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The compound (1R,2S)-2-methyl-l-aminminocyclopropanecarboxylic acid (MeACC) has been synthesized in racemic 
and optically active forms. I t  has been studied as a substrate and inhibitor for ethylene biosynthesis in mung 
bean hypocotyls. Both KI  and K, for MeACC are the same and identical with K ,  for ACC, strongly implying 
that they compete for the same site. MeACC is converted to propene by mung bean hypocotyls. 

The biosynthesis of ethylene is a problem that has de- 
manded attention in plant physiology almost from the 
moment of the discovery that ethylene is a hormone. 
Historically,'-' research in this area has been punctuated 
by leaps of insight and discovery, such as Burg's proposal8 
that the activity of ethylene and alkene analogues could 
be related to their binding affinity to a transition metal 
and Yang's finding that 1-aminocyclopropanecarboxylic 
acid (ACC) is the immediate biosynthetic precursor to 
ethylenesg The novelty of Yang's discovery has not yet 
allowed much opportunity for the development of ACC 
analogues; a wealth of commercially available compounds 
have little to no activity.1&12 

One prominent exception to the foregoing is ( + ) d o -  
coronamic acid (l), a compound studied by Ichihara, Yang, 
and co-~orkers. '~ They found that of the four possible 
stereoisomers of ethyl ACC, only 1 is processed to a major 
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extent (>40:1) by plant tissue, and it is converted to 1- 
butene. While the rate relative to ACC (0.25 in mung 
bean) and competitive inhibition were mentioned, the 
compound's action as an analogue was not well-charac- 
terized kinetically. An active site model was proposed 
which accommodates its stereochemistry, which was as- 
signed by NMR and ORD data. 

Recent synthetic endeavors toward alkylated ACC 
analogues have been conducted by Walsh and Baldwin. 
The racemic vinyl, methyl, and ethyl compounds, the latter 
in deuterated form, were prepared by Walsh.14 The key 
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intermediate in these syntheses is a cyclopropyl malonate 
which is selectively ammonolyzed at  its less-hindered 
carbonyl group to provide an amide which is subjected to 
Hoffman degradation. This route ultimately affords 
analogues with syn stereochemistry of the alkyl substituent 
relative to the carboxyl. These compounds were used in 
the studies of the Pseudomonas enzyme ACC-deaminase 
which, interestingly, has stereochemical requirements op- 
posite those for ethylene biosynthesis. Baldwin15 has re- 
cently modified Walsh's route to provide the correct rel- 
ative stereochemistry for methyl and ethyl analogues in 
ethylene biosynthesis. This involves first hydrolyzing the 
cyclopropyl malonate and then executing an ammonoly- 
sis/Curtius degradation sequence. Baldwin has also pre- 
pared deuterated analogues using this methodology and 
has resolved and assigned absolute configurations to these 
products. This paper reports a much more direct method 
for preparing those analogues which are useful for ethylene 
biosynthesis studies. It includes the fiist synthesis of such 
compounds from materials of unambiguous absolute con- 
figuration and provides hard evidence concerning the steric 
requirements of the active center for ethylene production. 

Experimental Section 
Mung bean hypocotyl segments were obtained by the procedure 

of Yang.16 Incubation experiments were conducted in 25-mL 
Erlenmeyer flasks sealed with rubber serum stoppers and con- 
taining 10 or 20 segments in 2 mL of solution (50 mM morpho- 
line-ethanesulfonic acid, pH 6.1, 2% sucrose, 50 pg/mL chlor- 
amphenicol). Gas samples (2 mL) were periodically withdrawn 
with a gas-tight syringe and analyzed by gas chromatography" 
using digital integration. The integrator was calibrated with an 
external standard of ethylene or propylene in helium. Analysis 
was conducted at  40 OC (C2H4) or 90 OC (C,H,). Optimum con- 
ditions on a Perkin-Elmer Sigma 3B gas chromatograph were 
injector, 125 OC; detector, 140 "C. Rates were determined by a 
linear least-squares fit with fair precision ( r  > 0.95). 
(1R *,2S *)-Ethyl 2-Methyl-1-isocyanocyclopropane- 

