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CONCEPTS

“Almost Delocalized” Intervalence Compounds

Stephen F. Nelsen*!?!

-~

Abstract: Interest is high in "M —bridge — M systems that\
have very low barriers to intramolecular electron transfer
giving M —-bridge-M"* (“almost delocalized” systems).
Hush showed how to evaluate the electronic coupling
across the bridge (H) from the M-to-M charge-transfer
optical absorption band, but did not point out that his
classical model causes the extinction coefficient to
suddenly drop to zero at a photon energy of 2 H. Ignoring
this band cutoff leads to a low estimation of H.

Keywords: electron transfer- hush theory - intervalence
Qompounds - radical ions )

Introduction

Intervalence compounds have two charge-bearing units (M)
connected by a “bridge” (B), and are at an oxidation state that
could place charges that differ by one on the M units. The
concept was developed for compounds that have transition
metal coordination complexes as M, and one bidentate ligand
linking the two M units, so it serves as B. Examples of B
discussed here are shown in Scheme 1. Robin and Day
classified intervalence compounds according to the size of
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Scheme 1. Ligands for intervalence compounds with transition metal
centers.
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the electronic interaction between the M groups, the off-
diagonal matrix element H (defined below; also called J, V,
and ). Class I compounds have complete charge local-
ization (and may be abbreviated "MBM"*!), and H=0;
intramolecular electron transfer (ET) between their M groups
will not occur. Class II compounds still have different M
groups and are abbreviated "MBM"*1, but they have detect-
able electronic interaction that partially mixes the character
of the oxidized and reduced M units through interaction with
the bridge orbitals. They are the simplest systems that have
been devised for considering electron transfer (ET), and have
been important in the development of ET theory.? 3 Class III
compounds have such a large H that delocalization occurs,
and the formal charge on each M group is n + %. Hush
devised a simple theoretical analysis of the optical spectra of
Class II intervalence compounds that also has had lasting
significance.”! The energy surface for thermal ET is obtained
from a two-state classical model in which the electronic
interaction between diabatic surfaces (those at H=0; they
would be those occupied for a Class I compound) is the off-
diagonal matrix element H in a 2 x 2 secular determinant
[Eq. (1)]. Solution gives the adiabatic energy surfaces,

‘ Hy-E H

H H-E

Equation (2), in which E | is the ground state surface on which
ET occurs. Both Marcus and Hush chose the diabatic surfaces
as parabolas centered at 0 and 1 on an ET coordinate X (the
dashed surfaces in Figure 1).

E,=0.5{(Hy+ H,) £ [(H, — H,)* + 4 H]"?} 2

Symmetrical Class IT compounds have their diabatic mini-
ma at the same energy and a vertical separation at X =0 and 1
equal to Marcus’s vertical reorganization energy, 1. The
electronic mixing H causes the ground state adiabatic surface
E_ to be a double minimum well with a maximum at an energy
of /4 — H lying at X =0.5, and with symmetrically disposed
minima at energy — H%A lying near X=0 and 1 when H is
small, but increasingly closer to 0.5 as H increases. The
thermal electron-transfer barrier AG* is thus given by
Equation (3).5") Although Hush’s derivation used perturba-

AG* = (A4 — H) + HY 3)
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Figure 1. Energy plots (above) and resulting optical spectra illustrating the
cutoff discussed in the text (below) using the Marcus — Hush classical two-
state model for: a) a Class II intervalence compound, drawn for H = 1/4,
and b) a Class III compound, drawn for H =31/4. Parabolic diabatic energy
surfaces are shown as the dashed lines at 0 and 1 on the ET coordinate; they
are separated by 1 at the energy minima. The adiabatic surfaces calculated
using Equation (2) are shown as solid lines. For a), H <A/2, the band
maximum (¥,,,) occurs at A, but for b), H > A/2, the band maximum occurs
at 2 H.

tion theory, and it was sometimes thought that it should break
down as H increased, Creutz, Newton, and Sutin have pointed
out that Equation (2) is the solution for Equation (1) at all
values of H* so Equation (3) is valid at all sizes of H < /2 in
this model.

The barrier to ET disappears at H = A/2, and the compound
becomes a Class III, delocalized system for this and higher
values of H (see Figure 1b).

Hush pointed out that for this model,”) when H is large
enough to observe it, there will be an intervalence charge
transfer (IT) band with an optical transition energy at the
band maximum, 7, = 4.1 7, (also often called E,, or he )
is invariant with H for Class II compounds, and H can be
experimentally evaluated from the /7 band by using Equa-
tion (4), in which A7, is the band width at half height (for a

Higgy (em™") = (0.0206/d) (P ATy ) )

Gaussian-shaped band), ¢,,,, is the extinction coefficient at the
band maximum, and d (A) is the electron-transfer distance. A
modified version of Equation (4) applicable to any band
shape is available? and is frequently used for bands that have
non-Gaussian shape.[!!-13. 15 18b]

Equation (4) remains by far the most commonly used
method of evaluating H for Class II compounds. By using
Marcus—Hush theory, the band shape for a Class II com-
pound is the very broad, Gaussian shaped curve shown as the
dashed bands at the bottom in Figure 1. The energy coor-
dinate v for the optical spectrum is given by the energy gap
between the adiabatic surfaces (the solid lines in Figure 1),
and the intensity coordinate by the increase in energy from
the minimum on the ground state surface (see below). The key
point that people had not considered is that ¥ cannot be less
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than the smallest energy gap between the ground and excited
states; this occurs at X =0.5, and is 2H for both Class II and
IIT systems (see Figure 1). It has long been known that
anomalously narrow bands were observed near the border-
line, but the classical origin of this narrowing and its
implication for the use of Equation (4) (see below) had not
been pointed out. Both transition metal and organic-centered
examples of compounds near enough the borderline to show
this 2H cutoff in their optical spectra have recently been
published, as will be described below.

Creutz and Taube reported the synthesis and optical
spectrum of the first symmetrical intervalence compound
with transition metal centers, with M = (NH;)sRu, and B=
pyz, charge=+5." It was first thought that this Creutz—
Taube complex might be a ClassII compound that lay
near the II/III borderline, but extensive experimental and
theoretical work by many groups have established that
without doubt, it is Class IILI! Several IT bands occur in
the intervalence oxidation state of metal-centered com-
pounds, but only the lowest energy one may be used with
Equation (4) to estimate AG*. The absorption band originally
assigned as a Class II IT band is actually the third absorption
band of this delocalized compound. A vibronic coupling two-
state model that considers band shape and position for all of
the IT bands was introduced by Piepho and co-workers.!®l The
lowest energy band for the Creutz - Taube complex occurs in
the IR region and is so weak and broad that it was not
observed until its position had been calculated.”® Not
surprisingly, the bridge must also be included as a third state
to properly describe all of the intervalence bands and the
resonance Raman spectra.l’! Hush theory is far simpler than
vibronic coupling theory and it does not allow the prediction
of the positions of charge-transfer bands. It does produce H in
a simple manner when the proper band is observed. We have
compared H values estimated by using Equation (4) for
Class II examples and 7,,,=2H for Class III examples of
some metal-centered and organic intervalence compounds,
finding good agreement with the changes in H expected as B is
enlarged.!""!

Creutz, Newton, and Sutin recently introduced a new
optical method for extracting the M-to-M’ H value that Hush
obtained, by analyzing the often higher energy and easier to
see M-to-L (L stands for the bridging ligand) band. This
“CNS” method retains the simplicity of Hush theory because
it employs the analogue of Equation (4) to determine H, for
this band, and uses the expression Hyy = H? \/AESY,, in
which the denominator is a reduced energy term obtained
from 7, values for the two bands./*l We will call the electronic
interactions obtained in this manner Hcyg values. Good
agreement between Hy,g, and Hcyg values were found when
dy\ was set equal to half of the M—M’ distance.*

Interest remains strong in Class II intervalence compounds
with transition metal centers that lie near the borderline and
therefore have exceptionally fast thermal ET. We shall
consider recent work in this area by the groups of Crutchley,
Meyer, Geiger and Giese, Gourdon and Launay, and Ito and
Kubiak.["'"II Tt has also become evident that compounds with
organic charge-bearing units fit into the Robin—Day, Hush
intervalence compound framework. Cowan and co-workers
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first applied the term in 1973 to an organic compound,
pointing out that tetrathiafulvalene radical cation is a Class 111
compound.l'"l The first organic radical cations ever made, p-
phenylenediamine radical cation and its derivatives, are also
Class III compounds. They are structural analogues of the
Creutz—Taube complex, with two NR,M units (instead of
(NH;)sRu units) linked through in-plane bonds (CN instead
of RuN) to a six-membered aromatic ring. We will also discuss
work on intervalence compounds that contain two tetrathia-
fulvalene — M units,/'”) and those with triarylamine units.['8]

The two-state classical model near the II/III borderline:
Although intervalence compounds often have been said to be
“near the II/III borderline”, we have seen little discussion of
how this is best defined. Most people have followed Hush in
using the mixing coefficient a, approximated as H/v,,,,. But a
is (Xmin)? for the adiabatic ground state surface (E, ), which is
given exactly by Equation (5).** The H/¥,,, approximation

Xonin =0.5{1 — (1 — 4H*/92, )"} (5)

becomes increasingly poor as the borderline is approached,
and both «a (which goes to 0.707) and X, (which goes to 0.5)
are quite non-linear with the fraction of the ET barrier caused
by vertical reorganization energy that remains after electronic
interaction is included (F).

Equation (3) may be factored to produce Equation (6), so
the expression for Fis simple. Considering where a measured
AG* =F([lpnld)  F=(1—-2H/7p,,)? (6)
H value positions an intervalence system between its Class I
and Class III limits depends greatly upon whether the
adiabatic minima separation or the AG* remaining is
considered to be the criterion (see Figure 2). When H =7,/
4, half-way between the Class I and Class III limits, the

T T T '
1.0
I Class | separation of
0.8 limit e g
T 0.6 | i
. i
04 | AG B
remaining

02 I Class Ili T
limit i
0.0 [ ]
[ R ‘ :

| |

0.0 0.2 0.4 0.6 0.8 1.0
2H/Vinay —
Figure 2. Comparison of the change in the separation of the adiabatic
minima [f=1-2X,, of Eq. (5) is plotted] and in the barrier remaining for
ET [f=F of Eq. (6) is plotted] as H is increased to move a Class II
intervalence compound from its Class I to its Class III border, by using the
two-state classical model.
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adiabatic minimum separation has only dropped 13 %, but
AG* has dropped 75 %, and the slopes at the II/III borderline
are very large and zero, respectively.

Because F'is linear with the barrier for ET, and we consider
disappearance of AG* to be the best definition of the II/III
borderline, we will use F in considering how near the II/III
borderline various systems lie.

We recently pointed out explicitly that the band shape for
IT bands in the two state classical model may be calculated by
simply assuming a Boltzmann equilibrium on the ground state
energy surface, that is, that the extinction coefficient at a given
energy, &(7), is given by Equation (7), and ¥ is the adiabatic
energy difference between the excited state and ground
state.l'”]

&1 =E(V e =exp(—AE/RT) (7
AE={E(%) — Epy) (72)

As shown in Figure 1, the most important fact for consid-
ering optical spectra near the borderline is that ¥ for an IT
band can never be less than 2 H, the AE at X =0.5. When AG*
is small, &, will still be substantial at #=2 H, changing the
shape of the band. The two-tate classical model produces a
Gaussian-shaped IT band that is symmetrical about 7,,,,, and
has a band width given by Equation (8), in which HTL stands
for high-temperature limit (the full band shape is shown as the
dashed lines in Figure 1).%

AV, ,(HTL) = (16 RT1In(2) 7, ®

Band shape is invariant with H for most 7, but the band cuts
off and ¢, plunges to zero when # drops below 2 H.2% As
indicated in Figure 1, this cutoff does not become very
significant until H exceeds the 4/4 used in drawing Figure 1a.
A discontinuity in the &, versus 7 plot is evidently physically
unreasonable. Quantum effects will “round off the corners”,
but band shape will clearly be affected when the &, cutoff
occurs at a significant fraction of ¢,,,. The band is cut off at
Emax/n When AG* becomes RTIn(n), which leads to a simple
equation for the H value at cutoff, H.(n) [Eq. (9)].

Heu(n) = (Pna/2)(1 = 2[RT In(1)/ V] ') ®

Figure 3 shows a plot of A7, versus H/v,,,, for the two-state
classical model. Once H,(2) is exceeded, band width
decreases linearly as 2 H occurs at a higher fraction of &,
until the borderline is reached. This band truncation makes
the area under the curve 88 % of that for a small H compound
when cutoff occurs at 0.5¢,,,, 78% at 0.75¢,,,x, and 50% at
the II/III borderline, at which the band has been sliced in half.
If Equation (4) or its modification for non-Gaussian band
shape is used, '3 15 81 H will be increasingly underestimated
as the system approaches the borderline, and the under-
estimation should reach 50% near the II/III borderline
(considering only the cutoff effect). As H increases further,
in the Class III region, the band continues to narrow because
curvature at the £, minimum increases. The narrowing will
sharply increase e, as H increases relative to v,,, and
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Figure 3. Two-state classical model line width at half height as a function of
HIV .

vibrational fine structure on the high energy side will be come
visible if the excited state geometry resembles that of the
ground state, so that the transition remains vertical. The
optical spectrum is not expected to strongly signal the crossing
of the II/IIT borderline, as a cutoff Class II spectrum will
greatly resemble a Class III spectrum for which there is still so
much broadening that vibrational structure is not resolved.

Transition metal centered intervalence compounds: Crutchley
and co-workers have obtained the most extensive data set for
related compounds lying near the borderline, for diruthenium-
1,4-dicyanamidobenzenes (dicyd derivatives, Scheme 1).111)
We will only consider systems for which they were able to
get data allowing estimation of H by three different methods.
These are B=dicyd (we abbreviate it H,), and three
derivatives: 2,5-dimethyl- (Me,H,), 2,5-dichloro- (CLH,)
and tetrachloro-substituted (Cl,) dicyd. The M groups include
(NH;)sRu, (NH;)pyrRu, and (NH;);bpyRu. The compound —
solvent combinations for which complete data have been
published!'] appear in Table 1. It will be noted from the R =
A7V,,(obsd)/Av,,(HTL) column that most of the observed
band widths are significantly smaller than the A7, (htl) values
obtained from Equation (8). As pointed out above, this is an
indication of approaching (or passing) the II/III borderline.
They tabulate Hy,, and Hcyg values. These optical methods of
estimating H were compared with the thermodynamic esti-
mate of electronic coupling obtained from the difference in
formal potentials, AE°, for ET on each side of the intervalence
oxidation state (determined by cyclic voltammetry), and the
singlet, triplet gap for the diradical oxidation state.'!l The
parameter thus obtained, AG,, was equated to H?*/¥,,, (the
stabilization of the adiabatic energy minimum compared with
the diabatic minimum) and the energy minimum stabilizations
estimated by the three methods were compared. It was
decided that Hqyg gave reasonable predictions throughout the
range of coupling studied because Hcns/Vny correlates
reasonably with AG;. The size of the electronic coupling
estimated by the thermodynamic method [we shall call it
Hey = (PraxAGL)"?] was not compared with Heys,['!! but is in
Table 1. The Hy,g, values for these dicyd derivatives vary little
with either bridge or solvent, very different behavior than

584 ——
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Table 1. IT band width ratio and F values for dicyd derivatives.[?

M B Solvent RIPl  H, Hens  Foy Fens
[em™]  [em™!]
(NH;)sRu Me,H,'’ MeCN  0.60 2930 2190 0.030 0.146
Me,CO 0.59 2700 1630 0.049 0.280
Me,SO  0.90 2030 870 0.168 0.569
H, MeNO, 0.61 2780 1980 0.036  0.181
MeCN  0.69 2610 1680 0.058 0.269
Me,CO 0.70 2190 1230 0.123  0.404
Me,SO  1.02 1880 780 0.249 0.627
CLH, MeCN 0.85 2120 1090 0.149 0.469
Me,CO 0.94 1820 900 0.235 0.556
Me,SO 135 1570 550 0.366 0.742
Cl, MeCN 0.95 1620 710 0.310 0.650
(NH;),pyrRu  Me,H,) MeCN  0.46 3290 3360 0.104 0.010
Me,SO  0.61 2530 1270 0.059 0.374
H,l! MeCN  0.51 3065 3070 0.023 0.023
Me,SO  0.73 2200 1580 0.101 0.261
CLH, MeCN  0.69 2370 1840 0.084 0.202
Me,SO  0.94 2660 980 0.269 0.513
Cl, MeCN 0.86 1920 1370 0.173  0.362
Me,SO  1.08 1490 710 0.373  0.664
(NH;);bpyRu CLH, MeCN  0.61 2830 3010 0.349 0.017
Me,SO  0.90 2040 1640 0.465 0.238

[a] Calculated from the data of ref. [9]. [b] R =A#,,(obsd)/Av,,(HTL).
[c] IR studies in acetonitrile indicate that the M= (NH;),pyrRu, B=
Me,H, compound, which has the smallest Fcy, is delocalized on the IR
timescale, and is therefore now assigned as Class III, but evidence for
localization on the IR timescale is found for both the M = (NH;),pyrRu,
B =H, compound and the M = (NH;);Ru, B = Me,H, one.!['"]

either Heyor Heys, and it was concluded that Hy,g, is not close
to the true H.['I Plots of the fraction of the predicted band
width for the IT band, A7,(obsd)/Av,,(HTL) [Table 1,
column 4], versus Fcy and Fcyg appear as Figures 4a and 4b
respectively. For #,,,=7000 cm~' (a typical value for these
compounds), cutoff at ¢,,/2 occurs at H=2498 cm™! (F=
0.082), and at ¢,,/4 at H=2082 cm™' (F=0.164); this will
noticeably alter band shape. There is a clear trend for the band
width ratio decreasing rather sharply and in about the
expected range for the plot versus Fcy, while the plot versus
Fens shows decrease at too high F, and does not drop
reasonably with further decrease in Fys. We suggest that this
is experimental evidence for H., being a more reliable
estimate of the true H for these dicyd-bridged compounds, as
was assumed by Crutchley and co-workers. The difference
between Hcys and Hyg, is very dependent on compound and
solvent. A plot of this difference versus Fy, reveals that
(Hens — Hyusn) increases markedly as Fy decreases to values
for which the cutoff appears in the region the absorbance data
were recorded (see Figure 5). We believe this analysis makes
it clear that Equation (4) gives values of H that are too small
when ¢, at the cutoff is significant, and also that Hy,g, and
Hys give within experimental error of the same number for
these compounds when the cutoff is not significant, as
demonstrated earlier for other compounds that were not near
the cutoff.”l There is still a discrepancy approaching a factor
of two between Hy and optically derived H when the cutoff is
not a problem. A contributing factor may be the use of too
large a d value in obtaining H values from the optical
data.?'21 A recent study indicates that the smallest Fgy
system of Table 1 is delocalized on the IR timescale (Table 1,
footnote ¢),'"™ but that most of the others are probably
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Figure 4. Plots of the ratio of observed IT band width to that calculated by
Equation (8) versus a) Fcy and b) Foys for the Crutchley etal. dicyd
derivatives!'!l (Table 1).
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Figure 5. Plot of the difference between Hcys and Hy,, versus Fey for the
data of Table 1.

localized, as has been assumed when Equation (4) is em-
ployed.

Meyer and co-workers have shown that the Creutz—Taube
complex analogue M = bpy,ClOs, B = pyz, lies very near the
II/IIT borderline.'? It has an anomalously narrow IT band
that is partially buried under another band and was obtained
by deconvolution. Its IR spectrum in the pyrazine stretch
region indicates instantaneously localized charge, but rapid
ET on the IR timescale. Analysis of the IT band by using the
non-Gaussian modification of Equation (4) gave 7,,,=

Chem. Eur. J. 2000, 6, No. 4
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2620 cm™!, Hyg, =247 cm~1.0%] These values correspond to
Fiyn =0.65, which is larger than is consistent with the tiny
barrier required for ET being fast on the IR timescale, or the
distortion of the IT band observed. Once again, the Hyyg,
obtained by using Equation (4) analogues proves to be
unreasonably low, presumably at least partially because of
the cutoff. H would need to approach about four times the
Hy,g, value quoted to be consistent with the low barrier
indicated by the IR spectrum. In addition to the cutoff effect,
perhaps the d used (the metal —metal distance, as is custom-
ary?) is inappropriately large. In even more recent work,
Meyer and co-workers have studied four examples of
Os",Os-centered intervalence complexes with B =N, that
lie near the borderline. They have M=cis.cis bpy,ClOs,
trans,trans bpy,ClOs, tpmClL,Os, and TpClLOs, where tpm =
tris(1-pyrazoyl)methane and Tp = tris(1-pyrazoyl)borate (see
Scheme 1).2°1 All show N, stretches in the IR spectra,
showing that their metal substituents are different, and five
bands associated with the metal d orbitals and the N, bridge.
The two lowest energy IT bands are assigned as metal
dn —dm. H values for the IT bands are extracted by using the
Hush equation and the metal, metal distance as d. The H
values for the three bands assigned as metal-to-metal ones are
summed, although the relationship between this sum and the
shape of the lower energy surface is not discussed.!'?"!
Significant band truncation effects appear to be present for
all the bands observed; this making use of the Hush equation
for calculating H inaccurate. These systems probably would
need at least a three-state analysis for accurate determination
of AG* because both the drm —dx bands are low in energy.
Gourdon and Launay report an optical analysis of M=
tpyRu, B=tphz (5+) (see Scheme 1).* Despite the same
number of bonds in the bridge as the Creutz—Taube complex,
and the corresponding B =tpp complex being delocalized,
this compound was assigned as Class II from its optical
spectrum. They report 7,,,= 7400 cm™ and H =403 cm™!
using Equation (4). These numbers give an F value of 0.79,
which corresponds to strong trapping. They point out special
geometrical reasons for the rather large AE° of 3550 cm™! at
such a small H for their compound, with which we agree
qualitatively. They do not point out that the Av,, reported is
only 54% of the value derived from Equation (8), which
would not occur if there were such strong trapping. We
suggest that once again, analysis of a compound near the
borderline by means of Equation (4) and what may be an
unreasonably large d value (6.86 A, not quoted in the paper,
was employed) has led to serious underestimation of H.
Geiger and Gleiter have shown that the o-bond-bridged
system [(L,Co),]" is localized on the IR timescale.['¥l Most of
their discussion concerns matters that Hush theory does not
address, and we shall only con-
sider one point here. Although

non-intervalence model com- @.—COZME
. - Co
pounds predict AV, of
26 cm~! between the CO,Me
groups on rings coordinated to &
the 0 and 1 + charged Co units, MeO,C
the value observed is 21 cm™,
and the difference is attributed (LnCo),
0947-6539/00/0604-0585 $ 17.50+.50/0 — 585
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to charge transfer associated
with mixing of the wave func-
tions by a large H value.['* The
ratio 21/26 indicates formal
charges of 0.19 and 0.81 at
the metals (instead of the 0
and 1 that are the H —0 lim-

its), which we point out is Hex
equivalent to X, for the I = I I = I NOCECON

adiabatic surface having these
values. In the two-state model,
these X, values occur for F=
0.04, and at the observed MeO
Pmax = 6500 cm~!,  this corre-
sponds to H=2600cm™.
Large mixing is also qualita- N
tively consistent with the ob-
served IT band width at half-
height being only 68 % of the MeO
value derived from Equa-
tion (8).4
Ito, Kubiak, and co-workers showed that two examples of
the Cruetz—Taube complex analogue M = Ru;L, (R), B =pyz
are also very near the II/III borderline, with broadened IR
spectra in the CO stretch region
Q. because of rapid ET." The

C ,O\( R=CN, B=pyz example has
SV % P =10700cm~’,  Hypp=
;‘< O—I}(g~§ 1300 cm™! (F=0.58), a calcu-
OQRK_ 9/0 lated ET rate constant of
b%\ 1 x10°s71, and shows separate,

Cg partially  overlapping CO

K ol R stretch bands (leading to a rate
o constant estimate(!>"] of
~1x10"s™). The R=H and

NMe, examples exhibit clear IR band broadening, and rate
constants derived from the IR spectrum are 5+3 x 10" and
943 x 10" s7!, respectively.'”] We note that the F values for
them, calculated from the reported 7,,,, and Hy,g, values, are
both 0.42, and the calculated ET rate constants 5.4 x 10° and
5.7 x 10°, respectively. So once again, Equation (4) produced
Hygn values that are too low for compounds near the II/IIT
borderline.”” More recently, the B=4,4-bpy analogues,
which have smaller H and far slower ET have also been
studied,*® but they are not near the II/IIT borderline.

Organic-centered intervalence compounds: Among several
examples that could have been selected, we discuss the
intervalence (+1) oxidation states of the largely sulfur- and
nitrogen-centered compounds shown in Scheme 2.

Both tetrathiafulvalene (TTF) and triarylamines have small
internal reorganization energies upon electron loss, so that
like intervalence compounds with transition metal centers,
they should have v, values that approach the solvent
component of . The M=TTF analogues 1-3 are doubly
attached to the same 6-membered aryl ring, have three bonds
connecting the sulfur atom “edges” of the charge-bearing
units, and might be expected to show large H values, which
would place them in the region of interest here. The optical
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Scheme 2. Neutral precursors of organic intervalenece compounds.

spectrum analysis reported!'”! is summarized in Table 2. It is
seen from the Fy,, column that none of the TTF-based
compounds have small enough F to expect cutoff effects. We
suggest that this is incorrect for 3", for which the data are

Table 2. Optical parameters for some organic-centered intervalence com-
pounds in CH,Cl,.

Vinax Hpusn Fru™ AGH

[em™] [em™!] [em™]
1+l 6000 1000 0.52 750
2+l 5750 800 0.44 670
3tled] 4000 785 0.37 370
4+l 6190 1200 0.65 580
5+l 6360 1550 0.57 420
67l 9530 3240 0.12 240

[a] Calculated by using Equation (6). [b] Calculated by using Equation (3).
[c] Data from ref. [17]. [d] Shown in italics because this compound is argued
to be localized (see text). [e] Data from ref. [18b].

shown in italics, because we believe that there is a problem
with them. The IT band for 3* is much narrower than that for
1" and 27, but has ¢,,,, a factor of three higher and 7,,,, only 2/3
as large, making Hy,g, only slightly smaller. But the IT band
shape for 3+ (Figure 6) is completely different than that for
17 and 2+,1'7 which resemble the Gaussian curves expected for
Class II compounds. Figure 6 does not look to us much like a
cutoff Class IT IT band (which would remain a half-Gaussian
on the high-energy side of the maximum), but resembles that
expected for a Class III compound that has a nearly vertical
transition with a rather large vibrational progression, but
considerable line width. We suggest that 3™ is a Class III,
delocalized compound, in which case the 7, value gives H =
2000 cm~!. This assignment requires that changing from the
benzene rings of 1™ and 2" to the pyrazine ring of 3* greatly
increases H. We presume that this occurs because both the
bridge HOMO and LUMO are greatly stabilized by changing
two atoms of the 7 system from carbons to nitrogen. This can
substantially increase H because its value is controlled by
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Figure 6. Plot of ¢ versus 7 for the /7 band of 3*.

superexchange interactions that depend upon energy gaps as
well as distance.[* 2]

H increases as the bridge length is decreased in the
triarylamine-centered compounds 4+ —6".['*"] Despite uncer-
tainty in what to use for d (Lambert and N6ll used the N-N
distance calculated by AM1), it is clear that cutoff effects are
both expected and seen for 6, for which the high energy to
low energy half width ratio is 1.76.015]

Conclusion

Application of Hush’s equation [Eq. (4)] and its analogues for
analysis of IT bands for compounds that are near the II/III
borderline produces Hy,, estimates that are too low because
the experimental band is truncated at 7 =2H (and possibly for
other reasons). For Crutchley’s bicyd derivatives, Hy,y, and
the Hcys calculated by using the bridging-ligand—metal CT
band are numerically close when truncation problems for the
band used in obtaining Hy,, are absent and the ET distances
used differ by a factor of 2. An organic-centered compound
(6%) close enough to the II/III borderline to show the effect of
the charge-transfer band cutoff is now available in Lambert
and NolI’s work. It is argued from its band shape that the TTF-
centered compound 3* has passed the borderline, and is
Class III (delocalized).
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Different Approaching Directions of ¢ and & Nucleophiles to the Sulfur Atom
of Thiiranium and Thiirenium Ions

Giorgio Modena,*!*! Lucia Pasquato,*!*! and Vittorio Lucchini™

The nucleophilic attack to the charged sulfur of thiiranium
and thiirenium ions has been since long postulated!* 2 as the
reverse reaction of the electrophilic addition of sulfenyl
halides to alkenes and alkynes and occasionally reported.!
Only recently this reaction has been thoroughly studied and
kinetically characterized.

In a recent paper!® Radom et al. have reported a theoretical
investigation on the nucleophilic attack of ethylene and
acetylene to the sulfur atom of unsubstituted thiiranium
(C,H;S™) and thiirenium (C,H;S*) ions. Two transition states
have been localized, corresponding to the addition of the
double or triple bond along the x direction (pathway A) or
along the z direction (pathway B). Pathway A is energetically
favored over pathway B.

On the other hand, we have demonstrated®® that the attack
of the nucleophile dialkyl disulfide to the sulfur atom of trans
and cis disubstituted thiiranium ions and of disubstituted
thiirenium ion is sensitive to the substitution pattern both at
sulfur and at ring carbons, and it will therefore occur along the
y direction (shown in Figure 1), rather than along the
orthogonal x or z directions. The approach along the y

direction also assures the

greatest overlap between the

-F appropriate occupied orbital

/ / y of the nucleophile and the

LUMO of thiiranium or thiire-

nium ions (determined by ab

initio calculations at the 3-—

21G* level): The LUMO is a

Walsh-type orbital with the

greatest expansion along the y
direction.

Figure 1.  Orthogonal  ap-
proaching directions of a nucle-
ophile to the sulfonium sulfur
of a thiiranium ion.
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The results of our investigation and Radom’s are only
apparently at odds, and can be conciliated when we consider
that disulfide is a monocentric nucleophile (interacting with o
orbitals localized at a single sulfur atom), while ethylene or
acetylene are bicentric nucleophiles (interacting with
orbitals delocalized at the two unsaturated carbon atoms).
The interaction diagram in Figure 2 makes the point.

E
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02 —
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-01 —
-0.2 — y &=

8 53
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Figure 2. Interaction diagram for the attack of o (disulfide) and 7 (double
and triple bonds) nucleophiles to the sulfur of thiiranium and thiirenium
ions. The orbital energies have been calculated on disubstituted di-tert-
butyl-S-metylthiiranium and thiirenium ions. The solid bars indicate the
orbital energy range of these ions.

The LUMOs of cis and trans di-tert-butylthiiranium ions
and of di-fert-butylthiirenium ion (with b, symmetry) are
similar as for shape and energy. The same is valid for the
NLUMOs (LUMO+1) of thiiranium ions and for the
LUMO+2 of thiirenium ion (with a; symmetry), as well as
for the HOMOs of thiiranium ions and the SHOMO
(HOMO —1) of thiirenium ion (with b, symmetry). The
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HOMO and LUMO+1 of thiirenium ion are the m and m*
orbitals of the endocyclic C-C double bond.

The HOMO of disulfide may interact with the b, LUMO of
thiiranium or thiirenium ions (under energy-gap control)
when the nucleophile approaches along the y direction, or
with the vacant a, orbital (orbital-overlap control) when the
nucleophile approaches along the x direction. The approach
along the z direction does offer only a limited possibility of
overlap. The experimental evidence points to the approach
along the y direction, that is to the energy-gap control.

The case of bicentric nucleophiles represented by the =
system of double and triple C—C bonds is different. The
approach along the x direction is now favored by the
possibility of a double interaction, between the HOMO of
the nucleophile and the vacant a; orbital, but also between the
LUMO of the nucleophile and the occupied b, orbital. This
latter interaction is minimized, or even cancelled, in the
disulfide monocentric nucleophile, because in the LUMO the
atomic p orbital is almost totally engaged in the interaction
with the orbitals at the adjacent atoms.

The interaction between the LUMO of the t system and the
occupied b, orbital is possible also along the z direction. This
is, however, the only interaction along this direction, and this
may explain the energy difference found by Radom for A and
B pathways.
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Are the Approach Directions of ¢ and 7t Nucleophiles to the Sulfur Atom of
Thiiranium and Thiirenium Ions Different?

Theis 1. Selling, S. Bruce Wild, and Leo Radom?*!?!

We have recently carried out a theoretical examination of
nucleophilic substitution at the sulfur atom of thiiranium and
thiirenium ions by the unsaturated hydrocarbons ethylene and
acetylene using high-level ab initio molecular orbital calcu-
lations.'l These reactions were found to result in m-ligand
exchange and to proceed via transition structures that
resemble the triple-ion configuration of the traditional Sy2
reaction at carbon (X~ -.« CH;" ..+ X"), that is the transition
structures are arranged so that the donor orbitals of the two &
ligands and the vacant orbital at SH' are close to collinear
(e. g. 1). This transition structure description is consistent with
that obtained from calculations for the analogous reactions of
ethylene and acetylene with phosphiranium, phosphirenium,
chloriranium and chlorirenium ions.[ 3

In an independent experimental study, Modena and co-
workers examined the nucleophilic attack of dialkyl disulfides
on the sulfur atom of substituted thiiranium and thiirenium
ions.”! They found that the reaction is sensitive to the
substitution pattern both at sulfur and at the ring carbon
atoms, from which they postulated that the nucleophile
approaches in a perpendicular (rather than a near-collinear)
direction (as illustrated in 2).

[a] Prof. Dr. L. Radom, T. I. Sglling, Dr. S. B. Wild
Research School of Chemistry, Australian National University
ACT 0200, Canberra (Australia)
Fax: (+61)2-62490750
E-mail: radom@rsc.anu.edu.au
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In an attempt to reconcile the apparently conflicting
conclusions from the theoretical and experimental studies,
Modena and co-workers have noted in the accompanying
commentP! that the theoretical study was concerned with
bicentric nucleophiles whereas the experimental study was
concerned with a monocentric nucleophile. From a consid-
eration of orbital interactions in the two cases, they made the
interesting observation that there is an additional interaction
in the bicentric case that favors a collinear approach. Thus
they concluded that the apparently different directions of
nucleophilic attack could be associated with a difference in
behavior between monocentric and bicentric nucleophiles.

We have, in fact, very recently carried out explicit high-level
ab initio calculations on the exchange reactions of prototyp-
ical monocentric nucleophiles (specifically NH;, H,O, HF,
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HOMO and LUMO+1 of thiirenium ion are the m and m*
orbitals of the endocyclic C-C double bond.

The HOMO of disulfide may interact with the b, LUMO of
thiiranium or thiirenium ions (under energy-gap control)
when the nucleophile approaches along the y direction, or
with the vacant a, orbital (orbital-overlap control) when the
nucleophile approaches along the x direction. The approach
along the z direction does offer only a limited possibility of
overlap. The experimental evidence points to the approach
along the y direction, that is to the energy-gap control.

The case of bicentric nucleophiles represented by the =
system of double and triple C—C bonds is different. The
approach along the x direction is now favored by the
possibility of a double interaction, between the HOMO of
the nucleophile and the vacant a; orbital, but also between the
LUMO of the nucleophile and the occupied b, orbital. This
latter interaction is minimized, or even cancelled, in the
disulfide monocentric nucleophile, because in the LUMO the
atomic p orbital is almost totally engaged in the interaction
with the orbitals at the adjacent atoms.

The interaction between the LUMO of the t system and the
occupied b, orbital is possible also along the z direction. This
is, however, the only interaction along this direction, and this
may explain the energy difference found by Radom for A and
B pathways.
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We have recently carried out a theoretical examination of
nucleophilic substitution at the sulfur atom of thiiranium and
thiirenium ions by the unsaturated hydrocarbons ethylene and
acetylene using high-level ab initio molecular orbital calcu-
lations.'l These reactions were found to result in m-ligand
exchange and to proceed via transition structures that
resemble the triple-ion configuration of the traditional Sy2
reaction at carbon (X~ ..« CH;" ..+ X"), that is the transition
structures are arranged so that the donor orbitals of the two &
ligands and the vacant orbital at SH' are close to collinear
(e. g. 1). This transition structure description is consistent with
that obtained from calculations for the analogous reactions of
ethylene and acetylene with phosphiranium, phosphirenium,
chloriranium and chlorirenium ions.[ 3

In an independent experimental study, Modena and co-
workers examined the nucleophilic attack of dialkyl disulfides
on the sulfur atom of substituted thiiranium and thiirenium
ions.”! They found that the reaction is sensitive to the
substitution pattern both at sulfur and at the ring carbon
atoms, from which they postulated that the nucleophile
approaches in a perpendicular (rather than a near-collinear)
direction (as illustrated in 2).
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In an attempt to reconcile the apparently conflicting
conclusions from the theoretical and experimental studies,
Modena and co-workers have noted in the accompanying
commentP! that the theoretical study was concerned with
bicentric nucleophiles whereas the experimental study was
concerned with a monocentric nucleophile. From a consid-
eration of orbital interactions in the two cases, they made the
interesting observation that there is an additional interaction
in the bicentric case that favors a collinear approach. Thus
they concluded that the apparently different directions of
nucleophilic attack could be associated with a difference in
behavior between monocentric and bicentric nucleophiles.

We have, in fact, very recently carried out explicit high-level
ab initio calculations on the exchange reactions of prototyp-
ical monocentric nucleophiles (specifically NH;, H,O, HF,

0947-6539/00/0604-0590 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Thiiranium Ions

589-591

PH;, H,S, and H,0O) with phosphiranium and phosphirenium
ions,®! chloriranium and chlorirenium ions,”! and thiiranium
and thiirenium ions.”®! We find that the reactions in some cases
involve an intermediate transition structure whereas in other
cases they proceed from reactants to products without the
intervention of an intermediate transition structure. The
relevant observation, however, is that the transition structures
in the former situations resemble triple-ion configurations
with near linearity of the appropriate orbitals (e. g. 3, the
transition structure for the exchange reaction of H,S with
thiirenium ion). Thus we find no evidence for a qualitative
difference in the direction of the attack on these three-
membered heterocyclic ions between the monocentric and
bicentric nucleophiles.

The apparent discrepancy between the theoretical and
experimental conclusions therefore remains. There are a
number of possible alternative explanations: a) Perhaps the
sensitivity of the reactivity to substitution may be attributable
to some factor other than the approach of the nucleophile in
the perpendicular direction. b) The calculations refer to the

gas phase whereas the experiments were carried out in
solution. Perhaps differential solvation is playing an impor-
tant role. ¢) The calculations and experiments refer to differ-
ent specific systems. Perhaps the experimental conclusions
apply to specific systems but do not hold generally. It would
seem that this problem deserves further attention and that
additional theoretical and/or experimental work is needed
before definitive conclusions can be drawn.
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Anisotropic Orientation of Horseradish Peroxidase by Reconstitution
on a Thiol-Modified Gold Electrode

Heiko Zimmermann,*'*! Annika Lindgren,*! Wolfgang Schuhmann,!*! and Lo Gorton'™

Abstract: Horseradish peroxidase
(HRP) was reconstituted on the surface
of a gold electrode that was modified
first with a hemin —carbon-chain - thiol
derivative followed by addition of the
apo protein to the contacting solution.
To facilitate the reconstitution of the
holo enzyme, the hemin needs to be
immobilised on a carbon-chain spacer

dithiodipropionic acid di-(N-succinimid-
yl ester)) followed by binding of a
diaminoalkane to the activated disul-
phide. The hemin was then coupled to
the second amino group of the diami-
noalkane by means of a carbodiimide
coupling reagent. Finally, the enzyme
was reconstituted on the hemin-modi-
fied surface by immersion of the elec-

trode in a solution containing apo-HRP.
The advantage of this method is that the
length of the spacer arm can be changed
easily, because diaminoalkanes of differ-
ent chain lengths are available. The
electrochemistry of the hemin and the
reconstituted HRP electrodes was stud-
ied by means of cyclic voltammetry and
differential-pulse voltammetry. The cat-

arm. To achieve this, an immobilisation
protocol was developed that is based on
the initial formation of a mixed self-
assembled monolayer on the gold sur-
face consisting of 3-carboxypropyl disul-
phide and an activated disulphide (3,3'-

protein
chemistry

Introduction

An increasing interest in the development of reagentless
biosensors has focused research on redox enzymes that are
capable of direct electron exchange with suitable electrode
surfaces without free-diffusing redox mediators. The prereq-
uisites for a direct electron transfer (ET) can be derived from
the Marcus theory,™? which demonstrates the key impor-
tance of the ET distance, besides the potential difference and
the reorganisation energy of the redox centres involved. As a
consequence, for an optimally designed electrode configura-
tion one has to ensure that the ET distance between an
immobilised redox protein and an electrode surface is as short
as possible. Hence, only those enzyme molecules that are
immobilised in the first monolayer on an electrode surface are
able to undergo direct ET.
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alytic ability for reduction of hydrogen
peroxide was investigated for both di-
rect and mediated electrochemistry with
a soluble electron donor (ortho-phenyl-
enediamine).

+ horse-

redox

One of the most intensively studied and best characterised
group of enzymes exhibiting direct ET characteristics are the
peroxidases, such as cytochrome ¢ peroxidase,! horseradish
peroxidase (HRP), fungal peroxidase, ® lactoperoxidase,!’
microperoxidasel®® and chloroperoxidase!’l immobilised
mainly on carbonaceous materials and noble metals. The
characteristics of various biosensor designs that utilise these
enzymes have been summarised recently.'"'? A common
aspect of these investigations was that the enzymes were
directly immobilised on the electrode surface, usually simply
by adsorption. For example, random adsorption of native
HRP on graphite electrodes has the result that about 40—
50% of the remaining active enzyme molecules are in direct
ET contact with the electrode.'>'¥ Additionally, redox
proteins had been pre-orientated by means of promoter-
modified electrode surfaces favouring the right orientation of
the protein and thus facilitating the direct exchange of
electrons following an adsorption-reaction—desorption
mechanism.[!> 10]

The ET distance depends on the overall distance between
the redox site within the protein and the electrode surface, the
depth of the active site inside the protein and the orientation
of the protein on the electrode surface. The last two factors
are also correlated with the size of the protein itself. To define
the distance between the electrode surface and the immobi-
lisation site, self-assembled monolayers (SAM) spontaneously
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formed from solutions of thiol derivatives on clean gold
surfaces!'""! can be used. They may also provide suitable
functional groups for covalent attachment of redox proteins.

Orientation of small heme-containing redox proteins like
microperoxidase MP-112%22 on cystamine-modified gold
electrodes revealed close to reversible electrochemistry for
Fe’+?* and high electrocatalytic activity for the reduction of
H,0O,. It has also been shown that hemin can be successfully
tethered to a cystamine-modified gold electrode.!

One would not expect similar behaviour for an analogously
prepared HRP electrode, since the size of the protein together
with an isotropic orientation prior to covalent fixation would
severely decrease the number of molecules bound in a
favourable orientation required for direct ET reactions. Thus,
especially for large proteins, the overall ET distance can only
be decreased by attempting an anisotropic orientation of the
protein prior to covalent immobilisation with the active site
exposed towards the electrode surface. Examples of this
strategy are the reconstitution of holo oxidases with thiol-
derivatised FAD,?*? of PQQ-dependent dehydrogenases
with PQQ-modified thiol monolayers?”! and of myoglobin by
means of monolayers of thiol-derivatised hemin.?®!

In this paper, we report the design and evaluation of an
electrode architecture for orientated immobilisation of HRP

Abstract in German: Durch Zugabe des Apo-Enzyms wurde
Meerrettichperoxidase (HRP) auf einer Hdimin-funktionali-
sierten Thiolmonoschicht orientiert rekonstituiert, um die
Elektronentransferdistanz zwischen dem Cofaktor des Redox-
proteins und der Goldelektrodenoberfliche zu minimieren.
Die Architektur der Himin-funktionalisierten Tiolmono-
schicht wurde so konzipiert, dass die Distanz zwischen Himin
und Alkylthiolmonoschicht iiber Spacerketten variabler Linge
eingestellt werden konnte, wihrend gleichzeitig eine laterale
Verdiinnung der Himin-Ankergruppen erreicht wurde. Hierzu
wurde im ersten Schritt eine gemischte Monolage aus einer
Losung von 3-Carboxypropiondisulfid und einem Aktivester-
derivatisierten Disulfid (3,3 -Dithiodipropionsiuredi(N-hy-
droxysuccinimidyl)ester) in DMSO auf der Goldelektrode
gebildet, wobei das Verhdltnis Aktivester- zu Carboxylatfunk-
tion frei gewdhlt werden kann. An die Aktivestergruppen
wurden im zweiten Schritt 1,w-Diaminoalkane gekoppelt und
anschlieffend Hdmin nach Carbodiimid-Aktivierung an die
noch freie Aminogruppe gebunden. Im letzten Schritt wurde
das Holo-Enzym auf der Himin-modifizierten Oberfliche in
einer Losung von Apo-Peroxidase rekonstituiert. Der so
erhaltene modulare Aufbau ist prinzipiell auf weitere Cofak-
toren und ihre zugehorigen Redoxproteine iibertragbar. Die
Elektrochemie von Himin und der rekonstituierten HRP
wurde mittels cyclischer Voltammetrie (CV) und Differenz-
Pulsvoltammetrie (D PV) untersucht. Die katalytische Aktivitit
der erhaltenen Elektroden hinsichtlich der Reduktion von
Wasserstoffperoxid wurde amperometrisch in Abwesenheit
(direkter Elektronentransfer) und Anwesenheit eines geldsten
Elektronendonors (o-Phenylendiamin) iiberpriift und so die
biologisch aktive Rekonstitution von Holo-HRP auf der
Elektrode nachgewiesen.
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on a SAM; this procedure circumvents tedious syntheses of
cofactor-derivatised thiol compounds that possess the appro-
priate spacer length, while the flexibility to adapt the
distances to the specific needs of envisaged direct ET
processes is maintained.

