7342 J. Am. Chem. So2000,122,7342-7350

Using Incoming Nucleophile Primary Hydroge®euterium Kinetic
Isotope Effects To Model thex3 Transition State

Terry Koerner, Yao-ren Fang, and Kenneth Charles Westaway*

Contribution from the Department of Chemistry and Biochemistry, Laurentianddsity,
Sudbury, Ontario, Canada P3E 2C6

Receied February 4, 2000

Abstract: The primary hydrogendeuterium incoming nucleophile KIEs for thgBreactions between para-
substituted benzyl chlorides and borohydride ion in DMSO at 30800.002 °C are small £1.14) and
insensitive to a change in substituent at thearbon. The small Hammett (0.51) andp" (—0.52) values

found when the para substituent on the benzene ring of the substrate is altered indicate there is very little
charge on thex-carbon in the transition state. The large, constant secordaguterium KIEs of 1.089%

0.002 and the large chlorine leaving group KIEs of 1.0076, 1.0074, and 1.0078 found fentetayl-, the
p-hydrogen-, and thp-chlorobenzyl chloride reactions suggest that the transition states for these reactions are
unsymmetric with short HC, and long B-H and G,—Cl bonds. The decrease in the chlorine leaving group

KIE from 1.00764 0.0003 for thep-methylbenzyl chloride reaction to 1.00360.0003 for thep-nitrobenzyl
chloride reaction indicates the,ECI bond shortens markedly when a strongly electron-withdrawing substituent

is on theoa-carbon. Unfortunately, the bond strength hypothesis is the only theory that predicts the changes
observed in transition-state structure and it only indicates the bond that changes but not how the transition-
state structure is altered.

Introduction the nitrogen incoming nucleophile KIEs for thgZSreactions
between anilines and pyridines with methyl and ethyl halides
and arenesulfonates. Unfortunately, these KIEs were too small
to show how changes in the structure of the substrate, the leaving
group, or the nucleophile affected the NG, bond in the {§2

Despite a large volume of research, substituent effects on the
structure of the @ transition state, eq 1, are not understéod.

?

& R ¥ - transition state. Matsson et ‘dl.overcame this problem by
Nu' 4 RCLrLG — [Nu--:G---LG| > NuCLR + LG [1] measuring thé1C/*“C incoming nucleophile KIEs (the mass
LL difference of 3 between the isotopes increased the magnitude
L-HD of the KIE) for the &2 reactions between labeled cyanide ion

and para-substituted benzyl chlorides. TR&)“C KIEs, which
The problem is that most of the studiéshave only demon- ~ Were large (the smallest KIE was 1.00200.0008) compared
strated how the G-LG bond changes and since one needs to 0 the error in the KIE, showed that the NC, transition-
know how substituents affect both the reacting bonds (the total State bond was slightly shorter when a more electron-withdraw-
transition-state structure), more methods for estimating the iNg Substituent was at the-carbon.
length of the Nu-C, transition-state bond are needed. The best ~Because isotopes of hydrogen have the largest percentage
method of determining how the NiC, transition-state bond ~ change in mass possible, they produce the largest KIEs. This
is changed by substituents is by measuring an incoming !€d us to measure the primary hydrogefeuterium incoming
nucleophile KIE, and in fact, nitrogen incoming nucleophile nucleophile KIEs for the @ reactions between sodium boro-

KIEs have been measured for a variety g2Seactiond10 hydride and several para-substituted benzyl chlorides in DMSO
Ando and co-workefsand Kurz and co-workes® measured @t 30.000°C, eq 2, to determine whether these KIEs would be
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be used to monitor the changes in the-Ngy bond in §2

J. Am. Chem. Soc., Vol. 122, No. 30, 20023

Table 1. Rate Constants and Primary HydrogdDeuterium KIEs

reactions and (ii) to learn how a change in substituent at the for the §2 Reactions between Borohydride lon or Borodeuteride
lon and Para-Substituted Benzyl Chlorides in DMSO at 30.GD0

a-carbon affected the total structure of the transition state in

the borohydride iorrpara-substituted benzyl chloride reactions. para

Mechanism of the Reaction Although the reaction in eq 2 _Substituent ki x 10° ko x 10° (k/ko)a
occurst213it was necessary to prove these reactions occur by CC::3C i-gggi 8-88% i-égit 8-863’ 11-22248; 8-883’
an S2 mechanism. Early investigatéfsi® found that the ° ' ' ' ' ) ’
NaBH,; reductions of alkyl halides were second order and av 1.236+ 0.0F
concluded they were)\& processes. Bell and co-workers, on :c i%gi 8-8%\2 é-ggi 8-83; iggﬁ 8-838
the basis of ratestructure profiles, also concluded that these He 1290+ 0.017  1.032+ 0.032 1.25GE 0.017
reactions occurred by any® mechanism>17 Although Ashby av 1.9524 0.002
and co-workers concluded that the reduction of primary alkyl cl 180840012 1465 0.015 12345 0.015
bromides and iodides by several metal hydrides occurs by a ¢ 1780+ 0.015  1.437% 0.029 1.239¢ 0.027
single-electron-transfer (SET) mechanism, they were unableto  cCI 1.889+0.014  1.517 0.012 1.245: 0.014
find any evidence suggesting that alkyl chlorides react by the av 1.239+ 0.006
SET mechanism and concluded that primary and secondary alkyl (o, 3.318+ 0.010  2.644- 0.067 1.255+ 0.032
chlorides react by an\@ pathway!81° NO* 3.0494 0.049  2.422+ 0.042 1.259¢ 0.029

The results from this study confirm that all the para- av 1.257+ 0.003

substituted benzyl chlorideborohydride ion reactions occur by = Standard deviation for the average rate constafibe error is
an Si2 mechanism. AII the reactions are second_order, first order Tko[(Ake)? + (Kko)(A ko)2]¥2.whereAky and Ako are the standard
in SUbSU?te and first order in the nucleqphlle so both th.e deviations for the average rate constants for the reactions of the
nucleophile and the substrate are involved in the rate-determin-undeuterated and deuterated nucleophiles, respectiveMeasured
ing step of the reaction. More importantly, the primary incoming in a different batch of DMS Standard deviation of the average KIE.
nucleophile hydrogendeuterium and chlorine leaving group . o . .
KIEs found for these reactions (vide infra) indicate both-Nu ~ B—H(D) stretching vibration in the transition state. Substituting
C, bond formation and G-LG bond rupture occur in the the frequencies of the asymmetric stretching vibrations for the
transition state of the rate-determining step of the reaction; i.e., B~H and B-D bonds in the reactant¢ = 2272 cnt* and
that they are all § processes. vg—p = 1721 cn7l, respectively}® into eq 3 suggests the
Primary Hydrogen —Deuterium KIEs. The primary hydro- maximum primary hydrogeﬁdeqterlum KIE will be~3.7 at
gen-deuterium KIEs for the & reactions between sodium 30 °C. The observe#ly/ko = 1.25 is only 34% of the maximum
borohydride and para-substituted benzyl chiorides were deter-KIE Of 3.7. Moreover, the observed hydrogeteuterium KIE
mined by reacting sodium borohydride or sodium borodeuteride 'S the product of a primary hydrogeweuterium KIE and a
with the para-substituted benzyl chloride in DMSO at 30.000 Secondary hydrogerdeuterium KIE, eq 4, Theki/ko)erim i

