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Abstract: The Rebek self-replication reaction band2, catalyzed by complexation of both reactants to the resulting
product3 (Tjivikua, T.; et al.J. Am. Chem. S0d.99Q 112 1249-1250. Nowick, J. S.; et all. Am. Chem. Soc.

1991, 113 8831-8839. Wintner, E. A.; et alAcc. Chem. Red.994 27, 198-203. Conn, M. M.; et alJ. Am. Chem.
Soc.1994 116, 8823-8824), and related work of Menger et al. (Menger, F. M.; eJaRm. Chem. S0d.994 116,
3613-3614. Menger, F. M.; et all. Org. Chem1995 60, 2870-2878) have been reinvestigated. On the basis of

our experiments with the same systems and comparing the absolute rates of different (model) reactions, we have
identified five pathways of the reaction betwekand?2 in the presence of templa8 backgroundk; = 0.035 M1

min~—1), preassociativekf = 0.0044 mirr?), termolecular gz = 0.030 mirr?), and two bimoleculark = 0.130 Mt

min~?, ks = 0.020 M~ min~1). A general kinetic model for self-replicating reactions has been used to analyze the
Rebek-Menger controversy. We conclude that self-replication as defined by Rebek et al. operates in this system;
other pathways obscure the simple picture of a ternary complex as the only complex that leads to the rate enhancement
and one of those (bimolecular) pathways is that proposed by Menger et al. Our results show thatantérare
complexed ta in a termolecular complex, the rate of reaction betwkamd?2 is 6.8 times Ks/k,) faster than when

3 is formed from the bimolecular complex &fand2, and this rate enhancement factor represents the efficiency of
template3 in the self-replication process.

Introduction comprises the formation of a secondary amide bond by reaction
of a primary amine with an activated (pentafluorophenyl) ester.
Rebek et af. reported that, when the reactants haeenple-
mentaryrecognition sites (estek and amine2), the resulting

When von Kiedrowski showed that a protected hexadeoxy-
nucleotide catalyzes its own formation from the complementary

trideoxynucleotides, the concept of artificial “self-replicating” product amide can act as a template and catalyzes its own

systems was establishédThe initial work dealt with (deoxy)- formation. The proper geometry of the termolecular complex

nucleotide chemistry, but recently also other classes of moleculesof the producB and the two reactantsand2 favors the amide

that have recognition sites have received considerable atten-
tion.12 Almost by definition such studies are complicated by  (3) (&) Tiivikua, T.; Ballester, P.; Rebek, J., JrAm. Chem. S0d99q

; ; i 112 1249-1250. (b) Nowick, J. S.; Feng, Q.; Tjivikua, T.; Ballester, P.;
the different complexation equilibria between reactants and Rebek. J.. Ji. Am. Chem. Sod991 113 88318839, Evidance for self-

p'rOdU_CtS- In particu'?": the strong tendency' of the catalyst to replicative catalysis came fromaa. 40—70% inhancement of the initial
dimerize because of its complementary binding sites does leadrate when (0.20.5 equiv of) amide3 was added to the reaction mixture
to “inactivation” of the catalyst (product) when the concentration (@ 1.65,8:2, and 165 ”é’\e"ciggg:”g]?t't?lgs)b;:‘gfégﬁ'g‘t‘?gtgnfjv%g"gf ”6
increases. This means that.the mtwﬂvg expectajuon that thebis(acetylamiho)byridine which is complementary to Kemp'’s imide moiéty
rate of product formation in time should increase is often not of estert inhibited the reaction as well; the rate dropped from 0.01 to 0.0049
observed:2 Background and preassociative reaction pathways mM min~* at 8.2 mM initial concentration. According to Rebek, three

3 At processes contribute to the formation of the product: khekground
further obscure the actual self-replicating pathway. Even the bimolecularreaction, thebase-paired bimoleculareaction, and theer-

precise definition of self-replication is often unclear. For the molecular template-catalyzegaction (via a termolecular complex). For a

further discussion we define self-replicationaagocatalysis by short overview of Rebek’s work, see: Wintner, E. A.; Conn, M. M.; Rebek,
i i i i J., Jr.Acc. Chem. Red994 27, 198-203.

_E:l(;_ez_:lgtloln product Whlﬁh IE. arl?lg to rec?gnllze_ ‘?‘t I_?r?St two (4) Menger, F. M.; Eliseev, A. V.; Khanjin, N. AJ. Am. Chem. Soc.

individual reactants with a high degree of seledy. ere 1994 116 3613-3614. It was shown that primary amides (e.g., acetamide,

are two ways in which the product can catalyze the reaction, 2-naphthamide) and secondaiymethylpropionamide also catalyze the
viz., by preassociation of the reactants with the product, which reaction between and2. The authors stated that, since Rebek’s template

enhances their effective molarity, and/or by stabilizing an ge{tsaf)‘/’; e""é‘"de itself, the reaction is not self-replicating but simply amide-

intermediate or a transition state leading to product. (5) Menger, F. M.; Eliseev, A. V.; Khanjin, N. A.; Sherrod, M. J.

One self-replicating system, depicted in Scheme 1, has Ofg-ICneml995dGO, 2870-2878. AlthOlég? btath Reﬁek etal. rf:lnd Menger

- : : . et al. have used strong arguments defending their mechanisms, some

recgntly received considerable attention, and it has be_come a(essential) differences in their experimental approaches should be pointed
subject of controversy over the last two ye&rs. The reaction out. Firstly, Rebek and Menger used (in most of the cases) different initial
concentration regimes. While Rebek’s experiments were performed at 16.5

® Abstract published im\dvance ACS Abstractgune 15, 1996. mM as a highest concentration, Menger et al. published their amide catalysis

(1) (a) von Kiedrowski, GAngew. Chem., Int. Ed. Endl986 25, 932— at 30 mM concentration. At the same tinfé;methylpropionamide when
935. (b) von Kiedrowski, G.; Wlotzka, B.; Helbing, J.; Matzen, M.; Jordan, tested at 8 mM failed to accelerate the reaction. This point is important
S. Angew. Chem., Int. Ed. Endl991, 30, 423-426. (c) Terfort, A.; von since whole the process involves hydrogen-bonding aggregation and

Kiedrowski, G. Angew. Chem., Int. Ed. Engl992 31, 654-656. (d) therefore is (highly) concentration dependent. In addition, at higher
Sievers, D.; von Kiedrowski, GNature 1994 369, 221-224. concentrations, general base catalysis by (simple) amides cannot be
(2) For timely reviews on the problem, see: (a) HoffmannABgew. excluded® SecondlyRebek et al. used the HPLC technique and Menger et
Chem., Int. Ed. Engl1992 31, 1013-1016. (b) Orgel, L. EAcc. Chem. al. employed NMR spectroscopphirdly, Menger et al. never tested Rebek’s

Res.1995 28, 109-118. model compounds (e.g6—8).

