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Abstract: Dehydrobrominations of#)-2-exabromonorbornane (RBr) by lithium diisopropylamide (LDA) were

investigated to determine the roles of aggregation and solvation.

Elimination with i-Bé&DMe occurs by

deaggregation of disolvated dimers via a monosolvated monomer transition structurei-@rNL{-n-BuOMe-
RBr]¥. In contrast, elimination by LDATHF displays THF concentration dependencies that are consistent with

parallel reaction pathways involving both mono- and disolvated monomer transition structures. Elimination is markedly
faster by LDA-DME than by LDA with monodentate ligands and follows a rate law consistent with a transition
structure containing a chelated monomeric LDA fragment. A number of hemilabile amino ethers reveal the capacity
of different coordinating functionalities to chelate. A protocol based upon kinetic methods affords the relative ligand
binding energies in the LDA dimer reactants. Separating contributions of ground state from transition state stabilization
allows us to attribute the stabilizing effects of chelation exclusively to the transition structure. The importance of
chelating ligands in LDA-mediated dehydrobrominations, but not in previously studied reactions of LDA, sheds
light on lithium ion chelation.

The consequences of aggregation in organolithium chemistry ~ We initiated rate and mechanistic studies of the dehydrobro-
have been the focus of considerable discussion for over threemination of ()-2-exobromonorbornanel( eq 1) mediated by
decaded. While most organolithium reactants are aggregated
under the conditions employed by synthetic chemists, it is not
known in many cases whether the observable aggregates react
directly or by first deaggregating to transient lower aggregates
or monomers. Moreover, the critical role of solvation is very
poorly understood. Reaction rates typically display marked 1
dependencies on the choice of solvent or additive; we offer the
relative rate constants shown in parentheses in Chart 1 asjjhiym diisopropylamide (LDA) solvated by different mono-
representative. To understand organolithium reactivity at even gentate ethereal ligands (disolvated dimes7).5-7 The
arudimentary level, one must determine the dependence of thegehydrobromination ofl. proceeds without complicating side
solvation numbers, aggregation states, and relative stabilitiesreactions, allowing the study of the solvent-dependent relative
of the reactants and the rate limiting transition structure(s) on rate constants in terms of reactant and transition structure
the solvent structure. In a disturbing number of instances, the solvation numbers, aggregation numbers, and relative stabili-
discussion focuses upon the effects that each solvent and additive

[(-Pr)oNLi'S], (2-7)

Br
Solvent (S) / toluene

-LiBr

has on the rate limiting transition structures, paying no attention
to the ground state. This implicit normalization of all ground
states to a single energy misconception we have facetiously
come to call the “universal ground statels completely
unjustifiable under normal circumstances. Even the notion that
solvent effects argpredominantlyascribable to differential
transition structure solvation would be difficult to justify.
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ties89 The results expose a pivotal role for transition structures
bearing monomeric LDA fragments, provide insights into the
“chelate effect® and reveal details of transition structure
solvation separated from reactant solvafidn.
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Results

The structures of the LDA dimefa—7 were determined by
6Li and 15N NMR spectroscopic analyses &L[,15N]LDA as
described in the preceding papgét? Relative ligand binding

constants determined by independent methods in the previous

manuscript and as described below are in full accord with the
assignment ofi—7 as#?, oxygen-bound solvates.

The rate of LDA-mediated dehydrobrominations ef){2-
exabromonorbornarié (1, eq 1) was monitored via GC analysis
of quenched aliquots following the decreaselgélative to an
internal undecane standard. The LDA was prepared and
recrystallized as described previousty The LDA concentra-
tions ([LDA] = 0.025-0.40 M) were maintained high relative
to 1 (0.004 M) to ensure pseudo-first-order conditions. These
conditions also precluded formation of substantial concentrations
of mixed aggregates arising from incorporation of the LiBr
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byproduct!®16 The ethereal ligand concentrations ([liganl]

1.0 M—neat) were adjusted with use of toluene as an inert co-
solvent!” The decay ofl displayed first-order behavior over
>3 half-lives for all LDA—solvent combinations. Substantial
kinetic isotope effectskfpsd(HfKobsdp) = 1.8—4.0) determined

by comparingl with the 3,3-dideuterio analogl{d;)'® con-
firmed a rate limiting proton abstraction in all instances. Table
1 compiles reaction orders, activation parameters, isotope effects,
and relative solvent binding constantsa( vide infra) for a
variety of LDA/solvent combinations.

Rate Equation: LDA/n-BuOMe (2). The pseudo-first-order
rate constants for the dehydrobrominationsloby LDA in
n-BuOMe—toluene are independent af-BuOMe] (Figure 1)
and display an approximate half-order dependence on [LDA]
(Figure 2, Table 1). The data are consistent with the idealized
rate law shown in eq 2. While the LDA order deviates below

—d[1]/dt = kypsd 1]

such thak,.,= k'[LDA] 4S]°

()

the theoretical value of 0.5, such deviations have been noted in
previous rate studiés!® and seem mechanistically inconse-
qguential. The isotope effect (Table 1) is independent of the

n-BuOMe concentration. Overall, the data are consistent with
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Table 1. Summary of Rate Studies for the LDA-mediAted Dehydrobrominatiort9fZ-exoBromonorbornane (eq 1)

entry ligand (Chart1) LDA order solvent order AG°,f (kcal/mol) AH°.(kcal/mol) AS . (cal/motdeg) Ka(Ss/Sw)° kn/ko

1 A (n-BuOMe) 0.40+ 0.04 0 21.1+ 2.0 13.0£ 1.1 -31+4 1.00 1.9+0.1
2 B (THF) 0.39+ 0.02 0,2 20.3+ 0.5 11.5+ 0.3 —-35+1 25+0.1