+ 0.002°C. The average primary hydrogedeuterium KIEs,
(kH/kD)Obs= (kH/kD)Prim(kH/kD)Sec (4)

Table 1, are surprising for two reasons. They are (i) all small

and (ii) insensitive to a change in substituent at dhearbon; o . . i i
primarily determined by the change in the asymmetric stretching

vibration of the transferring hydron, and th&kp)sec is

i.e., the average KIE is 1.246- 0.010. Small primary

hydrogen-deuterium KIEs have been attributed to a Béand/ ; ) e

or an unsymmetric transition st&#22 To determine which ~ detérmined by the changes in the-B(D) vibrations of the

factor is responsible for the small KIE, the maximum primary nontr_a_nsfernng hydrons as the_reactant is converted into the

hydrogen-deuterium isotope effect for theS reaction between transition state. The_ Iqttef KIE arises bec_aus_e thg boron changes

borohydride ion and benzyl chloride was estimated using eq 3, ToM P’ to sg* hybridization as the hydride ion is transferred
to thea-carbon. Because the observed KIE is the product of a
secondary and a primary hydrogedeuterium KIE, Kq/Kp)prim

must be smaller than the observed KIE of 1.25.

_ _ ~ Yamataka and Hanafu¥ameasured?C/*4C a-carbon and

which assumes the complete disappearance of the asymmetrigydrogen-deuterium KIEs for the reaction between benzophe-

(12) Hutchins, R. O.; Hoke, D.; Keogh, J.; Koharski, Detrahedron none and NaBbi eq 5, and used a BEBOVIB-IV calculation

Lett 1969 40, 3495.

(13) Brown, H. C.; Murray, K. J.; Snover, J. A.; Zweifel, G.Am. Chem. o
Soc 196Q 82, 4233.

(14) (a) Brown, H. C.; Tierney, P. AJ. Am. Chem. S0d958 80, 1552.
(b) Volpin, M. Dvolaitzky, M.; Levitin, I. Bull. Soc. Chim. Fr197Q 4,

kH/kD — e—hdZKT (YB—H—VB-D) (3)

- ClsHs 5- T .0

I B
C¢Hs-C-C¢Hs + BLs > LJB-“LH-Cl:O > C6H5-éL-C6HS + BL; [5]

1526 Colts
(15) Bell, H. M.; Vanderslice, C. W.; Spehar, A. Org. Chem1969 -
34, 3923. L =HD

(16) Brown, H. C.; Krishnamurthy, Sl. Org. Chem198Q 45, 2250.

(17) It is worth noting that the second-order rate constants calculated to match the transition-state structure with the observed KIEs.
from Bell and co-workers’ gas chromatographic study of these reactions at Their lculation h h ndarv h n
room temperatufé agree (within 10%) with those found in this study. Given d € Fa CUK?ItEO' s Sques(;ed t "?‘t t” efsecol ia y 1);dfegeh
the difficulty in reproducing rate constants in different batches of DMSO euterium N Increases ramat'?a y from 1.1 to 1.7 as the
and the small temperature difference between the two studies, the resultsC,—H transition-state bond order increases from 0.10 to 0.90.
of the tWOthtudleS are in reasonable.agre?ment-. deroth. D.. Ph This presumably occurs because as the-B bond order in
T g\ll_gg_Aosrg_yéﬁég'iggingsé'&s_'\'" Goel, A. B.; Wenderoth, D.; Pham, 16 transition state increases, the hybridization at boron changes

' from sp to s, and there is less steric hindrance to the

(19) Ashby, E. C.; Pham, T. Nl. Org. Chem1986 51, 3498.
(20) Hawthorne, M. F.; Lewis, E. §. Am. Chem. Sod958 80, 4296. nontransferring B-H(D) out-of-plane bending vibrations. As a
(23) Shirk, A. E.; Shriver, D. FJ. Am. Chem. Sod 973 95, 5901.

(21) Westheimer, F. HChem. Re. 1961, 61, 265.
(24) Yamataka, H.; Hanafusa, 7. Am. Chem. Sod 986 108 6643.

(22) Melander. Llsotope effects on reaction ratgRonald Press: New
York, 1960; p 24.
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Figure 1. A productlike (a) and reactant-like (b) unsymmetric form L1147 50°

for the hydride-transfer portion of the transition state.
) ) ) N ) 0 50 100

result, the ;ero-pomt energy cﬁfference in the transition state is % Hydrogen transfer
small relative to that in the initial state and a large secondary in the transition state

KIE is observed. The results reported by Yamataka and Figure 2. WestheimerMelander curve for the hydron transfer
Hanafusa can be used to estimate the magnitude of the maximunghowing the maximum primary hydrogedeuterium KIEs for linear
primary hydroger-deuterium KIE in the borohydride ien and bent hydride transfer transition states.
benzyl chloride reactions because (i) the vibrations involved in
the reduction of benzophenone to benzhydrol are similar to thoset0 become broader, Figure 2. This means the position of the
involved in the reduction of benzyl chloride to toluene. The hydride in the transition state can vary markedly without
only differences will be at the-carbon because the-B4(D) changing the primary hydrogemleuterium KIE. Therefore, if
vibrations in NaBH and NaBD are the same in both reactions. the hydron-transfer portion of the transition state is sufficiently
The symmetric and asymmetric,€H stretching vibrations ~ bent, the primary hydrogerdeuterium KIEs would be insensi-
formed in these reactions are found at 2930 and 2890cm tive to a change in substituent at tirecarbon, even if the change
respectively, for benzhydrlwhile they are at 2960 and 2930 in substituent causes a relatively large change in transition-state
cm%, respectively, for toluen (i) Changing the solvent to  Structure. Ab initio calculatior’$ on the methyl chloride
DMSO from 2-propanol will not affect this comparison because borohydride ion reaction at the 6-3G* level indicate that the
Yamataka and Hanafusa concluded that the solvent does notransfer of hydride between boron and carbon is nonlinear with
contribute significantly to the KIE either through hydrogen & B—H—C, bond angle of 142 It is worth noting that
bonding to the hydride ion or through nucleophilic assistance calculations at a higher level are expected to yield a larger
in the hydride transfer. Since the dipolar aprotic solvent, DMSO, B—H—Cq bond anglé” and that a looser transition state is
cannot form hydrogen bonds, it should not affect the reaction €xpected for the benzyl chloride reaction. However,-aH5-
or the KIE. (iii) The calculations performed by Yamataka and C« bond angle of 142 suggests that the maximum primary
Hanafusa and the calculation to determine the maximum KIE hydrogen-deuterium KIE would be reduced from 3.74&.7.
in this study both assumed that the hydride-transfer transition Even if the maximum KIE is 2.7, the small primary hydrogen
state is linear. deuterium KIE of<1.14 is still very small with respect to the

