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Abstract: The kinetic conclusions of a recent report by Maxwell and Tsanaktsididrg. Chem. Sod.996 118,

4276) were investigated. The kinetics of ring opening of tkd(tyl-2-pyrrolidinyl)methyl radical 2) to theN-butyl-
4-pentenaminyl radicallj and the reverse reaction,gxocyclization of1 to 2, were determined at 50 and 8G by
competitive B4SnH trapping. Rate constants foe&ecyclization of a dialkylaminyl radical and fgi-fragmentation

of a 5-(dialkylamino)ethyl radical were measured by direct laser flash photolysis (LFP) methods. In contrast to the
conclusions of Maxwell and Tsanaktsidis, all of these radical reactions were facile with rate constants of at least 1
x 10*s™1. The claim by Maxwell and Tsanaktsidis that bis(tributyltin oxide) catalyzes dialkylaminyl radical reactions
was investigated by LFP kinetic studies of theXacyclization of theN-methyl-5,5-diphenyl-4-pentenaminyl radical

(20) in the presence of the additive which demonstrated thagIBpO does not have a catalytic effect on the
reaction. Computations of the energies of tenethyl analogs of radicals and 2 with a high level of theory
(fourth-order Mgller-Plesset perturbation theory) and by a hybrid density functional theory with a very large basis
set indicate that the cyclization reaction is expected to be slightly exergonic at 298 K. This work demonstrates that
the kinetic results reported by Maxwell and Tsanaktsidis were spurious. We speculate that impurities of dichalcogens
in their radical precursor samples were reduced bySBti to highly reactive chalcogen hydrides (arylthiols and

benzeneselenol) in their kinetic studies.

In recent publications, Maxwell and Tsanaktsidis repdrted

useful extensions of benzenesulfenamidas precursors to

dialkylaminyl radicals. They also reported the results of kinetic

studies of cyclization of thdl-butyl-4-pentenaminyl radicallf
to radical2 in competition with trapping by B$SnH! They
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found that the relative rate constants for cyclization and tin
hydride trapping were variable; they claimed that cyclization
of 1 was very slow, ascribed the unusual kinetic behavior to
Lewis acid activation of the cyclization df by impurities in
the tin hydride, and concluded that (88n)0 acted as a Lewis
acid catalyst for the cyclization df. They also claimed that
the cyclization of radical was not reversible; specifically, they
generated radic& in the presence of tin hydride and found no
ring-opened product. In another report, Maxwe#t al. claimed

© 1997 American Chemical Society
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that the experimental results with radicalsand 2 were
supported byab initio calculations As Maxwell and Tsan-
aktsidis noted,their kinetic conclusions contradict previously
reported work by our group in which the cyclization bto 2

in competition with tin hydride trapping was found to give

Newcomb et al.
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Figure 1. Ratios of productd and5 formed in BuSnH reductions of
radical precursoB at 50 and 8C°C.

that LFP kinetic studies of a &xocyclization of a dialkylaminyl
radical in the presence of (BBnhO reveal no measurable
acceleration in contradistinction to the results obtained with
Lewis acid catalysts, and (6) that the free energy difference

reproducible relative rate constants and the ring-opened product€tween analogs df and 2 predicted computationally either

was found from reaction of radic& in the presence of tin
hydride#

Maxwell and Tsanaktsidis discussed conflicting reports
regarding the efficiency of dialkylaminyl radical cyclizations
in support of their claims, but their conclusions require that
cyclizations ofN-alkyl-4-pentenaminyl radicals are inherently
too slow to be useful for synthesis (this point is further
developed in the Discussion). Accordingly, many repdrted
cyclizations of such radicals produced in chain reactions
involving BusSnH would have to be ascribed to a highly unlikely
fortuitous contamination of the commercial and prepared

with a high level of theory or with a very large basis set is
small. We conclude that the kinetic results of Maxwell and
Tsanaktsidis were spurious, and we speculate that they resulted
from dichalcogen impurities in the radical precursor samples
that reacted with BssnH to give highly reactive chalcogen
hydrides. The possibility of such contamination should be an
important consideration whenever dialkylaminyl radicals are
produced from arenesulfenamide precursors.

Results

Indirect Kinetic Studies. Maxwell and Tsanaktsidislaimed

samples of tin hydride employed by an impurity that acted as that pyrrolidine4 but no ring-opened produé& was obtained

a catalyst. For cases where simplealkyl-4-pentenaminyl
radical cyclizations occurred but tin hydride was not employed

when radical2 was produced in the presence of ;8aH
(Scheme 1). Previously, this reaction had been reported to give

in the reactions, the factors that might have resulted in successfulacyclic amine5. We have performed a series of studies of

cyclizations are more obscure. Further confusing the issue,

recent direct laser flash photolysis kinetic studies of dialkyl-
aminyl radical reactiorfsincluding 5exocyclizations showed

radical 2 similar to those reportett* The source of radica?
wasN-butyl-2-[(phenylselenyl)methyl]pyrrolidinesy, the same
precursor as used previously. The method of preparation of

that, whereas the aminyl radical reactions are not as fast as thoseadical precursoB is noteworthy in that it might be important
of the isostructural carbon radical analogs, they are not slower for explaining the unusual results of Maxwell and Tsanaktsidis
by several orders of magnitude as suggested by Maxwell and(see the Discussion). Two routes for preparation of compound

Tsanaktsidis.
Because of the obvious conflicts in the kinetic studies and

3 were described in earlier repoft$jn this work, we produced
3 by intramolecular amidoselenylation dfl-(4-pentenyl)-

the resulting uncertainty this produces in predicting the outcome butanamide followed by LiAlldreduction of the acylpyrrolidine.

of dialkylaminyl radical reactions, we have revisited the kinetics
of reactions of the simple aminyl radicdlsand2. We report
that the kinetic conclusions in the papetsy Maxwell and

Reactions of precurso8 with BusSnH in benzene were
conducted at 50 and 8€. Product identities were confirmed
by GC—mass spectral comparisons with authentic samples, and

Tsanaktsidis cannot be substantiated. Specifically, we describeproduct yields were determined by GC. Both pyrrolidihand

herein studies that show (1) that the initial report that radical
ring opens to radical in competition with tin hydride trapping

is reproducible, (2) that the rate constants for ring opening of
radical2 to 1 and for cyclization of radical to radical2 were
accurately determined in the earlier work, (3) that &xo-
cyclization of anN-alkyl-4-pentenaminyl radical is rapid as
determined by direct laser flash photolysis (LFP) kinetic studies,
(4) that aB-fragmentation of g-(dialkylamino)ethyl radical is
similarly rapid as determined by direct LFP kinetic studies, (5)

(3) Maxwell, B. J.; Schiesser, C. H.; Smart, B. A.; Tsanaktsidis]. J.
Chem. Soc., Perkin Trans.1094 2385-2387. Correction: Maxwell, B.
J.; Schiesser, C. H.; Smart, B. A.; Tsanaktsidis]).JChem. Soc., Perkin
Trans. 21995 1245.