Results and Discussion

Electrode architecture for the orientated reconstitution of
HRP: Since hemin located within the active site of HRP is not
covalently bound to the protein backbone, it can be easily
extracted to obtain the respective apo protein.?’) Moreover,
reconstitution of the holo enzyme occurs easily by mixing the
apo enzyme with hemin. Based on these considerations and
the prerequisites for obtaining direct ET between an immo-
bilised redox protein and the electrode surface, covalent
binding of hemin at the surface of a SAM followed by
reconstitution of holo-HRP with the surface-bound hemin
groups was envisaged. However, according to considerations
of Guo et al.”®! concerning the reconstitution of myoglobin
with monolayers of hemin-modified thiol derivatives, an
optimal electrode architecture has to prevent nonspecific
adsorption of the protein and steric hindrance. This can be
achieved by optimising the intermolecular spacing between
heme moieties on the surface to distances that are at least
equal to the size of the protein.’”) Additionally, in order to
optimise the overall ET distance taking into account the depth
of the active site of the protein, it is essential to be able to vary
the spacer length between the thiol group and the heme while,
at the same time, avoiding difficult syntheses of the necessary
variety of hemin-modified thiol derivatives.

As a working hypothesis, a reaction sequence is proposed
(Figure 1) that starts with the formation of a mixed thiol
monolayer from two different thiol derivatives, one of which
has an activated functional group in the w-position. Secondly,
a bifunctional spacer of variable length is bound to the
activated headgroups, followed by covalent attachment of
hemin. In the third step, apo-HRP is reconstituted by use of
the hemin moieties attached to the surface.

For each step we have to ensure that the envisaged
electrode architecture can be controlled so that nonspecific
adsorption, nonproductive cross-linking of the bifunctional
spacer and so forth can be prevented. In order to prove that
hemin does not adsorb nonspecifically on amino-functional-
ised thiol monolayers, gold electrodes have been modified
with a cystamine monolayer. Adsorption versus covalent
binding was then assessed by comparison of electrodes that
were prepared by incubation of cystamine-modified electro-
des in hemin solution in the presence or absence of
carbodiimide. After thorough rinsing of the electrodes in a
100mMm NaClO, solution in DMSO to desorb possibly
adsorbed hemin molecules, cyclic voltammetry in 20mm
phosphate buffer (pH 7.0) was performed (Figure 2). Electro-
chemistry of surface-bound hemin can only be observed in the
case of the carbodiimide activation (solid line in Figure 2).
The monolayer-bound hemin exhibits well-behaved electro-
chemistry with a formal potential (E*’) of —275 mV relative
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Figure 1. Schematic representation of the proposed electrode architecture for the immobilisation of hemin on a
diluted spacer and the reconstitution of HRP on a monolayer-modified gold electrode. a) Formation of a mixed
thiol monolayer to obtain a suitable dilution of active headgroups. b) Covalent fixation of a bi-functional spacer to
the active headgroups at the monolayer. ¢c) Carbodiimide-activation of carboxylic residues at hemin and covalent
binding to functional groups at the spacer arms. d) Reconstitution of holo-HRP.

1500 |

1000 |

500

-500 |

Current // nA

-1000 |

-1500 |

_2000 " 1 1 2 N
-500 -400 -300 -200 -100 0

Potential / mV

Figure 2. a) Cyclic voltammogram of hemin carbodiimide (EDC) coupled
to a cystamine-modified gold electrode. b) Cyclic voltammogram of a
similar electrode that was prepared without any EDC coupling reagent in
the incubation solution. (20mm phosphate buffer pH 7.0; scan rate:
100 mVs)

to Ag/AgCl, which was taken as the mean value of the anodic
and cathodic peak potentials. These results are in accordance
with those reported previously.?’l In this case, however, the
hemin molecules are located too close to each other and too
close to the electrode surface, thus preventing the reconsti-
tution of a large holo protein.

Variation of the spacer length to allow penetration of surface-
bound hemin groups into the active site of the apo enzyme:
According to the recently elucidated structure of recombinant
HRP C,*! the distance between the carboxylic acid groups of
the heme in the enzyme’s active site and the surface of the
protein can be estimated to be approximately 10 A. Since the
structure was derived from crystals of the deglycosylated
enzyme, the depth of the active site may be even larger in
native HRP. As a consequence, to accomplish the reconstitu-
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tion of the active enzyme on a
hemin-modified electrode sur-
face, the distance between the
electrode surface and the hem-
in groups should be substantial-
ly larger than that obtained for
the cystamine-modified elec-
trode. However, to facilitate
direct ET the distance should
be as short as possible; this
means that an optimisation pro-
cedure that compromises these
conflicting prerequisites is re-
quired. For an easy variation of
the spacer length a three-step
modification procedure has
been developed. In the first
/ .r step, a monolayer consisting of
an activated disulphide (3,3'-
dithiodipropionic acid di-(V-
succinimidyl ester); Lomant’s
reagent) mixed with 3-carboxy-
propyl disulphide (1:99) was
self-assembled on the electrode
surface. Addition of a high ex-
cess of 1,w-diaminoalkanes to
the monolayer, which contained the activated head groups,
yielded a monolayer terminated with amino groups (mixed
with shorter chains terminated by carboxylic acid head-
groups). The overall spacer length in this monolayer depends
on the length of the diaminoalkanes used. We assumed that
the high excess of diaminoalkane would prevent the forma-
tion of surface loops between adjacent carboxylate head-
groups. The carboxylic residues of hemin were then activated
with carbodiimide and covalently linked to the terminal
amino groups of the monolayer by formation of amide bonds.

The electrochemical characteristics of hemin bound to
diaminoalkanes of different lengths (1,4-diaminobutane, 1,6-
diaminohexane, 1,12-diaminododecane) was studied using
differential pulse voltammetry (Figure 3). The corresponding
data are summarised in Table 1.

Huswiin ! EDG

Current A//nA

:
-500 -400 -300 -200 -100 O 100

Potential / mV
Figure 3. Differential pulse voltammograms of hemin-modified electrodes
with different chain lengths of the 1,w-diaminoalkane. a) 1,4-diaminobu-
tane. b) 1,6-diaminohexane. c) 1,12-diaminododecane. The solid line shows
the reduction peak and dotted line the oxidation peak. (Scan rate
10 mVs~!, pulse height 50 mV, 1% activated disulphide.)
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Table 1. Peak separation (AE,) and formal potential (E£°') evaluated from
differential pulse voltammetry experiments with different chain lengths of
the diaminoalkane (4, 6 and 12 carbon atoms). The standard deviation
obtained for three electrodes prepared on two different days are given in
parentheses. For experimental conditions, see Figure 4.

Chain length E” [mV] AE, [mV]
4 —3273 (54) 12.7 (5.9)
6 —310.2 (5.8) 16.6 (1.0)
12 —291.0 (2.2) 30.7 (7.9)

The peak area decreases with increasing spacer length
between hemin and the electrode. Concomitantly, with longer
chains E° is shifted to more positive values and the peak
separation, AE,, increases (Table 1). This is attributed to
more rigid binding of the hemin moieties for shorter chains,
leading to a voltammogram indicative of a surface-bound
species, while long spacer chains allow for a longer distance,
on average, of the hemin groups from the electrode surface
(Figure 4). Hence, a lower electron transfer rate is obtained
that leads to an increase in the oxidation peak potential and
simultaneous decrease in the reduction peak potential (Fig-
ure 3 and Table 1). Taking into account possible whip-like
swinging of the spacer-bound hemin group, especially for
longer spacers, the redox reactions observed for surface-
bound hemin with different spacer lengths do not correlate
directly with defined ET distances.

Mixed monolayers as a means for optimising the distance
between surface-bound hemin groups: Another important
aspect is that an appropriate distance is required between
tethered hemin groups to accommodate the reconstituted
enzyme. The distance between the immobilised hemin
molecules was adapted by means of a mixed-monolayer
approach. The monolayer formed by the activated disulphide

(3,3'-dithiodipropionic acid di-(N-succinimidyl ester)) was
diluted with 3-carboxypropyl disulphide. The dilution of the
activated headgroups was varied by using different ratios of
the activated disulphide to 3-carboxypropyl disulphide (100,
50,10, 5 and 0% ). After monolayer formation, the electrodes
were incubated with an excess of 1,12-diaminododecane in a
first step and with hemin in the presence of carbodiimide in a
second step. In Figure 5 (top) the cyclic voltammograms of
five hemin-modified electrodes are compared with respect to
ratios of the activated and nonactivated headgroups in the
initially formed thiol monolayer. The surface coverage of
hemin (I') was calculated by integration of the peak areas
obtained in the cyclic voltammograms and plotted against the
ratio of activated disulphide to 3-carboxypropyl disulphide
(Figure 5, bottom). A coverage of 66 pmolcm~2 was calcu-
lated for nondiluted activated disulphide. This value is in good
agreement with the theoretical monolayer coverage for
hemin, which can be derived to be 70 pmolcm™ assuming
an area requirement of 2.38 nm? per hemin molecule.”? The
linear trend in the correlation between surface coverage and
dilution of activated headgroups demonstrates that the self-
assembling process is under control. However, since the self-
assembling kinetics of the two disulphides may be different,
the actual fraction of active groups on the surface cannot be
presumed to be equal to the ratio of the two disulphides in
solution. The surface concentration of hemin molecules, that
is, the distance between adjacent hemin molecules, did not
have any influence on the peak separation of the registered
cyclic voltammograms (4E,), but a slight increase (10—
20mV) in E” was observed at low concentrations of the
activated disulphide. This finding appears to indicate that
with increasing surface coverage, interactions between adja-

cent hemin moieties may occur that in turn may affect
EOI.[:B]

Figure 4. Schematic representation of the quasidiffusional variation of the ET distance for hemin-modified electrodes with different spacer lengths (C4 and

C12).
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Figure 5. Top: cyclic voltammograms of hemin-modified electrodes with
1,12-diaminododecane as spacer at different ratios of activated disulphide
and carboxylated disulphide (a=100%; b=50%, c=10%, d=5%; e=
0%). Scan rate 50 mVs~!. Bottom: surface coverage of hemin calculated
from the corresponding peak areas (a—e) of the cyclic voltammograms
plotted as a function of the dilution of the activated headgroups in the
monolayer.

Reconstitution of HRP on hemin-modified monolayers: As
stated above, the distance from the carboxylic acid groups of
the heme to the surface of the protein in HRP is at least 10 A.
The distances between the two nitrogen atoms in the
diaminoalkanes used (straight conformation of the molecule)
is estimated to be approximately 6, 9 and 16 A for the
diaminoalkanes with 4, 6 and 12 carbon atoms, respectively.
Hence we assume that hemin bound to a 1,12-diaminodo-
decane (C12-spacer) monolayer will reach into the active site
of HRP (note that the disulphide used to dilute the activated
disulphide is one carbon-carbon bond longer than the
activated disulphide). The length of 1,6-diaminohexane (C6-
spacer) is thought to be at the borderline, while 1,4-diamino-
butane (C4-spacer) is most probably too short.

The reconstitution of holo-HRP is achieved by treating the
hemin-modified electrode with a solution containing apo-
HRP. A range of electrodes differing with respect to hemin
surface concentration and the length of the spacer chain have
been evaluated.

After treatment of the hemin electrodes with apo-HRP
solution, the hemin redox waves in cyclic and differential
pulse voltammetry are significantly diminished in the case of
the Cl12-spacer (Figure 6, top). Since the shape and height of
the voltammograms are not only modulated by the concen-
tration of the redox-active species but also by the ET kinetics,
it is possible that the redox waves observed after reconstitu-
tion of the holo-HRP are indicative for a reconstituted
enzyme that has slower ET kinetics due to an increased ET
distance. However, even on the assumption that the redox
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Figure 6. Differential pulse voltammograms: Cl12-spacer hemin electrode
(top) and C4-spacer hemin electrode (bottom) before and after treatment
with apo-HRP. (Scan rate 10 mV's™!, 10 % activated disulphide; solid line:
oxidative scan, dashed line: reductive scan.)

wave at —350 mV, after reconstitution of holo-HRP, is in the
worst case still indicative of the free hemin redox reaction,
one can derive that a maximum of about 24 % of the hemin
groups are in direct electrochemical communication with the
electrode surface in the case of the longest spacer. This
derivation is based on the average of the charges transferred
during the anodic and cathodic wave of the differential pulse
voltammogram. Evidently, after HRP reconstitution most
surface-bound hemin groups are tightly bound within the
active site of the protein; this prevents their whip-like
approach to the monolayer surface. Therefore, the average
overall ET distance between the hemin centre and the
electrode surface increases significantly upon reconstitution.
This finding is in good agreement with the observations
reported for FAD-modified electrodes after reconstitution of
glucose oxidase! and for hemin-modified electrodes after
reconstitution of myoglobin.?®! Control experiments with
holo-HRP and bovine serum albumin (BSA), as a means to
investigate the effect of nonspecific adsorption on the
electrode surfaces, showed only little influence on the hemin
redox waves.

In contrast, after the attempt to reconstitute holo-HRP on
the C4-spacer monolayer, the hemin redox waves were
preserved to a value of about 57 % of the transferred charge
(Figure 6, bottom). This finding strongly suggests that a
proper reconstitution of holo-HRP with the short-spacer
bound hemin is unlikely. Owing to the small electrode surface
area used in the experiments, a direct determination of the
surface coverage of the electrodes with reconstituted HRP
was not possible. Preliminary attempts to evaluate the surface
coverage of reconstituted HRP by means of an electro-
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chemical quartz crystal micro balance (EQCM) did not
succeed because of the extremely small amount of hemin
binding sites in the 1:99 diluted thiol monolayers. Although
optical methods such as ellipsometry or surface plasmon
resonance might help to determine the surface coverage, these
methods also detect inactive proteins and are, as a conse-
quence, not appropriate to quantify the number of biolog-
ically intact reconstituted HRPs on the electrode surface.
However, as shown below, the reconstitution of HRP in its
bioactive form could be demonstrated by using a standard
amperometric assay in the presence of an artificial electron
donor.

Constant-potential amperometry in the presence of in-
creasing concentrations of H,O, demonstrated the possibility
of direct ET between reconstituted HRP and the electrode.
The reduction of H,O, starts at potentials as high as 400 mV;
this is indicative of the formation of the oxidised HRP
intermediate [compound I, Fe™Y=0, P* (porphyrin radical)]
(Figure 7).

(red.) (ox.)
HRP H,0,
(red.)
HRP H,O
(ox.)

Figure 7. Reaction sequence of the HRP-catalysed reduction of H,O,
involving direct and mediated electron transfer between the enzyme and
the electrode surface.

To prove that the observed electrocatalytic current is not
caused by free hemin groups at the surface, direct and ortho-
phenylenediamine-mediated ET were compared by use of a
working potential of —100 mV (Figure 8). Ortho-phenylene-
diamine was shown to be inactive with hemin, whereas it is a
very efficient electron donor for HRP in solution (with a
second-order rate constant of 107—10M~'s~!34) as well as for
HRP adsorbed on an electrode surface.® Recently, it was
proposed that artificial phenolic electron donors (including
such compounds as ortho-phenylenediamine) interact with
oxidised HRP at an amino acid residue (Phe 179) in the
vicinity of the active site.’*! This would explain why only
oxidised HRP, and not oxidised hemin, undergoes a redox
reaction with ortho-phenylenediamine. For short spacer
chains (which are supposed to be too short to allow proper
reconstitution of holo-HRP) the current obtained in the
absence and presence of the free-diffusing donor was identical
(Figure 8, top), while a significant increase in the current was
observed for the longer spacer chain (Figure 8, bottom).
These findings prove the successful reconstitution of the
active holo-HRP in the case of the longest spacer (C12).
However, evidently the distance for direct ET is too long to
allow fast and efficient electrical communication between
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Figure 8. Comparison of electrocatalytic currents at hemin-modified
electrodes after treatment with apo-HRP. Top: C4-spacer in the absence
(a) and in the presence of 2mM o-phenylenediamine (o) (mediated ET).
Bottom: C12-spacer in the absence (A) of an electron donor (direct ET)
and in the presence of 2mMm o-phenylenediamine (o) (mediated ET)
(applied potential: —100 mV).

HRP and the electrode via the monolayer. Taking into
account the significant decrease of the hemin redox wave to
about 24 % of its initial charge after reconstitution of holo-
HRP on the Cl2-spacer surface, one would only expect a
contribution of approximately 24 % of free hemin sites to the
overall reduction current observed with this electrode. As the
currents are similar at —100mV for the electrocatalytic
reduction on the C12-hemin electrode and for the electrode
on which HRP has been reconstituted, the predominant
contribution to the electrocatalytic reduction current is
probably due to a direct ET process from the active site of
the properly orientated holo-HRP on the monolayer surface.

On the other hand, in the case of the C4 and C6 spacers, the
reconstitution was obviously not successful leaving free hemin
groups on the surface which caused the observed electro-
catalytic current for the reduction of H,0,.

To support the argument concerning direct ET between
reconstituted HRP and the electrode surface, one has to
discuss the effect of the ET distance on ET kinetics. The
electrochemistry of hemin, revealed by cyclic voltammetry,
almost disappears after reconstitution of holo-HRP on the
C12-hemin-modified electrodes, whereas the electrocatalytic
current for H,O, measured at a stationary potential of
—100 mV remains virtually the same as for the hemin-
modified electrode. The parameters of direct ET depend
drastically on interfacial interactions and on the structure of
the biologically active layers on electrodes. A true monolayer
coverage of the electrode surface is especially important, even
in the case of the maximally exposed catalytic centre. Not
being shielded by a polypeptide chain, “naked” heme exhibits
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heterogeneous ET rates higher than 4000 s~! (Fe**** redox
conversion) when adsorbed on basal pyrolytic graphite or
glassy carbon.’? 3! High heterogeneous ET rates can be
observed for heme adsorbed on gold electrodes modified with
short thiols like ethanethiol, cystamine and mercaptoethanol
with a resulting apparent heterogeneous ET rate constant of
up to 3600 s~.B% The highest ET rate constant reported so far
for microperoxidase-11 (MP-11) on cystamine-modified gold
electrodes was between 1212 and 20 s~ Most likely, a true
monolayer of MP-11 was not present on these electrode
surfaces; this would explain the comparatively low ET rate
constants. On the other hand, by linking MP-11 thorugh its
amino functions to the carboxyl-terminated short thiol
monolayers, ET rate constants up to 1700-3600s~! were
found.??

Several important and perhaps general conclusions can be
derived by comparison of the vast number of heterogeneous
ET measurements done with cytochrome ¢ on thiol-mono-
layer-modified gold electrodes bearing carboxylic acid head-
groups. It appears that in the case of long thiol modifiers
(longer than 7-9 methylene groups) the interfacial ET drops
exponentially with the length of the spacer. Evidently, the rate
of electron tunnelling through the thiol layer is rate limiting in
this case.*>*l However, no distance dependence was ob-
served for monolayers formed from shorter thiol compounds,
for which experimentally determined ET rate constants varied
between 400 and 2000 s~!. Remarkably, after covalent binding
of cytochrome ¢ to a thiol-modified gold electrode, the ET
rate decreases by at least two orders of magnitude.!

For HRP, a protein molecule that is even larger than
cytochrome ¢, the heme moiety is deeply buried within the
protein shell (approximately 10 A). Moreover, plant perox-
idases are heavily glycosylated. In a recent paper,[*! the direct
ETrate constants for native HRP (glycosylated, MW 44 kDa)
and its recombinant nonglycosylated counterpart (MW
34 kDa) have been found to be around 2 and 87!, respec-
tively, when the enzymes were adsorbed on graphite elec-
trodes. The value of the ET rate constant for native HRP
agrees with that of other investigators.[*l

Considering the slow ET between graphite and adsorbed
HRP, it is not surprising that the electrochemistry of hemin
virtually disappears after its incorporation into holo-HRP.
Nevertheless, a clear electrocatalytic current for H,O, reduc-
tion is noticed, just as for graphite electrodes modified with
adsorbed HRP.

This raises an important question: how are the electrons
transferred from the electrode to the active site of oxidised,
reconstituted HRP? It has been shown that the critical
distance for tunnelling of electrons between a graphite
electrode and HRP is less than 18 A.[*] The estimated
distance between the reconstituted HRP and the electrode
in the case described in this work is at least 16—18 A, which is
probably at the critical limit for electron tunnelling. Recently,
Willner and co-workers®! clearly demonstrated that no
bioelectrocatalytic current could be obtained when glucose
oxidase was reconstituted on a gold electrode modified with a
FAD - carbon-chain - thiol derivative of similar length as used
in this work. However, similar to our observations, the
electrochemistry of FAD totally disappeared after reconsti-
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tution of holo-glucose oxidase on the electrode surface. This
points to the important conclusion that efficient electron
tunnelling was not achieved along the carbon chain. Since
very efficient ET could be obtained from reduced FAD in the
active site of reconstituted glucose oxidase to the electrode!
after introduction of either a soluble redox mediator (e.g., a
ferrocene derivative) or a covalently bound spacer-integrated
mediator (pyrroloquinoline quinone), tunnelling through the
o-bonds of the methylene spacer seems unlikely. According to
this argument, it seems unlikely that the electrochemical
communication between the gold electrode and oxidised,
reconstituted HRP, in the presence of H,O,, occurs through
tunnelling along the backbone of the spacer. Another
tentative explanation is that electrons tunnel through the
protein shell of the reconstituted holo-HRP. However, more
investigations are needed to put forward evidence for either
of these hypotheses.

Conclusion

A sequential electrode modification procedure has been
developed that enables us to optimise the distance between an
immobilised cofactor like hemin, as a site for reconstitution of
a holo protein, and the electrode surface without having to
synthesise a variety of cofactor-thiol derivatives. This method
can in principal be transferred to other cofactors to generate
properly orientated holo proteins on monolayer surfaces in
order to improve the direct electron transfer between the
redox protein and the electrode surface. It was demonstrated
that active HRP can be reconstituted on a surface that
separated the hemin and the monolayer surface by a long
spacer chain (C12), while no productive reconstitution was
observed for shorter chains. However, the ET distance from
the active site of the reconstituted HRP to the monolayer and
electrode surface is rather large, thus causing slow ET
kinetics. Future work will aim at decreasing the ET distance
by the integration of suitable redox relays into the spacer
chains.

Experimental Section

Chemicals: Horseradish peroxidase (HRP; RZ =3.4) was purchased from
Biozyme (Gwent, UK). 1,4-Diaminobutane, 1,12-diaminododecane and
3,3'-dithiodipropionic acid di-(N-succinimidyl ester) were obtained from
Fluka (Buchs, Switzerland); 1,6-diaminohexane from Merck (Darmstadt,
Germany); 3-carboxypropyl disulphide and cystamine-dihydrochloride
from ACROS Organics (Geel, Belgium); 1-ethyl-3-(3-dimethylaminopro-
pyl)carbodiimide (EDC) and hemin from Sigma (Deisenhofen, Germany);
and ortho-phenylenediamine from Merck-Schuchardt (Hohenbrunn, Ger-
many). Butanone, DMSO and ethanol were purchased from Riedel de
Haen (Seelze, Germany). The buffer salts (K,HPO,-3H,0 and KH,PO,)
were analytical grade and obtained from Merck (Darmstadt, Germany).
H,0, (30 %) was obtained from Baker (Deventer, Netherlands).

Preparation of apo-HRP: The heme of HRP was extracted following a
method based on the work of Teale.?”’ HRP was dissolved in cold
phosphate buffer (100mm) at pH 2.4 to yield a final concentration of
1mgmL-". This solution (1 mL) was added to a separation funnel
containing ice-cold butanone (1 mL). After mixing, the phases were
allowed to separate, resulting in a aqueous phase containing the apo-HRP
and a butanone phase containing the extracted heme. The aqueous phase
was collected and the pH of this phase was quickly adjusted to pH 7-8. The
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resulting apo-HRP solution contains a high degree of dissolved butanone,
which may be removed by dialysis or size-exclusion chromatography.
However, for reconstitution experiments no further purification was made.
The apo-HRP solution was diluted with water to obtain a final concen-
tration of 0.1-0.2 mgmL~! apo-HRP in phosphate buffer (10mm).

Electrode preparation: Gold disk electrodes sealed in Kel-F (purchased
from CH-Instruments, Cordova, TN, USA, with a surface area of
0.0330 cm?) were cleaned by electrochemical cycling, in degassed NaOH
(0.2Mm), with a scan rate of 50 mVs~! between — 1000 mV and — 1800 mV
relative to Ag/AgCl (8 scans). The cleaned electrodes were immersed into a
solution of DMSO containing an overall thiol concentration of 100mwm,
while the ratio of activated and nonactivated thiocarboxylic acids varied
between 0 and 100%. After an incubation time of 90 min at room
temperature, the electrodes were thoroughly rinsed with water and
immediately transferred to a diaminoalkane solution (20mM; 1,6-diami-
nohexane, 1,4-diaminobutane or 1,12-diaminododecane) in water (or 95 %
ethanol for 1,12-diaminododecane). After 4 h the electrodes were carefully
rinsed with water and transferred into the hemin coupling solution. For this,
hemin was dissolved in DMSO to a final concentration of 1.0mm and then
diluted ten times using HEPES buffer (10mMm, pH 7.8) containing EDC
(150mm). The hemin coupling was allowed to proceed at 4°C overnight.
After careful rinsing with water the electrodes were immersed in NaClO,
solution (100mm) in DMSO in order to remove hemin that was merely
adsorbed from the electrode surface. Finally, the electrodes were incubated
with apo-HRP solution (prepared as described above containing 0.1-
0.2 mgmL~! apo enzyme) for 3—-4 h at 4°C.

Electrochemical measurements: Electrochemical measurements were
performed with a potentiostat (EG&G 263A, Princeton Applied Research,
Bad Wildbad, Germany), an Ag/AgCl reference electrode, and a platinum
wire counter electrode. Phosphate buffer (20mm, pH 7.0), which was
carefully degassed with deoxygenated argon prior to the experiments, was
used as the electrolyte. To maintain the inert atmosphere argon was passed
over the solution during the measurements. In cyclic voltammetry three
scans were recorded and the third scan was always used for comparison of
different electrodes and evaluation of the surface coverage. For differential
pulse voltammetry the following parameters were used: scan rate,
10 mVs~!; pulse amplitude, 50 mV; pulse duration, 100 ms and step time,
500 ms. All potentials are given with respect to the Ag/AgCl/3m Cl-
reference electrode.

Peroxidase activity measurements: The direct ET properties of reconsti-
tuted HRP-modified electrodes were determined by constant-potential
amperometry at a potential of — 100 mV relative to Ag/AgCl in phosphate
buffer (20mMm) by means of the electrocatalytic reduction of H,O, in the
absence of any artificial electron donor. The steady-state current after
successive addition of aliquots of H,O, solution was plotted against the
H,O, concentration. For evaluation of the overall HRP activity of the
electrode ortho-phenylenediamine (2mMm initially) was added to the
electrolyte solution.
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Distorted bcc Indium Cubes as Structural Motifs in Ca[TIn,] (T = Rh, Pd, Ir)

Rolf-Dieter Hoffmann and Rainer Pottgen!!

Abstract: The title compounds were
prepared from the elements by reactions
in water-cooled glassy carbon crucibles
under an argon atmosphere in a high-
frequency furnace. CaPdIn, crystallizes
with the YNiAl,-type structure: Cmcm,
a=446.7(3), b=1665(1), c=754.3(5)
pm, wR2=0.0465 with 646 F? values
and 24 variables. The structure is built

LaCoAl,-type structure: Pmma, a=
867.6(1), b=422.91(8), c=745.2(1) pm,
wR2=0.0583 with 468 F? values and
24 variables for CaRhlIn,; a=2869.5(1),
b=42411(6), c¢=746.4(1) pm, wR2=
0.0614 471 F? values with 24 variables
for CalrlIn,. This structure type, too, has
a three-dimensional [RhIn,] polyanion
which is related to the structure of

binary RhIn;. The calcium atoms fill
distorted pentagonal prismatic channels
formed by indium atoms. Semi-empiri-
cal band structure calculations for Ca-
RhlIn, and CaPdIn, reveal strongly
bonding In—In, Rh—In and Pd—In inter-
actions but weaker Ca—Rh, Ca—Pd and
Ca—In interactions. CaRhIn, and Ca-
PdIn, are compared with other indium-

up from a complex three-dimensional
[PdIn,] polyanion in which the calcium
atoms occupy distorted pentagonal
tubes formed by indium and palladium
atoms. CaRhIn, and CalrIn, adopt the

bonding -
indium -

Introduction

Ternary alkaline earth (AE)-transition metal (T)-indium
systems include a variety of interesting compounds with
peculiar crystal structures. In the past the main focus of
investigation was the ternary system Ca—T—In with copper or
nickel as the transition metal component. Several compounds
were reported, covering a wide range of compositions:
CaCuy_,In,,,, CaCugslngs, CaCuy,In,_,, CaCuysln,s, Ca-
Culn,, CaNiln, and CaNiln,.['=3!

The degree of In—In bonding in these intermetallics seems
to depend strongly on the indium content as well as on the
electron count. In equiatomic TiNiSi-type CaAuln™ the
indium atoms are separated from each other by 349 pm; thus,
no In—In bonding is observed within the three-dimensional
[Auln] polyanion, which is composed of distorted InAu,,
tetrahedra. In isotypic SrPtIn®! and EuRhInl® In—In bonding
becomes more important, with In—In distances of 335 pm
(SrPtIn) and 325 pm (EuRhln), clearly indicating that elec-
trons from In—In bonding states are taken by the more
electron-poor transition metals to fill their d states, which in
turn lowers the occupancy of antibonding indium states, thus
leading to shorter In—In distances.

[a] Priv.-Doz. Dr. R. Péttgen, Dr. R.-D. Hoffmann
Anorganisch-Chemisches Institut, Universitdt Miinster
Wilhelm-Klemm-StraBe 8, 48149 Miinster (Germany)
E-mail: pottgen@uni-muenster.de
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rich compounds such as YColns and
Y,Colng, and with elemental indium.
Common structural motifs of the indi-
um-rich compounds are distorted bcc-
like indium cubes.

. chemical

A higher degree of In—In bonding has already been
observed in Sr,Rh,In,,”1 with just a slightly higher indium
content. In the two-dimensional [Rh,In;] polyanion there are
two different indium sites: one has two indium neighbours in
the coordination sphere, each at a distance of 318 pm; the
other has three close indium neighbours, two at In—In
distances of 303pm and one at 318 pm, whereas its fourth
indium neighbour, completing the distorted tetrahedral
indium environment at 361 pm, has no bonding interaction.

Orthorhombically distorted tetrahedral networks of indium
also occur in the compounds CaTlIn, (T=Ni, Cu, Rh, Pd, Ir,
Pt, Au)'8° and SrTIn, (T=Rh, Pd, Ir, Pt).'% They
crystallize in two structural types. Calrln, is of the CaRhIn,
type, whereas the other compounds are isotypic with MgCu-
Al,. The indium networks are derived from the well-known
structure of hexagonal diamond (lonsdaleite(''!). The struc-
tures of CaTlIn, and SrTIn, are best described as filled variants
of the well-known Zintl phases Caln, and SrIn,.[') The
modulation of the In—In distances again clearly depends on
the electron count.

The distorted tetrahedral indium networks collapse if the
indium content is further increased, as in EuNiln, 3] Eu-
Culn,, ' YColn,*! and Y,Colng."! Here bcc-like indium
cubes similar to those in elemental indium occur,!'!! but in the
known ternary compounds In—In distances are generally
shorter than in elemental indium. The same holds true for
binary indium compounds such as TIn; (T=Co, Ru, Rh,
Ir).[16.17]
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We extended our research on In—In bonding to indium-rich
compounds containing alkaline earth and late transition
metals. Here we report on the synthesis and chemical bonding
of the new indium-rich compounds CaTIn, (T=Rh, Pd, Ir).
Excerpts of this work have been presented recently at a
conference.l’]

Experimental Section

Synthesis: Starting materials for the preparation of CaTIn, (T =Rh, Pd, Ir)
were calcium granules (Johnson Matthey; 99.5 %, redistilled), rhodium,
palladium and iridium powder (Degussa; 200-mesh, >99.9 %) and indium
teardrops (Johnson Matthey; >99.9%). The large alkaline earth metal
ingots were cut into small pieces, then kept in Schlenk tubes under argon
before reaction.

CaPdIn, and CaRhlIn, were prepared by high-frequency melting (Hiittinger
Elektronik, Freiburg; type TIG 1.5/300) of the elements in glassy carbon
crucibles (Sigradur®G, glassy carbon, type GAZ006) under flowing argon.
For CaRhln, the ideal ratio of the constituent elements was employed, but
for the synthesis of CaPdIn, several mixtures with Ca:Pd:In ranging from
1:1:4 to 1:1:10 were made to react (see below). The argon was purified over
silica gel, molecular sieves and titanium sponge (900 K). The glassy carbon
crucibles were placed in a water-cooled Duran® glass sample chamber. The
experimental set-up is described in detail elsewhere.” During the inductive
heating process, the final reaction of the calcium granules with the alloy
formed initially from the noble metals and indium at low temperature is
strongly exothermic. To ensure homogeneity and good crystallization the
samples were held for about another hour at 800-900 K. No weight losses
were observed for these reactions. After being cooled to room temperature,
the samples could easily be separated from the glassy carbon crucibles by
tapping their bases. No reaction of the samples with the crucibles could be
detected.

An alternative two-step synthesis route was preferred for the preparation
of Calrln,. Since the melting point of iridium is high (2680 K) compared
with those of calcium (1120 K) and indium (430 K), the reactions often led
to inhomogeneous products, as already described for EulrSn, and

Abstract in German: Die Titelverbindungen wurden aus den
Elementen durch Reaktion in wassergekiihlten Glaskohlen-
stofftiegeln unter Argonatmosphire in einem Hochfrequenz-
ofen synthetisiert. CaPdlIn, kristallisiert mit der YNiAl, Struk-
tur: Cmem, a=446,7(3), b=1665(1), c=754,3(5) pm, wR2 =
0.0465 646 F? Werte und 24 Variable. Die Struktur besteht aus
einem komplexen dreidimensionalen [PdIn, Polyanion, in
dem die Calciumatome verzerrte, pentagonale Kaniile, die aus
Indium- und Palladiumatomen gebildet werden, besetzen.
CaRhiIn, und Calrln, haben die LaCoAl, Struktur: Pmma,
a=38676(1), b=422,91(8), c=745,2(1) pm, wR2 =0.0583 468
F? Werte fiir CaRhin, und a=3869,5(1), b=424,11(6), c=
746,4(1) pm, wR2=0.0614 471 F? Werte fiir Calrln,, mit je
24 Variablen. Auch dieser Strukturtyp hat ein dreidimensio-
nales [Rhin,] Polyanion, welches demjenigen in bindrem
Rhlin; dhnelt. Die Calciumatome besetzen aus Indiumatomen
gebildete pentagonal-prismatische Kandle. Semi-empirische
Bandstrukturrechnungen an CaRhlin,, Calrin, und CaPdln,
ergeben stark bindende In—In, Rh—In, Ir—In und Pd—In
Wechselwirkungen im Gegensatz zu schwicheren Ca—Rh,
Ca—Ir, Ca—Pd und Ca—In Wechselwirkungen. CaRhIn, und
CaPdlIn, werden mit anderen indiumreichen Verbindungen wie
YColns und Y,Colng sowie mit elementarem Indium vergli-
chen. Gemeinsame Strukturmerkmale der indiumreichen Ver-
bindungen sind verzerrte bee dhnliche Indium-Wiirfel.
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CalrlIn, .l Use of a precursor, however, lessens the force of the exothermic
reaction between calcium and the initially formed iridium—indium alloy.
Thus, Calrln, was prepared as described above and used as a precursor for
the next step. A prereacted sample with nominal composition CalrIn, was
coarsely ground and remelted with the required amount of elemental
indium in a glassy carbon crucible. To increase the crystallinity the sample
was kept for about an hour at approximately 800 K and cooled to room
temperature. The brittle product contained about 90% Calrln, agglom-
erated with IrIn,.

Scanning electron microscopy: Various samples of CaTIn, (T =Rh, Pd, Ir)
were investigated in more detail by metallography. The microstructures of
polished ingots of these indium compounds were left unetched and
analysed with a Leica 4201 scanning electron microscope in the back-
scattering mode. The EDX (energy dispersive analysis of X-rays) measure-
ments were carried out on mounted single crystals, untreated fragments
and polished samples. Wollastite, InAs, Rh, Pd and Ir were used as internal
standards.

X-ray investigations: Guinier powder patterns of each sample were
recorded with Cuy,, radiation with a-quartz (a =491.30, ¢ =540.46 pm) as
an internal standard. To ensure correct indexing of the diffraction lines, the
observed patterns were compared with calculated ones!'¥! by using the
positional parameters of the refined structures. The lattice constants were
obtained by least-squares refinements of the Guinier powder data. Single-
crystal intensity data were collected at room temperature by use of a four-
circle diffractometer (Enraf—Nonius CAD4) with graphite monochrom-
atized Moy, radiation (4 =71.073 pm) and a scintillation counter with pulse
height discrimination. Scans were taken in the /260 mode. Empirical
absorption corrections were applied on the basis of y-scan data. All other
relevant crystallographic data and details concerning the data collections
are listed in Table 1.

Band structure calculations: Three-dimensional semi-empirical band
structure calculations were based on an extended Hiickel Hamiltoni-
an,'” 21 whereas off-site Hamiltonian matrix elements were evaluated
according to the weighted Wolfsberg—Helmholtz formula,"! minimizing
counterintuitive orbital mixing. The minimal orbital basis set was
composed of Slater orbitals that had been scaled to j-averaged values of
numerical Dirac—Fock atomic functions; on-site Hamiltonian matrix
elements were approximated by averaged atomic orbital energies from
the same source.?> ] For greater accuracy, the Rh 4d, Pd 4d and Ir 5d
atomic wavefunctions were approximated by double-§ functions. The
exchange integrals, £ orbital exponents and weighting coefficients are listed
in Table 2. The eigenvalue problem was solved in reciprocal space at 112
(CaRhln,, Calrln,) and 120 (CaPdIn,) points within the irreducible wedge
of the Brillouin zone with the Yachmop code.*!

Results and Discussion

Polycrystalline samples of CaTIn, (T=Rh, Pd, Ir) are light
grey and stable in air over long periods of time. No
decomposition was observed after several months. Single
crystals have a very irregular platelet-like shape and exhibit a
metallic lustre. Large single crystals of CaPdIn, can be
plastically deformed. The EDX analyses revealed composi-
tions close to the ideal atomic ratio of Ca:(Rh, Pd, Ir):In=
16.6:16.6:66.7. Average values [atom % | were 16:16:68 (Ca-
RhlIn,), 16:18:66 (CaPdIn,) and 18:16:66 (Calrln,).

Metallography: Microstructure analyses of CaRhln, and
CaPdIn, gave very instructive information on the crystalliza-
tion processes involved. For CaRhlIn, primary crystallization
can be assumed. Large grains of CaRhIn, show only small
amounts of inclusions consisting of a core of RhIn surrounded
by secondary peritectic Rhln; (Figure 1, top). These inclusions
are the first reaction products at low temperature (at about
the melting point of indium, 430 K), when an alloy is formed
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Table 1. Crystal data and structure refinements for CaRhln,, CaPdIn, and CalrIn,.

CaRhlIn, CaPdIn, Calrln,
M, 602.27 605.76 691.56
crystal system orthorhombic orthorhombic orthorhombic
space group Pmma (No. 51) Cmem (No. 63) Pmma (No. 51)
Pearson symbol oP12 oC24 oP12
a [pm] 867.6(1) 446.7(3) 869.5(1)
b [pm] 422.91(8) 1665(1) 424.11(6)
¢ [pm] 745.2(1) 754.3(5) 746.4(1)
V [nm?] 0.2734(1) 0.5610(2) 0.2753(1)
V4 2 4 2
Peatca [gem ] 7.32 717 8.34
crystal size [um?] 20 x 20 x 50 15 x 30 x 35 10 x25 %35
transmission (max:min) 1.15 1.87 2.28
u [mm™1] 20.3 20.1 414
F (000) 522 1048 586
6 range for data collection 2-30° 2-35° 2-30°
index range hkl +12, +5, £10 +6, £25, £10 +12, +5, £10
total no. reflections 1699 3768 1711

independent reflections
reflections with 7> 2o(I)

468 (R, =0.0306)
428 (Ryjymy = 0.0227)

646 (Riy=0.0381)
534 (Rygma = 0.0222)

471 (R = 0.0723)
341 (Ryjgmy = 0.0550)

data/restraints/parameters 468/0/24 646/0/24 471/0/24
goodness-of-fit on F? 1.200 1.105 1.101
final R indices [I > 20(])] R1=0.0245 R1=0.0174 R1=0.0254
wR2=0.0555 wR2 =0.0401 wR2=0.0491
R indices (all data) R1=0.0282 R1=0.0300 R1=0.0624
wR2=0.0583 wR2 =0.0465 wR2=10.0614

extinction coefficient 0.060(2) 0.0011(1) 0.0035(3)
largest diff. peak/hole [e A3 1.36/ —2.88 1.63/—1.78 4.03/—2.89
Table 2. Extended Hiickel parameters.
Atom Orbital H; [eV] & ¢ & ¢ CaRhin 4
Ca 4s —5.342 1.069

4p —3.569 0.893
Rh Ss —6.208 1.617

5p —3.253 1.160

4d —11.600 3.577 0.794 1.542 0.343
Pd Ss —9.224 1.658

5p —3.279 1.182

4d —8.985 3.746 0.815 1.501 0.338
In Ss —10.790 2.020

5p —5.350 1.470
Ir 6s —8.146 1.933

6p —4.171 1.308

5d —12.866 3.968 0.780 1.813 0.371

which then reacts at higher temperature with the calcium
granules. These inclusions can no longer participate in the
reaction equilibrium, because the surrounding ternary Ca-
RhlIn, matrix prevents further reaction with calcium or with
the Caln, that is probably formed. However, “Caln,” was
dissolved during the polishing procedure, so that only traces
of unknown hydrolysis products could be found at a very few
grain boundaries.

The situation was quite different for CaPdIn,. Metallo-
graphic investigations indicate that CaPdIn, forms peritecti-
cally from the melt and is in equilibrium with elemental
indium, at least at high temperature. No indication of further
Ca—Pd—In compounds with a higher indium content was
found. A sample with the ideal atomic ratio of 1:1:4 clearly
showed primary crystallization of CaPdIn, with CaPdIn, at
the grain boundaries, and a surrounding eutectic phase
consisting of CaPdIn, and elemental indium (Figure 1,
bottom). Primary CaPdln, is enveloped by more darkly
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Figure 1. Scanning electron micrographs (backscattering mode) of pol-
ished unetched samples with nominal composition Ca:(Rh, Pd):In=1:1:4,
illustrating the crystallization behaviour of CaRhlIn, (top) and CaPdIn,
(bottom). The mid-grey Rhln core is enveloped by light grey peritectic
Rhln; in a matrix of grey primary CaRhlIn,. In contrast, CaPdIn, is formed
peritectically. A small envelope of grey CaPdIn, surrounds the light grey
primary CaPdlIn, core. The eutectic phase between the grains consists of
very small particles of elemental indium and CaPdIn, with diameters of
about 50 nm and less.

coloured, peritectic CaPdIng; thus, a peritectic reaction,
CaPdIn, + In;, < CaPdIn,, was evident. Similar behaviour
was observed previously for CaAuln,, which was found to be
formed by the reaction CaAuln + In, < CaAuln,.’l Addi-
tional annealing of the sample with initial composition
Ca:Pd:In=1:1:4 was not promising, because it was not
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possible to grind the ductile sample for a subsequent
homogenizing step at low temperature. For the crystallization
of CaPdIn,, samples with a higher indium content
(Ca:Pd:In=1:1:4.5, 1:1:6 and 1:1:10) were therefore pre-
pared. The sample with Ca:Pd:In=1:1:6 still contained cord
CaPdIn, with an envelopment of CaPdIn, next to small grains
of primary CaPdIn,. The 1:1:10 sample, however, contained
platelet-like single crystals composed exclusively of primary
CaPdIn, as large as 1 mm long and about 0.1 mm thick,
separated by a ductile eutectic (CaPdIn, and elemental
indium). Moreover, the single crystals could be extracted from
the porous sample, because the excess indium was on top of a
bundle of agglomerated crystals of CaPdIn,. Unfortunately,
the separated single crystals were not suitable for physical
property measurements because of the adherent eutectic.

Lattice constants: The structural similarity of CaPdIn, to the
YNiAl,-type structure®! was instantly visible on the Guinier
film. The powder pattern could be indexed with a C-centred
orthorhombic cell with the lattice constants listed in Table 1.
The CaRhlIn, and Calrln, patterns showed primitive ortho-
rhombic lattices and the systematic extinctions were compat-
ible with space group Pmma.

Structure refinements: Single crystals of CaPdIn,, CaRhIn,
and Calrln, were isolated from the annealed samples by
mechanical fragmentation and examined by Buerger preces-
sion photographs to establish both symmetry and suitability
for intensity data collection.

The photographs of CaRhlIn, (reciprocal layers 2k0, hk1
and 0k/) and of Calrln, (h0l) showed orthorhombic Laue
symmetry mmm and the only systematic extinctions found
were those for an a glide plane perpendicular to the c¢* axis
leading to space group Pmma. The Okl and 1kl layer
photographs of CaPdIn, indicated a C-centred lattice and
the extinctions were compatible with space group Cmcm. All
relevant crystallographic data and experimental details are
listed in Table 1.

The atomic parameters of YNiAL/>! were taken for the
structure refinement of CaPdIn,; the starting atomic param-
eters for CaRhlIn, and Calrln, were obtained from automatic
interpretations of direct methods with SHELXS-97.2¢ The
structures were subsequently refined with anisotropic dis-
placement parameters for all atoms with SHELXL-97.127)

Final difference Fourier syntheses were flat and revealed no
significant residual peaks. The results of the refinements are
summarized in Table 1. Atomic coordinates and interatomic
distances are listed in Tables 3 and 4. Further details of the
crystal structure investigations can be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository num-
bers CSD-410890 (CaPdIn,), CSD-410891 (CaRhIn,) and
CSD-410892 (Calrln,).