S0002-7863(96)00324-1 CCC: $12.00 © 1996 American Chemical Society
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2 ve reactions are incorporated. Despite all discussions we feel that
e " " the kinetics of the reactions involved has not received the
@ r/" n.,  Termolecular Complex attention it deserves. Although kinetics cannot prove a mech-
@ N oo anism, proper kinetic data can help to unravel the different
A pathways that lead to product at different concentrations of
one o) AL 8 reagents, products, and additives.
+H, i W
O o Y o/k Results and Discussion
3N, CHClg G
Q +2+3—» ° °Om —> ° w First, we have synthesized the amines, esters, and “templates”
o m\ o which may have one or two binding sites (including a novel
e "\fj‘ O \\\< ° . adenosine derivative) and which are needed for the evaluation
My E, 0 © NN of the basic reaction between the pentafluoropheny! dsted
4 z Py the B-aminoadenosine derivative in the presence of their
oM} 5 reaction product (the templat8)

Second, we have measured'byNMR spectroscopy the rates
e of product formation for different reactants in the absence and
in the presence a8 and of other additives.

bond formation. In two recent papers Menger et-&have Third, we have developed a kinetic scheme in which all
reported, on the basis of a series of their own independentrelevant reactions are included together with the complexation
experiments with the same system, that another mechanismequilibria in which up to four components participate. From
might also explain the observed rate enhancement. Theythis model and the experimental data on product formation we
postulated either “simple” amide catalysis or a pathway that havecalculatedthe rate constants of five different pathw_ays
involves a bimolecular reaction between the estewr(4) and that may lead to product. With these rate constants and initial
the bimolecular complex23) of the produc with the amine compositions of the different reaction mixtures we have
2 (Scheme 1). In this case one recognition site in the product calculated the individual contributions of these five pathways
would be sufficient to explain the observed rate acceleration of to the product formation. The same parameters have also been
the amide formation. Menger et al. hypothesized that the used to calculate the overall product formation as a function of
secondantrans-amide fragment in the product might play a time. .
role in stabilizing the tetrahedral intermediate or assist in the ~ Finally, we have compared our results with some relevant
rate-determining step of pentafluorophenol release. Amides are€xperiments described by the groups of Rebek and Menger.
known to (auto)accelerate aminolysis by stabilizing a tetrahedral ~ Synthesis. Studying the self-replicating scheme, we first
zwitterionic intermediate by hydrogen bonding between the Prepared reactants which possess hydrogen-bonding sites. Thus,
zwitterionic NH and GO of the amide group. pentafluorophenyl estet® with Kemp’s triacid imide moiety

In this paper, we report our results with this self-replicating and 3-aminoadenosing were synthesized according to known

system based on our independent experiments and a kineti?rocedures. Templaewas prepared from the corresponding
analysis of the process in which all relevant equilibria and &cid chloride and 'saminoadenosin@,® and also isolated in

92% yield after the reaction betweérand2. The nonbinding
(6) In a later communication, Rebek et al. demonstrated that not all ester 4° (also called the “crippled” ester or reactant) was

amides do accelerate the reactiori@ind2. Thus, model compounds-8 synthesized and used as a substrate for the model reaction with
which have the structural fragments of templateamely transsecondary

; . . . a7 .

amide, Kemp’s imide, and adenosine, respectively, show no catalysis in 5'-aminoadenosing. Crippled template§6—8’ (Chart 1) which

the reaction betweehand?2 when the reactions are performed at 2.2 mM  only partly have the structural fragments of templtaamely,

initial concentration. Since there is no primary amide function present in the trans-secondary amide i, Kemp’s imide in7, and the

the reaction mixture, acetamide and 2-naphthamide were rejected as incorrec : : : : :

models. See: Conn, M. M.: Wintner, E. A.: Rebek, J..J0rAm. Chem. Ldenosine r'eslldue B respectively, were synthesized in order
to study their influence on the reaction between estensd/or

S0c.1994 116 8823-8824.
(7) Wintner, E. A; Tsao, B.; Rebek, J., Jr.Org. Chem1995 60, 7997~ 4and amine. Finally, in addition to crippled este;, we have
(9) Kolb, M.; Danzin, C.; Barth, J.; Claverie, N. Med. Chem1982

8001.
(8) See, for example: (a) Titskii, G. D.; Litvinenko, L. Mh. Gen.

25, 550-556. For the review on Mitsunobu reaction see: Mitsunobu, O.

Synthesis 981, 1-28.

Chem. USSR (Russ. EA97Q 40, 2680-2688. (b) Su, C.-W.; Watson, J.
J. Am. Chem. S0d.974 96, 1854-1857.
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a Conditions: (a) aceton@; TsOH, rt; (b) HNE%, EtOH, reflux; (c)
phthalimide, DAC, PPy THF, rt; (d) HNNH3;OH, EtOH, reflux.

synthesized the novel crippled-8minoadenosin® in which
the adenyl amino group bears two ethyl moieties and therefore
is unable to form hydrogen bonds (Scheme 2). Isopropylidene
riboside11 was synthesized from the corresponding 6-chloro-
purine ribosidelO by reaction with acetone in the presence of
p-toluenesulfonic acid monohydrafefollowed by aminolysis
with diethylamine in refluxing ethanol. Subsequent Mitsunobu
reaction with triphenylphosphine, phthalimide, and diethyl
azodicarboxylate (DAC) in THF afforded the corresponding
phthalimide derivativd.2 which after subsequent refluxing with
hydrazine hydrate in ethanol gave p&e

Kinetics Studies. All kinetic experiments were performed
using'H NMR spectroscopy in CDGlcontaining 4 equiv of
EtzN as a base, at 283C! Reactions of amine2 and
pentafluorophenyl esters and 4 were studied at 8.25, 16.5,
30, and (in one case) 50 mM concentrations. In experiments
where templates, crippled templates, or other additives were
used, either 0.5 or 1.0 mol equiv was employed. Generally,
ribose signals were monitored, but in some cases naphthy
signals were additionally employed. Evaporative loss was
excluded. All reactions were followed untl95% conversion.
The reaction product amidg was also isolated in 92% yield
on a preparative scale after reactiorlafnd2. We havenever

Reinhoudt et al.

