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concentration of dissolved organic carbon ul-
timately limit organic carbon richness in ma-
rine sediments.
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Isolation and Structural
Characterization of
1-Zirconacyclopent-3-yne,
Five-Membered Cyclic Alkynes

Noriyuki Suzuki,* Masayoshi Nishiura, Yasuo Wakatsuki

Stable five-membered cyclic alkynes were synthesized, isolated, and fully charac-
terized. Divalent zirconium species, bis(cyclopentadienyl)zirconium(ll) equivalent,
reacted with (Z)-1,4-disubstituted 1,2,3-butatrienes [(Z)-R-CH=C=C=CH-R, 1a:
R = (CH,),Si-, 1b: R = tert-C H,-] to give 1-zirconacyclopent-3-yne compounds
(2a-b) in good yields. X-ray diffraction analysis revealed their five-membered cyclic
structure with a sufficiently short triple bond to regard this compound as a met-

allacyclopentyne.

Synthesis of small cyclic alkynes long has
challenged organic chemists because of struc-
tural limitation (/—3). The C—C=C-C moiety
is normally linear, and cyclization creates
highly strained and often labile species. Cy-
clopentynes, five-membered cyclic alkynes,
have not been isolated yet because they are
extremely reactive and unstable. Although
several preparative methods of cyclopentynes
have been reported (4—6), their existence
was confirmed only spectroscopically in a
matrix (7) or as trapped compounds by reac-
tions such as [2+2] cycloaddition (&) or met-
al complexation (9-11). The resulting
trapped compounds, however, no longer have
C=C triple bonds. The products of [2+2]
cycloaddition are cyclopentene compounds.
In the metal-coordinated cyclopentynes, the
C=C triple bond is elongated because of its
coordination to the metal, and its length is in
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a range of double bonds. 3,3,7,7-Tetrameth-
ylcycloheptyne, which contains a seven-
membered ring, is the smallest hydrocarbyl
cyclic alkyne isolated to date (/2). Heterocy-
clic compounds that have longer heteroatom-
carbon bonds are expected to give more sta-
ble cyclic alkynes. Indeed, silacycloheptynes
are less reactive than hydrocarbyl analogs (/,
13). A silacyclic system even allowed isola-
tion of a six-membered cyclic alkyne as
1,2,3,4-tetrasilacylohex-5-yne, although the
ring contains four silicon atoms and only the
triple bond consists of carbon atoms (/4).
With regard to a five-membered ring, the
preparation of a thiacyclopentyne was report-
ed (15). However, it was a short-lived species
and isolation of a heterocyclic pentyne has
not been successful. Organometallic com-
pounds that contain metal-carbon bonds have
allowed the isolation of small cyclic unsatur-
ated compounds, such as metallacyclic cu-
mulenes (/6, 17). We reasoned that metalla-
cyclic compounds may give stable small cy-
clic alkynes. We report here the synthesis and
structural characterization of 1-zirconacyclo-
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pent-3-yne compounds that are stable and
isolable and that can be fully characterized as
five-membered cyclic alkynes.

Dichlorobis(cyclopentadienyl)zirconium
(Cp,ZrCl,, Cp = m>-C,H,) reacts with 2
equivalents of n-butyllithium or n-butyl Grig-
nard reagent to form divalent zirconocene
equivalent “Cp,Zr” (Negishi reagent) (I8).
When we reacted this species with (Z)-1,4-
bistrimethylsilyl-1,2,3-butatriene (1a) (19),
1-zirconacyclopent-3-yne (2a) was obtained
in 89% yield after stirring at room tempera-
ture (rt) for 1 hour (Scheme 1) (20). Complex
2a was an 83/17 mixture of cis and trans form
at this stage. The cis-isomer gradually
isomerized to trans at rt and gave a 36/64
mixture of cis/trans-2a that is in equilibrium
after 48 hours. These compounds were very
stable in solution at rt and were fully charac-
terized by 'H and !'3C nuclear magnetic
resonance (NMR) spectroscopy. Two signals
for the cyclopentadienyl (Cp) ligands were
observed for the cis-isomers, whereas the Cp
ligands are magnetically equivalent in the
trans-isomers. A butatriene with fert-butyl
groups, (Z2)-2,2,7,7-tetramethyl-3,4,5-oc-
tatriene (1b) (21), also gave the zirconacyclo-
pentyne 2b after 1 hour at rt (yield 90% by 'H
NMR, cis/trans = 66/34), and the cis/trans
ratio reached 12/88 after 48 hours.