If the range of secondary deuterium KIEs in the benzophe- maximum value. Therefore, it is clear that the hydron-transfer
none reduction (between 1.1 and 1.7) is applied to the benzyl Portion of the §2 transition state must be very unsymmetric,
chloride reactions, the observed hydrogeleuterium KIE of even if it is bent.
1.25 corresponds to a primary deuterium KIE of between 1.25/  The second problem is to explain why the primary hydregen
1.1=1.14 and 1.25/1.% 0.74. The actual value will, of course, deuterium KIEs (the BH—C, portion of the transition state)
depend on the amount of hydron transfer from B tpiCthe do not change with the substituent. Westaf#@yoposed a bond
transition state. The Westheimevlelander theor3t22states that ~ strength hypothesis for@ reactions which suggests there will
the maximum primary hydrogerdeuterium KIE (3.7) is be a significant change in the weaker reacting bond but little or
observed when the hydrogen is symmetrically located (50% ho change in the stronger reacting bond in &2 ®ansition
transferred) between the two heavier atoms in the transition statestate when a substituent at thecarbon is changed. For the
and that a smaller KIE is found when the hydron-transfer borohydride ior-para-substituted benzyl chlorid@Zreactions,
transition state is unsymmetric. Therefore, if the transition state the G,—H bond stretching vibration for the product (toluene)
is linear, the small primary hydrogemeuterium KIE of<1.14 is at 2960 cm* while the G,—ClI stretching vibration for the
suggests the hydride is unsymmetrically located, i.e., either very reactant (benzyl chloride) occurs at 650 ¢t Because the
near the boron or the-carbon in the transition state, Figure 1.  stronger G—H reacting bond in the & transition state should

Another explanation for the small primary hydrogen  not change significantly with substituent, the identical primary
deuterium KIE is that the hydride-transfer transition state is not hydrogen-deuterium KIEs that are found in these reactions are
linear. In a linear transition state, the ZPE difference in the expected.
transition state is zero and the KIE is a maximum when the  Although it seems certain that the hydron-transfer portion of
hydride is symmetrically locate:22In a nonlinear, symmetric  the transition state is unsymmetric, it is not known whether the
transition state, the hydride will not be motionless and the hydride ion is more or less than 50% transferred toitCthe
vibrational energy will be dependent on isotopic substitution. transition state. However, a productlike transition state with a
Hence, the ZPE difference will be larger in a bent transition short H-C, bond is favored because in all thg@Zreactions
state and the KIE will be smaller. Calculations by More where the transition state is unsymmetric, the strongest reacting
O’FerralP® suggest that small deviations of from linearity bond is short and the weaker reacting bond is [&tiEherefore,
have little effect on the KIE. However, deviations greater than one would expect that the stronget&, bond would be short
5° cause the magnitude of the KIE to decrease significantly and and the weaker &-Cl bond would be long in the hydride ion
the curve relating the position of the hydron in the transition Sy2 portion of the transition state. Another reasonftaroring
state to the magnitude of the primary hydrogeleuterium KIE

(27) Saunders, W. H., Jr.; Westaway, K. C. Private communication.
(25) Dyer, J. Application of Absorption Spectroscopy of Organic (28) Westaway, K. CCan. J. Chem1993 71, 2084.

CompoundsPrentice Hall: Englewood Cliffs, NJ, 1965; pp 236 (29) Westaway, K. C.; Pham, T. V.; Fang, ¥..Am. Chem. Sod997,
(26) More O’Ferrall, R. AJ. Chem. Soc. B97Q 785. 119 367Q




Use of H-D Effects To Model the& Transition State J. Am. Chem. Soc., Vol. 122, No. 30, 20025

a productlike hydron-transfer portion of the transition state is 0.6

that if the bond strength hypothesis can be applied to the hydride I

ion-transfer portion of the transition state (a nucleophile is being 0.5 i

transferred between two electrophiles, B angdWhereas in an = 04 t N,
S\2 transition state, an electrophile is being transferred between 3 1

two nucleophiles), one would expect the-B—C, transition w 03

state to be productlike. The stretching vibration for theHB < 0.2 1

bond in sodium borohydridéand the G—H bond in toluen& - -

are at 2294 and 2960 crh respectively. If the bond strength 0.1 T CH, o r=099%
hypothesis is applied to this hydride-transfer transition state, H s . _ N

one would expect the strongey€H reacting bond to be shorter 0 0 0 l 0 2 ' 0 3 04

than the B-H reacting bond (a productlike transition state).

Although this is only speculation, it is worth noting that po+ p(o - )

Yamataka and Hanafusa proposed a productlike transition staterigure 3. Yukawa-Tsuno plot for the § reactions between

with B—H and H-C, bond orders of 0.25 and 0.75, respectively, borohydride ion and para-substituted benzyl chlorides in DMSO at

for the hydride-transfer reaction between borohydride ion and 30.000+ 0.002°C.

benzophenon&: Table 2. p'andp Values Found for & Reactions between
Hammett p Value. Because the rate constants for all the para- Various Anionic Nucleophiles and Para-Substituted Benzyl

substituted benzyl chlorides are greater than the rate constantnorides

for benzyl chloride (see thky rate constants in Table 1), a

U-shaped Hammett plot is observed for thg2Sreactions nucleophile solvent temgq) o p_ref
between sodium borohydride and para-substituted benzyl chlo-Porohydrideion ~~ DMSO 30 —0.55 051 a

rides. Three explanations have been suggested for the cgrvec{mggﬂﬁgf’exi'gﬁ 'on é‘é%cica':ﬁ; . 2030 :é:gg 8:2‘21 27
Hammettp plots found for the §2 reactions between benzylic  hiosulfate ion 60% aq acetohe 30 —096 067 37
substrates and anionic nucleophiles. One is a change from ancyanide ion 80% aq dioxane 30 —-6.39 1.44 38
S\2 to a carbocation mechanism when a more electron-donatingn-butyl sulfide ion  LIOCH/CH;OH 20 —4.08 0.89 39

substltugnt IS on the substrate?2 The §econd IS a Changg n. aThis study.? The substrates in these reactions were para-substituted
the relative importance of bond breaking and bond making in m-chiorobenzy! chlorides.

the transition stat&>35 and the third is that the curvature is

due to a greater resonance effect of #id (methyl and chloro) ~ p-hydrogen- andp-nitro-substituted benzyl chlorides (the
substituent8:36 The curvature in the Hammett plot is not due hydrogen andp-nitro substituents have little or no resonance
to a change in mechanism because all of the substrates react binteraction with the benzene ring and their (— o") values

an 2 mechanism (vide supra). Nor is it due to a change from are 0.000 and 0.012, respectively) gives a line with slojé

a productlike to a reactant-like transition state because the0.51. When the other substituents were placed on this Hammett
primary hydrogerdeuterium KIEs are identical for all the para-  plot, the points corresponding to tieemethyl andp-chloro
substituted benzyl chloride reactions. Therefore, it must be due Substituents show positive deviations from the= 0.51 line.

to a greater resonance effect by th&/ substitutents. Plotting these deviationsA{og kx/k+) vs (o — o") for the
The variable resonance effect can be demonstrated byp-methyl andp-chloro substituents gives a line with a sloge
applying the modified YukawaTsuno expressioff, eq 6, to = — 0.55. When the values gfandp" are used, the Yukawa
Tsuno plot, Figure 3, has a high correlation coefficient of 0.994.
log kik, = po” + p'(o" — o) (6) This confirms that the curvature in the Hammett plot is caused

by a variable resonance effect.

e Although the p and p" values are only approximate, a
the d.ata. Thep and p' terms represent the sensitivity of .the comparison of the and p" values found for these reactions
reaction to the polar and resonance effects of the substltuent,with those found for other @ reactions between para-
respectively. The't terms are substituent constants representing g pstituted benzyl chlorides and anionic nucleophiles, Table 2,

the interaction of a substituent with a carbocation whiledhe  gjjows the structure of the transition state for the borohydride
terms represent the substituent’s polar (no resonance) effect ongp, reactions to be elucidated in more detail. The sk

the reaction site. If resonance between thearbon and the —0.55 is between 0.5p( = —0.96 for the reactions with
benzene ring (0™ — o") is important in a reaction series  hjgsulfate ion) and 0.08 timep'(= —6.39 for the cyanide ion
where the substituent on the substrate is vageis, large. Also, reactions) the' values found for the otheng@ reactions. This

if conju3gation is important in the transition stapéwil.l be larger suggests there is little conjugation between the benzene ring
than p.* A plot of log(kx/ky) vs o" for the reactions of the  anq thea-carbon in the transition state and that there is very