Table 1. Initial Rates of the Reaction between the Edt€d) and
the Amine2 (9) in the Absence and Presence of Additives in CDCI
at Different Initial Concentratioris

reactants additive obsd relative rate
(concn, mM) (concn, mM) initial rate? (% of blank)
1,2(8.25) none 1.4 100
1,2(8.25) 3(4.12) 2.0 143
1,2(8.25) 6(4.12) 1.2 86
1,2(16.5) none 4.1 100
1,2(16.5) 3(8.25) 5.7 139
1,2(16.5) 3(11.55) 5.9 144
1,2(16.5) 3(16.5) 6.2 151
1,2(16.5) 6(8.25) 4.2 102
1,2(16.5) 7 (8.25) 4.3 105
1,2(16.5) 8(8.25) 3.7 90
1,2(30.0) none 12.9 100
1,2(30.0) 3(30.0) 16.3 126
1,2 (50.0) none 47.0
4,2(16.5) none 0.6 100
4,2(16.5) 3(8.25) 1.6 267
4,2(16.5) 3(16.5) 1.8 300
4,2 (16.5) 7(8.25) 1.0 167
4,2(30.0) none 3.3 100
4,2(30.0) 3(30.0) 7.4 224
1,9(16.5) none 0.9 100
1,9(16.5) 3(8.25) 1.0 111

2 Determined by'H NMR at 25°C.  Data collected during the first
100 min. Rates in Mmin™! x 10° (+10%). Average rate over the
first 200 min.

time plot of the data collected during the first 100 min and were
obtained by linear least squares analy3isOur results are
presented in Table 1.

The initial rate for the reaction betweérand?2 at 8.25 mM
is 0.014 mM mirt®. In the presence of 0.5 equiv of template
3 the initial rate increased by 43% to 0.020 mM min trans-
Amide 6 when added to the reaction mixture slightly inhibited
the process (initial rate 0.012 mM miH.13 At 16.5 mM the
reaction ofl and 2 produced3 with an initial rate of 0.041
mM min~L. In the presence of 0.5, 0.7, and 1.0 equiv of
template 3 the initial rate increased by 39, 44, and 51%,
respectively (8] 0.057, 0.059, and 0.062 mM mih
respectively). transAmide 6 as well as both individual ends
of the template { and8), when added to the reaction mixture,
exhibitedno catalytic activity; initial rates of 0.042, 0.043, and
0.037 mM mirrl, respectively, were found.

The reaction betweehand4 at 16.5 mM gave a surprisingly
low initial rate of 0.006 mM min?, which is 6.8 times lower
than for the reaction of and2.4 In the presence of 0.5 and
1.0 equiv of templat® the initial rates of the reaction between
2 and4 significantly increased to 0.016 and 0.018 mM rin
which means 167 and 200%(!) rate enhancement, respectively.
However, theabsolute ratevaluesare still, respectively, 3.6

observed byproducts, and pentafluorophenyl ester hydrolysis was, 4 3 4 times lower than for the reactionloénd? catalyzed

not detected. In addition, we used toluene as an internal
standard for the determination of conversion. In order to
compare our results with those published in the literature, the
“initial rates” were defined as the slope of the conversisn

(10) Hampton, AJ. Am. Chem. S0d.961 83, 3640-3645.

(11) Both Rebek et al. and Menger et al. reported no specific purification
of CDCls, and therefore we have used for all our experiments spectroscopic
quality CDCEk (Merck) which was passed through.8s and stored over

(12) The initial rates from our experiments were calculated from
conversion during the first 100 min. ReBBe&nd Menget published the
initial rates obtained from data collected after 60 and 40 min, respectively.
Strictly speaking, however, product formation is not linear in time, the
deviation being dependent on concentration, the composition of the reaction
mixture, and conversion. Therefore, the initial rates obtained from conversion
vs time plots are generally somewhat lower than the “true” initial rates,
i.e., (dP/dt)=o. We calculated the latter on the basis of corresponding kinetic
equations from the composition of the mixtures at time O and the

molecular sieves before use. It should be realized that small amounts of determined reaction rate constants. Therefore, the initial rates can only be

protic solvents (KO, EtOH, phenols, etc.) might influence the absolute

used to compareelative catalytic trends.

values of association constants. However, we needed values of association (13) Essentially higher than observed by Rebek et al. initial rates at 8.25

constantsunder reaction conditionsand therefore those values were
determined in the same CD{Ahich was used in all kinetic experiments.
Rebek et af. observed, in addition to broad NH resonances, overlapping
multiplets which did not allow him to follow kinetics byH NMR
spectroscopy. In contrast, Menger et*&lused both'H and 1% NMR

techniques with reasonable accuracy. We also observed sharp and well

resolved'H NMR spectra at 8.25, 16.5, and 30 mM concentrations.

mM can be reasonably explained by hydrolysis which (for some reason)
took place under their conditions (yielding ordg. 65% of 3 after >1500
min). See ref 3b.

(14) Menger et al. did not run the reactich + 4 at 16.5 mM
concentration but observed a 0.0018 mM mimate at 8.2 mM which is
5.6 times lower than the rate Rebek et al. reported at 8.2 mM for the reaction
betweenl and 2. See ref 5.
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Scheme 3 amine2 (A) in the presence of templa@(T). When either E
e or A has no hydrogen-bonding sites as in a number of model
Me e reactions described in this paper, we can simply incorporate
oo o these situations by taking the corresponding association con-
°o N ° 0Ac stants as zero. Firstly, we consider a mixture containing an
@ H 0 amine component A (equipped with a hydrogen-bonding site)
144 BN, . and an ester component E (equipped with a complementary
BN, CHel, 0 0 hydrogen-bonding site) in the presence of a template T, being

nonreactive, and bearing both the hydrogen-bonding sites.
07 “NHBu-n 0" “NHBu-n When we restrict the system to complexes composed of at most
four specied? the following equilibria become established:

13 14

Ratio 1:1 A+E=AE K, E+T-T=ETT Kus

A+T=AT Kz T+TT=TTT Kio

OAc E+T=ET Ks TTT=T; K13

0 A+ET=ATE Ka E+ATT=ATTE Kia

E+AT=ATE Ks A+ETT=ATTE K

@ T+T=TT Ks T+ATT=ATTT Kie

2 TT=T, Ko T+ETT=ETTT K17

1+4 ——— 3 * ~ A+TT=ATT Kio T+TTT=T-TTT Kis

EtaN,CHcla o NH
o Rebek et af used a dimerization constant for the template, and
\< o an association constant for the ternary complex; they are related
TNy to the above through
N\/=: NH, TH+T=T, Ky=KgK,
15 A+E+T=ATE K, =KK,=KK;

Ratio 4.5:1

In general amine A reacts with ester E to give the product
by 3. The crippled template Kemp’s imid& which can only amide P (A, E, and P may have hydrogen-bonding group(s) or
form a complex with aming, also accelerated the reaction with  not; when A is2 and E is1, product P is templat8). When
a rate of 0.010 mM mint; this corresponds to a 67% increase. the equilibrated mixture is allowed to react, the following
Similarly, we found that the reaction between estend the reactions have to be taken into account. Firstly, we define the
crippled 5-aminoadenosin@ s slow with an initial rate of 0.009  background reaction as the bimolecular reaction between A and
mM min—tat 16.5 mM concentration. Surprisingly, the addition E in the case that these components would lack (or do not use)
of 0.5 equiv of templat& did not (significantly) accelerate the  the hydrogen-bonding properties:
reaction betweed and?9; the rate was 0.010 mM min.

