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Abstract: The kinetics of ring openings of cyclopropylcarbinyl radicals containing reporter groups were
measured directly by laser flash photolysis (LFP) methods. The reporter groups are aryl-substituted
cyclopropanes at the position of the radical center in the incipient product, and the initial ring-opening reaction
gives an aryl-substituted cyclopropylcarbinyl radical that opens “instantly” on the nanosecond time scale to
give benzylic and diphenylalkyl radical products that are detected by UV spectroscopy. Three reporter group
designs have been studied. The most useful design is that in substtrateslX-(2,2-diphenylcyclopropyl)-
cyclopropyl)methyl radicals7]. The important synthetic intermediate for production of this seribsiigethoxy-
N-methyltrans-2-(2,2-diphenyl-R*-cyclopropyl)-1S¥,2R*-cyclopropanecarboxamidel$a which has been
prepared diastereomerically pure. The synthesd®atind a series of PTOC ester radical precursors derived
from 15aare described. Laser photolysis (355 nm) of PTOC esters gave acyloxyl radicals that decarboxylated
to give cyclopropylcarbinyl radicals that were studied. The substitutions at the cyclopropylcarbinyl position
of radicals7 were H, H {7a); H, Me (7b); Me, Me (7¢); H, CO:Et (7d); Me, COEt (7¢); and H, Ph Tf). The

kinetics of ring openings of radicalbwere measured in THF and in four cases insCN in the temperature
range—41 to+50°C. Alkyl radicals7aand7b displayed no kinetic solvent effect, whereas ester-substituted
radicals7d and7edid. The ester-substituted radicals react about as fast as the alkyl-substituted radicals due
to favorable polarization in the transition states for ring opening. The phenyl-substituted raelicag-

opens about 3 orders of magnitude less rapidly than the parent rddicdlhe structures and energies of the
ground states, rotational transition states, and ring-opening transition states for a series of substituted
cyclopropylcarbinyl radicals corresponding Ta—e were computed by the hybrid density functional theory
B3LYP/6-31G*, and the ring-opening kinetics were compared to those predicted from the computational barriers.
The precision in the Arrhenius functions for ring openings of radigiermits meaningful comparisons of

the log A terms to those predicted from thermochemical considerations.

Knowledge of the rate constants of radical reactions is the rates of ring opening of the cyclopropylcarbinyl radical were
necessary both for mechanistic work and for planning of radical- conducted at low temperaturésand the muon-containing
based conversions in synthesis. For alkyl radicals, the linchpin analogues of 1-methyl- and 1,1-dimethylcyclopropylcarbinyl
kinetic values are the rate constants for simple unimolecular radical were studied by muon spin-rotation spectroscopic
rearrangements, often referred to as “radical cloéksich as methods! However, the Arrhenius functions obtained in these
the cyclization of the 5-hexenyl radical and ring opening of the studies are unreasonable, and the results cannot be extrapolated
cyclopropylcarbinyl radical. From numerous competition ki- to ambient temperature with confidence. Laser flash photolysis
netic studies, the rate constants of these reactions have beelLFP) kinetic units have adequate temporal resolution for direct
incorporated into rate constants of other radical reactions suchmeasurements of cyclopropylcarbinyl radical reactions at ambi-
that an extensive, interrelated scale of alkyl radical kinetics ent temperature, but the lack of a prominent chromophore in
exists? most of these radicals and their ring-opened products precludes

The cyclopropylcarbinyl radicals, with rate constants for ring UV detection. Thus, the kinetics of ring openings of most
opening on the order of $G™1 at ambient temperature, are cyclopropylcarbinyl radicals are available indirectly from
important for a number of reasons. Simple cyclopropylcarbinyl competition trapping studies with calibrated trapping agénts.
radicals are the best calibrated of the “fast-reacting” radical = We recently introduced the use of “reporter groups” for direct
clocks, and their rate constants provide the foundation for the LFP kinetic studies of radicals that do not otherwise contain
kinetics of radicals that react faster. In addition, they provide useful chromophores.The reaction of interest produces an aryl-
excellent platforms for the study of steric and electronic effects substituted cyclopropylcarbinyl radical that ring-opens “in-
of substituents due to the rigidity of the systems, and they are stantly” to give a benzylic or diphenylalkyl radical that can be
among the more tractable from a computational perspective dueobserved in the UV. Examples of the application of the method
to the small number of atoms and the inflexible ring. It is for measuring cyclopropylcarbinyl radical ring openings were
somewhat unusual, therefore, that virtually none of the rate ™ 3y\illard, B.; Forrest, D.; Ingold, K. UJ. Am. Chem. S0d976 98,
constants for cyclopropylcarbinyl ring-opening reactions have 7024-7026.
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reported in the original communicativand more recentl§In CO,H R CO:H
this work we report the syntheses of a diastereomerically pure g e 12b: R<Me R'< H
intermediate and several precursors to substituted cyclopropyl- —> ‘9
carbinyl radicals, detailed LFP kinetic studies of cyclopropyl- 12 )
. . . . . . . c: R=R'=Me
carbinyl radical ring openings, and analyses of the kinetics via Ph
computational studies of the parent radicals. » Ph
12a: R=R'=H
Results aKey: (a) Na(EtOxP(0)C()HCOMe; (b) (N,N-dimethylami-

i no)(methyl)(phenyl)sulfoxonium tetrafluoroborate; (c) KOHQ (d)

Design of Reporter Groups. The reporter group approach ) (cocl),, (i) CH.N., (i) AgO; (€) LDA, CHjl.
as applied to cyclopropylcarbinyl radical ring openings is
exemplified in Scheme 1. The radical of interetié produced reporting reaction are diphenylalkyl radicals which have larger
by laser irradiation. The ring opening afwill give both 2 molar extinction coefficients than benzylic radic&lghus
and3. Radical3 is a 2-arylcyclopropylcarbinyl radical which ~ permitting more precise kinetic measurements. An early
rapidly ring-opens to give a UV-detectable benzylic radigyl ( intermediate in the synthesis of the precursors to radicedsld
in this example. Because the rearrangements of aryl-substitutedde crystallized to diastereomeric purity, and most of the studies
cyclopropylcarbinyl radicals are extremely fakst> 1 x 101 described here involve this series.
s 1 at ambient temperatufehe kinetics of the reporting reaction For studies of the relatively fast ring openings of cyclopro-
are not convoluted with those of the reaction of interest. That pylcarbinyl radicals, another limitation on the design of the
is, the observed kinetics are for the initial radical ring-opening radical precursors exists. The target radicals must either be
reactions. One should note that the sums of the rate constantproduced directly from laser irradiation or result from very fast
for reaction by both channels (i.el,— 2 + 3) are measured  unimolecular processes such as the decarboxylations of acyloxyl
even though the observed products are from only one of the radicals which occur with rate constants exceeding I0° s™*
reaction channels. at ambient temperatufé?® The latter choice is desired for the

In principle, several designs for the reporting group moiety systems studied here because the immediate radical precursors
are possible; the only requirement is that the final product is can be prepared from cyclopropylacetic acid derivatives that
detectable by UV spectroscopy. In practice, the molar absorp-are stable. Several peroxy acid and related derivatives afford
tivity of the reporter radical and the difficulty in synthesis of acyloxyl radicals upon irradiation. We employed Barton’s
diastereomerically pure compounds can place limits on the PTOC ester derivative’s;'? which are known to be excellent
practicality of a given design. The second point is especially sources of acyloxyl radicals when irradiated with 355 nm light
important for studies of cyclopropylcarbinyl radicals with from a Nd:YAG lasef3*> PTOC esters are prepared from the
reporter groups because several asymmetric centers are present s
in the initial radicals and it is likely that diastereomers will react =z o hy -~%" o
with different rate constants, thus precluding detailed analysis S N\OJ\H g ~ 'N ‘OJ\R
of the kinetic effects of substituents.

We have studied three different reporter designs (shown in
radicals 5—7), each of which performed as expected. The corresponding carboxylic acids which were our synthetic targets.

Syntheses of Precursors.The synthesis of the requisite

PTOC ester

AR ROR carboxylic acids for PTOC ester precursors to the series of
f;_ gza: ;:H primary, secondary, and tertiary radicdls(Scheme 2) was
c: R=R'=M previously reported. Thus, Horner-Emmons olefination of
pp 9 R=C(O)OEt R'=H aldehydeB gave acrylat® which was cyclopropanated to give
e: R=C(O)OEt, R = Me lowi ificati id1 h | db
X Ph Ph f: R=Ph R = H 10. Following saponification, acid1l was homologated by a
5 X=H 7 (8) Chatgilialoglu, C. IrHandbook of Organic Photochemisti§caiano,
6: X=Ph J. C., Ed.; CRC Press: Boca Raton, FL, 1989; Vol. 2, piB.