(30) Stein, A. R.Tetrahedron Lett1974 4145, little charge on th&x-cz_arbc_m in_ the_transition state. If this is
(31) Johnson, C. D. IiThe Hammett EquatiorCambridge University correct, thep value, which is primarily due to charge develop-
Press: London. 1973; pp-B0. - i i iti
(32) Aronovitch, H.; Pross, ATetrahedron Lett1977 2729. mlentbon theﬁL (lla:cbotn tIE gOIlng tof Bhgfrfansﬂqn tsl;[ate,t S(jhopld
(33) Hudson, R. F.; Klopman, G. Chem. Sacl962 1062. also be small. In ag ’ pva ue ar 0. ound n this study 1S
(34) Bowden, K.; Cook, R. Sl. Chem. Soc. B96§ 1529. the smallest value; i.e., it is equal to thevalue of 0.52 found
28&%5) Swain, C. G.; Langsdorf, W. P.,.Jl. Am. Chem. Sod 951, 73, for the reactions with thiosulfate ion and is only 0.33 of the
(36) Deleted in proof. largestp vaIL!e o = 1.44 for the cyaer ion react!on) found
(37) Fuchs, R.; Carlton, D. MJ. Org. Chem1962 27, 1520. for.SNZ reactions bgtween benzyl chlonde; and anionic nucleo-
(38) Hill, 3. W.; Fry, A.J. Am. Chem. S0d 962 84, 2763. philes, Table 2. This also suggests there is only a small charge

v ermsnic, E. P. Ph.D. Dissertation, University of Wisconsin, - on theq-carbon in the transition states of these reactions and
(40) Deleted in p'roof, supports the conclusion based on ghealue.

(41) Johnson, C. DChem. Re. 1975 75, 755. Although the use of Hammetptvalues to suggest transition-
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3 & 5+ 3- Table 3. Average Rate Constants and Secondafpeuterium
HB--H----- Co----- cl (a) KIEs for the Sodium Borohydridex2 Reactions with
Para-Substituted Benzyl Chlorides in DMSO at 30.800.002°C
886- 333- 8- 886- para (knko)/
HiB----- H- -C,- -Cl (b substituent kg x 10° kp x 10° (kn/kp)a a-D
CHjs 1.7354+ 0.01% 1.595+ 0.004 1.088+ 0.01( 1.043
5-  0- 80+ 5308- CHz® 1.698+ 0.003 1.553+0.017 1.093+ 0.012 1.045
HB--H----- Co--Cl © av 1.0914+ 0.004  1.044
H 1.102+ 0.005 1.005: 0.018 1.096+ 0.020 1.047
538-  338- 38+ 3- He 1.121+0.011 1.035:0.003 1.082:0.01  1.040
H3B - - - M- Co-----C @ av 1,089+ 0010  1.044
Figure 4. Possible unsymmetricy@ transition states for the reaction cl 1.806+0.012 1.655+0.009 1.09H 0.009  1.045
between borohydride ion and para-substituted benzyl chlorides. cle 1.6404+ 0.009 1.502+0.002 1.092+0.006  1.045
av 1.0924+ 0.0007 1.045
state structure has been criticiZBd? the Hammettp value NO,  3.420+0.093 3.160f 0.004 1.082:0.029  1.040
appears to be a valuable tool for determining the relative charge  NO*  3.4714+0.044 3.1610.049 1.088:0.022  1.043
density on atoms in the transition state in a series of similar  av 1.085+0.004  1.042

reactions because the substltqent e_ffects suggested by KIE data a giandard deviatio? The error is Wo[(Ak)? + (kiu/ko)Z(A

and the Hammetp values are identicat* 4344 ko)?]¥2,whereAky andAkp are the standard deviations for the average
The primary hydrogendeuterium KIEs indicated that the rate constants for the reactions of the undeuterated and deuterated

hydride is unsymmetrically placed between the boron and the gg{fle%r)hgegv rQStPeCt"’feg-C MeasuredKllrllEa different batch of DMSO.

a-carbon in the transition state. There are four possible linear, andard deviafion of the average k.

unsymmetric, hydride ion-transfer transition states, Figure 4.

Transition state a with bond rupture ahead of bond formation

would have significant positive charge on thecarbon and a

large negative Hammegtvalue would be found. Transition state

b has short and strong+HC, and G,—Cl bonds, there would

be significant negative charge on thecarbon, and the value

would be large and positive. The smalland p" values found

in this study are obviously not consistent with either of these

transition states. However, smalandp" values are consistent

with transition states ¢ and d, where thecarbon is unsym-

metrically located between the hydride and the chloride ions

and there is only a small charge on trearbon. Although the

small Hammettp and p' values cannot distinguish between

unsymmetric reactant-like ¢ and productlike g2Sransition

states, a productlike transition state is more likely for two 326

reasons. First, the primary hydrogetdieuterium KIEssuggest Ku/kr = (kp/ky)

that the B-H—C portion of the {2 transition states for these )

reactions are productlike. Second, the small positivealue observed for both the primary and the secondary KIEs.

suggests there is more bond formation than bond rupture in theSubstituting the observed secondarykp/kr) of 1.03+ 0.01
transition state4s into eq 7 gives an expected semiclassical seconaaii/kr)

Secondaryo-Deuterium KIEs = 1.11+ 0.02. However, the observed secondargky/kt) =
The secondary-deuterium KIEs for the reactions between 1.35+ 0.04 was significantly larger than the calculated value,

sodium borohydride and the para-substituted benzyl chloridesand Klinman’s group CQHCIUd?d it was the result of tunneling
were determir{ed by reacting sodium borohydridg with the by the transferring hydride. This tunneling affected the second-

unlabeled or the labeled para-substituted benzyldl drloride ary hydrogen KIE because the motion of the transferring and
in DMSO at 30.000+ 0.002°C. All the average secondary nonreacting hydrogens were coupled in the reaction coordinate.
a-deuterium KIEs, Table 3, are large, i.e-1.044 pera-D, Although the Iarge secondary-deuter!um and small prim.ary
and do not change with substituent. The/ko), per a-deute- hydrogen-deuterium KIEs observed in the borohydride ton
rium for a carbenium ion $reaction of an alkyl chloride, where para-substituted benzyl chloride reactions could arise because
the first step is fully rate-determining, is 1.4648 f dissoc;iation the motion of the transferring hydride is coupled to the vibrations

of the intimate ion pair or formation of the free carbocation is of f[he benzylic hydrogens anq tuqngllng IS present, .th's IS
unlikely for a several reasons. First, it is difficult to explain the

constant secondaryi-deuterium KIEs in the presence of

rate-determining, thekf/kp), would be~1.15 pero-deuteri-
um?*® Recent work has shown that &u(kp), < 1.06 per
a-deuterium is indicative of any@ mechanisf*9-52 so the
secondary-deuterium KIEs of between 1.042 and 1.04%/
found in this study confirm that these reactions ang2 S
processes.

