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(Scheme II). Second, the simple heating of 2 in CH;OH con-
taining HCI for 1 h at 50 °C led to its decarboxylation. The
structure of the N-propyl-TpCIPPH, 4, was clearly shown by its
'"H NMR and mass spectra.® The easy decarboxylation of 2°
could explain at least in part its instability.

Metalation of 2 by FeCl, in aerated THF gave an unstable
complex exhibiting a UV-visible spectrum superimposable on that
of complex 1. Moreover, the analogy of this spectrum with those
of previously reported iron(III) porphyrins involving a five-
membered NCCOFe metallocycle*!® suggests the NCHEt-

_

COOFe structure proposed for this complex (structure B’ of
Scheme II).

Preliminary '"H NMR and mass spectroscopy studies on the
N-alkylporphyrins formed during oxidation of 4-methylpent-1-ene
and hex-l-ene by PhIO catalyzed by Fe(TPP)(Cl) or Fe-
(TpCIPP)(C1)# indicated a N-CH(COOH)R porphyrin structure
as in 2. Thus, it appears that two kinds of N-alkylporphyrins can
be isolated from 1-alkene oxidation by PhIO catalyzed by iron
porphyrins: the N-CH,CHROH porphyrins found upon oxidation
of several 1-alkenes (3-methylbut-1-ene, 4,4-dimethylpent-1-ene,
and dec-1-ene) by Fe(TDCPP)CI? and the N-CHRCOOH
porphyrins found upon oxidation of various alkenes (but-1-ene,
hex-1-ene, and 4-methylpent-1-ene) by Fe(TPP or TpCIPP)Cl
(this work). Much work is still needed to determine the mech-
anism of formation of these N-CHRCOOH porphyrins. However,
it is likely that complex 1 has the structure B’ indicated in Scheme
II. Tt could be formed by oxidation in the medium containing
PhIO, from a precursor B (a regioisomer of A; with R = Et),
deriving formally from an addition of a pyrrole nitrogen to the
internal carbon and the iron-activated oxygen'' to the terminal
carbon of the alkene double bond.

The above results show for the first time that NV-alkylporphyrins
deriving from the binding of a pyrrole nitrogen to the more

8)

( . N-(CH,CH,CH;)TpCIPPH; mass spectrum, m/e 796 (100%,
MH

4

* + 1) 754 (78% TpCIPPH,* + 1); 'H NMR (CD,Cl,) -0.74 (3 H, t,
J =75 Hz),-1.60 (2 H, m), -4.57 (2 H, t, J = 7 Hz); ortho and meta H,
8-8.11 (2 H, m), 8,11-8.33 (4 H, m), 7.81 (4 H, d, / = 8.5 Hz), 7.67-7.9
(6 H, m); pyrrole H, 8.76 (2 H, s), 8.61 and 8.42 (4 H, AB system, J = 4.5
Hz), 7.43 (2 H, s).
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substituted vinylic carbon of alkenes are formed during oxidation
of these substrates by PhIO catalyzed by certain iron porphyrins.
They suggest that the structure of the final N-alkylporphyrins
formed in such reactions is critically dependent on the nature of
the iron environment in the catalyst and on the fate of the in-
termediate complexes in the highly oxidizing medium.
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Contributions of hydrogen bonds to the stability of folded forms
of macromolecules are not known.’”*  Studies on small molecules
have been interpreted as indicating either a favorable®® or a
negligible® free energy contribution from hydrogen bonds. Recent
improvements in methods for synthesis of ribooligonucleotides
permit synthesis of small double helixes with and without particular
hydrogen-bonding groups.” For example, substitution of inosine
(I) for guanosine (G) removes the 2-amino group involved in
hydrogen bonding in a GC base pair. We report here thermo-
dynamic parameters for duplex formation by self-complementary
oligomers, ICCGGC, CGGCCI, ICCGQG, and GGCCI. Com-
parison with previous results®® on corresponding oligomers with
I replaced by G suggests hydrogen bonds make substantial, se-
quence-dependent contributions to AG® of duplex formation.

Oligomers were synthesized as described previously’ and pu-
rified by HPLC.!'® Thermodynamic parameters for duplex
formation were derived from measurements of optical melting
curves as described previously.®!! For a two-state transition, the
inverse melting temperature in K™! is related to AH® and AS®
by Ty = (2.3R/AH®) log Cr + AS®/AH®. Here Cr is total
strand concentration. Appropriate plots are available as sup-
plementary material, and results are listed in Table I. Similar
results were obtained by analyzing shapes of melting curves (see
Table II in supplementary material).