(4) Newcomb, M.; Deeb, T. M.; Marquardt, D. Jetrahedron199Q
46, 2317-2328.

(5) Mackiewicz, P.; Furstoss, Retrahedron1978 34, 3241-3260.
Stella, L.Angew. Chem., Int. Ed. Engl983 22, 337-350. Esker, J. L,;
Newcomb, M. InAdvances in Heterocyclic Chemistrikatritzky, A. R.,
Ed.; Academic: San Diego, 1993; Vol. 58, pp-45.

(6) Musa, O. M.; Horner, J. H.; Shahin, H.; Newcomb, MAm. Chem.
Soc.1996 118 3862-3868.

acyclic amineb were obtained in these reactions. The relative
yields of products observed at 8G were consistent with those
previously reported for studies at this temperaturgigure 1
shows the results. At 58C, the slope of the plot in Figure 1
is 2314 26 M1 and the intercept is 124 1.2; at 80°C, the
slope is 126+ 4 M~ and the intercept is 10.& 0.2. (Stated
uncertainties in this work are av?

For the case of reversible first-order reactions with second-
order trapping reactions and with entry to the radical manifold
via radical2 (i.e., Scheme 1), the ratio of productd][5] is
described@ by eq 1 wherekrc) andkry are the rate constants

[41/13] = (kyey k) (k) + (kyeyk)[BugSNH] (1)

for BusSnH trapping of the carbon-centered radigand the
nitrogen-centered radical respectivelyk; is the rate constant

(7) Newcomb, M.; Marquardt, D. J.; Kumar, M. Oetrahedron199Q
46, 2345-2352.
(8) Newcomb, M.Tetrahedron1993 49, 1151-1176.
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Figure 2. Time-resolved spectrum of product formed after laser flash 'A o~ S q JJ\/\ /A
irradiation of radical precursatin THF at 57°C. The increasing signal 2) C’f 0 N
intensities are for 0.15, 0.25, 2.0, and <after laser irradiation with “OH Me
the intensity measured 0.1 after irradiation subtracted to give a 10 7
baseline. The inset shows a kinetic trace recorded at 307 nm with time
in microseconds.
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The slopes in Figure 1 provide rate constants for the ring- fast
opening reaction of2. From these slopes and with the
assumption that the rate constant for tin hydride trapping of BU Bu
radical 2 is equal to that for trapping a primary alkyl radi¢al N Ph N Ph
and error free, the rate constant for ring openin@ at 50°C W (_7/ V Tt W
is (1.74 0.2) x 10* s™* and the rate constant for ring opening
of 2at 80°C is (5.14 0.2) x 10*sL. The rate constant at 50 13 14
°C is in good agreement with the value previously repofted. ) . o
The intercepts in Figure 1 divided by the slopes can provide UPon extended reaction. The difficult reaction in the sequence
the rate constants for the cyclization’if the data are precise ~ Was the final production of the PTOC ester from thef-amino
enough. The ratio of the intercept to the slope (equaktto  acid 10 by the method of Bartoet al*? The ester£M and
krow; See eq 1) was 0.052 0.011 M at 50°C, and the 9E and acid10 were characterized by NMR spectroscopy and
corresponding value at 8€C was 0.086 0.004 M. Combining high-resolution mass spectrometry. Unfortunately, PTOC ester
these values with the rate const&rits reaction of dialkylaminyl 7 decomposed upon attempted chromatography, but the crude
radicals with BySnH and again assuming the kinetics of the Product was characterized By NMR spectroscopy. From the
trapping reactions are error free, the rate constants for cyclizationNMR spectrum, the sample Gfwas judged to be 50% pure.
of Lare (5+ 1) x 10* st at 50°C and (14.6+ 0.6) x 10*s! PTOC esters fronf-dialkylaminocarboxylic acids have been
at 80°C. The rate constant at 3C is in excellent agreement ~ 'eported previously, but these reactive species were not iso-
with the value of (3.9 0.7) x 10* s at this temperature ~ lated:®
which is calculated from previously reported data (see the LFP studies with PTOC carbamageinvolve the sequence
Discussion). of reactions shown in Scheme 3. Homolytic cleavagé bj
Direct Kinetic Studies. Direct observations of both adéo & 355 nm laser pulse gives (aminoacyl)oxyl radidal in
cyclization of a 4-pentenaminyl radical angséragmentation ~ @ddition to the 2-pyridylthiyl radical which absorbs withiax
of a3-(dialkylamino)ethyl radical were achieved in LFP studies at 490 nm. Radicalll decarboxylates with a rate constant
employing “reporter group” methodolod§. The radical precur- ~ exceeding Ix 10° s™* at ambient temperatufréo give the target
sors employed for these studies were the PTOC carbagnate radical for the kinetic study, dialkylaminyl radica?. Cycliza-

and the PTOC estétl! The synthesis of the PTOC carbamate tion of radical12 gives 13 which will rapidly ring open to the
UV-observable producii4. Because the final ring-opening

s s Ph reaction ofl3to 14 is known to have a rate constant exceeding
~ Q m Cy// o] X 1 x 10" s at ambient temperatuféthis reaction has no effect
X N‘o/U\N ""-.V/Ph X N\O/U\/\N/A on the kinetic measurements and serves only as a “reporter” by
Bu Me providing a UV-detectable product.
6 7 PTOC esteir reacts by a similar sequence (Scheme 4). The

laser photolysis gives (alkylacyl)oxyl radicab which decar-
6 has been reported. PTOC este7 was prepared by the route  boxylates withk > 1 x 10° s! at ambient temperatufeto
shown in Scheme 2. The knofiN-methylN-(trans-2-phe- give the target radicdl6. A g-fragmentation of radicdl6 gives
nylcyclopropyl)amine §) reacted with methyl acrylate and with  dialkylaminy! radical17 which is known to ring open to the
ethyl acrylate as expected. Hydrolysis of esangms monitored reporting benzylic radical8 with a rate constant exceeding 1
carefully because decomposition of the desired product occurredx 10! s* at ambient temperatufe.

(9) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. @. Am. Chem. Soc. (12) Barton, D. H. R.; HerveY .; Potier, P.; Thierry, JTetrahedrorl988
1981, 103 7739-7742. 44, 5479-5486.

(10) Newcomb, M.; Tanaka, N.; Bouvier, A.; Tronche, C.; Horner, J. (13) Castagnino, E.; Corsano, S.; Barton, D. H.TRtrahedron Lett.
H.; Musa, O. M.; Martinez, F. NJ. Am. Chem. Sod.996 118 8505 1989 30, 2983-2986.
8506. (14) Newcomb, M.; Johnson, C. C.; Manek, M. B.; Varick, T.JRAM.