carboxylate. The procedure of SchollkopflB was followed. To 
a suspension of pentane-washed sodium hydride (1.93 g of 60% 
suspension, 48.3 mmol) in 20 mL of ether in a 250-mL, 3-necked, 
round-bottomed flask was added over 1 h by a dropping funnel 
ethyl isocyanoacetate (Aldrich, redistilled) (2.45 g, 21.7 mmol) 
and 1,2-dibromopropane (4.43 g, 21.9 mmol) in a solution of 25 
mL of MezSO and 60 mL of ether. The funnel was rinsed with 
an additional 10 mL of ether and was replaced by a reflux con- 
denser. After 2 h at reflux, the reaction mixture, now dark, was 
cooled and poured into 50 g of an ice/water mixture overlayed 
with 50 mL of ether. After gas evolution subsided, the aqueous 
layer was used to dissolve and transfer salts from the reaction 
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stirred at room temperature for 24 h; it was then neutralized and 
loaded onto a 50-g Dowex 50 (H') column. This was eluted as 
described above to afford the title compound (510 mg, 65%). 
Recrystallization from ethanol/water gave homogeneous material 
whose spectral data were the same as described for the racemate 

Treatment of a sample of this compound suspended in meth- 
anol with enough SOClz to form a 2 M HC1 solution gave the 
methyl ester after 4 h at 40 "C and evaporation of the volatiles. 
Methylene chloride was added, followed by 3 equiv of (-)-MTPA, 
3 equiv of DCC, and 1.1 equiv of DMAP. After stirring at room 
temperature for 18 h, 10 equiv of lactic acid were added. Dilution 
with 10 vol of ether precipitated salts which were removed by 
filtration. The filtrate was washed with 5% HC1 and 3 times with 
saturated NaHCO,. Drying and filtration through a plug of silica 
gel gave a solution which was evaporated to give the MTPA-amide 
methyl eater. Examination of this substance by '9 NMR showed 
signals at 8.73 ppm (1R,2S) and 8.66 ppm (1S,2R) relative to 
external TFA. The enantiomeric excess was found to be 91 %. 

( lSfR)-2-Methyl- 1-aminocyclopropanecarboxylic Acid. 
This compound was prepared as described for the 1R,2S enan- 
tiomer above to afford the title compound in 20% overall yield 
for the alkylation and two-step hydrolysis. Recrystallization from 
ethanol/water gave homogeneous material [[.IDz5 -67.4 (c 0.27, 
HzO)]. Conversion to the methyl ester/MTPA amide and NMR 
analwis as above demonstrated the enantiomeric excess to be 82%. 

(1R *,2S *)-Methyl 2-Ethyl-1-isocyanocyclopropane- 
carboxylate. The procedure of Schollkopf was followed as de- 
scribed above, using 1,2-dibrornobutane, to give 1.3 g of the title 
compound in a 29% distilled yield (bp 113 "C/14 torr). The 
compound is a 9/1 mixture of diastereomers: IR (film) 2140,1735, 
1435, 1310, 1160 cm-'; 'H NMR (CDC13) 6 1.11 (3 H, t, J = 7), 
1.24 (1 H, m), 1.64 (2 H, m), 1.78 (2 H, m), 3.83 (3 H, s). 

( 1R*,2S*)-1-Amino-2-ethylcyclopropanecarboxylic Acid. 
The two-step hydrolysis described above was employed. Thus, 
to dry methanol (5.0 mL) stirring at  0 "C, acetyl chloride (0.46 
mL, 6.5 mmol) was added dropwise. This solution was stirred 
for 10 min. The (lR*,2S*)-Methy12-ethyl-l-isocyanocyclopropane 
carboxylate (0.500 g, 3.22 mmol) was then added dropwise over 
2 min. The mixture was stirred for 24 h at room temperature. 
It was concentrated in vacuo to give an off-white powder. To this 
was added methanol (5.0 mL) and potassium hydroxide (0.54 g, 
3.0 equiv). This mixture was stirred at room temperature for 24 
h. The mixture was neutralized with 5% HC1 and loaded onto 
a 25-g Dowex 50 (H') column. It was eluted as described above 
to give the title compound (319 mg, 78%). Recrystallization from 
ethanol/water gave homogeneous material whose spectral data 
matched those described by Baldwin.15 