(9) Falvey, D. E.; Schuster, G. B. Am. Chem. S0d986 108 7419~
precursors to radical® are prepared from commercially 742& Bock T M. Hubia. S. M. Kochi. J. KL Ora. Chem1997
availabletrans-2-phenylcyclopropanecarboxylic acid, but the 62'(22)10952?1""_”’ W FIUDIG, = L R0CL S L BIg. HhemESE
syntheses of the precursors for radigaind7 require additional (11) The acronym PTOC derives from pyridinethioneoxycarbonyl. PTOC
steps. An advantage of the precursors to radiassthat the esters are actually anhydrides of a carboxylic acid and the thiohydroxamic
symmetry of the reporting group reduces the number of ac'glgihggrig’;y%’”g'”S'_z'ctﬂ'cor?eb_Motherwe“ W. Bretrahedror.985
diastereomers produced in the syntheses. The reporter moietyi1 3901-3924. T T

in radicals 7 offers the advantage that the products of the 54%3) Bohne, C.; Boch, R.; Scaiano, J.XOrg. Chem199Q 55, 5414~

(6) Newcomb, M.; Horner, J. H.; Emanuel, CJJAm. Chem. So&997, (14) Ha, C.; Horner, J. H.; Newcomb, M.; Varick, T. R.; Arnold, B. R.;
119 7147-7148. Lusztyk, J.J. Org. Chem1993 58, 1194-1198.
(7) Newcomb, M.; Johnson, C. C.; Manek, M. B.; Varick, T.RAm. (15) Aveline, B. M.; Kochevar, I. E.; Redmond, R. W. Am. Chem.

Chem. Soc1992 114, 10915-10921. Soc.1995 117, 9699-9708.
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Figure 2. ORTEP drawing of diastereomer 1 of acifb.
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Figure 1. ORTEP drawing ofl5a The unit cell contains two e
molecules. 0.02 000
000l &% o *o000

Wolff rearrangement to give aciti2a that was sequentially 0'02 1 j 3 ,°'
methylated to12b and 12c The reactions in Scheme 2 e %’ o,° A
proceeded in good-to-excellent yield, but estéiwas formed g -0.04 7 s/
as a 1:1 mixture of diastereomers that was not separated. §0064 T T
Therefore, acid&2were diastereomeric mixtures, and atRb gowgr Tt
was a mixture of up to four diastereomers. Each of the < 3 5'»‘] er

. . . . 0.10 7o 01
diastereomeric mixtures of acidk2 was converted to the 1 @ o
corresponding mixture of PTOC esters for LFP studieA. 0.05 $ R wryreveadil
mixture of diastereomers of 2réns,trans2,3-diphenylcyclo- ]
propyl)cyclopropylacetic acid was prepared frdrans,trans 0.00 3 22,
2,3-diphenylcyclopropanecarboxaldehyde by a similar sequence rrre T T L

P 300 350 400 450 500 550

of reactionst wavelength (nm)

di lnt initial Synthglses pf .Ithet ptrﬁctursplts fpr t;]adlcz;?ls a fi Figure 3. (A) Observed spectrum 34 ns after laser irradiation of the
lastereomer probiem similar {o that arising in the preparation prqc precursor to radicdla at ambient temperature. The benzylic

of acids 12 was apparent. 2,2-Diphenylcyclopropancarbox-  ragical product 228) hasimaat ca. 320 nm, and the pyridine-2-thiyl

aldehyde 13) was converted to the Corresponditm_gﬁ-unsatgr- radical haslmax at 490 nm. The strong bleaching is due to destruction
ated methyl ester, but a sluggish cyclopropanation reaction ledof the PTOC precursor which has.at ca. 360 nm. (B) Time-resolved
to an approximately 1:1 mixture of diastereomergherefore, spectra from laser irradiation of precurstite at 20°C. The spectra

are for 52, 72, and 166&) ns after irradiation; the data at 32 ns have
been subtracted to give a baseline. Product radiBalwith Amax at
335 nm is forming with time; decay of the pyridine-2-thiyl radical is

OMe QMe
& (o] o N‘Me
o._H Me” insignificant on the time scale of these measurements. The inset shows
XN a kinetic trace at 338 nm where tleaxis is time in nanoseconds.
Ph —> -
Ph Ph
Ph
Ph Ph
3 15a

acids19a 19b, and19f. Esterification of acidl9b to the ethyl

ester R0b) followed by methylation of the lithium enolate gave
1 (E)-14 ester20¢ which was hydrolyzed to give acitOc Acid 19a

] ) ) was esterified to ethyl est@0a which was converted to the

we exar_nlned the_ use of Weinreb amides for the syntheses Ofdiethyl malonate20d by ethoxycarboxylation of the lithium
the series of acids necessary for precursors to raditals gnglate, and methylation of the enolate 2id gave diethyl
Aldehyde13 was converted to a 5:1 mixture of diastereomers mga|onate20e Partial hydrolysis of malonate9d and20egave
of the corresponding Weinreb amides from which amile (  the monoesteré9d and19e The PTOC ester precurso?d

Cyclopropanatior) offt-14) gave amida5aand its diasterepmer the corresponding acyl chlorides witk-hydroxypyridine-2-
15bas a 5.5:1 mixture. Diastereomerically pli®s, obtained thione sodium salt.

by crystallization, was characterized by an X-ray crystal
structure determination (Figure 1).

Compoundl5a was the starting point for the syntheses of
all of the precursors for radicals(Scheme 3). The reduction
of 15aand reactions with methyl and phenyl Grignard reagents
gave aldehydé6aand ketoned6b and16f, respectively. The
carbonyl compounds were converted to enol ethi&isy Wittig
reactions, and the enol ethers were hydrolyzed to give the
homologated aldehydek3. The hydrolysis reaction of enol
etherl7f proceeded in poor yield, and several variations of the
reaction sequence were attempted with even poorer results
Oxidation of aldehyde48 gave the corresponding carboxylic

In the synthetic sequence for PTOC est&tsonly acidsl9a
and19cwere produced as single diastereomers; each of the other
acids was obtained as a mixture of diastereomers. However,
the center of asymmetry that results in diastereomeric mixtures
for acids19b and 19d—f is at the incipient radical position in
radicals7, and the mixtures of diastereomers of PTOC esters
21 will give a single radical in each case and result in no
complications in the kinetic studies. This was explicitly
demonstrated in the case of PTOC esiih. The two
diastereomers of aciti9b were separated by column chroma-
tography, and one of these diastereomers was characterized by
X-ray crystallography (Figure 2). When the two diastereomeri-
(16) Tanaka, N.; Newcomb, M. Unpublished results. cally pure PTOC esterdlb were prepared from the diastere-




10382 J. Am. Chem. Soc., Vol. 120, No. 40, 1998 Horner et al.
Scheme 3
R -
R.__O R oR R._CHO R.|_CO,H R.|_CO,Et
Ph Ph Ph Ph Ph
Ph Ph Ph Ph Ph
d .
ay 16a: R=H —» 17a: R=H.R'=Me — > 18a: R=H —'> 192 R=R'=H  _i» 20a RCR'<H
b .
15a —> 16b: R=Me 3> 17b: R=R'=Me > 180: R=Me Ny 19b: R=Me, R'=H — > 20b: R=Me, R =H~.
. . 196 R=R'=Me < 200 R R Mo <)
16f: R=Ph —> 17f R=Ph, —» 18f: R=Ph -1» 19f: R=Ph k
R' = CH,CH,TMS
[e]
(o) =
R R R' |
CO,Et EtO,C._| _CO,Et EtO,C._| CO,H R oN
o S
—>
iﬁh Ph Ph Ph
Ph Ph Ph Ph
20a '_> 20d: R=H 1 3 19d: R=H 21aR=R'=H
mg 0 21b: R=Me, R =H
20e: R=Me ——> 19e: R=Me 21c: R=R'=Me
21d: R=C(O)OEt, R'=H
21e: R =C(O)OEt, R' = Me

21f: R=Ph,R'=H

aKey: (a) LiAlHg4 (b) MeMgBr; (c) PhMgBr; (d) LIHMDS, PEPTCH,OCH:CI—; (e) LIHMDS, PhP*CH,OCH,CH,Si(CHs)sCl~; (f) HCI, H,0,
heat; (g) CECO.H; (h) CrG;, H.SOy, acetone; (i) EtOH, TsOH, benzene, heat; (j) LDA, {L{HK) KOH, H20; (I) LDA, NCCO.Et; (m) NaH, CHI;
(n) LiOH (1 equiv), EtOH; (0) (i) (COCH, benzene, DMF (catalyst), (il-hydroxypyridine-2-thione sodium salt

omers of acidl9b and studied independently by LFP, the results
were indistinguishable (see below).
Spectroscopy. Members of the PTOC family of radical

precursors have a strong, long wavelength absorbance centered

at approximately 360 nm, and irradiation with the third harmonic
of a Nd:YAG laser (355 nm) cleaves these compounds with
high efficiency!® These two features require that LFP studies
are conducted with dilute, flowing solutions. To measure

kinetics at variable temperatures, solutions of the precursor were

thermally equilibrated in a jacketed addition funnel. Temper-
atures were controlled with a MeOH#8 solution from a

temperature-regulated bath that was circulated through the jacket

of the addition funnel. After thermal equilibration and sparging
with helium, the PTOC ester solutions were allowed to flow
through a quartz flow cell. Temperatures were measured with
a thermocouple placed in the flowing stream about 1 cm above
the irradiation zone.