(11) The acronym PTOC derives from pyridine-2-thione oxycarbonyl. Chem. Soc1992 114, 10915-10921.
PTOC esters are actually anhydrides of a carboxylic acid and the (15) Falvey, D. E.; Schuster, G. B. Am. Chem. S04986 108 7419-
thiohydroxamic acid\-hydroxypyridine-2-thione, and PTOC carbamates 7420. DeCosta, D. P.; Pincock, J. A.Am. Chem. S0d989 111, 8948-
are anhydrides of a carbamic acid and the thiohydroxamic acid. 8950.
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LFP studies of the cyclization of dialkylaminyl radicE2 in

THF were conducted at 50C. A weak signal from benzylic ~ radicall2was produced by LFP in THF at 2€ in the presence
radicall4 grew in over the 306320 nm range with an observed  0f 0.2 M BF;, a demonstrated catalyst for dialkylaminyl radical
rate constant at all wavelengths in this range of{®.5) x reactions'® the observed rate constant for formation of the
10* s~L. LFP studies of radical6 were conducted in THF at ~ benzylic radical product was 6.8 10°s™*. This rate constant
27 and 58°C. A time-resolved spectrum of the reaction is large enough such that interfering reactions with residual
products indicated formation of benzyl radid@iwith the long- ~ 0Xygen cannot contribute significantly to the observed kinetics.
wavelength band extending beyond 310 nm (Figure 2). The In & similar manner, observed rate constants for cyclization of

observed rate constants obtained by monitoring the signal growth12 in the presence of protic acid in acetonitrile atIare in
at ca. 310 nm were & 10% s~1 at 27°C and 1.6x 10F ! at the 10—1C® s ! range and are accurately measutedThe

58 °C. implications of these measured rate constants for acid-catalyzed

The cyclization of radical 2 and8-fragmentation of radical ~ Cyclizations of12 are presented in the Discussion.
16 are implicated by the ultimate production of benzylic radicals ~ LFP Studies of Potential Catalysis by (BySn)O. An
14 and 18 because other reasonable pathways for formation of important experimental observation in the study by Maxwell
benzylic radicals do not exist. Second-order hydrogen atom ano! Tsanaktsidis that led to the conclusion that cyclization.of
abstractions from the benzylic positions of the precursors or radical 1 was slow was the fact that the amounts of cyclic
bimolecular addition of a radical to the alkene moietyiare product5 relative to acyclic producé increased when (B
not expected to be extremely fast, and the low concentrations SO was present in the reaction mixture containing®hH.
of precursors employed in the LFP studies assure that pseudo-1ney concluded that the tin oxide acted as a Lewis acid catalyst
first-order rate constants for these bimolecular reactions will for the cyclization reaction. Studies designed to demonstrate
be unobservable by the LFP methdd< 10 s7). However,  Catalysis were not performédbut in any event, attempts to
the observed rate constants for formation of radi¢aland18 demonstrate catalysis by competition reactions involving product
are only upper limits for the rate constants of the cyclization of "atios would be difficult to interpret given that both of the
12 and B-fragmentation of16. These measured values are COMPeting reactions could be affected by the additive.
actually the sums of the first-order and pseudo-first-order rate  Le€Wwis acid catalysis of dialkylaminyl radical cyclization

constants for all reactions that consufi2and 16, and both ~ reéactions has been known qualitatively for more than two
the cyclization and the fragmentation reactions are slow enoughdecade3and specifically demonstrated folr7the cyclization of
such that bimolecular reactions 4P and 16 with residual  radical 1 with a number of Lewis acid¥:*’ Recently, we

oxygen and radicaradical coupling reactions will be competi-  €Stablished an LFP-based method for quantitative evaluations

tive. Specifically, we have shown that bimolecular consumption Of Lewis acid catalysis of dialkylaminyl radical reactions that
of radicals occurs with pseudo-first-order rate constants in the Nas been applied to BFMgBr,, and LiBF, catalysis®® One

10* 5! range at ambient temperature in the LFP experimental ©f the reactions studied was thee%e cyclization of dialky-
design we emplo§. laminyl radical20 which gives a UV-detectable product radical

The total signal growths observed in the LFP studies with with a convenient rate constant for LFP studies. We have now

precursors and 7 were about 30% and 40%, respectively, of directly evaluated the effect of (B8njO on the rate of

the signal growth we typically have observed by LFP when other €Yclization of20. _ _ _
PTOC ester precursors to radicals that give, ultimately, benzylic Scheme 5 shows the reaction sequence possible when radical
radical products were employed in otherwise similar studies. If 20is generated from its PTOC carbarmidterecursorl9 in the

we assume that the quantum yields for homolysis in the laser Presence of a Lewis acid. Complexation of rad@@with the
photolyses of these precursors are similar to those we typically LéWis acid to give the comple1 can occur reversibly, and
obtain with PTOC precursors and that the benzyl radical Cyclic products can be formed from ba20 and21. The total
products 14 and 18 have approximately the same molar Velocity of formation of cyclic product®2 is the sum of the
absorptivity as other benzylic radicals, then one concludes thatVelocities of cyclization o20and21; the observed rate constants
the cyclization of12 and s-fragmentation ofl6 accounted for ~ are described by eq 2 wheF is the fraction of species X. If
only 30% and 40% of the total reactions of this species. complex21 reacts substantially faster than the uncomplexed
Accordingly, we estimate that the rate constant for cyclization radical20 (kx1 > kzq), then the observed kinetics are effectively
of 12 is approximately 1x 10* s'1 at 50 °C and the rate only those of the complex, and the observed kinetics reduce to

constants for fragmentation of radick are approximately 4 ~ €q 3. Further, if the complexation equilibrium is rapidly

x 10 sl at 27°C and 6x 10* st at 58°C. obtained, then the overall rate of the reaction is described by
LFP Stu.dles of acid-catalyzed cyclizations o.f raditalvere (16) Ha, C.; Musa, O. M.; Martinez, F. N.; Newcomb, 81.0rg. Chem.

more precise and served to support the approximate rate constanfggz 62, 0000-0000.

for cyclization of the neutral species. When dialkylaminyl (17) Newcomb, M.; Ha, CTetrahedron Lett1991, 32, 6493-6496.
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Lo Table 1. Calculated Free EnergieAG.gg) for Aminyl Radical
Reaction3
theory IM—2MP eq¥%
UHF/3-21G —4.7 -3.6
UHF/6-31G* -0.5 —3.6
UMP2/6-31G*//UHF/6-31G* -11.8
UMP2/6-31G* -11.8 -11.8
BLYP/6-31G* 0.4 -7.8
B3LYP/6-31G* =27 —10.4
CBS-4 -10.8 -11.7
G2 -9.3
UMP4SDTQ/6-31G//UMP2/6-31G* -1.0
- B3LYP/6-311G(3df,2df,2p)//B3LYP/6-31G* 0.0
. a2 Zero-point energies and thermal corrections were obtained from
0.0 0.1 [additive] (M) 0.2 0.5 UHF/6-31G* level frequency calculations. Free energies are in

kilocalories per mole? Free energy for cyclization dfM to 2M. ¢ Free
energy for addition of BN* to ethylene.