Results 
The preparation of (1R,2S)-2-methyl-l-aminocyclo- 

propanecarboxylic acid (MeACC) was achieved by applying 
Schollkopf's procedure to 1,Bdibromopropane and ethyl 
isocyanoacetate. Compared to many other protected gly- 
cine dianion equivalents examined for ACC synthesis 
( b e n ~ y l i d e n e , ~ ~ ~ ' ~  BOC, and stabase glycine), ethyl iso- 
cyanoacetate has in our hands proved far s ~ p e r i o r . " , ~ ~ ~ ~  
The products are easily obtained from a variety of di- 
bromides after bulb-to-bulb distillation with little con- 
tamination from starting material. With 1,2-dibromo- 
alkanes, the alkylation not only proceeds effectively bu t  
i t  does so with a high degree of diastereoselection for the 
anti relationship of the alkyl and carboxyl groups. NMR 
analysis of t he  products of cycloalkylation with methyl-, 
ethyl- (see Experimental Section), and cyclopropyl%ub- 
stituted dibromides shows greater than 85% diastereo- 

[[.]D'~ +75.5 (C 0.24, HzO)]. 

flask to a separatory funnel. The organic phase was separated, 
and the aqueous phase was extracted with 3 X 40 mL of ether. 
The combined organic phases were washed twice with water to 
remove Me2S0 and once with brine and then dried over K2COB. 
Filtration, careful evaporation of the volatiles, and Kugelrohr 
distillation (180 "C, 18 torr) provided 2.16 g (59%) of the title 
compound: 'H NMR (CDCl,) 6 1.15 (1 H, dd, J = 8.5), 1.32 (3 
H, t, J = 71, 1.34 (3 H, d, J = 6), 1.78 (2 H, m), 4.23 (2 H, q, J 
= 7); IR (film) 2980,2130,1730,1395,1370,1290,1255,1180,1100, 
1060, 1025, 855, 715 cm-l. Anal. Calcd for CSHllNO2: C, 62.73; 
H, 7.24; N, 9.14. Found: C, 62.54; H, 7.25; N, 9.18. 

( 1R *fS*)-2-Methyl-l -aminocyclopropanecarboxylic Acid 
(2). The isocyano ester above (1.35 g, 8.82 mmol) was dissolved 
in 10 mL of 5 M KOH and heated at  reflux for 2 h. The solution 
was cooled and neutralized with concentrated HCl. The reaction 
mixture was loaded onto a 200-g (wet) Dowex 50 (H') column 
and eluted with water until the eluate was neutral. Ammonia 
(1 M, 300 mL) was used to elute the amino acid, which was 
obtained after concentration. Recrystallization gave a first crop 
from 10 mL of 3:l EtOH/H20 and a second crop from 5 mL of 
3:l EtOH/H20. The combined yield was 333 mg (33%). The 
mother liquors were retained and used for subsequent prepara- 
tions: 'H NMR (DzO) 6 1.30 (1 H, dd, J = 7.3, 6.1), 1.62 (3 H, 
d, J = 6.5), 1.87 (1 H, dd, J = 9.7,6.1), 2.06 (1 H, m); mp 213-214 
"C; HRMS calcd for C5Hl,,NOz 115.06331, found 115.0629. 