As expected, the reaction @fand2 was considerably faster A+E—P Kk
at higher concentrations with initial rate values of 0.129 mM
min~1 at 30 mM and 0.47 mM mint at 50 mM, respectively.  In addition to the background reaction, the bimoleculaEA

The addition of 1.0 equiv o8 gave, at 30 mML and2, arate ~ complex may internally form product P:
of 0.163 mM mir?! (increase of 26%). .

A mixture of 30 mM2 and4 reacted with an initial rate of AE—P k
0.033 mM mirr?! to yield 5. The addition of 1.0 equiv 08

resulted in an initial rate of formation &of 0.074 mM mir?! The termolecular complexA+E may also directly form product

(increase of 124%). We have eliminated the possibility that P through

the reactivities of the pentafluorophenyl estérand 4 might ATE—PT k

be different. A competition experiment utilizing equimolecular 3

quantities ofn-butylamine and of both esteisand4 in CDCls Furthermore, the possibility exists that the template activates

with 1% EGN as a base showed no preference for one of the he ponded substrate A in components such &8 fr the
esters; the corresponding amidesand 14 were formed ina  pimolecular reaction with free E:
ratio of ca. 1:1 (Scheme 3). The analogous competition
experiment with equimolecular quantities of the aminoadenosine E+AT—PT Kk,
2 and of the esterd and4 in CDCl; with 1% EgN as a base
exhibited a preference for the ester which has Kemp’s imide The same reasoning as given above for the activatedl A
moiety (1). The corresponding amidé&sand 15 were formed fragment could in principle be given for-E as well:
in a ratio ofca. 4.5:1 (Scheme 3).
We conclude that estefisand4 behave differently because A+ET—PT Kk
esterl bindsamine2 and este# does not. The base-paired ] ]
bimolecular reaction is essentially faster and takes place when In order to calculate the concentrations of all species present

both reactants have recognition sités. before and during the reaction, association conskantvas
Kinetic Modeling (see also the supporting information). determined byH NMR spectroscopy in CDGlusing Kemp’s
Basically our model describes the reaction of edt¢E) and esterl and a nonreactive acetyladenosib&(Figure 1). Since

in our hands the imide NH proton, which was used as a probe

(15) This is in agreement with Rebek’s observation that the nonbinding
N-methylated analog df showed aca. 6.5-fold decrease of the background (16) The results show that, with the current set of parameters, the
rate. In fact, Rebek used the latter reaction as the background reaction inconcentrations of species composed of four components are very low up to
his kinetic modeling. 50 mM concentration.
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The value of 100 M?! (corrected for statistical factors where
appropriate) was subsequently used for all interactions between
the same unrestricted hydrogen-bonding sites.

Dimerization of templat@® was studied in detail (see Figure
1).18 The general equilibrium scheme presented above was used
to calculate the concentrations of the species T, TT, TTT, TTTT,
T,, and Tz as a function of total template concentration. The
observed chemical shift of the mixture is

6obsd= 1:freeafree + 1:Iinélin + fcyclicacyclic
with

=([T] +[TT] +[TTT] + [TTTTP/T o

ffree
fin = ([TT] + 2[TTT] + 3[TTTT] + 3[TI)/[T]

foyeic = 2[TI[T ol

cyclic
The chemical shifts correspond to the free templatésqLe, to

the linear oligomers TT, TTT, and TTTD(), and to the cyclic
dimer T, (dcyaiic) ([To] is the total template concentration). We
assumed that the chemical shift of the cyclic trimerig the
same as in the linear oligomers. For the regression analysis,
we assumed thdfg = 200 M1, Ky, = Kyg = 100 M1, and

Kiz = 0.1Ko. Subsequent multilinear regression analysis
according to the equation fodgpsq With Ko and the three
chemical shifts as variables gave a value of 0.3'fr Ko and
yielded reasonable values for the unknown chemical shiftss

= 5.6529 9jin = 7.13, anddeycic = 7.02. Agreement between
theory and experiment is very good (see Figure 2). This result
implies that the formation of the cyclic dimer is an unfavorable
process. Our calculations show that, at-al® mM concentra-
tion of 3 (which is normally the casega. 41—30% of 3 exists

(18) Initially, we employed the HormarDreux algorithm and calculated
aKp value of 1.45x 10> M~ from dilution experiments. This is somewhat
lower than that found by Rebek et3a(6.3 x 10? M~1). At this stage,
assuming thakKp = Kg = KgKg (see above) ands = 200 M1 (value of

studies were performed using as a probe the relatively sharp100 M- multiplied by a statistical factor of 2), one can conclude that the

adenine NH signal. In order to verify our results, the aromatic

signals of the naphthalene moiety were employed in addition.

The concentration of acetyladenosib@was kept constant at
1 mM while up to 20 equiv ofl was added in our titration
experiments. Self-association df6 will be low at this

cyclization value itself is rather lowkg = 0.73 M~ (or 3.15 M~ when
Rebek’s value is used). However, the Horm&@reux algorithm gives only

an approximate dimerizatioKp value which characterizes thaverall
aggregation process including the formation of a cyclic dimer. When there
are aggregates of more than two species, the HorfDmaux algorithm
cannot correctly describe the dimerization process. See: Horman, |.; Dreux,
B. Helv. Chim. Actal984 67, 754-764. Molecular mechanics calculatiéhs

concentration. The results indeed show hydrogen bonding for syggest that two molecules 8fbeing quite flexible, fit much better in the

Kemp’s imide-adenine pair; &« value of 100+ 10 M~ was
obtained forl + 16 which is in good agreement with the values
found by Rebek et & for similar compounds (66105 M™1).

(17) For typical examples from the Rebek group see: (a) Askew, B.;
Ballester, P.; Buhr, C.; Jeong, K. S.; Jones, S.; Parris, K.; Williams, K.;

Rebek, J., JrJ. Am. Chem. S0d989 111, 1082-1090. (b) Williams, K.;
Askew, B.; Ballester, P.; Buhr, C.; Jeong, K. S.; Jones, S.; Rebek, J., Jr.
Am. Chem. Sot989 111, 1090-1094.

linear than in the cyclic dimer structure.

(19) Brooks, B. R.; Bruccoleri, R. E.; Olafsen, B. D.; States, D. J,;
Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187. Quanta was
bought from Molecular Simulations Inc., Burlington, MA.