Computational Studies. Maxwell and Tsanaktsidt8 sup-
ported their claims that the cyclization of dialkylaminyl radical
1 to radical2 was both slow and irreversible with results of
theoretical calculations of the energies of Menethyl analogs
of both radicalsi(e., 1M and2M) and the transition state for

Figure 3. LFP observed rate constants{sfor product formation
from radical20in THF at 20°C in the presence of additives. The data
for BFs, LiBF4, and MgBeg are from ref 16. The lines are the fits from
nonlinear regression analyses according to eq 4.

eq 4 whereKgq is the equilibrium constant for formation of the

Kobs = KaoF20 T Ka1F 21 2

Me
U Me
N- i
Kobs = Ko1F 21 3) E/§ G/
Kobs = Ko1K LAN(L + K JLA]) ) b M

the cyclization that were given in an earlier reporin the
original theoretical papérthe structures ofiM and2M and

the transition state for the &xocyclization were optimized at
the UHF/6-31G* level of theory, and energies also were reported

Lewis acid complexeg1and catalysis of the cyclization reaction ~from MP2/6-31G*//UHF/6-31G* ie., single-point MP2 cal-
by each Lewis acid were demonstratédThe observed rate ~ culations on the UHF-optimized geometries). In the recent
constants for cyclization were functions of the Lewis acid reporti® Maxwell and Tsanakisidis discussed only the energies
concentrations and displayed typical saturation kinetic behavior obtained from the MP2 calculations (apparently without zero-
according to eq 4. Nonlinear regression analyses of the kinetic Point and thermal corrections). They claim that the activation
results provided both the equilibrium constants for complexation €nergy (labeled\E) for cyclization is 14.1 kcal/mol and that
and the rate constants for cyclization of the Lewis acid the reaction exothermicity (labelekH) is —14.8 kcal/mol. We
complexes21.16 have repeated and extended the computations of spébles
Using the same experimental design as employed with Lewis @nd2M (Table 1).
acids!® the cyclization of radicaR0 in THF at 20°C in the The AE values (without zero-point or thermal corrections)
presence of (BsBn)O was studied. For concentrations of ¢Bu for the cyclization that we obtained from UHF/6-31G* calcula-
Sn)0 ranging from 0.001 to 0.50 M, effectively no kinetic tions and from the single-point MP2/6-31G* calculations on
acceleration in the cyclization @ was observed. The results the UHF-optimized structures were similar to those previously
are shown graphically in Figure 3 where we have also shown reported specifically AE was —3.5 and —14.8 kcal/mol,
the result® of actual Lewis acid catalysis of the cyclization of ~respectively. This large difference in energies from the two
radical20. The data for the tin oxide are consistent with two Se€ts of calculations on the same structures was disconcerting.
explanations; specifically, either (1) the tin oxide does not Therefore, the energies fdM and 2M were calculated at
complex strongly with the aminyl radical or (2) the tin oxide different levels of theory. In addition to the unrestricted
complexes with the radical, but the complex does not react Hartree-Fock computations with the 3-21G and 6-31G* basis

significantly faster than the uncomplexed radical. What is clear, S€ts, complete optimizations were obtained for second-order

Lewis acid complex and [LA] is the concentration of Lewis
acid. For studies with Bf MgBr,, and LiBF in solvent THF,
rapid equilibrations between dialkylaminyl radic20 and its

however, is that (Bs8n)O does not complex strongly with the
dialkylaminyl radicaland alsoaccelerate the Bxocyclization

Mgller—Plesset perturbation theory (UMP2/G-31G*), for a
density functional theory (DFT) (BLYP/6-31G*), and for a

reaction considerably; that is, there is no catalytic effect for the hybrid DFT (B3LYP/6-31G*). The energies fdM and2M

tin oxide.

were also computed with the complete basis set method CBS-

The above results were obtained in THF so that the behavior 4. Zero-point energy and thermal corrections were incorporated
of 20in the presence of (BSn)O could be compared directly ~ t0 give values for the free energy change af@5AGzgg) that
to its behavior in the presence of actual Lewis acid catalysts. are listed in Table 1.
The results reported by Maxwell and Tsanaktsidigre for The scatter in the results from the different approaches using
studies in solvent benzene, however. Therefore, the cyclizationthe 6-31G* basis set was unsatisfying. The MP2 and CBS-4
of 20in benzene in the presence of the tin oxide also was studiedresults are similar, but this is to be expected because the CBS-4
by LFP. The observed rate constant for cyclizatio2®t 20 method heavily weights MP2 calculatioffs. The DFT and
°C was 4.1x 10° s~1in benzene in the absence of an additive hybrid DFT methods group together, and this also is not
and an unchanging 42 1(° s71in the presence of 0.02, 0.05, Surprising.
0.10, and 0.20 M (Bssn)O. There was no measurable catalysis
of the dialkylaminyl radical cyclization by the tin oxide.

(18) Foresman, J. B.; Frisch, Zxploring Chemistry with Electronic
Structure Methods2nd ed.; Gaussian, Inc.: Pittsburgh, 1996.
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In an attempt to test the various approaches against a verynot occur to a measurable extent at low temperature, estimated
high standard, we computed the free energy change for thean upper limit for the rate constant for cyclization at low
addition of the aminyl radical to ethylene (eq 5). This simple temperature, and extrapolated their results to give an estimated

upper limit for the rate constant for cyclization dP at room
H,N* + CH,=CH, — H,NCH,CH,’ (5) temperature ok5s7122 This re;ult was ciFed by Maxwell gnd
Tsanaktsidis as support for their conclusion that cyclization of
radical1 was slow!

Maeda and Ingold might have failed to observe an ESR signal
from 2P because the cyclization reaction b is reversible.
Irrespective of the reasons for the absence of an ESR signal for
2P, however, the cyclization dfP cannot possibly be as slow
as they concluded on the basis of the demonstrated product
throughput of dialkylaminyl radical reactions. This point was
noted previously. Specifically, if the rate constant for cycliza-
tion of 1 or 1IPwas <5 s™! at ambient temperature, then radical
concentrations would have to be maintained below 10~°
M so that cyclization could compete with diffusion-limited
radical-radical reactions. In turn, this would require that a total
reaction velocity of<1 x 1078 M s~ was achieved experi-
mentally in order to obtain a predominance of cyclic products.
In the case of an initial precursor concentration of 0.1 M, the
reaction would have to be performed over a period of several
months. In practice, radical chain reactions involvihg@nd
related species are typically completed within minutes and give
fair to good yields of cyclic products when reactive trapping
agents are not presentln fact, cyclic products were formed
when radical 1P and the N-butyl-5-methyl-4-hexenaminyl
radical were produced by decomposition of the respective
symmetrical tetrazenes, nonchain situations in which the radical
concentrations must have been relatively |&§&.Thus, a rate
constant for cyclization ofP of <5 s™1 at 25°C is not possible.

