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Abstract: Using competition kinetic methodology, absolute rate constants for bimolecular hydrogen abstraction
from a variety of organic substrates in solution have been obtained for@iEl(CF,CF,*, n-C4F¢*, andi-CsF*

radicals. Fluorine substitution substantially increases the reactivity of alkyl radicals with respeetto C
abstraction, with the secondary radical being most reactive. A wide range of substrate reactivities (5200-fold)
was observed, with the results being discussed in terms of an interplay of thermodynamic, polar, steric,
stereoelectronic, and electrostatic/field effects on the variotid @bstraction transition states. Representative
carbon-hydrogen bond dissociation energies of a number of ethers and alcohols have been calculated using
DFT methodology.

Introduction hydrogen atom from organic substrates, steric, thermochemical,
polar, and stereoelectronic effects can all play significant roles
in determining both the site of greatest reactivity and the rate
constant of hydrogen abstraction from this site.

Perfluoroalkyl radicals have exceptional reactivity charac-
teristics that derive largely from their great electrophilicity but
also somewhat from their pyramidal natdréhus rate constants ] .
for hydrogen abstraction by perfluoroalkyl radicals from rela-  All other things being equal, the most weakly bounett&
tively electropositive atoms such as Sn, Si, or even carbon arePond will generally undergo H-abstraction. It has been dem-
much larger than those of the analogous alkyl radicals. For o_nstrated f[hat in many radical substitution _rea_ctlons there is a
example, the rate constants for hydrogen abstraction from direct relationship betwegn the energy of activation and the bond
n-BusSnH and E4SiH by n-Re are 85 and 714 times larger, strength of the bond being broken (Evafi®lanyi equation:
respectively, than by-R*.2-4 With a preliminary indication of ~ Ea= a[Dr-] + constant}* For abstractions of hydrogen from
molar rate constants in the range of*3Q® M~ st for stannanes, germanes, and silanes, good correlations have been
hydrogen transfer from relatively good-& donors such as  observed, witha-values forn-alkyl*, perfluoron-alkyl*, and
tetrahydrofuran (THF},we considered it important to evaluate t-BuO" radicals of 0.50, 0.34 and 0.22, respectively, the trend
and quantitate the bimolecular-& donor ability of a broad ~ being an indication of greater reactivity along the setes.
range of functionalized organic compounds havingHCbonds
in a variety of molecular environments. In commercial poly- (6) (@) Beckwith, A. L.J. Chem. Soc. Re1993 143-151. (b) Beckwith,
merizations, H-ransfer from 61 bonds of surfactants and 4,1, % B, 5/ Cha G- 3 Cher, Soc, Pern Tane 262
initiators can be the main source of polymer inhibition or low 5°1987 1801-1807. (d) Beckwith, A. L. J.; Easton, C. J. Am. Chem.
molecular weight product as a result of terminating chain Soc.1981 103 615-619.
transfer® Hence, there is considerable scientific and practical  (7)Beckwith, A. L. J.; Zavitsas, A AJ. Am. Chem. S0d995 117
interest in determining the rates of chain transfer to perfluoro- ™ g) 3) Malatesta, V.; Ingold, K. U. Am. Chem. Sod.981, 103 609
alkyl radicals and in developing structuaractivity relationships 614. (b) Malatesta, V.; McKelvey, R. D.; Babcock, B. W.; Ingold, K.1J.

where none currently exist. Org. Chem.1979 44, 1872-1873. ,
. . (9) (a) Paul, H.; Small, R. D., Jr.; Scaiano, JJCAmM. Chem. Sod978
It has been demonstrated elegantly in studies mostly of the 10q 4520-4527. (b) Wong, P. C.; Griller, D.; Scaiano, J.ICAm. Chem.
t-BuO radical, by Beckwitlf,” Ingold? Scaiand, Wong1° S0c.1982 104, 5106-5108. (c) Malatesta, V.; Scaiano, J.LOrg. Chem.
Robertst! and Critch2 and in Walling’s earlier studies of both 1982 47, 1455-1459.

, , . 10) Wong, S. KJ. Am. Chem. S0d979 101, 1235-1239.
t-BuC and Ct!3 that in the bimolecular abstraction of a §11§ K:unS%aL p.. MOE P fn?_“ gobegs’ B]T P.Chem. Soc., Perkin

Trans. 2199Q 1663-1670.

T University of Florida. (12) Crich, D.; Lim, L. B. L.J. Chem. Soc., Perkin Trans1991, 2209.
*DuPont Central Research and Development. (13) (a) Walling, C.; Mintz, J. MJ. Am. Chem. So&967, 89, 9. 1515~
8 DuPont Contribution No. 7884. 1519. (b) Walling, C.; Jacknow, B. B. Am. Chem. S0d.96Q 82, 6108—
(1) (a) Dolbier, W. R., JrChem. Re. 1996 96, 1557-1595. (b) Dolbier, 6112. (c) Walling, C.; Jacknow, B. B. Am. Chem. Sod.96Q 82, 6113~
W. R., Jr.Topics in Current Chemistry, Vol. 19Zhambers, R. D., Ed; 6115.
Springer-Verlag: Berlin, 1997; pp 97163. (14) Evans, M. G.; Polanyi, MTrans. Faraday Sacl93§ 34, 11.
(2) Dolbier, W. R., Jr.; Rong, X. XJ. Fluorine Chem1995 72, 235- (15) Our calculations, using data from Chatgilialoglu, Ingold, and Rong
240. (see refs 2 and 16).