Crystal chemistry: The ternary compounds CaTIn, (T =RAh,
Pd, Ir) are novel. They constitute the third structural type
recognized so far in these ternary systems. Besides the
equiatomic AlB,-related compounds CaPdIn®! and Ca-
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Table 3. Atomic coordinates and isotropic displacement parameters [pm?]
for CaPdIn,, CaRhlIn, and CalrIn,. U, is defined as one third of the trace
of the orthogonalized Uj; tensor.

Atom  Wyckoff  x y b4 Uy
site

CaRhln, (space group Pmma)

Ca 2e 1/4 0 0.4002(3) 144(4)
Rh 2e 1/4 0 0.80781(9)  72(2)
Inl 2a 0 0 0 126(2)
In2 2f 1/4 172 0.06525(8) 97(2)
In3 4j 0.06444(5) 172 0.68673(6) 103(2)
CaPdIn, (space group Cmcm)

Ca 4e 0 0.127709)  1/4 139(3)
Pd 4c 0 0.77253(3)  1/4 104(1)
Inl 8f 0 0.31698(2)  0.05040(5)  105(1)
In2 4e 0 0.93358(3)  1/4 158(1)
In3 4b 0 172 0 183(1)
CalrlIn, (space group Pmma)

Ca 2e 1/4 0 0.4008(6)  143(9)
Ir 2e 1/4 0 0.8068(1) 64(2)
Inl 2a 0 0 0 127(4)
In2 2f 1/4 12 0.0662(2) 92(3)
In3 4j 0.0651(1) 12 0.6854(1) 96(3)

RhIn,®l T-filled Caln, compounds CaTIn,’®° have been
found. The CaTln, series seem to be the most indium-rich
compounds among these calcium —transition metal —indium
systems. Two structural types, YNiAL>! and LaCoAl,,* have
been identified for the 1:1:4 composition. All the cobalt- and
the new rhodium- and iridium-containing 1:1:4 compounds
crystallize with the latter structure, whereas ternary nickel
and palladium compounds adopt the YNiAl,-type structure.
With copper only EuCuln, 'l is known. This clear separation
into two groups (Co, Rh, Ir; and Ni, Pd, Cu) may be indicative
of size restrictions imposed by the transition metal, and/or the
electron count may determine which structural type is more
favourable. It is unlikely that the structural change depends
solely on the size of the electropositive element occupying the
yttrium or lanthanum position, because the switch in structure
type is also observed for YbRhIn,?” and YbPdIn,.’'l Two
different structure types are also observed for CaRhIn,! and
CaPdIn,.1®

The geometrical relationship between the structure types
Re;B,P2 MgCuAlLP and YNiAl! has been discussed in
detail elsewhere.['> %] Geometrically CaPdIn, can be consid-
ered to be an indium-filled CaPdIn, (MgCuAl, type), which
itself may be seen as a palladium-filled Caln,.'” The indium
atoms in CaPdIn, form a three-dimensionally infinite network
of puckered indium layers which are topologically equivalent
to hexagonal diamond!'!l (lonsdaleite). By inserting zig-zag
chains of indium atoms one obtains the CaPdIn, structure
(Figure 2). Consequently, CaPdIn, contains puckered eight-
membered indium rings and distorted bcc-like indium cubes.

The structure of CaRhIn, (CalrIn,) may be derived from
binary RhIn;['"! (FeGa, type, Figure 3). Rhln; is built up from
bce-like indium cubes and rhodium-filled trigonal prisms
formed by the square faces of the cubes. Cutting RhIn; into
slices and inserting calcium atoms leads formally to CaRhlIn,.
The cubes and the trigonal prisms are retained in the form of
zig-zag ribbons, separated by calcium layers. The calcium
atoms are situated in distorted pentagonal prisms formed by
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Table 4. Interatomic distances [pm] in the structures of CaRhlIn,, CaPdIn, and Calrln, calculated with the lattice constants obtained from Guinier powder

data. All distances of the first coordination sphere are listed.

CaRhlIn, CaPdIn, CalrlIn,
Ca: 1 Rh 303.8(2) Ca: 1 In2 323.2(3) Ca: 1 Ir 303.0(4)
2 In2 327.1(2) 2 Pd 328.7(2) 2 In2 327.6(3)
4 In3 340.9(1) 4 Inl 331.2(2) 4 In3 340.5(3)
4 In3 351.2(1) 2 Inl 349.3(2) 4 In3 352.4(1)
2 Inl 368.7(2) 4 In3 361.5(2) 2 Inl 369.8(4)
2 In2 390.7(3)
Rh: 2 Inl 259.9(1) Ir: 2 Inl 260.9(1)
4 In3 280.7(1) Pd: 1 In2 268.1(2) 4 In3 280.1(1)
2 In2 285.5(1) 2 Inl 271.2(1) 2 In2 287.2(1)
1 Ca 303.8(2) 4 Inl 279.3(1) 1 Ca 303.0(4)
2 Ca 328.7(2)
Inl: 2 Rh 259.9(1) Inl: 2 Ir 260.9(1)
4 In2 306.8(1) Inl: 1 Pd 271.2(1) 4 In2 307.7(1)
4 In3 319.9(1) 2 Pd 279.3(1) 4 In3 321.4(1)
2 Ca 368.7(2) 1 Inl 301.1(2) 2 Ca 369.8(4)
1 In3 307.1(2)
In2: 2 Rh 285.5(1) 2 Inl 324.7(2) In2: 2 Ir 287.2(1)
4 Inl 306.8(1) 2 Cal 331.2(2) 4 Inl 307.7(1)
2 In3 324.8(1) 2 In2 332.0(1) 2 In3 326.5(2)
2 Ca 327.1(2) 1 Ca 349.3(2) 2 Ca 327.6(3)
2 In3 329.5(1) 2 In3 330.8(1)
In2: 1 Pd 268.1(2)
In3: 2 Rh 280.7(1) 4 In3 312.5(1) In3: 2 Ir 281.1(1)
1 In3 299.9(1) 1 Ca 323.2(3) 1 In3 299.1(2)
2 Inl 319.9(1) 4 Inl 332.0(1) 2 Inl 321.4(1)
1 In3 322.0(1) 2 Ca 390.7(3) 1 In3 321.5(2)
1 In2 324.8(1) 1 In2 326.5(1)
1 In2 329.5(1) In3: 2 Inl 307.12) 1 In2 330.8(1)
2 Ca 340.9(1) 4 In2 312.5(1) 2 Ca 340.5(3)
2 Ca 351.2(1) 4 Ca 361.5(2) 2 Ca 352.4(1)
2 In3 377.2(3)

Figure 2. Crystal structure of CaPdIn, viewed along approximately the x
axis. The calcium, palladium and indium atoms are represented by grey,
black and open circles, respectively. The three-dimensional [PdIn,] poly-
anion is emphasized. A bcc-like cube of indium atoms is outlined in the
upper left-hand corner of the unit cell.

indium atoms. The indium cubes in ternary CaRhlIn, are
greatly contracted in comparison with binary Rhln;.

The near-neighbour environments in CaPdIn, and CaRhIn,
show differences mainly in the coordination number (CN) of
the calcium atoms. Calcium has CN 13 (1 x Rh and 12 x In) in
CaRhln, and CN15 (2 x Pd and 13 x In) in CaPdIn,. Palla-
dium and rhodium have nine near neighbours each: 7 x In and
2 x Ca in CaPdIn, and 8 x In and 1 x Ca in CaRhIn,. The
indium atoms of the two ternary structure types all have very
similar near-neighbour environments with CN12 (Figure 4).
Inl and In2 of CaRhlIn, and In2 and In3 of CaPdIn, are
situated in distorted cube-like indium polyhedra which are
augmented by four additional neighbours. In3 (CaRhIn,) and
In1 (CaPdlIn,) have similar environments too, but these do not
resemble cubes.
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Figure 3. Projections of the crystal structures of CaRhIn, (top) and binary
RhlIn; (bottom). In CaRhlIn, all atoms lie on mirror planes at y=0and 1/2.
Calcium, rhodium and indium atoms are represented by grey, black and
open circles, respectively. The In2 and In3 atoms at y =1/2 , connected by
thick lines, form three types of channels, trigonal, square and pentagonal,
which are filled by rhodium, indium and calcium atoms respectively. In
RhlIn; a chain of alternating cubes and trigonal prisms is highlighted; this is
observed in ternary CaRhlIn, also.
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Figure 4. Near-neighbour environments of the three indium sites in the
structures of CaRhlIn, (left) and CaPdlIn, (right). Site symmetries are given
in parentheses. Numbers correspond to the atom designations. Broken grey
lines indicate weak indium —calcium interactions, whereas broken black
lines are only guides for the eye. The relationship with cube-like arrange-
ments of the indium sites Inl and In2 in CaRhIn, and In2 and In3 in
CaPdIn, is emphasized.

The shortest average bond lengths in CaRhIn, and CaPdIn,
occur for Rh—In (277 pm) and Pd—In (275) contacts, respec-
tively (Table 4). They are close to the sum of the metallic
single-bond radii: 275 pm for Rh—In and 278 pm for Pd—In
(data from PaulingP). The average In—In bond lengths of
316 pm (CaRhlIn,) and 324 pm (CaPdIn,) are longer than the
sum of the metallic single-bond radii (299 pm). The situation
in Calrln, is quite similar to that in CaRhIn, and is not
discussed here in greater detail.

The Ca—Rh(Ir) bond lengths, 304(303) pm, is only slightly
longer than the sum of the metallic single-bond radii,
299(300) pm. However, in CaPdIn, the Ca—Pd contacts are
somewhat greater (329 pm, compared with the sum of the
metallic single-bond radii, 302 pm). The Ca—In contacts cover
a wider range of distances: 327-369(328-370) pm in Ca-
RhlIn,(CalrIn,) and 323 -391 pm in CaPdIn,. However, each
of the shortest Ca—In contacts matches well the sum of the
metallic single-bond radii (323 pm).

To investigate further the variation of the bond lengths and
for a more detailed electronic evaluation we carried out semi-
empirical band structure calculations on all three compounds.
The results are summarized in Table 5, but density of states
(DOS) and semi-empirical crystal orbital overlap population
(COOP) curves have been generated only for CaRhIn, and
CaPdIn,. The DOS curves for CaRhIn, and CaPdIn, are very
similar (Figure 5). The rhodium(palladium) d states remain
narrow and are centred near —12(—9) eV, mixing with very
broadened indium states, which cover the range from — 15 eV
up to and beyond the Fermi level. Calcium contributions are
basically negligible below the Fermi level, suggesting the
formulae Ca*[RhIn,]*~ and Ca?[PdIny*~. The expected
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Table 5. Net charges (¢) and overlap populations (OP) for CaRhlIn,,
CaPdIn, and Calrln, as obtained from the extended Hiickel calculations. T
denotes the respective transition metal. Distances are given in pm.

CaRhlIn, CaPdIn, Calrln,
q (Ca) +1.60 +1.69 +176
q(T) 128 ~0.93 193
@ (IN) yerage ~0.08 ~0.19 +0.04
g (In) +0.12 —0.12 +030
q (In2) ~0.03 ~0.14 +0.05
g (In3) ~020 ~038 ~0.09
OP (Ca-T) +0.096 +0.000 +0.113
OP (Ca-In) 10.081 +0.085 +0.056
OP (Ca-In)yen 10.160 10.190 10139
327 323 328
OP (T-In) +0.199 +0339 +0327
OP (In-1n), e +0.381 +0.330 +0.348
OP (In-Tn)g,, +0.672 +0.485 +0.680
300 301-307 299
OP (In—In)lnng +0.310 +0.253 +0.267
307-330 313-377 308-331
<2 CaRhin, —é‘ E
3 4T R
> -6
o
5_10 Rh-in 3 In-In
+0.199 i} +0.381
-14
si
2 4 6 8 -0.1 0 0.1 -0.1 0 0.1
DOS COOP COOP
2 CaPdin, i é
S 4
B oAmoen b R
;
E 4
.10 Pd-In In-In
+0.339 +0.330
-14
5 10 15 20 01 0 0.1 01 0 01
DOS COOP COOP

Figure 5. Total and projected DOS curves for CaRhIn, (top, left) and
CaPdIn, (bottom, left). The rhodium or palladium contributions respec-
tively are emphasized in black. The COOP curves for the Rh(Pd)—In and
In—In interactions are shown (middle and right) with the integrated values
of the overlap population.

d-band filling is evident for rthodium and palladium, and is
even more pronounced for iridium, considering the net Mulliken
charges (Table 4) of —1.28 (Rh), —0.93 (Pd) and —1.93 (Ir).
The variation of the net charges approximately follows the
absolute electronegativities according to Pearson®! (rhodium
4.3 eV, palladium 4.45 eV and iridium 5.4 eV). Calcium, the
least electronegative component, has high positive charges,
whereas the charges of the three indium sites average close to
zero for CaRhlIn, and Calrln,. For CaPdIn, the In3 site has no
palladium neighbours and consequently it has a more negative
charge, leading to a more negative average charge than the
corresponding rhodium or iridium compound.

The COOP curves show the dominant presence of strongly
bonding transition metal —indium and indium —indium inter-
actions. For the latter the shorter contacts have higher overlap
populations (OP) than the longer ones. Generally, only
bonding interactions occur below the Fermi level and slightly
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above. Ca—Rh, Ca—Pd, Ca—Ir and Ca—In bonding interactions
surely play only a subordinate role.

One should bear in mind that the rhodium(iridium)
compound has a lower electron count than the palladium
compound. From the above results the electronic structures
can safely be assumed to be optimized. Thus, by adopting
different crystal structures, rhodium(iridium) and palladium
each achieves a maximum filling of their d bands, while
adequate In—In bonding is still present. Because of the higher
electron count in CaPdIn,, more electrons are available for
In—In bonding. This is expressed by the occurrence of one
indium site in CaPdIn, which has no palladium contacts. On
the other hand the palladium atoms may have one fewer
indium neighbour in their coordination sphere than the
rhodium(iridium) atoms, because they have more electrons
from the beginning.

The average In—In bond lengths are still longer in the
ternary compounds YColns and Y,Colng,”! with only a
slightly higher indium content (Figure 6). In—In bond lengths

Indiumi

Figure 6. Distorted bcc indium cubes, emphasized by dotted lines, in the
indium-rich compounds Y,Colng (top) and YColns (middle), compared
with elemental indium (bottom). Relevant bond lengths [pm] are given.
Atom designations correspond to those of Refs. [11] and [15]. In the case of
indium the relationship of the tetragonal unit cell (broken lines) with the
corresponding distorted face-centred pseudo cubic cell (dotted lines) is
demonstrated.

are longer in elemental indium!'!l as well. The greater In—In
distances may be attributable to partial filling of antibonding
In—In states. The two yttrium —cobalt—indium intermetallics
can be regarded as derivatives of fcc arrangements. In indium
itself, which has a tetragonally distorted fcc arrangement, the
distortions are a consequence of the element having an
electron deficiciency, which is compensated by formation of
four short (325 pm) and eight longer (338 pm) interatomic
bond lengths in contrast to the twelve equal distances an ideal
fec structure would require.? In YColn; and Y,Colng some
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indium atoms have eight indium neighbours in the form of
distorted cubes, which are augmented by four yttrium atoms.
The central indium atom has no contacts with the cobalt
atoms, presumably because the cobalt d bands are filled and
there are electrons left for In—In bonding interactions.
Nevertheless, the electron concentration is high and In—In
bond lengths are longer.

Thus, CaRhIn,(CalrIn,) and CaPdIn, are in line with the
known indium-rich compounds which may be expected to be
more similar to elemental indium; at least, one should find
fragments of elemental indium. The same holds true for
borides with dominant boron networks or for polyphospides
in which the elemental structural features of black phosporus
become evident.?” This contrasts with aluminides, in which a
rich crystal chemistry is observed but without a tendency
towards similarity to the elemental fcc aluminium structure.®!
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Photophysical and Electrochemical Characterisation of the Interactions
between Components in Neutral n-Associated [2]Catenanes

Darren G. Hamilton,?! Marco Montalti,*! Luca Prodi,** Marco Fontani,'!
Piero Zanello,*'*! and Jeremy K. M. Sanders*!?!

Abstract: The electrochemical and pho-
tophysical properties of a variety of
neutral m-associated [2]catenanes have
been explored by using cyclic voltam-
metry, absorption and luminescence
spectrophotometry and the measure-
ment of exited-state lifetimes. Several
trends that could be correlated with
interactions between the mechanically
linked components of the structures
were revealed from comparative study
of catenane precursors, model com-
pounds and the [2]catenanes themselves.
Throughout, emphasis is placed on pair-

lene diimide yields more readily reduced
derivatives, whose absorption spectra
reveal charge transfer within the cate-
nane to be a lower energy process of
reduced intensity. Conversion of the
butadiyne links within the diimide mac-
rocycle of the catenanes to saturated
chains results in an increase in both the
energy and intensity of their charge-
transfer bands; electrochemically these
derivatives are all harder to reduce than
the parent systems. Replacement of one

donor-ac-

of the electron-donating components of
the catenanes with a less effective aro-
matic donor bearing a carboxy group
also decreases the energy and intensity
of the charge-transfer feature and is
accompanied by a slightly more ready
reduction. A sequence of reduction and
translational events is proposed to ex-
plain the intriguing electrochemical be-
haviour of a catenane that contains one
pyromellitic and one naphthalene dii-
mide. For some systems the photophys-
ical and electrochemical techniques,
whilst exploring distinct physical phe-

wise comparisons between systems
which differ in a single structural fea-
ture. Substitution in a catenane of a
pyromellitic diimide unit by a naphtha-

photophysics
chemistry

Introduction

Supramolecular chemists might argue that, as a discipline, the
area has matured to the point where it is possible to conceive,
prepare and study complex molecular assemblies capable of
functioning in a designed fashion.!'-%! Useful arrays of building
blocks and methods by which to connect them are now readily
available, and the resulting molecules can be studied by using
standard analytical tools, augmented by the introduction of,
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nomena, are shown to be in good agree-
ment by comparison of shifts of electro-
chemical reduction waves with those of
charge-transfer absorption features.

supramolecular

for example, soft-ionisation mass spectrometric techniques.’]
However, the development of analytical approaches for
characterisation of the functions of complex molecules,
perhaps comprising several interacting subunits, is still at an
early stage and must rely on thorough characterisation of
individual molecular units and investigations of how their
properties are modified when incorporated in larger sys-
tems. %!

In this context we report here the electrochemical and
photophysical characterisation of a series of neutral -
associated [2]catenanes. In addition to their aesthetic appeal,
catenanes have been viewed as useful vehicles for establishing
synthetic methodology, and two existing classes of contem-
porary catenanes have been examined in great detail, from
both structural and analytical perspectives.'” Our current
series of [2]catenanes offers opportunities to examine the
effects of several structural changes within the context of an
interlocked molecule. Though the systems discussed here are
highly reminiscent of, and are inspired by, the bipyridinium
catenanes studied by the Stoddart group, our systems present
unique structural features. In particular, we describe the study
of systems that are structurally derived from other [2]cate-
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nanes allowing us to quantify changes in properties as a result
of altering the mutual structural relationship of the inter-
locked rings. A total of eight model compounds or catenane
precursors (1-8), and ten [2]catenanes (9-18) are discussed

(o] (o] ;/70 (o]
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2 R = CH,C=CH

O O

0 o) 0 ol
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= (CH,)5CH3
5 R = CH,C=CH 6
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and attempts are made to correlate electrochemical with
photophysical properties. Comparison (denoted thus, <)
between pairs of [2]catenanes allows examination of the
separate effects of the replacement of a pyromellitic with a
naphthalene diimide, hydrogenation of the butadiyne links
and the introduction of a less competent donor unit in the
crown macrocycle. Though our comparative matrix of com-
pounds is not comprehensive, that is, not all conceivable
[2]catenanes in the current structural series were available,
these pairwise comparisons between systems that differ in one
of several possible structural features have allowed trends to
be identified and rationalised. The ability to assign a photo-
physical and/or electrochemical signature to a particular
arrangement of molecular building blocks may help to bridge
the analytical gap that exists between the characterisation of
complex molecules and their precursors.
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Results and Discussion
Electrochemistry

Model compounds and catenane precursors: Electrochemical
analysis by cyclic voltammetry (CV) of aromatic diimide
derivatives 1-5 reveals the presence of two sequential
reduction processes, each being chemically and electrochemi-
cally reversible on the CV experiment timescale. The formal
electrode potentials for these redox changes are compiled in
Table 1.''1 With the exception of the electrogenerated mono-
anions of acetylenic pyromellitic diimides 2 and 3, which
undergo slow decomposition reactions, the monoanions
proved to be stable over the increased timescale of macro-
electrolysis.

Viehbeck and co-workers have determined the forms of the
radical-anionic and dianionic species of various aromatic
diimides by combining CV with IR and UV spectroscopic
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Table 1. Formal electrode potentials (E° [V] vs. SCE) and peak-to-peak
separations (AE, [mV]) for the two consecutive one-electron reductions
displayed by aromatic diimides 1-5 in dichloromethane (0.2m [NBu,][PF]
supporting electrolyte).

g AE, 2E° AE,
1 ~0.95 62 ~153 76
2 ~0.82 72 ~1.42 98
3 ~0.96 72 ~1.60 80
4 ~0.70 64 ~1.12 62
5 ~0.60 82 ~1.02 84

[a] Measured at 0.2 VsL.

analysis.'"l These sequential reduction processes for pyromel-
litic and naphthalene diimides are shown schematically
(Figure 1). They also examined the effects of N-substitution
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Figure 1. Reversible sequential one-electron reduction processes for
pyromellitic and naphthalene diimides (from ref. [11]; syn and anti
designations for the negative charges in the dianions are as described
therein).

@2
O

in the diimide framework. Our results for the model
compounds and catenane precursors 1-5 agree with their
findings: i) expansion of the aromatic framework from
benzene to naphthalene yields more readily reduced deriva-
tives and ii) N-substitution has a significant effect on the
reduction potentials.

The former observation may be ascribed to extended
delocalisation of the additional charge. The effect of N-
substitution is perhaps greater than might be expected since
the MO descriptions of aromatic imides have a node at
nitrogen,!?l implying that N-substituents should perhaps only
weakly affect the LUMO energy, a parameter directly related
to the first reduction potential of the substrate.'!l However, it
is clear from the values in Table 1 that the inductive effects of
the substituents play an important role in determining the
values of the redox potentials for both pyromellitic and
naphthalene diimide derivatives. For both cases, diimides
bearing electron-donating substituents ought to be harder to
reduce, because of their increased electron density, than those

610 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

with electron-withdrawing substituents for which additional
stabilisation of charge might be achieved. In both diimide
series, 1-3 and 4-35, it is easier by around 0.1 V (i.e., a less
negative potential is required) to reduce the acetylenic
derivatives than those bearing simply alkyl substituents.
Diimide 3, equipped with two alkyl groups and one acetylene
substituent, presents a very similar reduction profile to mono-
alkyl derivative 1, perhaps indicating that the two different
substituents have opposing electronic effects of similar
magnitude.

[2]Catenanes, general characteristics: The incorporation of
two units of 2 within an interlocked assembly with macrocyclic
polyether 6, to form the [2]catenane assembly 9, would be
expected to give rise to two two-electron redox couples if
there were either no electronic communication between the
individual diimide subunits, or if these units were rendered
identical by some dynamic process occurring within the
catenane on the CV timescale.l'¥l However, as observed for
related interlocked molecules containing electroactive sub-
units, pyromellitimide [2]catenane 9 and its naphthalene
analogue 11 both exhibit a splitting of the first reduction
followed by a further two-electron reduction process. Figure 2
shows the CV trace for [2]catenane 9.

E (VOLT)

Figure 2. Cyclic voltammetric response recorded at a platinum electrode
of [2]catenane 9 (0.4mm in CH,Cl,; 0.2m [NBu,][PF] supporting electro-
lyte; scan rate 0.2 Vs™').

The lack of direct conjugation between the two diimide
subunits that comprise the electron-accepting macrocycle of
[2]catenanes 9 and 11 suggests that the most likely explan-
ation for the observed electrochemical behaviour is the same
as previously advanced for [2]catenanes based on electron-
accepting bipyridinium units.'¥ The observation of two
separate reductions for the first redox process indicates, as
supported by our earlier NMR and photophysical studies, a
topological difference between the diimide units.'"] Those
sandwiched between the electron-rich naphthalene diethers
are more stabilised and therefore harder to reduce than those
on the outside of the catenane assembly. This difference in
ease of reduction results in the observation of distinct single-
electron reduction processes for each diimide subunit. The
further two-electron reduction feature is the likely result of
the presence of an additional electron in each diimide system.
After the first reduction of both diimides the increased
electron density must reduce their electron-accepting proper-
ties to such an extent that the stabilising donor—acceptor
interactions between the catenane subunits which maintain
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the inside/outside topological differences are lost. The result
is that the second reduction processes for both diimides occur
at the same potential and therefore appear as a single two-
electron feature.

Electrochemical data for 9, 11, and five other related
[2]catenanes are presented in Table 2. Analogous CV char-
acteristics to those presented by 9 and 11 were observed for

Table 2. Formal electrode potentials (E° [V] vs. SCE) for the reduction
processes displayed by [2]catenanes 9-13, 17 and 18 in dichloromethane
(0.2M [NBuy,][PF] supporting electrolyte).

ES. EY EY EY EY
9 —0.94 —1.14 - —-1.57 -
10 —1.07 —1.21 - —1.65 -
11 —0.70 —0.98 - —-1.18 -
12 —0.83 —-1.11 - —-1.32 -
13 —0.96 —1.09 - —1.58 -
17 —0.76 - —-1.19 - —1.57
18 —0.94 -1.19 - —1.60 -

their hydrogenated analogues 10 and 12, and also for the
ester-substituted derivative 13. The remaining entries in the
table are for [2]catenane 17, which contains an example of
each of the aromatic diimides, and 18, which has three
butadiyne linkages in its structure; these two systems are
discussed separately later in this section. There was insuffi-
cient material for complete electrochemical characterisation
of [2]catenanes 14-16. However, by comparison between
pairs of [2]catenanes we can examine the separate effects of
the replacement of a pyromellitic with a naphthalene diimide
(911, 10 — 12), hydrogenation of the butadiyne links (9 <
10, 11 < 12) and the introduction of a less competent donor
unit in the crown macrocycle (9 < 13).

Effects of replacing pyromellitic with naphthalene diimides:
Unremarkably, the reduction potentials for pyromellitimide
[2]catenane 9 are found at more negative potential than those
of its naphthalene analogue 11, a predictable consequence of
the better electron-accepting ability of the naphthalene
diimide unit (e.g., 1+ 4). The same trend is revealed by
comparing pairs of hydrogenated derivatives (e.g., 10 — 12).

Effects of hydrogenation of the linkers in the diimide macro-
cycle: For both 9 and 11, hydrogenation of the butadiyne links
to afford 10 and 12, respectively,!'! results in shifts of the first
reduction waves for each of the diimide units to more negative
potential. In the saturated derivatives it is harder, by around
0.1V, to reduce the diimide units, indicating that they are
stabilised relative to their counterparts in their precursor
[2]catenanes 9 and 11. This behaviour is in agreement with the
reduction potentials recorded for the model compounds
which reveal that the effect of converting an acetylenic link
to a saturated carbon chain is to make it around 0.1 V harder
to introduce both the first and second electrons to the
saturated derivatives for both diimide series. Such additional
stabilisation is also supported by the photophysical investiga-
tion described in the following section. As with the parent
systems the second reduction potentials for 10 and 12 occur

Chem. Eur. J. 2000, 6, No. 4
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simultaneously, consistent with the loss of donor—acceptor
interactions and inside —outside differentiation after the first
reduction. From these data it is not possible to separate the
effects on the diimide reduction potentials of the [2]catenanes
into contributions arising from i) the saturation of the N-
substituent and ii) an alteration in the relationship between
the electron-deficient diimides and the electron-rich diethers
of the crown. However, we shall see that the photophysical
studies certainly support a significant contribution from the
latter.

Effects of replacing the dinaphtho crown with an asymmetric
analogue: Replacing the symmetrical dinaphtho crown ether
present in [2]catenane 9 with the asymmetric crown present in
13 has only a small effect on the first reduction potential (for
the outer diimide), but the central diimide (corresponding to
the second reduction potential) is 0.05 V easier to reduce in
the asymmetric system 13. If we regard the ester-substituted
aromatic ring of the crown as being, at best, -neutral then we
would expect the dominant solution co-conformer to be that
with the electron-rich naphthalene diether sandwiched be-
tween the two diimide units.') The small shift in the first
reduction potential between 9 and 13 is therefore unsurpris-
ing, since the outer diimide in both catenanes will be adjacent
to, and influenced by, a single naphthalene diether. The shift
in potential of the second reduction (the inner diimide)
implies a weakened stabilising influence from the adjoining
aromatic diethers, entirely consistent with the predicted
electronic character of the ester-substituted aromatic unit.
We have argued above that the addition of a second electron
to each of the diimide units results in complete loss of
ordering interactions and that therefore both diimides acquire
a second electron at the same potential. This situation is also
observed for [2]catenane 13, in which the third reduction
process corresponds to two electrons and occurs at an
essentially identical potential to that found for 9, thereby
confirming the diimide unit’s indifference to the nature of the
aromatic diether units of the crown once internal ordering
interactions have been lost. To illustrate the arguments
presented in this and the preceding section a graphical
representation of the positions and shifts of the reduction
potentials of the parent pyromellitimide precursor 2 and its
derivative [2]catenanes 9, 10 and 13 is shown in Figure 3.

Analysis of tris-butadiyne-linked [2]catenane 18: The unusual
[2]catenane 18, revealed as a highly constrained system by
X-ray crystallography and 'H NMR studies, nonetheless
exhibits quite similar electrochemical characteristics to 9, a
system containing identical electroactive units.l'’”? The only
difference is a 50 mV shift towards more negative potential of
the second reduction wave, that is, that for the central diimide.
In this rigidified system, such additional stabilisation of the
central diimide could seem an unexpected result; some
contribution to this behaviour could, however, come from
the insertion of the triple bonds in the crown ether structure.
We have seen that the electron-accepting ability of diimides
1-5 is affected by the nature of their N-substituents, and
perhaps the donor ability of the naphthalene diethers is
similarly modified. Unfortunately, an estimation of the
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Figure 3. Graphical summary of the electrochemical data for 2, 9, 10 (a
direct derivative sequence) and 13 (E, and 'E, denote the first one-
electron reduction processes, 2E, is the second two-electron process).

respective donor abilities of 6 and 8 by measurement of their
oxidation potentials is problematic, since these oxidation
processes are irreversible for all the current systems (with the
partial exception of 6).

Analysis of mixed diimide [2]catenane 17: The electrochem-
ical response of the asymmetric [2]catenane 17 appears on
first inspection to be somewhat different from those of the
above described systems in that a single two-electron reduc-
tion process interposes two distinct one-electron reductions
(Figure 4). Earlier photophysical investigation of this system

1 |

*O‘W/ 5 e
E (VOLT)

Figure 4. Cyclic voltammetric response recorded at a platinum electrode
of [2]catenane 17 (0.4mm in CH,Cl,; 0.2m [NBu,][PF4] supporting electro-
lyte; scan rate 0.2 Vs~!; the slight leading shoulder reveals the presence of a
small amount of diimide precursor 5).

revealed that of the two possible translational isomers (either
the benzene or naphthalene diimide could be sandwiched
within the crown macrocycle), that with the naphthalene
diimide in the central position is favoured by around 85:15 in
dichloromethane.['®] We would therefore expect to observe
four formally distinct one-electron reduction processes for 17,
two for the inner naphthalene diimide and two for the
peripheral pyromellitic diimide. A possible sequence of
events to rationalise the observed CV trace can, to good
approximation, be constructed by using the redox values
obtained for symmetrical [2]catenanes 9 and 11. Starting from
the dominant translational isomer of 17, with the naphthalene
diimide included in the crown macrocycle, we might expect
the first reduction to correspond to an “inside” naphthalene
diimide. The fact that the observed value (‘E°=—-0.76 V) is
actually rather closer to that assigned to the “outside” diimide

612 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

in symmetrical [2]catenane 11 perhaps reveals that the
timescale of electrochemical reduction readily overcomes
the effect of a favoured solution co-conformation. The most
readily reduced co-conformer may not dominate in solution,
but, as long as it is generated rapidly with respect to the sweep
rate of the electrochemical experiment, even a small equili-
brium concentration will ensure the initial reduction will
occur from this form. Within this first-generated catenane
monoanion the best acceptor is the neutral pyromellitic
diimide. We would therefore expect the assembly to translate
to a co-conformation in which this diimide is bound within the
crown macrocycle: the second reduction potential will there-
fore correspond to the addition of one electron to the “inside”
pyromellitic diimide ('E°~—1.14V in [2]catenane 9). Now
both diimides are sufficiently electron rich that they can no
longer enter into donor —acceptor complex formation and the
second reduction potential for each diimide matches that
found for the individual [2]catenanes 11 and 9 (PE°~—1.18
and —1.57 V, respectively). The overall appearance of the CV
trace for [2]catenane 17 is thus explained by the near
coincidence of the first reduction potential of the pyromellitic
diimide with that of the second for the naphthalene diimide,
resulting in an apparent two-electron reduction wave sand-
wiched by two one-electron features. The proposed series of
electrochemical and translational events is depicted in
Scheme 1.

Photophysics

Absorption spectra: As previously reported for 9, 11 and 17,
the absorption spectra of [2]catenanes 10, 12-16 and 18 differ
from the sum of the absorption spectra of their crown and
diimide components.I'’] In all cases, the absorption bands of
the components undergo noticeable decreases in intensity
accompanied by small red shifts when incorporated in
[2]catenanes; an intense tail in the 340—-440 nm region and
the presence of a new broad band in the 400-600 nm region
are also revealed (Figures 5 and 6 and Table 3). Collectively,
these observations support the establishment of reasonably
strong donor —acceptor interactions between the electron-rich
aromatic units of the crowns and the electron-deficient
diimides. As mentioned above, the photophysical character-
isation of [2]catenanes 9, 11 and 17 has been reported and the
key features of their photophysical behaviour are reproduced
here for purposes of comparison.!'3]

[2]Catenanes 9-18 comprise quite a large series and it is
worth reviewing at this point the theoretical basis of the effect
on the absorption spectrum of changing a structural param-
eter in the catenane skeleton. The most diagnostic band in the
absorption spectrum for this kind of compound is the new
charge-transfer (CT) band that appears in the 400—600 nm
region upon molecular interlocking (Figures 5 (bottom) and 6
(bottom), Table 3), though it should be noted that the
observed CT absorption is most often a sum of closely related
CT transitions, which involve several different inter-unit
interactions within a structurally complex molecule contain-
ing several donors and acceptors. The most relevant features
of this absorption band, its wavelength and intensity, can be
correlated to structural parameters according to the theory of
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Scheme 1. Schematic representaton for the electrochemical and translational changes occurring upon
reduction of mixed pyromellitic-naphthalene diimide [2]catenane 17 (for purposes of clarity the diimide units
are shown in outline only).

Hush.'8 I The energy (E,,) for the optical electron-transfer
transition (and as a consequence, the position of the
absorption maximum) is correlated with the energy gradient
(AE) between the ground and the excited state of a system,
and to the total reorganisation energy (1) involved in the
charge-transfer process [Eq.(1)]. The molar absorption

9-16.

coefficient (¢) can in turn be
correlated with the magnitude
of the electronic-coupling matrix
element (Hp,) between the do-
nor and the acceptor moieties

[Eq. (2); r=donor/acceptor
spacing, Av'?=band halfwidth
incm™!].

As with our approach to the
examination of the electrochem-
ical characteristics of the [2]cate-
nanes, we can also examine pairs
of molecules to partition out the
effects of various structural fea-
tures on their photophysical char-
acteristics. Three general trends
are immediately discerned when
the positions of the band maxima
(Amax) Of catenanes 9-16 are
compared: shifts toward higher
energies can be observed i) on
replacing naphthalene with pyro-
mellitic diimides (9 —11, 10 —
12, 1315, 14— 16), ii) on hy-
drogenation of the butadiyne
links connecting the diimide
components (910, 1112,
13—14, 15—16) and iii) for
those catenanes containing the
symmetrical dinaphtho crown
(913, 11— 15), though this
effect is rather small for the
hydrogenated systems (10 < 14,
12 —16). When the molar ab-
sorption coefficients (&) Of
these features are compared, the
intensity of the band is found to
be higher i) for those catenanes
containing the pyromellitimide
unit (911, 1012, 1315,
14 — 16), ii) for the hydrogenated
catenanes (910, 11— 12,13 —
14, 15—16) and iii) for those
catenanes containing the sym-
metrical dinaphtho crown (9 —
13, 1014, 1115, 12+ 16).
A useful rationale for these ob-
servations requires support from

data obtained with other techniques. [2]Catenane 18 will be
discussed after considering the relationships within the series

The shift of the maximum of the CT band towards higher
energies on replacing the naphthalene diimides with pyro-
mellitimide units is wholly consistent with our electrochem-

ical data, which revealed that the pyromellitimide derivatives,

whether as model compounds or when incorporated in

[2]catenanes, were significantly harder to reduce than their

E,=AE+2 (1)
2380 r? n )
E=———1;1ba
EOPAV]’/Z

Chem. Eur. J. 2000, 6, No. 4 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

naphthalene analogues: it is harder to introduce additional
charge to pyromellitimide derivatives, as expected.!!!]
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Figure 5. Top: absorption spectra of pyromellitimide derived [2]catenanes
9, 10, 13 and 14 (in CH,Cl,). Bottom: expansion of the CT region of the
absorption spectra of 9, 10, 13 and 14 (in CH,ClL,).

The higher values of E,, [Eq. (1)], the energy of the optical
electron-transfer transition, observed for the hydrogenated
[2]catenanes (Table 3;9 —10 ca. 90 meV, 11 —12 ca. 140 meV)
correlate reasonably well (see Appendix) with the higher
energy required for electrochemical reduction of the acceptor
units in the [2]catenanes (Table 2; 9 —10 and 11 —12, AF ca.
130 mV). The considerably higher intensity observed for
hydrogenated [2]catenanes 10, 12, 14 and 16 can be explained
by a stronger interaction between the electron-rich and
electron-deficient units; such an increase of the degree of
interaction is a likely result of a decrease in the rigidity of the
constituent macrocycles so allowing adoption of a more
optimal arrangement, a prediction supported by modelling
studies.l') Further evidence in support of this view is provided
by the greater distortion experienced by the strong absorption
bands of the naphthalene diimide units (in the 340-400 nm
region) of 12 when compared with those of 11.

Those catenanes containing the asymmetric crown possess a
unit with a higher oxidation potential, a poorer electron-
donating unit, than those present in dinaphtho crown 6.
Accordingly, this unit is only likely to contribute to the CT
absorption band of its derivative catenanes at higher wave-
lengths, with a correspondingly reduced contribution in the
440-600 nm region. This rationale provides an explanation
for the lower absorption coefficients found in this part of the
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Figure 6. Top: absorption spectra of naphthalene diimide derived [2]cat-
enanes 11,12, 15 and 16 (in CH,Cl,). Bottom: expansion of the CTregion of
the absorption spectra of 11, 12, 15 and 16 (in CH,CL,).

Table 3. Absorption maxima (4,,) and molar absorption coefficients
(&€max) Of the CT bands of the [2]catenanes in CH,Cl,.

Amax [nm] Emax [M'em™!]

9 455 730
10 440 1080
11 523 350
12 493 750
13 478 550
14 446 670
15 542 280
16 490 380
17 500 880
18 448 460

spectrum (913, 10 — 14, 11 — 15, 12— 16). Our electro-
chemical results are not comprehensive for these compar-
isons, but the shift to lower energy of the CT band from 9 with
13 is in agreement with the readier reduction of the inside
pyromellitimide unit. As discussed in the electrochemical
section, the inside pyromellitimide is less stabilised by one
electron-rich naphthalene system and one carboxylate-sub-
stituted phenyl diether than by two naphthalene diethers and
is consequently rather easier to reduce.

The absorption spectrum of the asymmetric [2]catenane 18
differs from the sum of the absorption spectra of its crown and
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diimide components 2 and 8, once more supporting the
establishment of a reasonably strong donor—acceptor inter-
action between the electron-rich naphthalene diethers and the
electron-deficient pyromellitimide units. The charge-transfer
absorption band may be directly compared with the corre-
sponding CT feature for [2]catenane 9, since these systems
have identical chromophoric units. Comparative spectra
(Figure 7) reveal the CT absorption band in unsymmetrical

800

700 ~

600 — —
500 —
400 -

A
300 —

€ x 10" (m'em™)

200 ~

100 —

0 T T T 1

400 450 500 550 600
A (nm)

Figure 7. Comparison of the CT region of the absorption spectra of
[2]catenanes 9 and 18 (in CH,CL,).

[2]catenane 18 to be both weaker and shifted to slightly higher
energy relative to the corresponding feature of symmetrical
[2]catenane 9. The difference between the two absorption
maxima (0.048 eV, Table 3) is in agreement, according to
Equation (1), with the difference in the reduction potential
(50 mV, Table 2) of the pyromellitic diimide units lying inside
the catenane structures. The diminished absorption coeffi-
cient of 18 can be attributed to a reduced electronic coupling
of the donor and acceptor constituents, a likely consequence
of less than optimal donor-acceptor overlap. Collectively,
these findings support a view of [2]catenane 18 as a rather
distorted system unable to accommodate the more efficient
overlap of complementary m-frameworks presented by the
closely related, but more structurally adaptable [2]catenane 9.
The solid-state analysis of [2]catenane 18 revealed the rather
congested nature of this system and the relative geometric
relationships between the interacting components may offer
support for this conclusion.”l Additionally, we cannot ex-
clude the possibility that the reduced number of hydrogen-
bonding acceptor sites in macrocycle 8 plays a role in reducing
the interaction between the electron-rich and -deficient
components of 18 since such C—H--- O hydrogen bonds are
receiving increasing attention as a considerable organising
force in molecules of this type.[’!

Luminescence spectra and exited-state lifetimes: At room
temperature acyclic bis-acetylene polyether 7 presents an
intense structured luminescence band with maxima at 330 and
345 nm (7=28.0 ns), ascribed to the mw—m* transition of the
constituent 1,5-dialkoxynaphthalene units; 1,5-dimethoxy-
naphthalene exhibits identical fluorescence quantum yields
and excited-state lifetimes. A similar luminescence band, but

Chem. Eur. J. 2000, 6, No. 4
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1000-fold weaker (I,,=0.1%), and with a shorter lifetime
(<04 ns), was observed for the cyclic analogue 8. The
luminescence behaviour of this macrocycle differs substan-
tially from that found for the symmetrical crown component
6, in which only a little quenching was observed (I,,, =70 %,
7="75ns) with respect to 1,5-dimethoxynaphthalene and 7.
This observation is likely to reflect an increased interaction
between the two chromophoric groups of 8, though as the
aromatic residues are tied together with an inflexible hexa-
diyne linker, the mechanism of interaction is unlikely to
involve a co-facial arrangement. As already reported,”! no
room temperature luminescence is observed for acetylenic
pyromellitimide derivative 2, while a very weak luminescence
(Amax =425 nm, 7 <0.4 ns) is observed for the hexyl analogue
1. A structured, weak fluorescence band is exhibited by
naphthalene diimide 5 (387 and 408 nm; 7 <0.4 ns), which
may also be assigned to a w—m* transition.!!’]

The [2]catenane 11, which contains naphthalene diimide,
displays a similar, but lower intensity, fluorescence band to
that observed for the free diimide 5, and again the lifetime is
shorter than 400 ps. Catenanes 9 and 11 exhibit, as already
reported, a similar, though once again weakened, fluores-
cence band to that observed for the parent crown ether if
excitation is performed at wavelengths shorter than 330 nm,
that is, below the wavelength required for diimide excitation.
The lifetime of this band for [2]catenane 11 is equal to that
observed for the fluorescence of crown 6 (7.5 ns), whilst for
catenane 9 the decay profile can only be fitted by employing
two exponential terms and reveals the presence of a double
lifetime (7, =1.3 ns and 7, =75 ns, respectively). No fluores-
cence was observed for the catenanes 10 and 12-16.

Surprisingly, [2]catenane 18 exhibits a new, very intense (@
>0.1) luminescence band centred at 412nm (r=8.4 ns;
Figure 8). The excitation spectrum of this band is also
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Figure 8. Excitation and emission spectra for [2]catenane 18 (in CH,Cl,).

surprising, since it does not match the absorption spectra of
either the catenane or its components, rather it has a
maximum at 4 =342 nm. The same bands were observed in
acetonitrile, with a blue shift to 336 nm in the excitation
spectrum. The possibility that this unusual fluorescent behav-
iour might have arisen from the presence of a trace of
contaminant in the catenane sample was eliminated by HPLC
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analysis: whilst a trace of an absorbing impurity was revealed
in the sample, only the catenane-containing fraction displayed
the unusual fluorescent behaviour.

The new luminescence band observed for [2]catenane 18
cannot be explained in terms of a pure charge-transfer
transition, since its energy is higher than that of the CT band
observed in its absorption spectrum. In principle, a strongly
perturbed pyromellitimide unit, whose absorption maximum
was shifted from 320 to 340 nm, could give rise to a feature of
this kind. However, other explanations cannot be excluded on
the basis of our experiments. We have shown that catenane 18
is the source of the observed fluorescence, but we can do no
more than speculate about the mechanism of its generation.
We have previously discussed the rather distorted solid-state
structure of 18 and noted that the "H NMR spectrum reveals
no site-exchange processes at room temperature.'’l It is
possible that the external diimide unit is structurally distorted,
so altering the excitation wavelength, and, in addition,
prevented from decaying from its excited state in a radiation-
less fashion by its non-optimal overlap with the remainder of
the catenane donor - acceptor stack. However, in the absence
of comparative models for 18 (other than 9) these ideas must
be treated as no more than conjecture. The 412 nm lumines-
cence band observed for [2]catenane 18 at room temperature
in solution was also observed at 77 K in a solid matrix (7=
8.5 ns), though the corrected excitation spectrum shows a
slightly red-shifted maximum. The lack of phosphorescence
activity at 77 K may indicate that the CT excited state
promotes nonradiative deactivation to the ground state, a
kinetically favoured process over conversion to the long-lived
triplet excited states from which phosphorescence originates.
However, we are once again addressing issues pertaining to a
single, rather unique molecule and lack suitable model
systems with which to compare these observations.