All reliable experimental evidence available, including some
of the data reported by Maxwell and Tsanaktsidis, indicates that
the rate constants for cyclization of the simpiealkyl-4-
pentenaminyl radical are reasonably accurately measured in
the previou$ and present work. The relative rate constants at
50 °C for trapping ofl by BusSnH and cyclization were foud
to bekr/ke = 23 + 4 M~ (error at &) which can be combined
with the rate constant for tin hydride reaction with a dialky-
laminyl radical at 5¢°C to give a rate constant for cyclization
of 1. An early, approximate value for the rate constant of-Bu
SnH trapping of a dialkylaminyl radical at 5@ determined
Discussion by a series of indirect kinetic studies wks~ 8 x 10* M~*

o . o ) . s~1,23chut the original basis radical reaction rate constant used

Cyclization of Radical 1. The kinetics of dialkylaminyl  for this series of studies is now known to be only a lower lifnit.
radical reactions have been the subject of study for many years.a recently reported detailed study of g&nH trapping of the

In early work, Maeda and Ingold failed to observe an ESR signal girectly calibrated dialkylaminyl radical clo0 gave the value
from cyclic radical2P in a low-temperature kinetic ESR study k. =9 x 10° M~1s1 at 50°C® Using the recently obtained

model reaction, which contains some of the elements of the
cyclization reaction ofLlM, is small enough to permit calcula-
tions by the G2 methot?. The free energies for the reaction in
eq 5 obtained at each level are listed in Table 1. All approaches
using the 6-31G* basis set except UHF were in reasonable
agreement with one another and also with the G2 value although
there might be a hint that the MP2 calculations estimated that
the reaction was too exothermic. Given the limitations of the
model reaction in eq 5, we conclude that the difference in results
between MP2 and DFT for the cyclization &M apparently
involves the energies of the dialkylaminyl radical and/or the
trialkylamine?°

Finally, the energies oftM and 2M were computed at the
effective limits of the available resources. Single-point calcula-
tions were performed with a high level of theory (fourth-order
Mgller—Plesset perturbation theory) using a modest basis set,
and with the hybrid DFT B3LYP using a large basis set,
6-311+G(3df,2df,2p). The latter approach has been found to
have a mean average deviation in results slightly greater than
that obtained with G281° The results of these two sets of
calculations, included in Table 1, are in excellent agreement.

From the computational results for the cyclizationldd to
2M, we conclude that the weight of the evidence indicates that
the reaction is predicted to be slightly exergonic, in good
agreement with the experimental result th& for cyclization
of 1 at 50°C is —0.6 kcal/mol. A considerable error for the
free energy change of the cyclization reaction apparently was
introduced in the MP2 calculations with the 6-31G* basis set,
a point which might be addressed by theoreticians. This possible
error was compounded somewhat (3 kcal/mol) by Maxweéll
al. who apparently reportedE or AH values rather thanG
values® Given the apparent poor performance of MP2 in the
computation of the total energy change, the transition state
energy for cyclization oM computed by Maxwelét al. with
MP2 theory also should be considered suspect.

of 1P.22 They assumed that the cyclization reactiorl.&fdid value ofkr and the ratio of rate constants from the competition
studies and assuming that the trapping rate constant is error free,
R R the rate constant for cyclization dfat 50°C is calculated to
Ne N bek: = (3.9+ 0.7) x 10* s~L. The kinetic study in this work,
(/% (_7/ where the reaction manifold was entered from radi;ajave
a rate constant for cyclization dfof (5 £ 1) x 10* st at 50
JLR=By Rl °C. The weighted average valuekis= (4.3+ 0.6) x 10* s,

From the studies of radic&in the present work, we find a

(19) The G2 (Gaussian-2) method was found to give a mean absolute 'ate constant for cyclization df at 80°C of (14.6+ 0.6) x
error of only 1.3 kcal/mol for a test set of 125 well-characterized energy 10* s~1. This value is consistent with that one would estimate
differences; see: Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople J. using a rate constant of 43 10 s L for cyclization of1 at 50
A. J. Phys. Cheml199Q 94, 7221-7230. °Ccand al lue forl | h &tbr the 5

(20) A related effect might be seen in the evaluation of DFT methods and a logA value forl equal to that measuretbr the Sexo

for calculation of nitrogen bond energies recently reported by Jersi®2 cyclization of aminyl radicaR0; specifically, one would thus

and BLYP calculations of the NH bond energies of N§i CHsNH,, and

(CHs)-NH differed by 5, 2, and 1 kcal/mol, respectively, but the ® bond (23) (a) Michejda, C. J.; Campbell, D. H.; Sieh, D. H.; Koepke, S. R. In

energies for CENH,, (CHs),NH, and (CH)sN computed by these two Organic Free RadicatsPryor, W. A., Ed.; American Chemical Society:

methods differed by 25, 21, and 17 kcal/mol, respectively. Washington, DC, 1978; Chapter 18. (b) Newcomb, M.; Burchill, MJT.
(21) Jursic, B. SJ. Mol. Struct.: THEOCHEML996 366, 103—-108. Am. Chem. Socl983 105 7759-7760. (c) Newcomb, M.; Park, S.-U.;

(22) Maeda, Y.; Ingold, K. UJ. Am. Chem. S0d.98Q 102 328-331. Kaplan, J.; Marquardt, D. Jetrahedron Lett1985 26, 5651-5654.
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estimate that the rate constant for cyclizationladt 80°C is
11 x 10¢s%

The rate constant for cyclization df at 80 °C is actually
supported in a qualitative sense by some of the results of
Maxwell and Tsanaktsidis. It seems obvious that they had an
impurity or side-product problem that gave erratic results in
the absence of added (E&n)O, but their results when (Bu

J. Am. Chem. Soc., Vol. 119, No. 2045997

Bu, BF, Bu, H
E/%-""A\Ph X -""A\Ph
12BF3 12H+

nitrile at 10°C with a rate constant of & 108 s~1. Itis known

Sn)0O was added seem to be relatively consistent. We concludethat the Sexocyclization of radicaR0is accelerated by a factor

that the tin oxide served to destroy or sequester an impurity or
side product, and we speculate on this possibility below. In

of 35 for the B complex and a factor of about 30 000 for the
aminium cation from protonation &0.51¢ If one assumes that

any event, because the tin oxide is demonstrated in the presenthe catalytic accelerations of theexocyclization reactions of

work to have no measurable catalytic effect on the kinetics of
a dialkylaminyl radical reaction, their data obtained in the

12 are the same as those observed for tlex&eyclizations of
20, then one would estimate that the rate constant for cyclization

presence of this agent might be evaluated in regard to the rateof neutral radicall2 at 20 °C is about 2x 10* s™1 (12BR;

constant of the dialkylaminyl radical cyclization. The data in
Figures 3 and 4 of their recent papdor studies in the presence
of tin oxide give slopes fokr/k; of about 15 and 65 M,
respectively, at 80C which, when combined with the rate
constant for tin hydride reacting with a dialkylaminyl radical
at that temperature, give 1 10* and 3x 10* s~ for the rate
constant for cyclization of at 80°C.