(20) This dsee value is in good agreement with values in CDJ for
adenine NH protons published in the literature which range from 5.4 to
6.4 ppm. See, for example: Pieters, R. J.; Huc, |.; Rebek, Tethahedron
1995 51, 485-498. In theN-methylimide analog 08, which is not able to
dimerize, the NH signal of the adenine fragment is found at 5.69 ppm; see
ref 3b.
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Figure 5. Generation of product for the reacti@nt 9 in the presence
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Figure 4. Generation of product for the reacti@nt 4 in the presence ~ Figure 6. Generation of product for the reactidnt 2 in the absence

of 0.5 equiv of3 as a function of time. of template3 as a function of time.
as the monomeric open form (T) along with-336% of 3-3 142, 0.5eqof 3, 16.5 MM
(TT), and 16-11% of cyclic dimer (%), linear trimer (TTT), »
etc. L
The overall initial rate of reaction between A and E in the = 1: L o !
presence of template T can be given by g 6l . o
4
dP/dt = k,[A +E,] + k[AE] + kJA-T-E] + 2ol e
K{EJ(A ] — [A] — [AE]) + KfAJ(E] — [E] — [AE]) R — = = - 20
time (nrin)
A. Background Reaction. The rate constart; = 0.035 — calod
M~ min~1 for the background reaction could be obtained from * op

normal second-order plots &+ 4 and1 + 9 reactions (when
measured at 16.5 mM concentration) (Figure 3). This value is
in fair agreement with Rebek’s value kf = 0.023 M1 min~!
- l 3
obtained _for com_pound and theN methylated analog of. sion curves (Figure 5) over a time interval of 200 min gave an
B. Activated Bimolecular Reaction between AT and E. : _ 1o 1
. . . . . ... optimum value ofks = 0.020 M! min~1.
Reacting genuine A (possessing a hydrogen-bonding site) with o . .
a nonbinding analog of E in the presence of 0.5 equiv of D. Preassociative Mechanism.Under conditions where

Figure 7. Generation of product for the reacti@nt 2 in the presence
of 0.5 equiv of3 as a function of time.

template requires tha¢; = Ks = K4 = Ks = K7 = Ky = Kua components A _and E react in th(i absiznce_of te_mplaie, the
= Kys = Ky7 = 0 M1 with Ky = Ky = Kyp = Kig = Kig = rele!ant eiumbrljm co_nstant_s alng: Kz —_K3 —_K4 = KS,T
100 M1, Kg = 200 ML, Kg = 0.3 M1 (Kg = 60 ML), Kq3 = Kio = K11 = K2 = K14 = Ky5 = Ky = K17 = K13 = 100 M,

0.03 ML, andk; = 0.035 M min~1. The formation of the K8_2= 200 M™%, K9 = 0.3 lM - (Ke = 60 M), K7 = 10 000
product was calculated as a function of time, assuming that all M~ andKy; = 0.03 Ml— ‘_N'Ell the already delter_ml_rled rate
equilibria are fast compared to the chemical reactions, for constantsu = 2'03,57'\1” min ks = 0.130 M min™%, and
different values oks. From curve-fitting of the theoretical and ks = (,)'020 M~ min N Curve-fl'gtlng of the theoretlcal and
experimental curves (Figure 4) over a time interval of 200 min, €XPerimental conversion (200 m_mi curves (Figure 6) led to an
the optimum value ok, = 0.130 M! min~! was obtained! optimum value ok, = 0.0044 mirr.

C. Bimolecular Reaction between ET and A. In the same E. Reaction of the Termolecular Complex. With the same
way as described above, the reaction of a crippled A and the parameter values as given above, and the newly determined
genuine ester E in the presence of template can be restricted byeaction rate constank, = 0.0044 min*, the theoretical
Ki=Ky,=K;=Ks=K;=Kjp= Kz = Kis=Kig=0 ML conversion curves were calculated for the reaction between A
with K3 = Kq1 = Ky = K17 = Kqg = 100 M1, Kg = 200 ML, and E in the presence of 0.5 equiv of template for various values
Kg= 0.3 M1 (Kg = 60 M™Y), K;3= 0.03 M~%, andk; = 0.035 of ks. Least squares analysis gave an optimum valule; of
M~1min-L. The fitting of theoretical and experimental conver- 0.030 min (see Figure 7).

- - . Predictions of Initial Rates Based on the Model. The
(21) Theoretical curves were calculated on the basis of the model derived . .
in the supporting information, on a normal PC using Lotus 123 software. Model has been used to calculate the composition of the mixture

Conversion as a function of time was calculated taking 4 min intervals.  of 1 and 2 with additives as a function of starting conditions
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and time. In all cases, the above derived rate constants Werelaﬂgzi' Calculated Initial Rates for Equimolar Amounts of

used for the pathways depicted in Charttzackgroundvia |
(ky = 0.035 M~ min~1), preassociatie via complex!l (k; =
0.0044 mir?), termolecularvia complex 1l (ks = 0.030

contribution to
initial rate (%)

min~1), activated bimoleculavia complexlV (ks = 0.130 M1 (2o [Mo [3o (dP/dcaca (@P/dt)ors? 1| 11 NIV Vv
min~1), andbimolecularvia complexV (ks = 0.020 M min~%). 167 167 0.10 9.5 90.5 0.0 0.0 0.0
_ 167 167 167 0.14 7.0 56.4 33.7 25 0.4
In the case where both starting compounds A and E have a 22 2.2 017 10.1 89.9 0.0 00 00
hydrogen-bonding site, which is the caseZ@nd1, the relevant 22 22 22 0.24 7.2 525 36.8 3.0 0.5
equilibrium constants areifle suprd: Ky =K, =Kz =K, = 82 82 1.5 14 158 842 0.0 0.0 00
Ke = Kio= K11 = K1 = Kia = Kie = Ko = Koo = Kus = 100 82 82 41 2.2 20  10.7 46.6 369 50 0.8
> O L 2T Ba T s NI T s 82 82 82 2.5 9.6 358 459 7.5 1.2
M~ Kg =200 M™%, Kg = 0.3 M™%, Kg = 60 M, K7 = 10 000 16,5 16.5 4.4 44 219 781 00 0.0 0.0
M~2, andKj3 = 0.03 M1, The calculated initial rates Rd 16.5 33.0 6.9 82 27.7 723 0.0 0.0 0.0
dt)—o and also the contribution (%) of the different pathways fg-g ig-g 6o %% 23 13277-732523-338%0 8%01%0
= . . N H 2 . . . . . . . . . .
via |-V to the product forr_natlon.are compiled in Tablé 2 165 165 115 74 59 129 332 424 100 15
The results show the following. First of all, the model predicts 165 165 165 78 6.2 12.2 28.1 457 12.2 1.9
the formation of product3 as a function of time with a 30 30 10.6 12.9 29.7 70.3 0.0 0.0 0.0
surprisingly good fit with the experimental data in the concen- 28 38 ég ;g-g 163 117542 ?élzlo 347222 112759 12-%
tration range up to 30 mM (s_ee Table 2 anq FiguregB At 0 50 229 170 383 617 00 00 00
50 mM the actual rates are higher than predicted (probably duesg 50 25 41.3 212 253 338 17.2 2.6
to general base amide catalys)s The relative contribution 50 50 50 48.1 18.2 17.0 37.1 24.0 3.7

of the background reaction increases when the concentration
increases at the expense of the preassociative mechétildra.
template effect is highest at 8.25 and 16.5 mM concentrations

a Concentrations in mM; rates in¥hin* x 1C°.  Average rate over
the first 100 min.° Used for parametrization.