One explanation for the large secondargeuterium KIES
observed for these hydride-transfer reactions is tunneling.
Klinman and co-workef measured primary and secondary
hydrogen-tritium (ky/kr) and deuteriumtritium (ko/kr) KIES
for the oxidation of benzyl alcohol to benzaldehyde by yeast
alcohol dehydrogenase. Significant deviations from Sauftiers
semiclassical relationship, eq 7, which neglects tunneling, were

()

(42) Hoz, S.; Basch, H.; Goldberg, M. Am. Chem. Sod 992 114

4364. . ' o tunneling. If the H-C, bond is identical in all the transition
41,(‘;%)5?6' Iy Lee, W. H.; Sohn, S. C.; Kim, C. Betrahedron Lett1985 states in the reaction series, as the primary hydregenterium

(44) Dubois, J. E.; Ruasse, M. F.; Argile, &. Am. Chem. Sod984 KIEs suggest, the contribution of tunneling must also be constant
106, 4840. throughout the series. This is unlikely because the probability

(45) Miller, D. J.; Subramanian, Rm; Saunders, W. H.JJAm. Chem.
Soc 1981, 103 3519.

(46) Shiner, V. J., Jr. Ifsotope Effects in Chemical Reactioollins,
C. J., Bowman, N. S., Eds.; ACS Publication 167; Van Nostrand Rhein-
hold: New York, 1970; pp 96159.

(47) Shiner, V. J., Jr.; Rapp, M. W.; Halevi, E. A.; Wolfsberg, 8.
Am. Chem. Sod 968 90, 7171.

(48) Westaway, K. C. Iiisotopes in organic chemistrBuncel, E., Lee,
C. C., Eds.; Elsevier Science Publishing Co. Inc.: New York, 1987; p 312.

(49) Koshy, K. M.; Robertson, R. E. Am. Chem. Sod 974 96, 914.

(50) Strecker, H.; Elias, HChem. Ber1969 102 1270.

(51) Westaway, K. C.; Lai., ZCan. J. Chem1988 66, 1263.

(52) Westaway, K. C. Iihlsotopes in organic chemistrduncel, E., Lee,
C. C., Eds.; Elsevier Science Publishing Co. Inc.: New York, 1987; pp
313-319.

(53) Cha, Y.; Murray, C. J.; Klinman, J. Bciencel989 243 1325.

(54) Saunders, W. H., Jd. Am. Chem. Sod 985 107, 164.
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of tunneling should be smaller for the faster reactions becauseand a short —Cl bond, Figure 4c, is unlikely for several

more of the molecules will have the energy to cross over the
barrier rather than tunnel through it. Second, eliminatikg (
kr)o. from the semiclassical relationship proposed by Sauriders,

and the semiclassical relationship proposed by Swain and co-

workers?®
Kk = (ki)™ ®)
leaves a semiclassical expression,
Kk = (kofkp)* 2= (K ko)™ ©)
relating kx/ko) with (ko/kr)
kfko = (kolky)?2° (10)

Because of the larger mass of deuterium and tritium, the
tunneling contribution tok(/kr) is small and hence this KIE is

primarily due to the semiclassical ZPE differences between the
reactant and transition state. Because the semiclassical KIEs

are related by reduced-mass considerations and a carbon
hydrogen bond is being formed in both systems, to a first

approximation, the systems can be compared. Substituting the,

average secondamp/kr = 1.03b-deuterium found by Klin-
man’s group in eq 10 givesky/kp = 1.0694p. Since aku/kp

> 1.069 suggests tunneling is important, the smakarkb)/

«—p Of 1.044 found in this study suggests there is no tunneling

in the borohydride ion reactions. Two other factors suggest that

tunneling is not the cause of the large secondadeuterium
KIEs observed in this system. The probability of tunneling
increases as the energy of reactants and products approach o
anothe’® Because the energy of the reactants in the sodium
borohydride-para-substituted benzyl chloride reactions is sig-
nificantly greater than the energy of the products, the probability
of tunneling is small. Tunneling is also unlikely because carbon
motion probably contributes to the reaction coordinate motion
in these unsymmetric transition statés.

A possible explanation for the large, and identical, secondary
o-deuterium KIEs found in these reactions is provided by the
work of Westaway and co-workéfswho suggested that, in
some transition states, the magnitude of the secondatgu-
terium KIE is not determined by the NuLG distanc&®>° but
rather by only the shortest (strongest) reacting bond in an
unsymmetric {2 transition state. This occurs because the

reasons. First, the bond strength hypothésiaggests that the
stronger H-C, bond will not change significantly when a
substituent is changed in the substrate. This suggestion is
supported by the constant primary hydrogeleuterium KIEs.

If the structure of the transition state changes with substituent,
as has been observed in every system that has been exatined,
a change in substituent must cause a change in{h€Cbond.

If the C,—CI bond were short and the-HC,, bond long in the
transition state, the change in thg-&€Cl bond with substituent
would cause a significant change in the secondadguterium

KIE. Since the secondary-deuterium KIEs do not change with
substituent, the transition state cannot have a sheriGCbond.

The small positive Hammetp value of 0.51 is also not
consistent with transition state c. When bond formation lags
behind bond rupture, there would be a positive charge on the
o-carbon in the transition state and a small negatiwealue
would be found.

The productlike {2 transition state d is favored for several
reasons. First, the small, positive Hammettalue of 0.51 is
consistent with the productlike\@ transition state d where bond
making exceeds bond breakiffgSecond, in all the reactions
where it has been possible to determine the relative lengths of
the two reacting bonds in an unsymmetrig2Sransition state,
the shorter bond has been the stronger of the two reacting bonds
whether the substituent change is in the nucleophile, the
substrate, or the leaving group in ag2-eactior?2° Because
the H-C, bond is much stronger than the,€Cl bond, one
would predict that the HC,, bond will be short and the £-

Cl bond will be long in these transition states. Also, the bond

r@rength hypothesi$ predicts there will be little or no change

In the stronger reacting bond but a significant change in the
weaker reacting bond in ary3 transition state with a change

in substituent at the.-carbon. Since there will be little change
in the shorter, strongerHC, reacting bond in the)& transition
state, the secondany+deuterium KIE, which is determined by
the short, strong (&-H) reacting bond in the transition state,
will not change with substituent as is observed. Transition state
d is also preferred because the secondaigeuterium KIEs
are all very large for @ reactions with unsymmetric transition
states. The secondanydeuterium KIEs for all the other\@
reactions with unsymmetric transition sta&téshave small
secondano-deuterium KIEs, i.e., close to unity. This presum-
ably occurs because the bond to one nucleophile is short and

weakest bond to the nucleophiles in the transition state is long the energy of the £&-H(D) out-of-plane bending vibrations is

a-carbon to affect the &-H(D) out-of-plane bending vibrations
and, hence, the KIE. In these cases, the secorwhaguterium
KIE does not change with substituent. Thus, the primary
hydroger-deuterium KIEs, the Hammegtand p" values, and
the secondarg-deuterium KIEs all indicate the transition states
for these {2 reactions are unsymmetric.

Of the two possible unsymmetrig3 transition states, Figure
4c and d, the unsymmetric transition state with a longGd

(55) Swain C. G.; Stivers, E. C.; Reuwer, J. F., Jr.; Schaad, L.Am.
Chem. Soc1958 80, 5885.