These zirconacyclopentyne complexes
2a and 2b are so stable that the trans-
isomers formed good crystals suitable for
x-ray diffraction analysis. The molecular
structure of trans-2a (Fig. 1) shows that the
compound has a strained five-membered
cyclic structure (22). The Zr atom and the
four C atoms (C1-C4) in the cyclopentyne
ring are coplanar.

Although there are several examples of bu-
tatriene complexes of transition metals (23, 24),
no metallacyclopentyne complexes have been
reported so far. In most of these complexes, a
butatriene coordinates to the metal in n>-fash-
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ion such as 3 (25) (Fig. 2). The structure of 2 is
obviously different from those of known m?2-
butatriene-metal r-complexes, and the addition
of trimethylphosphine to 2 did not change the
metallacyclopentyne structure to a m?-w com-
plex like 3.

The bond length of C2-C3 in trans-2a is
1.206 = 0.007 A. In comparison with the
reported larger cyclic alkynes, this value is
similar to those of cyclononyne (26), thiacy-
cloheptyne (27) (1.21 A), and cyclooctyne
(28) (1.23 A). Triple bonds in small cyclic
alkynes are slightly longer than those in acy-
clic C=C bonds (1.167 to 1.197 A) (29) be-
cause of ring strain. The C—C=C angles in 2a,
156.2 = 0.6° and 155.9 =+ (.7°, are near those
observed in cyclooctyne (158.5°) but larger
than those in thiacycloheptyne (145.8°) (30).
The bond lengths C1-C2 and C3-C4 are
1.415 *+ 0.007 and 1.400 %+ 0.006 A, respec-
tively. These are slightly shorter than normal
Csp3-Csp' single bonds (1.436 to 1.481 A),
although they are obviously much longer than
usual nonconjugated C=C double bonds
(1.280 to 1.347 A). Distances Zr-C1 and Zr-
C4 are 2.50 A, whereas Zr-C2 and Zr-C3 are
2.29 A. The former are slightly longer than
those observed in typical Zr-Csp®> o bonds
[e.g., 2.28 A in Cp,Zr(CH,),] (3]). The mo-
lecular structure of trans-2b was similar to
trans-2a, although two enantiomers are ran-
domly packed in the crystal and this disorder
made detailed analysis difficult (20).

In the reported metal-coordinated cyclo-
pentyne complex (4, Fig. 2), the length of the
formal C—C triple bond was 1.295 A, which
is in the expected range for a double bond (9).
It is generally observed in zirconocene-
alkyne complexes that the lengths of coordi-
nated triple bonds are much longer than nor-
mal triple bonds, typically 1.31 A (32), and
the C—C=C bonds bend away from the metal
by 30° to 45°. Thus, such compounds are
often described as a zirconacyclopropene (5).

The relatively short distances of Zr-C2
and Zr-C3 raise the possibility that the triple
bond coordinates to the metal and that it
should be illustrated as a metallacyclopen-
tene. However, the bond length of C2-C3 in
trans-2a was short enough (1.206 A) that it is
reasonable as a cyclic triple bond (see above).
In '3C NMR spectroscopy, chemical shifts of
C2 (=C3) at the triple bond are 102.92 parts
per million (ppm) for cis and 103.59 ppm for
the trans-isomer of 2a, and 102.42 and
105.75 ppm for cis-2b and trans-2b, respec-
tively (20). It was reported that the acetylenic
carbon appears at lower field as ring strain
increased (I, /4). For instance, it appears at
100 to 110 ppm in cycloheptynes, 91 to 100
ppm in cyclooctynes, 82 to 90 ppm in cy-
lononynes, and 80.9 ppm in acyclic
3-hexyne. Considering that the angles ClI-
C2-C3 and C2-C3-C4 are similar to those for
cyclooctyne, the chemical shifts for C2 and

www.sciencemag.org SCIENCE VOL 295

REPORTS

C3 in 2 are best attributed to a triple bond in
a strained ring. In the reported zirconium-
alkyne complexes, acetylenic carbons of co-
ordinated alkynes appear as far downfield
such as 170 to 220 ppm (33) because the
coordinated alkyne probably functions as a

four-electron donor, which is not likely to be
the case of 2. Infrared (IR) spectroscopy of 2
(KBr) showed weak to moderate C=C stretch-
ing bands at 2014 (2a) and 2011 cm™! (2b).
These are in a sharp contrast with a Zr-alkyne
complex [5, R = Me,Si, R’ = #-Bu, L = thf

Fig. 1. Molecular structure of
trans-2a. Drawn with 50% prob-
ability. Hydrogens are partly
omitted for clarity. Selected
bond lengths (A) and angles (°):
C1-C2: 1.415 =+ 0.007 A, C2-C3:
1206 * 0007 A C3-Ca
1400 * 0006 A; C1-C2-C3:
155.9° + 0.7°, C2-C3-C4: 156.2°
+ 06°.