(3) Delest, B.; Shtarev, A. B.; Dolbier, W. R., Jretrahedron998 54, (16) (a) Chatgilialoglu, CAcc. Chem. Resl992 25, 188-194. (b)
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Scheme 1 Results and Discussion
(]
. HaC.opH éFz Kars H"C‘CH CFH The organic substr_ates used in th_ls |n|'g|al _|nyest|gat|on were
ie., H ('3 &, T Hzc': ('JFz chosen on the basis of two main criteria: (a) structural
2 ‘g’ 2 \g’ simplicity, that is molecules having a minimum of different
2 2

Ky 5=1.3(x0.4)x10°M's™! C—H bonds, and (b) to provide a reasonable variety of structural

(functional group) types. The following molecules chosen for

The importance of polar influences in H-abstraction processes Study- Akanes: cyclohexane, cyclopentane, ameheptane.
has been demonstrated, for example, by the observation that\romatic _hydrocarbons mesitylene and cumenetaloal-
butyrolactone undergoes H-abstractiontBBuO exclusively ~ <anes 1,2-dichloroethane and 1-chlorohexafiners tetra-
at they-position, adjacent to the ether oxyg®nwhereas, in hydrofuran, teFrahydropyran, 1,.4-d|oxan'e, 1,3-d|oxolape, 2,2-
contrast, Roberts has shown that théydrogen is exclusively dimethyl-1,3-dioxolane, 1,3,5-trioxane, diethyl ether, dimethyl

) . : . ether, dimethoxymethane, and dimethoxyethafkioether
{sr:;’g’;‘f when the reverse-polarity boryl radicaNR-BHR tetrahydrothiophenélcohols methanol, 2-propanol, and 2,3-

. o ) dihydroxybutane.
Prior to initiating the current study of bimolecular—El . . .
. S . S . Three types of fluorinated radicals were examined: the less
abstraction reactivity, a more limited examination of intramo- reactive tetrafluoroalkyl radicah-CsHeCHCEy', the standard
lecular, 1,5-hydrogen shift processes of fluorinated alkyl radicals Y 49 '

ih g e XIORCECRCES ard ACHCHCH: 12, chan profhatd edeat v, and o mor
CRCF*, where X = CHs;, OCHs, SCH;, and Ph, was first '

: est study was that af-C4Fy", with the other two being examined
carried out’

_ _ _ primarily for comparison purposes.
In this study it was confirmed that, although slow by (1) Rate Constants fort-BuMe,Si-D Transfers. To carry

comparison to other reactions of fluorinated_rad_icals (_such as gut the desired competition experiments, it was necessary for
very fast Sexohexenyl and @xoheptenyl cyclizations, bimo- s o know the rate constants for deuterium transfer from
lecular alkene additions, or H-abstractions frogsRi or RsSnH  .BMe,SiD for each of the three fluorinated radicals. Two of
reductants), the rate constants for such 1,5-H transfer were inthese, those for RGEF, and n-C4Fs", were reported in the
the 16—10* M~ s™* range. Such rate constants were much preceding publication in this series on intramolecularHC
larger than those for comparable H-transfers of purely hydro- transfer, which served to introduce this competition kinetic
carbon radicals (Scheme ). techniquée’ The rate constant for D-abstraction frasBuMe,-

An important attained goal of this study @ftramolecular SiD by thei-CsF+* radical was obtained by first obtaining the
H-transfer was our ability to demonstrate the efficacy of a new value forky utilizing the competition between its addition to
competitive method designed to obtain rate constants of pentafluorostyrene and its abstraction of H frofBuMe,SiH.
relatively slow H-transfer processes via competitive D- versus This value ofky, combined with data from competitive H- and
H-transfer. The desired rate constants were obtained by meand?-abstraction front-BuMe,SiH andt-BuMe;SiD, provided the
of a competition between the intramolecular B transfer and ~ kinetic data given in Table 1.

a bimolecular transfer afeuteriumfrom t-BuMe,SiD, the rate Nothing startling can be found among the data in Table 1.
constant of which was a relatively slow 1.49q.3) x 1(° M~* As would be expected, (a) the more electronegative the radical,
s~1 for abstraction by-C4F¢".17 This new competitive method  the more reactive it is toward abstraction of H/D from the
was made possible by the fact that tA% signals for electropositive silicon atom, and (b) the more reactive the radical
n-CR:CFR.CRCF»-H andn-CR:CF,CFRCF,-D are separated by the lessselective it is in abstraction of H versus D.

0.7 ppm and are fully resolved, thus allowing a simple (2) Bimolecular C—H Abstraction Rate Constants. As
integration of the signals to provide the relative concentrations indicated above, the substrate-8 donors were chosen in order

of the two productd’ to obtain as much insight as possible regardirgH3structure-

In the present study, we have examined the competition féactivity relationships. Table 2 presents the data that were
between twabimolecularprocesses, the transfer of hydrogen Obtained from the competition experiments, using the three
from the organic substrate versus the transfer of deuterium from fluorinated radicals with the various organic substrates.

t-BuMe,SiD, under thermal initiation usinigrt-butylhyponitrite There is a considerable range (5200-fold) in the rate constants
(TBHN) in 1,3-bis(trifluoromethyl)benzene (BTB) as solvent, observed, from alow of 1.5 10" M~*s™* per H for the reaction
as shown in Scheme 2. of n-C4Fg* with 1,2-dichloroethane to a high of 7.8 10* M~?

s~ pera-H for the reaction of-CsF7* with THF. Even when
considering reactions within only one class of radical, a
reasonably large range of reactivities (590-fold) is exhibited by
the n-C4F¢* radical. For the purpose of comparison, it can be
useful to “normalize” the molecular rate constants in Table 2
to take into account the different numbers of reactive hydrogen
atoms present in each molecule, with these values being given
in the last columrt?

For each substrate the ratios-C4FgH]/[n-C4FgD] were
obtained for a series of runs where the ratio of [substrate]/[
BuMe,SiD] was varied, while maintaining-BuMe,SiD] con-
stant. Under these conditions, plots @FC4FgH]/[n-C4FgD]
versus [substrate}fBuMe,SiD] resulted in straight lines, the
slopes of which equale#iy/kp, with the intercepts being a
measure of the constant amount of side chain H-transfer from
t-BuMe,SiD, as indicated in eq 1.