Low-temperature LFP studies with flowing solutions present
an additional problem in that condensation on the cell faces
must be avoided. For studies conducted belo?WC0 a flow
cell in an argon gas-filled, fabricated housing that contained
guartz windows was employed. The practical lower temperature
limit with our unit is —40 °C, at which temperature we observed
variations of about-0.25 °C during the course of a series of
runs.

The ultimate detectable products from radicabre benzylic
radicals22 which were expected to have long wavelengthy
at about 315320 nm, and those from radicalsare diphenyl-
alkyl radicals23 which should havé . at about 336-335 nmé
The PTOC esters absorb modestly in the region-38@ nm,
so the initial photochemical reaction results in a decrease in
signal intensity, a bleaching, in the region where the products
absorb except for the special case of radi¢gl which is
discussed below. Following the initial bleaching, benzylic or
diphenylalkyl radical signals grew in at the expected wave-
lengths. Figure 3 shows some typical spectra observed follow-

Ry, R Ru R
I l
| |
Ph

Ph Ph
22a: R=R'=H 23a: R=R'=H
22b: R=Me, R'=H 23b: R=Me, R'=H
22c: R=R'=Me 23c: R=R'=Me

23d: R =C(O)OEt, R'=H

23e:
23f:

R = C(O)OEt, R’ = Me
R=Ph R =H

ng production of radical®a and 7e from the corresponding
PTOC esters. The spectrum frdsa shows the absorbance of
the benzylic radical produ@2awith Amax at about 320 nm, a
strong bleaching centered at 370 nm from destruction of the
PTOC ester, and a long wavelength absorbance due to the
byproduct radical, pyridine-2-thiyl, witfimax at 490 nmt+17

The time-resolved spectrum @Bewas obtained by subtracting
the signals observed at short reaction time from those observed
later, with the result that growing signals evolve in a positive
direction from the baseline and decaying signals evolve
negatively; virtually no decay of the pyridine-2-thiyl radical
signal at 490 nm occurs in the short time frame of the
cyclopropylcarbinyl radical ring openings.

The benzylic radicarf is a special case. The first observable
transient, radical'f, absorbs withimax at about 315 nm, but the
initial UV spectrum contained a maximum absorbance close to
310 nm due to the combined effect of the superimposition of
the spectrum off with the bleaching spectrum from destruction
of the PTOC precurso2l1f. With time, the spectrum of the
benzylic radical7f evolved smoothly into the spectrum of the
diphenylalkyl radical23f (Figure 4). Because the extinction
coefficient of the diphenylalkyl radical is larger than that of

(17) Alam, M. M.; Watanabe, A.; Ito, Ql. Org. Chem1995 60, 3440~
3444.
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constants smaller than # 10’ s™1 is insignificant (<3%) in
0.10 A B | o010 comparison to observed temperature variationst06f25 °C.
g J\l’ For reactions faster than 4 10’ s'%, the instrumental
8 0.05 - 0.05 response rate was deconvoluted from the observed kinetic traces
2 0.00 J ¢ by standard Fourier transform (FT) methods using eq 1 where
© + 0.00
0.05 T Kaeconvo= FT TFT(Kex/FT(Kins] (1)
300 320 340 360 300 320 340 360
wavelength (nm) Kdeconvol iS the deconvoluted kinetic traceyp is the experi-
Figure 4. Time-resolved spectra obtained upon irradiatio@ bt (A) mentally measured kinetic trace with rate conskagt andKins

Data collected 0.20, 1.00, 1.80, and 5/,&Jafter irradiation; the arrows is the impu|se response function of the System_ In this case,
show the direction of signal evolution with time. (B) Data from 1.00, KinstWas taken to be a “noiseless” exponential function decaying
1.80, and 5.8Qus; the data at 0.20s have been subtracted t0 give @ it 4 rate of 2.5x 108 st in order to avoid the introduction
baseline. of additional random error. The actual errors in valueskgs

32 34 36 38 40 4.2 were small in all cases (about 1% for reactions of radials
but the magnitude of the error after deconvolution increases in

8.0 + an exponential fashion as the rate constant approaches the
75 \ instrumental limit. Thus, for example, the errorkig, = (8.93

T + 0.08) x 107 st increased upon deconvolution to gike=

7.0 4+ (9.894 0.35) x 10" sL. The fastest reaction studied in this

work hadkex, = 1.3 x 10° s7* which gavek = 1.6 x 10° s7¢
8.0 + when deconvoluted.

Radicals 5a—c and 6a were investigated in preliminary
75 1 Ny demonstrations of feasibility before the kinetic unit was equipped
7.0 4 i for operation below O°C, and a mixture of diastereomers of
the precursors was used in each case. For the primary radicals
65 - . 5a and 6a in THF, rapid signal growth was observed at 315
. \ i nm even at (°C; the rate constants for these reactions were

log k

greater than &k 1(® s1. Radicalssb and5cin THF displayed

- measurable rate constants of x6L0" s~ at 11°C for 5b and

3.0 x 10’ st at 10.5°C for 5¢c. The observed reduction in
rate constants with increasing substitutions was consistent with
expectations suggesting that the method was useful, but the rate
constants were clearly greater than those for the analogous parent
radicals that lacked the reporter groups, indicating that the
reporter groups imparted a small kinetic acceleration. Because
of the relatively weak signal growth from the ultimate benzylic
radical products, which reduced precision in the kinetic mea-
surements, and the fact that diastereomeric radicals were present,
the benzylic radical, the initially observed absorbancénak we did not attempt variable-temperature studies with these
for 7f never decreased, but an isosbestic point was observed asystems.

304 nm. Figure 4A shows the observed time-resolved spectra The kinetics of ring openings of radicala—f were measured
with no corrections, and Figure 4B shows the same spectra within THF and, with the exceptions afc and 71, in acetonitrile.

the data at 200 ns subtracted from data obtained later. TheEach measurement is a sum of ca. 15 experimental runs. A
subtraction procedure removes negative signals from the bleach+total of between 10 and 33 independent determinations for each
ing of precursoR1f and positive signals from the spectrum of radical was obtained within the temperature rangé. to+50

the initially formed radical7f. The spectrum in Figure 4B is  °C. Standard errors ikeyxp were about 1%, and in duplicate
mainly that of the diphenylalkyl radical produ2Bf because determinations made at a given temperature, the differences in
the extinction coefficients of benzylic radicals are only about k were typically 2-3% although differences as small as 0.1%
25% as great as those of diphenylalkyl radicals at the respectivewere obtained in some cases. Two pairs of duplicate measure-
AmaxValues and benzylic radicals have no appreciable absorbancenents made in the-35 to—40 °C range at nominally the same

55

5.0 +

3.2 3.4 3.6 3.8 4.0 4.2
1000/T

Figure 5. Observed rate constants {sfor fragmentations of radicals
7a—f. The hollow symbols are measurements in THF, and the solid
symbols are measurements in acetonitrile. The lines are the Arrhenius
functions in Table 1.

above 330 nn. temperatures differed by $12%, suggesting that temperature
Kinetics. The ring-opening reactions of cyclopropylcarbinyl control and measurement were becoming significant problems.
radicals have rate constants in the range &fst® at ambient Complete listings of observed rate constants for radicals

temperature, and the reporter groups impart a small kinetic are given in the Supporting Information. Table 1 lists the
acceleration to these reactions as discussed below. Thus, weArrhenius functions for the ring-opening reactions and values
performed studies with several systems at temperatures withinof the rate constant at 20C calculated from these Arrhenius
the range of-40 to+50°C. The minimum represents the lower functions, and Figure 5 shows the kinetics Taee-f in graphical
limit of our apparatus. An upper temperature limit exists due form. The notable features of the kinetics are the following.
to the thermal instability of the PTOC esters, but there is also High precision was obtained in the Arrhenius functions for most
a maximum kinetic limit due to the response time of the of the radicals7, but radicals7a and 7d reacted so fast that
electronics of the system. The measured response of ouronly a limited range of temperatures could be studied. No
apparatus to an “instantaneous” signal was;2 8% s™1. This solvent effect was observed for the “alkyl” series of radicals
instrumental response will be convoluted into all kinetic 7a—c, but the polar radicals containing tleethoxycarbonyl
measurements, but the error introduced in reactions with rategroup (d and 7€) displayed obvious solvent effects on
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Table 1. Arrhenius Parameters and Rate Constants for the Ring Openings of Raficals

radical solvent temp rangéq) point® log A E, (kcal/mol) Keof (s7Y)
7a THF —39t0—15 18 12.89+ 0.38 5.75+ 0.34 3.9x 10°
CHsCN —39to—15 10 12.94+ 0.30 5.81+ 0.34 4.0x 1¢°

7 THF —31to 20 18 12.84 0.15 6.18+ 0.18 1.57x 1¢°

7be THF —41t0 12 30 12.66- 0.16 6.03+ 0.19 1.43x 10

7bf THF 12.74+ 0.11 6.11+ 0.13 1.50x 1C°

7be CHsCN —40to—5 16 12.72+ 0.16 6.12+ 0.15 1.41x 10

7c THF —31to 21 18 13.1&0.16 6.86+ 0.19 0.95x 10°
7d THF —39to—10 12 13.18+ 0.58 6.22+ 0.65 3.4x 10°
CH:CN —40to—15 10 13.84+ 0.70 6.76+ 0.79 6.2x 10°

7e THF —37to0 49 22 12.88-0.10 7.46+ 0.13 2.04x 10/

CHsCN —38t049 33 12.7% 0.17 7.23+£0.21 2.46x 107

7f THF —9to 50 14 13.39: 0.32 10.32+ 0.43 4.81x 10°

aErrors are at @. ® Number of independent determinatioffRate constant at 2UC. 9 Diastereomer 1¢ Diastereomer 2! Weighted average of
both diastereomers.