Scheme 1. Preparation

ﬂ 2equ8/ HoLi ﬂ of 1-zirconacyclopent-3-
N oClo ﬁBaMgg)'( \_ \n-CqHo \ ynes. Typical procedure
Zr\Cl i zZr, e Zr for preparation of zir-
% low temp. % n-C4qHg rt,1h % conacyclopentynes 2 is
as follows. We added n-

O \ by esium  chlo-

(0 = 1]5-C5H5) Negishi reagent ﬁgzyggga THF solution,

2.0 mmol) and (2)-14-
bis(trimethylsilyl)-1,2,3-

R R butatriene (1a, 196
N , R R ene (1a, mg
/C=C=C=C\ 1.0 mmol) at —78°C
H 1 H to a solution of dichlo-
» CpoZr | + CpoZr | robis(cyclopentadi-
inTHF, r.t., 1h . enyl)zircou)-\ium (29(2 m%
oo z 1.0 mmol) in THF (5 ml).
la:R= l\fleSSu R R The mixture was

1b: R = t+-Bu 2a:Y =89%

2b: Y = 90% warmed up to room

(Cp = n>-CsHs)

temperature and stirred
for 1 hour. '"H NMR ob-
servation showed the

formation of 2a (yield 89% by NMR). The volatiles were removed in vacuo, and the residue was extracted
with diethyl ether and filtered. The filtrate was concentrated and the trans-isomer was recrystallized at
—30°C (pale-yellow needle, yield 60%). 2b was prepared similarly using 1b (yield 90% by NMR, 57%

isolated).
sz?r— Cp22i<lﬁ§ Cp'oZr |
PMe, PMes L

3 4 5

Fig. 2. A zirconocene-butatriene 7 com-
plex (3), a Zr-cyclopentyne (4), and a
Zr-alkyne complex (5).
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(33)] that shows a band in the region for a
double bond (1611 cm™1).

In a few zirconocene-alkyne complexes, the
weakly coordinated triple bond has shorter
bond distances (1.203 to 1.211 A) (34, 35). In
these complexes, the Zr metal is electron-defi-
cient (d°) and there is no w-back donation to the
alkyne that would increase its bond distance.
The 3C resonances of the weakly coordinated
alkynes appeared slightly downfield (106 and
114 ppm) (34). IR bands for C=C stretching in
2 appeared at slightly lower frequencies than
known cyclic alkynes (2100 to 2200 cm™!).
The possibility of weak interaction between the
triple bond and the metal in 2 cannot be ruled
out, but, even so, it would not be inconsistent
with the metallacyclopentyne structure.

Interconversion between a m*-diene-zir-

CpoZr

R
112-0,0- bonding 114-n,n-bonding

Fig. 3. Possible coordination modes: a zir-
conacyclopentyne or a zirconocene-butatriene
complex.

Scheme 2. Hydrolysis of metal-
lacyclopentyne.

Scheme 3. Possible

REPORTS

conocene complex and a zirconacyclopentene
was proposed in the zirconocene-1,3-buta-
diene complexes (36, 37). Also, in the
present compound 2, a zirconacyclopentyne
(Fig. 3A) and a m* complex (Fig. 3B) seem
possible. Generally, a Zr-C o bond is hydro-
lyzed by acid to give a Zr salt and hydrocar-
bons, whereas zirconium-alkene 7 complex-
es give the corresponding alkene and/or a
reduced alkane after hydrolysis (18, 38). Hy-
drolysis of 2a by HCI gave 1,4-bistrimethyl-
silyl-2-butyne (6a) and Cp,ZrCl, exclusively
(Scheme 2). No other isomers of 6a, such as
2-butenes, allenes, or 1,3-butadienes were
observed by gas chromatograph, nor was bu-
tatriene 1a. Deuterolysis with DCI afforded a
1,4-dideutero-2-butyne (7a), where D atoms
were incorporated with >99% probability.
Hydrolysis of 2b also gave 2,2,7,7-tetra-
methyl-4-octyne (6b) in good yield (80% iso-
lated). These results show that C1 and C4 had
attached to the metal with a o bond in spite of
their slightly longer bond lengths, supporting
the structure A for compound 2.