(56) De La Vega, J. RAcc. Chem. Red982 15, 185.

(57) Theoretical calculations by Saunders and co-workers (Table 2, ref
45) have shown that the contribution of heavy atom motion to the reaction
coordinate motion is more pronounced in unsymmetric transition states.

Heavy atom motion increases the effective mass of the transferring hydride

ion and reduces the probability of tunnelling.

(58) Pairier, R. A.; Wang, Y.; Westaway, K. @. Am. Chem. So4994
116, 2528.

(59) Barnes, J. A.; Williams, I. HI. Chem. Soc., Chem. Comm@893
1286.

or product. As a result, the difference in the zero-point energy
between the reactant and the transition state is small and the
KIE is small. This makes the large secondargeuterium KIEs
observed in this system difficult to understand for an unsym-
metric transition state where either the-B, or the G—Cl

bond is short. However, it seems that large secondadgu-
terium KIEs could be found for these unsymmetriq2S
transition states because the hydride ion is very small. Even if
the H-C, transition state bond is short, the small incoming
hydride ion will be too small to affect the ,£H(D) out-of-
plane bending vibrations in the transition state significantly,
Figure 5. If this is the case, the energy of the-Ei(D) out-of
plane bending vibrations in the transition state will be small,
the ZPE difference between the reactant and the transition state
will be large and a large KIE will be found even though the
bond to the nucleophile is short in the transition state. Finally,
it is important to note that if the chloride ion were close to the
o-carbon in the transition state, the large chlorine would affect
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Figure 5. Transition state for the hydride iony& reactions showing
that the hydride ion is too small to affect the-€H(D) out-of-plane
bending vibrations significantly.
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Figure 6. Secondarya-deuterium KIE as a function of nucleophile
leaving group distance in the transition state for th@ $eactions
between methyl chloride and fluoride and various nucleophiles.

the out-of-plane bending vibrations markedly and small second-
ary a-deuterium KIEs would be observed.

A theoretical study in which Poirier, Wang, and WestatW&y
calculated the transition-state structures and secoruwaigu-
terium KIEs for a series of & reactions between methyl
chloride and fluoride and various nucleophiles at the ab initio
6-31+G* level showed that the hydride ion reactions have much
larger than expected secondarydeuterium KIEs given their
Nu---LG distance in the transition state, Figure 6. For instance,
the hydroxide ion and hydride ion reactions with methyl chloride
have similar Ner-LG distances in the transition states, but the
hydride ion reaction has a significantly larger KIE. This is
because the bending contribution to the KIE (the portion of the
KIE due to transition-state structure) is 15.9% larger for the
hydride ion reaction than for the hydroxide ion reaction, Table

Koerner et al.

Table 4. Comparison of the Bending and Stretching Contributions
to the Secondarg-Deuterium KIE for Hydride lon and Other
Nucleophiles with a Similar Nucleophile Leaving Group Distance in
the Transition State

methyl chloride methyl fluoride

OH- H-  %diff F- H- % diff
(kn/ko)total 0.907 0.983 84 0.846 1.013 20.0
Nu---LG distance 4.37 4.32 1.1 3.69 3.65 1.1
(kn/ko)bend 1.112 1.288 159 0.978 1.389 42.0
(Kni/Kop)stretcn 0.714 0.707 1.0 0.677 0653 35

Table 5. Chlorine Leaving Group KIEs for the Sodium
Borohydride §2 Reactions with Para-Substituted Benzyl Chlorides
in DMSO at 30.000+ 0.002°C

k35/k37
para
substituent trial 1 trial 220 average
CHs; 1.0078+ 0.00006 1.0073+ 0.000F 1.00764 0.0004
H 1.0076+ 0.0002  1.0072- 0.0003 1.0074t 0.0003
Cl 1.0082+ 0.0014 1.0074 0.0006 1.0078t 0.0006
NO; 1.0039+ 0.0005  1.0033t 0.0009 1.0036t 0.0004

aThe KIE was calculated according to the formit&lk®” = In(1 —
f/In(1 — (R/R)f), wheref is the average fraction of reactidR, is the
average®CI/3Cl ratio in five samples taken after the reaction reached
100% of completion, and® is the 3°CI/3’Cl ratio in the chloride ion
collected after different fractions of reaction ranging from 9 to 25% of
completion’® P The isotope effects were measured by two different
workers several months apatiStandard deviation for the individual
measurements of the KIE from five different reactiohStandard
deviation for the average KIE.

of the KIEs only differ by 3.5%). Because the small hydride
ion does not affect the &-H(D) out-of-plane bending vibrations

in the transition state as much as the larger fluoride ion, Figure
5, one finds a larger secondaaydeuterium KIE in hydride

ion reaction even when the+HC,, transition-state bond is short.
This means that transition state d, Figure 4, is possible whereas
transition state ¢ with a short,€ Cl bond cannot display the
large secondarg-deuterium KIEs that are observed.

Chlorine Leaving Group KIEs. The best explanation of the
small and constant primary hydrogedeuterium KIEs, the
small Hammettp and p" values, and the large and constant
secondarw-deuterium KIEs is that the transition states for the
borohydride ior-para-substituted benzyl chloride reactions are
unsymmetric with short HC, and long G—Cl bonds. In fact,
the G,—CI bond must be long enough so that the changes that
occur in the G—CIl bond when the substituent on the substrate
is altered do not affect the &H(D) out-of-plane bending
vibrations (the magnitude of the secondamy hydrogen-
deuterium KIE) significantly. Also, since the HC, bond
changes very little with a change in substituent ondbearbon,
the changes in transition-state structure that occur when the
substituent is changed on tlecarbon must be in the £-ClI
bond. The chlorine leaving group KIEs were determined for

4. This presumably occurs because the hydride ion does notthese reactions in order to learn how the-Cl bond changes

increase the energy of the transition-stage-8(D) out-of-plane
bending vibrations as much as the larger hydroxide ion, Figure
550 As a result, the total secondacydeuterium KIE for the
hydride ion reaction is much larger than expected given the Nu
--LG distance in the transition state. This effect is even more
dramatic in the methyl fluoride reactions. Here, the hydride ion
and fluoride ion reactions have similar NtLG distances in
the transition state. However, the bending contribution to the
KIE in the hydride ion reaction is 42.0% larger than that

with substituent.

With the exception of the-nitrobenzyl chloride reaction, all
the average chlorine KIEs found in Table 5 are large; i.e., they
are~50% of the theoretical maximum chlorine isotope efféct.
Since the magnitude of the chlorine KIE increases with the
amount of G—CI bond rupture in the transition st&f€S3 the
C.—Cl bonds are long in the transition states of fhmethyl-,

(61) Kirsch, J. F. Inlsotope effects on enzyme catalyzed reactions
Cleland, W. W., O’Leary, M. H., Northrop, D. B., Eds.; University Park

observed for hydroxide ion reaction (the stretching components Press: Baltimore, MD. 1977; p 18.

(60) Koerner, T.; Westaway, K. C.; Poirier, R. A.; Wang, Gan. J.
Chem, in press.