Table 2. Relative Energies (kcal/mol) for Radica2¢?

radical anft sy rotTS anti-TS' syn-TS PMP2 A o
24a 0 3.0 8.4 8.31 i o
24b 0 0.7 2.5 8.6 9.5 7.47
24c 0 (1.2 (1.5p 9.0 a b c
24d 0 1.2 5.4 10.2 11.6
24e 0 0.8 4.1 11.6 13.0
24v 0 12.81
aResults at the B3LYP/6-31G*/B3LYP/6-31G* level. See Figure 4

6 for structures® Energies for the bisected minim&Transition state

for rotation. ¢ Transition states for ring openingPMP2/6-31G* barriers d e f

for the anti-TS for ring opening from ref 19.Energy of the
perpendicular minimurr Barrier for rotation between the bisected and
perpendicular minima.

Figure 6. Representative computed minima and transition structures
for radicals24: (a) anti-bisected minimum fo24b, (b) syn-bisected
minimum for 24b, (c) TS for rotation of24b, (d) anti-TS for the ring
proceeding from THF to acetonitrile. Despite intuitive notions 2PENing 024b, () syn-TS for the ring opening @b, (f) perpendicular

. . s . (local) minimum for24c
regarding radical stabilities, the ester-substituted secondary

radical 7d opened more rapidly than the methyl-substituted 5 qrjer for the ring opening of the cyclopropylcarbinyl radical
secondary radicalb. The benzylic radicalf reacted nearly 3 248) computed at the G2 level was 7.89 kcal/rifol? and

orders of magnitude less rapidly than the unsubstituted parentpy\1p2/6-31G* calculations with thermal corrections for the
radical 7a, as one would expect. The observed rate constants barriers for the ring opening d4a and 24b were 8.31 and
for 7f are listed, but this special system requires analysis in 7 47 kcal/mol, respectiveli?
terms of a prior equilibration (see Discussion).

Computational Studies. The LFP kinetic results for radicals
7 were quite precise, and it was of interest to compare them
with computational results. Affordable computational results
closely track with the experimental rate constants for reactions
of simple cyclopropylcarbinyl radical$;*® and the B3LYP°
hybrid density functional theory (DFT) method is known to be
quite accurate for radicafd. We studied the simple cyclopro-
pylcarbinyl radicals24 with B3LYP at the 6-31G* level.

The minimum-energy conformations of radicall are
“bisected” structures with the substituents on the radical center
perpendicular to the C2C3 bond of the cyclopropyl ring. Two
minima exist for the unsymmetrically substituted radicd$,
24d, and24e anti and syn with respect to the ring (Figure 6).
Low barriers for rotation through “perpendicular” transition
states were found. The dimethyl-substituted radix&d is a
special case where the bisected conformer is the global minimum
and the perpendicular structure is a local minimum (Figure 6);

24a: this unusual situation has the unpleasant result that the computed

R=R=H
R__R 24b: R=Me, R'=H global minimum-energy structure @ficchanges depending on
Z 2ac: 222;8)“339 - the level of theory employed. The low-energy rotational barriers
24e: R = C(O)OMe, R' = Me for the cyclopropylcarbinyl radicals permit production of an
24v: R=CHCH, R'=H equilibrium population of conformers before ring opening. Thus,

) . . any differences in populations arising from the initial photo-
Table 2 lists relative energy values for radic@ Our  chemjcal generation of radicals from different diastereomers of

objective was to compare the results for different substitution 4 precursor will not be important, as was specifically demon-

patterns, and the barriers are not corrected with zero point gyrated for the ring opening of radicab.

energies. More powerful computers than the PC we employed o of the transition structures for the ring openings of radicals

would permit more accurate calculations in terms of absolute 54 ere similar: Figure 6 shows examples. The breaking bond

valugs, and the barne_rs for the ring-opening reactions would 4 the cyclopropyl ring (C%C2) is offset slightly from collinear

be slightly reduced by incorporation of thermal corrections due \ith the p orbital of the radical center. This results in an

to bond relaxations in the transition states. For example, the gcjipsing interaction between C3 of the cyclopropyl ring and

(18) Martinez, F. N.; Schlegel, H. B.; Newcomb, M.0rg. Chem1996 one of the groups at the nearly?dpybridized radical center.
61, 8547-8550. For the radicals that are not symmetrically substituted at the
63\ ooy artinez, F. M.; Schiegel, H. B.; Newcomb, M. Org. Chem1998 radical center Z4b, 24d, and 246, the eclipsing interaction
(20) Becke, A. D.J. Chem. PhysL993 98, 5648-5652. resulted in differences in energies for the two possible transition

(21) Fox, T.; Kollman, P. AJ. Phys. Chem1996 100, 2950-2956. states for ring opening that amounted to115 kcal/mol. From
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44 0O O radicals 7 AGH .
3 v radicals 5
j o radicals 24
cpo 2 z m radical 25 24a: R=R' =H Me
A O— 24b: R=Me,R'=H 25
o\g\g 24c: R=R'=Me
0 T I\ I . . . .
1o 20 30 constants for the ring openings of radicéls7, 24. Relative
radical type rate constants at 2€C are given in eqs 25 whereR is the
Figure 7. Rate constants for radical ring openings at°20 .
9 g opening (24, experimentalR = 1.00:0.47:0.22 (2)
the energies of the transition states, one can calculate the
reactivity through each channel. For example, at ambient (5) R=1.00:0.38:0.20 3)
temperature, the reaction through the high-energy channel in
the methyl-substituted radicaéb (the methyl-eclipsing C3 of (7) R=1.00:0.37:0.24 4)
the ring) will be 0.2 times as fast as the reaction through the
low-energy channel. The result will be that the lagerm in (24, computedR = 1.00:0.44:0.37 (5)

the Arrhenius function for the ring opening @fib should be
slightly smaller (by about 0.1) than those for symmetrically
substituted radicals that have degenerate pathways for ring
opening.

A phenyl-substituted cyclopropylcarbinyl radical was too
large to calculate with the resources available, but the vinyl-
substituted radica24v is a reasonable model for the a phenyl-

substituted cyclopropylcarbinyl radical that has been addressef th tational barriers (o ri ina listed in Tabl
computationally® The low-energy transition-state barrier for rom theé computational barriers to ring opening fisted in table

the ring opening o24vwas 4.5 kcal/mol larger than the barrier 2 W'thhthe a;ssumpﬂon that _thr? entlropy terms for all fragn?enlta- d
for the opening of24a at the PMP2/6-31G* level, and the tion channels are the same; the relative rate constants calculate

from the inexpensive computations are clearly useful at the
predictive level.

The absence of a solvent effect on the kinetics of ring
Discussion openings of radical$a and7b is noteworthy (see Table 1 and
Figure 5A). It is commonly assumed that simple radical
reactions will not have polarized transition states and, thus, will
not display solvent effects. This is a reasonable assumption
when the radical centers in reactants and products do not have
functional groups, and it was previously demonstrated to hold
by indirect kinetic studies of cyclopropylcarbinyl ring openings
in competition with nitroxyl radical trapping reactio®s.The
demonstration of the absence of a solvent effecZfband7b
at the level of precision available from the direct studies clearly
supports the premise that gas-phase kinetic values or computed
activation energies can be used to predict the kinetics of simple
radical reactions in solutiot%1® However, obvious solvent
effects on the ring-opening reactions of the ester-substituted
radicals7d and7e show that functional-group substitution at a
radical center can result in polarized transition states for

ratio of rate constants for the®,12°, and 3 radicals in the
indicated series. One should note that the relative errors in the
indirectly measured rate constants for radi@dsare likely to

be significantly greater than the errors in the directly measured
rate constants for the reporter group series because the methods
for measuring the kinetics of radica?el differed. Equation 5
dgives the relative rate constants for radi@dghat one calculates

increased barrier fd24vwas due mainly to a loss of resonance
energy of the allylic radical in the transition stadfe.