The methine carbons adjacent to Zr in cis-
and trans-2a appeared at 2.19 and 2.15 ppm
in TH NMR, respectively, and 38.91 and
39.48 in 13C NMR. These chemical shifts are
similar to those observed in the oxazir-
conacyclopentane compound with a trimeth-
ylsilyl group (*H: 2.45 ppm; '3C: 43.37 ppm)

Me38i
AN H2
HCI C
—» CpoZiCly + [I| 6a:
C Y = 88%
CH
MegSi” 2
Me3Si
\<|:HD
DCI C
— CpZZrCIg + “I 7a: .
(l: D >99%
CHD
Me3Si/

(39). On the other hand, they are different
from the vinylsilane-m complex (H: —0.82
ppm; 13C: 17.67 ppm) (39). These results also
support the sp® character of C1 and C4 in the
zirconacyclopentyne (20).

We note that the isomerization of (Z)-1a
to (E)-1a proceeded in the presence of only
catalytic amount of zirconium species. It pos-
sibly involves B-hydrogen elimination and
reinsertion (40) (Scheme 3). This implies that
7 coordination of butatriene (form B) might
contribute to the metallacyclopentyne struc-
ture to some extent, particularly in solution.

Stability of the triple bond in 2 was prelim-
inarily studied. It has been known that acety-
lenic carbons in cyclopentynes readily undergo
[2+2] cycloaddition with alkenes (6). When 2a
was mixed with 3-hexene (cis/trans mixture) in
tetrahydrofuran (THF), however, no reactions
took place, and 2a remained stable after 24
hours at room temperature. It seems reasonable
because the ring strain of 2a is similar to cy-
clooctyne that is not so reactive toward [2+2]
cycloaddition with unactivated internal alkenes.
It was pointed that 3,3,7,7-tetramethylcyclo-
hept-1-yne is more stable than nonsubstituted
cycloheptyne because of methyl substituents on
the carbons adjacent to the triple bond. Bulky
substituents such as trimethylsilyl or fert-butyl
groups in 2a and 2b may participate in stabili-
zation of the metallacyclopentyne structure.
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Hydrophobicity at a
Janus Interface
Xueyan Zhang, Yingxi Zhu, Steve Granick

Water confined between adjoining hydrophobic and hydrophilic surfaces (a
Janus interface) is found to form stable films of nanometer thickness whose
responses to shear deformations are extraordinarily noisy. The power spectrum
of this noise is quantified. In addition, the frequency dependence of the complex
shear modulus is a power law with slope one-half, indicating a distribution of
relaxation processes rather than any dominant one. The physical picture emerg-
es that whereas surface energetics encourage water to dewet the hydrophobic
side of the interface, the hydrophilic side constrains water to be present,
resulting in a flickering, fluctuating complex.

The role of water as a solvent or lubricant in
physical situations from biology to geology is
almost universally thought to be important, but
the details are disputed (/—19). In proteins, for
example, the side chains of roughly half the
amino acids are polar whereas the other half are
hydrophobic; the nonmixing of the two is a
major mechanism steering the folding of pro-
teins and other self-assembly processes. Simi-
larly, it is an everyday occurrence to observe
the beading-up of raindrops, on raincoats or the
leaves of plants. Moreover, it has been observed
theoretically and experimentally that when the
gap between two hydrophobic surfaces be-
comes critically small, water is spontaneously
ejected (10, 15-19), whereas water films con-
fined between symmetric hydrophilic surfaces
are stable at comparable spacings (3). It is then
interesting to consider the antisymmetric situa-
tion, with a hydrophilic surface on one side to
contain the water and a hydrophobic surface on
the other to force it away. This Janus situation is
shown in Fig. 1.