Luminescence spectra measured at 77 K revealed that
acyclic bis-acetylene 7 (A, =345 nm, 7=9.8 ns), dinaphtho
crown 6 (4., =345 nm, 7=9.6 ns) and naphthalene diimide §
(Amax =413 nm, 7= 0.5 ns) exhibit intense, structured fluores-
cence bands. Hexyl pyromellitimide 1 shows only weak
fluorescence (A, =420 nm, 7< 0.5 ns), while acetylenic di-
imide 2 and macrocycle 8 do not exhibit any fluorescence.
Relatively strong phosphorescence is observed for acyclic bis-
acetylene 7 (A, =490 nm, 7 = 1200 ms), the dinaphtho crown
6 (A =488 nm, 7 =1200 ms), pyromellitimide derivatives 1
and 2 (4,,, =480 nm, 7 =410 ms) and naphthalene diimides 4
and 5 (A, =619 nm, 7=41ms). No phosphorescence is
observed for macrocycle 8. The lack of phosphorescence of
this species can be ascribed to the same interchromophore
interaction responsible for the fluorescence quenching ob-
served at room temperature.

Neither fluorescence nor phosphorescence is observed for
any of the catenanes at 77 K. Fluorescence quenching in the
catenane structures has previously been ascribed to the
presence of the CT excited state. The quenching is not
complete at room temperature for catenanes 9 and 11, while it
is complete for 10 and 12-16 and as mentioned above, for all
catenanes, at 77 K.

Incomplete quenching for 9 and 11 was attributed to the
dynamic movement of the donor and acceptor units in the
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catenane structure.[” For the hydrogenated catenanes 10, 12,
14 and 16 a stronger electron donor —acceptor interaction was
invoked to explain the increase in intensity of the CT
absorption band. Such an increased degree of interaction,
perhaps accompanied by a slowing of the dynamic processes
within the catenanes that break the donor—acceptor pairings,
might well be associated with an increased fluorescence-
quenching capacity. As previously advanced, this argument is
also used to explain the general lack of any luminescence at
77 K, at which temperature all dynamic motion is expected to
be frozen.[]

Conclusion

In this paper we have attempted to correlate the electro-
chemical and photophysical properties of quite a large series
of related [2]catenanes and their precursors with structural
features. Each change has been examined in isolation by
making pairwise comparisons with derivatives that differ in
only one of several possible structural features. Variations in
the geometric relationships between the electron-donor and
-acceptor units, conferred by alterations in the bridges linking
the interlocked macrocycles, reveal how the structures of the
molecules can impose topological distinctions on otherwise
identical subunits, and how the electron donor-acceptor
properties of the systems are relatively sensitive to their
immediate environment. Of particular note are the changes
observed for those systems in which an existing interlocked
molecule is structurally modified, altering the relationship
between their constituent donor and acceptor subunits and
therefore their absorption characteristics and electrochemical
profiles.

The electrochemical investigations revealed that the shifts
of the diimide redox processes upon molecular interlocking
are generally greater (for example, A?E° =260-410 mV) than
those observed for related catenanes containing the same
crown ether and bipyridinium units as acceptor moieties
(A’E° <300 mV)."l Theoretical issues aside, this observation
could be important for further developments: larger shifts
might allow redox couples to be manouvered into “windows”
in order that a particular electrochemical process can be
realised without perturbing other redox active units within a
molecule. If such events are linked to structural and/or
functional changes then such fine control of behaviour could
be exploited to significant advantage.’>?1 The distinct
electrochemical signatures of pyromellitic and naphthalene
diimides provide an additional dimension of redox control,
whilst their common chemical properties allow standardised
routes to be employed to achieve their incorporation in
structurally complex molecules.[""!

Experimental Section

Materials: Preparative details for all the [2]catenanes and their precursors
discussed in this work have been reported previously.l'>"'”l HPLC analysis
and purification of [2]catenane 18 was performed with a Hewlett
Packard 1050 HPLC (Supelcosil ABZ +PLUS column; 10 mm NH,OAc
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in H,O containing 0.1 % HCO,H, then 95:5 MeCN/H,O containing 0.05 %
HCO,H).

Electrochemistry: The techniques and apparatus for recording electro-
chemical measurements have been described elsewhere.l?’! All the poten-
tial values are expressed with reference to the saturated calomel electrode
(SCE); under the experimental conditions the reversible one-electron
oxidation of ferrocene occurs at +0.37 V. For aromatic diimides 1-5 the
application of controlled potential coulometry to the first reduction step
reveals the consumption of one-electron per molecule. For the catenanes
the number of electrons involved in the second two-electron reduction is
inferred from the CV profile, controlled potential coulometry failed as an
electron-counting test owing to decomposition of the electrogenerated
anions to further reducible by-products. Prior to examination of the
interlocked systems is was confirmed that the macrocyclic polyethers 6 and
8 did not display redox activity in the region of interest in the electro-
chemical experiments. Both species undergo irreversible oxidation at peak
potentials of +1.05 and +1.21 V, respectively. Despite repeated prepara-
tive thin-layer chromatography a stubborn trace of precursor diimide 5§
remained in the sample of [2]catenane 17 used in the CV experiment; this is
revealed the slight leading shoulder in the trace (see Figure 4).

Photochemistry: Photophysical experiments were conducted in CH,Cl, at
room temperature, and in an opaque rigid CH,Cl, matrix for the low-
temperature (77 K) luminescence measurements. Absorption spectra were
recorded with a Perkin Elmer 116 spectrophotometer. Uncorrected
emission spectra, corrected excitation spectra and phosphorescence life-
times were obtained with a Perkin Elmer LS50 spectrofluorimeter. The
fluorescence lifetimes (uncertainty, +5%) were obtained with an Edin-
burgh single-photon-counting apparatus (D, filled flash lamp). Emission
spectra in a CH,Cl, rigid matrix at 77 K were recorded by using quartz
tubes immersed in a quartz Dewar filled with liquid nitrogen. In order to
allow comparison of emission intensities, corrections for instrumental
response, inner filter effects and phototube sensitivity were performed.?*

Appendix

Correlation of A/ with AE: Within the series of [2]catenanes there should
exist reasonable correlations, although other variables need to be
considered [see Egs. (1) and (2)] between related pairs of systems: the
shift in the maximum of the CT absorption (A1) is connected through
Equation (1) with the electrochemical reduction potential (AE). For
example, if we consider catenanes 11 and 12 we note a difference in the
first reduction potential of 0.13 V. The CT band of acetylenic catenane 11
appears at 523 nm; this wavelength may be converted to an energy (in
wavenumbers, cm~!) by taking its reciprocal and multiplying by 107 (to
convert nm to cm). Subsequent conversion to units of eV (1eV=
8080 cm™!) yields the energy of the CT band in appropriate units: (107/
523)/8080=2.37 eV. In the saturated analogue 12 it is 0.13 V harder to
introduce an electron to the diimide system, that is, an additional 0.13 V per
electron is required and we would expect the energy of the CT transition, in
eV, to increase by this amount: 2.37+0.13=2.50eV. The expected
wavelength of the transition may now be calculated by converting this
energy back into units of wavenumbers and expressing the value in nm:
(107/2)/8080 =2.50 eV, therefore A =107/(2.50 x 8080) =495 nm, that is, a
blue-shift of 28 nm. The value calculated in this manner is close to the
experimentally observed value of 493 nm.
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Stabilized Rhodium(o) Nanoparticles: A Reusable Hydrogenation Catalyst for
Arene Derivatives in a Biphasic Water — Liquid System

Jiirgen Schulz, Alain Roucoux,* and Henri Patin!?!

Abstract: A colloidal system based on
an aqueous suspension of rhodium(o)
nanoparticles proved to be an efficient
catalyst for the hydrogenation of arene
derivatives under biphasic conditions.

monium salts (HEA-C,). These surfac-
tant molecules were characterized by
measurements of the surface tension
and the aqueous dispersions with rho-
dium were observed by transmission

electron cryomicroscopy. The catalytic
system is efficient under ultramild con-
ditions, namely room temperature and
1 atm H, pressure. The aqueous phase
which contains the protected rhodium(o)

The rhodium nanoparticles (2—2.5 nm)
were synthesized by the reduction of
RhCl;-3H,0 with sodium borohydride
and were stabilized by highly water-
soluble N-alkyl-N-(2-hydroxyethyl)am-

Introduction

For economic and ecological reasons, biphasic catalysis based
on two immiscible liquid phases, water and hydrocarbons,
have attracted increasing attention.l'! In fact, such catalytic
systems offer a way to separate and recycle the catalyst by
simple decantation. The most classical approaches use water-
soluble homogeneous catalysts coordinated to phosphines
which contain hydrophilic functional groups (carboxylate,
sulfonate, hydroxy, etc.). Thus, several industrial processes are
essentially based on the exceptional water-solubility of ligands
such as the triphenylphosphinetrisulfonate sodium salt
(TPPTS-Na).

Our alternative is to use metallic nanoparticles that are
finely dispersed in water to allow an easy separation of the
catalyst from the reaction product.’! During the last decade,
nanoparticles dispersed in liquid media have been studied® in
catalytic reactions, such as hydrogenation,*” oxidation,®
hydrosilation,”) or more recently, C-C coupling.'¥ These
microheterogeneous systems show a great potential because
of the large surface area of the particles. These small metal
particles can work efficiently as a catalyst if aggregation does
not occur. To prevent this phenomenon and to facilitate
recycling, particles must be stabilized by a highly water-
soluble protective agent. Three main methods are known to

[a] Dr. A. Roucoux, J. Schulz, Prof. Dr. H. Patin
Laboratoire de Chimie Organique
et des Substances Naturelles—CNRS ESA 6052,
Ecole Nationale Superieure de Chimie de Rennes
Avenue du Gal Leclerc, 35700 Rennes (France)
Fax: (+33)299-871-332
E-mail: alain.roucoux@ensc-rennes.fr
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colloids can be reused without signifi-
cant loss of activity. The microheteroge-
neous behavior of this catalytic system
was confirmed on a mercury poisoning
experiment.

prevent colloids from aggregating in water: i) electrostatic
stabilization with ionic species,? ii) steric protection based
on the use of polymers,["!l and iii) electrosteric stabilization
generated by surfactants or polyoxoanions.!'?

We have chosen an ionic surfactant to prepare and to
protect the aqueous colloidal suspension of metallic particles.
We have synthesized N-alkyl-N-(2-hydroxyethyl)ammonium
salts (HEA), which provide sufficiently hydrophilic character
to maintain the catalytic species within aqueous phase.?

The hydrogenation of benzene derivatives represents an
important industrial catalytic transformation.'® Generally,
this reaction is carried out with heterogeneous catalysts.'¥
Some pure homogeneous™™ or microheterogeneousl™ systems
have been reported, but they require in many, if not most,
cases drastic conditions (high pressure and/or temperature).
However, colloidal catalysts do give satisfactory results for the
benzene/arene reduction in organic mixtures.’! In this paper,
we show that our catalytic system (Rh/protective agent) can
efficiently catalyze the hydrogenation of arenes in biphasic
liquid - liquid (water/organic phase) media at room temper-
ature and under 1atm H, pressure. We demonstrate that
surfactant-protected colloids can be used in pure biphasic
conditions with a satisfactory recycling process.

Results and Discussion

We have already demonstrated that aqueous dispersions of
rhodium particles can efficiently catalyze alkene hydrogena-
tion in biphasic systems with i) electrostatic stabilization by
the use of trisulfonated triphenylphosphine oxidel?!l or
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ii) electrosteric stabilization based on the use of trisulfonated
molecules that contain a lipophilic side-chain and a bulky
trianionic hydrophilic group.!

In this context, we have studied a new series of easily
synthesized surfactants that stabilize an active catalytic
system in the hydrogenation of arenes in a biphasic (liquid -
liquid) medium.? Thus, N-alkyl-N-(2-hydroxyethyl)ammo-
nium salts, HEA-C,, have been prepared with an alkyl chain
bearing n=12-18 carbon atoms. These molecules are ob-
tained by quaternization of N,N-dimethylethanolamine with
the appropriate bromoalkanes (Scheme 1).l) All the HEA-
C, compounds are highly soluble in water, but their properties

BFG @I\!Ie
N(Me )2 /\/\(\/)/\/Br EtOH - /\/N\/\(\/)’\/\
HO™ + n refluxing HO Me n
HEA-C42 n=6
HEA-C14 n=8
HEA-C4g n=10
HEA-C48 n=12

Scheme 1. Synthesis of N-alkyl-N-(2-hydroxyethyl)ammonium salts,
HEA-C,.

depend on the number of carbons in the alkyl chain. Surface
tension measurements (Figure 1) demonstrated that all HEA-
C, compounds which bear a lipophilic alkyl chain of more

80
XHEA-C12
®HEA-C14
Y
L e X AHEA-C16
60 | \;\\( @ HEA-C18

»/ mN.m™
s

40 + »

20 + t t t t —
-6 -5 -4 -3 -2 -1 0
log ¢

Figure 1. Surface tensions of aqueous solutions of surfactants HEA-C, 5.

Abstract in French: Un systéme catalytique colloidal constitué
d’une suspension de nanoparticules de rhodium(o) a montré
une bonne efficacité pour 'hydrogénation de dérivés d’arénes
en milieu biphasique. Des particules de rhodium d’environ
2 nm sont obtenues par réduction de RhCl;-3H,O par le
borohydrure de sodium en présence de sels hydrosolubles de
N-alkyl-N-(2-hydroxyéthyl)ammonium (HEA-C,). Ces molé-
cules tensioactives ont été caractérisées par des mesures de
tension de surface et les suspensions aqueuses de rhodium
observées par cryomicroscopie électronique d transmission. Le
systeme catalytique est actif dans des conditions douces de
température et de pression (20°C, 1 atm d’H,). La suspension
aqueuse de rhodium(o) séparée par simple décantation peut
étre réutilisée sans perte notable d’activité. Enfin, le caractére
microhétérogéne du systeme a été confirmé par un test
d’empoisonnement au mercure.
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than 12 carbon atoms are surfactants and self-aggregate into
micelles above the critical micellar concentration (cmc) of 1 x
1072,2.5x1073,1 x 1073, and 2.5 x 10~* mol L-! for HEA-C,,,
HEA-C,,, HEA-C,,, and HEA-Cyg, respectively. The decrease
in the surface tension of aqueous solutions of these surfactants
below the cmc (from 72 mNm™' for pure water to about
35 mNm™! for the surfactant-containing solutions) is related
to their adsorption at the water/air interface by the Gibb’s
law.l'”l These series of HEA-C, salts exhibited classical
behavior: the cmc values decreased from 1 x 1072 to 2.5 x
10~* as the hydrocarbon chain length increased and we
observed an usual linear variation of logcmc versus the
number of carbon atoms (Figure 2).

R
27 .\.\
a4

4+

log cme

.

5 t t + + {
10 12 14 16 18 20
Number of carbon atoms

Figure 2. Plot of log cmc versus alkyl chain length.

Based on these results, catalytically active aqueous suspen-
sions were made of metallic rhodium(o) colloids prepared at
room temperature by the reduction of rhodium trichloride
with sodium borohydride in dilute aqueous solutions of HEA-
C, salts. Nevertheless, only the surfactants HEA-C,, and
HEA-C,; gave rise to stable monodispersed colloidal dis-
persions. With the compounds HEA-C,;, and HEA-C,, the
rhodium suspensions were less stable and the metal particles
quickly aggregated. Accordingly, an effective electrosteric
stabilization requires a sufficiently lipophilic substituent,
namely, it must contain at least 16 carbon atoms in the side-
chain attached to the head group, a highly hydrophilic N-(2-
hydroxyethyl)ammonium salt.

The particle size of the optimized system Rh/HEA-C,; was
determined by transmission electron cryomicroscopy. We
compared the rhodium suspensions prior to catalysis and after
the first run (Figure 3). The histograms of the size distribution
of the nanoparticles were estimated after the original negative
had been digitally scanned for more accurate resolution.
Measurement of about 300 particles was made with a program
that counted the objects automatically based on shape
recognition.'¥! The comparative TEM studies showed that
the catalytic suspensions had a similar average diameter
(2.1 nm versus 2.2 nm) and thus confirmed the conservation of
the size distribution (Figure 3). The “nearly monodispersed”
colloidal suspension in water was highly stable under our mild
catalytic conditions (1 atm H,, 20°C); this justifies a compar-
ison of catalytic behavior during recycling. More specifically,
our catalytic suspensions have good stability and can be used
up to 60°C without degradation; although it should be noted
that the stability of our particles is somewhat less than that of
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Figure 3. Comparison of colloids stabilized by HEA-Cys a) before and
b) after catalysis (scale bar =50 nm).

nanoclusters previously reported which are stable up to
100°C.¥1

Rhodium(o) colloids are known to reduce arenes,?” but as
far as we know, our results provide the first example of an
efficient conversion under pure biphasic conditions, with
recycling at room temperature, and under 1 atm hydrogen
pressure. In preliminary studies, we compared the new
colloidal rhodium system with a standard Rh/C heteroge-
neous catalyst and with the classical water-soluble Rh/poly-
vinylpyrrolidone and Rh/poly(vinyl alcohol) systems synthe-
sized in hydroalcoholic media by Hirai.’'! These catalytic
systems were investigated by means of the reduction of
anisole; each reaction was performed under identical con-
ditions (Table 1). Our colloids exhibited the best catalytic
activity. Furthermore, only Rh/HEA-C,4 can be reused for
further runs. The Rh/polyvinylpyrrolidone or Rh/poly(vinyl

Table 1. Comparison of standard catalysts versus the Rh/HEA-C, catalyst for
the hydrogenation of anisole.l”

1st Run 2nd Run
Catalyst t[h] TOF [h']® ¢[h] TOF [h~']P]
Rb/C (5 wt.%; Degussa-type DG10) 15 20 [d -
Rh/PVA (M.W. 22000)l! 9 33 le] -
Rh/PVP (M.W. 40000)! 64 47 le] -
RHh/HEA-Cyq 5 60 53 57

[a] Reaction conditions: metal (3.8 x 107> mol), anisole (3.8 x 1073 mol), water
(10 mL), hydrogen pressure (1 atm), temperature (20 °C), stirred at 1500 min~'.
[b] Turnover frequency defined as number of moles of consumed H, per mole
of rhodium per hour. [c] Rh colloids synthesized as previously described by
Hirai.?l [d] The Rh/C cannot be easily recycled by filtration. [e] Cannot be
recycled by decantation.

alcohol) catalysts gave a monophasic system and, consequent-
ly, cannot be separated by simple decantation for the purpose
of recycling.

The molecular ratio R=HEA-C,;/Rh was optimized to
prevent aggregation and to provide a good activity. Specifi-
cally, the hydrogenation of anisole to the corresponding
methoxycyclohexane was studied with different ratios of
HEA-C,;/Rh (Figure 4). Below a molar ratio R=2, the
rhodium particles aggregated with a total loss of activity for
hydrogenation. A molar ratio R =2 gave better activity and
was sufficient to maintain stable nanoparticles within the
aqueous phase during the catalytic process and hence allowed
its recycling. The activity decreased when R >2 was used. In
this case, the quantity of surfactant present around the metal
particles was somewhat excessive and therefore prevented the
access of the substrates to the active site(s).

100 - ° X O
X x o

80 ° u]
o I
< o
2
5 604 e x
5 O0R=2
[ X o X R=5
2 awi o =
g X 0 OR=10
[&]

2+ ¢n
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Figure 4. Hydrogenation of anisole with various amounts of HEA-C,4
(R=HEA-C/Rh).

The durability of the catalytic system was investigated by
employing it in several successive hydrogenations. For this,
anisole was again selected as a reference substrate. After a
first cycle (TOF =60 h~'), the aqueous phase containing the
monodispersed colloidal suspensions of rhodium was sepa-
rated from the methoxycyclohexane product by slow (over-
night) decantation and then reused in a second run. In the
same way, the catalytic suspension was recovered for a third,
fourth, and fifth hydrogenation cycle. Figure5 shows a
comparable turnover activity for all runs. We have observed

100 - @Pd:wo
Q o]
o]
2 80 - ¢ O istrun
E T X 2nd run
S 60 - g( £33rd run
.5 © +4th run
- 4
§ 40 i O5th run
2 L
I3 ao
20 - o
&
0 &— : T T S
0 1 2 3 4 5 6 7
tih

Figure 5. Activity of the recycled aqueous phase in the reduction of
anisole.
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Table 2. Hydrogenation of benzene and monosubstituted derivatives under biphasic conditions.®!
Stabilizing 1st Run 2nd Run

Substrate agent Substrate/Rh’ Product (yield % )I®! ¢ [h] TOF [h~1]t t[h] TOF [h~1]t
benzene HEA-Cy 100 cyclohexane (100) 53 57 5.9 51

benzene HEA-C, 200 cyclohexane (100) 6.6 91 7.1 85

benzene HEA-Cy 100 cyclohexane (100) 9.1 33 133 23

toluene HEA-C,¢ 100 methylcyclohexane (100) 5.7 53 6.3 48

toluene HEA-C,¢ 200 methylcyclohexane (100) 6.5 92 7.6 79

toluene CTAB 100 methylcyclohexane (100) 7.8 38 9.8 31
ethylbenzene HEA-C,¢ 100 ethylcyclohexane (100) 6.9 43 7.4 40
propylbenzene HEA-Cy 100 propylcyclohexane (100) 71 42 7.6 39

cumene HEA-Cy 100 isopropylcyclohexane (100) 7.9 38 8.6 35

[a] Reaction conditions: catalyst (3.8 x 10-> mol), surfactant (7.6 x 10-%), water (10 mL), hydrogen pressure (1 atm), temperature (20°C), stirred at
1500 min~. [b] Determined by GC analysis. [c] Turnover frequency defined as number of moles of consumed H, per mole of rhodium per hour.

that the conservation of the TOF value during recycling
depends primarily on the amount of stable nanoparticles
remaining in the aqueous phase after separation; hence, a
meticulous and slow decantation is necessary in order to
conserve an efficient catalytic activity. Additionally, we
correlated the catalytic activity with the amount of rhodium
within the aqueous phase. An atomic absorption analysis (by
means of a rhodium lamp) of dilute solutions showed that the
concentration of the metal in the aqueous phase before and
after catalysis was similar. A small loss (1.4 +0.1 mgL~!) was
observed between the original catalytic solution (11.7 mgL!)
and that after the fifth run (10.3 mgL~"); this corresponds to a
rhodium loss of ~10%. Consequently, these water-soluble
surfactants HEA-C,4_ 5 satisfactorily maintain the colloidal
rhodium particles within the aqueous phase during the
catalytic process and thus allow the reuse of the aqueous
suspensions in biphasic catalytic systems (water/hydrocarbon)
to within £10%.

We have also hydrogenated benzene and some of its
monoalkyl-substituted derivatives under biphasic conditions
(Table 2). The reaction was monitored by the volume of
hydrogen consumed and a gas chromatographic analysis. The
turnover frequency (TOF), defined as number of moles of
consumed H, per mole of rhodium per hour, was determined
for the first run and for recycling after separation of the
aqueous phase. No induction period was observed. The very

selective catalytic reaction gave good results and the con-
version was usually complete after 7 h for a ratio S/Rh =100
(S =substrate). Most importantly the ratio S/Rh (= 100 or
200) has little effect on the reaction time. In contrast with the
N-alkyl-N-(2-hydroxethyl)ammonium salt, cetyltrimethylam-
monium bromide (CTAB) gave poor results. The turnover
frequency decreased during the first and second run as can be
seen for toluene. These results justify the use of the
hydroxyammonium function as the hydrophilic head group.
Unfortunately, we did not observe any cyclohexene or
cyclohexadiene derivatives as intermediates which ideally
would have been desirable. Nevertheless, steric substituent
effects of the arene influenced the reaction time. The
increasing steric hindrance of the alkyl group in the series
benzene, toluene, ethylbenzene, propylbenzene, and cumene
is clearly indicated by the increase in the reaction time and the
decrease in the catalytic TOF.

In a second series of studies, we investigated the hydro-
genation of functionalized arenes (Table 3). The reaction was
influenced by the electronic effects of the arene substituents.
Thus, arenes substituted by electron-withdrawing groups
reacted more slowly, whereas those with electron-donating
groups reacted more quickly. Here, electron-rich substrates
should be preferentially adsorbed on the rhodium colloids and
thus the reaction is accelerated® for arenes such as anisole
(5 h). Surprisingly, halogenated benzenes were not hydro-

Table 3. Hydrogenation of functionalized derivatives under biphasic conditions.?!

Stabilizing 1st Run 2nd Run
Substrate agent Substrate/Rh’ Product (yield % )" t[h] TOF [h—1]kl t[h] TOF [h~1]t
anisole HEA-Cy4 100 methoxycyclohexane (100) 5 60 53 57
anisole HEA-C, 200 methoxycyclohexane (100) 6.2 97 7.1 85
anisole HEA-Cy 500 methoxycyclohexane (100) 10 150 114 132
anisole HEA-Cy4 1000 methoxycyclohexane (100) 17 188 20 150
anisole HEA-Cy 100 methoxycyclohexane (100) 8.4 36 11.5 26
anisole CTAB 100 methoxycyclohexane (100) 5.1 59 24 13
phenol HEA-Cy4 100 cyclohexanol (100) 52 58 57 53
phenol HEA-Cy 100 cyclohexanol (100) 5.6 54 8.4 36
ethyl benzoate HEA-Cy 100 ethyl cyclohexanoate (100) 9.5 32 11.9 25
bromobenzeneld! HEA-C,4 100 - - - - -
aniline HEA-Cy4 100 cyclohexylamine (100) 10 30 - -
styrene HEA-Cy4 100 ethylcyclohexane (100) 73 55 8.4 48
a-methylstyrene HEA-Cy 100 isopropylcyclohexane (100) 9.2 43 10.1 40
allylbenzene HEA-Cy4 100 propylcyclohexane (100) 10.3 39 112 36

[a] Reaction conditions: catalyst (3.8 x 107> mol), surfactant (7.6 x 107), water (10 mL), hydrogen pressure (1 atm), temperature (20°C), stirred at
1500 min~'. [b] Determined by GC analysis. [c] Turnover frequency defined as number of moles of consumed H, per mole of rhodium per hour.
[d] Similarly, PhI, PhCl, and PhF are not reduced.
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genated, not even slowly, as a consequence of catalyst
deactivation. Under our standard conditions, no selective
catalytic hydrogenation to afford a cyclohexyl product was
observed with i) a mixture of iodobenzene and benzene, or
ii) a recycled catalytic suspension which was used for the
hydrogenation of a halogenated compound; hence, the
electron-withdrawing effect of the halogen is not responsible
for the lack of reaction. Instead, it must be caused by a
poisoning effect of the substrate.

The chemoselectivity was good: for example, ester and
ether functions remained unaffected. Another case in point is
the hydrogenation of aniline which gave the cyclohexylamine;
here the catalyst cannot be recycled, since the colloidal
aqueous phase was insufficiently stable and generally aggre-
gated. We believe that the ammonium functionality was
reacting with the product, which resulted in a loss of
stabilization. In addition to the hydrogenation of the aromatic
ring, reducible components of the substituents can also be
hydrogenated, for example, exo-C—C double bonds of
styrene, a-methylstyrene, and allylbenzene. In all cases, we
observed the reduction of the double bond prior to the
hydrogenation of the aromatic cycle. Nevertheless in the last
case, we detected (in addition to the hydrogenation of the
double bond to form propylbenzene) the partial isomerization
of the double bond with formation of S-methylstyrene. This
compound was then hydrogenated to propylbenzene and
finally to propylcyclohexane.

In a third set of studies, we examined the hydrogenation of
disubstituted benzene derivatives, such as xylene or methyl-
anisole compounds, with the optimized system HEA-
C;s/Rh=2. A complete conversion was obtained in all cases
(Table 4). The cis products were largely the major products, as
is usually observed in heterogeneous catalytic systems.?

Finally, we tested the behavior of our catalytic system by
means of mercury poisoning experiments. Mercury is a well-
known heterogeneous-catalyst poison on account of its
classical adsorption onto the surface of transition metal(o)
catalysts.’?l A large excess of Hg’ was added after 50%
conversion to a catalytically active solution containing
anisole. After stirring for 1 h, the solution was reconnected
to the hydrogenation apparatus. No catalytic activity was
detected, which indicated that Hg had completely inactivated

the catalyst (Figure 6). In light of prior reports,>! these results
provide good evidence that the Rh® nanoparticles are the true
catalysts.

100 -
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Figure 6. Hg poisoning of the catalyst in the reduction of anisole.

Conclusions

The results presented herein confirm that the Rh’ nano-
particles protected by N-alkyl-N-(2-hydroxyethyl)ammonium
salts are a very efficient catalyst for the reduction of arenes;
the results further demonstrate that our microheterogeneous
system can be used to catalyze hydrogenation in two liquid
phases, under mild conditions, and with recycling. These
experiments confirm that microheterogeneous colloidal cat-
alysis at room temperature and 1 atm hydrogen pressure, as
demonstrated by TEM observations and mercury poisoning
experiments, is a real alternative to biphasic liquid-liquid
homogeneous catalysis, provided that the monodispersed
colloidal suspensions of the rhodium particles are prepared
and correctly stabilized with the correct, highly water-soluble
protecting agent.

Experimental Section

Starting materials: Rhodium chloride hydrate and mercury were obtained
from Strem Chemicals. Rh/C (5 wt.%; Degussa-type G10), poly(vinyl

Table 4. Hydrogenation of disubstituted benzene derivatives under biphasic conditions.!

Stabilizing 1st Run 2nd Run

Substrate agent Substrate/Rh” Product (yield % )] t[h] TOF [h~]t t[h] TOF [h~1]t]

o-xylene HEA-Cy 100 1,2-dimethylcyclohexane 75 40 8.9 48
cis (95), trans (5)

m-xylene HEA-Cy 100 1,3-dimethylcyclohexane 73 41 8.5 35
cis (87), trans (13)

p-xylene HEA-Cy 100 1,4-dimethylcyclohexane 7.1 42 8.2 37
cis (70), trans (30)

o-methylanisole HEA-Cy 100 1-methoxy-2-methylcyclohexane 9.5 32 10.3 29
cis (97), trans (3)

p-methylanisole HEA-Cy 100 1-methoxy-4-methylcyclohexane 9.2 33 10 30
cis (92), trans (8)

m-cresol HEA-Cy 100 3-methylcyclohexanol 8.2 37 9.1 33

cis (99), trans (1)

[a] Reaction conditions: catalyst (3.8 x 107> mol), surfactant (7.6 x 107), water (10 mL), hydrogen pressure (1 atm), temperature (20°C), stirred at
1500 min~". [b] Determined by GC analysis. [c] Turnover frequency defined as number of moles of consumed H, per mole of rhodium per hour.
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alcohol) (PVA; MW =22000), polyvinylpyrrolidone (PVP; MW =40000),
sodium borohydride, various bromoalkanes, N,N-dimethylethanolamine,
and all aromatic substrates were purchased from Aldrich or Fluka and were
used without further purification. Water was distilled twice before use by a
conventional method. The surfactants HEA-C,, ;3 were prepared and fully
characterized as previously reported.!'”!

Analytical procedures: The surface tension measurements were performed
at 20°C by means of the ring method with a Du Nouy tensiometer
(Kriiss K10T).

The transmission electronic cryomicroscopic studies were conducted on a
PHILIPS CM 12 transmission electron microscope at 100 KeV. Samples
were prepared by a dropwise addition of the stabilized colloid in water onto
a Cu mesh covered with carbon. The colloidal dispersion was removed after
1 min with cellulose and the samples were quickly frozen in liquid ethane
before their transfer to the microscope.

Gas chromatography was performed on a Carlo Erba GC 6000 with a FID
detector equipped with an Alltech AT1 column (30 m long, 0.25 mm inner
diameter). Parameters were as follows: initial temperature 40°C; initial
time 3 min; ramp 8°Cmin~!; final temperature 140°C; final time 5 min;
injector temperature 220 °C; detector temperature 250 °C; injection volume
0.3 uL.

The atomic absorption measurements were performed on a Varian AA-
1275 spectrometer with the following parameters: lamp current 12 mA,
Arn=343.5 nm, slit width 0.5 mm, air/acetylene flame. The sample (3 mL)
was diluted in water (100 mL). The concentration (mgL~') was determined
by means of a calibration graph.

Synthesis of the aq R’ colloidal suspensions: The suspensions were
prepared under nitrogen at 20°C. Sodium borohydride (36 mg, 9.5 x
10~* mol) was added to an aqueous solution of surfactant (95 mL) with
various concentrations (7.6 x 10° molL~! gave the best results). This
solution was quickly added, under vigorous agitation, to an aqueous
solution (5 mL) of the precursor RhCl;-3H,0 (100 mg, 3.8 x 10~* mol) to
give an aqueous Rh® colloidal suspension (100 mL). The reduction
occurred instantaneously and was characterized by a color change from
red to black. The suspensions obtained were stable for months, as
confirmed by TEM (the sizes of the particles remain unmodified over this
time frame).

General hydrogenation procedure: All hydrogenation reactions were
carried out under standard conditions (20°C, 1atm of H,). A round-
bottom flask (25 mL), charged with the chosen aqueous suspension of Rh”
(10 mL) and a magnetic stirrer, was connected to a gas burette (500 mL)
with a flask to balance the pressure. The flask was closed by a septum, and
the system was filled with hydrogen. The appropriate aromatic substrate
(3.8 x 103 mol) was injected through the septum, and the mixture was
stirred (1500 min~'). The reaction was monitored by the volume of gas
consumed and by gas chromatography. At the end of the reaction, the two
phases were separated by decantation and the aqueous phase was reused in
a second run. The turnover frequencies (TOF) were determined for 100 %
conversion.

Mercury poisoning experiment:>] A standard hydrogenation was con-
ducted with anisole (411 mg, 3.8 x 10> mol) as the reference substrate.
Subsequently, a second hydrogenation of anisole (411 mg, 3.8 x 10-3 mol)
was conducted. After 50% conversion, the reaction was stopped and
mercury was added (2.29¢g, 1.14 x 102 mol, 300 equiv; as described
elsewherel™!). The mixture was stirred for 1 h and was then reconnected
to the hydrogenation apparatus. The two hydrogenation reactions were
compared.
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Hydroxo Hydrido Complexes of Iron and Cobalt (Sn—Fe—Sn, Sn—Co—Sn):
Probing Agostic Sn--- H-M Interactions in Solution and in the Solid State

Jorg J. Schneider,*’* Jorg Hagen,!?! Norbert Czap,#! Carl Kriiger,!”! Sax A. Mason,!¢!
Robert Bau,!?! Jiirgen Ensling,'*! Philipp Giitlich,*! and Bernd Wrackmeyer!"!

Abstract: Bis(toluene)iron 9 reacts with
Lappert’s stannylene [Sn{CH(SiMej),},]
(4) to form the paramagnetic bis-stan-
nylene complex [{(7°-toluene)Fe—Sn-
[CH(SiMes),],},] (10). Compound 10
reacts with H,O to form the hydroxo
hydrido complex [ (7°-C,Hg)(u-OH)(H)-
Fe—{Sn[CH(SiMe;),],},] (12) in high
yield; its solid-state structure has been
elucidated by X-ray and neutron dif-
fraction analysis. In agreement with the
'"H NMR results, 12 contains a hydridic
ligand whose exact coordination geom-
etry could be determined by neutron
diffraction. The 'H and !'“Sn NMR
analysis of 12 suggested a multicenter
Sn/Sn/H/Fe bonding interaction in sol-
ution, based on significantly large
values of J(Sn,H,Fe) =640+ 30 Hz and
J(1°Sn,"°Sn) =4340 + 100 Hz. In solu-
tion, complex 12 exists as two diaster-

eomers in a ratio of about 2:1. Neutron
diffraction analysis has characterized 12
as a classical metal hydride complex
with very little Sn--- H interaction and a
typical Fe—H single bond (1.575(8) A).
This conclusion is based on the fact that
the values of the Sn---H contact dis-
tances (2.482(9) and 2.499(9) A) are
not consistent with strong Fe—H---Sn
interactions. This finding is discussed in
relation to other compounds containing
M—H --- Sn units with and without strong
three-center interactions. The neutron
diffraction analysis of 12 represents the
first determination of a Sn—H atomic
distance employing this analytical tech-
nique. The cobalt analogues [ (7°-Cp)(u-

Keywords: cobalt - iron - metal
hydrides - stannylenes - tin
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OH)(H)Co—{Sn[CH(SiMe;),],}),] ~ (15)
and [(°-Cp)(OD)(D)Co—{Sn[CH-
(SiMes),L,},] [D,]15, which are isolobal
with 12, were prepared by the reaction
of [(7°-Cp)Co—Sn{CH(SiMe;),},| (14)
with H,O and D,O, respectively. The
magnitude of J(Sn,H) (539 Hz) in 15
is in the same range as that found for
12. The molecular structure of 15 has
been determined by X-ray diffraction
which reveals it to be isostructural with
12. The coordination geometries of the
Co(Fe)-Sn1-O-Sn2 arrangements in 12
and 15 are fully planar within ex-
perimental error. Compounds 10 and
15 are rare examples of fully character-
ized complexes obtained as primary
products from water activation reac-
tions.
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Stannylenes or stannanediyls are intriguing ligands with
respect to structure, bonding, and their capability to coor-
dinate to bare transition metals or transition metal frag-
ments.['! They have played an important role in the search for
stable multiply bonded main group organometallic com-
pounds. Homonuclear multiple bonding in heavier main
group elements was established for the first time in the
landmark compound [Sn{CH(SiMe;),},] (4), which represents
the prototype of such a molecule and was synthesized by
Lappert and co-workers as early as 1973.114

Heavier main group carbene analogues of tin of general
formula :SnR, can be subdivided into two classes: base-
stabilized and nonbase-stabilized stannylenes (so-called “bis-
hydrocarbyl or silyl-substituted stannylenes”)® (Figure 1).

For the group of base-stabilized stannylenes, various alkyl-
substituted compounds of Group 15 elements are able to
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base-stabilized stannylenes I

H3C\ /CH3
(ch)ssiI 'S'(CHz)s N/Si\N
Neq — —
i—N ~Si(CH
(HaC)sSI— s g (CHa3)3 N
1[1b] 2[lr,s]
bis(hydrocarbyl) and silylstannylenes
(H3C)3Si Si(CHz)s (H3C)sSi Si(CHg)s
(H3C)3Si)\ /\Si(CH3)3 (H3C)3Si-lSi\ /S\i‘Si(CHa)a
o (HiChsi 5" Si(CHa)s
4l 5l

) CF3
(H3C)3S|_:. FsC.. 0 FsC CFFsC..
(HIC)sSI=Si._ @\

CFs3 and Sn---H—Co interactions in

L Sn
HO)si -+ CFe e SN

7l1m] glinl

Figure 1. Examples of base-stabilized and bis(hydrocarbyl) and silylstannylenes :SnR,.

influence the divalent Sn!' center electronically as donor
ligands, and thus the reactivity of these stannylenes can be
tuned over a wide range. In contrast, for the group of
hydrocarbyl-substituted stannylenes, of which 4 is the most
prominent, bulky alkyl or aryl ligands stabilize the subvalent
Sn'" center mainly kinetically, thus allowing a different course
of reactivity compared with their base-stabilized counterparts.
For both groups it is noteworthy that their chemistry is usually
consistent with a monomeric stannanediyl formulation seen
for compounds that are monomeric in solution such as
[Sn{CH(SiMe;),},] @I'=4 or [Sn(HCy-2,3,4-tri-methyl-6-
Bu),] (6)."1 Organotransition metal complexes in which
more than one SnR, fragment is bonded to a single transition
metal are, however, still rare for all classes—Dbase-stabilized or
bis-hydrocarbyl and silyl stannylenes.

In recent work it has been shown that base-free stannylenes,
especially Lappert’s [Sn{CH(SiMe;),},] (4), behave as ligands
to low-valent metal fragments.'l These studies have proven
that 4 can coordinate to low-valent organonickel, -palladium,
-platinum, -cobalt, and -iron fragments. Furthermore, the
resulting complexes containing Sn—M bonds are reactive
towards the insertion of main group elements as well as
towards organic molecules.:3 4

Here we describe the synthesis and structure determination
of the first hydroxo hydrido cobalt and iron bis-stannylene
compounds derived from Lappert’s stannylene 4 and mono-
metallic cobalt and iron organometallic complexes. To the
best of our knowledge, these complexes represent the first
fully characterized examples of such compounds in the iron

626 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

metal triad (Fe, Co, Ni) and are
rare cases of primary reaction
products derived from such re-
actions with H,O. Aside from a
general interest in structure and
bonding of hydrido hydroxo
complexes, there is a tremendous
interest in compounds able to
activate water or alcohol by ox-
idative addition reactions under
mild conditions. Such complexes
have been postulated quite fre-
quently as intermediates or tran-
sition states in catalytic hydro-
genations of carbonyl
pounds.’l However, structurally
characterized examples of water-
activation processes are scarce so
far.5» « 9 Since metal complexes
containing both a hydride and a
:SnR, stannylene ligand may play
an important role in hydrostan-
nylation and related reactions,”]
we address the question of the
existence of agostic Sn--- H—Fe

O\O

3l1h]

com-

Sn

6lir]

CF3

such complexes in solution and in
the solid state by means of NMR
and X-ray and neutron diffrac-
tion studies.

Results and Discussion

Reaction of [Sn{CH(SiMe;),},] (4) with the Fe atom/toluene
solvate complex 9: Cryogenic cocondensation of iron atoms
and toluene at —196°C followed by subsequent work-up at
—78°C affords a stable, deep brown solution of toluene-
solvated iron atoms containing complex 9 as the sole product
(Scheme 1). Such a solution represents a most useful source of

o

-196 °C !
Feaoms+ toluene ——» Fe

cocondense |
<

9

stable up to -50 °C
in toluene

Scheme 1. Formation of bis(toluene)iron 9.

zerovalent iron for which the name “solvated iron atoms” has
been coined.”®! Even though the discrete structure of 9 is not
known, it is believed to have a characteristic sandwich
structure with one toluene ligand 7°bonded and the other
one probably r*-bonded.’) Careful preparation and isolation
techniques allow arene solutions of 9 to be stored and handled
by standard Schlenk techniques, which makes them valuable
and highly reactive sources for {(7°toluene)Fe} fragments in a
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“bottled” form for stoichiometric organometallic reactions.
Thus complex 9 is the ultimate precursor for the introduction
of these metal ligand fragments.

An aliquot of a solution of 9 in toluene (0.025M) was
allowed to react with a twofold molar ratio of 4 dissolved in
toluene over a temperature range from —78°C to room
temperature. As the reaction mixture was slowly warmed to
room temperature, the color of the resulting solution changed
from brown to green. Evaporation of all the volatile
components at room temperature gave a brown oil which
was recrystallized from diethyl ether to give a greenish brown
microcrystalline solid 10 (Scheme 2).

TMS TMS

o
~ < TMS
@_ ™S TMS™ o,

toluene

7\
I
i ' Z:SQ)\-TF:E _
- o] - 0
@ r 78°C - 20°C L
— ™S ™S ™S
= r

9 4 ™S TMS

10

Scheme 2. Synthesis of the bis-stannylene complex 10. TMS = trimethyl-
silyl.

The typical reactivity pattern for 9 is the easy loss of its 7*-
bonded toluene ligand to yield reactive 14 e {(7°-toluene)Fe}
fragments. These can be intercepted and stabilized by various
organic ligands to give monometallic, bimetallic, and cluster
products.'’7 Based on these findings, the substitution of the 7*-
bonded toluene moiety of 9 by 2 e SnR, fragments offers a
straightforward approach and the most realistic reaction
pathway to compound 10.

Recently we have reported the synthesis and structure of a
dinuclear Ni stannylene complex 11 with a Ni,Sn, butterfly
arrangement and a Ni—Ni bond." Compound 10 is two
electrons short of the overall electron count of the Ni,Sn,
cluster 11, which is known to react with H,O to give a u-
hydroxo-bridged compound.)

TMS TMS

TMSJ ~‘L ™S

s

11

Reaction of 10 with H,O: Because of the unsaturated nature
of 10, reactivity analogous to that of 11 might be expected.
Indeed, addition of an excess of water saturated with N, to a
greenish brown solution of 10 in toluene results in a color
change to bright red after 30 min of stirring. Evaporation of all
the volatile components and work-up by crystallization
affords bright red, brick-shaped crystals of the hydroxo
hydrido compound 12 (Scheme 3), which are stable in air
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625-635
T™MS TMS @_
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iethyl
AN ether ~ TMSIMS '78\ ™S
_ @ +H,0 ——— /N WL
20 °C ™S Sn\ /Sn T™MS
Nsf Tus ©7_MNrus
; ™S I 1{rs
TMS— YTMS
T™S TMS 1
10

Scheme 3. Formation of the hydroxo hydrido complex 12. TMS = trime-
thylsilyl.

for several hours. Compound 12 was also obtained by
chromatography of a solution of 10 in toluene on ALO;
containing less than 1% H,O. However, chromatography on
freshly dried Al,O;, containing virtually no water, leaves 10
unchanged, clearly indicating the high reactivity of the iron—
tin complex 10 towards nucleophilic attack by trace amounts
of water. This observation for 10 is in accord with the fact that
the dinuclear Ni complex 11 displays the same reactivity
towards H,O.'!l To the best of our knowledge, this result
describes the first case of water activation across an iron—tin
bond. Recent reports by Porschke and co-workers describe
reversible water and alcohol activation across the Pd—Sn bond
in [(iPrPCH,CH,PiPr,)Pd-Sn{CH(SiMe,),},].'7 Our at-
tempts to eliminate water reversibly from 12 have not been
successful so far and have resulted in decomposition of 12.
The initial step of water activation by compound 10 to give 12
might involve attack of the M—M bond in 10. This is
substantiated by the fact that the hydroxo hydrido diorga-
nostannane 13,"*! containing H,O in a “preactivated” form,
does not react with the monometallic organoiron compound 9
to give 12. Reaction of compound 13 with 9 at —78°C
followed by subsequent warming to room temperature leads
only to decomposition of 9 into metallic iron and toluene, but
leaves 13 unchanged (Scheme 4). This indicates that 9,
containing tetravalent tin, is unreactive towards low-valent
14 e (°-toluene)Fe fragments.

