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Two-Point Hydrogen-Bonding Interaction: A
Remarkable Chain-Length Selectivity in the Binding of
Dicarboxylic Acids with Resorcinol-Aldehyde
Cyclotetramer as a Multidentate Host!
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Multipoint hydrogen bonding plays an essential role for the
selectivities in biological systems. We have recently reported on
the selective sugar binding with resorcinol-aldehyde cyclotetramer
1. a striking feature of 1is that it is a multidentate host having
four independent binding sites (A, B, C, and D). We wish to report
here that 1 in fact allows a two-point hydrogen-bonding fixation
of dicarboxylic acids in a remarkably selective manner.*”’

X(CH2)NCOOH
2:.n=1, X=COOH
in=3, X=COOH
in=5, X =COOH
in=3, X=CH3
in=3, X =COOCHS3
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1a ; R = (CH2)1CHa
1b : R = (CH2)aCHa

Glutaric acid (3) is slightly soluble in CHCIl, but is readily
solubilized in the presence of 1a or 1b. The 'H NMR spectrum
of a CDClj; solution of 1a after being stirred with an excess amount
of solid 3 showed highly upfield shifted CH proton resonances
for bound 3 at 6y 0.70 (H,, 2 H), 0.10 (H,, 2 H), and -1.33 (H,,
2 H) as well as those with marks for 3 free from complexation
(Figure 1).2 The *C NMR spectrum of complex 1b~3 in CDCl,
showed a single resonance for each carbon of bound 3, 6¢ 178.07
(CO), 29.11 (C,), and 15,43 (Cg), referring to structure 7.
Two-dimensional '"H-2C and 'H-'H COSY and 'H-'H NOESY
spectra of bound 3 indicated that (1) both H, and H, (refer to
Figure 1) couple with C,, while H, couples with Cg, (2) H, and
H,, strongly couple with each other (J = 18 Hz) as H, and H,
and H, and H, do, and (3) H, and Hj, are strongly NOE corre-
lated. These results indicate that H, and H, are nonequivalent
geminal protons on equivalent C_’s, as shown in 7. The stoi-
chiometry of 1;3,,,q = 1:1 is established by 'H NMR integration,
and the appearance of distinct signals for 3yq,,q and 3p,,, suggests
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Figure 1. 'H NMR spectrum of 1a in CDCl, at room temperature after
being stirred with excess 3. Absorptions H,, Hy, and H, are for 3 bound
with 1a; see structure 7 for the assignments. Absorptions with marks are
for 3 free from complexation, which is present owing to its intrinsic
solubility.

that the exchange between these (refer to eq 1, guest is 3) is slow
at room temperature compared with NMR time scale.

1 + guest FL—‘ 1-guest (1)

The 1:1 adduct 1a-3 isolated was shown to be monomeric as
such in CCl, by vapor pressure osmometry, and its IR spectrum
for a CCl, solution gave a single vcg at 1725 cm™ indicative of
hydrogen-bonded CO,H groups. Complexation was observed
neither between 1a and dimethyl glutarate nor between 3 and the
octaacetate derivative of 1a,’ and no evidence was obtained for
the complexation of 3 in such hydrogen bond-breaking polar
solvents as acetone-dg and CDCl1;-CD,0D (9:1). These results,
coupled with spectroscopic evidence (vide supra) for the equiva-
lency of the two CO,H groups and two H,C moieties of bound
3, leave little doubt that 3 is bound with 1 via two-point hydrogen
bonding involving both terminal CO,H groups, as illustrated in

7 (in a schematic representation).

® = OH pair

Pimelic acid (4) forms an adduct with 1 likely via a similar
two-point interaction.’ There is, however, a remarkable difference
in the affinities of 3 and 4 to 1. Analysis of exactly equimolar
and completely homogeneous solutions of 1a and 3 in CDCl, at
25 °C ([1a] = [3] = 10 and 0.50 mM) indicated that approxi-
mately 97 and 87% complexations, respectively, were taking place
as directly evaluated by 'H NMR integration of the distinct signals
for 3peung @nd 3g.; the binding constant K (eq 1) must be very
large (K; = 10° M™1)!0! a5 compared with K, = 1.1 X 10? M~}
(AG®, = —4.1 kcal/mol) obtained by a similar '"H NMR analysis.'?
The affinities of valeric acid (§) and glutaric acid monomethyl
ester (6) as monoacid references of 3 are even lower, K5 = 7.0
X 10 and K¢ = 3.1 X 10 M™! (AG®s = -2.5 and AG®; = -2.0

(9) In a similar manner as adduct 1a-3, adduct 1a—4 shows highly upfield
shifted 'H resonances at 8y —0.1 to —0.8 (approximately 4 H) and a single 3C
resonance for the CO group at §c 181.04.

(10} Calculation of K3 = [12-3]/[1a);e[3]5ee = [18-3]/[3]3,. based on
percent complexation data gives K = 1.4 X 10°or 1.2 X 10° M-Tand 1.1 x
10° M1 at [18) 1 = [3)itat = 10 and 0.50 mM, respectively (see Supple-
mentary Material). These values must be regarded as only approximate, since
[3)tree and [18]¢,. are too small to assure accurate determination of K;.