(18) For example, using activation parameters reported for the 1,5-H shift
[n-C4F9H]/[n-C4F9D] = rearrangement of the 1-hexyl to the 2-hexyl radical ¢og 9.5 andE; =
. 11.6 kcal/mol)®the rate constant of this hydrocarbon radical rearrangement
k./kp x [substrate]f-BuMe,SiD] + Ky _gige chaitko (1) (kis-n = 9.6 1) is ~2 orders of magnitude smaller than that for the
analogous rearrangement of tetrafluorohexyl radicak@HCH,CH,CF,-
Ck (kl,&H =13x 103571).17
(17) Shtarev, A. B.; Dolbier, W. R., Jr.; Smart, B. E.Am. Chem. Soc. (19) (a) Watkins, K. W.J. Phys. Chem1973 77, 2938. (b) Dbg, S.;
1999 121, 2110-2114. Bérces, T.; Ré, F.; Marta, F.Int. J. Chem. Kinet1987, 19, 895.
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Scheme 2
Subs;:ate-H nC4FgH  +  Substrate ®
(]
,,.04F9| L“- n.C4F9¢
TBHN, BTB
. BuMe,SiD
nC4FeD + t-BuMe,Si
ko
Table 1. H- and D-Abstraction Rate Constants from tions24and normalized for the number of hydrogens, it provides
tZ-SBiM;zOSCIH(D) by n-CsH{CRCF, n-CsFs', andi-CsF7* Radicals at relative rates of 76 and 78{C4F¢° vs 2-methyl-2-phenylpropyl
radical), using our Table X,y values for n-heptane and
rate constants, Ws? cyclohexane, respectively.
radical n-C,HoCF.CF, 2 N-C,Fg 2 i-CoFb Therefore, in those cases where rate constants are able to be
ke 1.9 (04)x 16 4.9 (10.8) x 10° 71(@1.0)x 10° cpmpared, perfluorm—_alkyl radicals are obseryed to be con-
kilko  3.45+ 0.10 3.31+ 0.14 20402 siderably more reactive thamalkyl radicals with respect to
ko 55*1.3)x 10 1.49 40.30)x 10° 2.4 (:0.4) x 1C° C—H abstraction from organic substrates.

(5) Relative Reactivity of the Three Fluorinated Radicals.
Comparing the relative reactivities of the three fluorinated
radicals, the summary data in Table 4 indicate that, for the three
common substrates studied, the secondary perfluoroalkyl radical
is muchmore reactive than the primary perfluoroalkyl radical,
which itself exhibits little difference in reactivity from that of
the primary tetrafluoroalkyl radical.

Since the bond dissociation energies for each of the types of

aReference 172 This work.

(3) Regioselectivity of H-Abstractions For those substrates
that had more than one position of likely reactivity, a measure
of the regiochemistry of hydrogen abstraction was obtained by
determining, for such substrates, both the position of deuterium
incorporation and the extent of such incorporatiorflHyNMR.

The values given in Table 3 must be considered of undemon- . o X
sated accracy Wi espect o the amount of acul - ©_ 1 20T PTG med At ek rifcanty Stent, ne
abstraction at each site, because one could not be certain that Inic effects. The fact that the broadest f Y fiviti

the efficiency of trapping the regioisomeric radical intermediates . alpic efiects. he fact that the broadest range or reactivities
was the same. However, a control reaction, the reduction of is observed for H-transfer from the silane supports transition

bromomethyl methyl ether, under identical conditions, led to a Z'the polar _effects_b_emg r?L.Ie?jSé pz:]rtlally_ resp;onzl_blel for_ the
yield of 82% of dimethyl ethed. Since the intermediate fferences in reactivity exhibited by the series of radicals, since
methoxymethyl radical, being nucleophilic and significantly S'IX?E IS z?lmhorg glgcfrozqsﬂ;ye StO][n thﬁn carbon. L
stabilized, should be less reactive than an alkyl radical toward | t Oﬁ_gb.tt t?wl_ st tra '?a tl's't y 6?:'[ € mtht reactlvtt_e, I
the silane reducing agent, we feel confident that most of the asrc: 'EIB')IiII; '2?) e grefa eselec v'%’ '(;' IS rea(rzllons, r?ar:: ng
numbers in Table 3 are a reasonably accurate measure of th 'r: C Ft.lmels haster, per f)g/; frog_en, than cyclohexane,
regioselectivity of H-abstraction. Another indication of the whereas-C4Fg* only has a ratio of 9 for its two respective rate

reliability of the numbers is a comparison of the rate constants constants. Not be_lng pyramlda[, the elgc.trophlllcnyuﬂgFf .
for 1,3-dioxolane and 2,2-dimethyl-1,3-dioxolane. The rate should be the main reason for its reactivity differences. Being

o i % T .
constants for abstraction of the-8’s from these two substrates 2106:5] ?L%Ciggggllﬁéhi? g?gﬁcéhgfgr;?fé frfzacgl\i/:\t};r?éct:r?’;si tion
are quite self-consistent, considering the deleterious steric impatcts,gj,[e for C-H abstractirc))n Its artic?JIarI low rate constant for
of the latter's methyl substituents. -Sp y

. . . reaction with 1,4-dioxane probably reflects the greater electrostatic/
(4) Comparison of Fluorinated and Hydrocarbon Radi- o offects that should be exhibited byZaFs* than byn-CaFe,
cals. There are limited comparative data available from the

