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pure fluoride: mp 116-118 OC; [aIuD = +3.0 (c 1, EtOAc); IR 
(KBr) 1846 cm-' (COF); 'H NMR (CDC1,) S 2.95 (dq, 2, B-CH2), 
4.20 (t, 1, OCH&H), 4.40 (m, 2, CH,O), 4.79 (m, 1, a-CH), 5.95 
(d, 1, NH), 6.75 (8, 1, NH), 7.05-7.80 (m, 23, aryl). 

Anal. Calcd for C&$NZO,: C, 76.24; H, 5.22; N, 4.68. Found 
C, 76.15; H, 5.43; N, 4.52. 

FMOC-Gln(Trt)-F. Obtained as described above for the Asn 

IR (KBr) 1847 cm-' (COF); 'H NMR (CDClJ S 2.10 and 2.20 (2 
m, 2, 8-CH2), 2.38 (t, 2, r-CH,), 4.20 (t, 1,0CH2CH), 4.35 (m, 2, 
CH,O). 4.55 (m, 1, a-CH), 5.65 (d, 1, NH), 6.68 (s,1, NH), 7.1-7.75 

d o g  h 81.7% yield mp 132-134 O C ;  [u)%D = -7.2 (C 1, EtOAC); 

(m,-23, aryl). 

C, 76.62; H, 5.49; N, 4.32. 
Anal. Cdcd for C99HsSFNzO4: C, 76.45; H, 5.43; N ,  4.57. Found 

(m,-23, aryl). 

C, 76.62; H, 5.49; N, 4.32. 
Anal. Cdcd for C99HsSFNzO4: C, 76.45; H, 5.43; N ,  4.57. Found 
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Monoamine oxidase (EC 1.4.3.4, MAO) has been known 
for over 60 years,l yet ita mechanism for amine oxidation 
is still unclear. On the basis of investigations with 
mechanism-based enzyme inactivators2 the most reason- 
able family of mechanisms for this enzyme is shown in 
Scheme I. Studies with cy~lopropylamines~~~ and cy- 
c10butylamines~~J~ are consistent with an initial one- 
electron transfer mechanism from the amine to the flavin 
to give the amine radical cation. The next step in the 
mechanism, either proton/electron transfer (Scheme I, 
pathway a or b) or hydrogen atom transfer (pathway c), 
is debatable. Nelson and Ippoliti16 have indicated that 
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a-deprotonation of an amine radical cation is not as fa- 
vorable a pathway as hydrogen atom abstraction on the 
basis of a thermodynamic acidity measurement. However, 
Dmocenzo and Banach'? argued that the thermodynamic 
acidity is irrelevant and that the true pK, for amine radical 
cations, determined by direct measurement, is no more 
than about 10; consequently, they suggest that a-depro- 
tonation is a favorable pathway. Das and von Sonntag18 
determined the pK, of trimethylamine radical cation to 
be 8. On the basis of photochemical amine oxidation re- 
actions Hasegawa et al.lg also have evidence that the a- 
deprotonation/electron-transfer pathway is favorable. We 
were interested in obtaining evidence for one of these 
pathways as it relates to monoamine oxidase-catalyzed 
reactions. 

Results and Discussion 
The approach that we took to differentiate the second 

step in the MA0 oxidation mechanism was based on the 
cyclopropylcarbinyl radical rearrangement to the 3-butenyl 
radical, which is well known to occur at an exceedingly 
rapid rate estimated to be approximately lOa s - ~ . ~  This 
rate increases when the cyclopropyl ring is substituted with 
radical-stabilizing groups. For example, the 2-phenyl- 
cyclopropylcarbinyl radical opens to the l-phenyl-3-b~- 
tenyl radical at  a rate of approximately 10" s-1.21 This 
is the sort of rate that could be competitive with elec- 
tron-transfer mechanisms. Consequently, we synthesized 
trans-l-(aminomethyl)-2-phenylcyclopropane hydro- 
chloride (1) to be used in a test for the a-de- 
protonation/electron transfer mechanism (pathway a) or 
hydrogen atom transfer mechanism (pathway b) catalyzed 
by monoamine oxidase (Scheme 11). Monoamine oxi- 
dase-catalyzed cyclopropyl ring cleavage of 1, which could 
lead to inactivation of the enzyme as depicted in pathway 
c (Scheme 11), would be evidence in favor of an a-depro- 
tonation pathway leading to the a-carbon radical (2). If 
no cyclopropyl ring cleavage occurred, it would indicate 
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that either a-carbon radical formation via a-deprotonation 
does not occur or that second electron transfer from the 
a-carbon radical occurs faster than does cyclopropyl ring 
cleavage. r, 