(11) The methyl-substituted derivatives of 3 also form adducts with 1,
although less effectively than with parent 3. On the other hand, the solubilities
of 3-ketoglutaric, diglycolic, and iminodiacetic acids in CDCl; are too poor
to allow complexation with 1.
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kcal/mol).12 A more reliable value of Ky was obtained by com-
petition. Analysis of a 1:1:1 mixture of 1a, 3, and 4 (10 mM)
in CDCl; gave K3/K, = ([1a-3]/[1a-4])([4]frec/ [3]gree) = 105,
and hence Ky = 1.2 X 10° M (AG®; = —6.9 kcal/mol). Similarly
was shown the high preference of 3 over malonic acid (2) by a
competitive binding in CDCl;,-CD;0D (99:1).

In summary, a rigid and multidentate host 1 brings about an
unprecedentedly large chain-length selectivity,® K3/K, = 105
(AAG® = 2.8 kcal/mol). The two-point hydrogen bonding is at
least primarily responsible for the stability of the glutaric acid
complex, although steric factors may also come into play.!* The
fact that AG®; < 2AG°; or 2AG° indicates that an ideal two-point
interaction is far more favorable than two independent one-point
interactions.
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Supplementary Material Available: Evaluation of binding
constants K (1 page). Ordering information is given on any current
masthead page.

(12) Supplementary Material shows details of the evaluation of K's.

(13) The distribution of 1a-3, 1a-4, 3;., and 4, was found to be inde-
pendent of the order of addition of 1a, 3, and 4, indicating reversibility of the
complex formation process (eq 1).

(14) CPK models indicate that 3 in its most extended conformation ideally
fits for the two-point interaction (refer to 7); the significant ring current effects
on the 'H and '3C resonances of bound 3 suggest a possible contribution of
o— interactions to AG®;. If 4 is to be fixed via a similar two-point interaction,
it must undergo bending of its pentamethylene backbone with freezing of
rotations around two additional C~C bonds as compared with the case of 3.
This may result in an induction of steric strain, a loss of attractive o—r
interactions, and/or a significant loss in entropy as possible sources of AAG®
= 2.8 kcal/mol.
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Bis(1,1-dimethylethyl)cyclopentadiene (1) and tris(l,1-di-
methylethyl)cyclopentadiene (2) can be prepared in high yields
by phase-transfer-catalyzed alkylation. This is the first reported
preparation of tri-tert-butylcyclopentadiene, It is also the first
example of carbon alkylation under phase-transfer conditions using
a tertiary halide.

aqg. KOH b
+ Br-C(CHa) C(CHa), +
(D + s 229 (tcionan|

R4N*Br~

1a; 1,3- 2
1b; 1,4-
1¢; 2.5-

In connection with a more general study of the preparation of
multiply alkylated cyclopentadienes,! we have discovered that
cyclopentadienes can be readily alkylated by tertiary halides under
phase-transfer-catalysis conditions using quaternary ammonium
halides. In view of the extensive interest in new cyclopentadiene
ligands, we are reporting the easy preparation of these two
molecules in preliminary form.

Steric effects on the reactivity of organometallic complexes as
a function of phosphine ligand structure have received much

(1) Venier, C. G.; Casserly, E. W, Manuscripts in preparation.

attention, and useful catalysts have resulted.2 Much less work
on the steric effects of changing cyclopentadiene ligand structure
has been reported,’ primarily because sterically bulky cyclo-
pentadienes have not been readily available.

Tumanov et al.!! report that equilibria for ion—radical formation
between tungsten—cyclopentadienyl complexes and TCNE or
TCNQ are very sensitive to the bulk of substituents on the cy-
clopentadienyl ring. Changing from rn-butylcyclopentadienyl as
ligand to rert-butylcyclopentadienyl changes the equilibrium
constants by a factors of up to 100. The changes correlate to the
Charton steric parameter, v.

A good measure of the steric effect of a substituent is the ligand
cone angle, 8. Tolman? calculated a © for unsubstituted cyclo-
pentadienyl of 136°. Inspection of models for di- and tri-tert-
butylcyclopentadienyls suggests that their cone angles may be 180°
or more.

Phase-transfer-reaction conditions are reported to give only
alkenes from tertiary alkyl halides.!>** The surprising fact that
reactions of stoichiometric ratios of cyclopentadienyl'>!” and
tert-butylcyclopentadienyl anions!®!® with rert-butyl bromide give
about 50% yields of the rert-butylated products suggested to us
that phase-transfer rert-butylation of cyclopentadiene with an
excess of the tert-butyl bromide might give high yields of di-
tert-butylcyclopentadienes. This proved to be the case.

Although the literature preparations of di-tert-butylcyclo-
pentadiene use tert-butyl bromide and cyclopentadiene as the
ultimate starting materials, they do so in two steps with preformed
cyclopentadienyl anions.'®!® Such procedures are cumbersome
and involve the inconvenience of reaction in a dry, airless envi-
ronment,

Tri-tert-butylcyclopentadiene has not been reported previously,
but tetra-tert-butylcyclopentadiene has been prepared in con-
nection with the synthesis of tetra-terr-butyltetrahedrane.?® The
preparation is a very long one.

The phase-transfer procedure we have found useful is as follows.
KOH (aqueous 50%), tert-butyl bromide, and freshly distilled
cyclopentadiene in the mole ratio 40:5:1 plus Adogen 464 (1 g
per mole of KOH) were stirred together and heated to 60 °C for
75 min and 100 °C for an additional 45 min. (CAUTION: sudden
foaming sometimes occurs.) The cooled reaction mixture was
diluted with pentane, washed with water, and dried over MgSO,.
Pentane is removed in vacuo. The crude residue contains the
product, Adogen 464, and amine byproducts of Adogen 464 de-
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