; . .~ although our rate data for this radical are too limited for a
literature regarding rate constants for analogous H-abstrac’uonsdeﬁnitive conclusion about this at this time

by n-alkyl radicals. Newcomb has reported rate constants for . ; .
. . . . The Kinetic Impact of Substituents on C—H Abstraction
the reactions of tha-octyl radical with both THF and diethyl by n-C.Fs" Radicals. (1) Alkanes.The reactivity of alkanes

o -1 g1 -
E\t/r:r) 2;222?:§m(4£i: %r?; saenr?u#%)zrs vlv?[zh ll/lhoss i’v:aensip;l e'(lzable such as cyclohexane, cyclopentane, asteptane are very much
y)- paring 9 what would be expected on the basis of the relative impact of

tzow:rlga'lt'isthztdt;]g‘ﬁ?n':wisrﬁgg :Zaiﬁ\;(lerrzg\?v;:grdei;&a(l:tg{ﬁer thermodynamic, steric, and torsional influences on these sub-
y strates. On the basis of a recent quantitative study by Minisci

EZZZtigntgf?hcécglinzz(:;/cag.-rr?eetzittzl)-/br?e;?/tlgrgggf :Zg'i[c:rvcirt]ﬁ of the regiochemistry of iodination atheptane by means of a
dodecane at 10PC was ’reporte d (3.5 10° M1 5-1).23 When free radical chain process that mvolved abstr.actlon of hydrogen
temperature-corrected using the “standard” value of Aog by n-C4Fy" 2" one can assign, using our experimental molar rate
8.5 for the preexponential factor recommended for H-abstrac- constant in Table 2 for the reaction BfC,F" with n-heptane,

) the absolute partial rate constants (per H) for reaction at each

(20) For example, for cyclohexane and cyclopentaneptblecularrate position onn-heptane. These rate constants are given in Table
constants have been divided by 12 and 10, respectively, to obtain the “per5. The G hydrogens ofn-heptane are seen to bel9 times
H” value in the last column of Table 2.
(21) Newcomb reported “pseudo-first-order” rate constétithese were (24) Benson, S. WThermochemical Kinetics2nd ed.; Wiley-Inter-
converted to the given second-order rate constants by dividing his rate science: New York, 1976; p 151.
constants by the molarities of neat THF and diethyl ether (12.3 and 9.6  (25) Bartberger, M. D.; Dolbier, W. R., Jr.; Lusztyk, J.; Ingold, K. U.

molar, respectively.) Tetrahedron1997 53, 9857-9880.

(22) (a) Newcomb, M.; Park, S. U. Am. Chem. Sod986 108 4132~ (26) (a) Avila, D. V.; Ingold, K. U.; Lusztyk, J.; Dolbier, W. R., Jr,;
4134. (b) Newcomb, M.; Kaplan, Jetrahedron Lett1988 29, 3449- Pan, H.-QJ. Am. Chem. So&996 52, 1235%+-12356. (b) Dolbier, W. R.,
3450. Jr.; Li, A.-R. J. Chem. Soc., Perkin Trans.1®98 79-82.

(23) Burton, A.; Ingold, K. U.; Walton, J. Cl. Org. Chem1996 61, (27) Liguori, L.; Bjarsvik, H.-R.; Fontana, F.; Minisci, Ehem. Commun

3778-3782. 1997, 1501-1502.
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Table 2. Kinetic Data for C-H Abstraction from Organic Substrates versus-BiTransfer fromt-BuMe,SiD for Fluorinated Radicats®

substrate slope intercept kq overall/1G M~ts ¢ ky per H/1IGM-ts1c rel ky
Forn-C4HyCoF4 ¢
1,4-dioxane 0.07240.002) 0.07 £0.02) 40 (-10) 10 @2.5) 15
cyclo-CsHaz 0.149 (-0.004) 0.08640.04) 82 (£18) 6.8 1.4y 1
THF 0.518 {0.018) 0.10 £0.04) 290 {£70) 67 E-18)pe 10
Forn-CyFe°©
CICH,CH,CI 4.1 (*0.8)x 10 0.029 (-0.002) 0.6 £0.25) 0.15 {-0.06Y 0.02
CHsOH 0.0062 £-0.0003) 0.0500.003) 9.2£1.9) 3@0.6) 0.4
1,3,5-trioxane 0.0065K0.0008) 0.021£0.002) 9.7 £2.3) 3.2 0.8y 0.4
MeOCH,OMe 0.013 (0.002) 0.01940.005) 19 &5) CHy: 4.8 (E1.4p 0.6
CHs: 1.6 (0.5) 0.2
CeH1sCl 0.0143 ¢-0.0012) 0.03340.006) 21 £6) see Table 6
CH:OCH, 0.019 (-0.003) 0.03540.03) 28 (:7) 4.7 @1.2y 0.6
1,4-dioxane 0.0210.002) 0.02340.008) 3147) 7.8 &1.7) 1
2,2-dimethyl-1,3-dioxolane  0.03&0.002) 0.06 £0.01) 45 (-10) 11 @2.4y 1.4
(CHsCHOH)! 0.034 (-0.003) 0.04440.010) 50 £11) 25 (L6)° 3.2
mesitylene 0.0410.008) 0.03 £0.06) 61 (17) 6.8 (2) 0.9
(CH;0OCHy), 0.045 (-0.002) 0.01540.01) 67 (-14) Chy: 11 (4:2.4p 1.4
CHs: 3.8 0.8y 05
THP 0.047 £:0.004) 0.09340.01) 70 ¢:15) Gy 22 (£4)h 2.8
Cos 4.4 (1) 0.6
n-heptane 0.05140.002) 0.01240.008) 76 £:16) see Table 5
cumene 0.05140.007) 0.11 £0.04) 76 (£19) 76 @198 9.7
cyclo-GHiz 0.063 (-0.002) 0.03940.012) 93 {-20) 7.8 @-1.6) 1
cyclo-GsHio 0.070 (-0.004) 0.01340.024) 104 £22) 10.4 2.2y 1.3
1,3-dioxolane 0.0930.004) 0.024£0.018) 140 £29) Gy 41 (9 5.3
Cs 15 (+3.5) 1.9
i-PrOH 0.110 £0.004) 0.03:0.04) 163 {:33) 163339 21
diethyl ether 0.149+£0.006) 0.03640.016) 220 £50) 55 (129 7
THF 0.207 (-0.004) 0.00540.01) 310 £61) Gy 71 (x15p° 9
tetrahydrothiophene 0.2320.010) —0.003 @-0.034) 355 £73) 89 18y 11.4
Fori-CsF+*
1,4-dioxane 0.003740.0004) 0.042+40.006) 89 £:18) 22 @5 0.3
cyclo-GsHio 0.0191 ¢0.0014) —0.001 ¢-0.008) 460 £88) 38 @7)d 1
THF 0.132 ¢-0.008) —0.03 (0.02) 3100 £600) 780 150y 20.5