Alkyl-substituted Cyclopropylcarbinyl Radicals. One can
compare the rates of ring openings of radicé&s-c with those
of other cyclopropylcarbinyl radical reactions in order to
evaluate the kinetic effects of the reporter groups. A brief
comment on the Arrhenius lo§terms for cyclopropylcarbinyl
radical fragmentations is given below, but we note here that
the values of logA can be predicted for cyclopropylcarbinyl
radicals due to the rigidity of the systems. This expediency
was previously employed by Bowry, Lusztyk, and Ingdid.

The rate constants at 2C for ring-opening reactions of’1
2°, and 3 cyclopropylcarbinyl radicals are shown in Figure 7.
The results for the reporter group-containing radicaknd 7
were measured by LFP in this work. The rate constant for
radical24ais from the known Arrhenius functioff. The rate
constants for radical®4b,?? 24¢2* and 25?2 are obtained from seemingly simple reactions.
Arrhenius functions calculated with the appropriate Aogalues Ester-Substituted Cyclopropylcarbinyl Radicals. Rota-
using a rate constant measured near room temperature. TNgjong ahout the €C bond between the cyclopropylcarbinyl
Arrhenius functlon_s for ring openings of the muon-containing -4rpon and the cyclopropane ring are faster than ring openings
analogues of radical24b and 24c do not appear to be o cyclopropylcarbinyl radicals, as shown by the barriers listed
reasonablé,and the kinetics obtained by this method were not in Table 2. For the ester-substituted radicaé and 7e

used. There is a regular increase in rate constants for ringpqyever, two distinct conformers can exist on the time scale

openings due to the reporter groups with the phenylcyclopropyl f the ring-opening reactions. Rotation about the bond between

group in radical$ giving about a 2.5-fold increase in rate, about  he radical center and the carbonyl carbon that interconverts

the same amount of acceleration as imparted by the methylihe £ and z-conformers of the ester-substituted radicals is

group in25. The diphenylcyclopropyl group in radicaisesults  gefinitely slower than that of the ring-opening reaction7of

ina 4_5'f0|d. ac_celeranon. ) and most likely also is slower than the ring opening7ef
That the kinetic effects of the reporter groups are relatively

benign is indicated by the consistency of tredative rate o

OEt Et0.__O
slow
(22) Bowry, V. W.; Lusztyk, J.; Ingold, K. UJ. Am. Chem. S0d.991 A B R
113 5687-5698. R

(23) Newcomb, M.; Glenn, A. GJ. Am. Chem. S0d.989 111, 275~
277. Z-conformer E-conformer

(24) Engel, P. S.; He, S. L.; Banks, J. T.; Ingold, K. U.; Lusztyk].J. ) )
Org. Chem.1997, 62, 1210-1214. Studies from Fischer’s laboratory gave rate constants-e2j1
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x 10° s at 20 °C for this rotation in ester-substituted solvent effects with accelerated rearrangements proceeding from
radicals?®2”and 5-exo cyclizations of ester-substituted radicals THF to the more polar solvent acetonitrile. Another obvious
with rate constants of 25) x 10’ s~ were shown to be faster  effect is that the gas-phase calculated barriers for ring openings
than conformational interconversié®. Therefore, it is possible  of the ester-substituted radicals are clearly inconsistent with
that two reactive forms ofd and 7e were present in the LFP  those for the alkyl radicals.

experiments. Nevertheless, the kinetic data was well-fit by  The tertiary ester-substituted radi@alfragments less rapidly
single-exponential solutions; that is, double-exponential solutions than the tertiary alkyl radicalc by about a factor of 4 at 20

of the data gave the same values for the one rate constant’C, but this appears to be the result of steric effects and not
obtained in single-exponential solutions and small values for electronic effects. Inthe computed transition structures for the

the second rate constant. This requires either Tdaand 7e fragmentation reactions of radicald, an eclipsing interaction
were produced primarily in one conformation or that both is produced between one of the substituents at the radical center
conformations reacted with the same rate constants. and the C3 of the cyclopropyl ring (Figure 6). This eclipsing

An ethoxycarbonyl group is considered to be a radical interaction can be relieved by distorting the planar radical center
stabilizing group, although a consensus on the extent of Which will produce a minor energy penalty for an alkyl radical
stabilization is not apparent. Bordwell's estinfit¢hat the ~ but a more significant penalty for the conjugated ester-
C—H bond-dissociation energy (BDE) of ethyl acetate is about Substituted radical. The net result is that the computed energy
7.5 kcal/mol less than that of methane appears to be reasonabl®arrier for the tertiary alkyl radica24c is only 0.4 kcal/mol
and can be compared to the 4.2 kcal/mol reduction in BDE for greater than théower energy barrier for the ring opening of
ethane relative to methaf®.An intuitive conclusion from the ~ the secondary radic&l4b; whereas, both energy barriers for
radical stabilizing effect of the ester group might be that the the ring opening of the tertiary ester-substituted raddaare
ester-substituted radicatsl and7eshould ring-open less rapidly 1.4 kcal/mol greater than the corresponding barriers for the
than their alkyl-substituted counterpar& and 7c. This secondary ester-substituted radi2ab.
conclusion is supported by the computational results at the Polarized transition states forester radical fragmentations
B3LYP/6-31G* level which give estimated ring-opening rate Were previously implicated. Metzger and co-workers studied
constants at 20C for the secondary and tertiary methoxycar- high-temperature fragmentation reactionsiahethoxycarbonyl
bonyl-substituted radical4d and 24ethat are only 0.03 and  radicals in competition with hydrogen atom transfer trapping
0.003 times as fast, respectively, as that for the parent radicalreactions. They found that radiczé eliminates an ethyl radical
24a more readily than it eliminates a methyl radiand that the

Nevertheless, the secondary ester-substituted raticeiacts stabilized (methoxycarbonyl)methyl radical cleaves from radical
faster than the secondary alkyl radid4, and in acetonitrile, 2/ €SS rapidly than the 2-propyl radical cleaves fragr In

the activation free energy for the fragmentatiorvdfis nearly .
1

1 kcal/mol less than that for the ring opening d. The

seemingly counterintuitive kinetic results fod must arise from w R,

a polarized transition state for the reaction and are consistent CO,Me A./C(O)OCM%
with previous results. Specifically, thermodynamic cycles for 26: R, = Me, R, = Et 29

the additions of an alkyl radical to an alkene and to an acrylate 27: Ry = CO;Me, Ry = H

(the reverse of the fragmentation reactionZ@and7e) indicate 28: Ry=/-Pr,Ry=H

that the additions to acrylates are more exothermic by about 2
kcal/mol3t This value is smaller than the differences in BDE both cases, the less thermodynamically favored fragmentation
between alkyl- and ester-substituted radicals because the esteis faster because loss of the more nucleophilic radical is favored
group also stabilizes the double bond in the acrylate. From by transition-state polarization effects.
kinetic studies of the additions of alkyl radicals to alkenes and  The kinetics of ring opening of another ester-substituted
acrylates, one finds that th®G* for additions to acrylates is  cyclopropylcarbinyl radical, theert-butoxycarbonyl-substituted
about 4 kcal/mol smaller than that for additions to alkeftes. radical29, was previously studied by Beckwith and Bowfy.
The increased stabilization in the transition states for the They reported rate constants for the the ring openirgddfom
additions to acrylates is due to favorable polarization, and the competition kinetic studies with nitroxyl radical trapping. Their
same polarization will be present in the reverse reaction, the rate constants were about 2 orders of magnitude smaller than
fragmentation of an ester-substituted radical. those we find foi7d. For example, from the Arrhenius function
One effect of polarized transition states is that, unlike the for ring opening of7din THF, one calculates a rate constant at
case of the alkyl-substituted radicals, the rates of the ring 80°C of 2 x 10° s, but the reported rate constant for the ring

opening of the ester-substituted radicats and 7e displayed ~ opening of29at this temperature is 14 10" s™1.3> Two factors
that should result in a larger rate constant for the ring opening
(25) Beckwith, A. L. J.; Bowry, V. W.; Ingold, K. UJ. Am. Chem. Soc.  of 7d are (1) the reporter group in radicala—c resulted in a

1992 114, 4983-4992. _c. ion i ; i
(26) Lung-Min, W.; Fischer, HHely. Chim. Actal983 66, 138-147. 4-5 fo'd accele{]atlon IP thde. rate CondStam.s flor fng Olpenlhg in
(27) Strub, W.; Roduner, E.; Fischer, B.Phys. Chent.987, 91, 4379 comparison to those of radicals, and a similar acceleration

4383. would be expected fofd in comparison t@9, and (2) Beckwith

(28) Newcomb, M.; Horner, J. H.; Filipkowski, M. A Ha, C.; Park, S.  and Bowry’s kinetic studies witi29 were performed in
U. J. Am. Chem. Sod995 117, 3674-3684.