(up to 46%). In the presence of an equimolar amount of involved in hydrogen bonding via a=€0-:+H—N" interaction

template, the contribution of the termolecular compléx to

(Figure 8)2* At 30 mM, it contributes almost 7 times as much

the initial rate is in the range of 34% (1.67 mM) to 46% (16.5 to the overall initial rate than at 1.67 mM. In reactions where
mM). The contribution of the “amide catalysis” through the only the amine has a recognition site (e2)+ 4) three of the

activated compleXV increases with increasing concentration.

five pathways are excluded: the preassociative pathwall via

The template probably holds a complementary tetrahedral the termolecular pathway vi#l , and the route via bimolecular

zwitterion in close proximity to the NHC(O) group which is

complexV. Table 3 shows that the relative contribution of the
pathway via the only possible bimolecular complexincreases

(22) We have tested the sensitivity of the results of our model as a with concentration (28% at 1.67 mM to 59% at 30 mM).

function of the values foKj, Ko, andKs. When we take, e.g., values as
published by Rebek<{; = 60 M1, Kg = 3 M~1, andKg = 360 M~1), only
small variations irk,—ks are found. The relative contributions bfV to
(dP/dt)caica are <4%. Estimated accuracies in the rate constants are as

When only the ester has a recognition site (elgt; 9), the
preassociative pathway vik, the termolecular pathway vid ,

follows: k; = 0.0354 0.005 M1 min~1, k, = 0.00444- 0.0006 mirn?, ks
= 0.034 0.015 min%, ks = 0.134 0.03 M1 min~1, ks = 0.02+ 0.02
M~1 min~1. These accuracies #&f—ks lead to upper and lower limits for
the ratioks/k; of 3.0 and 10.7, respectively.

(24) MM calculations show that in the termolecular complex the distance
between the zwitterionic N—H and the template carbonyl=€D group
might be too large to form a hydrogen bord4.5 A). Therefore, amide
catalysis may be excluded in this case. Rebek et al. have recently published

(23) In the so-called “self-replicating molecules of second generation” the similar conclusion; see ref 7. On the other hand, our MM calculation
Rebek et al. forced the reaction to the template-catalyzed mechanism byconfirms hydrogen bonding within compléX (e.g., amide catalysis); the
restraining the preassociative bimolecular pathway. See: Wintner, E. A.; distance between the zwitterionicNH and the template carbonyFeD

Conn, M. M.; Rebek, J., Jd. Am. Chem. S0d.994 116 8877-8884.

group is 1.65 A in this case.
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Figure 8. Possible tetrahedral zwitterionic intermediags- 4 + 3
and1 + 9 + 3 based on MM calculation. The distances between
the amide carbonyl o8 and the nitrogen proton of the tetrahedral
intermediate are 1.65 and 2.12 A, respectively.

Table 3. Calculated Initial Rates for Equimolar Amounts 4{1)

and2 (9)2

contribution to

initial rate (%)
[2l0 [4o [3lo (dP/dt)caica (dP/dt)ops® | - v v
1.67 1.67 0.0095 100 0.0 0.0 0.0 0.0
1.67 167 1.67 0.0132 72.4 0.0 0.0 27.6 0.0
22 22 0.0169 100 0.0 0.0 0.0 0.0
22 22 22 0.0247 68.7 0.0 0.0 31.3 0.0
8.2 8.2 0.24 100 0.0 0.0 0.0 0.0
82 82 41 0.37 63.9 0.0 0.0 36.1 0.0
82 82 82 0.45 52.2 0.0 0.0 47.9 0.0
16.5 16.5 0.95 0% 100 0.0 0.0 0.0 0.0
16.5 33.0 1.91 100 0.0 0.0 0.0 0.0
33.0 16.5 1.91 100 0.0 0.0 0.0 0.0
16,5 165 8.2 1.66 1%6 57.4 0.0 0.0 42.6 0.0
16.5 165 115 1.85 51.5 0.0 0.0 48,5 0.0
165 16,5 165 2.09 1.8 456 0.0 0.0 54.4 0.0
30 30 3.15 3.3 100 0.0 0.0 0.0 0.0
30 30 15 5.94 53.0 0.0 0.0 47.0 0.0
30 30 30 7.60 7.4 415 0.0 0.0 58,5 0.0
50 50 8.75 100 0.0 0.0 0.0 0.0
50 50 25 17.40 50.4 0.0 0.0 49.6 0.0
50 50 50 22.60 38.8 0.0 0.0 61.2 0.0

contribution to

initial rate (%)
9% [1o [3lo (dP/dt)caca (dP/dt)obsd | i m v v
16.5 16.5 0.95 0.9 100.0 0.0 0.0 0.0 0.0
16.5 16.5 8.25 1.06 1.0 89.8 0.0 0.0 0.0 10.2

aConcentrations in mM; rates in #hin—! x 1CP. ® Average rate over
the first 100 min.c Used for parametrization.

and the route via bimolecular compl&x are excluded. Since
ks is low, there is hardly any contribution to the pathway Via
(10%).

Comparison with the Work of the Rebek and Menger
Groups. Although the experiments described in this paper are
very similar, our approach is essentially different from those of

Rebek and Menger.

Rebek et3&l7 focused on different

J. Am. Chem. Soc., Vol. 118, No. 2%8806

structure of their template3) for self-replication. On the other
hand, Menger et &> concentrated their work on reactions of
crippled esters that lack a recognition site and that form amide
products which are structurally different frddn They suggested
that simple secondary amides act as catalysts, even at low
concentratior. It remains possible that at (very) high concen-
trations &30 mM) nonspecific amide catalysis would play a
role”8 However, such high concentrations are not the case in
our work and in Rebek’s experiments.

Crucial in the subsequent discussion is that both groups try
to disprove the validity of the other experiments. However,
experiments were never done under the same conditions with
the same reactants and additives. As a consequence they
generally interpret their own results correctly without disproving
the conclusions of the other side.

The fact that concentrations of reactants and template(s) are
often low in Rebek’s original work and much higher in Menger’s
experiments is understandable because of the different analytical
techniques used, but is very dangerous in a system that is
governed by a multitude of equilibria among reactants, products,
and additives.