(S)-2-Bromo-l-propanol. To a 5OO-mL, round-bottomed flask 
were added dry tetrahydrofuran (75 mL) and (S)-2-bromo- 
propionic acid (92% ee, prepared by the literature procedure,24 
26.0 g, 0.179 mol). The flask was sealed, purged with N2, and 
cooled to 0 "C. Borane/THF (1.0 M, 187 mL) was then added 
dropwise over 15 min with vigorous gas evolution. The mixture 
was stirred at 0 "C for 2 h, then a saturated ammonium chlo- 
ride/5% HCl mixture was added (150 mL/50 mL). This was 
stirred for 20 min at room temperature. Saturated brine (50 mL) 
was then added. The tetrahydrofuran layer was separated. The 
aqueous phase was extracted with methylene chloride (3 X 75 mL). 
The organic phases were pooled and washed with brine (1 X 50 
mL). The organics were dried over anhydrous MgS04. The 
solution was filtered, and the solvents were removed, first at 
atmospheric pressure and then at 100 torr. 2-Bromo-1-propanol 
was purified by Kugelrohr distillation (70 "C/22 torr, lit. 61 OC/15 
torr) to give 15.3 g of product. The spectral data matched those 
of the racemic series [[.IDm +4.41 (c 1.27, tetrahydrofuran)]. The 
compound was converted to the MTPA ester (DCC) and found 
to have 90% ee. 

(S)-1,2-Dibromopropane. To a solution of (S)-2-Bromo-l- 
propanol (5.0 g, 36.0 mmol) stirring in dry methylene chloride 
(50 mL) at 0 "C under a nitrogen atmosphere was added meth- 
anesulfonyl chloride (3.1 mL, 39.6 mmol) dropwise over 10 min. 
Triethylamine (5.8 mL, 41.4 m o l )  was then added dropwise over 
5 min. The mixture was stirred at 0 "C for -20 min. A saturated 
sodium bicarbonate solution (70 mL) was then added. The 
mixture wm stirred vigorously for 15 min. The methylene chloride 
layer was separated. The aqueous phase was extracted with 
methylene chloride (50 mL). The methylene chloride layers were 
pooled and dried over anhydrous MgS04. The organics were 
filtered and concentrated. Dry tetrahydrofuran (35 mL) and 
lithium bromide (anhydrous, 3.13 g, 36.0 mmol) were added. The 
mixture was stirred at reflux for 4 h and cooled. The salts were 
filtered, and the solvent was removed at atmospheric pressure. 
Kugelrohr distillation of the residue afforded the dibromide (bp 
70 T / 5 5  torr, lit. 36 OC/lO torr) (5.98 g, 82%). The spectral data 
matched those of the racemate [[.]Dzo -19.43 (neat)]. 

(1R ,223 )-Methyl Z-Methyl-l-isocyanocyclopropane- 
carboxylate. The procedure of Schollkopf was followed as de- 
scribed above, using (R)-1,2-dibromopropane, to afford 1.2 g of 
the title compound in 27% distilled yield. Spectral data were 
identical with those of the racemic series. 

( 1RJS )-2-Methyl- 1-aminocyclopropanecarboxylic Acid. 
To methanol (10 mL) stirring at 0 "C was added acetyl chloride 
(0.77 mL, 10.8 mmol). This solution was stirred for 10 min. The 
(1R,2S)-methyl2-methyl-l-isocyan~clopropan~arboxylate (1.00 
g, 7.19 mmol) was then added dropwise over 2 min. The mixture 
was stirred for 24 h at  room temperature. It was concentrated 
in vacuo to give an off-white powder. To this was added methanol 
(10 mL) and potassium hydroxide (1.04 g, 18.5 mmol). This was 
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Synthesis and Evaluation of MeACC 

meric purity. These are carried on by hydrolysis to the 
amino acids which are stereochemically homogeneous after 
recrystallization. The stereochemical assignment rests on 
comparison to published spectral data for both diaste- 
reomers.14J5 The stereochemical outcome may be ration- 
alized by analogy to the results of Stork in epoxy-nitrile 
 cyclization^.^^ 