Rate constants for cyclization of radichin the range of 4
x 10*s1at 50°C and 15x 10*s™! at 80°C are also consistent
with the kinetics of other radical reactions. For example,
dialkylaminyl radical20 cyclizes with a rate constant of 8
10 s71 at 50 °C as determined from the Arrhenius function
obtained from direct LFP studiés.For the carbon-centered
radicals isostructural withh and20, the rate constant for &xo
cyclization of radicak3 at 50°C is about 2 orders of magnitude
smaller than that for radicdl4.2* If the kinetic effect of the
1,1-diphenylethene moiety is similar in the carbon and nitrogen
radical cases, then one would estimate that radishbuld have
a rate constant for cyclization at 3€ on the order of x 10*
sL

j e
X X
L/% K/ﬁ/Ph
Ph
1: X=N,R=Bu 20: X=N
23 X=CH,R=Me 24: X=CH

The approximate rate constant for cyclization of dialkylaminyl
radical12 determined by LFP was & 10* s™* at 50°C. The
precision in this kinetic measurement is poor due to the fact
that cyclization of12 and its consumption by other processes

results) and that for cyclization df2 at 10°C is about 3x 10

s71 (12H* results). Of course, the catalytic effects bhand

20 are unlikely to be exactly the same, but this exercise
demonstrates the internal consistency of the measured rate
constants for cyclization of neutral radicaR and its Bk-
complexed and protonated counterparts.

Ring Opening of Radical 2. In regard to the fragmentation
reaction of radica®, the reports by Maxwell and Tsanaktsitis
contradicted the kinetic results our group had reported and also
indirectly contradicted the observations of several synthetic
groups who have found that reductionsfeémino organome-
tallic compounds under radical-producing conditions result in
fragmentations. For example, reduction of 2-(mercuriomethyl)-
pyrrolidines25 by NaBH, (a radical chain process of the first
formed mercuric hydride) can result in extensive ring opening,
and the development of new reducing conditions that prevented
fragmentation was the subject of a recent synthetic study by
the Tordo groug® In a similar manner, treatment of pyrrolidine
26 with Raney nickel and with NiCl/NaBldresulted in 25%
and 75% ring opening, respectively, apparently via the inter-
mediacy of radicaR.”

i Bu
N N

(_7/\ng Q/\s-z-pyridyl
25 26

Our observation in this work that acyclic produstwas
formed in reactions of precurs@rin the presence of B$nH
at low concentrations essentially reproduces the results previ-
ously reportetifor studies at 50C but with a higher level of
precision. Rate constants for the fragmentation reaction of
radical2 were (1.74 0.2) x 10* s™1 at 50°C and (5.1£ 0.2)

are competitive, but this kinetic value does establish the order x 10* s™* at 80°C, in reasonable agreement with the previously

of magnitude for the rate of the cyclization reaction in a direct
LFP study.

Rate constants for the acid-catalyzed cyclizations of dialky-
laminyl radicall2 provide important support for the approximate
rate constant found for reaction of the neutral radical. The
equilibrium constant for complexation of BRvith a dialky-
laminyl radical in THF at 20C is 56 M™%, and the complexation

reported value at 50C*

The direct observation of fragmentation @famino radical
16 in the LFP studies is a more dramatic demonstration that
the reaction occurs relatively rapidly. Again, however, the
directly measured rate constants for fragmentatiob6are less
precise than those measured indirectly for ring openin@ of
because bimolecular reactions competed with the unimolecular

and decomplexation reactions have been shown to be fast withprocess of interest. From the results obtained at 27 arf€€58

respect to cyclization of dialkylaminyl radic&0, a reaction
that is considerably faster than cyclizationd&'® Thus, eq 4
can be used with the observed rate constant for cyclization of
12 in the presence of 0.2 M BFat 20°C (Kops = 6.8 x 10°

s71) to calculate the rate constant for cyclization of #2BF;
complex; the resulting value ks= 7.4 x 1 s™%. In previous
work 10 the protonated counterpart of radicap, i.e., the
aminium cation radical2H*, was found to cyclize in aceto-

the estimated rate constant for fragmentatiod®at 50°C is
about 5x 10* s~ which is similar to the rate constant for
fragmentation of radica® determined at 50C.

A Possible Resolution of the Conflicting Results. One
should ask how such diametrically opposed results were obtained
by our group and by Maxwell and Tsanaktsidis who reported
extremely low yields of cyclic products from radicalin the
presence of tin hydride and no measurable amount of ring-

(24) Newcomb, M.; Horner, J. H.; Filipkowski, M. A.; Ha, C.; Park, S.
U. J. Am. Chem. S0d.995 117, 3674-3684.

(25) Roubaud, V.; Lemoigne, F.; Mercier, A.; Tordo,3ynth. Commun.
1996 26, 1507~1516.
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opened product from radic@ when as little as 0.005 M Bu
SnH was employedl. A suggestion as to the origin of the
conflicting results was offered to us by Professor David C#fch.

Crich and co-workers developed a convenient synthetic
technique wherein the highly reactive hydrogen atom transfer
agent PhSeH is producédsitu by reduction of P§Se by Bus-

SnH and a constant concentration of PhSeH is subsequentl);

maintained by rapid reaction of PhtSgith the sacrificial tin
hydride2” They also reported that BBnH reacts rapidly with

the benzenethiyl radical to regenerate PRSHOne also can
regenerate a reactive alkanethiol employed in catalytic amounts
with a sacrificial metal hydride such as3;6tH.28 It is quite
likely that regeneration of any arylthiol by reaction of §3mH

with ArS* will occur given that the tin hydride is demonstrated
to react with the PhrSadical and the more stable Ph&sdical?”

In each case, the sacrificial metal hydride reacts with the

Newcomb et al.

could easily be achieved with a small amount of& in the
sample of3.2°

The potential for contamination of arenesulfenamides by
disulfides might be critically important for synthetic applications
involving nitrogen-centered radicals. For example, in addition
to the results of Maxwell and Tsanaktsidis, radidalwas
eported by Bowmaret al. to give “poor yields” of cyclic
pyrrolidine when produced from the benzenesulfenamide pre-
cursor in the presence of BsnHZ¢ and one might question
whether or not this resulted from g contamination of the
precursor sample. The arenesulfenanfidesa general class
are attractive as dialkylaminyl radical precursors due to the ease
of their preparation. If they are to be used for production of
dialkylaminyl radicals, which has only been demonstrated to
occur in chain reactions with B8nH mediation, one must be
concerned with the possibility that small amounts of disulfide
impurities could produce disastrous results.