Our approach was to describe this very complex problem in
a (large) matrix of equilibria and reaction pathways. We have
first determined all relevant association processes (and their
constants) either by model experiments or by nonlinear regres-
sion analysis. Subsequently we have reduced all the reactions
in the system to their most simple form and have experimentally
determined the backgroundk;) and preassociativek) rate
constants. In all those cases we had to assume one value for
the equilibrium constants of all species with the same recognition
site, and the same reactivity for free reactants and reactants
complexed into linear associates. From two model reactions
with crippled reactants we have obtained the rate conskants
and ks for the formation of the corresponding amides that
proceed via the AT + E' and ET + A’ pathways. Therefore,
we have determined all rate constants except that of the self-
replicating termolecular pathway. This crucial rate constat (
is now simply obtained from the reaction betwekand?2 in
the presence of templagby subtracting the contributions of
the other four pathways to the amount of prod8athich is
formed.

The final test of our model is the correct prediction of product
formationustime for different sets of experiments with Rebek’s
original system and Menger’'s model experiments (see Tables
2 and 3 and Figures-37).

Our results can be briefly summarized as follows:

(i) The experiments of Rebek et al. and Menger et al. are
basically correct (but are in different concentration regimes).
(i) We have identified five different pathways that lead to
product (three are bimolecular and two are unimolecular). Their
individual contributions to product formation are strongly

concentration dependent.

(iii) In agreement with Menger et al., the bimolecular pathway
A-T + E (ks) has been identified as a major contributor in
reactions betwee and4. However, for reactions betwedn
and2 its contribution is small at concentratiogd6.5 mM and
can be virtually neglected at the concentrations that were used
by Rebek et al. Only at 50 mM the contribution increases to
24%.

(iv) The other bimolecular pathway-E + A (ks), ignored
by both Menger and Rebek, hardly contributegl$o) over the
entire concentration range (1:630 mM). Both bimolecular
pathways must have similar transition states or tetrahedral
intermediates. Still there is a large difference in rée< 0.130

template structures in order to prove the importance of the M~ min~1, kyk; = 3.7, andks = 0.020 M1 min=1, kg/k; =
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0.6). We can only conclude that in the reactiofiTA+- E the obscure the simple picture of a ternary complex as the only
amide moiety (or another structural element of T) is precisely complex that leads to the enhancement. It would be interesting
positioned for catalysis but that structural requirements are very to analyze other self-replicating systems reported in the litera-
critical for the NF*—H---O=C distance. Apparently, in the ture-?in the same way because reactions via the bimolecular
“mirror” reaction ET + A this specific stereochemistry cannot complexes, e.g., pathways vid andV, may also play a role
be met (see Figure 8). This means that an amide bond in thethere.
template cannot be the only source of catalysis.

(v) In agreement with Rebek et al., there is a kinetically Experimental Section
favorable pathway via the termolecular complexTAE that
Contrlbutes_ 3446% to product formation (depending ON 55 the internal standard at 26 unless stated otherwise. CR®las
concentration). When we compare the rates of both unimo- ,qseq through AD; and stored over molecular sieves (4 A) before
lecular reactions, e.g., the preassociative pathway(0.0044 use. lon fast atom bombardment (FAB) mass spectra were obtained

H, 13C, and COSY NMR spectra were recorded in CH@th TMS

min~?) and the termolecular pathwalg(= 0.030 min?), the with menitrobenzyl alcohol as a matrix. GHI, and CHC} were
ratio ka/ks is 6.8! With the accuracies in the valueslaf-ks distilled from CaC} and stored over molecular sieves (4 A). Hexanes
(see ref 22) the lower and upper limits of the valuegk; are refer to the fraction with bp 4660°C. Other chemicals were of reagent
3.0 and 10.7, respectively. In our opinion this factor reflects grade and were used without purification. Column chromatography
the rate enhancement of the reaction betwkamd2 when3 was performed with silica gel (Merck; 0.040.063 mm). All reactions

is present (self-replication). Both reactants always have comple-ere carried out in an argon atmosphere. Compouneé*>® and

mentary binding sites, and when they associate this leads toG_d87 were Synthets'zed ﬁccordgg to '&?;at“rel proctid”rej .a”ng;ored
. . .unaer an argon atmospnere. ompo as also obtainea in ()

reaction when the ggometry of the associate allows Fhe re‘.”‘Ctlveyield by reaction of equimolecular amounts of pentafluorophenyl ester

groups a close proximity. Wheoth reactants associate with 7 504 the 5aminoadenosin@ and 4 equiv of BN as a base in dry

the producB and subsequently react faster, this can be defined ccl, (24 h, 25°C). The organic layer was washed Wit N HChq

as genuine autocatalysisa self-replication. On the basis of  and HO (2x), dried over MgS@ and evaporated to afford puse

our results, we can conclude that this is the case in the Rebek Binding studies were performed in CD@it 25°C. An association

system. To what extent this pathway contributes to the total constant value between acetyladenosifeand Kemp’s estefl was

product formation depends on the concentrations @f and3 determined at a constant concentratiorL6fof 1 mM and a varying
and on the rate constarks—ks for the five different pathways concentration ofl of 0.5-20 mM. The chemical shifts of the adenine
(see Table 2). NH; signal and naphthalene protons were used as a probe.KEhe

(vi) Crucial in the Rebek Menger debate is the comparison va!ue was obtained_wi_th a nonlinear two-parameter fit of th(_e chemical
of rate enhancement factors between reactions with and withoutSnift and the association constdft.The results gave good fits for a
template. Whereas Rebek et al. reported a20% rate typical 1:1 st0|ch|ome_try as cc_)uld be (_:oncluded from the function
. ’ o ’ . values?®> Self-association experiments with templateere performed
Increase upon the addition of temp'@@ a mlxture ofl and by following the chemical shift of the adenine Miignal of3 at a
2 (reactions that have both recognition sites), Menger et al. concentration of 60 mM18
re_ported rate ephqncements of 55% wigewas added to a Aminolysis reactions were carried out by dissolving appropriate
mixture of nonbinding estet and amine2. Our results show amounts of pentafluorophenyl ester and amine (and an additive if used)
clearly how dangerous it is to use rate enhancement factors forin CDCl; containing 4 equiv of EN. EtN was freshly distilled over
comparison. When in model reactions at 16.5 mM one of the NaOH before use. Spectra were recorded after equal time intervals.
reactants has no binding site (e.g. Mengérk 4), the absolute Integrations were performed in the absolute intensity mode and using

rate is a factor o€a. 7 lowerthan for the reactiod + 2. When toluene as an internal standard. All measurements were performed at
template3 is added, only one of the bimolecular pathwalg ( least twice, showing a good reproducibility. The results are collected
y in Table 1.

can operate in addition to the background reactia) but this
still results in a rate enhancement of +600% (see Table 1). T . .