The main result of this experimental study is
that when water is confined between these two
competing tendencies, the result is neither sim-
ple wetting nor dewetting. We observe instead
giant fluctuations (of the dynamical shear re-

Department of Materials Science and Engineering,
University of Illinois, Urbana, IL 61801, USA.

sponses) around a well-defined mean. This
noise and fluctuation are peculiar to water and
are not observed with nonpolar fluids (20) or
with a polar fluid such as ethanol. Aqueous
films in the confined, symmetrically hydrophil-
ic situation also give stable dynamical respons-
es (21). The implied spatial scale of fluctuations
is enormous compared to the size of a water
molecule and lends support to the theoretical
prediction that an ultrathin gas gap forms spon-
taneously when an extended hydrophobic sur-
face is immersed in water (5, 10, 12).

The atomically smooth clay surfaces used
in this study—muscovite mica (hydrophilic)
and muscovite mica blanketed with a methyl-
terminated organic self-assembled monolayer
(SAM) (hydrophobic)—allowed the surface
separation to be measured by multiple beam
interferometry. Pairs of hydrophilic-hydropho-
bic surfaces were brought to the spacings de-
scribed below by means of a surface forces
apparatus (3) modified for dynamic oscillatory
shear (22, 23). A droplet of water was placed
between the two surfaces oriented in crossed
cylinder geometry. Piezoelectric bimorphs were
used to produce and detect controlled shear
motions. The deionized water was previously
passed through a purification system, Barnstead
Nanopure II (control experiments with water
containing dissolved salt were similar). In ex-
periments using degassed water, the water was

35. ). Pflug, R. Frohlich, G. Erker, J. Chem. Soc. Dalton
Trans. 1999, 2551 (1999).

36. H. Yasuda, Y. Kajihara, K. Mashima, K. Lee, A. Naka-
mura, Chem. Lett. 1980, 519 (1980).

37. G. Erker, J. Wicher, K. Engel, F. Rosenfeldt, W. Dietrich,
J. Am. Chem. Soc. 102, 6344 (1980).

38. H. G. Alt, C. E. Denner, R. Zenk, J. Organomet. Chem.
433, 107 (1992).

39. N. Suzuki et al., J. Organomet. Chem. 473, 117
(1994).

40. Heterolytic dissociation of a Zr-C bond might be
possible as the mechanism for the isomerization. See
E.-i. Negishi et al., /. Am. Chem. Soc. 116, 9751
(1994).

41. We sincerely thank K. Kobayashi (RIKEN) for assist-
ance in x-ray diffraction analysis.

16 October 2001; accepted 13 December 2001

either first boiled, then cooled in a sealed con-
tainer, or was subjected to vacuum for 5 to 10
hours in an oven at room temperature. The
temperature at which the measurements were
taken was 25°C.

In order to firmly determine that the find-
ings did not depend on the details of surface
preparation, three methods were used to render
one surface hydrophobic. In order of increasing
complexity, these were (i) atomically smooth
mica coated with a SAM of condensed octade-
cyltriethoxysiloxane (OTE), according to meth-
ods described previously (23); (ii) mica coated
by means of Langmuir-Blodgett methods with
a monolayer of condensed OTE; and (iii) a thin
film of silver sputtered onto atomically smooth
mica, then coated with a self-assembled thiol
monolayer. In method (i), the monolayer qual-
ity was improved by distilling the OTE before
self-assembly. In method (ii), OTE was spread
onto aqueous HCl (pH, 2.5), 0.5 hour was
allowed for hydrolysis, the film was slowly
compressed to the surface pressure ™ = 20 mN
m~! (3 to 4 hours), and the close-packed film
was transferred onto mica by the Langmuir-
Blodgett technique at a creep-up speed of 2 mm
min~'. Finally the transferred films were vac-
uum-baked at 120°C for 2 hours. In method
(iii), 650 A of silver were sputtered at 1 A s~!
onto mica that was held at room temperature,
then octadecanethiol was deposited from 0.5
mM ethanol solution. In this case, atomic force
microscopy (AFM) (with a Nanoscope II)
showed the root mean square roughness to be
0.5 nm. All three methods led to the same
conclusions. The contact angle of water with
the hydrophobic surface was 6 = 110° * 2°
(OTE surfaces) and 8 = 120° %= 2° (octade-
canethiol). In shear experiments, the sheared
plate held the hydrophobic alkane monolayer.

The starting point was to measure the force-
distance profile. The inset of Fig. 1 shows force,
normalized by the mean radius of curvature of
the crossed cylinders (R ~ 2 cm), plotted
against surface separation (D). Each datum re-
fers to an equilibration of 5 to 10 min. Attrac-
tion was observed starting at very large separa-
tions, D =~ 0.5 um, and the slope of the ensuing
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