3 B (THF/toluene) 0.48t 0.0 0, 1 21.1+1.5 13.1+0.8 3243 2.0+0.2°

4  E(DME) 0.55+ 0.02 0 19.1+ 0.1 g g 0.93+0.14 2.8+0.3
5 G 0.55+ 0.02 0 17.6£ 0.3 9.1+ 0.2 —-33+1 1.02:0.09 4.3+05
6 K 0.59+ 0.02 0 18.0+ 0.6 9.5+ 0.3 —-34+1 0.81+0.11 4.0+ 05
7 H 0.54+0.01 0 8.9+ 0.3 —-39+1 0.95+0.15 3.2+05

a All measurements were made in neat donor solvert2Q °C unless noted otherwiseZeroth order is assigned due to thd0% rise in rate
over >10-fold changes in donor solvent concentratidriBhe equilibrium constantsKa(Ss/S.)) for the ligand ($) were determined relative to
n-BuOMe (S) at —20 °C according to Scheme 1 and eq $&ee Figure 3¢Values measured in 2.0 M THF/toluene solutibBerived by
extrapolation to zero free THF concentration (see text). The val¥és6f.is obtained fromAH°,:andAS 4. 9 Decomposition at high temperatures
and low reactivity at low temperatures precluded determinatiit. to eq 9.
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Figure 1. Plot of kopsq Versus fi-BuOMe] in toluene co-solvent for
the elimination ofl (0.004 M) by LDA (0.10 M) at 20t 0.1°C. The
curve depicts the result of an unweighted linear least-squares fi)to f(

THF (M)

Figure 3. Plot of kopsq Versus [THF] in toluene co-solvent for the
elimination of 1 (0.004 M) by LDA (0.10 M) at 204+ 0.1 °C. The
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curve depicts the result of an unweighted linear least-squares fit to f(x)
= a+ bx (See eq 5.) The values of the parameters were calculated to
bea=0.24+ 0.01 andb = 1.17 + 0.08.

cies!® or (2) a single pathway that does not formally require a
second coordinated THF to lithium at the transition structure,
but is sensitive to the surrounding medium. Replacing the
toluene co-solvent with either 2,2-dimethyltetrahydrofuran (2,2-
Me,THF) or hexane revealed no measurable co-solvent depen-
dence?? arguing against long-range medium effects as the source
of the [THF] dependenc®. The fractional LDA orders in 2.0

M THF and 12.3 M (neat) THF implicate dimemonomer pre-
equilibria at all THF concentrations. The kinetic isotope effects
(six measurements in total) increase monotonically over the THF
concentration interval from 2.0 M to neat THF (Table 1). The
rate data are consistent with the idealized rate law in eq 5 and
implicate competing mechanisms based upon monosolvated
monomers (egs 3 and 4) and disolvated monomers (egs 6 and

Figure 2. Plot of kopsq vVersus [LDA] for the elimination ofl (0.004 7)-

M) by LDA in n-BuOMe (2.0 M) with toluene co-solvent at 200.1
°C. The curve depicts the result of an unweighted nonlinear least-squares
fit to f(x) = ax’ (b = 0.40+ 0.04; see Table 1).

—d[1)/dt = k1] )

such thak,,.,= K[LDA] 2+ k"[THF][LDA] */2
a single reaction pathway involving monosolvated monomers

(egs 3 and 4) at ath-BuOMe concentrations. 1/2(i—Pr2NLi :S), + S=i-PI,NLIS, (6)
"(i-PNLi-S), = i-Pr,NLi-S @) i-Pr,NLiS, + 1 — product 7)
i-PpNLi-S+ 1— norbornene (4) Rate Equation: LDA/DME (4). The dehydrobromination

) ) ] of 1 is 50-times faster by LDA dime4 bearing non-chelated

Rate Equation: LDA/THF (3). A potentially different ;1 pME ligands than by LDA#-BuOMe. Following the loss
mechanistic picture emerges from rate studies in THF solutions. of 1 at —20 °C, we obtained a zeroth-order DME dependence
A plot of Kopsg VS [THF] in toluene (Figure 3) shows a linear
dependence with a significant non-zero intercept. We consid- afforden = 1.02 20 15.

ered two explanations for this behavior: (1) competing parallel "~ >0y At low (<4.0 M) THF concentrations, deviations ascribable to a
pathways that manifest zeroth- and first-order THF dependen- ligand substitution by 2,2-M&HF begin to appear.

(29) A fit of kopsa VS [THF] to the expressioliopsg = K + K'[THF]"
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Scheme 1
Ka 4K
(R2NLiSq)2 + 2S5 Sq + (RoNLiS,)(RoNLiSg) + Sp 2S, + (RoNLiSp)2
i ii iii
Ks Ke Kp
2(R2NLiS,) + 2Sp Sq + (RoNLiSg) + (R2NLiSp) + Sp 25, + 2(RoNLiSp)
k¢[RBr] ko[RBr]
k1[RBr] 2[RBr]
product
and a fractional LDA order consistent with the idealized rate 2(ReNLiS, REr) + 28
: . X . s

law in eq 2 and the mechanism generally described by egs 3
and 4. The substantially higher rate compared with that AG°D)

observed with monodentate ethers strongly implicates the
PrNLi-S” monomer (eq 4) to b& bearing a chelating DME.
Relative binding constant determinations foiBuOMe and
DME (vide infra) confirm that the rate accelerations stem (RNLS)2 + 25

+ 2RBr

AGY(A) ﬁ 2(RoNLiSy-RBr) + 2S,

. . . - : \
entirely from differential transition state energies. g
Me
/0 a6%(c) <
P N
i-Pr \o | (RZN-I;]S2%:)‘2B¢ 25, product
Me .........................
8 Figure 4.