(29) Bordwell, . G. Satish, A. \0. Am. Chem. S00994 116, 8885 cyclohexane, a nonpolar solvent that Woulld be ex.pected to
8889. reduce the rate constant for the fragmentation relative to that
(30) Griller, D.; Kanabus-Kaminska, J. M.; Maccoll, AHEOCHEM observed in THF.
1988 40, 125-131.
(31) Benson, S. Wrhermochemical Kinetic&nd ed.; Wiley: New York, (33) Klenke, K.; Metzger, J. O.; lhben, SAngew. Chem., Int. Ed. Engl.
1976. 1988 27, 1168-1170.
(32) Zytowski, T.; Fischer, HJ. Am. Chem. S0d.996 118 437—439. (34) Metzger, J. O.; Klenke, KChem. Ber199Q 123 875-879.
Walbiner, M.; Wu, J. Q.; Fischer, Hdelv. Chim. Actal995 78, 910- (35) Beckwith, A. L. J.; Bowry, V. W.J. Am. Chem. Sod.994 116,

924. 2710-2716.
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Nevertheless, it seems unlikely that the combination of the
solvent effect and the reporter group effect could amount to

J. Am. Chem. Soc., Vol. 120, No. 40, 190887

competition with B4SnH trapping® Beckwith and Bowry later
reported rate constants for cyclization 38 to 32 determined

more than an order of magnitude difference in the rate constantsvia nitroxyl radical trapping reactior;their values for the

for the ring openings ofd and29. Another factor that might
be involved in the large apparent difference in the two sets of
results is the fact that the rate constants for the nitroxyl radical
coupling reaction with the ester-substituted radi28l the
competing reaction in the Beckwith and Bowry study, were not

cyclization k = 0.8 x 10’ s'1 at 42°C) are in reasonable
agreement with the rate constant determined by Ingold’s group.
In unpublished work, our group has studied rate constants for
cyclization of 33 by direct LFP methods; the rate constant at
42 °C from direct measurements is virtually identical to that

available and were estimated to be about 0.25 times as large asound by Ingold’s group (1.1x 107 s71).40

those for reaction of the nitroxyl radical with a secondary alkyl
radical. It is conceivable that the rate constants for nitroxyl
trapping of29 are as great as those for reaction with an alkyl
radical given that the enthalpies of nitroxyl radical coupling
reactions do not appear to have a large effect on the kingtics.
It is also possible that the products of nitroxyl radical trapping
were not stable and equilibrated partially by homolysis, radical
rearrangement, and coupling.

The ramifications of the kinetic results with the ester-
substituted radical3d and 7e should be emphasized. Cyclo-
propylcarbinyl radical ring openings have often been employed
as mechanistic probes for reactions in which putative radical

Because32 is favored at equilibrium, one cannot directly
measure the rate constants for the ring opening of this radical
in a conventional LFP experiment. Indirect kinetic studies
involving competing trapping reactions are posstland
Beckwith and Bowr§P reported rate constants for ring opening
of 32 determined via nitroxyl radical trapping. In addition, rate
constants for the ring opening of a bicyclic version of radical
32, determined by competitive trapping byBuSH, were
reported by Venkatesan and Greenbfrgln these indirect
studies, however, the rate constants for the competition trapping
reactions were not known and had to be estimated.

The reporter group approach provides a way to circumvent

intermediates might exist, and He and Dowd have used an esterthe equilibrium problem, thus permitting direct LFP kinetic

substituted cyclopropane prob80f and an ester-substituted
2-phenylcyclopropane probe3l) in attempts to determine
whether radicals are involved in model studies of the vitamin
B1,-catalyzed methylmalonyl-CoA to succinyl-CoA rearrange-
ment3” They found that the rearrangements occurred with no

CO,Et vitamin By CO,Et
R —— > R
C(O)SEt

Br C(O)XEt

30: R=H
31: R=Ph

X=0orS

detectable amount of radical ring opening. Because the ester

substitution has a minimal effect on the kinetics of the ring
openings of cyclopropylcarbinyl radicals and given that the
(trans-2-phenylcyclopropyl)methyl radical is known to ring-open
with a rate constant of & 101 s™%, the absence of ring-opened
products in their studies with prob81 requires that the
maximum lifetime of a radical intermediate in the rearrangement
was <5 ps even with conservative estimates of detection
limits,37-38a value within an order of magnitude of the “lifetime”
of a transition state and much too short for any diffusively free
intermediate.

Phenyl-Substituted Cyclopropylcarbinyl Radicals. The
equilibrium between the phenyl-substituted cyclopropylcarbinyl
radical 32 and its ring-opened produ@3 is known to lie on
the side of cyclic radica82. This was demonstrated by Ingold’s

A —
Ph/\v B
32

PR

33

studies of the ring opening of a benzyl-substituted cyclopro-
pylcarbinyl radical. ProducB4a from the ring opening of
radical 7f fragments ta23f with a rate constant in excess of 1
x 10" s717 several orders of magnitude larger than the rate
constant for the back reaction 8ffato 7f. Nevertheless, the

Ph ._Ph Ph Ph
| | |
Ph Ph Ph .Ph
Ph Ph Ph Ph

34b 7f 34a 23f
measured rate constants for formation28f are not equal to
those for fragmentation of radicd82 and, in fact, are not
necessarily equal to those for fragmentation7é6f A small
accelerating effect of the reporter group is expected on the basis
of the results with the simple cyclopropylcarbinyl radicéss-
¢, and 7f should react faster thaB2. In addition, a small
decelerating effect will result from the production of radical
34bin the initial fragmentation off. Because the cyclization
of radical34b must be on the order of & 1P s™* at ambient
temperature, about an order of magnitude faster than fragmenta-
tion of 7f, an “equilibrium” between7f and 34b will be
established, and ang4b present serves as an unreactive
reservoir of 7f with regard to the ultimate production of the
detectable radica23f.

One can estimate the kinetic effect of productiortdb in
the following manner. Thetans-2-methylcyclopropyl)methyl
radical @5) is known to fragment about equally to the two

group in a 1990 paper that disproved claims to the contrary possible ring-opened produé&a result mainly due to ap-
and showed that the use of phenyl-substituted cyclopropanesproximately equal amounts of relief of steric compression in

in mechanistic studies could be complicatédrhe Ingold group
established a rate constant of 1x210” s™1 at 42°C for the
cyclization of 33 to 32 via isotopic scrambling in33 in

(36) Bowry, V. W.; Ingold, K. U.J. Am. Chem. S0d.992 114, 4992~
4996.

(37) (a) He, M.; Dowd, PJ. Am. Chem. Sod.996 118 711. (b) He,
M.; Dowd, P.J. Am. Chem. S0d.998 120 1133-1137.

(38) Reference 37b places the limit at 50 ps, but this appears to be a

typographical error.
(39) Bowry, V. W.; Lusztyk, J.; Ingold, K. UJ. Chem. Soc., Chem.
Commun199Q 923-925.

the two possible transition stat¥s Therefore, one might assume
that the accelerating effect of the reporter group is also due
mainly to steric effects and thatf partitions approximately
equally to34aand 34b. Through the use of this assumption
and the use of the rate constants for cyclization of radd&al
discussed above and that measured for reaction#f,ofhe

(40) Horner, J. H.; Martinez, F. M.; Tronche, C.; Newcomb, M.; Halgren,
T. A.; Roberts, J. D. To be submitted for publication.

(41) Venkatesan, H.; Greenberg, M. M.0rg. Chem1995 60, 1053~
1059.
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equilibrium constant foB4b and 7f is found to be about 10
(favoring 7f). Because of the (assumed) equal partitioning of
7f to 34aand 34b, the measured rate constants for production
of 23f would be about 5% smaller than the rate constants for
fragmentation of7f, about 4.6x 10° s™1 at 20°C 42

In regard to the specific case of radic8Band33, one might
estimate that the reporter group effect in all radidais due to
sterics. In this case, the same-3fold acceleration in ring-
opening kinetics at 20C would be present ifif in comparison
with 32. Therefore, the estimated rate constant for the ring
opening of32 at 20°C is 1 x 1(° s™%. This value can be
compared with a rate constant for the opening®bf 4 x 10*
s 1 at 20 °C extrapolated from the nitroxyl radical trapping
studie$® and to a total rate constant for two (nondegenerate)
ring openings of a bicyclic version &2 of 5 x 10° st at 25
°C fromt-BuSH trapping studie®. It is likely that the estimates
for the trapping rate constants in both of the indirect studies
introduced errors, and it would appear that the error in the
estimate of thé-BuSH trapping rate constant is considerable,
although the rigid bicyclic structure of the radical studied might
have had a kinetic effect. Combination of the rate constant for
the ring opening of32 estimated from our results with the
directly measured rate constant for cyclization38fat 20°C
(k= 5.6 x 10° s71)*0 gives an equilibrium constant &f ~ 60
favoring 32; the benzyl-substituted cyclopropylcarbinyl radical
32is clearly favored, as demonstrated by Ingold’s gréup.

Entropic Terms. One of the attractions of studying cyclo-
propyl systems is that the rigidity of the compounds precludes
much of the conformational freedom one would have in an

Horner et al.

