well as substantial controversy. While there are few 
unambiguous examples of true SN2' processes,25 Stork26a has 
reconfirmed his original report of syn stereochemistry in the 
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reaction of a 2-cyclohexenyl-l-dichlorobenzoate with piperi-
dine. On the other hand use of an acyclic substrate and sulfide 
nucleophile resulted in a significant anti component to the 
reaction.26"3 Arigoni has recently demonstrated anti stereo
chemistry in the solvolysis of linalool to a-terpineol.27 Also 
noteworthy is the work of the Roussel group in which an SN 2' 
reaction of an allylic epoxide was used to generate a prosta
glandin with the requisite stereochemistry.28 Theoretical 
calculations supporting both syn and anti pathways are 
available.29 The above 2H NMR study is the first explicit de
termination of the stereochemistry of a biochemical " S N 2 ' " 
reaction. It remains to be seen whether the observed stereo
chemical restraints also apply to other enzymatically controlled 
nucleophilic allylic displacement processes.30 
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4-terf-Butyl-2,2-dimethylcyclohexylidene. 
A Surprising Lack of Stereoselectivity in a 
1,2-Hydrogen Shift to an Alkylcarbene 

Sir: 

Recently it was reported that the exo/endo-H migratory 
ratio in brexan-5-ylidene 1 was 138 (eq I).1 Examination of 
models indicates that 1 is sufficiently distorted so that the exo 
H is much closer to alignment with the empty p orbital on the 
carbene center than is the endo H. Thus the migratory ratio 
greatly favoring exo-H migration might be interpreted as an 
affirmation of a number of theoretical predictions which state 
that the hydrogen which migrates is that which aligns with the 
empty p orbital (eq 2, path a rather than b is favored).2 Our 

i^-^-4-D(H) (exo) 
l - H(D)(endo) 

» H 
more recent work indicated, however, that cautious interpre
tations of the elegant experimental work of Nickon and his 
coworkers were in order, since, in an apparently unbiased3 

bicyclo[2.2.1]carbene 2 (eq 3), the exo-H/endo-H preference 
was 13 (at 190 0C).4 Thus it might be that factors other than 
stereoelectronic control are operative in bicyclo[2.2.1 ]carbene 
systems. 

OSiMe^Bu-t 

To investigate stereoelectronic control of 1,2-H shifts in 
alkylcarbenes without the attendant ambiguities described 
above, we chose the substituted cyclohexylidene 12 as the re
active intermediate to be studied. Inspection of a Dreiding 
model of 12 indicates that this conformationally rigid carbene5 

has the axial hydrogen atom (Ha) ~10° away from alignment 
with the empty orbital and the equatorial hydrogen (He) is 
~10° away from alignment with the sp2 orbital as shown by 
the Newman projection 13. Thus this system appeared to be 
an excellent choice to probe the question of stereoelectronic 
control of 1,2-H shifts in alkylcarbenes. 

The synthesis of the carbene precursors 11 began with 4-
ferr-butylcyclohexanone (3), which was converted in 40% 

- T ^ / ^ : 

12b c 

% 
I 

-R ' 

J 
S«ri»l 

a 

b 

C 

d 

KLg2 

H H 

H D 

D H 

D D 

i: f i T 
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H= 

13 

overall yield to ketone 4a6 via Coates' procedure7 of reduc-
tion-alkylation of the H-butylthiomethylene derivative of 3.8 

Olefin 5a9 was obtained in 65% overall yield from 4a by the 
thermolysis (525 0C) of a pentane solution of the acetates of 
the alcohols derived from the LiAlH4 reduction of 4a. Epox-
idation of 5a with MCPBA in chloroform solution gave a 1:4 
mixture of cis and trans epoxides 6a and 7a (85%), which was 
reduced with LiAlD4/AlCl3 (2.5/1 mol ratio)10 in ether to give 
alcohols 8b and 9b in quantitative yield. Alcohol 8b6 was ob
tained pure (41% from the epoxides) by careful fractional 
crystallizations from hexane of thep-nitrobenzoates of 8b and 
9b, followed by hydrolysis (KOH/MeOH). Brown oxidation1' 
of 8b gave 4b (83%), with dci:dx:d2 = 2:98:0.12a Ketone 4a was 
converted to 4d (do'-d\:d2 = 1:5:94) by a series of exchange 
reactions using DO~/D20/THF, and 4<J was then transformed 
into 4c (d0:d\:d2 = 5:95:0),2b through the above-described 
series of reactions, except that the epoxides 6c and 7c were 
opened by LiAlH4/AlCl3. 

Our attempts to generate lib and l ie by reaction of ketones 
4b and 4c with p-toluenesulfonyl hydrazide were thwarted 
because all such reactions, under a variety of conditions, led 
to extensive loss of deuterium.13 We discovered, however, that 
reaction of 4b and 4c with distilled, anhydrous hydrazine14 in 
refluxing methanol for 18 h gave hydrazones 10b and 10c 
(70%) with no exchange. Treatment of 10b with 1 equiv of 
n-BuLi in ether at —78 0C and then addition of the resulting 
solution to tosyl chloride (1.4 equiv) in THF at —78 0C gave 
a mixture containing two major components, one of which was 
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