Rate Equation: LDA/Amino Ethers (5—7). Systematic respectively. The rate constants measured in the neat solvents
variations of the dialkylamine moiety of the amino ethers of provide the free energies of activatioAG°(A) and AG°(B)).
general structure RI(CH,),OMe revealed highly structure- Equation 8 describdgpsqin terms of mechanistic constants and
dependent elimination rates (Chart 1) discussed béloRate
laws for several representative amino ethers confirmed that the 2 2 [ ﬂ]

i i i kK™ + kKp™ 12K
mechanism described by eqs 2 predominates (Table 1). Kobsd™= B D A[ N
Relative Ligand Binding Constants. The NMR spectro-

scopic studies together with results from previous Ar v 8)
investigation¥23 support the assignment of the disolvated [Ss] [S1)?
dimers 3—7 bearing 1 (methoxy-coordinated) rather than 1+ KA[Sa] 2KA[SGJ

chelated ligands. The interpretation of the relative rates hinges

upon the assumption that the dimeBs-7 are related by . . . .

thermoneutral ligand substitution. This was confirmed as golvent concentrations. (See Supportlng Informatlon.) Substitut-

described below? ing for [Sg] and [S,] in terms of their mole fractionsg; and 1
Consider, for example, the equilibria in Scheme 1 and the Xo, respectively, affords eq 9. Equation 9 includes provisions

simple thermochemical picture in Figure 4. (To simplify visual for the mixed _solvatéi and_allows the binding constak to
retrieval, the mixed solvaté found in Scheme 1 has been be found by simple numerical methofs.n the event that the

omitted from Figure 253 In the limit of either neat Sor neat ~ 'at€ in neat gis not appreciable, eq 9 simplifies to give eq 10.
S, the two limiting observable species are dimerandiii, %]
(21) During the course of hydrazone metalation rate studies, a seemingly Koo g = { leBl/2 + szDllz(ZK )]

similar first-order dependence on the THF concentration was attributed to [1 Xz]
medium effects rather than primary shell solvation due to a co-solvent AT 1/2

dependencd? X )2 9)
2l

Poshyachinda, S.; Edwards, H. G. M.; Johnson, AP&lymer1991, 32, 1+ Ky

338. Bywater, S.; Black, P.; Worsfold, D. J.; Schue Macromolecules [1— X))
1985 18, 335. Fraenkel, G.; Geckle, M. J.; Kaylo, A.; Estes, D. W.

Organomet. Chenl98Q 197, 249. Sugahara, K.; Fujita, T.; Watanabe, S.;

Hashimoto, H.J. Chem. Technol. Biotechndl987 37, 95. Fujita, T.; 12 [XJ]
Watanabe, S.; Suga, K.; Sugahara, K.; TsuchimotoCKem. Ind.1983 kobsdz szD 2K

+

(22) Endo, K.; Otsu, TMacromol. Rapid Commuril994 15, 233. [ 2]
2Ky——
All — X

167. AlL — X2]

(23) Lucht, B. L.; Collum, D.J. Am. Chem. Sod.996 118 10707. AT 12
(24) A similar binding constant analysis was described previotisly.
However, several simplifying algebraic assumptions, while not seriously [X)] oK [X)] V2
AL—X,]

(10)
+

flawed, seem less appropriate in hindsight. 1+K,

(25) (a) If solvation is non-cooperative, then the ground and transition [1- Xz]
state corresponding to the mixed solvated LDA will correspond to the mean
value of the homosolvated ground states and transition states (respectively) (26) Application of eq 10 causes division by zerdat= 1. This problem
in Figure 4. (b) Benson, S. W.. Am. Chem. S0d.958 80, 5151. is adequately alleviated by substituting [1.81X;] for [1 — X3].
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Figure 5. Predicted rate constant&#gs9 vs mole fraction Xz) of
solvent $ in co-solvent § according to eq 9. Assumptionskofsqin
neat $)/(kopsain neat §) = 10; Ka = 10 (curve A), 1.0 (curve B), and
0.1 (curve C).

The calculated value dfa provides a measure of the relative

J. Am. Chem. Soc., Vol. 119, No. 24,5507
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highly curved portion of the function cannot be adequately
sampled.

The results are as follows. Figure 6 shows the measured
pseudo-first-order rate constants for the eliminatiof pfotted
as a function of the M&NCH,CH,OMe mole fraction in
n-BuOMe. Fitting the data to eq 11{S n-BuOMe and $=
Me;NCH,CH,OMe) affordska(Me:NCH,CH,OMeh-BuOMe)
= 1.02 + 0.09, corresponding to a ground state free energy
difference AG°(C), of <0.05 kcal/mol. Similar investigations

free energies of the two ground states corresponding to dimersOf representative amino ethers revealed equivalent binding

i andiii (AG°(C), Figure 4). The estimated free energies of
activation and relative ground state free energies, in turn, provide
the difference in the transition state energies (¥&5°(D)) to
complete the thermochemical picture in Figure 4.

This strategy for investigating LDA solvation offers both
qualitative and quantitative insight. Figure 5 shows theoretical
curves assuming a 10-fold relative rate difference in neat donor
solvents Kobsd Ss)/kobsdSo) = 10) for three relative binding
affinities: Ka = 10 (curve A), 1.0 (curve B), and 0.1 (curve
C). Curve A will result if the superior donor solventgf&ffords
kinetically reactive species (as commonly suggestedpn the
other hand, curve C will result if the stronger solveny {6
this case) affords kinetically less reactive species. When the
two ligands bind equally, the inflection point will be nearly
centered on th&-axis as in curve B.