(62) Saunders, W. H., JEhem. Scrl1975 8, 27
(63) Sims, L. B.; Fry, A.; Netherton, L. T.; Wilson, J. C.; Reppond, K.
D.; Crook, S. W.J. Am. Chem. S0d.962 94, 1364
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the p-hydrogen-, and the-chlorobenzyl chlorides. Also, the  Table 6. Predicted Changes in Transition-State Structure When a
Co—Cl bond in thep-methyl! transition state is slightly longer more E'ECUO?'DO”SUPQ SUbBS“tUﬁ”é '_3 A?ded tg g]é:argog o ted
than the G—Cl bond in the benzyl chloride transition state. 1€ $i2 Reactions between Borohydride lon and Para-Substitute

. . . . Benzyl Chlorides
The slightly larger chlorine KIE in thp-chlorobenzyl chloride

; ; ; ; ; change in transition-state bond on
reaction suggests theueCI_ bond is ;Ilghtly longer in this atiding a more electron-donating
transition state although this conclusion may be the result of substituent to ¢
the larger error in this KIE. Surprisingly, the slightly larger KIE theory H-C. Co—Cl

in the p-chlorobenzyl chloride reaction has been observed in

another stud§f but no explanation has been suggested and itis &Perimental results unchanged longer

L BEP principle (Hammond) longer shorter
not apparent why it is found. Thornton reacting bond rile  longer longer
The chlorine KIEs found by Hill and Fry for they8 reactions Harris and Kurz rule longer shorter
between cyanide ion and para-substituted benzyl chigdes More 8j':e”a:'|:3'3”0:§3 metﬂﬁ 'Ohngef 'Iongef
decrease from 1.0078 to 1.0060 while those found for the same More O Ferrali-Jencks methdd shorter onger
. . . . . Pross-Shaik method longer longer
substrates in the borohydride ion reaction with ghmethyl-, bond strength hypothedis little or no change  significant change

the p-hydrogen-, and the-chlorobenzyl chlorides range from The tansiton state ricallv placed I th ;
" - I 2 The transition state is symmetrically placed in the energy surface.
1.0078 to 1.0074. The transition states in the cyanide fmra bH is lighter than Cl and in different rows of the periodic table.

substituted benzyl chloride system are thought to be unsym-c proqyctiike transition staté.The H-C, bond strength is greater than
metric with a short N&C, and a long G—CI bond?! In fact, the G,—Cl bond strength.

the G,—CI bonds in the cyanide ion reactions are so long that

the changes in the Cl bond with substituent do not affect p-methyl top-chloro and that there is a big change in the-C
the G,—H(D) out-of-plane bending vibrations in the transition CI bond when the substituent changes frphloro top-nitro.

state (the magnitude of the secondargleuterium KIEs}* The  We are unable to provide an explanation for this observation.
equally large chlorine KIEs found in the borohydride ion It is worth noting that the general change in transition-state
reactions must mean the,€Cl bond in the p-methyl-, structure with substituent is consistent with the bond strength

p-hydrogen-, ang-chlorobenzyl chloride. transition states is also  hypothesi8 which predicts there will be little change in the
too long to affect the secondagydeuterium KIES* Thus, the  stronger H-C, reacting bond and a large change in the weaker
chlorine KIEs for these reactions are in agreement with the C,—ClI reacting bond in the transition state when the structure
interpretation based on the other KIEs. of the substrate is altered.

The chlorine KIE for thep-nitrobenzyl chloride is only 24% Theoretical Models. The experimental results indicate the
of the maximum KIE so there is less,€CI bond rupture in  transition states for the borohydride iepara-substituted benzyl
this transition state. It is also interesting that the secondary chioride reactions are productlike and that adding a more
a-deuterium KIE found for the-nitrobenzyl chloride reaction  electron-donating substituent to the benzene ring of the substrate
(1.085) is slightly smaller than those for the other para- |eads to a transition state with a longeg-€Cl bond and little
substituted benzyl chloride reactions. This smaller isotope effect or no change in the HC, bond. These results can be compared,
in the p-nitrobenzyl chloride reaction may have been found Table 6, to the predictions based on the theoretical models that
because the £-Cl the transition-state bond is short enough to indicate how substituents change transition-state structure.
affect the G—H(D) out-of-plane bending vibrations and reduce  Since the rate of the reaction increases when both electron-
the magnitude of the KIE. donating and electron-withdrawing substituents are added to the

The large decrease in the,€Cl bond when the para  o-carbon, it is not possible to apply Hammond's thermal
substituent is changed from methyl to nitro is consistent with postulate (the BeltEvans-Polyani principle) to this system.
what had been suggested by the primary and secondary KIEsThornton’s reacting bond rufg,the More O’Ferral-Jencks
and the Hammetp and p" values, i.e., that the transition state energy surface methdd,’! and the Pross and Shaik motel
is unsymmetric with a short HC, bond, which remains all predict that adding a more electron-donating substituent to
constant for the series of para substituents, and a lorgQC the a-carbon will lead to a transition state with longer8,,
bond, which varies with a change in substituent atotfearbon. and G—Cl bonds. Therefore, none of these models predicts
What is surprising is that the change in the-&l bond with the experimental results. The More O’Ferralencks energy
substituent is very small when the substituent changes from surface method reduces to a parallel effect if the transition state

(64) Hill and Fry’'s chlorine KIEs might be smaller than expected for is productiike. .B.ecause a.more electron-donating group on the
the amount of G—Cl bond rupture in the transition state because they were 0-carbon stabilizes the higher energy reactant more than the
measured in 20% aqueous dioxane rather than in DMSO and hydrogenproduct, the parallel effect would lead to a transition state with
bonding to the developing chloride ion in the transition state could add a shorter H-C., and a Ionger &—ClI bond. This also is not
vibrational energy to the chlorine and reduce the KiE.hydrogen bonding - ?\ h . | | ) Harri d K
has a significant effect on the KIE, the KIE versus percegt-Cl bond consistent with the experimental results. Harris and Kurz
rupture in the transition-state curve would have a lower slope in 20% extended Thornton’s rule to include nucleophiles in different
gqugoll:s?edlzxanedt?ﬁq ;1“ dDMSO'bAItqug? thegfe“fa[ Calcﬁ:at',gns, by rows of the periodic table. Because hydride and chloride are in

rupbakepr® snowe at nydrogen bonding 10 a aeveloping cnioride 1on : _ . :
decreased the magnitude of a chlorine KIE, several experimental studiesdlﬁ(:'\r(:"nt rows, a more electron-donating S_Ubsmuent on the
on S\2 reactions suggest the chlorine KIE changes very litlle with even o-carbon should lengthen the bond to the lighter nucleophile
drastic changes in solvefit% Although the effect of hydrogen bondingto  and shorten the bond to the heavier nucleophile; i.e., the
the developing chloride ion on the chlorine KIE is not known, it seems tansition state should have a longer-B, bond and shorter
likely that the G—CI bonds are long in all the transition states, except o . ]
perhaps the reaction witb-nitrobenzyl chloride (vide infra). C.—Cl bond when a more electron-donating substituent is

(65) Thornton, E. R. Ii5okolysis mechanism&onald Press: New York, present. This prediction is also not consistent with the experi-
1964; pp 199-206.
(66) Brubaker, D. M. Ph.D. Dissertation, University of Arkansas, (69) Thornton, E. RJ. Am. Chem. Sod 967, 89, 2915.

Fayetteville, AR, 1978. (70) More O’Ferrall, R. AJ. Chem. Soc., B97Q 274.
(67) Graczyk, D. G.; Taylor, J. W.; Turnquist, C. R.Am. Chem. Soc (71) Jencks, W. PChem. Re. 1972 72, 705.
1978 100, 7333. (72) Pross, A.; Shaik, SI. Am. Chem. Sod 981, 103 3702.