In the optically active series, a source for dibromo- 
propane in either enantiomeric form is alanine. Following 
literature  procedure^,^^ L- or D-alanine was diazotized to 
form 2-bromopropionic acid, reduced (BH,.THF), and 
brominated (MsC1, Et3N; LiBr, THF). The use of D-ala- 
nine, which is inexpensive, was preferrable to the Seebach 
procedure in which L-alanine is used, and the chiral center 
is inverted via the epoxide in order to obtain the antipode. 
The enantiomeric purity was assessed at the bromo- 
propanol stage using the MTPA esterz5 and was found to 
be greater than 90% ee. Subjection of the dibromides to 
the alkylation/hydrolysis protocol above gave the opti- 
cally-active (1R,2S)- or (1S,2R)-2-methyl-l-aminocyclo- 
propanecarboxylic acids. They show opposite rotations 
(1R,2S - + 7 5 . 5 O ,  1S,2R - [a]D25 -68.2'), and their 
enantiomeric purity was assessed by conversion (MeOH, 
SOC1,; MTPAOH, DCC) to the methyl ester MTPA- 
amide. Examination of their I9F NMR spectra allowed a 
determination of optical purity as follows: 1R,2S - 91% 
ee, 1S,2R - 82% ee. These results provide independent 
confirmation of Baldwin's assignment of absolute config- 
~ ra t ion . '~  

A plant tissue is required for the evaluation of MeACC 
in ethylene biosynthesis, since no cell-free system which 
conducts authentic ethylene biosynthesis is known. A 
modification of Yang's system, mung bean hypocotyl 
segments, is very useful.16 In the absence of externally 
applied auxin, this tissue is not capable of ACC biosyn- 
thesis. Since the ethylene-forming enzyme (EFE) is con- 
stitutive, mung bean segments may be treated as a "black 
box" which represents the EFE. Application of substrates 
or inhibitors leads to reactions which can be characterized 
by standard kinetic methods. 

Some hazards obviously exist in using a tissue to rep- 
resent an enzyme. The effects observed might be due not 
to the EFE but to enzymes involved in uptake, transport, 
or modificationB of analogues which may differ appreciably 
from substrate. There is evidence, however, that uptake 
and transport are not limiting in the processing of ana- 
l o g u e ~ . ~ ~  With these caveats, model systems still provide 
a useful means to study the EFE, and since an ultimate 
goal for modifying plant physiological processes would be 
to develop compounds to inhibit it in vivo, whole tissue 
systems may provide some advantages over isolated en- 
zymes. 

Racemic MeACC was used for the competition studies. 
Based on results in the ethyl series,', it was expected that 
only one antipode of this diastereomerically pure analogue 
would be processed by the EFE. Study of the rate of 
processing of both of the optically active compounds and 
the racemate permitted a determination of the relative rate 
for the pure enantiomers. As Figure 1 shows, the rate of 
processing of the 1R,2S stereoisomer is greatest. The in- 
trinsic rates for optically pure enantiomers were deter- 
mined from these raw rates by least-squares analysis and 
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Figure 1. Processing of stereoisomers of MeACC by mung bean 
hypocotyl segments. (A) 1R ,2S  (B) racemate; (C) 1S,2R. 
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Figure 2. Lineweaver-Burk analysis of the inhibition of ethylene 
biosynthesis from ACC in mung bean hypocotyl segments by 
MeACC. Lines represent least-squares fits to data from a single 
experimental run using one mung bean group. Bars represent 
range of values over multiple runs. 

were found to be 91. This result is consistent with Yang's 
and provides experimental justification for using the more 
abundant racemic amino acid and correcting the kinetic 
parameters for the portion of the compound which will be 
processed. As expected, MeACC is processed to propene 
by mung bean hypocotyl segments, showing saturation 
kinetics with an apparent K, of 0.5 mM. This is simply 
a concentration in solution which leads to half-maximal 
activity for propylene production. For comparison, the 
kinetics of processing of ACC under these conditions were 
also determined; within experimental error K, is the same, 
0.5 mM. When applied to different samples of tissue in 
identical concentration, MeACC is processed to propene 
at 80% of the rate a t  which ACC is processed to ethylene. 
This rate difference derives exclusively from a Kat effect. 