a Reactions were initiated with dert-butylhyponitrite (TBHN) at 36t 2 °C. Rate constants were derived from the rate constants of D-abstraction
from tert-butyldimethylsilaned (ko = 2.4 @0.4) x 10° M~ s7* for i-CgF#*, kp = 1.49 @0.30) x 10 for C4F¢’, andkp = 5.5 (£1.3) x 10* for
RC,Fs at 254 2 °C). P Slopes were temperature independerit °C (see ref 17)¢ Rate constants are all for 26 2 °C; errors are all . ¢ All
hydrogens in the molecule were taken into accotiinly a-hydrogens of CH or Chitype were taken into accouritReaction was done in 1,2-
dichloroethaney See Table 3 for regiochemical dateOnly axial H’s were taken into accourtOnly CHs hydrogens were considered.

Table 3. Measured Regioselectivity of Hydrogen Abstraction from  Table 4. Comparison of Molecular Rate Constants of Hydrogen
Selected Substrates Abstraction byn-CsHsCF.CF*, n-C4Fg’, andi-CsF7 for Specific
Common Substrates

regioselectivity (%)

substrate

k:el
. 0, . 0,

$:E % 22/0 g'aﬁ(ﬁ: 38 substrate RCKCH, RCRCF? n-C,Fg i-CsF
diethyl ethet o 100 cyclohexane 0.0%4 (1) 1.1 5.6
2-propandi a: 100 THF 0.017° (1) 1.1 11
1,3-dioxolané 2: 58 4:42 1,4-dioxane 1) 0.8 2.2
CH3;OCH,OCH; CHy: 50 CHs: 50 t-BuMe,SiH 0.004 2) 2.6 37
CH3OCH,CH,OCH;z CH,: 66 CHs: 34 C—H BDE* 101.1 10102 103.3 103.6

@ Reactions were carried out in BTB, witikC,Fl as abstracting 2 Reference 23 Reference 22 Reference 19 Calculated valué®

species and PhMS8ID as deuterium transfer agent, using an excess of
substrate. They were initiated by UV unless otherwise indicétttt-
Butylhyponitrite was used for initiation at 4315 °C. ¢ The average

; be rationalized as deriving from the relief of torsional strain
value for three experiments.

during the H-abstraction from cyclopentafi&imilarly, the C-2
thydrogens of THF are more reactive than those (axial) of THP
(ke = 3.2 per H).

(2) Chloroalkanes. Although an a-chloro substituent is
thermodynamically radical-stabiliziri§;?° formation of such
radicals by G-H abstraction, or abstraction of a hydrogen in
the vicinity of a chloro substituent by theC,Fy* radical, is
observed to be significantly inhibited. Thus the overall per
hydrogen reactivity of 1-chlorohexane is considerably less than

more reactive than its methyl hydrogens, a result quite consisten
with the ~3 kcal greater stabilization of a secondary versus a
primary alkyl radicaP® Slight differences in steric effects
probably adequately explain the differences inkCabstraction
rates for cyclohexanek(/10* M~1 s™1 = 7.8 per H) and the
various secondary H's ofi-heptane. The secondary:primary
selectivity exhibited by the-C4Fy* radical is somewhat greater
than that reported by Walling for theBuO radical (12:1)32
The slightly greater reactivity of the hydrogens of cyclopen-
tane compared to those of cyclohexakg & 1.3 per H) can

(28) Berkowitz, J.; Ellison, G. B.; Gutman, D. Phys. Chenil994 98,
2744-2765.

(29) (a) Pasto, D. J.; Krasnansky, R.; ZercherJCOrg. Chem1987,
52, 3062-3072. (b) Korth, H.-G.; Sicking, Wd. Chem. Soc., Perkin Trans.
21997 715-719.

(30) McMillen, D. F.; Golden, D. MAnnu. Re. Phys. Chem1982 33,
493-532.
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Table 5. Derived Rate Constants for Hydrogen Abstraction from
Each Position oh-Heptane byn-C4F¢*

position
1-CH; 2-CH, 3-CH, 4-CH,
% iodinatiort 41 51.0 30.3 14.6
total ky/1?M~1s7t 31 38.8 23.0 11.1
ky/10?M~1s per H 0.52 9.7 5.8 5.6

a Reference 26.

Table 6. Derived Rate Constants for Hydrogen Abstraction from
Each Position of 1-Chlorohexane byC,Fg

position
1-CHCI 2-CH, 3-CH, 4-CH, 5-CH, 6-CHs
% iodinatior? 2.1 35 12.0 26.7 50.0 5.7
total ky/1I? M~tst 0.44 0.74 25 56 105 1.2
ka/1I®M~tslperH 0.22 0.37 1.3 2.8 53 04
a Reference 26.
t
\ 5+ 5
\“.I.C- —=-H-—-Rg

Figure 1. Polar influences in H-abstraction transition state.

that of n-heptanele = 3). Using Minisci’s regiochemical data
for C—H abstraction from 1-chlorohexane (Table 6) to obtain
rate constants for €H abstraction from each of its individual
carbong’ one can see that the (per H) rate constant fetHC
abstraction from a methyl group ofheptane is 2.4 times larger
than that for the CkLCI carbon of 1-chlorohexane. Moreover,
noneof the CH or CHs groups of 1-chlorohexane is as reactive
as the analogous site mheptane!