Before considering the experimental results, it is important
to understand the underlying assumptions and approximations
(1) If the magnitudes of ther-intercepts in Figure 5 are

constants (Table 2 The 25% reduction in the binding
constant for pyrrolidine-containing amino ethercompared to
the other methyl ethers is too small to warrant further discus-
sion?®

Temperature-Dependent Rates and Activation Param-
eters. The solvent-dependent elimination rates were monitored
over 30-50 °C temperature ranges to obtain activation enthal-
pies AH°4c) and entropiesAS’a.) for several cases (Table 1)
by using the linear form of the Eyring equation (eq 12). For

|n(kobsch/kT) = _AHoac/RT+ ASOac/R (12)

the reactions described by eqs 3 and 4 involving monosolvated
monomer fragmentd,psqiS @ composite rate constant corre-
sponding tok'[LDA] ¥4S]° (eq 2). We will exploit the data in
the forthcoming discussion to better understand transition

structure stabilization by chelation. The data are of reasonable

quality as exemplified by Figure 7. We hasten to add that,

fortuitously equivalent, the consequent failure to observe a Without a more rigorous treatmetitsuch activation parameters
change in the rate constant renders the method inoperative. In(€speciallyAS’a) are susceptible to systematic error and should

this instance, one might erroneously infer that systematic
increases in [ do not affect the reactant structure or
mechanism. (2) If the metalation mechanisms that dominate

be viewed with caution.
The activation parameters for the eliminationloby LDA
in THF and THFtoluene solutions were investigated with three

in the neat donor solvents have non-zero solvent reaction ordersprotocols to separate contributions from pathways involving

the mathematical description would become more complex than
described by eq 9. Fortunately, the eliminations described
herein are zeroth order in donor solvent (except THF). (3) The

monosolvated monomers (egs 3 and 4) and disolvated monomers
(egs 6 and 7).
(1) PlottingkopsgVvs [THF] (as in Figure 3) with extrapolation

precise shape of the function and the accuracy of the value ofto they-intercepts afford&q,sqat zerofree THF concentration.

Ka depend on the assumed solvation stateis-if. If one or

Plotting the extrapolated values kdysqvs 1T at four temper-

more of the solvation state assignments are incorrect, theatures afforded the activation parameters corresponding to the

mathematical form of eq 9 will be incorrect. For hindered

lithium amide dimers, the assignments are based upon compel-

ling evidence??2” (4) The model assumes non-cooperative
solvation on mixed solvated dim@ér In other words, the dimer

zeroth-order pathway (Table 1, entry 3).

(2) Determination okopsgas a function of temperature in neat
THF (Figure 8; Table 1, entry 2) provides values 8 4
andAH°,cwhich, based upon the rate studies described above,

subunit exchanges in eq 11 are presumed to be thermoneutralrepresent the total contributions of the pathways involving

Recent investigations of LIHMDS support this assump#ébn.
The factor of 4 in the second ligand substitution (e.dKa ¥
stems from statistical contributions in a multi-site ligand
substitutior?®® (5) When measuring pseudo-first-order rate
constants with use of solvent mixtures, both solvents must be
in excess £10 equiv per Li) to avoid substantial errors in the
estimates offree (as opposed to total) solvent concentration.
The error becomes large wh&n > 10 orKa < 0.1 since the

(27) Lucht, B. L.; Collum, D. BJ. Am. Chem. Sod.995 117, 9863.

mono- and disolvated LDA monomers. The substantial decrease
in AH°, compared to the value obtained by the protocol

(28) The binding constant quoted for DMEKA, Table 1) has been
adjusted to account for the statistical bias imparted by two equivalent
methoxy groups.

(29) The measured binding constant can be quite sensitive to the
measured end points (rate constants in neat donor solvent). Neglecting the
endpoint corresponding to neat MeO&HH,N(CHy)4 (in a 9 point plot)
affords Ka(MeOCH,CH,;N(CH,)4#/n-BuOMe) = 1.02 + 0.10.

(30) Lyons, B. A,; Pfeifer, J.; Peterson, T.; Carpenter, BJKAm. Chem.
S0c.1993 115 2427.
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Figure 6. Observed rate constants for dehydrobrominatiori dify
LDA vs mole fraction of MeNCH,CH,OMe (Xz) in n-BuOMe under
the following conditions: —20 °C; [LDA] = 0.10 M; [1] =0.004 M.

in n-BuOMe

Remenar and Collum

1/T x 103

Figure 8. Observed pseudo-first-order rate constakisd measured
as a function of temperature over a 3D temperature range (0 to 30
°C) for the elimination ofl (0.004 M) by LDA (0.10 M) solvated by

The curve corresponds to a nonlinear least-squares fit to eq 10, affordingneat THF. The curve corresponds to a linear least-squares fit to the
Ka = 1.02+ 0.09 andk;Kp = 1.05+ 0.02 x 102

following equation: IfkopsdVkT} = —AH°/RT + ASa/R. The
activation parameters (Table 1) were derived from a nonlinear least-