Incubation of purified mitochondrial MA0 with trans- 
l-(aminomethyl)-2-phenylcyclopropane (1) cleanly pro- 
duced only one product, identified as trans-2-phenyl- 
cyclopropanecarboddehyde, the oxidation and hydrolysis 
product without ring cleavage (the hydrolysis product of 
3). A kinetic analysis showed that 1 is a good substrate 
for MA0 with K, = 1.41 mM and kat = 22 No 
inactivation of the enzyme occurred even at a concentra- 
tion of 20 mM of 1 for 3 h. Chemical model studiesm of 
the fate of synthesized radical 2 (in the absence of a hy- 
drogen atom donor) showed that no 2-phenylcyclo- 
propanecarboxaldehyde is formed, only cyclopropyl ring 
cleavage products. These results suggest that either radical 
2 is not an intermediate in the MAO-catalyzed oxidation 
of 1 or, if it is, second electron transfer to the flavin 
semiquinone occurs at a rate considerably faster than that 
for the opening of the cyclopropyl ring of 2. The rate of 
cyclopropyl ring opening in this case, however, should be 
somewhat slower than that measured for the cleavage of 
the 2-phenylcyclopropylcarbinyl radica121 because of the 
amino group stabilization energy, which has been deter- 
mined to be about 10 kcal/moLu Also, it has been shown 
by Laurie et aL= that cyclopropylcarbinyl radicals to which 
radical-stabilizing groups have been attached can be quite 
stable. Another possible explanation for lack of ring 
opening is that because of constraints at the active site of 
the enzyme there is improper overlap between the cyclo- 
propane bond and the carbon radical, thereby slowing the 
rate of this ring cleavage. 

Experimental Section 
Reagents and Enzyme. All reagents are from Aldrich 

Chemical Co., Inc. Mitochondrial monoamine oxidase was ieolated 
from beef liver and assayed as previously r ep~r t ed .~  

General Methods. Melting points are uncorreded. Elemental 
analyses were done by Oneida Research Services (Whitesboro, 
NY). 

trans -2-P henylcyclopropanecarboxamide. trans-2- 
Phenylcyclopropanecarboxylic acid (2.4 g, 14.8 mmol), anhydrous 
potassium carbonate (4.1 g, 30 mmol), and thionyl chloride (19.0 
g 162.8 mmol) were brought to reflux for 1 h. Excess thionyl 
chloride was removed in vacuo, and then the resulting liquid was 
added dropwise over 15 min to ammonia hydroxide (10 mL) at 
0-5 "C. The amide was extracted with CHC1, and dried (Drieritel, 
and the solvent was evaporated to give the product (2.2 g, 92%) 
as a white solid: mp 197-198 "C; 'H NMR (DMSO-dJ S 1.10-1.20 
(m, 1 H), 1.40-1.50 (m, 1 H), 1.85-2.00 (m, 1 H), 2.25-2.40 (m, 
1 H), 6.80 (e, 1 H), 7.10-7.40 (m, 5 H), 7.61 (8,  1 H). Anal. Calcd 
for Cl&llNO C, 74.53; H, 6.83; N, 8.70. Found: C, 74.01; H, 
6.97; N, 8.62. 
trams-l-(Aminomethyl)-2-phenylcyclopropane (1). To a 