(H3C)3Si Si(CHa)s
9+ 2 (HOSITN /SO o 12
Sn
H ow

13

Scheme 4. Reaction of complex 9 with the hydroxo hydrido stannane 13.

Reaction of [(n5-Cp)(i*-ethene)Co—Sn{CH(SiMe;),},] (14)
with H,O and D,0: Experimental support of initial attack of
water either at the Fe—Fe bond of 10 or at one of the
individual Fe centers comes from the reactivity of the
mono(ethene)(stannylene)cobalt complex 14 towards H,O
or D,0O, which we have also studied. Recently we reported the
high reactivity of 14 towards insertion and addition reactions
of the unbridged low-coordinated Co—Sn bond.*! Character-
istic of the unusual reactivity of 14 is the easy loss of ethene
which generates a coordinatively and electronically highly
reactive 16 e organocobalt/tin fragment that is formed upon
ethene loss in all reactions observed for 14 so far. Addition of
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an excess of nitrogen-saturated H,O or D,O to a solution of 14
in diethyl ether leads initially to evolution of gas and a change
in the color from purple to bright red. Work-up and
crystallization result in the formation of the thermally stable
hydroxo hydrido complex 15 or its deuterium analogue [D,]15
as bright red crystals in 60% or 53% yields, respectively
(Scheme 5). Complexes 15 and [D,]15 are isolobal with the
hydroxo hydrido iron compound 12.

> L
diethyl ™

|
! S Co
T™MS  Co ether TMS_/ /i ™S
. /AN

TMS)SH-_zﬁ‘ \// +H,OorD,O0 —

20 °C TMS\(S”\O/SYT T™S

™ ™S
™S ™S A ™S
14 15 or [D,]15

Scheme 5. Reaction of water with the (ethene)stannylene complex 14.

Spectroscopic characterization:

Complex 10 gave no molecular ion in the electron-impact
mass spectrum (EI-MS). The 'H NMR (27 °C) spectrum of 10
reveals broad signals at 6 =59.7 (1H), 54.2 (2H), 26.3 (2H),
3.26 (3H), and 1.08 (36 H)—highly characteristic for a para-
magnetic compound for which large isotropic Fermi contact
shifts (as observed for 10) have been reported.l'' This
experimental observation is in accord with a dinuclear
structure for 10 and a formal electron count of 17 at each
Fe!! center.

The molecular structure of the hydroxo hydrido complexes
12 and 15 can be deduced from their characteristic spectro-
scopic data. In the EI-MS the molecular ion of 15 is observed
with the correct isotopic pattern for the nominal composition
C33Hg;C0,0,SigSn, .

In the EI-MS of 12, in contrast to 15, no molecular peak
arising from [12]** is observed, however, characteristic frag-
ments can be detected that indicate subsequent loss of toluene
and trimethylsilyl groups from [12]*".

The IR spectra (KBr) of 12 and 15 display v(Sn—OH—Sn)
stretching vibrations at 3650 (12) and 3615 cm™' (15). The
isotopomer ([D,]15) has a v(OD) stretch at 2669 cm~!. These
frequencies are in accord with the vSn—OH—Sn stretching
frequencies of the Ni complex [(7°-Cp)Ni{(SiMe;),CH},S-
n(OH)Sn{CH(SiMe;),},]""! (v(OH) 3621 cm™!) and the hy-
droxo organostannane complex 13 (v(OH) 3660 cm!).["¥l The
bands from the v(Fe—H) and v(Co—H) stretching modes in 12
and 15 are unfortunately broad and thus ill-defined, making a
reliable assignment impossible.

The 'H NMR resonances of the 7°coordinated toluene
ligand in the diamagnetic complex 12 are characteristic and in
line with other half-sandwich complexes of iron with #°-
bonded toluene ligands (Table 1). The Cp resonance for 15
appears at 0 =4.67; the resonances of the bridging u-hydroxo
proton of the Sn—OH—Sn group are found at  =1.70 for 12
and 1.63 for 15 and are in good agreement with the 'H NMR
shift of the terminal Sn—OH resonance in 13 (0 =1.63).1%]

A priori, both CH(SiMe;), ligands at each tetracoordinated
Sn center in 12 and 15 are enantiotopic, whereas the TMS
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Table 1.

Ligand 'H NMR (27°C)  Compound Ref.
fragment o (ppm)

n°-toluene 5.06, 4.28, 4.12 [ (7®-toluene)(n*ethene),iron] 16
toluene-CH; 1.84

n®-toluene 4.92, 4.86, 4.72 [ (35-toluene)(1,3-cod)iron] 15
toluene-CH;  1.95

n®-toluene 5.35, 4.83, 4.73 [(°-toluene){P(OEt);},iron] 15
toluene-CH;  2.30

n°-toluene 5.19, 5.09, 4.71 [ (37°-toluene)(H),Fe{SiCls},] 19
toluene-CH;  1.46

n°-toluene 4.93, 4.87, 4.49 [ (y®-toluene)(H),Fe{SiF;},] 18
toluene-CH;  1.40

n°-toluene 5.51, 5.38, 4.55 [(®-toluene)(OH)(H)Fe- this
toluene-CH;  2.31 {Sn{CH(SiMe3),},},] 12 work
n°-toluene 537,513,454  [{(n°toluene)-Fe}, 14

toluene-CH; 1.83 o-{1 :p>-toluene}]

groups of each SnR, substituent are diastereotopic. In the
BC NMR spectrum, one resonance for the CH(SiMe;),
carbons and two resonances for the carbons of the TMS
substituents at each SnR, ligand fragment are observed. This
tallies with the existence of a mirror plane that renders the
individual CH(SiMe;), substituents on each SnR, fragment
equivalent and gives rise to the observation of four TMS
signals and two CH(SiMe;), resonances for both SnR, ligands
in 12. For 15 the same explanation holds true, but an
incomplete set of *C resonances is observed, probably
because of an isochronicity of the relevant positions (see
Experimental Section).

Additional "H NMR signals at high field are observed for 12
(—13.4) and 15 (— 17.5) and are indicative of Fe—H and Co—H
groups. The hydride resonances in the related half-sandwich
complexes bis(trifluorosilyl)- or bis(trichlorosilyl)(#5-tolue-
ne)iron(dihydride) at 6 =—19 (SiF;) and —17.15 (SiCl;) are
shifted nearly 6 ppm upfield from that of 12.1' %] The hydride
signals for 12 and 15 are accompanied by '"°Sn satellites (with
intensities for two tin atoms in each complex) that correspond
to a rather large magnitude of 2/(Sn,H), which suggests the
existence of three-center Fe,H,Sn and Co,H,Sn interactions,
respectively. J(Si,H) coupling constants have often been used
as a criterion for the presence of Si—H—M contacts.?!l The
same is true for the analogous J(Sn,H) data in transition metal
tin hydrides, which have been recognized as a valuable
analytical tool to gauge the presence of agostic M—H---Sn
interactions. The magnitude of the coupling constants corre-
lates with the amount of Sn---H interaction. At one extreme
are the values for Sn—H interactions in tetrahedral alkyltin
hydrides with direct Sn—H o-bonding. Their 1J(Sn,H) values
are typically in the upper region (1500-2000 HzP?), as
exemplified by the Snv compound 11 (Y(SnH)=
1991 Hz).!"3l At the other extreme, J(Sn,H) coupling constants
distinctively below 150 Hz are characteristic for compounds
without any three-center Sn,H,M bonding. The intermediate
range between 150-300 Hz is distinctive of compounds
exhibiting three-center Sn,H,M interactions with a varying
degree of Sn,H,M contact defined by the relative size of the
coupling constant. In 12 and 15, the J(Sn,H) couplings are 630
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(12) and 593 Hz (15), respectively, and these values point
towards the presence of 72-Sn—H—Fe(Co) interactions in
solution. The J(Sn,H) values in 12 and 15 are significantly
larger than those found in the manganese, chromium, and iron
compounds [ (7°-MeCsH,)(CO),Mn(H)SnPh;]? (270 Hz),
[(7>-Mes)Cr(CO),(H)SnPh; 24 (327.6 Hz), and [FeH;(P-
Ph,Et);SnPh;]®! (174.2 Hz) synthesized by Schubert et al.,
as well as in [7°14-CH,(OCH;),Cr(CO),)(HSnPh;)]2!
(213.60 for ""Sn and 208.0Hz for '"Sn) prepared by
Klabunde et al. The Mn and Cr complexes prepared by
Schubert et al. and the Cr complex prepared by Klabunde et
al. contain definite Sn—H—M three-center interactions based
on both NMR and X-ray crystallographic data. In contrast to
these typically large values for J(Sn,H,M) coupling constants,
the values for J(H,Sn) coupling constants without three-
center Sn--- H—M interactions are 5.3, 8.4, and 15.8 Hz in a
series of compounds of the type [(Cp)Fe(H)(CO)Sn(R;),]
(R=Me, Bu, Ph);? or are between 15 and 45Hz in
[ (i(PrPCH,CH,PiPr,)Pd—Sn{CH(SiMe,),},];!'"? or as low as
23.7 Hz in [(Cp)Cr(NO)(PPh;)(H)SnPh;)].®! In those com-
plexes, as judged from the magnitude of their 2/(Sn,H)
coupling, any chemical bonding interaction between Sn and
H seems to be negligible.*’]

An interesting case is represented by [Cp,Mo(H)SnR;]
(R;=Me,, Me,Cl)PY because it is completely opposite to the
observations discussed above, as these compounds have large
2J(Sn,H) values of 310 and 238 Hz, respectively, which are
indicative of a distinct three-center Sn--- H-Mo interaction in
solution. However, the corresponding X-ray analysis revealed
no such interaction in the solid state.’” The same situation has
been found for [FeH;(PPh,Et)SnPh;],*! whose metal skel-
eton shows an approximate C; symmetry in the crystalline
state and a nearly tetrahedral FeP;Sn core. Although the
relevant hydrogen positions in [FeH,;(PPh,Et)SnPh;] could
not be located by X-ray structure analysis, its NMR spectrum
was interpreted in terms of the presence of a Sn—H—Fe three-
center, two-electron interaction based on a large 2/(Sn,H)
coupling constant.!

In the Si NMR spectrum of 12, one observes two broad
singlets at 0 = —0.36 and — 1.03 in a ratio of about 1:2. The 'H
and 3C NMR signals of the Me;Si group are also split into at
least three different signals (three for 15, four for 12), which
points to the presence of diastereomers. The '°Sn NMR
spectrum of 12 in solution shows three fairly broad signals as
doublets at 6 =326, 347.5, and 371 from '"Sn—"H coupling in
agreement with the '"H NMR spectrum. Two of these signals
are accompanied by '71"Sn satellites as AX and AB spin
systems, respectively (confirmed also by simulated spectra),
and the third signal at highest frequency has only ''Sn
satellites. The three signals belong to two diastereomers in
which the more abundant (about 66 %) has two different tin
sites, and the less abundant one (about 33 % ) has only one tin
site. The observation of these diasteroisomers in solution
might be due to the different configurations of the
[CH(TMS),] ligands at each tin, which would give rise to
the presence of geometrical isomers in a different ratio. The
large magnitude of [J(*Sn(1),"°Sn(2))|=4370+100 Hz
points towards marked tin—tin bonding interactions. The
description of the bonding situation between Sn(1), Sn(2), Fe,
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and H becomes exceedingly complex, possibly invoking fast
dynamic processes in solution. In solution a reasonable
scenario might be an interchange between different hydride
coordination sites (“see-saw” mechanism), which creates a
time-averaged hydride position that places the hydride ligand
close to the Fe and both Sn atoms (Figure 2). The 6(!*Sn)
values of 12 at rather low field are difficult to interpret in the
light of the other evidence. However, it is known that '"°Sn
nuclei become markedly deshielded near an oxonium-type
oxygen atom.B!

Figure 2. Hydridic ligand interchange in complex 12 by a “see-saw”
mechanism.

In summary, all these findings show that there is often
conflicting evidence in characterizing three- or multicenter
Sn—H—M interactions in solution (by NMR spectroscopy) and
in the solid state (by X-ray crystallography). Despite the fact
that a number of useful X-ray crystallographic studies have
been carried out, the hydrogen could only be located with an
inherent and systematic uncertainty. Thus far, no three-center
Sn,H,M interaction has been further substantiated by other
spectroscopic techniques such as solid-state '"Sn NMR
spectroscopy or even neutron diffraction analysis.

Structural investigations:

X-ray studies’?! of 12 and 15: The molecular structures of 12
and 15 in the solid state were determined by X-ray crystallog-
raphy (Figures 3 and 4, respectively). In both compounds the

C30

Figure 3. Molecular structure of 12 (ORTEP) in the solid state as
determined by X-ray diffraction. Selected bond lengths [A] and angles
[°]: Snl-Fe 2.525(1), Sn1-O 2.139(3), Snl—C(8) 2.213(4), Snl—Cl15
2.219(3), Sn2—Fe 2.525(1), Sn2—O 2.147(3), Sn2—C22 2.234(5), Sn2—C29
2.215(5), O—HO1 0.69(5); C15-Sn1-C8 105.5(2), C15-Sn1-O 90.7(1), C15-
Snl-Fe 129.8(1), C8-Sn1-O 104.3(1), C8-Sn1-Fe 122.9(1), O-Snl-Fe 89.6(1),
C29-Sn2-C22 106.3(2), C29-Sn2-0O 103.9(2), C29-Sn2-Fe 124.0(1), C22-Sn2-
0O 91.1(1), C2-Sn2-Fe 127.9(1), O-Sn2-Fe 89.4(1).
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two SnR, fragments, the Co and the Fe atoms, and the u-OH
group define a planar cyclic geometrical arrangement (M-Sn-
O-Sn). The dihedral angles Co-Sn-O-Sn and Fe-Sn-O-Sn are
1.35(4)° and 0.32(5)°, respectively. The two Sn atoms in 12 and
15 are tetracoordinate, both having a similar strongly dis-
torted “tetrahedral” coordination geometry. As a result,
bonding parameters at both Sn'' centers in 12 and 15 are
comparable. The average Sn—Sn distance is 3.294 A in 12 and
3.282 A in 15, which indicates a weak but significant Sn—Sn
bonding interaction for both complexes in good agreement
with the Sn NMR results.

The Co—Sn bond lengths in 15 are 2.464(1) and 2.466(1) A
and are significantly shorter than the Fe—Sn bonds in 12
(2.525(1) A) by 0.06 A. This relative lengthening of the Fe—Sn
distances must obviously be attributed to some degree of
bonding differences based on electronic grounds, since the
steric ligand environments in both isostructural complexes are
nearly identical. For both complexes 12 and 15, the Co—Sn
and Fe—Sn bond lengths are significantly elongated when
compared with the mono(ethene)(stannylene)(Cp)cobalt
14 (2386 A) and the corresponding isolobal mono(ethene)-
(stannylene)(toluene)iron complex 161! (2.4362(10) A), re-
spectively, each of which contain three-coordinate tin
centers.

Cc31

Figure 4. Molecular structure of 15 (ORTEP) in the solid state as determined by X-ray diffraction. Selected bond lengths [A] and angles [°]: Sn1—Co
2.464(1), Sn2—Co 2.466(1), Sn1—O 2.147(3), Sn2—0O 2.158(3), Sn1-C6 2.213(5), Sn1—C13 2.221(3), Sn2—C20 2.220(4), Sn2—C27 2.210(5); C13-Sn1-C6
108.7(2), C27-Sn2-C20 107.0(2), C6-Sn1-Co 121.5(1), C13-Sn1-Co 127.8(1), C6-Sn1-O 105.1(2), O-Sn1-Co 88.3(1), C27-Sn2-0O 106.5(2), C27-Sn2-Co 123.0(1),
C20-Sn2-0 92.5(2), C20-Sn2-Co 127.7(1), O-Sn2-Co 87.9(1), Sn2-Co-Sn1 83.9(1), Sn2-O-Sn1 99.9(1), H100-O-Sn1 124.1(3), H100-O-Sn2 129.3(3).

O

| .
Fe SI(CH3)3

\\/ \S.n Sl(CH3)3

(H3C)3Si” > Si(CHa)s
16

Table 2 gives selected bonding parameters for 15 and the
structurally related chalcogen-bridged complexes 17 and 18
containing the heavier element homologues Se and Te in a us-
bridging mode that connect the two Sn atoms and the central
Co atom in a similar fashion to that of the OH group in 15.

The Fe—Sn bond length in 12 is in the lower region of those
observed for a set of nineteen compounds that contain Fe—Sn
bonds in the range between 2.46 and 2.67 A.l" It is note-
worthy that the shortest Fe—Sn bond is observed in the bis-
stannylene complex [Fe(CO),{Sn(OAr),},] (Ar=C¢H,tBu,-
2,6-Me,4) (Fe—Sn=2.408 A)!"l well in accord with the
extraordinarily good mt-donor properties of the base-stabilized
stannylene ligand Sn(OAr),.l""

Neutron diffraction analysis of 12:%2 Compounds 12 and 15
both contain hydridic ligands. We have demonstrated that

Table 2. Selected bonding parameters of 15 and for related Co/Sel*! and Co/Tel*! compounds 17 and 18.1%

angle [°] R OH_ g R (ITP o ?p
E=0, Se, or Te R—Cyi. ~PO\_ ~Cise i Co. R Co. .
,Sny Sn, R R—Ci._ I\ ~Cise R—Ci._ - T\ _ ~Cise
R—Cs ™ VS -R SNy I Sny R oM Sny R
b Q 22 R—CF ST R—C§ VA R
R H R \ Se  Lxn R v Te  Cx
R R R R
15 17 18
Snl-E-Sn2 100.3 90.90 85.86
C1-Sn1-C8 108.7 109.8 109.5
C15-Sn2-C22 107.0 108.1 106.7

[a] R = trimethylsilyl.
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there is evidence of multicenter Sn,Sn,Fe,H bonding in 12 by
both 'H and "”Sn NMR in solution, but it was also important
to look for such structural features in the solid state.
Interestingly, however, there is only one report in which
characterization of this type of interaction has been successful
in solution and in the solid state (by NMR spectroscopy and
X-ray diffraction) for a Fe/Sn complex. This gave correspond-
ing results with respect to the existence of a 7*-Sn—H-M
interaction.l?’! As far as X-ray diffraction as an analytical tool
is concerned, determination of hydrogen positions is a
procedure with an inherently low degree of accuracy because
of the fact that the X-ray diffraction process locates the
electron density maximum of a M—H bond and not the actual
nuclear positions. Thus, bond lengths and angles involving
hydrogen are usually observed to be significantly off their true
values when determined by X-ray diffraction.’> 34 However,
these problems do not arise with neutron diffraction, which
directly locates the nuclear positions of the H atoms. As we
were able to obtain sufficiently large crystals of our iron
hydride compound 12, we were eager to determine its solid-
state structure by neutron diffraction in order to determine
the coordination geometry of the Sn, H, and Fe atoms in the
most accurate way.

The molecular plot (ORTEP) of 12 as determined by
neutron diffraction is shown in Figure 5. The structural
analysis of the compound was complicated by a packing

Si3 Si5

Figure 5. Molecular structure of 12 (ORTEP) in the solid state as
determined by neutron diffraction. Only one of the two disordered
orientations of the hydride and toluene ligands is shown. The Fe—H
distance is 1.581(8) A, and the Sn---H distances are 2.477(9) A (minor
isomer) and 2.497(9) A (major isomer), respectively. For selected bond
lengths [A] and angles [*] see Table 4.

disorder of the toluene and hydride ligands, in which 75 % of
the molecules pack with orientation 12a and 25% with an

T O

L H He/

T™S €. TMS T™s  Fe  Tms
TMS)"'Sn\ \__’_'Sn""‘LTMS TMSJ' """ Sri‘f,, /Sn""kTMS
TMST/I\%S Q Y ms ™S O . KA\\TMS

H TMS ™S 3 T™MS
12a 12b

Chem. Eur. J. 2000, 6, No. 4

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

orientation rotated by 180°, 12b. What is observed exper-
imentally is a superposition of these orientations. The rest of
the structure (the Fe-Sn-OH-Sn core and the CH(SiMe;),
ligands) however is ordered. For the following discussion of
the structure only the major hydride H site is considered
(Table 3 and 4).

The original motivation for carrying out the neutron
diffraction analysis of 12 was to see if evidence for Fe—H ---
Sn agostic interactions could be found in the solid state, as
suggested by NMR results in solution (vide supra). The
neutron diffraction results show a molecule with essentially a
terminal Fe—H bond, with almost no evidence of significant
H--- Sn interactions in the solid state (Figure 5). The Fe—H

Table 3. Neutron diffraction details of 12.

empirical formula C;s Hgs Fe O Sig Sn,

T [K] 20(1)

wavelength [A] 1.5345(1)

space group monoclinic, P2,/n (no. 14)
unit cell dimensions

a[A] 13.6760(4)

b [A] 17.6418(6)
c[A] 23.6655(7)
al’] 90

B 1°] 104.000(2)
71 %

V[ A3 5540.1

VA 4

crystal size [mm] 1.5x15x%x15
6 range for data collection 3.14° to 50.55°.

index ranges —13<h<13, —17<k<17, -12<1<23
reflections collected 10318

independent reflections 5678 [R(int) = 0.0362]
data/restraints/parameters 5675/38/1259

Goodness-of-fit on F? 0.976

Final R indices [I>2(])] R(F)=0.0782, R(wF?) =0.1800

R indices (all data) R(F)=0.0910, R(wF?)=0.1929

Table 4. Selected bond lengths [A] and angles [°] for 12 as determined by
neutron diffraction.

Fe—H 1.581(8)
Snl-Fe 2.519(3) Sn—Fe 2.514(3)
Snl)---H 2.477(9) Sn2---H 2.497(9)
Sn1-O 2.150(4) Sn2—0 2.140(4)
Sn1—C8) 2.204(4) Sn2—C22 2.222(4)
Sn1—C15 2.229(4) Sn2—C29 2.218(4)
Snl-+-Sn2 3.269(4)
Si1—C8 1.877(5) Sis—C22 1.891(5)
Si2—C8 1.882(5) Si6—C22 1.890(5)
Si3—C15 1.887(5) Si7-C29 1.879(5)
Si4—C15 1.890(5) Sis—C29 1.875(5)
O-H(OH) 0.938(9)
C8—HS8 1.103(7) C22-H22 1.097(7)
C15-H15 1.087(7) C29-H29 1.091(7)
Sn2-Fe-Snl 81.0(1)
Snl-Fe-H 70.1(3) Sn2-Fe-H 71.0(3)
Fe-H -+~ Snl 73.3(3) Fe-H -+~ Sn2 72.5(3)
O-Snl-Fe 89.6(2) O-Sn2-Fe 90.0(2)
C8-Snl-Fe 122.0(2) C22-Sn2-Fe 126.7(2)
C15-Snl-Fe 130.6(2) C29-Sn2-Fe 125.1(2)
0-Sn1-C8 103.9(2) 0-Sn2-C22 90.5(2)
0-Sn1-C15 90.7(2) 0-Sn2-C29 103.4(2)
C8-Sn1-Cl15 105.7(2) C29-Sn2-C22 106.5(2)
Sn2-0O-Snl 99.3(2)
Sn1-O-H(OH) 129.7(5) Sn2-O-H(OH) 129.6(5)
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distance is found to be 1.581(8) A as would be expected?! for
an Fe—H single bond, while the Sn--- H distances are 2.477(9)
and 2.497(9) A. By comparing these with the estimated
valuesP of 1.77 A for an Sn—H single bond and 2.07 A for
the Sn---H distance in an agostic Sn--- H-M interaction, one
can conclude that the Sn—H distances we find in 12 are too
long for any meaningful Sn—H bonding interaction in the solid
state.

As was found in the X-ray analysis, the FeSn,O core of the
molecule is planar, within experimental error, as is the
Sn—OH—Sn group at the three-coordinate O atom of the
bridging hydroxyl ligand. The O—H distance of that ligand was
found to be 0.938(9) A, and all the other distances and angles
in the structure were also found to be normal.

Maossbauer spectroscopy: Assigning formal oxidation states to
iron and cobalt as well as to tin in 12 and 15 gives formal
charges of +2 for Fe (d°) and +3 for Co (d°) in accord with
their overall diamagnetic NMR behavior. For each of the two
tin centers a formal charge of +2.5 results as the two Fe—Sn
bonds are formally electronically neutral and the bridging OH
ligand contributes a negative charge to the overall electron
count of 12 and 15.

In general, Mossbauer spectroscopy provides valuable
experimental information on the authentic valence state
(oxidation and spin state) and geometry in coordination
compounds. “’Fe and "°Sn Mssbauer measurements in zero
field were performed on crystalline samples of 12 at 100 and
90 KB which gave symmetrically split doublets with isomer
shifts of 0, 3=0.43 mms~! (relative to a-iron) and d=
1.72 mms~, relative to CaSnOs), and quadrupole splittings
of AE4=0.95 and 2.97 mms™! for the iron and tin nuclei,
respectively (Figures 6 and 7). Both the iron and tin Moss-
bauer data are in agreement with a pseudooctahedral
coordination environment around iron and a pseudotetrahe-
dral arrangement around tin.®! The values for the iron isomer
shift and quadrupole splitting are typical values for
Fell.[S& 39, 40]

Mossbauer data for organometallic tin compounds can be
subdivided into those compounds containing Sn' which show
typical isomer shifts and quadrupole splittings well below
2mms~!, and also into those with distinctively higher O
values and quadrupole splittings AE, (>>2 mms™) such as
those of the Group VIII metals. For both groups the
classification depends on preparative procedures, such that
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Figure 6. Zero-field S’Fe Mgssbauer spectrum of 12 at 80 K.
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Figure 7. Zero-field '*Sn Mossbauer spectrum of 12 at 80 K.

compounds assignable to the first class (Mossbauer parame-
ters <2 mms™!) are accessible from SnCl,, and those assign-
able to the second have SnCl, as the precursor.[*! According
to this classification an assignment of 12 (d;s=1.72 mms~},
AE,=2.97 mms') to one of these two classes is not clear-cut,
despite its preparation from the stannylene 4 (d;3=
216 mms!; AE,=2.31 mms!)*® that contains a Sn" cen-
ter. In complex 4, tin has a pseudotetrahedral con-
figuration at each SnR, fragment in the solid state. The
Ors values for 4 and 12 are drastically lowered compared
with pure inorganic or even organometallic systems that
contain invariably Sn! with d;y=3-4 mms~'. Examples of
such compounds are the halogenostannates(i) or sandwich
complexes like [(77°-CpR),Sn"] (R = alkyl).*'al In these com-
pounds the 5s lone pair on tin retains its high o s character
compared with 4 and 12. Thus, the relatively large values
of O for 4 and 12 compared with these compounds seem
indicative of some extent of p character in the Sn—Sn (4) and
Fe—Sn (12) bonding induced by rehybridization of the Ss lone
pair on Sn.

Conclusions

We have shown that Fe and Co complexes 10 and 14
containing two (hydrocarbyl)substituted stannylene units
:SnR, are accessible by different but complementary routes
that employ metal vapor chemistry and wet chemical syn-
thesis techniques. Even though the reaction products obtained
by both ways differ in their constitution as determined by
spectroscopic techniques, they show a similar reactivity
towards the nucleophile water. Irreversible water activation
occurs with both compounds to give rare cases of hydroxo
hydrido complexes, which represent the primary products
from such a reaction. Complexes 12 and 15 appear to show
strong Sn—H—Fe and Sn—H—Co interactions in solution as
judged by 'H NMR spectroscopy. X-ray crystallography
shows them to be isostructural in the solid state. However, a
strong Sn—H—Fe interaction in the crystalline state, which was
found for 12 in solution, could not be observed in the solid
state on the basis of the results of a neutron diffraction study
of 12, which allowed us to characterize the crucial Sn,H,Fe
structural parameters unambiguously and characterize 12 as
a classical hydride with a normal terminal Fe—H single
bond.

0947-6539/00/0604-0632 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Fe and Co Hydroxo Hydrido Complexes

625-635

Experimental Section

General experimental information: Metal atom reactions were conducted
in home-built all-glass static metal vapor reactors based on the design
published by Klabunde et all®**! Iron metal was 99% pure. Metal
evaporation was performed from resistively heated alumina crucibles
(Mathis, CA, USA). In metal vapor reactions, an amount of about 30 % of
the metal is typically lost because of deposition of metal vapor outside the
reaction zone of the metal/toluene cocondensate. Except for the metal
vapor synthesis, all reactions were carried out under an atmosphere of dry
nitrogen gas with standard Schlenk techniques. Microanalyses were
performed by the microanalytical laboratory of the Chemistry Department
of the University/GH-Essen. All solvents were dried appropriately and
stored under nitrogen. The NMR spectra were recorded on a Bruker AC
300 and DRX 500 spectrometers (300 and 500 MHz for 'H, 75.5 and
125.8 MHz for BC, 99.36 MHz for ¥Si and 186.5 MHz for '"Sn) and
referenced against the remaining protons of the deuterated solvent used,
EZ(*Si)=19.867184 MHz  for  o(¥Si)(Me,Si)=0, and E(*Sn)=
37290665 MHz for 6(**Sn)(Me,Sn)=0. In the case of the '"’Sn NMR
experiments, the approximate range of the '”Sn NMR signals for 12 was
first evaluated by heteronuclear '"H{!"°Sn} double resonance experiments.
NMR samples were prepared by vacuum transfer of predried, degassed
solvents onto the appropriate amount of solid sample, followed by flame
sealing of the NMR tube. MS spectra were recorded on a MAT 8200
instrument under standard conditions (EI, 70 ¢V) with the fractional
sublimation technique for compound inlet. IR spectra were recorded in
KBr with a Nicolet 7109 FT- instrument.

Synthetic procedures:

Metal vapor synthesis of [{(17°-toluene)Fe—Sn{CH(SiMe;),},] (10): Iron
vapor (2 g, 25 mmol) was codeposited with an excess of toluene (150 mL) at
—196°C over 4 h at 107> Torr. After the reactor had been back-filled with
N, to ambient pressure, the deep brown solution was filtered through a bed
of Celite under a N, atmosphere at —78°C to remove any excess of iron
metal. Sn{CH(SiMe;),}, (4) (1.5¢g, 1.7 mmol) dissolved in diethyl ether
(20 mL) was added to this solution, causing a color change to intense green
after 30 min of stirring at —78°C. After the mixture had been warmed to
room temperature, all the volatile components were removed under
vacuum and an oily, greenish brown residue was crystallized from diethyl
ether at —78°C to give 10 as a microcrystalline, green solid in 36 % yield.
Compound 10 is stable under nitrogen at room temperature for months. MS
(EL, 70 eV, T,,, =120°C): m/z (% ): decomposition; 'H NMR ([Dg]benzene,
27°C): 6=59.7 (s, v;, =203 Hz, 1H; CH-tol), 45.2 (s, v;, =260 Hz, 2H;
CH-tol), 26.2 (s, v;, =307 Hz, 2H; CH-tol), 3.3 (s, 3H; CHs-tol), 1.1 (s,
36H; SiMe;). Various attempts to obtain satisfactory elemental analysis
for 10 were unsuccessful because of its high sensitivity to air and
moisture.

Synthesis of [{(5°-C,Hg)(OH)(H)Fe—{Sn[CH(SiMe3;),],},] (12) by reaction
of [{(17°-toluene)Fe—Sn{CH(SiMe;),},] (10) with H,O: Synthesis of 12 was
performed in a one-pot procedure. Compound 4 (1.5g, 2.67 mmol)
dissolved in toluene (10 mL) was added to a deep brown solution of 10
in toluene (150 mL), which had been synthesized by cocondensation of Fe
metal (2.0 g) and toluene (150 mL) as described above. The resulting deep
green solution was stirred for 2h at —50°C, after which H,O (2 mL,
0.1 mmol) was added in one batch. During warm-up to room temperature,
the color of this solution slowly changed to bright red. Stirring of this
solution was continued at room temperature for 2 h. After removal of all
the volatile components, the solid residue was dissolved in diethyl ether and
filtered, and some CH;CN was then added. Cooling of this solution to
—30°C afforded brick-red, rectangular crystals (up to 3 mm large) of 12
(2.04 g, 2.0 mmol, 73.6%). MS (EL, 70 eV, T,,,=140°C): m/z (%): 948
[{Sn[CH(SiMe;),],},(tol)Fe~HOH]* (1), 604 [Sn{CH(SiMe;),},(tol)-
Fe-H-OH]" (2), 586 [Sn{CH(SiMe;),},(tol)Fe—H]* (2), 494
[Sn{CH(SiMe;),},FeH]* (15), 438 [Sn{CH(SiMe;),},]* (15); 'H NMR
([Dg]benzene, 27°C): 6 =5.51 (s, v;, =20.3 Hz, 2H; m-CH, tol), 5.38 (dd,
1H; p-CH, tol), 4.55 (s, v;, =20.5 Hz, 2H; 0-CH, tol), 2.31 (s, 3H; CH;-tol),
1.70 (s, vi,=72Hz, 2J(OH,"""Sn)=13 Hz, 1H; OH), 045 (s, 18H;
SiMe;), 0.42 (s, 18 H; SiMes), 0.32 (s, 18 H; SiMe;), 0.31 (s, 18H; SiMe;),
—13.42 (s, vy, =27 Hz, J(*"Sn,H,Fe) = 640 +£30 Hz, 1H); *C NMR {'H}
([Dg]benzene, 27°C): 6 =100.4 (s, Cyy,, tol), 83.7 (s, 0-CH, tol), 82.1 (s, p-
CH, tol), 77.8 (s, m-CH, tol), 22.4,22.2 (s, Sn—CH), 22.3 (s, C—CHj;), 5.8 (s,
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SiMe;), 5.3 (s, SiMe;), 5.0 (s, SiMe;); Si and '"Sn NMR, see text;
C3sHggOFeSigSn: caled C 40.36, H 8.33; found C 40.64, H 8.40.

Synthesis of [{(75-Cp)(OH)(H)Co—{Sn[CH(SiMe3;),1},] (15) by reaction of
[{(35-Cp)(n*-ethene) Co—Sn{CH(SiMe;),},] (14) with H,0: H,O (0.5 mL)
suspended in diethyl ether (10 mL) was added at room temperature to a
purple solution of 14 (410 mg, 2.27 mmol) in diethyl ether (50 mL),
whereupon the color of the solution changed to reddish brown after a few
minutes. After 4 h of additional stirring, all the volatile components were
removed under vacuum, and the solid residue was dissolved in diethyl
ether/acetonitrile (5:1) and then filtered. Cooling of the bright red, clear
solution afforded 15 as red crystals (1.37 mmol, 60.3%). MS (EI, 70 eV,
T,,=130°C): m/z (%): 1018 [M*] (5), 857 [M* — CH(SiMe;), —2H] (5);
IR (KBr): 7=3616 (O—H); 2950, 2898, 1406, 840 (all TMS); 1250, 1108,
1011, 973, 797, 766 (all Cp); '"H NMR ([Dg4]benzene, 27°C): d =4.67 (s, 5H;
Cp), 1.63 (br.s, 1H), 0.58 (s, 4H; Sn—CH), 0.42 (s, 18 H; SiMe;), 0.38 (s,
18H; SiMe;), 0.27 (s, 36 H; SiMe;), —17.57 (s, J(**Sn,H,Co) =539 £ 20 Hz,
1H; [Co—H]); BC NMR{'H} ([D¢]benzene, 27°C): 6=78.7 (s,
2J("Sn,C) = 6.8 Hz; Cp), 22.2 (s, CH), 5.6 (s, 3J(1*Sn,C) = 12.4 Hz; SiMe3),
5.2 (s,3(1"°Sn,C) = 13.8 Hz; SiMe;), 4.6 (s, SiMe;); C33Hg;CoOSigSn,: caled
C 3897, H 8.23; found C 39.11, H 8.31.

Synthesis of [{(75-Cp)(OD)(D)Co—{Sn[CH(SiMe;),]},] [D,]15: [D,]11 was
synthesized in a similar manner to 11 but with D,O instead of H,0.?H NMR
([Dg]benzene, 27°C): 6 =—1744 (s, 1D; [Co—D]), 1.51 (s, 1 D; OD), both
signals display no detectable '"*Sn coupling; IR (KBr): #(O—D), see text.
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Heteropolynuclear Complexes with the Ligand Ph,PCH,SPh:
Theoretical Evidence for Metallophilic Au—M Attractions

Eduardo J. Fernandez,™ José M. Lopez-de-Luzuriaga,® Miguel Monge,™
Miguel A. Rodriguez,*! Olga Crespo,®! M. Concepcion Gimeno,'*! Antonio Laguna,*?!

and Peter G. Jones!‘!

Abstract: Addition of two equivalents
of diphenylthiomethylphosphine (PPh,-
CH,SPh) to the starting materials
[Au(tht),]A (tht=tetrahydrothiophene),
AgCF;SO;, or [Cu(CH;CN),]CF;SO;
produces the mononuclear derivatives
[M(PPh,CH,SPh),]JA (M=Au, A=
CF;SO; (1a); M= Au, A=CIO, (1b);
M=Ag, A=CF;SO; (4); M=Cu, A=
CF;SO; (5)) which are able to
form the heterodinuclear complexes
[AuM’(PPh,CH,SPh),](CF;S0;), (M'=

ment. If the starting gold complex is
[Au(C¢Fs)(tht)], reaction with the
phosphine produces [Au(C4Fs)-
(PPh,CH,SPh)] (6) from which, by
reaction with AgCF;S0; or
[Cu(CH;CN),]JCF3S0O;, the “snake”-
type linear complexes [Au,M(C¢Fs),-
(PPh,CH,SPh),|CF,SO; (M=Ag (7),

Keywords: ab initio - copper - gold
heteropolynuclear complexes

Cu (8)) are obtained. If the silver start-
ing complex is AgCF;CO,, reaction in
a 1:1 ratio gives the tetranuclear
complex [Au,Ag,(C4Fs),(PPh,CH,SPh),-
(CF;CO,),] (9). When the molar ratio
is 1:2 the trinuclear complex
[AuAg,(C4F5)(CF5CO,),(PPh,CH,SPh)]
(10) is obtained. According to ab initio
calculations, the presence of only one
gold atom is enough to induce metal-
lophilic attractions in the group con-
geners, and this effect can be modulated

il
Ag (2), Cu (3)) with a P-Au-P environ- SEVEr

Introduction

It is generally accepted that the elements of the third
transition and 6p series frequently exhibit strong relativistic
effects in their compounds.!! The maximum effect, located at
gold, has been recently summarized with theoretical and
experimental evidence.”?! Nevertheless, our theoretical under-
standing of these interactions is in a highly preliminary state.!

For light elements, the effects of relativity are generally
small, but there is no clear-cut watershed in the Periodic Table
after which relativistic effects become important in determin-
ing the properties of elements and their compounds.
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depending on the gold ligand.

Recent studies carried out by Pyykké[3l and by usl
developed a comparative approach for all three coinage
metals, concluding that “metallophilic attraction is indeed
present for all the coinage metals as a correlation effect and
that it is strengthened by the relativistic effect for gold”.l"-
This conclusion was supported by the close agreement
between theory and experimental data. The comparative
studies were based on homometallic dimers, in which the
presence of bridging ligands should facilitate intramolecular
M!-M! contacts.>

The question arises whether the presence of only one gold
atom is enough to “promote” relativistic effects in the group
congeners. Valid conclusions can be only reached if the
theoretically predicted geometries show acceptable consis-
tency with the experimental results.

Numerous gold derivatives that present gold—gold inter-
actions have been reported to date; they are mononuclear
(through associations), dinuclear or polynuclear species.'’]
The great stability of these complexes, often explained by
the presence of gold-gold interactions, renders difficult the
preparation of heterometallic coinage compounds with ap-
propriate geometry, and this seems to be the reason for the
small number of such complexes reported to date. Au---Cu
interactions are only found in heteronuclear cluster com-
pounds!"!) and no dinuclear derivative is known. Au--- Ag
interactions are more common but, again, they are found in
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polynuclear species or cluster compounds;!!'e !¢ 12 the only
dinuclear derivative with gold and silver atoms has been
reported by Schmidbaur et al., [AuAg(PPh,py),](ClO,),.[3]

We considered that the use of an asymmetric bidentate
ligand such as phenylthiomethylenediphenyphosphine could
facilitate the synthesis of either homopolynuclear!® or heter-
opolynuclear complexes of Group 11 metals, exploiting the
different donor properties of phosphorus and sulfur atoms
present in the ligand. Here we present the results of associated
investigations.

Results and Discussion

The use of a bidentate ligand such as Ph,PCH,SPh allows, as a
first step, the selective coordination of the phosphorus atom
to a metal centre, leaving the sulfur atom as a potentially
coordinative heteroatom. Treatment of [Au(tht),]X (tht =te-
trahydrothiophene) with two equivalents of Ph,PCH,SPh
involves the substitution of the tht ligands, giving rise to
complexes of stoichiometry [Au(Ph,PCH,SPh),]X (X =ClO,
(1a), X=CF;SO; (1b)) in which the phosphinothioether
ligands are bonded to the gold centre through their phospho-
rus atoms.

Complexes 1a and 1b are air- and moisture-stable white
solids. Their elemental analyses, physical and spectroscopic
properties are in accordance with the proposed stoichiometry,
and solutions of these complexes in acetone display con-
ductivities typical of 1:1 electrolytes!™ (Ay =79.5 (1a), 84.6
(1b) Q- 'cm?mol'). Besides, their IR spectra show absorp-
tions arising from the CF;SO;~ ions at 1278 (vs, br), 1225 (s)
and 1148 (s) cm~! (1a) or from the ClO, ions at 1104 (vs, br)
and 623 (m) cm~! (1b).

Abstract in Spanish: La adicion de dos equivalentes de
difeniltiometilfosfina (PPh,CH,SPh) a los productos de par-
tida [Au(tht),]A, AgCF;S0; 6 [Cu(CH;CN),JCF;SO; conduce
a la formacion de los compuestos mononucleares
[M(PPh,CH,SPh),]JA (M =Au, A=CF;SO; (1a); M= Au,
A=ClO; (1b), M=Ag, A=CF;SO; (4); M=Cu, A=
CF;SO; (5)) a partir de los cuales pueden obtenerse los
complejos heterodinucleares [AuM'(PPh,CH,SPh),](CF;50;),
(M'=Ag (2), Cu (3)) que contienen un entorno P-Au-P. Si el
producto de partida de oro es [Au(C4Fs)(tht) ], la reaccion con
la fosfina da [Au(C4Fs)(PPh,CH,SPh)] (6), cuya reaccion con
AgCF;80; 6 [Cu(CH;CN),JCF;80;, produce los complejos
serpentiformes [Au,M(C¢Fs),(PPh,CH,SPh),]CF;SO; (M=
Ag (7); Cu (8)). Si se emplea AgCF;CO, como producto de
partida de plata, la reaccion entre cantidades equimoleculares
de los reactivos forma [Au,Ag,(C4Fs),(PPh,CH,SPh),-
(CF;CO,),] (9). Por el contrario, si la reaccion se efectua en
proporcion 1:2 se obtiene el complejo [AuAg,(CsFs)(CF;.
CO,),(PPh,CH,SPh)] (10). De acuerdo con los cdlculos ab
initio, podemos afirmar que la presencia de un unico dtomo de
oro es suficiente para inducir atracciones metalofilicas en los
otros elementos de su mismo grupo y que este efecto se puede
modificar en funcion del ligando que soporta el oro.

The *P{'H} NMR spectra display singlets at 6 =39.7 (1a)
and 6 =39.9 (1b), which are shifted to low-field compared
with the signal of the free ligand (Ad = —19 ppm). Further-
more, in their '"H NMR spectra a poorly resolved doublet at
0=4.10 (1a) and 6 =4.11 (1b) is observed from the methyl-
enic protons of the ligand. Finally, the molecular cations
appear in their mass spectra (FAB +) at m/z 813 (100%, 1a
and 1b) with an experimental isotopic distribution in agree-
ment with calculation.

The proposed structure was unequivocally confirmed by
X-ray diffraction studies of complex 1a. The cation is shown
in Figure 1, with a selection of bond lengths and angles in

Figure 1. The structure of the cation of complex 1a in the crystal. The H
atoms are omitted for clarity.

Table 1. The geometry around the gold atom is almost
perfectly linear with a P-Au-P angle of 178.16(8) A. The
Au—P distances are 2.306(2) and 2.308(2) A and are of the
same order as those found in bis(phosphine) gold compounds
such as [Au(PR;),]* (PR;=PPh,Me, 2.316(4) A; PCys,
2.321(2) A).I's- 16 The sulfur atoms are located at 3.786 and
3.747 A from the gold atom but this distance is too long to
consider any bonding interaction.

The structure displays several weak contacts, such as
intramolecular H---Au contacts of 2.91-2.97 A. Rather
stronger secondary interactions are indicated by six
C-H---O contacts<2.5A, the shortest of which are

Table 1. Selected bond lengths [A] and angles [°] for complex 1a.