-34.5 squares fit to the following expressioRspsa= KT/h[exp(—AH ./RT)-
A expAS’ac/R)].
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Figure 7. Observed pseudo-first-order rate constakigd measured 270 280 290 300 310

as a function of temperature over a 30 temperature range-@0 to T (K
—50°C) for the elimination ofL (0.004 M) by LDA (0.10 M) solvated
by MeNCH,CH,OMe (2.0 M) in toluene. The curve corresponds to a Figure 9. Observed pseudo-first-order rate constakisd measured
linear least-squares fit to the following equation:{KehsV/kT} = as a function of temperature over a 3D temperature range (0 to 30
—AH°/RT + AS:/R. The activation parameters (Table 1) were °C) for the elimination ofl (0.004 M) by LDA (0.10 M) in neat THF.
derived from a non-linear least-squares fit to the following expres- The curve corresponds to a non-linear least-squares fit to the following
sion: Kopsa = KT/h[exp(—AH® o/ RT)eXpAS ac/R)]- expression:kopsa = KT/h{[exp(—AH’:c/RT) exp(AS°ac/R)] + [exp-
(—AH%.dRT) expAS’acidR)]} . The values of the activation parameters
AH,crandAS’ o Were determined by fitting the data for the reactions
described in (1) is consistent with the emergence of a second,in neat THF to the above equation, where the valuealdf.q: and
mechanistically distinct pathway. AS%n are the activation parameters determined from the data

(3) To dissect the activation parameters into contributions €xtrapolated to free THF concentration.
from the parallel reaction pathways, we substitute into the two-

term rate equation (eq 5) to obtain eq 13, whA® 1) and studied extensively by other investigaté#. Cursory examina-

tion of theexoselectivity with monodeuterated bromidexsdo-
1-d; andexo-1-d; reveals>90% syrnrexoproton abstraction by
LDA/n-BuOMe, LDA/THF, LDA/DME, and LDA/MeOCH-

kobsd: kT/h{ exp(_AHoact(lfRT) exp(Agact(llR)} +
CH;NMe; as shown by GC-MS analysis of the prodéfct.

kT/h{ eXp(AHoact(Z/RT) exp(ASOact(Z{R)} (13)

AHC,1y correspond to thé&[LDA] ¥2 term, andAS’ aet2) and H D
AH°aci(2) correspond to thek’[THF][LDA] 2 term. Since Br Br
AS’ a1y and AH o1y are available by the protocol described D N

in (1), ASac2) and AHyy2) are the remaining unknowns. H H
Plotting kobsa VS T with a nonlinear least-squares fit to eq 13 endo-1-dy exo-1-d;

(Figure 9) affordsAH®a¢y2)= 11.2+ 0.2 andAS’act2) = —36

+ 1.
- L. (31) Theendeexo selectivities were determined by GC-MS via com-
Syn-ExoSelectivity. The endo-excselectivity of the base-  parison with authentic samples of norbornene and norborderer related
mediated £)-2-exabromonorbornane eliminations has been studies see ref 8.
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parallel pathways involving mono- and disolvated transition
structures such a8 and 10, respectively. TheAH°, values
for eliminations associated witB are indistinguishable for
n-BuOMe and THF. We infer that any additional stabilization
offered by THF compared to-BuOMe€®® in the ground state
and transition state cancel. In contrasht®,.for reaction via
10where ROR corresponds to THFA£.0 kcal/mol lower than
AH®, for reaction via9. It seems logical that the superior
ligating properties of THF compared t@-BuOMe*®> would
stabilize such a highly solvated transition structure. The low
stabilization when compared with estimated lithitiftHF bond
enthalpie¥’ is consistent with severe steric interactions. The
surprising insensitivity ofAS’5¢; to the number of ligands in
the transition structures is more difficult to explain, but may
make sense in the context of open and closed transition
structures fide infra).

We do not intend to engage in a discussion of the many
classifications of elimination¥:37 Nevertheless, some com-
ments about the events occurring at the substrate are warranted.

In the most general sense, we are interested in understandingVe depict the rate limiting transition structurésand 10 as

the factors that influence lithium amide reactivity. We were

syn exqg and cyclic. Several observations confirm gymand

drawn to dehydrobrominations by a suggestion of Schlosser andexodeprotonation, but do not necessarily support cyclic transi-

co-workers that LDA-mediated dehydrofluorinations proceed
by transition structures based upon LDA open dinférkithium

tion structures: (1) Eliminations @ndc1-d; andexo-1-d; occur
with >90% synexo proton abstraction. (2)¥)-2-exciodo-

amides and other organolithium open dimers have become anorbornané& eliminates at nearly the same rate as the bromide

topic of significant attentiod?=34 While an open dimer-based
mechanism was not detected in this particular study, the
eliminations of )-2-exabromonorbornane (eq 1) provide

1 (kobsd(lfkobsd(Br): 2.1 in THF at 20°C). Orbital alignment
and steric factors may be more important than the-Bi
interaction. The low coordination number of putative transition

highly solvent-dependent rates and a mechanistic probe uncom-tructure9 seems to demand the existence of a distinct Br--Li

plicated by side reactions. LDA offers substantial advantages
over other commonly employed lithium amides and other
organolithium reagents in that LDA exists exclusively as a
disolvated dimer for a large number of donor solvent structures
and concentrations. Our efforts to understand the mechanistic
origins of the solvent effects are summarized below.
Mechanism of Dehydrobrominations: The Role of Mono-
dentate Ethereal Ligands. The elimination ofl by LDA/n-
BuOMe @) appears to proceed by a single pathway involving
a transition structure such &sbearing a monosolvated LDA
monomer fragment (Scheme 2). The corresponding elimination
in THF is more complex. A first-order THF dependence with
an appreciable non-zeyeintercept (Figure 3), [THF]-dependent
isotope effects, and a lack of co-solvent dependence implicate

(32) Romesberg, F. E.; Collum, D. B. Am. Chem. Sod992 114
2112. Williard, P. G. Unpublished.

(33) Romesberg, F. E.; Collum, D. B. Am. Chem. Sod994 116
2166.