solution of trans-2-phenylcyclopropan~boxemide (2.2 g, 13.7 
m o l )  in THF (20 mL) was added LiAlH4 (0.65 g, 17 mmol), and 
the mixture was brought to reflux. After 2 h the reaction was 
quenched with water (5 mL), and filtered, the THF solution was 
dried, and the solvent was treated with HC1 gas. The solvent was 
removed in vacuo, and the resulting colorless solid was recrys- 
tallized twice from 1:1 ethanol-ether to give 1 as colorless crystals 
(2.0 g, 74%): mp 192-193 "C; 'H NMR (CDCl,-DMSO-d, (41), 
relative to Me4Si) 6 1.00-1.10 (m, 1 H), 1.45-1.60 (m, 1 H), 

(22) K, and k, values for benzylamine, an excellent substrate for 
MA0 B, were determined under these conditions to be 0.18 mM and 162 
m i d ,  respectively. 
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1.90-2.10 (m, 1 H), 2.80-3.05 (m, 3 H), 7.05-7.35 (m, 5 H), 8.50 
(8, 2 H); NMR (CDCl,-DMSO-d, (41), relative to Me&%) 6 
15,21,23,45,131,132,134,148. Anal. Calcd for CIJ-Il,CIN? c, 
65.40; H, 7.63; N, 7.63. Found C, 65.26; H, 7.76; N, 7.52. 

Incubation of Monoamine Oxidase with 1. Compound 1 
(60 r L  of a 25 mM solution in 250 mM Tris-HC1 buffer, pH 9.0) 
and 2pM MA0 (60& in the same buffer) were incubated at room 
temperature. After 2 h, 60 FL of CHC1, and 60 pL of 5% HC1 
were added. The mixture was shaken well for 5 min and cen- 
trifuged, and the organic layer waa used for GC analysis on a 
HP588OA GC with flame ionization detector and a HP cmee-linked 
methyl silicone capillary column (gradient column temperature 
was from 50 to 250 "C at a rate of 20 "C/min, detector and injector 
port temperatures were 250 "C). Only transd-phenylcyclo- 
propanecarboxaldehyde was observed. Neither of the expected 
ring cleavage products, Cphenylbutanal (cleavage and reduction) 
or 2 - h y d r o x y - s p h e n y l t e ~ ~ y ~ ~ a n ~  (cleavage and oxidation), 
was detectad. 

Attempted Inactivation of Monoamine Oxidase with 1. 
Compound 1 (final concentration 20 mM) was incubated with 
MA0 (2 p M )  in 100 mM sodium phosphate buffer, pH 8.0, at room 
temperature. Periodically over 3 h &quota (20 ML) were removed 
and assayed for remaining enzyme activity. 
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Introduction 
The free-radical side-chain bromination of 2,3-di- 

methylanisole (1) could be a possible route to 2,3-bis- 
(bromomethy1)anisole (2), a known precursor of the spi- 
roindolinium salt 3 (R = OCHS).' Compound 2 was 

1 2 3, R = OCH3, NO2 

prepared previously by multistep synthesis including ox- 
idation of 1 to methoxyphthalic acid, conversion to the 
anhydride, and reduction of the latter to 2,3-bis(hydrox- 
ymethyl)anisole, followed by the treatment with phos- 
phorus tribromide.' At the same time, the free-radical 
bromination of 2,3-dimethylnitrobenene with NBS did 
give the corresponding bis(bromomethy1) derivative (al- 
though in low yield) which was also converted to salt 3 (R 
= NOz).' It is for this reason that we examined the re- 
action of 1 with NBS expecting to obtain a mixture con- 
taining reasonable amounts of the desired compound 2. 
However, the experimental findings revealed rather 
unexpected results. 

Results and Discussion 
When a mixture of 1 (2 equiv), NBS (1 equiv) and 

benzoyl peroxide (0.01 equiv) was heated under reflux in 

(1) Brewster, J. H.; Jones, R. J., Jr. J. Org. Chem. 1969, 34, 354. 
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