Empirical free energy increments for hydrogen bonds in base
pairs, AAG®yp, can be derived from Table I in two ways. First,
AG®’s for duplex formation by oligomers with identical core
sequences but terminal GC or IC pairs can be subtracted. For
example,

AAG® g = (1/2)[AG°(GCCGGO) - AG°(ICCGGO)] (1)
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Table I, Thermodynamic Parameters for Duplex Formation in | M
NaCle

Ty at

-AH°, ~AG®,, 1079 M,
sequence  ref kcal/mol -AS°,eu  kcal/mol °C
ICCGGC 53.6 146.9 8.03 51.3
ICCGG 36.1 101.2 4.72 29.0
GCCGGp 8 32.5 88.9 4.99 30.6
CCGG 11 342 95.6 4.55 27.1
CCGGCp 9 39.8 111.3 5.30 34.1
GCCGGCp 8 62.7 166.0 11.24 67.2
CGGCCI 53.0 143.2 8.55 54.8
GGCCI 57.7 157.9 8.76 54.5
GGCCGp 9 53.6 143.9 8.98 57.4
GGCC 9 35.8 98.1 5.37 344
CGGCCp 8 30.6 79.9 5.78 38.0
CGGCCGp 8 54.1 142.6 9.90 63.3

aBuffer is 1 M NaCl, 0.01 M Na,HPO,, 0.5 mM Na,EDTA, pH 7.
Parameters were determined from Ty ! vs. log C; plots. Estimated
errors are £5% for AH® and AS® and £2% for AG®.

The !/, arises because each duplex contains two I to G substi-
tutions. This assumes stacking interactions involving terminal
GC and IC pairs are identical. This cannot be proven. Ther-
modynamic parameters for duplex formation by oligomers with
terminal unpaired G’s or I's (dangling ends), however, provide
a comparison of stacking interactions for G and I. For example,
AG®’s for duplex formation by GCCGG and ICCGG and by
GGCCG and GGCCI are essentially identical (see Table I). Thus
G and I have similar stacking interactions in these oligomers. In
using data in Table I, we also assume 3'-terminal phosphates have
negligible effects on stability, as demonstrated previously.® Ap-
plication of eq 1 to the data in Table I provides AAG®yp’s of —1.6
and -0.7 kcal/mol respectively for the hydrogen bond formed by
the 2-amino group in the terminal GC base pairs of GCCGGC
and CGGCCG.

A second method for estimating AAG®yy is to compare the
stability of duplexes formed with terminal base pairs to that of
duplexes formed with corresponding dangling ends and to that
of duplexes formed from the core sequences.!’"'? For example,
AAG%4(3’C) = (1/2)[AG°(CCGGC) - AG°(CCGG)] and
AAG°(5'T) = (1/2)[AG?(ICCGG) - AG°(CCGG)] provide
measures of the contributions of stacking by the 3’C and 5'I,
respectively, to the stability of ICCGGC. These contributions
are subtracted from the stability of the terminal base pair, (1/
2)[AG®(ICCGGC) - AG°(CCGQG)], to provide a measure of
stability provided by hydrogen bonds between I and C. For
example, from data for ICCGGC,

AAG®p = [1/2(2)][AG°(ICCGGC) - AG®(CCGGC) -
AG°(ICCGG) + AG°(CCGG) - 2(1.9)] (2)

The second 2 in the denominator arises because IC pairs can form
two hydrogen bonds. The -2(1.9) kcal/mol is a configurational
free energy correction term'? added because 3’-terminal nucleotides
are likely to be rigidly fixed for both dangling and paired ends,
but 5’-terminal nucleotides are only fixed when paired.®!!™13
Application of eq 2 to the data in Table I provides AAG®yp’s of
-1.6 and -0.8 kcal/mol respectively for the average of the two
hydrogen bonds in the IC pairs of ICCGGC and CGGCCI. The
agreement between these values and those above indicates the
AAG® of -1.9 kcal/mol nucleotide suggested previously'? for fixing
a 5’-terminal nucleotide in a base pair is reasonable.

It has been suggested that AAG®yg is more favorable when
stacking interactions are less favorable.!? Figure 1 is a plot of
AAG®yp derived here and previously'? from equivalents of eq 1
and 2 vs. AAG® gy for the appropriate 3-dangling end.’ A linear
relationship is observed. Points based on comparison of GC and
IC pairs involve fewer assumptions than the others but are within

(12) Freier, S. M.; Sugimoto, N.; Sinclair, A.; Alkema, D.; Neilson, T.;
Kierzek, R.; Caruthers, M. H.; Turner, D. H. Bijochemistry 1986, 25,
3214-3219.
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Figure 1, Plot of free energy increments for hydrogen bonds, AAG® g,
vs. free energy increments for stacking of appropriate 3’-dangling ends,
AAG®ygr. Data from Table I and ref 9 and 12, AAG®yp calculated by
comparing terminal GC and IC (@) or AU (@) base pairs (e.g., see eq
1); (O) AAG® 5 calculated by comparing terminal base pairs with dan-
gling ends (e.g., see eq 2). Circles within circles indicate two overlapping
points.