. . complexes, and the zwitterionic intermediates were performed with
However, this cannot be compared with the rate enhancemen Lanta 3.3. The MM calculations were run with CHARMM 20
when templatg%_ IS ad_de_d to the mixture df and2 that both . as implemented in the Quanta/CHARMm package. Energy minimiza-
have a recognition (binding) site. In that case the blank reaction tions (conjugate gradient) were carried out (steepest descents followed

Molecular mechanics (MM) calculations of structurkes16, their

is the result of two pathwaysyiz., background K;) and by adopted based NewtetRaphson) until the root mean square of the
preassociativekg) mechanisms. In the presence of template  gradient was less than 0.01 kcal-MA.
all five pathwaydqk;—ks) participate. For Menger's reaction 2',3-(1-Methylethylidene)-N¢,N-diethyladenosine (11). p-Tolu-
the rate enhancement factor is given by enesulfonic acid monohydrate (6.60 g, 35.0 mmol) was added to a
magnetically-stirred suspension of 6-chloropurine ribo&idléAldrich)
[k [ASE] + K[EJ(TA ] — [A] — [AEDVK,[ASE] (1.00 g, 3.5 mmol) in anhydrous acetdh¢l50 mL). The resulting

solution was stirred fiol h at rt andsubsequently added to a vigorously
stirred solution of NaHC@(6.7 g, 80 mmol) in ice and water (80 mL).
The mixture was evaporated to dryness under reduced pressure, and
the residual solid was extracted with acetonex(2100 mL). The
[kl[Ao'Eo] + K[AE] + ks[A'T'E] + solvent was evaporated, and the residual oil was refluxed with
KJIEJ(IA ] — [A] — [AE]) + diethylartnige (?jotth) i_r:j EtOH (139 mlL) (;)\_/e[]nitght.t S?Sl\é)entL;NZ?t
evaporated, and the residue was redissolved in hot water (50 mL). After
Ks[AGl([Eo] — [E] — [AEDVIK[AE,] + K[AE]] 1 hR[he oil was separated and recrystallized from hexanes to afford
colorless needles (0.5 g, 39%): mp T2 (hexanes):H NMR 6 8.23,
(see also the supporting information). From these two ratios it 7.71 (2's, 2 H), 7.0 (br s, 1 H), 5.79 (d= 5.0 Hz, 1 H), 5.24 (t) =
is easy to see that in the two cases the reference reactions aré.0 Hz, 1 H), 5.10 (ddJ = 5.0 Hz,J = 1.0 Hz, 1 H), 4.51 (dJ = 1.0
differentand rate enhancement factors cannot be compared. Thigiz, 1 H), 4.6-3.7 (m, 6 H), 1.63, 1.35 (2 s, 6 H), 1.26 {t= 7.0 Hz,
is particularly true for these reactions where the contribution © H); 3C NMR (DMSO4) 6 153.1 (s), 152.0 (d), 149.5 (s), 138.6
of k[A+E] is much larger than ok [Ac-Ed] (see Table 2). (d), 119.1, 113.0 (s), 89.7, 86.3, 83.3, 81.3 (d), 61.6, 42.4 (t), 27.0,
Our general conclusion is that self-replication as defined by ™ (25) ge Boer, J. A. A.; Reinhoudt, D. N.; Harkema, S.; van Hummel, G.
Rebek et af. operates in this system but that other pathways J.; de Jong, FJ. Am. Chem. Sod.982 104, 4073-4076.

In Rebek’s reaction this rate enhancement factor is given by
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25.0, 13.3 (q); MS-FABN/z364.3 [(M+H)*, calcd 364.2]; HRMS-EI 5-Amino-2',3-(1-methylethylidene)-5-deoxy-N¢,N-diethyladeno-
m/z363.1873 (M, calcd for G7H2sNsO4 363.1907). Anal. Calcd for sine (9). A mixture of 12 (0.49 g, 1 mmol) and hydrazine hydrate
Ci7H2sNs04: C, 56.19; H, 6.93; N, 19.27. Found: C, 55.90; H, 6.78; (1.5 mL) in EtOH (10 mL) was refluxed for 1 h. The solution was

N, 18.96. evaporated to dryness vacug and the residue was redissolved in
5'-(1,3-Dihydro-1,3-dioxo-H-isoindol-2-yl)-2',3'-(1-methyleth- CHCI; (15 mL), washed with KO (3 x 20 mL), and dried over
ylidene)-5-deoxyN® N-diethyladenosine (12). Freshly distilled di- MgSQ.. Solvent was evaporated, and the residue was diedcuo

ethyl azodicarboxylate (0.025 g, 0.14 mmol) was added to a magnetically- (1 mmHg, 75°C) for 3 h togive 9 as a colorless oil (0.30 g, 83%jH
stirred suspension of 3-(1-methylethylidene)N,N-diethyladenosine NMR 6 8.23,7.76 (2's, 2 H), 5.96 (d,= 3.0 Hz, 1 H), 5.45.3 (m,

(12) (0.05 g, 0.14 mmol), phthalimide (0.02 g, 0.14 mmol), and 1 H), 5.0-4.9 (m, 1 H), 4.154.05 (m, 1 H), 4.6-3.7 (m, 4 H), 3.6~
triphenylphosphine (0.04 g, 0.14 mmol) in dry THF (5 nfLAfter 1 2.8 (m, 2 H), 1.55,1.31 (2s, 6 H), 1.21 Jt= 7.0 Hz, 6 H);*3C NMR

h the solution was evaporatéuvacua The mixture was purified by 0 153.8 (s), 152.7 (d), 150.0 (s), 137.5 (d), 120.3, 114.4 (s), 90.4, 87.5,
flash chromatography (silica gel, EtOAE€H,Cl, 1:1) to givel2as a 83.7, 81.8 (d), 43.9, 43.1 (t), 27.3, 25.4, 13.5 (q); MS-FAR 363.1
colorless glass (0.05 g, 74%) which was slightly contaminated with [(M + H)*, calcd 363.2]. HRMS-Eim/z 362.2030 (M, calcd for
diethyl hydrazinedicarboxylate®H NMR 6 8.00, 7.71 (2 s, 2 H), 8:8 C17H26N6O3 362.2066).

8.6 (2 m, 4 H), 5.95 (dJ = 1.8 Hz, 1 H), 5.43 (ddJ = 5.0 Hz,J =

1.8 Hz, 1 H), 5.155.05 (m, 1 H), 4.44.3 (m, 1 H), 4.6-3.8 (m, 6 Supporting Information Available: A detailed kinetic

H), 1.50,1.29 (2 s, 6 H), 1.21 @,= 7.0 Hz, 6 H);”*C NMR 6 168.2, scheme describing all equilibria and rate equations (6 pages).

153.7 (s), 152.5 (d), 150.0 (s), 137.8, 134.0 (d), 132.0 (s), 123.3 (d), See any current masthead page for ordering and Internet access
120.0, 114.4 (s), 90.5, 84.9, 84.2, 82.6 (d), 43.1, 39.5 (1), 27.2, 25.5, iy ¢t 1ctions.

13.5 (q); MS-FABm/z493.9 [(M + H)*, calcd 493.2]; HRMS-Efn/z
492.2129 (M, calcd for GsHogNeOs 492.2121). JA960324G