While Yang reports that allocoronamic acid (1) is a 
substrate for the ethylene-forming enzyme, it is critical to 
show that MeACC is a true substrate in the sense that it 
reacts competitively with ACC at  the same site. The Li- 
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', P 3  '\ \ 101 '\ 
Figure 3. Active-site cartoon of the ethylene-forming enzyme. 

neweaver-Burk analysis in Figure 2, which yields identical 
values of KI and K,, 0.5 mM, provides necessary but not 
sufficient proof that this is the case. 

Discussion 
This study establishes MeACC as a substrate and in- 

hibitor of the ethylene-forming enzyme. The character- 
istics of ita processing by the EFE are surprising. A priori, 
its 20% slower turnover might have been attributed to 
steric interactions which cause looser binding. No change 
in K,,, and a smaller Kat suggests that steric factors, while 
unimportant in binding, do become important in the 
transition state. 

MeACC is the strongest competitive inhibitor of the 
EFE yet described. Its preparation from optically pure 
precursors of unambiguous absolute configuration provides 
a useful route to this chiral analogue as well as firmly 
establishing the chirality required of analogues by the 
active center for ethylene production. The synthetic 
methodology used provides a general route to alkylated 
ACC derivatives in just two steps from 1,2-dibromides. 

The fact that MeACC is a better substrate than the 
corresponding ethyl compound, along with our other 
previous results," allows us to further refine the active-site 
picture of the EFE as shown in Figure 3. These additions 
include a "roof" which interacts with alkyl groups at  the 
2-position; a binding group X which interacts with the 
carboxyl group, since neither alkyl groups1@l2 or hydrox- 
ymethyl (Pirrung, M. C., unpublished) can substitute a t  
this position; bases in position to remove protons from 
nitrogen as the oxidation proceeds; and an oxidant posi- 
tioned adjacent to nitrogen. The nature of this oxidant 
is currently unknown. Our previous model work has shown 

that one-electron oxidation can lead to ethylene produc- 
tion" but also indicates that a hydrogen atom-abstracting 
oxidant could accomplish the desired goal.% Baldwin has 
shown that high-valent metal oxo derivatives may also be 
competent.29 What this picture does not adequately ex- 
plain is how this reputedly "tight" active site allows a- 
aminoisobutyric acid to enter,3O or how free-radical traps 
like propyl gallate intercept the intermediates in ethylene 
formation. 

MeACC may have another use in ethylene biosynthesis 
studies. It has recently been e s t a b l i ~ h e d ~ ~ ? ~ ~  that cyanide 
is produced from C1-N1 of ACC during ethylene biosyn- 
thesis. It has been suggested32 that of the physiological 
changes associated with ethylene biosynthesis, the shift 
to a cyanide-insensitive electron transport system may be 
connected with cyanide production. Since MeACC is 
converted to propene, which has ca. 60 times less physio- 
logical activity than ethylene,8 yet will also produce 
cyanide, a comparison of the physiological responses to 
ACC and MeACC will allow the effects of each substance 
to be sorted out. Such studies are currently underway. 
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The radical-chain addition of benzenethiol to ethylallene (ETA) and to a 1:l mixture of ETA and 3,3-di- 
deuterioethylallene (ETA-d2) producea substantially different product distributions (Scheme I). Much larger 
differences in product (and dz) distributions are observed in the cycloaddition reactions with 1,l-dichloro-2,2- 
dichloroethene (1122) and N-phenylmaleimide ("MI) (Schemes II and III). Thes changes in product distributions 
are attributed to four cooperative effects: a difference in the regioselectivity for reaction between the (E)- and 
(2)-ethyl-substituted allyl radicals which is steric in nature favoring reaction at the ethyl-substituted end of the 
allyl radical in the (2)-isomer and three isotope effects. Deuterium substitution is shown to favor formation 
of the (2)-alkyl-substituted allyl radical (a steric isotope effect) and also to favor atom transfer and ring closure 
at  the ethyl-substituted end of the allyl radical in the intermediates. The ring-closure reaction is dominated 
by a rotational isotope effect. 

During the past decade efforts in the author's labora- 
tories have been directed toward gaining a thorough un- 
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derstanding of the mechanistic details of addition and 
cycloaddition reactions of substituted allenes. The  results 
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