experimental error of the least-squares line. This suggests as-
sumptions used previously are reasonable.’® Evidently, stacking
and hydrogen bonding compete in a base pair. For example, strong
stacking may favor geometries not optimum for hydrogen bonding.
The intercept when AAG® yg7 is O is =2 keal /mol. This is predicted
to be the maximum AAG®yp,

Results presented here are for terminal base pairs in ribo-
oligonucleotides, Several results suggest hydrogen bonds inside
a double helix have similar strengths. Free energy increments
for terminal and interior base pairs in RNA oligomers seem to
be the same.'*!* Moreover, literature data indicate addition or
subtraction of hydrogen bonds for interior pairs in DNA oligomers
changes AG® for duplex formation by -0.5 to -1.9 kcal/mol
hydrogen bond,'¢™!® consistent with the range in Figure 1.

The AAG®yp values reported here can be compared with lit-
erature values of AAG®’s attributed to hydrogen bonds. Fersht
et al. report increments from —0.5 to —1.2 keal/mol for uncharged
hydrogen bonds involved in binding substrate to the transition state
of tyrosyl-tRNA synthetase.? The similar range suggests equi-
librium and transition-state hydrogen bonds may be similar. Based
on kinetic data, Cech and coworkers, %! estimate AAG®’s ranging
from —1.4 to -2.2 kcal/mol hydrogen bond for removal of hydrogen
bonding groups from substrates for self-splicing RNA. The
similarity with values in Figure 1 supports their interpretation
that hydrogen bonds provide a major contribution to binding of
these substrates.
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of Ty ! vs. log Cy for ICCGGC, CGGCCI, ICCGG, and GGCCI
and Table II containing “temperature-independent” and tem-
perature-dependent thermodynamic parameters for the oligomers
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current masthead page.
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The construction of large-ring compounds, particularly mac-
rocyclic lactones, in relatively high yields is an important pro-
cedure, since these compounds occur widely in nature and possess
a variety of biological activity.! Several approaches to this
problem have been utilized, the most prevalent of which is the
cyclization of an w-hydroxy carboxylic acid derivative by some
transesterification procedure. An alternate approach to macrolide
synthesis is the intramolecular formation of a carbon—carbon bond
from an acyclic ester. For example, excellent yields of macrolides
can be obtained by reactions such as the Dieckman and
Thorpe-Zielger condensations,? alkylations,* acylations,* Hor-
ner-Emmons coupling,’ and Reformatski condensationsé—
particulary that utilizing samarium iodide.% Transition-metal-
mediated coupling reactions,” especially those arising from the
alkylation of an n*-allylpalladium complex with a soft anion,”*
have the advantage that the reaction occurs under relatively mild
conditions.

The palladium-catalyzed reaction of a variety of organic
electrophiles and organostannanes takes place to give high yields
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of cross-coupled products under mild conditions.® Furthermore,

this reaction is relatively insensitive to moisture and air, tolerates
a variety of functional groups on either coupling partner, and is
both stereospecific and regioselective. Thus, this reaction appeared
to be ideal for the synthesis of a variety of large-ring compounds.
As an initial reaction type, the intramolecular coupling of an ester
bearing vinyl triflate and vinylstannane® groups at the termini was
explored. It was anticipated that the palladium catalyst would
act as a template to assemble the ends of the molecule through
an oxidative addition and coordination of the vinylstannane unit
prior to transmetalation. Extrusion of palladium by reductive
elimination would simultaneously generate a carbon-carbon bond
while reducing the ring size.

The substrates 4 for cyclization were synthesized as shown in
Scheme I. The linear esters 3 were obtained by the DCC coupling
of the keto acids 2!° with an alcohol, (E)-4-(tributylstannyl)-3-
buten-1-ol (1) containing a vinyl tin group. Tin reagent 1 was
obtained by the stereospecific stannylmagnesation of 4-(1-eth-
oxyethoxy)-1-butyne!! followed by deprotection of the alcohol.
The methyl ketone functionality in 3 was converted to the kinetic
enolate with LDA at low temperatures and trapped with /N-
phenyltriflimide to give 4.° Both the ketone precursor 3 and the
vinyl triflate substrate 4 could be obtained analytically pure by
chromatography. The E-double-bond geometry was maintained
in 4 (J = 19 Hz), the conversion to triflate being carried out
without cleavage of the vinnylstannane group.

Cyclization of 4 containing the vinyl tin and vinyl triflate groups
at the termini of the ester chain was accomplished with tetra-
kis(triphenylphosphine)palladium (2 mol %) in the presence of
lithium chloride under high dilution (10~ M) in refluxing THF.
Good yields of pure products 5 could be obtained; remarkably,
the yield was insensitive to the ring size. Especially noteworthy
was the observation that a 57% isolated yield of the 12-membered
ring was achieved, since this is a ring size that is difficult to
generate, the rate of cyclization being the slowest of the 12-
through 21-membered rings.'? Under these mild reaction con-
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