(34) Hamatani, T.; Matsubara, S.; Schlosser,Tdtrahedronl1988 44,
2865. Williard, P. G.; Liu, Q.-Y.J. Am. Chem. Socl993 115 3380.
Henderson, K. W.; Dorigo, A. E.; Liu, Q-Y.; Williard, P. G.; Schleyer, P.
v. R.; Bernstein, P. RJ. Am. Chem. S0d.996 118 1339. Bernardi, A.;
Capelli, A. M.; Cassinari, A.; Comotti, A.; Gennari, C.; Scolastico,JC.
Org. Chem1992 57, 7029. Bernardi, F.; Bongini, A.; Cainelli, G.; Robb,
M.; Valli, G. S. J. Org. Chem1993 58, 750. Petasis, N. A.; Teets, K. A.
J. Am. Chem. Sod992 114 10328. Gallagher, D. J.; Beak, P. Org.
Chem.1995 60, 7092. Romesberg, F. E.; Collum, D. B. Am. Chem.
So0c.1992 114, 2112. Romesberg, F. E.; Collum, D. B.Am. Chem. Soc.
1994 116, 2166. Romesberg, F. E.; Gilchrist, J. H.; Harrison, A. T.; Fuller,
D. J.; Collum, D. B.J. Am. Chem. Sod.99], 113 5751. Romesberg, F.
E.; Collum, D. B.J. Am. Chem. Sod.994 116 9187. Bernstein, M. P.;
Collum, D. B.J. Am. Chem. S04993 115, 789. Bernstein, M. P.; Collum,
D. B. J. Am. Chem. Soc1993 115 8008. Bernstein, M. P. Ph.D.
Dissertation, Cornell University, Ithaca, NY, 1993. Koch, R.; Wiedel,
Anders, E.J. Org. Chem.1996 61, 2523. Pratt, L. M.; Khan, |. M.
Tetrahedron: Asymmetr}995 6, 2165. Pratt, L. M.; Hogen-Esch, T. E;
Khan, I. M. Tetrahedron1995 51, 5955. Harder, S.; van Lenthe, J. H.;
van Eikema Hommes, N. J. R.; Schleyer, P. vJRAM. Chem. S0d.994
116, 2508. Ashby, E. C.; Noding, S. Al. Org. Chem.1979 44, 4371.
Shimano, M.; Meyers, A. 1J. Org. Chem.1996 61, 5714. Alvaro, G.;
Savoia, D.; Valentini, M. RTetrahedron1996 38, 12571. Williard, P. G.
Unpublished.

interaction, although this may be dogmatic logic. Nevertheless,
a change from a cyclic transition structure sucl9 & an open
transition structure such 44 could account for the marginally
more negativeAS’,¢; associated with a pathway involving an
additional ligand. A related issue arises for chelating ligands
as described below.

— -7
i-Pr, ’i-Pr R
,'N\ O/
H L™\
. [ R
.-Br R/O\R
11

Transition Structure Solvation: Resolving the “Universal
Ground State” Problem. The possible importance of transition
structures containing disolvated LDA monomer fragments led
us to suppose that chelating ligands might offer substantial
transition structure stabilization. The typical protocol to test
such a hypothesis is to monitor the reaction rates as a function
of the chelating ligand. Barring some unlikely coincidences,
the reaction rates will vary. However, serious problems arise
in the interpretation. The most common practice is to ascribe
the rate changes to variable transition structure solvation, paying
no attention to solvent-dependent changes in the reactant
structures and energies. Inspection of the relative elimination
rates inn-BuOMe, THF, and 2-MeTHF (in parentheses in Chart

(35) Binding affinities to LIHMDS dimers follow the order THF
MeTHF > n-BuOMe?’

(36) March, JAdvanced Organic Chemistryth ed.; Wiley: New York,
1980; Chapter 17.

(37) For leading references to theoretical investigations of dehydroha-
logenations, see: Glad, S. S.; JensenJ).FOrg. Chem.1997 62, 253.
Gronert, SJ. Org. Chem1994 59, 7046. Dewar, M. J. S.; Yuan, Y.-Q.

Am. Chem. Sod99Q 112 2088.
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1) suggests the lack of such a simple correlatfoBy ignoring

the solvent effects on the reactants, one implicitly assumes that

all ground states are of the same energy. We facetiously call
this the “universal ground state’lt is difficult, yet essential,

to dissect relatie reaction rates into the rate retarding influence
of ground state stabilization and the rate accelerating influence
of transition state stabilization. Failure to consider both is
logically flawed and will lead to imalid conclusions. More
detailed discussions of this problem have been publidied.

We avoided the “universal ground state” assumption in two
ways. The simple solution was to choose potentially chelating
ligands in which the binding affinities to the LDA dimer can
be assumed to be equal. The non-chelatg)l DME ligands
on LDA dimer 4 should have the same binding constant as
n-BuOMe. In other words, the substitution of DME for
n-BuOMe should be thermoneutral. If so, the 50-fold rate
acceleration for LDA/DME compared to LDA/BuOMe can

Remenar and Collum

Of course, a more direct approach to avoid the “universal
ground state” assumption is to determine the relative stabilities
of the reactants. We described a method by whictkthetics
of elimination provide the thermodynamics of solvation. Be-
cause of the different inherent reactivities of the dimeric
reactants—iii (Scheme 1) coordinated by the solventsa®d
S, a plot ofkgpsgvs solvent mole fractionX) affords a sigmoidal
function (Figure 6). The twoy-intercepts provide the rate
constants for metalations yandiii with the corresponding
activation energieAG°(A) and AG°(B) (Figure 4). A nonlinear
least-squares fit to eq 9 or eq 10 affords the relative solvent
binding constants and the relative stabilities of the ground states
based upon reactantsandiii (AG°(C) in Figure 4). Overall,
the single plot in Figure 6 provides the relative ground state
stabilitiesandtransition state stabilities. Results from selected
cases confirmed that the hemilabile ligands bearing methyl ether
moieties bind equivalently to the LDA dimer. Consequently,
this confirms the assumption that the dramatic and variable rate
increases observed for DME and a variety of bidentate ligands
(Chart 1) stem entirely from differential transition structure
solvation.