Because the transition state, through bond, “polar” impact

of the chlorine substituent should not be expected to extend

more than two or three -€C bonds from C-1, this result was
the first indication thafield effectswere intervening in these
reactions.

The hydrogens of 1,2-dichloroethane are even less reactive

(kel = 0.67) than those of the chloromethyl group of 1-chloro-
hexane.

The issue of the influence of electrostatic (field effects) on
the rate constants of-€H abstractions by perfluoroalkyl radicals
is worthy of particular emphasis at this point. Transition state
“polar effects” are generally represented as beiyctive in

nature, and as such, they are not readily distinguished from

electrostatic (field) effects, which generally predict the same

trends in reactivities. For example, the chlorine substituents in
1,2-dichloroethane and 1-chlorohexane should not only induc-
tively destabilize their H-abstraction transition states as shown

in Figure 1, but they should also give rise to destabilizing
electrostatic field interactions with the fluorine substituents of
the perfluoroalkyl radicals within their abstraction transition
states. Previously alluded to as “dipeldipole interactions®!

in recent years, Paleta has recognized the importance of such

effects in alkene additions, referring to the detrimental electro-
static “tail effect” of perfluoroalkyl radicals as affecting the rates
and regiochemistry of their additions to haloalkeffes.

Insight into the importance of such field effects can be derived
from a comparison of the data in Table 6 with related reactivity
data of the-BuCr radicall3¢ |t is noteworthy that, in its reaction

(31) Gray, P.; Herod, A. A.; Jones, &hem. Re. 1971 71, 247-293.

(32) (a) Paleta, O.; @kva, V.; BudkovaZ.; Bohn, S.J. Fluorine Chem.
1997 86, 155-171. (b) Paleta, O.; @va, V.; Kvicala, JJ. Fluorine Chem.
1996 80, 125-134.
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Scheme 3
o—CH, Group Reactivities, k;/1 o’ms™ (per H)
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with 1-chlorobutane, th&BuO radical, consistent with BDE
considerations and despite its detrimental transition state polar
influence, exhibited slightly greater reactivity with the C-1 than
the C-2 hydrogens = 1.1), in contrast to the analogous ratio
of 0.6 that we observed for theC4sFg* radical. We consider
the difference in site selectivity for these two electronegative
radicals to be largely the result of the significantly greater field
effect of then-C4F¢* radical (vide infra).

(3) Ethers and Alcohols.As has been recognized by synthetic
chemists for some tim&, simple ethers, such as diethyl ether,
THF, and THP, are among the most reactive substrates toward
C—H abstraction byn-Ry*, with the a-CH, hydrogens of ether
and THF having reactivities (per H) of 7 and 9, relative to those
of cyclohexane. Likewise, the €H bonds of methanol and
dimethyl ether are 6 and 9 times more reactive, respectively,
than those oh-heptane’s methyl groups. Although such rate
factors are generally consistent with thermodynamic expectations
(i.e., the smaller BDE's of such bonds), this cannot be the entire
story, since tetrahydrothiophene is even more reactive than THF,
despite the probable higher BDE’s of itshydrogeng? Such
a result can best be rationalized in terms of the expected lower
field effect for H-abstraction from tetrahydrothiophene.

(4) Molecules with More Than One Oxygen.Although a
single ether function clearly activates itshydrogens with
respect to abstraction, two or more ether functions in the same
molecule, as exemplified in Scheme 3, give rise to a decrease
in reactivity, sometimes substantf4lAlthough BDE differences
(vide infra) are undoubtedly part of the reason for such reactivity
differences, there is little doubt that polar, and especially field
effects, also play an important role.

(5) C—H Bond Dissociation Energies: DFT Calculations.
Because there are few experimental bond dissociation energies
of ethers or alcohols available from the literature, and because
we have previously found DFT to be quite satisfactory for
calculating such value8,BDE’s were calculated for some key
model systems related to those ether and alcohol substrates
examined in the current study. The computed BDE's in Table
7 are qualitatively consistent with both the regioselectivities of
H-abstraction observed and the general trends in reactivity
observed among mono-oxygen-substituted substrates in Table
2. However, as it will be seen, this BDE data cannot fully
account for the observed lower reactivity of multi-oxygen-
substituted substrates.

(6) Comparison of n-Rg* Reactivity Data with Those of
the tert-Butoxyl Radical. The considerable rate data available
for C—H abstraction processes of the electroph#uC radical

are relevant to our study of fluorinated radicals. Early data on

t-BuO* were obtained by kinetic ESR experiments at temper-

atures betweer-30 and—60 °C,5~8 but more recently, laser

(33) (a) Chambers, R. D.; Kelly, N.; Musgrave, W. K. R.Fluorine
Chem 198Q 16, 351-364. (b) Chambers, R. D.; Grievson, B.; Kelly, N.
M. J. Chem. Soc., Perkin Trans.1B85 2209-2214.

(34) The same is true for butane-2,3-diol, which is 3.3 times less reactive

than 2-propanol.
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Table 7. DFT Computed Values for €H Bond Dissociation Energies of Selected Ehers, Alcohols, and Esters (kcal/mol)