(68) Westaway, K. CCan. J. Chem1978 56, 2691. (73) Harris, J. C.; Kurz, J. LJ. Am. Chem. Sod97Q 92, 349.
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mental results. Finally, the bond strength hypotégisedicts withdrawing substituent to the benzene ring on thearbon
that changing the substituent on thecarbon in this reaction  leads to a transition state with a shorteg—@CI| bond and
would not change the stronger+&, bond but would leadtoa  unchanged HC, and B—H bonds.

significant change in the weakeg €CI bond. Thus, the place
where the changes in transition-state structure occur is predictedo,
by the bond atrength hypothesis. However, this theory does not
predict how the transition-state bonds will change when an
electron-donating substituent is added todhearbon. Although

the bond strength hypothesis was able to predict which
transition-state bonds changed when a substituent was altere
at thea-carbon, in fact, none of the theoretical models were
able to predict the changes that occurred.

Finally, neither the Thornton'’s reacting bond rule, the More
Ferral=Jencks energy surface method, the Prd&saik
method, or the HarrisKurz extension of Thornton’s reacting
bond rule predicts the observed change in transition-state
structure. The bond strength hypothesis predicts the bond that
&hanges with substituent but does not indicate how the transition-
state structure is altered.

Experimental Section
Conclusion

This studv h h that pri . . | hil Preparation of Reagents.The DMSO used in this study was a
IS study has shown that primary Incoming NUCIeopniie e jn glass grade purchased from Caledon Laboratories Ltd.

hydrogeﬁ—deuterlum KlE_S can be measured, that they are large However, each isotope effect measurement was done with the same
with respect to the experimental error, and that they can be usedyaich of solvent in order to reduce the effect small differences in the

to determine the changes that occur in the @} transition- water content of the solvent had on the rate constant. The sodium

state bond when a substituent is changed orotivarbon. borohydride and sodium borodeuteride were purchased from Aldrich
The small, and identical, incoming nucleophile hydrogen  Chemical Co. and used with no additional purification. However, they

deuterium KIEs of 1.25 found for the borohydride topara- were stored in a vacuum desiccator once they had been opened. All

substituted benzyl chloriden@ reactions in DMSO at 30.000 the para-substituted benzyl chlorides were purchased from Aldrich
°C indicate that the hydride is unsymmetrically located between Chemical Co. The benzyl chloridg:-methylbenzyl chloride, and
the boron and the-carbon in the transition state and that the p-chlorobenzyl chloride were purified by vacuum distillation. The
H—C, transition-state bond does not change with substituent p-nitrobenzyl chloride was recrystallized once from methanol and once
on the benzene rinf. The small Hammetp' value of —0.55 from n-hexane. ThéH NMR (200 MHz, CDC}) spectra of the purified
indicates there is little resonance betweendhgarbon and the  Substrates were as expected. A subsequent NMR analysis of the distilled

benzene ring in the transition state while the small Hammett and recrystallized substrates indicated they were stable throughout the

value of 0.51 suggests there is only a small negative charge onSudy-

the a-carbon in the transition state. These data suggest that the The preparation of the para-substituted benzylds, thlorides has
transition states for these reactions are unsymmetric. Further-Peen reported previousfyThe 'H NMR (200 MHz, CDC}) spectrum
more, the small positive Hammetivalue indicates HC,, bond of benzyl-1,1€, chloride had a single absorption ataf 7.42 ppm.
forma’tion is ahead of &-Cl bond rupture, i.e., that the Expansion of the region between 4.00 and 5.00 ppm, had a very small

. o peak at & 4.64 ppm corresponding to the benzylic protons. Analysis
unsymmetric §2 transition states have short4€, bonds that
. . f th k ted that th duct 98.5% deuterated at
do not change with substituent, and long—Cl bonds. The of e peax areas suggesied mhat tne proiuct was o deurerated &

. . - . the benzylic position. A similar analysis of the purifipehitrobenzyl-
large, and identical ki/kp). = 1.09 found for these reactions 1 14, chioride, thep-chlorobenzyl-1,1d, chloride, and the-methyl-

are consistent with transition states with short®, and long benzyl-1,16, chloride suggested that these substrates were 99.4, 99.6,
Co—Cl bon_ds. The_change in the long €Cl bonds caused by  and 99.29%, respectively, deuterated at the benzylic carbon.

a change |r_1 SUb.Stltu?nt does not affec_t the-6(D) out-of- Kinetic Measurements. The detailed procedure used to measure
plane bgndlng V|prat|ons SO thg magnitude of the secondarythe rate constants for the primary and secondary hydredeanterium
a-deuterium KIE is only determined by the length of the short < and the chlorine KIEs has been reported.

H—C, bond rather than the ‘+Cl transition-state distance.

Finally, these larger than expected secondadeuterium KIEs The primary deuterium KIEs were measured as follows. Three

t that th I hvdride ion d t sianifi tly affect borohydride ion and three borodeuteride ion rate constants were
suggest that the small hydride lon does not significantly altect o o, req simultaneously, averaged, and divided to obtain the hyerogen

the G,—H(D) out-of-plane bendlrlg vibrations in the transition deuterium KIE. Each KIE was determined in at least two different
state even though the+C, bond is short. The reasonably large  paiches of solvent. All the second-order plots were first order in both
(~50% of the theoretical maximum KIE) chlorine leaving group - the substrate and the nucleophile and linear up to 90% reaction with
KIEs for the p-methyl-, p-hydrogen-, andp-chlorobenzyl correlation coefficients 0£0.997. An NMR analysis of the products
chlorides indicate the £-ClI transition-state bond is long in  showed that no side reactions occurred.

these transition states. The chlorine KIEs decrease when a more 1o secondaryo-deuterium KIEs were determined from three

electron-withdrawing substituent is on thecarbon so the £- reactions of the labeled and three reactions of the unlabeled substrate
Cl bond changes significantly when the substituent on the that were done simultaneously. The three rate constants for the unlabeled
benzene ring is changed. Therefore, adding a more electron-(k) and labeledKy) substrates were averaged and divided to obtain

(74) A reviewer suggested the identicisepedKIES (eq 4) found when the secondary-deuterium KIE. Each KIE was determined twice and

borodeuteride ion was the nucleophile in these reactions did not necessarily@ll the kinetic plots were linear to at least 90% of completion and had
mean that the BH—C, portion of the transition states were identical. ~correlation coefficients=0.998.

Although the exact magnitude of th@imary hydride ion KIE in each

reaction is not known, the only way the identicddseved KIEs found in

this system could not be related to transition-state structure is if a change Acknowledgment. The authors gratefully acknowledge the
in transition-state structure led to an equal and opposite change in thefinancial support provided by the Natural Sciences and Engi-
primary and secondary deuteriurKIEs, i.e., if thesecondary deuterium ] ;

KIE increased by the same amount asghenary deuteriunKIE decreased neering Research council of Canada (NSERC).

when the structure of the transition state changed. This is unlikely because y5q00441]

the secondary deuteriurkIEs are significantly larger than thprimary
deuteriumKIEs in these reactions. In any case, the identsmtondary
o-deuteriumKIEs found for these reactions indicate that the &, bonds, (75) Westaway, K. C.; Koerner, T.; Fang, Y.-R.; Rudzinski, J.; Paneth,
and probably the BH—C,, portion of all these transition states, are identical. ~P. Anal.Chem 1998 70, 3548.