chalcogen-centered radical to give a species that reacts with an  There is a positive note for the use of arenesulfenamides as

alkyl radical much faster than does the sacrificial metal hydride;
PhSH and PhSeH react with alkyl radicals at°Z5about 60
and 900 times faster, respectively, than does tin hydridée
chalcogen hydrides are also much more reactive toward dialkyl-
aminyl radicals than is tin hydride; specifically, PhSH and
PhSeH are 240 and 4500 times more reactive ét%oward
RoN®, respectively, than is BGnHS

On the basis of the suggestion by Professor Crich, we
speculate that arylthiol and PhSeH might have been produced
by BusSnH reduction of impurities in the samples used by
Maxwell and Tsanaktsidis. In the method of preparation of
arenesulfenamides, the final synthetic step involves reaction of
a dialkylamine with a sulfenyl chloride that is prepaiadsitu
from a disulfidel:2 One can readily envision that a small
impurity of disulfide could be carried on in the chromatographic
purification of the arenesulfenamide. Similarly, the sample of
precursor3 prepared by Maxwell and Tsanaktsidis could have
been contaminated, in this case with,®®. They statet that
3 was prepared by a method reported in an earlier publication
but gave no experimental details. In the work they citgd,
was prepared by cyclization of aminyl radidain the presence
of acid and P§Se,” and one can imagine that this method might
result in a sample containing an impurity of Be. The more
circuitous method for production &employed in the present
work, an amidoselenylation reaction followed by LiAJH

aminyl radical precursors, however. Assuming that our specula-
tion concerning diselenide and disulfide impurities is correct
and given that (Bs5n)0 is demonstrated in this work to have
no catalytic effect on a dialkylaminyl radical reaction, the results
of Maxwell and Tsanaktsidis suggest that §Ba)O reacted
with arylthiol to form a stannyl sulfide. There is precedent for
such a reaction in that thiols, including thiophenol, are known
to react with (RSn)O0 to give trialkylstannyl alkyl (aryl) sulfides
(RsSnSR).3% Addition of tin oxide to an arenesulfenamide
reaction might be considered as a precautionary measure.

Experimental Section

General Procedures. Samples ofN-butyl-4-pentenamine5j and
N-butyl-2-methylpyrrolidine 4) were prepared as previously reported.
N-Butyl-2-[(phenylselenyl)methyl]pyrrolidine 3] was prepared by
intramolecular amidoselenylation Nf(4-pentenyl)butanamide followed
by LiAIH 4 reduction of the resulting\N-butanoyl-2-[(phenylselenyl)-
methyl]pyrrolidine as previously describédhe 'H and °C NMR
spectra of compoun@matched those reportédThe PTOC carbamates
6 and 19 were prepared as previously reporté& BuzSnH was
prepared by the method of Hayastial 32 and freshly distilled before
use. N-Hydroxypyridine-2-thione was prepared from an aqueous
solution of the sodium salt (Olin Chemical Co.). @um)O and all
other reagents listed were obtained from Aldrich Chemical Co. and
used as obtained.

Ethyl 3-[N-methyl-N-(trans-2-phenylcyclopropyl)amino]propanoate
(9E) was prepared by a method similar to that reported by Horsma

reduction, was used because chromatographic separation of th@nd Nash for a related amino estérN-Methyl-N-(trans-2-phenylcy-

amide intermediate from B8e is likely to be efficient and a
second reaction and purification step follow the introduction
of the phenylselenyl group.

Thus, small amounts of disulfide and diselenide might have
been present in the radical precursors used by Maxwell and
Tsanaktsidis. Contamination by these agents at the level of a
few percent would be undetectable by NMR spectroscopy
because the impurity signals overlap with those of the products,
and even a low level of contamination could explain their
unusual product ratio results. For example, in their studies of
radical 2, a concentration of 0.0005 M PhSeH, continually
regenerated by rapid reaction of Ph&gth Bu;SnHZ” would
have trapped the cyclic radical with 99% efficiency. Depending

upon the amount of substrate employed, such a concentratiorf

(26) Crich, D. Private communication.

(27) Crich, D.; Jiao, X. Y.; Yao, Q. W.; Harwood, J. $.0rg. Chem.
1996 61, 2368-2373. Crich, D.; Yao, Q. WJ. Org. Chem1995 60, 84—
88.

(28) Allen, R. P.; Roberts, B. P.; Willis, C. R.. Chem. Soc., Chem.
Commun.1989 1387-1388.

clopropyl)amine was prepared as previously describédmixture of

1.31 g (8.9 mmol) of this amine and 1.1 mL (9.8 mmol) of ethyl acrylate
was stirred at room temperature for 5 days. Excess ethyl acrylate was
removed by distillation to give the desired ester (1.78 g, 7.3 mmol,
81%). H NMR: ¢ 0.97 (m, 1H), 1.11 (m, 1H), 1.27 (8, = 6.9 Hz,

3H), 1.87 (m, 1H), 1.99 (m, 1H), 2.39 (s, 3H), 2.52 (m, 2H), 2.91 (m,
2H), 4.13 (q,J = 7.2 Hz, 2H), 7.17.3 (m, 5H). 3C NMR: ¢ 14.22,
17.19, 25.44, 32.78, 42.36, 48.77, 53.15, 60.29, 125.57, 125.91, 128.23,

(29) The potential for contamination to be the origin of the observations
of Maxwell and Tsanaktsidiswas readily demonstrated. A sample ®f
was intentionally contaminated with 5% f&® and subjected to reduction
by a deficient amount of BysnH at 50°C (0.03 M substrate and 0.02 M
BusSnH). Under these conditions, one would expect to observe about 10%
yield of ring-opened produdi if the diselenide was not present. In fact,
GC analysis indicated the formation4fn 90% yield based on the limiting
in hydride, and ring-opened produBtwas not observed at a detection
imit of 0.1%.

(30) Neumann, W. PThe Organic Chemistry of TinWiley-Inter-
science: London, 1970; p 173 and references cited therein.

(31) Horner, J. H.; Martinez, F. N.; Musa, O. M.; Newcomb, M.; Shahin,
H. E.J. Am. Chem. S0d.995 117, 11124-11133.

(32) Hayashi, K.; lyoda, J.; Shiihara,J. Organomet. Cheni967, 10,
81-94.

(33) Horsma, D. A.; Nash, C. B. Phys. Cheml968 72, 2351-2358.
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141.98, 172.54. MSm/z(rel intens) 247 (46.2), 174 (10.0), 160 (100),
156 (95.3), 146 (63.2), 144 (26.0), 117 (71.7), 115 (28.4), 104 (16.3),
91 (36.5). HRMS: calcd for gH21NO,, 247.1572; found, 247.1576.