compd
(C—H b%nd) BDE, calcd (exptl) compd (€H bond) BDE, calcd (exptl)
THF (2) 89.8 (92+ 1) (CHsO),CH-H 93.0
THF (3) 94.2 CHOCH;OCH,—H 94.3
1,3-dioxolane (2) 90.0 CH¥DCH,—H 93.4 (93+ 1)
1,3-dioxolane (4) 91.5 CHOCH(CHs)-H 89.7
THP (2) 92.1 HOCH—H 93.6 (94.5+ 0.2)
1,4-dioxane 93.2 HOCH(CHH 91.0 (93+ 1)2
1,3,5-trioxane 92.6 CHCH.O.CCH,—H 954
CHsCO,CH(CHg)-H 93.8
a Experimental values derive from refs 27 and 29.
Table 8. Comparison of Molecular Rate Constank&1(Q* M1 H from the less electropositive carbon atom, polar influences
s %2 for C—H Abstraction byt-BuO (300 K) versus+-CaFy* should be considerably diminished and steric effects magnified
Radicals (298 K) in importance. For such reactions, one observest#BaC
oSt Keltvs Cetiz) radical being considerably more reactive thanriHe* radical.
o nCifye’ {BUO: y@wwrofy EDEfwalmo’ mCfpr _tBuO° It is also notable that theumber of oxygen atomis the
l:) 34 825 266 89.8 33 &8 substrate appears to correlate with the magnitude df Bwe>/
o n-Rs* rate ratio. Thus with the number of ether functions being
Eo> 14 LA 90.0 15 54 0, 1, 2, and 3, the average rate ratios (from Table 8) are 15,
[P 070 270 85 21 075 19 326, 517, and 2010, respectively. After the significant impact

~o7 of the first oxygen, additional ether oxygens on the substrate
195

oo 0087 2010 %26 010 1 do not have much of an effect on th8uCr radical’s reactivity.
=7 om 150 s 0.2 033 10 Therefore, the observed trend in thBuO"/n-Ry* rate ratio can
be attributed to the significant and increasingggatve impact

= 0ga 143 153 05 o m of ether substituents on tlkg values ofn-Ry'. The likely cause

of this trend is transition state electrostatic repulsion between
a From column four of Table 2 From ref 9c.¢ Weakest bond, from  the perfluoroalkyl group of the radical and the oxygen atoms
Table 7.9 Reference 29. in the substrate. Note that all rates of-8 abstraction by the
t-BuC radical, including that for cyclohexaneare consistent
flash photolysis experiments have allowed a broader range ofyith the respective €H BDE's. In contrast, this isotthe case
substrates to be examined at room temperéttftelable 8 for abstractions by-Ry, where the rate for cyclohexane is out

presents a comparison of rate data feBuC and n-CsF’ of line—too fast. This can be interpreted as evidence that the
radicals. rate constants for €H abstraction from ethers by-Ry are

From the data in Table 8, it can be seen thatBeC radical smallerthan would be predicted on the basis of BDE's alone,
is much more reactive than B-R radical toward C-H the probable reason being detrimental field effects.

abstraction. This is in contrast to their more similar relative rates
of hydrogen abstraction from stannanes, germanes, and silanesconclusions
where theki—g,o/kn—gr' Values forn-BusSnH, n-BusGeH, and
Et:SiH are only 1.0, 6.6, and 7.6, respectively.

With the BDE's ofn-Rs-H andt-BuO-H being similar (103

A new competition kinetic methodology, which has been
designed to obtain absolute rate constants for relatively slow
] 2 - hydrogen transfer processes of fluoroalkyl radicals, has been
and 105 kcal/mol, respectivel§j°any thermodynamic influ-  4njied to obtain rate constants for hydrogen transfer from a
ence on the relative reactivities of theBuO" and n-C4Fg* variety of alkane, haloalkane, alcohol, and ether substrates. All
radicals should be minimal. Although both radicals should be ¢ the studied fluoroalkyl radicals exhibit an enhanced reactivity
highly electronegative, it is difficult to unambiguously assess (q|ative to their hydrocarbon counterparts, with the secondary,
their relative polar natures. (Whereas a consensus of calculationsf_cst radical being substantially more reactive toware k¢
for CH:O and CSE would give the former a greater group  gpgiraction than the-CuFs' radical, a result indicating the
electronegativity? the om and F substituent constaritsfor importance of transition state polar effects in such reactions.
CHsO (0.12 and 0.29) and GEF,CF; (0.44 and 0.42) clearly  thermochemical, steric, and stereoelectronic factors also cer-
indicate a stronger inductive electron_wqhdrawmg impact for tainly play a role, but the most important conclusion derived
the CECF.CF group.) Therefore, at this time, suffice it o say o this study was the unambiguous realization that electro-
that both radicals are highly electronegative and should exhibit static, field effects strongly influence the reactivity of perfluo-
significant transition state polar effects of the type depicted in 51y radicals with organic substrates that contain electro-

Figure 1. _ _ negative atoms.
However, it appears that treteric and field effects of the

two radicals are very different, with threRs* radical exhibiting Experimental Section

greater steric and field influences than tIfBauO" ra.d.lcal' Thus, . Competition of Hydrogen Abstraction from tert-Butyldimethyl-

In & process where polar effects should _be Slgmflcam_and Stencsilane” versus Addition to 2,3,4,5,6-Pentafluorostyrene foi-CsF*

and field influences small, such as in H-a.bstracyo_n from Radical. The reactions were initiated with UV-light in Pyrex tubes.

n-BusSnH, the observed rates feBuO® andn-Ry* are similar. Ratios of [-CsF7H]/[i-CsFCH,CH,CqFs] were determined by integration

On the other hand, in reactions involving radical abstraction of of the CF resonances (a —77.4 (dd,J = 11.6, 5.6 Hz) and-78 (d,
(35) (a) Datta, D.; Singh, S. NI Phys. Chem199Q 94, 2187-2190. J = 6 Hz) ppm, respectively) in thF NMR. The rate of hydrogen

(b) Mullay, J.J. Am. Chem. S0d.985 107, 7271-7275. (c) Boyd, R. J.;  abstraction Ky = 7.1 (£0.5) x 10° M~* s%) was determined by
Boyd, S. L.J. Am. Chem. S0d992 114, 1652-1655. knowledge of the rate of addition ®fCsF to 2,3,4,5,6-pentafluoro-

(36) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165-195. styrene Kaga = 8.1 x 10° M1 s71).36
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The data for this study can be found in Table 9 in the Supporting
Information.