Transition Structure Solvation: The Chelate Effect. The
rate accelerations imparted by DME and related amino ethers
(Chart 1) do not derive from a general promotion of high
solvation numbers, but fronselectve stabilization of the
transition structurerelative to the LDA dimer reactant If
chelation stabilizes the reactarg#ad the transition structures,
the sign and magnitude of a DME-induced rate change is not
readily predicted. In contrast, the view of differential transition

be ascribed to the stabilization of a chelated transition structure state solvation unobscured by differential ground state solvation
such asl2 (Scheme 3). We extended this study to include a effects offers insights into the chelate effect and allows
variety of methyl ethers bearing potentially chelating pendant interesting comparisons with quantitative studies of chelate

groups—so-called “hemilabile ligands” (Chart 1). We have
previously shown that even the least hindered trialkylamines
are poor ligands for lithium amide dimet&1126-23.39-42 Thjs

formation on LIHMDS monomers. These are as follows:

(1) Chelate ring size is critical. Hemilabile diethers and
amino ethers capable of forming five-membered chelat@s (

ensures that only the methoxy groups are coordinated in then = 1) offer substantial (up to £old) rate advantages when

ground state and that ligand substitution is thermoneutral.
Determination of selected rate laws (Table 1) secured the
mechanistic homology with LDA/DME (Scheme 3). Thus, we
can attribute the marked ligand-dependent rate variattaps

to 10-fold in optimal casesto differential transition structure
stabilization. It is both interesting and important to note that,
had we used potentially chelating diamines, we would have
seriously undermined mechanistic interpretations by forfeiting
our understanding of relative reactant stabilities.

(38) There are a number of reports where ostensibly weaker selvent
lithium interactions lead to increased overall reaction rates: Apparu, M.;
Barrelle, M. Tetrahedron1978 34, 1541. Loupy, A.; Seyden-Penne, J.
Tetrahedron198Q 36, 1937. Reich, H. J.; Green, D. P.; Phillips, N. H.
Am. Chem. Sod.989 111, 3444. Loupy, A.; Seyden-Penne, J.; Tchoubar,
B. Tetrahedron Lettl976 1677. Bywater, S.; Worsfold, D. Gan. J. Chem.
1962 40, 1564. Kindig, E. P.; Desobry, V.; Simmons, D. P.; Wenger, E.
J. Am. Chem. S0d.989 111, 1804. Reich, H. J.; Phillips, N. H.; Reich, I.

L. J. Am. Chem. Sod985 107, 4101. Kim, Y. H.; Choi, J. YTetrahedron
Lett. 1996 37, 5543. Reich, H. J.; Dykstra, R. Rngew. Chem., Int. Ed.
Engl. 1993 32, 1469. See refs 2a, 3, and 18.

(39) For early studies revealing poor coordination of trialkylamines to
organolithium aggregates, see: Settle, F. A.; Haggerty, M.; Eastham, J. F.
J. Am. Chem. So&964 86, 2076. Lewis, H. L.; Brown, T. LJ. Am. Chem.
Soc.197Q 92, 4664. Brown, T. L.; Gerteis, R. L.; Rafus, D. A.; Ladd, J.
A. J. Am. Chem. Socl964 86, 2135. Quirk, R. P.; Kester, D. El.
Organomet. Cheml977 127, 111.

(40) For a discussion of steric effects of amines in the context of transition
metal ligation see: Seligson, A. L.; Trogler, W. £.Am. Chem. So4991,

113 2520. Choi, M.-G.; Brown, T. LInorg. Chem.1993 32, 1548.
Widenhoefer, R. A.; Buchwald, S. IOrganometallics1996 15, 3534.

(41) Lucht, B. L.; Collum, D. BJ. Am. Chem. Sod.996 118 2217.

(42) Bernstein, M. P.; Romesberg, F. E.; Fuller, D. J.; Harrison, A. T.;
Collum, D. B.; Liu, Q.-Y.; Williard, P. GJ. Am. Chem. S0d.992 114
5100.

compared to-BuOMe. The corresponding six-membered-ring
chelates 12, n = 2) are much less consequential. This is
consistent with their low binding affinities to monomeric
LIHMDS.23

(2) Transition structure stabilization correlates inversely with
an increasing bulk of the pendant ligand. For example, the
elimination rates for LDA solvated by MeOGHH,NR; follow
the order NR = NMe; > NEt; > N(i-Pr). This is consistent
with LIHMDS solvation studies. However, we observe some
unexpected substituent effects. We predicted that the transition
structure stabilization would correlate with the ground state
stabilization of chelated lithium amide monomers; the best
comparison currently available is with chelated LIHMDS
monomerg? The relative transition structure stabilizations
follow the order RN(CH)s (J) < RN(CH,)4 (K) < RN(CH,)3
(L) < RNMe; (M). Binding affinities of related ethylenedi-
amines (RNCH,CH;NRy) to LIHMDS monomers follow the
order RNMe ~ RN(CHy)s < RN(CH,)4 < RN(CH,)3.22 This
dramatic change in the relative ligating strength of the MMe
moiety may stem from congestion in the transition structure.
This can be seen by comparing ligating strength with ligand
substitution rates on LIHMDS. While the dipyrrolidinoethane
ligand in LIHMDS monomerl3 is more strongly bound than
the TMEDA in 14, the rates of associative ligand substitutions
via monomer15 are much slower than the corresponding
substitutions via monomdi6; the pyrrolidine groups appear to
be relatively intolerant of the additional steric congestion
occurring upon ligand association. The dehydrobrominations
of 1 by LDA are also susceptible to steric congestion associated
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with the substrateamide interactions. These additional steric

effects would not be expected to correlate with chelate stability.
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renders a detailed consideration/Xdfi°,;even less appropriate.
Lastly, we must confess that all of these inferences are further
weakened by the lack of relative ground state enthalpies and
entropies; the “universal ground state” emerges again.
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(5) Additional ligating groups only offer rate advantages if