Chem. Eur. J. 2000, 6, No. 4
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Au—P(1) 2.306(2) Au—P(2) 2.308(2)
S(1)—-C(31) 1.771(8) S—C(1) 1.806(8)
S(2)—C(61) 1.748(7) S(2)—C(2) 1.807(8)
P(1)-Au-P(2) 178.16(8) C(21)-P(1)-C(1) 107.9(1)
C(31)-P(1)-C(1) 102.9(3) C(21)-P(1)-Au 115.6(2)
C(11)-P(1)-Au 112.3(2) C(1)-P(1)-Au 111.8(2)
C(41)-P(2)-C(2) 103.7(3) C(51)-P(2)-C(2) 107.3(3)
C(41)-P(2)-Au 113.2(2) C(51)-P(2)-Au 113.8(2)
C(2)-P(2)-Au 111.4(2) C(31)-S(1)-C(1) 105.4(4)
C(61)-S(2)-C(2) 104.7(4) S(1)-C(1)-P(1) 109.2(4)
S(2)-C(2)-P(2) 108.6(4) C(22)-C(21)-P(1) 118.8(6)
C(26)-C(21)-P(1) 122.3(6) C(36)-C(31)-S(1) 115.6(6)
C(32)-C(31)-S(1) 124.3(5)
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O1---H32 (0.5 — x,y,— 0.5+z) and H2b --- 02,2.40 and 2.41 A,
respectively. All these contacts are of acceptable linearity
(>144°) to be classed as hydrogen bonds.

In order to investigate the coordinative ability of the free
sulfur atoms present in complex 1b, we have tested
its reactivity towards AgCF;SO; and [Cu(CH;CN),]CF;SO;
and obtained the heterobinuclear complexes
[AuM(Ph,PCH,SPh),](CF;S0O;), M=Ag (2), M=Cu (3))
in which the new metallic fragments are expected to be
coordinated through the previously free sulfur atoms.

Complexes 2 and 3 are air- and moisture-stable white solids
at room temperature, soluble in chlorinated solvents and
acetone and insoluble in diethyl ether and hexane. Their
analytical and spectroscopic data are in accordance with the
proposed stoichiometry. In the 3'P{!H} NMR spectra a singlet
at 0 =43.1 (2) or 6 =42.3 (3) is observed. This is in agreement
with the expected coordination, in which both phosphorus
atoms remain coordinated at gold centres, consistent with the
close similarity of these values to those of the starting
material, and of the lack of P-Ag!” Ag!® coupling in 2.
Their mass spectra (FAB + ) display the peak corresponding
to [M+CF;SO;]* at m/z 1070 (10 %, 2) and 1025 (3 %, 3).

The structure of complex 2 in the solid state has been
confirmed by an X-ray diffraction study and the cation is
shown in Figure 2, with a selection of bond lengths and angles

Figure 2. The structure of the cation of complex 2 in the crystal. H atoms
are omitted for clarity.

in Table 2. Complex 2 crystallizes together with one molecule
of diethyl ether. The lattice is composed of dinuclear mixed
metal dications associated with two trifluromethanesulfonate
anions, one of which is coordinated to the silver centre
through one of the oxygen atoms. The gold atom is bonded to
both phosphorus atoms, whereas the silver centre is bonded to
the two sulfur atoms of the bidentate ligand. The gold atom is
linearly coordinated, with a P-Au-P angle of 174.45(4)°, and
the silver centre has a geometry only slightly distorted from
linearity, S-Ag-S 168.24(4)°, in spite of the additional bonds to
the CF,SO;~ ion (Ag—02 2.596(4) A) and the diethyl ether
molecule (Ag—O7 2.515(5) A). In related complexes such as
the heterodinuclear compound [AuAg(PPh,py),](ClO,), !
where the silver centre is also bonded to one of the oxygen
atoms of the perchlorate, the angle at silver is far more

638§ —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Table 2. Selected bond lengths [A] and angles [°] for complex 2.[#I

Au-P2 2.3044(11) Au—P1 2.3103(11)
Au-Ag 2.9314(5) Ag-S1 2.4738(12)
Ag-S2 2.4860(12) Ag-07 2.515(5)
Ag—O2#1 2.596(4) P1-Cl 1.817(5)
P2-C2 1.824(5) S1-C51 1.789(5)
S1-C1 1.809(5) S2-C61 1.783(5)
S2-C2 1.810(5)

P2-Au-P1 174.45(4) P2-Au-Ag 92.48(3)
Pl-Au-Ag 90.85(3) S1-Ag-S2 168.24(4)
S1-Ag-07 85.97(14) S2-Ag-07 90.06(14)
S1-Ag-02#1 110.69(10) S2-Ag-02#1 81.07(10)
07-Ag-02#1 110.9(2) S1-Ag-Au 90.91(3)
S2-Ag-Au 91.06(3) 07-Ag-Au 169.66(14)
02#1-Ag-Au 79.38(13) C11-P1-Au 111.6(2)
C21-P1-Au 113.8(2) C1-P1-Au 113.3(2)
C31-P2-Au 114.5(2) C41-P2-Au 110.9(2)
C2-P2-Au 114.0(2) C51-S1-Ag 112.1(2)
C1-S1-Ag 112.3(2) C61-52-Ag 115.4(2)
C2-82-Ag 108.0(2) S1-C1-P1 114.9(2)
$2-C2-P2 1162(2) C70-07-Ag 124.1(5)
C72-07-Ag 118.7(5)

[a] Symmetry transformations used to generate equivalent atoms: #1 x,
y—1z.

distorted at 142.3(3)°. The Au---Ag distance in 2 is
2.9314(5) A and can be considered as a bonding interaction,
similar to those found in other complexes such as [Ag(u-
dppm),{Au(mes)},]ClO,-3CH,Cl, (2.944(2) and 2.946(2) A;
dppm = bis(diphenylphosphino)methane; mes = mesityl)['?
or  [(AuPPh,),{u-C(PPhy)}(CsHN) u-Ag(O.NO)(OCIO, )]
(2.926(1) and 3.006(1) A)!'211 or slightly longer than those in
[AuAg(PPh,py),](ClO,), (2.820(1) A)™3. The Au—P bond
lengths are 2.3044(11) and 2.3103(11) A and differ more
than those in [AuAg(PPh,py),](ClO,), (2.296(2) and
2.297(2) A)i3l;  they are longer than those in
[Au,(PPh,CH,SPh),](ClO,), (2.2721(11) A)®). The Ag—S dis-
tances of 2.4738(12) and 2.4860(12) A are also somewhat
unequal, and longer than those found in the complex
[Ag,(PPh,CH,SPh),](ClO,), (2.4406(12) and 2.4519(13) A)tl.

Using the same synthetic route as employed to obtain
complexes 2 and 3, we have prepared, in a one-step reaction,
the corresponding [Ag(Ph,PCH,SPh),]CF;SO; (4) and
[Cu(Ph,PCH,SPh),|CF;SO; (5) (see Scheme 1) in order to
test the coordination capabilities of the free thioether func-
tional groups when the metal centre is other than gold.

The new compounds 4 and § are obtained as stable white
solids with analytical and physical data in accordance with the
proposed stoichiometry; they are uni-univalent electrolytes in
acetone (A, =385.5 (4), 78.8 (5) @~'cm?mol~"). This fact rules
out the formation of species of the type [M,(P —S),]** for
which uni-divalent electrolytes are observed.l®]

Their IR spectra show, among others, the CF;SO; absorp-
tions at 1278 (vs, br), 1238 (s) and 1156 (s) cm™! for 4 and at
1293 (vs, br), 1217 (s) and 1155 (s) cm™! for 5. The *'P{'H}
NMR spectrum of complex 4 at 193 K shows two doublets
centred at 6 =1.92 arising from the coupling with 'Ag and
1¥Ag nuclei (J'“Ag-P=35670Hz; 2/'Ag-P =497 Hz).
This pattern confirms that the two phosphinothioether ligands
are bonded through their phosphorus atoms to the silver
centre. In the case of complex 5 a singlet at =—9.3 is

0947-6539/00/0604-0638 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Metallophilic Au—M Attractions

636—644

Mixture of

(l:u dinuclear
complexes
va

Scheme 1. Reaction scheme for the synthesis of the heterodinuclear
complexes. i) [Au(tht),]*; ii) AgCF;SOs; iii) [Cu(CH;CN),]*. P7 S=
Ph,PCH,SPh,.

observed. The mass spectra (FAB + ) of both complexes show
the molecular cation at m/z 725 (100 %, 4) and 679 (98 %, 5).

As mentioned above, complexes 4 and 5 could be used to
test the same reactions towards starting materials involving
Group 11 metals. In this way two important features can be
observed. First, in the reaction of complexes 4 or § with
[Au(tht),]CF;SO; in a 1:1 molar ratio, both phosphinothioeth-
er ligands change their disposition; phosphorus atoms coor-
dinate at the gold centre, while sulfur atoms of the thioether
functions are coordinated at silver or copper atoms. There-
fore, the previously described complexes 2 or 3 are isolated, in
accordance with ab initio calculations that the corresponding
head-to-head phosphorus—gold bonded dinuclear Au—M
(M=Ag or Cu) complex has a lower energy than the
hypothetical head-to-tail or head-to-head sulfur-silver or
sulfur - copper bonded systems. In contrast, reaction of 4 with
one equivalent of [Cu(CH;CN),]CF;SO; or reaction of 5 with
AgCF;SO; in a 1:1 molar ratio produces a mixture of
homodinuclear derivatives [M,(Ph,PCH,SPh),](CF;SO;),
(M =Ag or Cu), as can be observed in solution by 3'P{'H}
NMR spectra at 223 K. Under mass spectral conditions the
corresponding [ AgCu(P—S),+CF;SO;]* peak at m/z 937 (7%)
is observed. This fact, together with the presence of only one
broad signal at d =1.1 in the *'P{'H} NMR spectrum at room
temperature, suggests the presence of a rapid ligand exchange
equilibrium in solution, thus preventing the synthesis of the
expected Ag—Cu complex. These observations are also in
agreement with ab initio calculations in which the three
possible head-to-head phosphorus-silver bonded, head-to-
tail and head-to-head phosphorus—copper bonded isomers
are almost isoenergetic (see below).

The complexes thus far described are all coordination
compounds in which the phosphinothioether ligand is the only
link between the metallic centres. In another perspective we
tried to synthesize heteropolynuclear compounds using the
organometallic starting material [Au(C4Fs)(Ph,PCH,SPh)]
(6) prepared by reaction of [ Au(C4F;)(tht)] and Ph,PCH,SPh
in a molar ratio 1:1. Spectroscopic and analytical data for 6 are
in accordance with this formulation (see Experimental
Section).

As in the previous mononuclear compounds 1a and 1b, the
presence of a free sulfur atom allows the synthesis of higher

Chem. Eur. J. 2000, 6, No. 4
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nuclearity derivatives. Thus, reaction of compound 6 with
AgCF,;SO; or [Cu(CH;CN),]CF;SO; in a molar ratio 2:1
produces the “snake”-type complexes [Au,M(C¢Fs),-
(Ph,PCH,SPh),]JCF;SO; (M=Ag (7); M=Cu (8); see
Scheme 2) in which the new metallic fragments are expected
to be bonded to the free sulfur atoms of the thioether
functions. Complexes 7 and 8 are air- and moisture-stable
white solids, and solutions of these compounds in acetone
show conductivity values for a 1:1 electrolyte (Ay=287.0 (7),
62.0 (8) 2~'cm?mol!).

R——Au——P> .
12 <s—M—s

P—Au—R
M= Ag, Cu

R—Au—
g o
S—Ad---Ag—S
/ lg Vd 9
O .0
\,:‘/
P—Au—R

~ ii
[AuR(P §)] —— 12

[AUR(P S)Ag,(CF5CO0),]
Scheme 2. P~ S=Ph,PCH,SPh,. i) 12AgCF;SO; (M=Ag), 1/
2[Cu(CH;CN),]* (M=Cu); ii) AgCF;CO,; iii) 2AgCF;CO,; iv)
[AuR(PPh,CH,SPh)]. R = C(F;.

The IR spectra of both complexes show absorptions arising
from the C¢F5 group bonded to a gold(1) center at 1500, 957
and 794 cm~! (7) and 1505, 955 and 792 cm™! (8). The *'P{'H}
NMR spectra display broadened singlets because of coupling
with the fluorine atoms, shifted to low field from the starting
material 6 at 6 =39.7 (7) and 0 =374 (8). In the F NMR
spectrum we observe the pattern for the C¢F5 groups bonded
to gold() with different chemical shifts from those of the
starting material. Besides, a new singlet for the CF;SO;™ ion is
observed for the new derivatives with relative intensities as
expected for the proposed stoichiometry. Their mass spectra
display the peak corresponding to [M]* at m/z 1453 (12%,7)
or [M — CuC¢Fs]* at m/z 1177(15 %, 8).

Changes in the counterion of the silver salt significantly
affect the final geometry of the product. Thus, the reaction of
AgCF;CO,, instead of the triflate salt, in a 1:1 or 2:1 molar
ratio with complex 6 leads to the synthesis of the tetranuclear
complex [Au,Ag,(CyFs),(CF;CO,),(Ph,PCH,SPh),] (9). Com-
pound 9 is obtained as a stable white solid with analytical and
spectroscopic data in accordance with the proposed stoichi-
ometry. The IR spectrum shows a very strong band at
1651 cm™, corresponding to the v(C=0) stretching vibration
of the CF;CO, ligand. A solution of complex 9 in acetone is

non-conducting  (10.7 @~ 'cm’mol-!), showing that the
CF;COO groups are coordinated even in solution.
0947-6539/00/0604-0639 $ 17.50+.50/0 — 639
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In the ¥P{!H} NMR spectrum a broadened singlet at d =
37.6 is observed and in the F NMR spectrum three signals
corresponding to the C¢F5 groups bonded to gold(l) and one
signal due to the CF;CO, ligand are observed. The mass
spectrum shows the ion peak [M — CF;CO,]* at m/z 1672
(5%, 9) with an experimental isotopic distribution in agree-
ment with theory.

The crystal structure of complex 9 has been established by
an X-ray diffraction study; the molecular structure is shown in
Figure 3, with selected bond lengths and angles in Table 3. It is
a tetranuclear complex with crystallographic inversion sym-
metry, and contains two gold and two silver atoms forming a
zig-zag chain. The gold and silver atoms are bridged by the
ligand PPh,CH,SPh. Again the gold centre is coordinated to
phosphorus and the silver centre to sulfur; the two silver
atoms are bridged by the trifluoroacetate ligands. There are
short gold-silver or silver—silver bonding interactions of

Figure 3. The structure of complex 9 in the crystal. H atoms are omitted for
clarity.

Table 3. Selected bond lengths [A] and angles [°] for complex 9.1

Au—C11 2.056(3) Au-P 2.2886(10)
Au-Ag 3.0335(8) Ag-02 2.230(3)
Ag-Ol#1 2.340(3) Ag-S1 2.5715(10)
Ag-Aghl 2.8155(9) P-C31 1.804(4)
P-C21 1.813(3) P—Cl 1.840(3)
S1-C(41) 1.780(3) S1-C1 1.812(3)
C2-01 1.233(4) 2-02 1.244(4)
C2-C3 1.524(5) Cl1-Au-Ag 104.19(9)
C11-Au-P 170.16(9)

P-Au-Ag 84.46(3) 02-Ag-Ol#1 160.77(9)
O1#1-Ag-S1 77.03(6) 02-Ag-S1 116.01(7)
02-Ag-Aghl 85.04(6) O1#1-Ag-Aghl 79.57(6)
S1-Ag-Ag#l 155.39(3) 02-Ag-Au 88.28(7)
O1#1-Ag-Au 76.02(6) S1-Ag-Au 95.17(3)
Ag#l-Ag-Au 71.69(2) C31-P-C21 105.1(2)
C31-P-C1 104.6(2) C21-P-C1 104.3(2)
C31-P-Au 111.67(12) C21-P-Au 111.04(11)
C1-P-Au 118.95(11) C41-S1-C1 105.8(2)
C41-S1-Ag 113.47(11) C1-S1-Ag 104.0611)
S1-C1-P 1153(2) 01-C2-02 130.2(4)
01-C2-C3 114.4(3) 02-C2-C3 1153(3)

[a] Symmetry transformation used to generate equivalent atoms: #1
—x+1,—y+1,—z+1.
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3.0335(8) A (Au—Ag) or 2.8155(9) A (Ag—Ag; operator
—x+1, —y+1, —z+1); the former is slightly longer than in
complex 2 but of the same order as other Ag--- Au inter-
actions, whereas the Ag--- Ag contact is shorter than that in
the  dinuclear complex [Ag,(PPh,CH,SPh),](ClO,),
(2.9732(9) A)® and even shorter than the values found in
metallic silver (2.89 A) or in many silver oxides.!'”] In fact the
distance is close to those found in complexes where a
silver—silver bond has been postulated; [*" the bridging by
the trifluoroacetate ligand (O --- O distance only 2.247 A) may
play a role here. The geometry at the gold centre is distorted
from linearity (C11-Au-P 170.16(9)°) perhaps as a conse-
quence of the Au--- Ag interaction. The silver centre has a
more irregular geometry; it can be regarded as square
pyramidal if we take into account the contacts with the gold
and the other silver centres. The Ag—O2 distance (2.230(3) A)
is very short but Ag—S1 is long (2.5715(10) A) compared with
that in complex 2.

Contrastingly, reaction between [Au(C¢F;5)(Ph,PCH,SPh)]
and AgCF;CO, in a 1:2 molar ratio gives the corresponding
trinuclear complex [AuAg,(C¢Fs)(CF;CO,),(Ph,PCH,SPh)]
(10) in which the thioether group is expected to be coordi-
nated to two silver trifluoroacetate moieties through the silver
atoms (see Scheme 2). Complex 10 is an air- and moisture-
stable white solid with analytical and spectroscopic data in
accordance with the proposed stoichiometry. The IR spectrum
shows absorptions arising from CF;CO, at 1633 cm~" and C,F;
group at 1503, 851 and 791 cm~'. The 'P{'"H} NMR spectrum
displays a broadened singlet at = 38.5 which could indicate a
similar disposition of the phosphinothioether ligand as in the
previous compound with a close chemical shift. In the °F
NMR spectrum the same pattern of C4Fs and CF;CO, is
observed as in complex 9 but in this case the relative
intensities are in accordance with two trifluoroacetate ligands
for one pentafluorophenyl group. The mass spectrum shows
the peak [M — CF;CO,]* at m/z 1001 (10% ) for complex 10.
Finally, reaction of complex 10 with one equivalent of
[Au(C4Fs)(tht)] leads to the isolation of complex 9, showing
that complex 10 is the expected trinuclear complex.

Ab Initio Calculations

In order to estimate if the presence of only one gold atom is
enough to “promote” metallophillic interactions with the
group congeners, we carried out ab initio calculations. The
size of the molecule under study necessitates the use of
[MM'(H,PCH,SH),]** as a model for the ab initio calcula-
tions. All calculations were carried out using the Gaussian94
program package.['s! The molecular geometries were initially
optimised, without any molecular symmetry constraints, at the
Hartree —Fock (HF) self-consistent field level of theory;
electron correlation, keeping the core orbitals frozen, was
included in further optimisations by using Moller-Plesset
perturbation theory" with second-order corrections (MP2)
employing Schlegel’s analytical gradient procedure.?l

The following basis set combination was employed. For C,
S, P and H, the standard split-valence 6-31G(d) basis set,?- 22
and for Cu, Ag and Au, the pseudorelativistic Hay — Wadt
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small-core effective core poten- _ - — - — -
tial,®! where the minimal basis H\CFH 2+ H\CfH 2+ H\C“H 2+
set has been split to [341/2111/ HS” “PH, H,P” SH HS” “PH,
41}, [341/3111/31[]24?1%:1l k413111, | L - n:n _____ I ,\:,I _____ ,\:,l
21], respectively. is basis set
combinztion vglill be hereafter HZP\C/ SH HoP\ S HS\Q/ PHe
referred to as II. The MP2/1I i H: \H ] i H~‘ \H ] B I-f \H |
level of theory has proved its
ability to calculate optimised ge- A B c
ometries of transition metal com-
plexes with good accuracy.l® 24 MM

The absolute and relative en- Au Ag Energy -1837.943811 -1837.952589 -1837.930605
ergies and the most relevant geo- (5.5) (0.0) (13.8)
metrical parameters of the head- M-M' 3.100 3.060 3.133
to-tail and the two possible head- M-P 21319 2.362, 2.362 ---
to-head [MM'(H,PCH,SH),|**- M-S 2.422 --- 2.383,2.383
optimised structures with the M-P 2518 L 2.518,2.518
MPZ_/II wave function are given M-S 2575 2.579, 2.579 .
in Figure 4. Several features are
noteworthy. As may be observed,
the calculated metal—metal in- Au Cu Energy -1888.248192 -1888.255578 -1888.236189
teratomic distances for Au—M’ (4.6) (0.0 (12.2)
(M’'=Ag or Cu) complexes are M-M' 2.901 2.873 2.923
larger for the head-to-head sul- M-P 2318 2.360, 2.360 ---
fur-gold bonded structures (C, M-S 2.424 --- 2.384,2.384
3.133 and 2.923 A for Cu and Ag, M-P 2064 .- 2,275, 2.275
respgctively) than for the head- M-S 2991 2.082, 2.082
to-tail geometries (A, 3.100 and
2.901 A for Cu and Ag, respec-
tively). Furthermore, in both cas- Cu Ag Energy -1898.598770 -1898.598935 -1898.596958
es the shortest distances are cal- (0.1) 09 (1-2)
culated for the phosphorus—gold M-M! 3.084 3.055 3.105
bonded systems (B, 3.060 and M-P 2.506 2.278,2.278 ---
2.873 A for Cu and Ag, respec- M-S 2.555 2.269, 2.269
tively). Likewise, the calculated M-P 2963 2.512,2512
Cu—Ag distance for the head-to- M-S 2981 2,554, 2.554 -

tail structure (A, 3.084 A) is in-
termediate between that of head-
to-head phosphorus (B, 3.055 A)
and head-to-head sulfur (C,
3.105 A) copper complexes. De-
spite the differences in the M—M’ distances, the calculated
P-C-S bond angles are almost identical in all cases (between
115.0 and 116.0°, not shown in Figure 4). Taking into account
the radii for two-coordinate M' compounds (Cu: 1.13, Ag: 1.33
and Au: 1.25 A)?! and the covalent radii for S (1.03 A) and P
(1.10 A),] the shortening in the Cu—Ag or Au—Ag distances
when going from C to A or from A to B could be ex-
plained; since the coordination of the larger P with the
shorter Cu or Au is the most suitable grouping in the
cyclic system. However, this argument does not explain the
shortening in the Au—Cu distances; since Au is larger
than Cu.

Looking at the calculated energies (Figure 1), the obtained
increase in the M—M' interatomic distances is accompanied by
a large energy stabilization for the Au—Ag (5.5 and
8.3 kcalmol™!, for B=A and A= C, respectively) and
Au—Cu (4.6 and 7.6 kcalmol™!, for B=A and A=C,
respectively) complexes but not for the Cu—Ag complex (0.1
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Figure 4. MP2/II//MP2/11 absolute [Hartrees] and relative [kcalmol~!, in parentheses] energies and selected
optimised structural parameters [A] calculated for [MM'(H,PCH,SH),]**.

and 1.1 kcalmol™!, for B=A and A= C, respectively).
Moreover, since the interaction energy increases when going
from a harder ligand (SH) to a softer one (PH,) at the gold
atom, these results could be explained considering that the
presence of only one gold atom is enough to induce metal-
lophilic attractions in the group congeners and this effect could
be modulated depending on the gold ligand; in a similar way to
that already evidenced for the Au—Au attraction at both
theoretical? and experimental®! levels.

We were also interested in comparing the relative energies
between the head-to-tail structures A and the previously
calculated head-to-tail M—M complexes (M = Au, Ag, Cu).l%
For this purpose, we use the isodesmic process depicted in
Equation 1. According to our calculations, for M = Au and
M’'=Ag or Cu, the formation of the M—M’" A structure is
favoured by 1.2 or 2.1 kcal mol~!, respectively. For M = Cu and
M'=Ag, the formation of the M-M' A complex is only
favoured by 0.2 kcalmol~!. In addition, since the Cu—Ag B
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ether (20 mL) gave complex 2 as a white

H\ :‘H 2+ H\ .?H 2+ H\ .~‘H 2+ solid. Yield: 57%. FAB/MS: m/z (%):

HS/C\PH2 s~ O pH s~ O e 1070 (10) [M+CF,SO,]*; elemental

12 ] | e I J 2 | I 2 ) analysis caled (%) for C,Hs;AgAu-
M-----M + L _— - F,O4P,S,: C 39.39, H 2.81; found: C

HoP___SH HP_SH HaP__SH 39.20, H 2.83; *'P{'H} NMR (CDCl):

:.C\ 9\ :.C\ 0=43.1 (s); YF NMR (CDCl,): 6=

H H H H H H —7790 (s, 6F; CF;80;); 'H NMR

M = Au, M’ = Ag: AH = -1.2 keal mol~!
M = Auy, M' = Cu: AH = -2.1 keal mol~1
M = Cu, M' = Ag: AH = -0.2 kcal mol~"

structure is only 0.1 kcal mol~' more stable than A, B is almost
isoenergetic with a mixture of head-to-tail Cu—Cu and Ag—Ag
complexes.

Conclusion

According to our calculations, we derive that the presence of
only one gold atom is enough to induce metallophilic
attractions in the group congeners and this effect could be
modulated depending on the gold ligand. Since theoretically
predicted geometries are in close agreement with the
experimental ones, we can assume that our calculations are
accurate enough to obtain valid conclusions.

Experimental Section

Instrumentation: Infrared spectra were recorded in the range 4000-
200 cm™! on a Perkin-Elmer 883 spectrophotometer and on a Perkin-
Elmer FT-IR Spectrum 1000 spectrophotometer using Nujol mulls between
polyethylene sheets. C, H analysis was carried out with a Perkin-Elmer
240C microanalyser. Mass spectra were recorded on a VG Autospec using
the LSIMS techniques and nitrobenzyl alcohol as matrix. 'H, “F and 3'P
NMR spectra were recorded on a Bruker ARX 300 in CDCIl; and
(CD3),CO solutions. Chemical shifts are quoted relative to SiMe, (‘H,
external), CFCl; (°F, external) and H;PO, (85%) (°'P, external).

Solvent and reagent pretreatment: Dichloromethane and hexane were
distilled from CaH, and diethyl ether from sodium, under nitrogen
atmosphere. [Cu(CH;CN),]CF;SO; was prepared as described®) using
triflic acid instead of tetrafluoroboric acid or perchloric acid;
[Au(C¢Fs)(tht) [, [Au(tht),]XP" and Ph,PCH,SPhl*? were prepared by
reported literature methods.

Caution!: perchlorate salts with organic cations may be explosive.
Synthesis of [Au(Ph,PCH,SPh),]X (X=ClO, (1a), CF;SO; (1b)): To a
solution of [Au(tht),]ClO, (0.2 mmol, 0.095g) or [Au(tht),]CF;SO;
(0.2 mmol, 0.104 g) in dichloromethane (20 mL) under N, was added
Ph,PCH,SPh (0.4 mmol; 0.123 g) and a colourless solution was obtained.
The reaction mixture was stirred for 1/2 h, the filtrate was evaporated to
about 5 mL and addition of diethyl ether (20 mL) led to precipitation of
complexes 1a or 1b as white solids. Yield: 91 (1a), 86% (1b). FAB/MS:
mlz (%): 813 (100, 1a and 1b) [M]'; elemental analysis calcd (%) for
CyH3,AuCIO P,S, (1a): C 4998, H 3.75; found: C 49.78, H 3.36.
C3H3,AuF;05P,S; (1b): C 48.65, H 3.56; found: C 48.84, H 3.52; 3'P{'H}
NMR (CDClL): (1a): 6 =39.7 (s); (1b): 6=39.9 (s); ”F NMR (CDCL):
(1b): 6 =—78.24 (s, 3F; CF;S0O;); '"H NMR (CDCL): (1a): 6 =7.76-7.03
(m, 30H; Ph), 4.09 (m, 4H; CH,); (1b): 6 =7.76-7.03 (m, 30H; Ph), 4.11
(m, 4H; CH,).

Synthesis of [AuAg(Ph,PCH,SPh),](CF;S0;), (2): To a solution of 1b
(0.2 mmol, 0.192 g) in dichloromethane (20 mL) under N, AgCF;SO;
(0.2 mmol, 0.051 g) was added. After 4 h of stirring a colourless solution
was obtained which was evaporated to about 5 mL. Addition of diethyl
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(CDCL,): 6=774-718 (m, 30H; Ph),
4.63 (m, 4H, CH,).

Synthesis of [AuCu(Ph,PCH,SPh),]-

(CF5803), (3): To a solution of

[Cu(CH;CN),]CF;SO; (0.2 mmol,

0.075 g) in acetonitrile (3 mL) under

N, 1b (0.2 mmol, 0.192 g) dissolved in
dichloromethane was added, and the mixture was stirred for 4h.
Evaporation to about 5 mL and addition of diethyl ether (20 mL) led to
the precipitation of 3 as a white solid. Yield: 53 %. FAB/MS: m/z (%): 1025
(3) [M+CF;SO;]*; elemental analysis caled (%) for C,Hs,AuCuF,O4P,S,:
C40.87,H2.92; found: C 40.63, H 2.73; *'P{'"H} NMR (CDCl;): 6 =42.3 (s);
YF NMR (CDCL): 6 =—7794 (s, 6F; CF;SO;); '"H NMR (CDCL): 6 =
7.71-7.16 (m, 30H; Ph), 4.50 (m, 4H; CH,).

Synthesis of [Ag(Ph,PCH,SPh),](CF;S05) (4): To a solution of AgCF,SO,
(0.2 mmol, 0.051g) in diethyl ether (3mL) under N, Ph,PCH,SPh
(0.4 mmol, 0.123 g) was added and a white precipitate whose appearance
is different to that of the starting material was inmediately produced. The
mixture was stirred for 2 h and subsequent filtration of the solvent led to
the formation of complex 4 as a white solid. Yield: 53 %. FAB/MS: m/z
(%): 725 (100) [M]*; elemental analysis calcd (% ) for C3yH3,AgF;05P,S;: C
53.61, H 3.92; found: C 53.82, H 3.94; 3'P{'H} NMR ((CD;),CO, 298 K):
0=51 (m); (193K): =192 (m) (¥3/(""Ag,P)=567.0 Hz; 2J(""Ag,P)=
497.0 Hz); F NMR ((CD3),CO): 6 =—77.81 (s, 3F; CF;SO;); 'H NMR
((CD;),CO): 6 =769-6.86 (m, 30H; Ph), 3.80 (m, 4H; CH,).

Synthesis of [Cu(Ph,PCH,SPh),](CF;SO;) (5): To a solution of
[Cu(CH;CN),JCF;SO; (0.2 mmol, 0.075 g) in acetonitrile (3 mL) under
N, Ph,PCH,SPh (0.4 mmol, 0.123 g) dissolved in dichloromethane was
added and the mixture was stirred for 2 h. The mixture of solvents were
evaporated to about 5 mL. Addition of diethyl ether (20 mL) gave 5 as a
white solid. Yield: 88%. FAB/MS: m/z (%): 679 (98) [M]*; elemental
analysis calcd (%) for C3H3,CuF;05P,S;: C 56.48, H 4.13; found: C 56.43,
H 4.11; *'P{'H} NMR (CDCl):0 = — 9.3 (s); YF NMR (CDCl,): 6 = —77.80
(s, 3F; CF;S0;); '"H NMR (CDCl,): 6 =7.65-7.04 (m, 30H; Ph), 3.72 (m,
4H; CH,).

Synthesis of [Au(CsFs)(Ph,PCH,SPh)] (6): To a solution of
[Au(C¢Fs)(tht)] (0.2 mmol, 0.090 g) in dichloromethane (20 mL) under
N, Ph,PCH,SPh (0.2 mmol, 0.062 g) was added and the reaction mixture
was stirred for 1h. Partial evaporation of the solvent and addition of
hexane gave complex 6 as a white solid. Yield: 67 %. FAB/MS: m/z (%):
612 (12) [M]"; elemental analysis calcd (%) for C,sH,;AuF;sPS: C 44.66, H
2.55; found: C 44.83, H 2.48; 3'P{'H} NMR (CDCl;): 6 =36.1 (m); "F NMR
(CDCL): 6 =—-116.09 (m, 2F; F,), —158.64 (t, 1 F, J(F,,F,,) =20.01 Hz; F,),
—162.64 (m, 2F; F,,); '"H NMR (CDCly): 6 =7.83-7.12 (m, 15H; Ph), 3.90
(d, 2H, J(H,P) =5.5 Hz; CH,).

Synthesis of [Au,Ag(C¢Fs),(Ph,PCH,SPh),](CF;S0;) (7): To a solution of
AgCF;S0; (0.2 mmol, 0.051 g) in diethyl ether (5 mL) under N,, complex 6
(0.4 mmol, 0.269 g) in dichloromethane (15mL) was added and the
solution was stirred for 2 h. Evaporation of the mixture of solvents to
about 2 mL and addition of hexane (20 mL) led to complex 7 as a white
solid. Yield: 75%. FAB/MS: m/z (%): 1453 (12) [M]*; elemental analysis
caled (%) for Cs;H3Au,AgF;05P,S;: C 38.34, H 2.14; found: C 38.61, H
2.21;3'P{'"H} NMR (CDCl;): 6 =39.7 (m); YF NMR (CDCl,): 6 = —77.74 (s,
3F; CF;S0;), —115.09 (m, 4F; F,), —156.87 (t, 2F, J(F,F,)=20.0 Hz; F),
—161.50 (m, 4F; F,,); '"H NMR (CDCl,): 6 =7.64-7.10 (m, 30H; Ph), 4.25
(d, 4H, J(H,P) =6.5 Hz; CH,).

Synthesis of [ Au,Cu(C4F;),(Ph,PCH,SPh),](CF;SO;) (8): To a solution of
[Cu(CH;CN),]CF;SO; (0.2 mmol, 0.075 g) in CH;CN (5 mL) under N,,
complex 6 (0.4 mmol, 0.269 g) in dichloromethane (15 mL) was added and
the solution was stirred for 4 h. Evaporation of the mixture of solvents to
about 5 mL and addition of diethyl ether (20 mL) led to complex 7 as a
crystalline white solid. Yield: 52%. FAB/MS: m/z (%): 735 (42) [M —
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Table 4. Details of data collection and structure refinement for the complexes 1a, 2 and 9.

Compound

la

2

9

chemical formula
crystal habit
crystal size [mm]

Cy3H;3,AuClO,P,S,
colourless prism
0.35 x 0.30 x 0.30

C,H,AgAuF,0,P,S,
colourless prism
0.40 x 0.30 x 0.30

CsH3AgAuF 60,4P,S,

colourless tablet
0.45 x 0.40 x 0.20

crystal system orthorhombic
space group Pca2,
a[A] 17.030(2)
b [A] 11.063(2)
c[A] 19.076(2)
a [ 90

BI] 90

7] %

U [AY] 3594.0(9)
V4 4

Peaca [g cm 7] 1.688

M, 913.13
F(000) 1808

T [°C] —100
20,0 [] 50
#(Mog,) [em™] 4.413
transmission 0.690-0.893
no. of reflections measured 6930

no. of unique reflections 4653

R 0.031

R (F>40(F))ll 0.027

wR (F?, all refl.)"] 0.052

no. of reflections used 4653

no. of parameters 409

no. of restraints 341

Slel 0.906
max. Ap [eA3] 0.905

triclinic monoclinic
P1 C2/c
12.632(1) 30.659(6)
13.826(1) 11.720(2)
15.425(1) 21.377(4)
81.371(6) 90
69.559(5) 133.721(12)
87.875(6) 90
2495.4(3) 5551(2)

2 4

1.722 2.138
1293.81 1786.54
1276 3392

—100 —100

50 50

3.629 6.197
0.538-0.822 0.657-0.986
9166 9055

8726 4823

0.030 0.022

0.032 0.019

0.083 0.041

8720 4823

588 371

0 308

0.966 0.949

1.364 0.976

[a] R(F)= Z||Fo|=| Fe||IZ| Fo . [b] wR (F?) =

[Z{(w(F? — F2)2Y/Z{w(F2)*}]*%; w' = 6*(F2) + (aP)* + bP, where P=[F2+2F?]/3 and a and b are constants adjusted by the program. [c] §

Au(C¢F5)(Ph,PCH,SPh)|*; elemental analysis calcd (%) for Cs;HiAu,-
CuF,,05P,S;: C 39.43, H 2.21; found: C 39.69, H 2.25; *P{'H} NMR
(CDCLy): =374 (m); YF NMR (CDCl;): 6=-7769 (s, 3F; CF;SO3),
~115.90 (m, 4F; F,), —158.29 (t, 2F J(F,F,) =20.0 Hz; F,), — 162.48 (m,
4F;F,)); '"HNMR (CDCL): 6 = 7.72—7.16 (m, 30 H; Ph), 4.03 (m, 4H; CH,).

Synthesis of [Au,Ag,(C¢Fs),(CF;CO,),(Ph,PCH,SPh),] (9): To a solution
of complex 6 (0.2 mmol, 0.134 g) in dichloromethane (20 mL) under N,,
AgCF;CO, (0.2 mmol, 0.044 g) was added. After 4 h of stirring, evapo-
ration of the solvent to about 3 mL and addition of hexane (20 mL) led to
the precipitation of complex 9 as a white solid. Yield: 72 %. FAB/MS: m/z
(%): 1672 (16) [M —CF;CO,]"; elemental analysis caled (%) for
Cs,H;Au,Ag,FcO,P,S,: C 36.30, H 1.92; found: C 36.29, H 1.87; 3'P{'H}
NMR (CDCL): 6=376 (m); “F NMR (CDCL): 6=-73.51 (s, 6F;
CF;CO,), —113.44 (m, 4F; F,), —153.99 (m, 2F; F,), —160.98 (m, 4F;
F,,); '"H NMR (CDCL): 6 =7.70~748 (m, 30H; Ph), 4.10 (d, 4H, J(H,P) =
7.0 Hz; CH,).

Synthesis of [AuAg,(C¢Fs)(CF;CO,),(Ph,PCH,SPh)] (10): To a solution of
complex 6 (0.2 mmol, 0.134 g) in dichloromethane (20 mL) under N,,
AgCF;CO, (0.4 mmol, 0.088 g) was added. After 4 h of stirring, evapo-
ration of the solvent to about 3 mL and addition of hexane (20 mL) led to
the precipitation of complex 10 as a white solid. Yield: 77 % . FAB/MS: m/z
(%): 1001 (10) [M — CF;CO,]*; elemental analysis calcd for C,yH;;AuAg,-
F,,0,PS: C 31.26, H 1.54; found: C 31.28, H 1.44; *'P{'"H} NMR (CDCl):
0=38.5 (m); YF NMR (CDCl,): 6 = —73.37 (s, 6F; CF5CO,), —110.83 (m,
2F; F,), —149.41 (t, 1F, J(F,F,) =198 Hz; F,), —159.38 (m, 2F; F,);
'H NMR (CDCL): 6=7.71-728 (m, 15H; Ph), 424 (d, 2H, J(H,P)=
8.6 Hz; CH,).

Crystallography: Single crystals suitable for X ray diffraction studies were
grown from solutions of the compounds 1a, 2 and 9 in dichloromethane
layered with diethyl ether at room temperature. The crystals were mounted
in inert oil on a glass fibre and transferred to the cold gas stream of a
Siemens P4 diffractometer equipped with an LT-2 or Oxford low temper-
ature attachment. Data were collected using monochromated Mo,

radiation (A=0.71073 A). Scan type w or 6-20 (2). Cell constants were
refined from setting angles of about 60 reflections in the range 26 6-25°.
Psi-scans were applied for all the complexes. The structures were solved by
direct methods (2), otherwise by the heavy-atom method, and refined on F?
using the programs SHELXL-93 or SHELXL-97.% All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were included using a
riding model. Special refinement details: A system of restraints to light-
atom displacement-factor components and local ring symmetry was used.
The structure of complex 1a was refined as a racemic twin. The origin was
fixed by the method of Flack and Schwarzenbach.¥l Further details of the
data collection are given in Table 4. Crystallographic data (excluding
structure factors) for the structures reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication nos. CCDC-123600 (1a), -125027 (2) and -123601 (9).
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Membrane Properties of Archaal Macrocyclic Diether Phospholipids

Olivier Dannenmuller,®! Kenji Arakawa,”! Tadashi Eguchi,™ Katsumi Kakinuma,!™
Sylvie Blanc,!! Anne-Marie Albrecht,'‘! Marc Schmutz,!!! Yoichi Nakatani,**! and

Guy Ourisson!?]

Abstract: Several biophysical proper-
ties of four synthetic archaal phospho-
lipids [one polyprenyl macrocyclic lipid
A and three polyprenyl double-chain
lipids (B, C, D) bearing zero, one or four
double bonds in each chain] were stud-
ied using differential scanning calorim-

vesicles and tubules. These assemblies
change in response to simple thermal
convection. Some specific membrane
properties of these archzal phospholi-
pids were observed: They are in a liquid-
crystalline state over a wide temperature
range; the dynamics of their polyprenyl

chains is higher than that of n-acyl
chains; the water permeability of the
membranes is lower than that of n-acyl
phospholipid membranes. It was also
found that macrocyclization remarkably
improves the barrier properties to water
and the membrane stability. This may be

etry, electron and optical microscopies,
stopped-flow/light scattering and solid-
state 2H-NMR techniques. These phos-
pholipids gave a variety of self-organ-
ized structures in water, in particular

membranes
vesicles

Introduction

Archaa, the third major kingdom of living organisms, have
cell structures and biocomponents markedly different from
those found in bacteria and eucaryotes. Arch@al membrane
lipids have in particular characteristic chemical structures:
Their hydrophobic part is composed of C,,s polyprenyl
chains, more or less saturated, linked by ether functions to a
variety of head groups based on glycerol or other polyols,
which in turn are linked to phosphoric acid derivatives. They
sometimes comprise macrocyclic structures obtained by w,w’-
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related to the adaptation of Methano-
coccus jannaschii to the extreme condi-
tions of the deep-sea hydrothermal
vents.

macrocycles -

cyclization of a dimeric C,, chain into a C4, one; the termini of
those are linked either to the same, or to both head groups,
thus giving either 36- or 72-membered rings (Figure 1).01-]

A number of models for the arch@al membrane lipids
have been synthesized, and the physicochemical properties of
the natural or synthetic lipids, such as their thermotropic
properties, phase behaviour or enzyme susceptibilities, have
been studied by various methods, including electron micros-
copy, X-ray diffraction, differential thermal analysis, con-
ductance and capacitance measurements, infrared spectros-
copy, Langmuir monolayer studies and enzyme assays on
liposomes.[19

We have become interested in studying the biophysical
significance of the characteristic macrocyclic ring structure of
the archeal lipids, in particular the 36-membered ring, the
presence of which in a deep-sea hydrothermal vent metha-
nogen, Methanococcus jannaschii was reported by Comita et
al.Bl The o-bond formation between the termini of the
adjacent chains could affect the conformation (trans/gauche
ratios), rotational motions and lateral diffusion of the chains.
These could consequently lead to changes in the 3D structure,
lipid packing, membrane permeability and stability. We have
recently synthesized a phosphatidylcholine A bearing the
natural archaeal C;; macrocyclic glycerol skeleton,?* 21 and we
reported the thermal analysis and monolayer studies of this
synthetic lipid in a short communication.” The results
showed that the macrocyclic lipid A aggregates into more
tightly packed structures than its acyclic congener B. We
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Figure 1. Typical basic structures of archaal membrane lipids.

present here the physicochemical properties of bilayer
systems of the macrocyclic phospholipid A, and their com-
parison with those of its noncyclized analogues B, C and D,
bearing different numbers of double bonds. Structure B
carries totally saturated diphytanyl diethers, the most fre-

Abstract in French: Les proprietes biophysiques de quatre
phospholipides archeobacteriens de synthese (un lipide A
possédant une seule chaine macrocyclique polyprenyle et trois
lipides, B, C, D, possédant deux chaines avec zero, une ou quatre
double-liaisons sur une des deux chaines) ont ete etudiées par
calorimetrie differentielle, microscopies électronique et opti-
que, flux bloque/diffusion de la lumiere et spectroscopie de
RMN du deuterium a letat solide. Ces lipides donnent une
variete des structures auto-organisees dans ’eau, notament des
vesicules et des tubules, transformeées 'une en l'autre par simple
convection thermique. Quelques proprietes membranaires
specifiques pour ces phospholipides archeobacteriens ont ete
observées: ils sont a l'etat de cristaux liquides sur une zone tres
vaste de temperature. La dynamique de leurs chaines est plus
grande que celle des n-acyl phospholipides. La perméabilite a
l'eau de leurs membranes est moins grande que celle des n-acyl
phospholipides. La macrocyclisation ameliore remarquable-
ment la barriere membranaire a l'eau et la stabilite de la
membrane. Ceci peut-étre li¢'a I'adaptation de Methanococcus
jannaschii aux conditions extrémes des events hydrothermiques
Sous-marins.

646 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

quent skeleton of membrane lipids in Halobacteria,?! whereas
structure D, bearing unsaturated digeranylgeranyl diethers
derived directly from the isoprenoid biosynthesis, has so far
been found only in one archaa, Methanopyrus kandleri
(Figure 2).3
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Figure 2. Structures of archaal type phosphocholines studied.

We first describe the synthesis of the novel synthetic lipids
C and D. The phase properties of all phospholipids A, B, C
and D in water are then described: The spontaneous
formation of vesicles and microtubular structures from these
phospholipids as well as the transformation between diverse
self-organized structures were observed by means of micro-
scopic techniques (cryo-electron microscopy, optical, fluores-
cent and confocal microscopies).

To study the membrane properties of these phosphocho-
lines, two nonperturbative methods have been used: a
stopped-flow/light scattering method? %! and a solid-state
2H-NMR technique.?*? The former permits the evaluation
of the water permeability of unilamellar vesicles, while the
second offers information about the lipid chain dynamics at
different depths in bilayers.