The symmetry-breaking features of radicalwill have only
minor effects on the entropy terr%. Increasing moments of
inertia for radical’ containing substituents at the radical center
will reduce logA slightly, but increasing barriers to rotation
will mitigate that effect somewh&t. The net result is that log
A should be in the range of about 12.863.0 for 7b—f. This
was generally found for the cases in Table 1 where the precision
in log A was good. It is apparent that one can accurately
estimate an Arrhenius function for a cyclopropylcarbinyl radical
ring opening from one precisely measured kinetic value and an
estimated logA term, but estimating lod\ will require some
computational or experimental results. In the absence of those
results, logA = 12.8+ 0.2 is a good approximation for any
substituted cyclopropylcarbinyl radical.

Conclusion

The reporter group approach permits highly precise direct
measurements of the kinetics of cyclopropylcarbinyl radical ring
openings, a group of reactions for which most of the previously
available kinetic data were obtained by indirect kinetic methods.
The precision in both the kinetic measurements and the derived
Arrhenius functions for the radicals studied here provides highly
reliable radical clocks that might be employed in competition
kinetic and mechanistic studies of radicals or putative radical
intermediates. The power of the approach was shown in the
measurement of the rate constants for the ring openings of ester-
and phenyl-substituted radicals which were studied previously
by competition methods for which the rate constants of the
competing basis reactions were not available. The ester-
substituted radicafd reacted at least an order of magnitude

acyclic compound and the transition states for its reactions. In ¢;ctar than one would have predicted on the basis of an earlier

the case of the ring opening of the cyclopropylcarbinyl radical
(249, Ingold has previously noted that the entropy of activation
(AS) could be predicted with confidenée.To obtain the

report, and solvent effects on the ring openings of ester-
substituted radicaldd and7ewere readily demonstrated. The
synthetic route presented gives a diastereomerically pure

transition state, the rotation of the methylene group must be jntermediate 154) that can be converted to a wide range of

“frozen”, which results in an entropic penalty. However, the
cyclopropylcarbinyl radical has four equivalent reaction channels
available for ring opening (two by virtue of the symmetrical
substitution at the radical center and two from the different

bonds in the cyclopropyl ring that can break), and this increases

radical precursors.

Experimental Section

General Methods. Commercially available reagents were purchased
m either the Sigma or the Aldrich chemical companies and were

log A. At ambient temperature, these two effects cancel SUCh seq as received. Tetrahydrofuran (THF) and diethyl ether were

that ASF = 0 and logA = 13.15 at ambient temperatute.

The calibration of the cyclopropylcarbinyl radical ring
opening using rate data obtained from kinetic ESR, nitroxyl

trapping, and PhSH trapping results that span a total of about

250 °C gives exactly the above value, ldg= 13.152% The

agreement of the experimental result with the result predicted

distilled under a nitrogen atmosphere from sodium benzophenone ketyl.
Methylene chloride was distilled under nitrogen from phosphorus
pentoxide. Dimethyl sulfoxide (DMSO) and dimethylformamide
(DMF) were distilled under reduced pressure from calcium hydride.
The sodium salt ofN-hydroxypyridine-2-thione was purified as
described previousl§f 2,2-Diphenylcyclopropanecarboxaldehyde was
prepared by PCC oxidation of (2,2-diphenylcyclopropyl)meth&ni

thermochemically leads to the reasonable expectation that onenmR spectra (300 or 500 MHz) ardC NMR spectra (75 or 125 MHz)

can compute an accurate Arrhenius function for a cyclopropyl-
carbinyl radical ring opening from one precisely determined rate
constant and the assumption that lgnust be 12.85 for each

bond that can break; this expedient has been employed previ-

ously?2

(42) We note in passing that the kinetic effect due to the initial
partitioning of 7f is a result of the fact that the back cyclization33b to
7f is faster than fragmentation @f. Similar effects are not possible for the

were obtained on Varian Gemini 300 and Unity 500 spectrometers.
Melting points were obtained on a Thomas-Hoover capillary melting

(43) Two symmetry-breaking features are possible for radi¢akhe
reporter group and the substituents at the radical center. On the basis of (1)
the observation that the €1C2 and C+C3 bond breaking irtrans-2-
methylcyclopropylcarbinyl radical6) are nearly equé® (2) the compu-
tational results that suggest that the effect of the methyl groupbiis
almost entirely due to sterié§, and (3) the observation by NMR
spectroscopy that reactions%d, 6a, and7ain the presence of PhSH gave

other reporter group radicals studied in this work because the back reactionsproducts containing some intact cyclopropyl groups, we assume that the
are slower than the initial fragmentations. The 3-butenyl radical has a rate C1-C2 and C*+C3 bond breakings in radicalsoccur with equal rates.

constant for cyclization on the order of 467! at ambient temperature,
and that for the 4tért-butoxycarbonyl)-3-butenyl radical is about<110”
57135 The effects of back reactions for these cases would be the
superimposition of a slow reaction (the back cyclization reaction) with the
fast reaction fragmentation with a net effect of double-exponential kinetic
behavior if the transient®3 were persistent and data were acquired for an
extended period. For all cases excéftthe measured kinetics are the sum
of the rate constants for fragmentation to both possible products.

The maximum possible effect of the substituent at the radical center in
radicals7b and 7d—f would be to preclude one reaction channel which
would reduce logA by 0.3. From the computational results in Table 2, the
minimum effect of the substituent would be for radi@ab where logA
would be reduced by 0.1.

(44) Esker, J. L.; Newcomb, Ml. Org. Chem1993 58, 4933-4940.

(45) Walborsky, H. M.; Barash, L.; Young, A. E.; Impasato, FJJ.
Am. Chem. Sod 961 83, 25172525.
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point apparatus and are uncorrected. High-resolution mass spectral(37), 205 (17), 193 (16), 192 (11), 191 (32), 178 (19), 167 (56), 165
analyses and X-ray structural determinations were performed by the (31), 155 (16), 154 (29), 141 (12), 129 (16), 115 (26), 105 (13), 91

Central Instrumentation Facility at Wayne State University. (100), 77 (12), 55 (34). HRMS dI5b, C;;H23NO2: caled, 321.1729;
The syntheses of amides4 and 2-(2,2-diphenylcyclopropyl)- ~ found, 321.1723.

cyclopropanesdl5, the starting point for all precursors to radicals X-ray Crystallography. Crystallographic data were collected at

are given here. Synthetic details for preparation of PTOC e@ters ~ room temperature on a S/N/S automated R3 diffractometer with

are in Supporting Information. monochromated Cu radiation. The structures were solved using the

E)-N-Methoxy-N-methyl-3-(2,2-diphenylcyclopropyl)propen- programs in SHELXL-93?
am(id)e (E)-14) ar{d (Z)-N-I\)I/ethtgxy-N-rFr)leth)}//I-g(Z,g—di?r/u)s?]ylgyclo- Structure of Compound 15a. Crystals of15a suitable for X-ray
propyl)propenamide ((2)-14). 2,2-Diphenylcyclopropanecarboxal- c_rystallography were grown by slow (1_Week) crystalllzatlor_l from
dehyde (13.75 g, 0.061 mol) ardtmethoxyN-methyl-2-(triphenyl- diethyl ether/hexanes. Compouh8aconsisted of colorless, striated,
phosphoranylidene)acetamide (24.5 g, 0.067 mol) were dissolved in ﬂ‘r’_‘t rods. Compound5abelongs to the triclinic space group-PT)
methylene chloride and stirred at room temperature overnight. The with a = 11.1311(12) Ab = 12.983(2) Ac = 14.162(2) A o =
solvent was removed under reduced pressure to give a brown semisoli067'597(12)0ﬁ = 88.428(11)0y = 70.483(10), Z= 4, andD = 1.205

mass. Addition of hexanes/EtOAc (3/1, 1 L) caused a tan precipitate glen. Absorpt.lon corrections were applied on thg bas@cﬁcans.
to form. After filtration through a bed of silica to remove the The asymmetric unit contains two crystallographically independent

precipitate, the filtrate was concentrated under reduced pressure to givemOIeCUIes' R=10.0470, andR,> = 0.1328 for 3348 reflections with

a yellow oil. The crude product was chromatographed on silica (3/1 > 20(1). [R= 0.0615_for all Fj‘."ua'] GOE 1.'074' cher experimental

hexanes/EtOAC) to give, in order of elutiorZ){14 (2.62 g, 14%) as parameter; along WIFh posmonal_ and anisotropic thermal parameters
. ’ . ) e o~ 1 are given in Supporting Information.

an oil and E)-14(14.35 g, 76%) as a white solid. Mp: #81°C.*H .