Methyl 3-[N-methyl-N-(trans-2-phenylcyclopropyl)amino]pro-
panoate (9M) was prepared by the same method as above from 0.53
g (3.6 mmol) of the amine and 0.36 mL (4.0 mmol) of methyl acrylate
to give the desired amino ester (0.71 g, 3.1 mmol, 85%).NMR:
6 0.98 (m, 1H), 1.11 (m, 1H), 1.86 (m, 1H), 1.97 (m, 1H), 2.39 (s,
3H), 2.53 (m, 2H), 2.91 (m, 2H), 3.66 (s, 3H), 7.05 (m, 2H), 7.14 (m,
1H), 7.26 (m, 2H). 3C NMR: § 17.16, 25.46, 32.55, 42.39, 48.77,
51.51, 53.15, 125.58, 125.89, 128.25, 141.94, 172.97. WM& (rel
intens) 233 (58.3), 160 (88.5), 146 (53.4), 144 (32.7), 142 (100), 117
(80.5), 115 (33.4), 104 (14.4), 91 (41.9),77 (11.1). HRMS: calcd for
Ci14H1NO,, 233.1416; found, 233.1412.

3-[N-Methyl- N-(trans-2-phenylcyclopropyl)amino]propanoic acid
(10) was prepared from both the methyl and ethyl esters. The above
methyl ester (0.24 g, 1.03 mmol) was dissolved in water (12 mL). The
resulting solution was heated at 70 for 48 h, after which ca. 75% of

J. Am. Chem. Soc., Vol. 119, No. 20485997

relatively low, the mean concentrations of tin hydride during the course
of the reaction were calculated; this procedure introduces an insignifi-
cant error for the concentrations employed. The ratios of products
obtained from the GC analyses are shown in Figure 1.

Direct Kinetic Studies. Laser flash photolysis kinetic studies
employed an Applied Photophysics LK50 kinetic spectrometer with a
Spectron Nd-YAG laser. The methods employed were the same as
previously reported63! Kinetic traces were obtained following laser
irradiation of He-sparged and thermostated solutions of precursors that
were flowing through a flow cell in the spectrometer. The observed
rate constants typically had errors of-2% at the 95% confidence
interval. For studies of radic20 with (BusSn)O, the radical precursor
19 was added to THF or benzene solutions containing the stated
concentrations of the additives before sparging. The study of radical
12in the presence of Bfwas conducted in the same manner as those
of 20 with BFs.16 Concentration changes due to sparging were judged
to be minimal on the basis of the observation that doubling and trebling
the sparging time of a test sample containing,BRe Lewis acid with

the solvent was removed at reduced pressure. The concentrated mixturéhe largest catalytic effect, resulted in no appreciable change in the
was washed with ether to remove unhydrolyzed ester, and the aqueousbserved rate constants for cyclization26f6
layer was concentrated under reduced pressure to give the desired acid Computations were performed with the Gaussian 94 series of

as a solid which was recrystallized from ether to gh¥g0.21 g (0.96
mmol, 93%). A similar preparation from the above ethyl ester gave
10in 90% yield. Mp: 55-57 °C. *H NMR: ¢ 1.14 (m, 1H), 1.29
(m, 1H), 2.11 (m, 1H), 2.19 (m, 1H), 2.54 (m, 5H), 2.97 (m, 2H), 6.89
(bs, 1H), 7.04 (m, 2H), 7.25 (m, 3H}*C NMR: ¢ 16.08, 24.46, 30.49,
41.21, 48.49,53.11, 125.89, 126.29, 128.51, 140.10, 173.40. M5:
(rel intens) 219 (41.0), 172 (10.8), 160 (41.2), 146 (31.8), 144 (11.0),
128 (100.0), 117 (61.0), 104 (13.7), 91 (51.5), 86 (15.5), 77 (17.4), 44
(60.0). HRMS: calcd for gH17NO,, 219.1259; found, 219.1260.

[[[2-[ N-Methyl- N-(trans-2-phenylcyclopropyl)amino]ethyl]carbonyl]-
oxy]-2(1H)-pyridinethione (7) was prepared by the method of Barton
et al’? To a solution of acidl0 (167 mg, 0.76 mmol) in THF (15
mL) at —15 °C were added\-methylmorpholine (0.083 mL, 0.76
mmol) and isobutyl chloroformate (0.10 mL, 0.76 mmol) under
nitrogen. The solution was stirred-atl5 °C for 5 min. All procedures
from this point were conducted in flasks shielded from light. A solution
of N-hydroxy-2-thiopyridone (0.12 g, 0.916 mmol) and;¥t(0.128
mL, 0.92 mmol) in THF (8 mL) was added. The solution was stirred
at —15 °C under nitrogen for 2 h. The precipitate Kfmethylmor-
pholine hydrochloride was filtered and washed with THF. Dilution of
the filtrate with ether (20 mL) gave an organic phase which was washed
with 3 x 10 mL of saturated agqueous NaHgénd 3 x 10 mL of
saturated aqueous NaCl solution. The organic layer was dried over
MgSQ,, filtered, and concentrated to giveas a heavy oil, 0.183 g
(0.56 mmol, 73%). Attempted chromatography on silica gel resulted
in decomposition of the sample. On the basis of the integration of the
PTOC ester signals at6.62 versus that for the entire aliphatic region,
the crude sample was judged to be 50% pure. TFhBIMR spectrum
of 10 exhibited a number of broadened peaks due to slow dynamic
processes!H NMR: ¢ 0.98 (br m, 6H), 1.31 (br m, 1H), 1.61 (br m,
3H), 2.02 (br m, 3H), 2.49 (s, 3H), 2.95 (m, 4H), 352 (m, 3H),
6.62 (dt,d = 6.9, 1.8 Hz, 1H), 7.157.29 (m, 6H), 7.49 (dJ = 6.0
Hz, 1H), 7.70 (ddJ = 6.9, 1.2 Hz, 1H).

Indirect Kinetic Studies. Solutions containing 0.02 mmol &in
benzene were equilibrated at the desired temperature under nitrogen
A stock solution of BySnH and AIBN was added such that the total
volume of the resulting solution was 2.0 mL. The reactions were
monitored for loss o8 by TLC. After consumption 08, the cooled
solutions were extracted with HCI solution 8 2 mL). The acidic
aqueous phase was basified (NaOH) and extracted with benzene (3

programs* Fully optimized structures dcfM and2M were obtained

by ab initio methods at the unrestricted Hartreéock (UHF}® level

of theory with the 3-21& and 6-31G* basis sets and by second-
order Mgller-Plesset perturbation theory (UMP2/6-31G%).The
energies ofLM and2M were also obtained by the complete basis set
extrapolation method CBS#. Optimized structures were also obtained
by the density functional theory BLYP/6-31G* and the hybrid density
functional theory B3LYP/6-31G*® Single-point calculations of the
energies olM and2M were obtained with fourth-order MgllePlesset
perturbation theory (UMP4/6-31G//UMP2/6-31G*) and hybrid density
functional theory (B3LYP/6-31-£G(3df,2df,2p)//B3LYP/6-31G*). Vi-
brational frequencies were calculated at the UHF/6-31G* level of theory
in order to characterize the minima and compute zero-point energies.
Thermal corrections from UHF/6-31G* level frequency calculations
were used to calculate enthalpies and free energies with the appropriate
scaling factof® Energies and coordinates for the optimized structures
of 1M and2M are provided in the Supporting Information.
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