Results and Discussion

Thermal analysis: Previous studies have shown that a methyl
branchings into alkyl chains lowers the phase transition
temperature (T,,),?"! and that Halobacterium lipids bearing
several methyl-branched terpenyl chains exhibit no detect-
able gel-to-liquid crystalline phase transition over a wide
range.”’l In our case the liposomes of archaal lipids (macro-
cyclic lipid A, diphytanylphosphatidylcholine B, diphytyl-
phosphatidylcholine C and digeranylgeranylphosphatidylcho-
line D) also did not show any phase transition between —40
and 60 °C.?l These lipids are in a liquid-crystalline state over
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an unusually wide temperature range, as compared with
eucaryotic or bacterial lipids. The feeble thermal response
suggests that the branched polyprenyl chains of archeal lipids
perform a regulatory function by themselves on the fluidity of
the membranes, as does cholesterol in eucaryotic membranes.
The liposomes formed by starting from the binary mixture
archzal lipid (A, B, C or D)/dimyristoylphosphatidylcholine
(DMPC 1:1 mol/mol) also did not show any phase transition
between 4 and 80 °C.

Electron microscopy: Two different samples (archeal phos-
pholipids A and B) were observed by cryo-transmission
electron microscopy (cryo-EM). They were obtained by
hydration of the lipid film, followed by a mechanical shaking
(“vortexing” to obtain small enough vesicles). Neither
sonication nor extrusion were employed. Cryo-EM is the
least perturbing method which allows the observation of
vesicles in their native state.’'-3 Suspensions of the macro-
cyclic phosphatidylcholine A form mainly tubular vesicles
(Figure 3), but vesicles showing a hemifusion were sometimes
observed (data not shown). Suspensions of the two-chain
phosphatidylcholine B present unilamellar vesicles of various
sizes and shapes (Figure 4). In addition, we confirmed the

Figure 3. Macrocyclic phosphocholine A vesicle suspension observed in
the frozen hydrated state. Mainly unilamellar tubules several micron long
and around 300 A in diameter are observed. As the images were not taken
under low dose conditions the bilayer appears as a single line. A few
unilamellar vesicles are observed (small arrow). Sometimes several micro-
tubules are connected to each other through a narrow tether, the
microtubule is fused with a spherical vesicle (large arrow) or includes a
second vesicle (arrow heads). Scale bar: 200 nm.

Figure 4. Cryo EM of the two-chain phosphocholine B vesicles suspension.
Two kinds of structures are observed. Tubular vesicles (arrows) and
spherical vesicles (arrow heads). The round shaped vesicles have a size
between 180 A and 1200 A. The length of the tubular vesicles is up to
0.5 pm. Scale bar: 200 nm.

Chem. Eur. J. 2000, 6, No. 4
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formation of vesicular structures from the aqueous suspension
of archeal lipids, using the techniques of metal shadowing and
negative staining microscopies (figures not shown).

To further analyze the shape and shape changes of these
assemblies of archzal phospholipids, we used optical micro-

scopy.

Optical microscopies: Giant vesicles with a diameter of 10 um
or more have sizes similar to those of biological cells, and
therefore renders them useful model compounds. They are
visible in situ, in water, and with an optical microscope, so that
no preparations are required for electron microscopy (which
is of course required for smaller vesicles). Using a differential
interference enhanced-contrast optical video-microscope
(Nomarski technique), their shape and shape changes can
be easily observed on the monitor and registered in real time.
We observed that different types of self-organized structures
were formed spontaneously when dry films of archeal
phospholipids (A, B, C, D) swell in excess of water or buffer
at 298 K. Uni- and multilamellar vesicles (diameter up to
20 um), oligovesicular vesicles, microtubules, membrane ag-
gregates and their interactions (figure not shown) were
observed.

With an acetate buffer (pH 4.5) or with a phosphate buffer
(pH 4.5 to 8.2), the amphiphiles A, B, C and D afforded
mostly spherical multilamellar structures, accompanied by
discoid multilamellar vesicles (Figures 5 and 6). However,

Figure 5. Differential interference contrast optical microscopy observa-
tions of self-organized structures of the archeal lipid B (7=298 K). Left:
spherical vesicle (pH 4.5, acetate buffer). Middle: discoid shape vesicle
(pH 7.0, phosphate buffer). Right: microtubule (pH 8.85, borate buffer).
Scale bar 10 um.

Figure 6. Differential interference contrast optical microscopy observa-
tions of archzal type lipid membranes (C and D) (7=298 K). Top left:
multilamellar vesicles of archzal lipid C (pH 4.5, acetate buffer). Top right:
multilamellar vesicles of archzal lipid D (pH 7.0, phosphate buffer).
Bottom: microtubules of archaeal lipid D (pH 8.85, borate buffer). Scale bar

10 pm.
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microtubular structures are predominant among the self-
organized structures formed in a borate buffer suspension
(pH 8.85) of amphiphiles A, B, C or D (Figures 5 and 6).

By the addition of Nile Red (Figure 7), a neutral fluores-
cent hydrophobic membrane probe, we could follow its
selective incorporation into the lipidic bilayers using fluo-
rescence microscopy, and follow more precisely various types
of morphological changes.?¥ With an aqueous suspension of
the archaal lipid A, we observed the endocytosis-like shape

Figure 7. Structure of Nile Red; 4,,, =485 nm (heptane).

change of a vesicle (Figure 8). The shape transformation of
the same vesicle from a discoid to a two-vesicle shape runs
through a stomatoid, whereby one might have been triggered
by thermal convection due to the slow evaporation of water in
our unsealed samples, because while observing the same
samples in sealed sample holders, under the same exper-
imental conditions, no similar shape transformations were
detected.

Figure 8. Observation by differential interference contrast fluorescence
optical microscopy of the shape transformation of vesicle of lipid A
suspended in a phosphoric buffer (7=298 K, pH 7.0, 2 =485 nm, Nile Red
1% mol). a) t=0s. b) 17 s. ¢) 25 s. d) 32 s. Scale bar 10 um. A series of the
transformations from a discoid shape to a two-vesicle structure, reminiscent
of the process of endocytosis.

Sackmann et al.?® had already shown that a shape trans-
formation of a pure DMPC giant vesicle from a quasispherical
to a two-vesicle shape can be triggered simply by slight
mechanical agitation of the vesicle kept between microslides.
Discoid - stomatoid shape transitions of a DMPC vesicle in

648 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

water had also been observed when the temperature varied
from 43.6 to 43.8 °C.’7) This was explained by asymmetric
thermal expansivity of the inner and outer monolayers in
accordance with the bilayer-coupling model of Svetina and
Zeks.Pl

Besides the shape transformations, we have observed the
hemifusion of spherical vesicles in an aqueous suspension of
the archaal phospholipid A in a phosphate buffer (pH 7)
without any additive (Figure 9). Hemifusion, an intermediate
stage between two separate membranes and fusion, was
already reported in vesicle-planar lipid bilayers systems when
lipids known to promote opposite spontaneous curvatures,
lysophosphadidylcholine and arachidonic acid®” had been
added, or in two giant liposome systems of opposite charg-
es.™ Several models have been recently developed for lipid
bilayer hemifusion.*: 4l

Figure 9. Observation by differential interference contrast fluorescence
optical microscopy: before (left) and after (right) double hemifusion of
three vesicles of archaal lipid A. Two vesicles are observed in the center of
the image and the third one is situated on the right side =21 s (left figure
t=0s). After the double hemifusion, no structural change was observed for
12 h (T=298 K, pH 7.0, A =551 nm, Nile Red 1% mol). Scale bar 10 um.

Furthermore, using confocal microscopy we could obtain
3D-reconstruction images of diverse types of self-organized
structures of archzal lipids and differentiate more easily
multilamellar and oligovesicular vesicles, and microtubules.
We show herein one example in Figure 10, confirming the
ellipsoidal structure of a vesicle of archeal lipid B.

Water permeability: In a previous study, we have shown that
the stopped-flow/light scattering method is well adapted to
the evaluation of the vesicle permeability to water.?l Water
permeability was measured at 33.0 £ 0.1 °C. The swelling rate
is slightly affected by the vesicle size in a such way that the
half-time (¢, increases with increasing vesicle diameters (see
Table 1, sample B 1 and 2), and the values are compared for
different vesicles having approximately the same size:? one
group of vesicle diameter of about 200 nm (upper part,
Table 1) and the other group of about 100 nm (lower part,
Table 1). A light scattering intensity/time exponential record-
ing obtained for lipid A (branched macrocyclic phosphati-
dylcholine) vesicles in swelling experiments is shown in
Figure 11.

Table 1 reports the results obtained with the four phospha-
tidylcholines (A, B, C, D). These can be summarized as
follows:

1) The barrier properties of vesicles to water are strikingly
better for macrocyclic lipid A, relative to the two-chain
lipid B (upper part).
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Figure 10. Fluorescence confocal microscopy photographs of an ellipsoidal
vesicle (5 um small axis, 8 um large axis) of the archeal lipid B (7=298 K,
pH 7.0, A=551 nm, Nile Red 1% mol). Scale bar 5 um. a) Perpendicular
vesicular confocal sections in the (XY), (YZ) and (ZX) planes. b) IR serial
vesicular optical sections of 0.2 um, three depth in the (XY) plane. c¢) and
d) Face (0°) and profile (=90° rotation) views of the three-dimensional
reconstruction. The ellipsoidal vesicle is not yet detached from the silde
surface.
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Figure 11. Vesicle swelling upon osmotic shock: experimental scattered

light variation vs. time: vesicles from lipid A, average diameter 179 nm, 7=
(33+0.1) °C; =400 nm.

Table 1. Water permeability (f,,) for vesicles of the phosphocholines
studied at T=(33.0+0.1) °C.l2

Phosphocholines (diameter) (SD) [nm] k[s7!] ty, [ms]

A 179 (narrow) 3.0+0.1 228.0+9.0
B (sample 1) 193 (52) 102403  681+17
DMPC (sample 1) 186 (38)i 264+12  263+11
B (sample 2) 105 (28) 118404 585420
C 107 (narrow) 9.7+0.1 71.3+0.8
D 94 (26) 259+0.8 26.7+£0.8
DMPC (sample 2) 88 (26) 361409 192405

[a] The same order of the value was obtained in our previous experi-
ments.
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2) The water permeability of vesicles of lipid C (one double
bond per chain) is slightly lower than that of lipid B (totally
saturated chains) (lower part).

3) The presence of four double bonds on a phytanyl chain
(lipid D) increases the water permeability of vesicles as
compared with those of the lipids B and C (lower part).

4) The water permeability of DMPC (as an example of
eucaryotic membrane lipid) is of the same order as that of
the unsaturated lipid D (lower part).

The improvement of the barrier properties of the macro-
cyclic compound A is of course linked to the presence of the
bond at the termini of the chains, which prevents them from
engaging in independent motions and ensures a more close-
packed assembly in the liquid crystalline state. These results
are in a good agreement with those obtained in our monolayer
study of lipid A,?? with those of Menger et al.'*l or those of
Ladika et al.l'! for nonbranched macrocyclic phosphatidyl-
cholines, and with those obtained by us for the nonbranched
macrocyclic phosphates.[*’]

The comparable level of water permeability observed for
lipid D and for DMPC is somewhat surprising, because it was
shown that the introduction of a methyl branching into alkyl
chains lowers T, and AH by reducing the total number of
van der Waals interactions.”?” Similar effects had already been
described by Yamauchi et al.,***! who reported that lip-
osomes from di-(3RS,7R,11R)-phytanylphosphatidylcholine
(diastereomers of compound B) or di-(3RS,7R,11R)-phyta-
nylphosphatidic acid were very stable even in 5M aqueous
NaCl, and retained Na* or CI~ ions as well as carboxyfluor-
escein in the aqueous interior at temperatures as high as
70 °C. The liposomes were also highly resistant to proton
permeation; by contrast, liposomes of ordinary diester lipids
such as dipalmitoylphosphatidylcholine (DPPC) and egg-yolk
lecithin were less stable and more permeable than those of the
diphytanyl lipids. Extreme membrane stability, high tolerance
to salt, as well as a lower permeability to proton, water and
ions is therefore somehow due to the isoprenoid chains. NMR
studies on the polar lipids of Halobacterium halobium
suggested that the segmentary motion at the tertiary carbons
was hindered as a result of the presence of the methyl groups
on the side chains.*! ESR studies also showed that archeeal
lipid membranes are in a “rigid” state.*** Yamauchi and
Kinoshital*! suggest that the “steric hindrance” (we propose
rather the “lateral interdigitation™) in polyisoprenoid mem-
branes might be one of the key factors of a slower permeation
of ions or solutes, though the mechanism by which water or
proton permeability is lowered in archzal lipid membranes
cannot be exactly defined.

In addition, it had been shown that the incorporation of
bacterioruberins, the major red carotenoids of Halobacterium,
further lowers water permeability of the vesicles of diphyta-
nylphosphatidylcholine (compound B) and those of the total
polar lipids of Halobacterium.>

H-NMR spectroscopy: Solid-state ZH-NMR studies provide
an excellent method to investigate lipid-chain dynamics in
bilayers; by using oriented multibilayers, the sensitivity of the
method is greatly increased.’! We had successfully used 2H-
NMR spectroscopy to investigate the role of terpenoids as
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membrane reinforcers.’> 31 We have now used this method to
analyze the effect of macrocyclization and unsaturation on the
lipid-chain dynamics of the phospholipids studied here, on
oriented multibilayer samples prepared from the 1:1 molar
mixture of [D,;]DMPC and a phosphatidylcholine (A, B, C,
D), which will allow us to compare the effects of all
compounds in the same model system. We are fully aware
that the deuterated lipid, when used in such a high proportion,
cannot be considered as a genuine “probe”. However, this had
to be accepted to obtain strong enough signals. The quality
and homogeneity of the results obtained appears to vindicate
this deviation from a more reasonable procedure.

Figure 12 shows the S, profiles for [D,,]DMPC and four
samples of the 1:1 molar mixture of [D,,]DMPC (1-myristoyl-
2-[H,;]myristoyl-sn-glycero-3-phosphocholine) and a phos-
phatidylcholine (A, B, C, or D). The segmental order

¢ [D,,] DMPC
B Branched C320PC 50%
0.5 1 + Branched 2C160PC 50%
| © DPhyOPC 50%
g 8 8 8 & 4 & DGGOPC 50%
oad t + + 4 8
T 8 8 8 8 & .
‘g 8
5 t |
bl 0.3 1 ° .
g % 4 g o
£& S
| Rt -
£ o2 ‘1
=] A o
0.1 §
0.0 T T v T T v T 1
2 4 6 8 10 12 14

Carbon Atom Position

Figure 12. Order parameter profiles for various systems (7= (306 +4) K):
pure [Dy;]DMPC, [Dy]DMPC+A  (branched C320PC) (1:1),
[D,;]DMPC+B (branched 2C160PC) (1:1), [Dy]DMPC+C (DPhyOPC)
(1:1) and [Dy,]DMPC+D (DGGOPC) (1:1). The S, experimental error is
about £0.002 for carbon atom positions 3 to 13 and +0.005 for the carbon
atom position 14: estimated accuracy of the angular settings between the
bilayer and the magnetic field: A@ ==+ 2°; estimated experimental error of
the quadrupolar splitting: A(A7) =244.14 Hz by considering that the peaks
maxima digital assignation is realized with the precision of +122.07 Hz
(122.07 Hz™": points number per Hertz fixed in our spectral acquisition
program).

parameter S, was calculated from the 2H-NMR spectra of
the 90 °C oriented multibilayers recorded at 306 +4 K. The
peaks of the oriented spectra were assigned on the basis of
their intensity and on the assumption that S, decreases
monotonically from position 3 to the terminal methyl group as
in the case of pure DMPC bilayers.[?]

All S, profiles exhibit a characteristic shape with a plateau
from position 3 to position 6 of the DMPC sn-2 acyl chain and
a gradual decrease when going towards position 14; this
indicates the highly dynamic character of the mid section of
the bilayer.?! The S, value of pure [D,;]DMPC and that of
the 1:1 molar mixture of [D,;]DMPC and a phosphatidylcho-
line (A, B, C, D) were compared. In the presence of 50 mol %
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A, the S, profile is not much changed at the plateau (with a
2.4% decrease from the value for pure [D,;]DMPC), and it is
shifted towards a little higher values for the positions 6-12,
followed by going down to a lower value at C-14. The
presence of 50 mol % noncyclic polyprenyl analogues B, C, D
decreases S, in the sequence (for the plateau region): B
(diphytanyl: 9% ) < C (diphytyl: 16 % )~D (digeranylgeran-
yl: 14%).

The order parameter at 60 °C with all phosphatidylcholines
decreases for all the positions, relative to 33 °C. The presence
of 50 mol % of any of the other lipids decreases S, for all the
positions except C-14: The order parameter of the plateau
region is decreased by 5% (A), by 7% (B), 22% (C), 12%
(D) (data not shown).

Among the 1:1 molar mixtures tested of [D,;]DMPC with
different compounds, the macrocyclic phosphatidylcholine A
is the only compound which hardly perturbed DMPC bilayers
at 33°C (T> T,, of DMPC), while any of other compounds
increases the disorder of the DMPC chains. These results
imply that the mobility of each position in the chains of
archaal lipids B, C, D is microscopically high, though we have
not checked the results with the pure compound. Smith et
al.BP% have already shown by H-NMR spectrometry analysis
that the branched chains in diphytanylglyceryl lipids are more
disordered than the n-alkyl or n-acyl chains of conventional
lipids. Yamauchi et al.’ showed in monolayer experiments
that the saturated isoprenyl chain occupies 50—60 A2 per
chain, which is much more than for the straight chain (30—
40 A2 per chain). They also observed a low surface tension of
polyprenyl lipids, which might result from their unordered
state and their large cross-sectional area.’ The low perme-
ability to water (in the present study) and to ions or to a
fluorescent molecule (as observed by Yamauchi et al.l>#)
for archeal lipid vesicles is apparently not related to the
fluidity of the polyprenyl chains (as was observed in NMR
studies). We showed previously in a monolayer study that the
film area of the macrocyclic lipid A was significantly smaller
than that of the acyclic lipid B.??l This implies that lipid A
aggregates into a more closely packed structure, which
accounts for the water permeability of membranes composed
of the lipid A to be lower than that of membranes composed
of acyclic lipids.

Conclusion

In conclusion, we have first shown, using optical and electron
microscopies, that vesicles of archaal type phosphatidylcho-
lines could exhibit different shapes of self-organized struc-
tures (vesicles, tubules, etc.) in their aqueous suspensions, and
that they can be transformed into each other simply by
thermal convection. We have then presented the results of the
water permeability measurement of membranes made of
these lipids by stopped-flow/light scattering method. Finally,
we compared the effect of their incorporation on the acyl
chain ordering of DMPC by using a solid state ZH-NMR
spectroscopy.
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Taking the structural and func-
tional data into account, some spe-
cific membrane properties of archeal
polyprenyl lipids appear:

1) The macrocyclization remarkably
improves the membrane barrier
to water and the membrane sta-
bility, probably due to a more
closely packed structure;

2) the vesicle permeability to water,
ions and other molecules is lower
with archeal lipids than with
straight-chains lipids;

3) the dynamics of the polyterpenyl
chains however, is microscopical-
ly higher than that of n-acyl
chains, and

4) these archaal-type lipids remain
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Experimental Section 6

Materials

All chemicals used were commercially avail- x X X

able reagents unless otherwise stated. IR

spectra were measured on a Hitachi 285 X X A

infrared spectrometer. 'H- and “C-NMR
spectra were recorded on a JEOL LA-300
spectrometer. Deuteriochloroform (99.8 %
atom enriched, Aldrich) was used as NMR
solvent throughout, unless otherwise stated. 'H- and *C-NMR chemical
shifts are reported in 0 values based on internal TMS (0 =0), or solvent
signal (CDCl; 0.=770) as reference. Mass spectra were measured on a
JEOL AX-505 mass spectrometer. Column chromatography was carried
out with a Kieselgel 60 (70-230 mesh, Merck) column.

Synthesis

The phosphatidylcholines A and B were synthesized as described in a
previous paper.?!l Synthesis of compounds C and D was performed
according to Scheme 1. One of the important points in their synthesis is the
choice of a suitable protecting group for the glycerol moiety: Dipolyprenyl
glycerols 3 and 6 should be released from their protected precursors
without affecting the double bonds. After a failure in the deprotection of
their p-methoxybenzyl ethers, the use of a 3,4-dimethoxybenzyletherl® 5]
as a protective group allowed to overcome the difficulties encountered in
the cleavage, as the latter protecting group had been already successfully
employed in the synthesis of phospholipids.”®! On the other hand, the
dialkylation of the monoprotected glycerol 1a with a polyprenyl chloride
was achieved in a good yield by the use of NaH in DMSO.

1-0-(3,4-Dimethoxybenzyl)-2,3-di-O-[ (7R,11R)-3,7,11,15-tetramethylhex-
adec-2-en-1-yl]-sn-glycerol (2): A solution of 1-O-(3,4-dimethoxybenzyl)-
sn-glycerol®® (1) (750 mg, 3.10 mmol) in DMSO (2 mL) was added to a
suspension of prewashed (n-hexane) NaH (186 mg, 7.75 mmol) in DMSO
(10 mL). After 1h, a solution of phytyl chloride (2.44 g, 7.75 mmol) in
DMSO (3 mL) was added. The mixture was stirred at room temperature
overnight. Saturated aqueous NH,Cl (15 mL) was added and the mixture
was extracted with EtOAc. The organic phase was washed with water, dried
(Na,S0,), filtered and concentrated to dryness. The residue was purified by
flash chromatography on silica gel with hexane/EtOAc (8:1) to give 2
(2.19 g,88%) as an oil. 'H NMR (300 MHz): 6 =0.84 (d, J=7.0 Hz, 12H),
0.87 (d,/=7.0Hz, 12H), 1.63 (s, 6H), 1.95 (brt, /=70 Hz, 4H), 3.50-3.72
(m, 5H), 3.87 (s, 3H), 3.88 (s, 3H), 4.00 (d, /=7.0Hz, 2H), 4.16 (d, /=
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Scheme 1. Synthesis of archeal type lipids C (compound 4) and D (compound 7).

7.0 Hz, 2H), 4.49 (s, 2H), 5.34 (m, 2H), 6.79-6.92 (m, 2H), 7.38 (s, 1H);
3C NMR (75 MHz): 6 =16.37,16.41, 19.69, 19.73, 22.61, 22.70, 24.46, 24.78,
25.15, 2796, 32.69, 32.78, 36.72, 36.77, 37.28, 37.36, 37.43, 39.36, 39.94, 55.78,
55.90, 66.82, 67.87, 70.05, 70.26, 73.24, 76.90, 110.85, 111.00, 120.15, 120.70,
121.05, 131.04, 140.13, 140.13, 140.40, 148.50, 148.97; IR (neat): 7=1033,
1099, 1138, 1159, 1238, 1265, 1365, 1277, 1463, 1515, 1592, 2867, 2927,
2952 cm™!; anal. caled for Cs,Hy,O5: C 78.14, H 11.85; found: C 78.39, H
11.82.

2,3-Di-O-[ (7R,11R)-3,7,11,15-tetramethylhexadec-2-en-1-yl]-sn-glycerol
(3):51 A mixture of 2 (2.01 g, 2.50 mmol) and 3,4-dichloro-5,6-dicyano-
benzoquinone (852 mg, 3.77 mmol) in CH,Cl, (20 mL) and H,O (0.5 mL)
was stirred for 2.5 h at room temperature. The mixture was passed through
a short column of silica gel (10 g) and the column was eluted with CHCl;.
The eluent was concentrated to dryness and the residue was purified by
flash chromatography on silica gel with hexane/EtOAc (20:1) to give 3
(988 mg, 61 %) as an oil. 'H NMR (300 MHz): 6 =0.84 (d, /=70 Hz, 12H),
0.87 (d,/=7.0Hz, 12H), 1.63 (s, 6 H), 1.99 (brt, J =70 Hz, 4H), 3.44-3.80
(m, 5H), 4.00 (d, /=70 Hz, 2H), 4.10 (dd, J=12.0, 7.0 Hz, 1H), 4.17 (dd,
J=12.0, 7.0 Hz, 1H), 5.34 (m, 2H); “C NMR (75 MHz): 6 =16.37, 16.41,
19.69, 19.72, 22.60, 22.69, 24.43, 24.77, 25.09, 27.93, 32.66, 32.77, 37.26, 37.41,
39.38, 39.91, 63.05, 66.51, 67.98, 69.98, 7742, 120.31, 120.52, 140.93; IR
(neat): 7= 1066, 1101, 1376, 1461, 1670, 2867, 2925, 2952, 3453 cm™!; anal.
caled for Cy3Hg,O5: C 79.56, H 13.04; found: C 79.38, H 13.17.

2,3-Di-O-[ (7R,11R)-3,7,11,15-tetramethylhexadec-2-en-1-yl]-sn-glycero-1-
phosphocholine (4): S-Chloroethyl phosphoryl dichloride (0.26 mL,
2.06 mmol) was added at 0 °C to a solution of 3 (890 mg, 1.37 mmol) in
pyridine (4 mL). The mixture was stirred for 2 h at 10 °C. Water (5 mL) was
added and the mixture was stirred at room temperature for 1 h. Next, the
mixture was acidified by addition of 2N HCI and extracted four times with
CHCI;. The combined organic layers were dried (Na,SO,), filtered and
concentrated to dryness. The residue obtained was dissolved in toluene
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(5 mL) and CH;CN (5 mL) and the solution was transferred into a pressure
bottle. The mixture was cooled to —78 °C and dry trimethylamine (10 mL)
was introduced. The mixture was heated at 50-60 °C for 3 d. After the
solvent was removed in vacuo, the residue was purified by flash
chromatography on silica gel with CHCly/methanol (8:1) to CHCly/
methanol/H,O (65:15:1) to give 4 (365 mg, 33%) as a hygroscopic wax.
'HNMR (300 MHz, CDCl,/CD;0D 1:1): 6 =0.86 (d, /=7.0 Hz, 12H), 0.88
(d, J=70Hz, 12H), 1.70 (s, 3H), 2.00 (t, J=70Hz, 4H), 3.25 (s, 9H),
3.42-3.73 (m, 5SH), 3.92 (m, 2H), 4.03 (d, J=70Hz, 2H), 418 (d, /=
70 Hz, 2H), 426 (m, 2H), 534 (m, 2H); “C NMR (75 MHz, CDCly/
CD;0D 1:1): 6 =16.50, 19.93, 19.98, 22.79, 22.86, 24.86, 25.15, 25.67, 25.70,
28.35, 33.14, 33.21, 37.26, 37.72, 37.83, 37.85, 39.83, 40.37, 40.41, 54.62, 59.35
(d, J=5.0Hz), 65.76 (d, J=5.5 Hz), 67.14, 67.22, 68.35, 70.16, 77.65 (d, J =
7.5 Hz), 121.07, 121.36, 140.91, 141.00; HR FAB-MS: calcd for CsHy;OsNP
[M +H]*: 814.7054, found: 814.7080.

1-0-(3,4-Dimethoxybenzyl)-2,3-di-O-[3,7,11,15-tetramethylhexadeca-
2,6,10,14-tetraen-1-yl]-sn-glycerol (5): A solution of 1-O-(3,4-dimethoxy-
benzyl)-sn-glycerol®! (1) (960 mg, 3.96 mmol) in DMSO (5 mL) was added
to a suspension of prewashed NaH (n-hexane) (212 mg, 8.80 mmol) in
DMSO (5 mL). After 2 h, a solution of geranylgeranyl chloride!®! (2.72 g,
8.80 mmol) in DMSO (3 mL) was added. The mixture was stirred at room
temperature overnight. Saturated aqueous NH,Cl (15 mL) was added and
the mixture was extracted with EtOAc. The organic phase was washed with
water, dried (Na,SO,), filtered and concentrated to dryness. The residue
was purified by flash chromatography on silica gel with hexane/EtOAc
(20:1) to give 5 (2.10 g, 60%) as an oil. "H NMR (300 MHz): 6 =1.60 (s,
18H), 1.65 (s, 6H), 1.68 (s, 6H), 3.49-3.72 (m, SH), 3.88 (s, 3H), 3.89 (s,
3H), 4.01 (d,/=7.0 Hz,2H), 4.16 (d,/=7.0 Hz, 2H), 4.60 (s, 2H), 5.11 (m,
6H), 535 (m, 2H), 6.79-6.91 (m, 2H), 7.36 (s, 1 H); *C NMR (75 MHz):
0=15.99, 16.51, 17.67, 25.68, 26.39, 26.64, 26.76, 39.64, 39.70, 55.79, 55.90,
66.81, 67.87, 70.08, 70.24, 73.25, 7721, 110.86, 110.98, 120.17, 120.88, 121.24,
123.86, 123.90, 124.08, 124.20, 124.38, 131.01, 131.24, 134.93, 135.26, 139.79,
140.05, 148.51, 148.97; IR (neat): #=1031, 1097, 1238, 1265, 1380, 1450,
1515, 1592, 1670, 2856, 2917, 2964 cm™'; anal. caled for C5,Hg,O5: C 79.34, H
10.50; found: C 79.39, H 10.72.

2,3-Di-0-[3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraen-1-yl]-sn-glycer-
ol (6): A mixture of 5 (953 mg, 1.21 mmol) and 3,4-dichloro-5,6-dicyano-
benzoquinone (550 mg, 2.42 mmol) in CH,Cl, (20 mL) and H,O (0.5 mL)
was stirred for 3 h at 0 °C. The mixture was passed through a short column
of silica gel (10 g) and the column was eluted with CHCl;. The eluent was
concentrated to dryness and the residue was purified by flash chromatog-
raphy on silica gel with hexane/EtOAc (20:1) to give 6 (458 mg, 60 % ) as an
oil. 'H NMR (300 MHz): 6 =1.60 (s, 18H), 1.68 (s, 12H), 3.45-3.80 (m,
5H), 4.01 (d, J=7.0 Hz, 2H), 4.10 (dd, /=12.0, 7.0 Hz, 1H), 4.19 (dd, /=
12.0, 7.0 Hz, 1H), 5.10 (m, 6H), 5.35 (m, 2H); *C NMR (75 MHz): 6 =
16.00, 16.50, 16.53, 25.69, 26.30, 26.61, 26.74, 39.60, 39.67, 39.70, 63.06, 66.51,
67.93, 70.02, 77.42, 120.52, 120.74, 123.78, 124.16, 124.37, 131.24, 134.93,
135.36, 140.55; IR (neat): 7 = 1045, 1074, 1110, 1280, 1448, 1668, 2856, 2919,
2965, 3446 cm~!; anal. calcd for C,;3H,,05: C 81.07, H 11.39; found: C 81.31,
H 11.27.

2,3-Di-0-[3,7,11,15-tetramethylhexadeca-2,6,10,14-tetraen-1-yl]-sn-glyc-

ero-1-phosphocholine (7): 5-Chloroethyl phosphoryl dichloride (0.12 mL,
0.94 mmol) was added at 0 °C to a solution of 6 (400 mg, 0.63 mmol) in
pyridine (4 mL) and the mixture was stirred for 2 h at the same temper-
ature. Water (5mL) was added and the mixture was stirred at room
temperature for 1 h. Then, the mixture was acidified by addition of 2N HCl
and extracted four times with CHCl;. The combined organic layers were
dried (Na,SO,), filtered and concentrated to dryness. The obtained residue
was dissolved in toluene (5 mL) and CH;CN (5 mL) and the solution was
transferred into a pressure bottle. The mixture was cooled to —78 °C and
dry trimethylamine (5 mL) was introduced. The mixture was heated at
65 °C for 3 d. After the solvent was removed in vacuo, the residue was
chromatographed on silica gel with CHCly/methanol (10:1) to CHCLy/
methanol/H,O (65:15:1) to give 7 (210 mg, 42%) as hygroscopic wax.
'"H NMR (300 MHz, CDCL;/CD;OD 1:1): 6 =1.60 (s, 18 H), 1.68 (s, 12H),
3.24 (s,9H), 3.48-3.73 (m, 5H), 3.93 (m, 2H), 4.02 (d, /=7.0 Hz, 2H), 4.17
(d, J=70Hz, 2H), 427 (m, 2H), 5.11 (m, 6H), 5.34 (m, 2H); C NMR
(75 MHz, CDCL;/CD;0D 1:1): 6 =16.20, 16.66, 16.70, 17.81, 25.81, 26.94,
27.08, 27.10, 27.21, 40.08, 40.10, 40.11, 40.17, 54.61, 59.44 (d, J=5.0 Hz),
65.73 (d, J=5.5 Hz), 67.05, 67.19, 68.34, 70.19, 77.68 (d, J = 8.0 Hz), 121.31,
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121.59, 124.31, 124.69, 124.86, 131.45, 135.28, 135.72, 135.74, 140.48; HR
FAB-MS: calcd for C;3xHgsOgNP [M+H]*: 802.6115, found: 802.6159.

Techniques

DSC (Differential scanning calorimetry) thermograms: A thin lipid film
was prepared by dissolving the preweighed components in a small volume
of CHCl; and removing the solvent first in an argon stream and then in
vacuo. 100 pL of “Ultrapure” water was added and the mixture was heated
at 60 °C for 1 h. After stirring on a vortex mixer, the suspensions were
incubated overnight at 37 °C. Approximately 60 pL of the mixture was
sealed in an inox vial and weighed. All calorimetric scans were performed
using the Perkin—Elmer DSC-2B calorimeter, usually at 1.0 Kmin™'
(heating). With pure DMPC, a concentration of 100 mgmL~' was used,
for the pure compounds A, B, C, D a concentration of 110 yugmL~! and for
the mixtures of lipids, concentrations of 60—300 pgmL~.

Microscopies

Cryo-transmission electron microscopy (cryo-EM):* A phosphocholine

(5 mg) was dissolved in CHCl; (1 mL). After evaporation of the solvent, the
film was dried under vacuum overnight. The film was then hydrated by
addition of 1 mL of buffer (for example, phosphate buffer, pH 7.0) and
vortexed for 2 min at room temperature. The preparation was observed in
the frozen hydrated state by cryo-EM. 700 mesh copper grids were dipped
into lipid stock solution (=5 mgmL™!), the excess liquid was blotted out
with a piece of filter paper (Whatman no. 2) and the grids were plunged into
liquid ethane or liquid propane cooled with liquid nitrogen. The grids were
mounted under liquid nitrogen in a Gatan 626 Cryoholder, transferred into
the electron microscope, and observed at approximately — 170 °C. Obser-
vations were made in a CM 12 Philips microscope operating at 100 kV. The
microscope was equipped with an additional anti-contamination device.
Images were not taken under low-dose conditions, as pure lipid solutions
are not as sensitive to beam irradiation as proteins. Images were recorded
on Kodak SO163 films and developed under standard conditions.

Optical and confocal microscopies—Differential interference contrast
microscopy and image analysis: Inverted optical microscope: Axiovert
135, 63 x /1.40 Plan Achromat Oil DIC objective, x 2.5 insertion lens, Carl
Zeiss. Light sources: Hg (HBO 100, bandpass 450-490 blue filter,
bandpass 546-558 green filter, Carl Zeiss) and halogen lamps (12V,
100 W, Carl Zeiss). Temperature control (TRZ 3700, room temperature
+3.0°C-50.0°C/+0.2°C, Carl Zeiss). Video system: charge-coupled
device (CCD) camera (C 2400-75H, Hamamatsu Photonics), image
processor (Argus 20, Hamamatsu Photonics), S-VHS video recorder
(SVO-9500MDP, Sony), trinitron color video monitor (PVM-1443MD,
Sony), microcomputer (Power MacIntosh 7500/100, Apple), video printer
(VP-1800 EPM, Sony) and digital image recorder (Focus). Improvement of
the quality of optical microscopy images is ensured by increasing the ratio
optical signal/background noise by appropriate softwares (N.I.LH. Image
1.55 and Photoshop 4.0).

Observations: A typical procedure was as follows: A phosphocholine
(3 mg) was dissolved in 300 uL of 2:1 (v/v) mixture of chloroform and
methanol. An aliquot (15 pL) of the solution was dropped on a cover glass
(0.17 mm thick). After 10 min of drying at room temperature, the lamellar
solid remaining on the slide was brought into focus and 500 pL of a buffer
(sodium acetate/acetic acid bufffer: pH 4.5, Na,HPO,/NaH,PO, buffer:
pH 4.5 to 8.2, or borate buffer: pH 8.85) at 25 °C was added. Samples were
unsealed. Vesicles were observed to grow from the edges of the solid.
Beside multilamellar structures shown in the figure, unilamellar vesicles
and tubules were observed. Membranes appear to be thick because of the
diffraction-limited resolution of the optical system.

Laser scanning microscopy and image analysis: Laser inverted confocal
microscope (LSM Invert 410, 63 x /1.40 Plan Apo oil DIC objective, x 2.5
insertion lens, Carl Zeiss), laser sources Ar (488 nm, bandpass 515-565
filter, Carl Zeiss) and He/Ne (543 nm, Longpass 595 filter), image
processor (Matrox 4MW), color monitor (FT 3420 ETKL, Mitsubishi),
microcomputer (PC 486-488PX), video printer (VP-1800 EPM, Sony) and
digital image recorder (Focus). Vesicles were subjected to optical serial
sectioning to produce images in the X — Y plane. Each optical section was
scanned eight times to obtain an averaged image which was used for
analysis. 3D imaging was constructed from IR serial optical sections of
0.2 um depth. The images were recorded digitally in a 768 x 576 pixel
format and saved on an erasable magneto optical disk.
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Water permeability of vesicles measured by stopped-flow osmotic shock
method—Preparation of unilamellar vesicles of homogeneous size: Vesicles
of the phosphocholines (A, B, C, D) were prepared by the freeze-thaw
method®! using the following sea water pH 7.86 adjusted buffer A): 10 mm
TRIS-HCI, 5 mM NaNj;, 1 mm EDTA, 150 mm NaCl. For the stopped-flow
experiments, we used buffer B): 10 mm TRIS-HCI, 5 mM NaN;, 1 mm
EDTA, 0 mm NaCl, pH 7.86. The artificial sea water composition is:[%?!
0.725 g KCl, 26.5g NaCl, 5.3 g MgCl,-6H,0, 6.799 g MgSO,, 0.193 g
NaHCO;, 1.46 g CaCl,-2H,0 in 1 L Milli-Q water, pH 7.86). The vesicle
suspension was then extruded ten to forty times through two polycarbonate
membranes (pore size 200 nm or 100 nm, Nucleopore, Corning Costar)
under 10-15 atm N, pressure and the sample was finally diluted to 25 mL
with the same buffer. The vesicle size distribution and its dispersity were
evaluated by photon correlation spectroscopy (PSC) on a Coulter—
Counter N4MD instrument, using laser light scattering at 33 °C with a
90° scattering angle and the following parameters: viscosity 0.006 poise,
refraction index 1.33, for supposedly infinitely diluted vesicular solutions
(~107*M) in low concentration aqueous buffers (concentrations of
components ~10~*M). The average diameter measured by PSC is for
example 179 nm (lipid A) for the vesicles filtered through the filter of pore
size 200 nm and 107 nm (lipid C) for the vesicles filtered through the filter
of pore size 100 nm.

Stopped-flow experiments: The variation of scattered light intensity ()
versus time (f) upon osmotic shock thermostated at 7= (33.0+0.1) °C
(MT/2 Lauda thermostat) was followed at the fixed wavelength of 400 nm
(entrance and exit slits width 2 mm) on a Biosequential DX-17MV
stopped-flow ASVD spectrofluorimeter (2 mm pathlength cuvette, Ap-
plied Photophysics). Analysis of data: Bio-Kine Analysis V 3.14 software
(Bio-Logic). The vesicle dispersions were subjected to the osmotic shock
60 min after their preparation. The stability of the samples was checked by
comparison of the average size of the vesicles (PSC) just after their
preparation and their average size 5 h later. A sample was deemed stable if
it remained monodispersed and the average size of the vesicles was
constant. An aliquot of vesicle dispersions prepared with buffer A was
rapidly mixed with the same volume of the hypomolar buffer B in the
stopped-flow instrument: A(NaCl), ., = 75mM (just after the mixing). Just
before their introduction into the stopped-flow syringes, the vesicle sample
and the hypotonic buffer B were filtered through Millipore 0.5 mm PTFE
filters and de-aerated by passing through a gentle flow of argon for 10 min
at the temperature of 33 °C. To achieve thermal equilibrium, they were left
at (33 +£0.1) °Cin the drive syringes for at least 10 min before the beginning
of the kinetic swelling experiments.?!! Each rate constant value k was
calculated by averaging rate constant values obtained in turn by compu-
terized fitting of average curves / versus ¢ derived from the superimposition
of several experimental curves (typically 10—15 for each average curve).
Each experimental curve (1000 points) was obtained by monitoring the
change in scattered light intensity following the rapid mixing (¢ <3 ms) of
equal volumes (100 uL) of sample and hypertonic buffer. Typically 10 to 15
injections provided independent experimental kinetic curves which were
superimposed, averaged, and numerically treated by the Biokine software,
which uses a factor analysis method and a Simplex algorithm. The results of
10 to 15 runs of experiments were then averaged: The corresponding k
values and standard deviation are given in Table 1. The values of the first-
order rate constants k determined for the theoretical exponential model
[Equation (1)] measure the H,O permeability of the vesicles.?* %3 The half-
time is defined as the Equation (2).

I(t) =I,— (I, — I)e™ 1)
tp = (In2)/k (2)

2H-NMR spectroscopy on oriented multibilayers—Preparation of oriented
samples: Cover glasses (Polylabo no. 0/1: 20 x 20 x 0.15 mm) were first
cleaned by immersion in fuming HNO; during 2 d, then thoroughly washed
with MilliQ water and pure acetone, and dried in an oven overnight. They
were cut into 6—9 mm strips. A phosphocholine (10 mg) was dissolved in
2-propanol (900 puL). The organic solution was applied dropwise on the
glass strips and dried under vacuum (0.01 atm) over P,Os. The strips were
stacked in a 10 mm (0.d.) NMR tube (45 to 50 strips). To hydrate the
sample, about 50 pL of deuterium-depleted water (deuterium content
1072 x natural abundance, Sigma) was added, and the sample was kept at

Chem. Eur. J. 2000, 6, No. 4

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

35°C for 24 h in the saturated water atmosphere before the tube was
sealed. The bilayer normal was set perpendicular (90°) to the magnetic field
by positioning manually the NMR tube in the probe holder. The oriented
samples were prepared from 10mg (142 mmMm) [D,]DMPC and an
equimolar amount of the additive, according to previously published
procedures.l5 53!

2H-NMR spectroscopy: All NMR measurements were carried out on a
Bruker MSL-300 spectrometer; 2H NMR spectra were recorded at
46.053 MHz with the quadrupolar echo sequence: (90°; —t—90° —7)-
acquire, with =25 ps and a 90° pulse of about 7 us (10 mm coil) or 4 us
(5 mm coil). The recycle time was 1 s unless otherwise stated. A spectral
width of 250 kHz was used for oriented samples. The observed quadrupolar
splitting of a C—D bond having an axially symmetric motion is given by:
Ay =¥+ (e’qQlh) - Scp - (3cos?0 — 1)/2

with e’qQ/h as the static quadrupolar coupling constant (168 kHz for
aliphatic C—D bond), S the C—D bond-order parameter, and 6 the angle
between the symmetry axis for the motion and the magnetic field direction.

It has been shown that the bilayer normal is the director of motional
averaging for lipids in various membranes, especially in DMPC bilayers.[!]
In these experiments the bilayer normal was set perpendicular to the
magnetic field (6 =90°) by manually positioning the NMR tube into the
probe; the estimated accuracy of the angular settings was +2° as
determined by multiple settings of the 90° orientation.

A segmental order parameter S, can be assigned to each labelled position
and is expressed as follows: 2 64

Smot =— 2S¢ %y for the methylene groups,

Simot =— 6S¢_%y for the terminal methyl group.
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Enantioselective Total Synthesis of Wieland — Gumlich Aldehyde

and (—)-Strychnine

Daniel Solé, Josep Bonjoch,* Silvina Garcia-Rubio, Emma Peidro, and Joan Bosch*!?!

Abstract: A total synthesis of (—)-
strychnine in 15 steps from 1,3-cyclo-
hexanedione in 0.15% overall yield is
described. The sequence followed in the
assembling of rings is: E — AE [2-(2-
nitrophenyl)-1,3-cyclohexanedione] —
ACE (3a-aryloctahydroindol-4-one) —
ACDE (arylazatricyclic core) —
ABCDE (strychnan skeleton) — ABC-
DEF (Wieland — Gumlich aldehyde) —
ABCDEFG (strychnine). The key steps

of the synthesis are the enantioselective
construction of the 3a-(2-nitrophenyl)-
octahydroindol-4-one ring system and
the closure of the piperidine ring by a
reductive Heck cyclization to generate
the pivotal intermediate (—)-14. In con-

Keywords: alkaloids - natural prod-
ucts - nitrogen heterocycles - palla-
dium - total synthesis

trast, a Lewis acid promoted a-alkoxy-
propargylic silane-enone cyclization did
not lead to synthetically useful azatricy-
clic ACDE intermediates. The introduc-
tion of C-17 and the closure of the
indoline ring by reductive amination of
the oa-(2-nitrophenyl) ketone moiety
complete the strychnan skeleton from
which, via the Wieland — Gumlich alde-
hyde, the synthesis of (—)-strychnine is
achieved.

Introduction

The classical total synthesis of strychnine by Woodward[!! in
1954 represented a milestone in the field of organic synthesis.
Considering its molecular weight, strychnine is one of the
most complex natural products: only twenty-four skeletal
atoms are assembled in seven rings, resulting in six stereo-
genic centers five of them in the core cyclohexane ring.
Probably because of its complexity, and also its pharmaco-
logical and extremely toxic properties,? strychnine has always
fascinated synthetic organic chemists,?! although it was not
revisited until almost forty years after the first synthesis.[*
Five research groups have succeeded in synthesizing this
mythical molecule in recent years, either via isostrychninel™) or
via the Wieland—Gumlich aldehyde!® (Scheme 1).1 Two of
those synthesesl®d have culminated in the enantioselective
total synthesis of the natural enantiomer (—)-strychnine.!®!