(3) The approximate 20-fold rate enhancement offered by the mechanism includes provisions for the additional coordina-

Me;NCH,CH,OMe compared to DME implicates a higher
azaphilicity rather than oxaphilicity at the transition structure.

tion. The equivalent rates for LDA/diglyme and LDA/DME
attest to the lack of;® coordination of the diglyme at the

While this seems surprising considering the assignment of aminotransition structure. Diglyme binds as a tridentate ligand on

ether solvated LDA ag'-oxygen-bound dimers (e.;-7), the
high azaphilicity is fully compatible with LIHMDS solvation

the LIHMDS monomer, but is not unusually stabilizing com-
pared with bidentate diamin&%. Along a similar vein, LDA-

studies. Lithium amide dimers are far too hindered to comfort- mediated dehydrobrominations and LDA-mediated metalations

ably support trialkylamine ligandg;11.2-23.39-42 \whereas mono-
mers offer a less congested environn®@ntlin addition, we
found that dialkyl ethers and dialkylamines show indistinguish-
able affinities for binding to the LIHMDS dimerd,while the

dialkylamines show a greater tendency than the ethers to bindsteric deman# of the hydrazones.

of N,N-dimethylhydrazones both proceed via rate limiting
transition structures bearing monosolvated LDA monomer
fragments. However, the hydrazones are not metalated via more
highly solvated transition structurés!®42possibly due to a high
Since the potentially

to the monomers. We concluded that the LIHMDS monomers polydentate ligands doot selectively stabilize the hydrazone
are more “azaphilic” than the dimers, possibly equating with a metalation transition structuré$,such ligands offer no rate

stronger Lewis acidity. Interestingly, a similar preference for

amine- vs ether-based chelation noted by Reich was ac-

companied by digher propensity to simultaneously bind an
equivalent of HMPA® An enhanced azaphilicity of organo-

advantaged#?

Conclusions

Solvent effects on reaction rates can only be understood with

lithium monomers and monomer-based transition structures, 5 knowledge of the reaction mechanism(s) as well as the
when compared to higher oligomers, may account for a myriad jnfluence of solvation on both the reactant and transition
of di- and polyamine solvation effects on lithium salt structures strycture stabilities. While this statement seems self-evident,
and reactivitied:** the tendency to ignore solvent-dependent ground state effbets

(4) Although we are skeptical of activation parameters due gg called “universal ground state” assumptidgso widespread
to their susceptibility to systematic and random error, we a5 to defy explanation. We are unaware of any fundamental
attempted to dissetG°atinto AS’arandAH®,ito gainamore  pringiple dictating that transition states are more susceptible to
detailed view of chelation in the transition structure (Table 1). gglvation than ground states. For example, the solution phase
The rate increases observed for LDA solvated by DME and g2 reaction is retarded relative to its gas-phase counterpart by
related amino ethers are clearly ascribable to the pendant |igand%isproportionate ground state solvatfnThe work described
and reveal factors that affect the chelate stabilities. However, herein is not free of simplifying assumptions. However, the

problems arise when we attempt to dissect the chelate effectprotocol employed for separating ground state and transition

into separate contributions. For example, 2.0 kcal/mol
reduction inAH® . for LDA/DME compared to LDAR-BuOMe
stemming from the additional metaligand interaction in a
chelated transition structure such &8 is attenuated by the
torsional enthalpy loss upon forming the five-membered ring.
Similarly, enthalpic gains offered by the second solvdithium
interaction in dif-BuOMe)-solvated transition structut® will

be offset by destabilizing solvensolvent and related steric

state solvation to understand the chelate effect has promise, and
such distinctions are essential if we are to understand the
relationship between solvation, aggregation, and reactivity within
organolithium chemistry.

Experimental Section

Reagents and Solvents.n-BuOMe, THF, 2-MeTHF, DME, and
diglyme were obtained from Aldrich. Vicinal amino ethegs H, I,

interactions. It is not obvious that attempting to make such j “andk (see Chart 1) were prepared hyalkylation as described in
energetic distinctions is a productive exercise. The situation the previous papef. F*7, L ,*8 andM*® were prepared by (modified)

becomes acutely complex when entropy is considered. Com-standard procedures. All solvents were distilled by vacuum transfer

parisons with LDAA-BuOMe reveal that chelation at the
transition structure occurs with very little entropic cost despite

(45) Craig, S. L.; Brauman, J. I. Am. Chem. S0d.996 118 6786.
(46) Gibson, M. S. InThe Chemistry of the Amino Groupatai, S.,

the anticipated restricted degrees of freedom associated withed.; wiley: New York, 1968; p 440. Bitsi, G.; Schleiffer, E.; Antoni, F.;
ring formation. We suspect that open transition structures suchJenner, GJ. Organomet. Chen1989 373 343. Spialter, L., Pappalardo,

as17 may be intervening, offsetting entropic losses associated :
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from sodium benzophenone ketyl. The hydrocarbon stills contained GC. Use of a Hewlett Packard GC fitted with an autoinjector and a
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