NMR of (E)-14 (300 MH2): 6 1.73 (t,J = 5.3 Hz, 1 H), 1.80 (dd) _Structure of Compound 19b (Diastereomer 1). Crystals of19b

=85, 4.9 Hz, 1 H), 2.45 (ddd] = 10’1 85 5.8 Hz 1 i—l) 319 (s, 3 (diastereomer 1) suitable for X-ray crystallography were grown by slow

” 567'(5 3’H) 6,33. (dd] = 155 1'0’1 Hz 1 H) 653 (c’ﬂ% 155’ (1 week) crystallization from hexanes/EtOAc. Diastereomer 19&f

Hz, 1 H), 7.1-7.3 (m, 10 H)13C NMR of (E)-14 (75 MHz): 6 23.4, belongs to the monoclinic space groBpy/c with a = 10.2756(14) A,

30.7,32.3, 39.6, 61.6, 117.6, 126.2, 127.0, 127.2, 128.4, 128.6, 130.7,? N %3'?8$(‘2 5'82377'2671(8) Afo: g“?'?slg’iz :ﬂ‘" andD = )
1405, 145.8, 148.3, 166.5. MS dEX14 mz (rel int): 307 (4), 277 " 9 R .00 044‘32”@2 " 'dO 5 OéOF_?’ e oons

, 145.8, 148.3, 166.5. : , . 0 1<
(10), 276 (35), 219 (55), 217 (21), 204 (18), 203 (15), 202 (16), 191 2o((1). [ ) or all data] {029, Other
(14). 178 (16), 165 (30), 141 (33), 127 (100), 115 (33), 97 (17), 95 experimental parameters along with positional and anisotropic thermal
(35). 91 (97). HRMS 0fE)-14, CagHaiNO5: calcd, 307.1572; found, | PAameters are given in Supporting Information.

Kinetic Measurements and Data Analysis. All kinetic measure-
1 . . =
i0772'1(32%2§|\éR40; @ 114|S|C)’>02 2A7H(ZS)' 36&)'62 ((3t17J(s ng)H é éLZI-I()d dd ments were carried out with an Applied Photophysics LK-50 laser
U y B ' R T ' LT S kinetic spectrometer using the third harmonic (355 nm) of a Nd:YAG
J=10.6, 8.5, 5.8 Hz, 1 H), 5.30 (§ = 11.1 Hz, 1 H), 6.22 (dJ =

11.6 Hz, 1 H), 7.£7.3 (m, 10 H).2%C NMR of (2)-14 (75 MH2): 6 laser (7 ns pulse duration, 40 mJ/pulse). The flow system for low-

255515253 395,615, 1201 1266 127,125 12541305 gmPeraLe messirenent consied f ket el atached
141.5, 145.9, 148.9, 167.9. MS al)¢14 m/z (rel int): 276 (6), 219

to circulate chilled fluid through the jacket of the funnel. For

%i)’ %8 5111)’ I%illl?lM(éZ)'f 121 4(120)“ 1’{]%(1,3'); 1_050((:16)’_ 96 532)’ 91 measurements below°E, the entire funnel and cuvette assembly was
(276),1388(' ; )- d. 276 1%813)- » CaoH1aNO ( Hy): calcd, enclosed in a box made of black Delrin. The box was equipped with
) » found, ) ) four optical windows which allowed the laser and analyzing beams to

N-Methoxy-N-methyl-trans-2-(2,2-diphenyl-1R*-cyclopropyl)- pass through the sample cuvette. The interior of the box was flushed
15+,2R*-cyclopropanecarboxamide (15a) andN-Methyl-N-methoxy- with argon to prevent water condensation. Sample temperatures were
trans-2-(2,2-diphenyl-1R*-cyclopropyl)-1R*, 2R*-cyclopropanecar- measured by means of a coppepnstantan thermocouple wire inserted

boxamide (15b). Trimethylsulfoxonium iodide (26.5 g, 0.12 mol)was into the interior of the cuvette through the sample outflow opening.
added slowly ove2 h via a solids addition funnel to a stirred suspension  Data were digitized using a Hewlett-Packard 54522 oscilloscope with
of NaH (2.90 g, 0.12 mol) in DMSO (70 mL). After this mixture was  a maximum time resolution of 0.5 ns. Each kinetic trace contained
stirred for an additional 0.5 h, a solution &)¢14 (11.5 g, 0.037 mol) 512 data points. Typically, two sets of data, each containing 14 kinetic
in DMSO (70 mL) was added, and the reaction mixture was stirred for traces, were collected at one temperature. Each set was summed to
30 h at room temperature. The reaction mixture was poured into brine improve the signal/noise ratio. For kinetic traces with rates greater
(300 mL) and extracted with ether/methylene chloride (1/1). The than 4x 107 s'%, the observed kinetic trace is the convolution of the
organic layer was washed with brine and dried over MgS®he impulse response of the instrument with the real kinetic trace. To carry
solvent was removed under reduced pressure, and the resulting crudeut deconvolution, the traces were zero-filled to 512 points and Fourier
product was chromatographed on silica gel (3/1 hexanes/EtOAc) to transformed. This Fourier transformed trace was then divided by the
give a white solid (7.1 g) as a 5.5/1 mixture of diastereom&ss &nd “noiseless” Fourier transform calculated to match the instrument impulse
15b). The major isomer1(58) was obtained by recrystallization from  response function. The resulting function was inverse Fourier trans-
hexanes/EtOAc (5.8 g, 60%). Mp: 884 °C. Slow concentration of formed to generate the deconvoluted kinetic trace.

the mother liquors gav&5b (0.21 g, 2%). Mp: 9392°C. H NMR Instrument Response Time. When the (2,2-diphenylcyclopropyl)-

of 15a ¢ 0.65 (ddd,J = 8.0, 6.0, 3.9 Hz, 1 H), 0.981.2 (m, 2 H), carbinyl radical was generated by flash photolysis from the corre-
1.22-1.38 (m, 2 H), 1.58 (dt) = 8.5, 6.1 Hz, 1 H), 2.10 (br m, 1 H), sponding PTOC ester, a kinetic trace corresponding to a growth of 2.5
3.19 (s, 3 H), 3.78 (s, 3 H), 7-47.5 (m, 10 H). 3C NMR of 15a ¢ x 10° s7! was observed. Because this radical was previously found

14.4,17.6,19.3, 23.2, 28.8, 32.7, 35.4, 61.6, 125.6, 126.5, 127.2, 128.2,by indirect methods to open with a rate constant of @0'* s™* at 20
130.7, 141.3, 146.9, 174.0. MS &ba m/z (rel int); 321 (7.6), 290 .
(15), 261 (6), 233 (14), 217 (26), 206 (40), 205 (17), 193 (16), 192 (46) Sheldrick, G. M.SHELXL-93: Program for Crystal Structure

RefinementUniversity of Gdtingen, Germany, 1993.
(11), 191 (33), 178 (16), 167 (62), 165 (30), 155 (16), 154 (31), 141 (47) Frisch, M. J.. Trucks, G. W.; Schiegel, H. B.: Gill, P. M. W.:

(11), 129 (16), 115 (27), 105 (14), 91 (100), 77 (11), 55 (29). HRMS Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
of 15a CxH2aNO;: caled, 321.1729; found, 321.17254 NMR of A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
15b (500 MHz): ¢ 0.95 (m, 2 H), 1.22 (m, 1 H), 1.34 (m, 3 H), 2.06 V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
(brm, 1 H), 3.11 (s, 3 H), 3.66 (s, 3 H), 7.13 (m, 3 H), 7.21 (m, 3 H), Clvanayal\lzk?/\rla, :-:d ChaIBaCLomFge, IM-:I PeEngé C-GY-; Ayeéla,RP- ,\\f/l ?heg \ﬁv

— — ong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
7.30 (t,J __7'4 Hz, 2 H), 7.42 (d) = 7.3 Hz, 2 H)."*C NMR of 15b Fox, gD. J.; Binkley, J. S.; Defrepes,g D. J.; Baker, Jp Stewart, J. P.; Head-
(125MHz): 6 15.1,17.4,20.2, 23.2, 29.8, 32.5 (br), 35.5, 61.4, 125.6, Gordon, M.; Gonzalez, C.; and Pople, J. Baussian-94Gaussian, Inc.:
126.5, 127.2, 128.2, 128.4, 130.8, 141.4, 146.9, 173.6 (br). MS of pittsburgh, PA, 1995.

15b vz (rel int): 321 (11), 290 (15), 261 (5), 233 (15), 217 (27), 206 (48) Hariharan, P. C.; Pople, J. Aheor. Chim. Actd973 28, 213.
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°C,’ the rate observed in the kinetic traces must correspond to the Dr. M. J. Heeg for performing the X-ray structural determina-
electronic response of the detection system. The impulse response otjons.

the system for use in deconvolution was therefore taken as a decaying . . . . L
exponential with a rate of 2.5 1C° sL. Supporting Information Available: Tables of kinetic data

. - . ) for radicals?; tables of crystallographic data, atomic coordinates,
Computational Methods. Ab initio molecular orbital calculations and anisotropic displacement parameters f&a and 19b
were performed using the Gaussian 94 series of progfasnsa PC. di P 1)- F:j heti P d f . f
Reactants and transition structures were optimized with the B3LYP (diastereomer 1); and synthetic procedures for preparation o

hybrid density functional theory using the 6-314&basis set. all compounds in Scheme 3 (34 pages, print/PDF). See any
current masthead page for ordering information and Web access
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