Competition of H versus D Abstraction from tert-Butyldimeth-
ylsilane and tert-Butyldimethylsilane-d'” for i-CsF; Radical. The
reactions were initiated with dert-butylhyponitrité® at 37 °C. The

J. Am. Chem. Soc., Vol. 121, No. 32, 19931

(100uL), C—H source (406-500uL), and dimethylphenylsiland{150

uL) were introduced by syringe into a nitrogen-flushed NMR quartz
tube sealed with rubber septa and secured with Parafilm tape. The tube
was frozen in liquid nitrogen and subjected to three fregaemp—

thaw cycles followed by pressurization with nitrogen. The tube was

overall concentration of the silanes was kept constant, and only their subjected to UV photolysis in a Rayonet reactor at room temperature
relative concentration was changed over the set of six tubes. Ratios ofovernight. The reaction mixture was distilled to give fraction with bp

i-CsF7H/i-C3FD were determined by the ratio of integrals dfig and
CFD resonances in thé®c NMR at —215.0 and—215.6 ppm,
respectively. Théo = 2.4 (0.4) x 10° M~1 s 1 was then calculated
from knowledge of the rate of H-abstraction fralBuMe,SiH which
was determined in the previous experiment.

The data for this study can be found in Table 10 in the Supporting
Information.

General Procedure for Competition Experiment of Hydrogen
Abstraction from C —H Source versus Deuterium Abstraction from
tert-Butyldimethylsilane-d for Nonafluorobutyl Radical. Each of six
NMR tubes provided with the capillary glass tube containing solution
of CFCk in C¢Dg as an external standard for measuriflgNMR was
flushed with nitrogen and sealed with rubber septa. 1-lodononafluoro-
butane tert-butyldimethylsilaned, and a hydrogen containing source
were inserted by syringe. Each tube was filled with 1,3-bis(trifluoro-
methyl)benzene to the constant volume t&it-butylhyponitrité® was

< 90°C free of silaned. It was dissolved in CGlfor 2H NMR analysis.

The selectivity of hydrogen abstraction was determined by integration
of the deuterium resonances corresponding to the different sites of
deuterated product.

Reduction of Bromomethyl Methyl Ether. Bromomethyl methyl
ether (0.12 g), dimethylphenylsilar0.24 g), benzends (0.4 g), and
tert-butyl peroxide (0.03 g) were delivered in a nitrogen-flushed NMR
Pyrex tube sealed with rubber septa and secured with Parafilm tape.
The tube was frozen in liquid nitrogen and subjected to three freeze
pump-thaw cycles followed by pressurization with nitrogen. The tube
under vacuum was sealed with a burner and heated t6@ 15 an oil
bath overnight to give complete conversion of the starting ether.
Dimethyl etherd, *H NMR 6 3.09 (t, 2H,J = 1.5 Hz, CHD), 3.11 (s,
3H, CH), was formed in 82% yield byH NMR. In a similar reaction
in a Pyrex tube using UV light antért-butyl peroxide (6 mol %) at
room temperature for 3 days, 17% conversion and 80% yield of

added last. Concentration of the reactants was determined accordingdimethyl etherd were observed.

to the weight £0.001 g). The volume of the silane was kept constant
through the set of six tubes, while the concentration of théiGource
was different for every sample. Each tube was secured with Parafilm
tape, frozen in liquid nitrogen, and subjected to three successive freeze
pump-thaw cycles followed by pressurization with nitrogen and
warming up to room temperature. The reaction was initiated with di-
tert-butylhyponitrite at 34-38 °C until sufficient consumption of
starting material was monitored BSF NMR (usually~24 h). Product
ratios for each reaction mixture were determined by integratidiiFof
NMR resonances at138.7 (dm,J = 54 Hz, CRH) and—139.4 (m,
CRD) ppm. Total yields of product$-CsFH and n-CsFD were
generally 86-95% and were determined by the integration of fluori-
nated products and starting materials versus the £€bnance before
and after the reaction. Since loss of either of the two products is
unlikely, even in cases where yields were lower, such ratios were still

Computational Methods

Density functional theory calculations were performed using the
Gaussian98W program packaeAll substances and the radicals
formed by H atom abstraction were optimized at Becke-style 3-Param-
eter (B3LYP¥° density functional theory (DFT) level of theory using
the 6-31G(d) basis set. Vibration frequencies were calculated at the
same level of theory; all thermal energies were correct by factor 0.9804.
Single point energy calculations were performed at the B3LYP level
of theory using the 6-3HG(3df,2p) basis set (B3LYP/6-33#15(3df,
2p)/IB3LYP/6-31G(d)).

Bond dissociation energy is defined as the enthalpif?) of eq 2.

The enthalpy is obtained by the thermal correction of electronic energy
of this equation to 298.18C, 1 atm, and then further corrected by
APV which isRTin this case.

considered an accurate measure of the relative rates of H- versus

D-abstraction.

The slopes obtained from plotting FgH]/[CF.D] versus [C-H
source]/[silane] provided thie/kp ratio. The knowrkp value was then
used to determine the values lgf given in Table 2.

Kinetic data for these studies can be found in Tables38tin the
Supporting Information.

Procedure for n-C4HJCF,CF,* Radical. The general procedure was
the same as that for theC4F¢* radical. The ratios ofi-C4HsCF.CFRH/
n-C,H,CRCFD for hydrogen abstraction from substrates versus
deuterium abstraction frotRBuMe,SiD were determined by integration
of the G~;H o6 —137 (d,J = 54 Hz) and &.D or —137.7 (t,J =8
Hz) resonances in tHé NMR spectra of the 1,1,2,2-tetrafluorohexane
product.

Kinetic data for these studies can be found in Tables3¥in the
Supporting Information.

Procedure for the i-CsF7* Radical. The procedure is the same as
that used for th&-C,F¢* radical. The ratios of CsF/H/i-CsF;D obtained

RH—R +H )
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