In fact, strychnine is probably the most representative of
the Strychnos alkaloids,”! a broad group of indole alkaloids,
most of them with a common pentacyclic ABCDE skeleton, a
two-carbon chain at C-20, and an oxidized one-carbon
substituent at C-16.11 Taking advantage of these common
structural features during the last decade we have developed a

[a] Prof. Dr. J. Bonjoch, Prof. Dr. J. Bosch, Dr. D. Solé,
Dr. S. Garcia-Rubio, E. Peidro
Laboratory of Organic Chemistry
Faculty of Pharmacy, University of Barcelona
Av. Joan XXIII s/n, 08028-Barcelona (Spain)
Fax: (+34)93-4021896
E-mail: bonjoch@farmacia.far.ub.es, jbosch@farmacia.far.ub.es
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general and flexible synthetic entry to the Strychnos alka-
loids," involving the elaboration of the indole nucleus in the
last synthetic steps. Our synthesis utilizes a common hexahy-
droindolone intermediate 2 (see Scheme 2), which incorpo-
rates a latent indole ring (the nitrophenyl ketone moiety) and
has the required functionality (an enone) for the closure of the
piperidine D ring. The versatility of this strategy lies in the fact
that, depending on the functionality present in the substituent
on the nitrogen, closure of the piperidine ring (bond formed
C-15/C-20) can be effected by different methodologies to give
azapolycyclic compounds bearing different piperidine sub-
stituents, which can be further elaborated into the variety of
two-carbon substituents present at C-20 in Strychnos alka-
loids. In fact, we have employed three different procedures
for the closure of the bridged piperidine D ring: i) an
intramolecular Michael-type conjugate addition;"'*¢! ii) a
Ni(COD),-promoted biscyclization,!!'>¢l and iii) an intramo-
lecular cyclization of an enone-propargylic silane system!!!¢<l
(Scheme 2). As the key hexahydroindolone 2 is also accessible
in nonracemic form as a result of the prochiral character of its
precursor, a 2-allyl-2-aryl-1,3-cyclohexanedione, our ap-
proach also makes possible the enantioselective synthesis of
Strychnos alkaloids.!''e 2]

The application of the above strategy to the enantioselec-
tive synthesis of strychnine requires the construction of a
pentacyclic ABCDE system bearing substituents at C-16 and
C-20 with the appropriate functionality for the building of the
two additional rings at the final stages of the synthesis. We
detail here our studies in this context, which have culminated
in a new, short synthesis of (—)-strychnine from the 3aR,7aS
enantiomer of the key intermediate 2.1
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Scheme 1. Previous syntheses of strychnine.

Results and Discussion
Initial plans and results: the propargylic silane approach

Bearing in mind the known easy conversion of Wieland -
Gumlich aldehyde to strychnine,[3] we focused our attention

Abstract in Spanish: Se describe la sintesis total de la (—)-
estricnina a partir de la 1,3-ciclohexanodiona mediante un
proceso de 15 etapas sintéticas con un rendimiento global del
0.15%. La estrategia sintética utilizada implica la siguiente
secuencia de ensamblaje de anillos: E — AE [2-(2-nitrofenil)-
1,3-ciclohexanodiona] — ACE (3a-ariloctahidroindol-4-ona)
— ACDE (niicleo arilazatriciclico) — ABCDE (esqueleto de
estricnano) — ABCDEF (aldehido de Wieland — Gumlich) —
ABCDEFG (estricnina). Las etapas clave de la sintesis son la
construccion enantioselectiva del sistema de 3a-(2-nitrofenil)-
octahidroindol-4-ona y el cierre del anillo de piperidina para
generar el intermedio azatriciclico clave (—)-14, que se realiza
mediante una ciclacion de Heck reductiva. En cambio, una
ciclacion intramolecular a-alcoxipropargilsilano-enona pro-
movida por dcidos de Lewis no condujo a intermedios
azatriciclicos ACDE de interés sintético. La introduccion del
carbono C-17 'y el cierre del anillo de indolina mediante
aminacion reductiva de la agrupacion de o-(2-nitrofenil)
cetona completan el esqueleto de estricnano, a partir del cual,
a través del aldehido de Wieland — Gumlich, se accede a la (—)-
estricnina.
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on the synthesis of this aldehyde.
Consequently, we needed to in-
stall a hydroxyethylidene sub-
stituent with an E stereochemis-
try at the piperidine 3-position
(C-20) during the closure of the
piperidine ring and introduce a
formyl substituent at C-16. Two
of the methodologies we had
explored for the closure of the
piperidine D ring of Strychnos
alkaloids seemed to be promis-
ing a priori for the stereoselec-
tive elaboration of C-20 E-con-
figurated double bond: the intra-
molecular conjugate addition of
a propargylic silane upon an
enone and the metal-promoted
cyclization of a vinyl iodide upon
an alkene. Initially, we planned
to take advantage of the former
methodology. Thus, the use of a
propargylic silane 3 bearing an
a-alkoxy substituent would gen-
erate an alkoxyvinylidene side
chain (i.e., A)!" that could be
further elaborated into the re-
quired 20(E)-hydroxyethylidene
substituent (Scheme 3).

To develop this approach we focused our attention on the
bicyclic propargylic silanes 3a and 3b (see Scheme 5), which
should be easily accessible by alkylation of 2 with propargylic
halides 7a and 7b, respectively. These alkylating agents were
prepared as outlined in Scheme 4. Reaction of 4-[(tert-
butyldimethylsilyl)oxy]-2-butynal (4)!! with tris(trimethylsi-
lyl)aluminum etherate resulted in an efficient transfer of a
nucleophilic trimethylsilyl group!'®l by 1,2-addition to the
aldehyde; this affords an a-silyl aluminum alkoxidel'”! which
was trapped in situ with either acetic anhydride or (methoxy-
methyl)chloride (MOMCI) to provide a-alkoxypropargylic
silanes 5a,b. Selective removal of the TBDMS protecting
group by treatment with 10-camphorsulfonic acid (CSA),!'!
followed by reaction of the resulting propargylic alcohols 6a,b
with methyltriphenoxyphosphonium iodide gave the corre-
sponding iodides 7a.b.

Alkylation of racemic hexahydroindolone 2M!'e! with
propargylic iodides 7a,b afforded the required enone-prop-
argylic silane derivatives 3a,b. However, contrary to our
interests, although the expected closure of the piperidine ring
did occur on treatment of 3a,b with Lewis acids, the desired
20-vinylidene derivatives A were not obtained; three different
products, alcohol 8, ketone 9, and cyclopropane 10,2 were
isolated from the reaction mixtures instead. The outcome of
the cyclization was slightly different depending on the Lewis
acid employed (Scheme 5, Table 1). Starting from 3 a, the best
overall yields were obtained using BF;- Et,0: Alcohol 8 was
formed as the major product along with variable amounts of
ketone 9. Increasing reaction temperatures resulted in the
formation of considerable amounts of cyclopropane 10. The

H Cco,Me
Kuehne (1993, 1998)

& ([Rca)

|\/O

N i O
H COzMe
Magnus (1992)
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NO, O

Scheme 2. Synthesis of Strychnos alkaloids.

NIH S siMe,

R — Hine

o AN
NO, O H \]
3 A o

OR
NO, O

Scheme 3. First synthetic approach to strychnine.

(0] OTBDMS a RO OTBDMS
H 4 Me3Si 5
b RO o OH c RO o |
Me3Si 6 Me3Si 7
aR=Ac
b R =MOM

Scheme 4. Synthesis of propargylic iodides 7a and 7b. a) (Me;Si);Al-
Et,0, Et,0O/pentane, — 78 °C, then Ac,0, 4-DMAP, 25°C, 57 %, or MOMCI,
DIPEA, 25°C, 30%; b) CSA, CH,Cl,/MeOH, 25°C, 53% (62), 63% (6b):
¢) (PhO);P*Mel-, DMF, 0°C, 82%.

use of TiCl, gave alcohol 8 as the only product, although in
lower yields (26-33%), whereas EtAICl, led to complex
mixtures from which cyclopropane 10 was isolated as the
major product. On the other hand, treatment of propargylic
silane 3b with BF; - Et,O afforded alcohol 8 (55 %) as the only
identifiable product.

The unexpected course of the Lewis acid-promoted cycli-
zation of propargylic silanes 3ab can be rationalized as
outlined in Scheme 5. Instead of the expected desilylation
leading to allene A, the vinylic carbocation generated in the

Table 1. Lewis acid-promoted cyclizations of propargylic silanes 3a,b.

Michael
cyclization

Ni°-promoted
double cyclization

S

Addition of a

NN )
.\\\/H\/S|Me3 propargylic silane

—> Strychnine

Strychnos alkaloids

SiMeg
= (7a,b)
| OR

K,CO3, 2-butanone

aR=Ac
b R=MOM

ML, OR

NO, O

NO, O

10
AcO

H

Scheme 5. Lewis acid-promoted cyclization of propargylic silanes 3a and
3b.

conjugate addition of the propargylic silane to the enone
moiety undergoes a rapid 1,2-silyl shift to give a more stable
allylic a-oxycarbocation, which can follow two competing
reaction pathways. Intramolecular nucleophilic attack of the

Entry Propargylic silane Lewis acid Solvent T [°C] t [h] 8[%] 9 [%] 10 [%]
1 3a BF;- Et,OF CH,Cl, 25 20 53-57 816l -

2 3a BF;- Et,OF CH,Cl, reflux 5 42 106l 20

3 3a TiCL,P CH,Cl, 25 3 33 - -

4 3a TiCl1, toluene 80 2 26 - -

5 3a EtAICL® 4 toluene 60 1 - <5 10-20
6 3b BF;- Et,OF CH,Cl, 25 20 55 - -

[a] 4 equiv. [b] 6 equiv. [c] Trace amounts of the C,, epimer. [d] Complex reaction mixture.
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enolate on the less substituted end of the allylic cation (path
a), with subsequent hydrolysis of the ester or ether function
during the work up yields cyclopentanol 8.%! Alternatively,
nucleophilic attack of the enolate on the more substituted end
of the allylic cation (path b) leads directly to cyclopropane 10.
Diketone 9 presumably arises from the presence of adventi-
tious water during the reaction.

The intramolecular Heck-type reaction: completion of the
CDE core

In light of the above results we turned our attention to a more
direct strategy for the introduction of the hydroxyethylidene
substituent, consisting in the Pd-catalyzed cyclization of a
vinylic iodide upon the enone moiety (Scheme 6). Intra-
molecular coupling reactions of vinyl halides with alkenes

OR
=
i I Pd°
NO, O

11 R = TBDMS
Strychnine -~ T
NO, O
Q =COyMe
CH=CH-CO,Me
CH=CH,

Scheme 6. Second synthetic approach to strychnine.

have proved to be useful for the closure of the piperidine ring
of Strychnos alkaloids (bond formed C-15/C-20), in a process
resulting in the stereoselective incorporation of an exocyclic
E-ethylidene!® or E-hydroxyethylidene!”! double bond at
C-20. Our intention was to take advantage of a tandem Pd-
promoted cyclization-capture process that would allow both
the closure of the hydroxyethylidene-bearing piperidine ring
and the introduction of an appropriate substituent at C-16.
Thus, we expected that the transient alkylpalladium inter-
mediate B arising from the cyclization, with no S-hydrogen
available for f-elimination, would be stable enough to be
intermolecularly trapped with a suitable quencher.?*!

The required 3a-arylhexahy-
droindol-4-one (11) was pre-
pared by alkylation of racemic
2191 with allylic bromide 12.5°
Disappointingly, all attempts to (74%)
promote a tandem cyclization-
capture process from 11 under a
variety of experimental condi-
tions failed (Scheme 7 and Ta-

Br/\/\/oR

()

R = TBDMS

NO,

K»COs3, Lil, CH3CN

OR
N
NO, O

ble 2) did not afford cyclized products bearing the C-16
methoxycarbonyl group; only ester 13 resulting from methoxy-
carbonylation of the initially formed vinyl palladium inter-
mediate was isolated, although in low yield. Unfortunately,
under the above conditions, cyclization was not fast enough to
compete with direct carbonylation. On the other hand, when
the reaction was carried out in the presence of LICNP#! as the
trapping agent (entry 4, Table2), the azatricyclic com-
pound 14, which lacks the C-16 substituent, was the only
isolable compound. Using methyl acrylate?*! in order to
introduce a three-carbon substituent at C-16 gave complex
reaction mixtures, from which the N-unsubstituted amine 2
was isolated together with small amounts of 14 (entry5,
Table 2).

Although the Pd-promoted tandem cyclization-cross cou-
pling processes involving the interception of o-alkylpalladium
intermediates with vinylic stannanes have been described,?*
treatment of 11 with the Pd catalyst in the presence of
tributylvinyltin did not afford the desired product; only
azatricyclic compound 14 and diene 15, formed by a prema-
ture intermolecular cross-coupling reaction, could be isolated
from the reaction mixtures (entries 6 -8, Table 2).

Besides the relatively small difference between cyclization
and direct coupling rates, the main problem seemed to be the
failure of the trapping agent to intercept the o-alkylpalladium
intermediate B. It should be noted that a critical difference
between the previously reported successful tandem cycliza-
tion-capture processes?! and the process depicted in
Scheme 6 is that the intermediate B is not a simple o-
alkylpalladium complex but is actually the keto tautomer of a
palladium enolate.”" In this context, it is known that in the
Heck reaction with electron deficient olefins two competing
reaction pathways can operate,?l namely substitution (in-
volving -H elimination) and 1,4-conjugate addition (involv-
ing reduction of the o-alkylpalladium intermediate), the latter
being a variant of the Heck reaction that has received
comparatively little attention from the synthetic stand-
point.?®! In fact, azatricyclic compound 14 can be envisaged
as the 1,4-conjugate addition product. For this reason, we
decided to take advantage of this Pd-promoted reductive
cyclization and introduce the functionalized C-17 carbon
atom later in a subsequent synthetic step.

Although there is some controversy®! about the nature of
the reducing agent in the reductive form of the Heck reaction,
tertiary amines with a-hydrogen atoms such as Et;N are
assumed to be the reductants in most cases.’”) After consid-

11

NWOR N\\/H\(\/OR N\\/H\/\/OR
ble 2). Thus, treatment of 11 @ N CO2Me Q N © '
with several Pd catalysts at 1— o NO, O NO, 07 7

13 15 16

3 atm of COP*l in the presence
of MeOH (entries 1-3, Ta-
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Scheme 7. Pd-promoted cyclization of vinyl iodide 11.
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Table 2. Pd-promoted cyclizations of vinylic iodide 11.
Entry Catalyst (equiv) Additives (equiv) Solvent (ratio) T [°C] (¢ [h]) Products[% ]
1 Pd(PPhy), (1) felolll C.Hy/CH,CN 100 (4.5) 13 (36)
MeOH (8), TEA (2) 1:1
2 Pd(OAc), (0.5) cowl C.H, 80 (1) 13 (30)
PPh, (1) MeOH (8), Et,NCl (2)
3 CLPd(PPhy), (0.5) COM, TEA (4) MeOH/DMF 90 (5) 13 (20)
1:2
4 Pd(OAc), (0.5) LiCN (3.6) C.H, 80 (24) 14 (5)
PPh, (1)
5 Pd(PPhy), (0.5) CH,=CHCO,Me (5) CH,CN 82 (1) 2 (45)
TEA (2) 14 (5)
6 Pd(OAc), (0.5) Bu,SnCH=CH, (1.2) C.H, 30 (4) 14 (15)
PPh, (1) Ag,CO; (2) 15 (42)
7 Pd(PPh,), (0.5) Bu,SnCH=CH, (1.1) THF 66 (2) 14 (35)
Cul (1) 15 (47)
8 Pd(OAc), (0.5) Bu;SnCH=CH, (1.1) DMF 90 (2) 2 (20)
TBACI (1.2) 14 (5)
DIPEA (2.5) 15 (15)
9 Pd(OAc), (0.5) none TEA 90 (0.5) 14 (56)
PPh; (1)
10 Pd(OAc), (0.3) none TEA 90 (1) 14 (53)
PPh; (0.6)
1 Pd(OAc), (0.4) none DIPEA 95 (5) 14 (46)
PPh, (0.8)
12 Pd(OAc), (1) TEA (2) THF 66 (1.5) 14 (43)
PPh; (2)
13 Pd(OAc), (0.5) TEA (2) THF 66 (27) 14 (42)
PPh, (1)
14 (CH,CN),PdCl, (0.5) Bu,SnH (1.1) C.H, 80 (1) 14 (15)
PPh, (1) 16 (43)
15 Pd(OAc), (0.5) EtSiH (1.1) THF 66 (1) 14 (13)
PPh, (1) 16 (30)

[a] 3 atm. [b] 1 atm. [c] The use of other solvents resulted in lower yields of 14: DMF, 10%; CH;CN, 29%.

erable experimentation, optimum conditions for the cycliza-
tion of 11 were found with the use of Pd(AcO), and PPh; as
the catalyst in Et;N at 90°C (entries 9 and 10, Table 2). Under
these conditions the intramolecular Pd-catalyzed (0.3 equiv)
conjugate addition of 11 (entry 10, Table 2) afforded the
azatricyclic derivative 14 in acceptable yield (53%). Bases
and solvents other than Et;N were also examined. DIPEA was
less efficient from the synthetic standpoint and gave the best
result (46%) when operating with 0.4 equiv of Pd(AcO),
(entry 11, Table 2). Although the cyclized product 14 could
also be obtained in acceptable yield in THF containing Et;N
(entries 12 and 13, Table 2), other solvents such as DMF or
CH;CN gave very low yields. The use of K,CO;, Ag,CO;, and
NaOAc as the base in different solvents resulted in worse
yields. Finally, the use of Bu,SnHE! (entry 14, Table 2) or
Et;SiHP? (entry 15, Table 2) as reductants®®! resulted in the
formation of the uncyclized reduced product 16 and the
desired azatricyclic compound 14; this gives evidence once
again that cyclization was not fast enough to compete with the
premature capture of the vinylpalladium intermediate.

The retention of the stereochemistry at the C-20 double
bond after the Pd-catalyzed ring closure was inferred
from the *C NMR chemical shifts of C-15 (6 31.0) and C-21
(0 54.3) in 14. These values are in agreement with an E
configuration for the O-protected hydroxyethylidene chain as
they are indicative of the steric interaction between C;s-H
(but not C,-H) and the bulky tert-butyldimethylsilyloxy-
methyl group.

Chem. Eur. J. 2000, 6, No. 4
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The total synthesis of (—)-strychnine

Once a convenient procedure for the incorporation of the E-
hydroxyethylidene chain at the piperidine 3-position in the
racemic series was established, synthesizing enantiopure 14,
with the natural configuration at the stereogenic centers was
simply a matter of starting from the appropriate enantiopure
vinyl halide 11. This compound was obtained in enantioen-
riched form as outlined in Scheme 8, taking advantage of the
short procedure we had developed for the preparation of cis-
3a-(2-nitrophenyl)octahydroindol-4-ones, consisting in the
ozonolysis of 2-allyl-2-aryl-1,3-cyclohexanedione (17), fol-
lowed by a double reductive amination from the resulting
diketo aldehyde.*¥ The use of a-(S)-methylbenzylamine as
the aminocyclization agent resulted in the generation of the
chiral nonracemic octahydroindolone (—)-18 (97:3 mixture of
cis diastereomers) in 37 % yield.[''*] N-Dealkylation of (—)-18
via a urethane, generation of the enone moiety via a seleno
derivative, and, finally, alkylation with the allylic bromide 12
afforded the enantioenriched vinyl halide (—)-11. The overall
yield from (—)-18 (six steps) was 27 %.

Reductive Heck-type cyclization of (—)-11, under the best
conditions found in the racemic series (entry 9, Table 2),
afforded (—)-14, from which the oxidized C-17 was introduced
by methoxycarbonylation of the corresponding enolate with
methyl cyanoformate (67 % yield). The resulting S-keto ester
(+)-19, which exists in enol form, contains all the strychnine
carbons except the two derived from acetate. To complete the
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NO, O
()-11 R'=TBDMS

| [ ()-14R?=H n[ 20 (H-16pB)
(+)-19 R2 = CO,Me

21 (H-16a)

Wieland-Gumlich
aldehyde

Strychnine (1)

Scheme 8. Enantioselective synthesis of (—)-strychnine. a) 2-ICqH,NO,,
K,CO;, DMSO, 85-90°C, 72%; b) BrCH,CH=CH,, K,CO;, acetone,
reflux, 85%; c) toluene, sealed tube, 180-190°C, 80%; d) O;, CH,Cl,,
—78°C, then (S)-PhCH(CH,)NH,-HCI, NaBH,CN, iPrOH, 37%:;
e) CICO,CHCICH;, 135°C, 72 %; f) HN(SiMes;),, Me;Sil, CH,Cl,/pentane
1:1, —20°C; g) PhSeCl, (PhSe),, THF, 70 %; h) O;, CH,Cl,, —78°C, then
iPr,NH, 72%; i) MeOH, reflux; j) (Z)-BrCH,CI=CHCH,OTBDMS (12),
K,CO;, Lil, CH;CN, 50°C, 74 %; k) Pd(OAc),, PPh;, Et;N, 90°C, 53 %;
1) LiN(SiMe;),, HMPA, THF, —78°C, then NCCO,Me, 67 %; m) Zn dust,
H,SO,, MeOH, reflux, 36 %; n) NaH, MeOH, reflux, 72 %; o) DIBAL-H,
toluene, —40°C, 65%; p) CH,(CO,H),, Ac,0, NaOAc, AcOH, 110°C,
49%.

synthesis of the Wieland — Gumlich aldehyde only the closure
of the indoline ring and the reduction of the ester group to an
aldehyde remained to be done. The reductive cyclization of
the a-(2-nitrophenyl) ketone moiety was satisfactorily accom-
plished by treatment of (+)-19 with zinc dust in 10%
methanolic sulfuric acid. Under the reaction conditions, that
also caused the removal of the TBDMS protecting group, the
initially formed anilinoacrylate intermediate undergoes fur-
ther reduction to an epimeric mixture of esters 20 and 21
(ratio approximately 9:1). This mixture was equilibrated to
pure 21, which has the natural, most stable stereochemistry at
C-16, by treatment with NaH in refluxing MeOH. The
pentacyclic ester 21 was isolated in 26 % overall yield from
(+)-19. The relative configuration at C-16 in esters 20 and 21
was clearly determined from the vicinal coupling constant
between H-15 and H-16, which is larger (/=9.9 Hz) in ester
21, with the natural H-15/H-16 cis strychnine stereochemistry,
than in 20 (H-15/H-16 trans, J=3.7 Hz).’* Finally, further
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adjustment of the oxidation level by partial reduction of ester
21 with DIBAH in toluene at —40°C afforded the Wieland —
Gumlich aldehyde.l?” 381

Although the conversion of the Wieland — Gumlich alde-
hyde to strychnine had been reported many years ago!*l and
there would therefore seem to be little need to repeat it, we
reproduced the described protocol for the sake of completion
and thus achieved the enantioselective total synthesis of the
natural product. The resulting (—)-strychnine was identical to
a natural specimen, as determined by TLC as well as IR,
'"H NMR, and C NMR spectroscopy. The [a]¥ value was
—119.4 (¢=0.35 in CHCLy) [lit" [a]y =—-139 (¢=2.0 in
CHCl,)], which represents 86 % ee.””]

In summary, we have completed a short enantioselective
synthesis of (—)-strychnine (15 steps from commercially
available 1,3-cyclohexanedione in 0.15% overall yield). The
synthesis proceeds via the Wieland — Gumlich aldehyde and
starts from the prochiral dione 17 (which preforms the A and
E rings of strychnine), from which the pyrrolidine, piperidine,
and indoline rings are successively built in three well-differ-
entiated phases: i) generation of the first chiral nonracemic
intermediate, the 3a-(2-nitrophenyl)octahydroindol-4-one
[(—)-18], which contains the crucial quaternary C-7 center;
ii) closure of the piperidine ring by a reductive Heck-type
cyclization that ensures the stereoselective incorporation of
the C-20 E-configurated double bond; and iii) closure of the
indoline ring in an advanced synthetic stage by reductive
cyclization of the a-(2-nitrophenyl) ketone moiety. In con-
junction with our previous work,!'!l the synthesis of strychnine
reported here makes evident not only the usefulness of our
strategy for the enantioselective synthesis of Strychnos
alkaloids but also how the use of common synthetic inter-
mediates can provide a flexible access to a large number of
structurally related natural products.

Experimental Section

General methods: All reactions were carried out under an argon
atmosphere with dry, freshly distilled solvents under anhydrous conditions.
All commercially available reagents were used without further purification.
TLC was carried out on SiO, coated glass plates (silica gel 60 F,s,, Merck),
and the spots were located with UV light, iodoplatinate reagent or 1%
aqueous KMnO,. Chromatography refers to flash chromatography and was
carried out on SiO, (silica gel, SDS, 230-400 mesh ASTM). Unless
otherwise noted, drying of organic extracts during workup of reactions was
performed over anhydrous Na,SO,. Evaporation of solvents was accom-
plished with a rotatory evaporator. Optical rotations were recorded with a
Perkin—Elmer 241 polarimeter. 'H NMR and *C NMR spectra were
recorded with a Varian 300 or a Varian VXR-500 instrument. Chemical
shifts are reported in ppm downfield from Me,Si. IR spectra were recorded
on a Nicolet 205 FT-IR spectrophotometer, and only noteworthy absorp-
tions are listed. Microanalyses and HRMS were performed by Centro de
Investigacion y Desarrollo (CSIC), Barcelona.

4-[ (tert-Butyldimethylsilyl)oxy]-1-(trimethylsilyl)-2-butynyl acetate (5a):
Tris(trimethylsilyl)aluminum etheratel'® (11.7 mmol, 37 mL of 0.32m
solution in pentane) was added dropwise to a cooled (—78°C) solution
of 4-[ (tert-butyldimethylsilyl)oxy]-2-butynal™ (4, 2 g, 11.7 mmol) in Et,0
(20 mL). After the solution was stirred at —78°C for 1 h, Ac,O (5.9 mL,
62 mmol), and a catalytic amount of 4-DMAP were added. The mixture
was stirred at room temperature for 16 h, poured into an ice-cold saturated
aqueous sodium potassium tartrate solution, and extracted with Et,O. The
organic layer was washed with saturated aqueous sodium potassium
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tartrate solution, dried and concentrated, and the residue was purified by
chromatography (from hexane to 97:3 hexane/EtOAc) to give 5a (2.1 g,
57%). '"H NMR (300 MHz, CDCL,): 6 =5.21 (s, 1 H; CHOAc), 4.36 (s, 2H;
CH,0), 2.01 (s, 3H; CHy), 0.90 (s, 9H; C(CH,),), 0.14 (s, 9H; Si(CH,),),
0.11 (s, 6H; Si(CH,),); *C NMR (75 MHz, CDCLy): 6 =170.6 (CO), 86.4
(C), 81.6 (C), 58.2 (CHOACG), 51.8 (CH,0), 25.7 ((CH,),), 20.8 (CH,), 18.2
(C), —4.0 (Si(CH,),), —5.2 (Si(CHa),); IR (film): 7= 1747, 1252, 1228,
839 em™!; C;5H3,0;S4, (314.6) - ¥4H,O: caled C 56.46, H 9.63; found C 56.20,
H 9.49.

1-[ (tert-Butyldimethylsilyl) oxy ]-4-(methoxymethoxy)-4-(trimethylsilyl)-2-
butyne (5b): The title compound was obtained analogous to the prepara-
tion of 5a from the reaction of aldehyde 4 (4 g, 23.5 mmol), tris(trime-
thylsilyl)aluminum etherate (12.1 mmol, 87 mL of 0.14M solution in
pentane), MOMCI (9.3 mL, 122 mmol), and ethyldiisopropylamine
(10.5 mL, 61 mmol), and subsequent chromatography (from hexane to
98:2 hexane/EtOAc): 5b (2.24 g, 30%). '"H NMR (300 MHz, CDCL;): 6 =
4.92 (d,J=6.4 Hz, 1H; OCH,0), 4.50 (d, /= 6.4 Hz, 1H; OCH,0), 4.34 (d,
J=18Hz,2H; CH,0), 4.07 (t,/ =18 Hz, 1H; CHSi), 3.30 (s, 3H; OCH,),
0.87 (s, 9H; C(CH;);), 0.12 (s, 9H; Si(CHj;);), 0.08 (s, 6H; Si(CHs),);
3C NMR (75 MHz, CDCl;): 6 =94.8 (OCH,0), 86.2 (C), 82.6 (C), 58.5
(CHSi), 552 (OCH;), 51.8 (CH,0), 25.7 ((CHj);), 182 (C), —4.0
(Si(CH3;);), —5.2 (Si(CHj3),); IR (film): 7= 1250, 1081, 1032, 838 cm™!.

4-Hydroxy-1-(trimethylsilyl)-2-butynyl acetate (6a): A catalytic amount of
10-camphorsulfonic acid was added to a cooled (0°C) solution of ester 5a
(2 g, 6.5mmol) in 1:1 CH,Cl,/MeOH (50 mL). After the solution was
stirred for 1 hat 0°C and 1 h at room temperature, the solvent was removed
in vacuo, and the residue was partitioned between saturated aqueous
Na,CO; and CH,Cl,. The organic layer was dried and concentrated, and the
residue was purified by chromatography (from hexane to 3:2 hexane/
EtOAC) to give 6a (0.69 g, 53% ). '"H NMR (300 MHz, CDCl;): 6 =5.19 (s,
1H; CHOAC), 4.32 (s,2H; CH,0), 2.09 (s, 3H; CH;), 1.76 (brs, 1 H; OH),
0.14 (s, 9H; Si(CH;)3); *C NMR (75 MHz, CDCl;): 6 =170.9 (CO), 86.3
(C), 82.1(C),58.2 (CHOAC), 50.7 (CH,0), 20.7 (CH;), — 4.2 (Si(CH;);); IR
(film): 7=3600-3200, 1748, 1251, 1231, 845 cm™!; HRMS: calcd for
CoH,405Si: 200.0869; found 200.0876; CoH,,0;Si (200.3) - 4H,0O: caled C
52.77, H 8.12; found C 52.38, H 7.89.

4-(Methoxymethoxy)-4-(trimethylsilyl)-2-butynol (6b): The title com-
pound was obtained analogous to the preparation of 6a from 5b (2 g,
6.3 mmol) and subsequent chromatography (from hexane to 4:1 hexane/
EtOAc): 6b (0.8 g, 63%). '"H NMR (300 MHz, CDCl;): 0 =4.94 (d, /=
6.4 Hz, 1H; OCH,0), 4.54 (d,/ = 6.4 Hz, 1H; OCH,0), 4.31 (d, /=19 Hz,
2H; CH,0), 4.10 (t, /] =1.9 Hz, 1H; CHSI), 3.34 (s, 3H; OCH3,), 1.87 (brs,
1H; OH), 0.15 (s, 9H; Si(CH;);); *C NMR (75 MHz, CDCl;): 6 =94.8
(OCH,0), 86.1 (C), 83.5 (C), 58.6 (CHSI), 55.3 (OCH3;), 51.0 (CH,0), —4.1
(Si(CHs;);); IR (film): #=3600-3200, 1250, 1089, 1031, 846 cm™.

4-lIodo-1-(trimethylsilyl)-2-butynyl acetate (7a): Methyltriphenoxyphos-
phonium iodide (3.39 g, 7.5 mmol) was added to a cooled (0°C) solution
of alcohol 6a (0.75 g, 3.7 mmol) in DMF (35 mL). After the solution
was stirred for 1h at 0°C, the reaction was quenched by addition of
MeOH (1mL). The mixture was diluted with Et,0O and washed with
saturated aqueous Na,S,0; and brine. The organic layer was dried and
concentrated, and the residue was purified by chromatography (from
hexane to 9:1 hexane/EtOAc) to give propargylic iodide 7a (0.95 g, 82%).
'H NMR (300 MHz, CDCL): 6 =5.10 (t, J=2.4 Hz, 1H; CHOACc), 3.74
(d, J=2.4Hz, 2H; CH,I), 2.05 (s, 3H; CH;), 0.13 (s, 9H; Si(CH;););
3C NMR (75 MHz): 6 =170.5 (CO), 84.5 (C), 82.7 (C), 58.3 (CHOACc),
20.8 (CH;), — 3.8 (Si(CH;)3), —17.8 (CH,I); IR (film): ¥ = 2240, 1739, 1251,
1229, 845 cm™!; CoH,510,Si (310.2): caled C 34.85, H 4.87; found C 34.45,
H 4.86.

4-lodo-1-(methoxymethoxy)-1-(trimethylsilyl)-2-butyne (7b): The title
compound was obtained analogous to the preparation of 7a from alcohol
6b (0.72 g, 3.6 mmol) and subsequent chromatography (from hexane to
97:3 hexane/EtOAc): 7b (0.92 g, 83%). 'H NMR (300 MHz, CDCl;): 6 =
4.89 (d,/=6.4 Hz, 1H; OCH,0), 4.53 (d, /= 6.5 Hz, 1 H; OCH,0), 4.06 (t,
J=2.4Hz, 1H; CHSI), 3.78 (d, J=2.4 Hz, 2H; CH,I), 3.33 (s, 3H; OCH,),
0.14 (s, 9H; Si(CH,);); ®*CNMR (75 MHz, CDCl,): 6 =95.1 (OCH,0), 84.3
(©), 58.8 (CHSI), 55.3 (OCH;), —3.9 (Si(CHa);), —17.3 (CH,I); IR (film):
7=2240, 1249, 1029 cm~".

cis-1-[4-A cetoxy-4-(trimethylsilyl)-2-butynyl]-3a-(2-nitrophenyl)-
1,2,3,3a,7,7a-hexahydroindol-4-one (3a): Propargylic iodide 7a (0.32 g,
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1 mmol) and anhydrous K,COj; (0.14 g, 1 mmol) were added to a solution of
crude racemic hexahydroindolone 2-HCI"l (0.2 g, 0.68 mmol) in 2-buta-
none (10 mL). The mixture was heated at reflux for 5 h. The solvent was
removed in vacuo, and the residue was partitioned between H,O and
CH,Cl,. The organic extracts were dried and concentrated, and the
resulting residue was purified by chromatography (from hexane to 1:1
hexane/EtOAc) to give enone 3a (0.2g, 66%). 'H NMR (300 MHz,
CDCly): 6="780 (d, J=8.0 Hz, 1H; H-3), 7.65-7.50 (m, 2H; H-5', H-6"),
742 (td, J=8.0, 1.6 Hz, 1H; H-4"), 6.86 (dm, /J=10.2 Hz, 1H; H-6), 6.19
(dd, J=10.2, 1.2 Hz, 1H; H-5), 5.13, 5.07 (2t, /=2.0 Hz, 1 H; CHSIi), 3.63
(dt,J=6.3,2.2 Hz, 1H; H-7a), 3.59 (m, 2H; H-2), 3.20-3.00 (m, 2H; H-3),
2.81 (dm, J=19.3 Hz, 1 H; H-7), 2.60-2.40 (m, 3H; H-7, NCH,), 2.08, 2.06
(2s, 3H; CH5CO), 0.08-0.05 (m, 9H; Si(CH;);); “C NMR (75 MHz,
CDCly): 6=196.7 (C-4), 170.3 and 170.2 (COO), 148.7 (C-2’), 146.0 and
145.9 (C-6), 136.8 and 136.6 (C-1), 132.5 and 132.4 (C-5), 130.1 and 130.0
(C-5), 1279 (C-6"), 127.5 (C-4'), 124.8 and 124.7 (C-3'), 81.9 (C), 81.8 (C),
81.7 (C), 81.6 (C), 65.4 and 65.3 (C-7a), 58.5 (C-3a), 57.8 (CHOAC), 49.8 (C-
2), 39.7 (CH,N), 36.4 and 36.1 (C-3), 26.2 and 25.9 (C-7), 20.6 (CH;), —4.3
(Si(CH;)5); IR (film): #=1730, 1673, 1528, 1367 cm™'; C,H,sN,OsSi
(440.6): caled C 62.70, H 6.41, N 6.36; found C 62.82, H 6.31, N 6.35.
cis-1-[4-(Methoxymethoxy)-4-(trimethylsilyl)-2-butynyl]-3a-(2-nitrophen-
yD-1,2,3,3a,7,7a-hexahydroindol-4-one (3b): The title compound was
obtained analogous to the preparation of 3a from 2-HCI (0.3 g, 1 mmol)
and propargylic iodide 7b (0.44 g, 1.5 mmol), and subsequent chromatog-
raphy (from hexane to 1:1 hexane/EtOAc): enone 3b (113 mg, 25%).
'"H NMR (300 MHz, CDCly): 6 =7.74 (dd, J=8.0, 1.5 Hz, 1H; H-3'), 7.58 -
745 (m, 2H; H-5', H-6"), 737 (ddd, J=8.0, 7.0, 1.6 Hz, 1H; H-4"), 6.81 (dm,
J=10.2 Hz, 1 H; H-6), 6.15 (dm, J=10.2 Hz, 1H; H-5), 4.81,4.78 (2d, /=
6.4 Hz, 1H; OCH,0), 4.43, 442 (2d, /=6.4 Hz, 1H; OCH,0), 3.98, 3.96
(2t, J=19 Hz, 1H; CHSI), 3.59 (m, 1H; H-7a), 3.55 (m, 2H; H-2), 3.27,
3.26 (2s,3H; OCH3;), 3.16-2.95 (m, 2H; H-3),2.76 (dm, J=19.2 Hz, 1 H;
H-7) 2.52-2.40 (m, 3H; H-7, NCH,), 0.06-0.03 (m, 9H; Si(CH););
3C NMR (75 MHz, CDCLy): 6 =197.0 (C-4), 148.0 (C-2'), 146.2 and 146.1
(C-6),137.1 (C-1),132.7 (C-5),130.2 (C-5), 128.3 and 128.1 (C-6'), 127.8 (C-
4),125.1 (C-3"),94.7 (OCH,0), 83.1 (C), 81.3 (C), 65.5 (C-7a), 58.8 (C-3a),
58.4 (CHO), 55.3 (CH;), 50.1 (C-2), 40.0 (CH,N), 36.8 and 36.6 (C-3), 26.6
and 26.5 (C-7), —4.1 (SiCHs;); IR (film): 7=1673, 1527, 1355 cm™".

Lewis acid promoted cyclization of 3a: Freshly distilled BF;-Et,0
(0.15mL, 1.2 mmol) was added dropwise to a cooled (0°C) solution of
propargylic silane 3a (130 mg, 0.3 mmol) in CH,Cl, (15 mL). After the
solution was stirred for 22 h at room temperature, the mixture was poured
into saturated aqueous Na,COs;, and extracted with CH,Cl,. The organic
layer was dried and concentrated, and the residue was purified by
chromatography (from CH,Cl, to 19:1 CH,Cl,/MeOH) to give alcohol 8
(68 mg, 57%) and ketone 9 (10 mg, 8% ). When the reaction was carried
out under the conditions of entry 2, Table 1, compound 10 was also isolated
after chromatography.
(4RS,6SR,7SR,10RS,12SR)-7-Hydroxy-4-(2-nitrophenyl)-8- (trimethylsil-
yl)-1-azatetracyclo[7.3.1.04'2.05!"|tridec-8-en-5-one ~ (8):) 'H NMR
(500 MHz, CDCL): 0 =767 (dd, J=8.0, 1.5 Hz, 1H; H-12), 7.55 (ddd,
J=83,70,1.5 Hz,1H; H-10), 745 (dd, J=8.3, 1.3 Hz, 1 H; H-9), 7.32 (ddd,
J=8.0,70, 1.3 Hz, 1H; H-11), 5.11 (ddd, J=5.3, 2.0, 1.0 Hz, 1H; H-18),
3.85 (brs, 1H; H-3), 3.78 (ddd, J=13.5, 2.0, 1.0 Hz, 1H; H-21a), 3.65 (td,
J=13.0, 6.5 Hz, 1H; H-5a), 3.35 (d, / =13.5 Hz, 1H; H-21p), 3.27 (dd, J =
13.0, 8.5 Hz, 1H; H-5p), 3.09 (t, /=53 Hz, 1H; H-16), 3.03 (brs, 1H;
H-15),2.85 (ddd, J=15.0, 3.5, 1.3 Hz, 1 H; H-14pro-R), 2.71 (ddd, J = 14.5,
13.0, 8.5 Hz, 1H; H-6p), 2.20 (dd, J=14.5, 6.5 Hz, 1H; H-6a), 2.16 (ddd,
J=15.0, 5.0, 3.0 Hz, 1H; H-14pro-S), 0.18 (s, 9H; Si(CH,);); *C NMR
(75 MHz, CDCl;): 6 =213.8 (C-2), 157.9 (C-19), 148.5 (C-13), 142.8 (C-20),
141.8 (C-8), 133.5 (C-10), 129.6 (C-9), 1273 (C-11), 124.7 (C-12), 84.1 (C-
18), 70.2 (C-3), 63.9 (C-7), 62.2 (C-16), 59.6 (C-5), 51.9 (C-21), 45.1 (C-6),
41.1 (C-15), 21.0 (C-14), 0.1 (Si(CH3)3); IR (film): ¥=3700, 1689, 1678,
1530, 1363 cm~!'; HRMS: calcd for C,;H,,N,0,Si 398.1662; found 398.1654;
C, H,4N,0,Si (398.5) - 2H,O: caled C 61.89, H 6.68, N 6.87; found C 61.65,
H 6.50, N 6.49.
(1RS,2SR,7RS,8SR)-2-(2-Acetoxyacetyl)-7-(2-nitrophenyl)-4-azatricy-
clo[5.2.2.0*%]undecan-11-one (9):1*/ '"H NMR (300 MHz, CDCL,): § =7.54 -
747 (m, 2H; H-10, H-12), 7.38 (td, /=77, 1.3 Hz, 1 H; H-11), 722 (dd, /=
8.0,1.5 Hz, 1H; H-9), 4.80 (d,/ =16.8 Hz, 1H; CH,0), 4.57 (d,J=16.8 Hz,
1H; CH,0), 3.27-2.94 (m; 5H), 3.83 (t, J=3.0 Hz, 1H; H-3), 2.75 (brs,
1H; H-15), 2.67 (dt, J=18.0, 2.0 Hz, 1 H; H-16), 2.61-2.40 (m; 3H), 2.38
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(dt, 7=14.0, 3.0 Hz, 1 H; H-14), 2.20 (dm, J=14.0 Hz, 1 H; H-14), 2.17 (s,
3H; CH,); ®C NMR (75 MHz, CDCL): 6 =211.5 (C-2), 202.6 (C-19), 170.1
(COO0), 150.8 (C-13), 134.0 (C-8), 131.8 (C-10), 129.8 (C-9), 128.0 (C-11),
125.4 (C-12), 66.8 (C-18), 64.9 (C-3), 62.0 (C-7), 54.8 (C-5), 48.5 (C-20), 45.2
(C-21), 41.9 (C-16), 39.4 (C-6), 29.6 (C-15), 26.6 (C-14), 20.3 (CH,); IR
(film): #=1750, 1725, 1699, 1531, 1366 cm ™.

(4RS,65R,7SR,8RS,10SR)-7-[ (E)-2-Acetoxy-1-(trimethylsilyl)vinyl]-4-(2-
nitrophenyl)-1-azatetracyclo[5.3.1.0*"°.0°* Jundecan-5-one (10):1*’) '"H NMR
(300 MHz, CDCL): 6 =760 (dd, J =8.0, 1.4 Hz, 1 H; H-12), 7.55 (ddd, J =
8.0, 7.0, 1.4 Hz, 1 H; H-10), 740 (d, J=8.0 Hz, 1 H; H-9), 7.35 (ddd, J = 8.0,
70, 1.4 Hz, 1H; H-11), 7.14 (s, 1 H; H-18),3.57 (d, /= 14.0 Hz, 1H; H-21a),
3.54 (s, 1H; H-3), 3.25 (ddd, J = 12.2, 9.7, 7.7 Hz, 1 H; H-5a), 3.01 (ddd, J =
12.2, 7.5, 3.0 Hz, 1H; H-5p), 2.89 (d, /=14.0 Hz, 1H; H-21p), 2.70-2.60
(m, 2H; H-6p3, H-14), 2.55-2.45 (m, 2H; H-6a, H-14), 2.23-2.16 (masked,
1H; H-15), 2.18 (s, 3H; COCHs), 1.96 (d, J = 7.9 Hz, 1 H; H-16), 0.22-0.18
(m, 9H; Si(CH,),); °C NMR (75 MHz, CDCL): 6 =209.6 (C-2), 1674
(CO0), 1502 (C-13), 142.5 (C-18), 136.4 (C-8), 132.4 (C-10), 130.3 (C-9),
1275 (C-11), 124.6 (C-12), 122.8 (C-19), 68.2 (C-3), 60.3 (C-7), 579 (C-5),
S1.8 (C-21), 44.0 (C-6), 39.2 (C-16), 35.6 (C-20), 24.7 (C-15), 20.8 (CH,),
18.8 (C-14), —031 (Si(CHa)y); IR (film): #=1762, 1688, 1681, 1533,
1366 cm~'; HRMS: calcd for C,;H,N,OsSi 440.1768; found 440.1777;
Co;HsN,O5Si (440.6) - 1.75H,0: caled C 58.52, H 6.73, N 5.93; found C
58.45, H 6.33, N 5.89.

(Z)-1-Bromo-4-[ (tert-butyldimethylsilyl)oxy]-2-iodo-2-butene (12): A sol-
ution of 4-(tetrahydropyran-2-yloxy)-2-butynol*! (5.38 g, 31.6 mmol) in
Et,0 (20 mL) was added dropwise to a cooled (0°C) solution of RedAl
(53.7 mmol, 15.5 g of 70% solution in toluene) in Et,0O (40 mL). The
resulting solution was slowly warmed to room temperature. The excess of
RedAl was destroyed by addition of AcOEt (1 mL). The mixture was
cooled to —78°C, a solution of I, (10 g, 39.4 mmol) in THF (20 mL) was
added dropwise, and the resulting solution was allowed to warm slowly to
room temperature. The mixture was poured into saturated aqueous sodium
potassium tartrate solution and extracted with Et,0. The organic extracts
were washed with saturated aqueous Na,S,0; and brine, dried over K,CO5/
Na,SO,, and concentrated. Purification by chromatography (from hexane
to 1:1 hexane/EtOAc) yielded (Z)-3-iodo-4-(tetrahydropyran-2-yloxy)-2-
butenol (4.24 g, 45%). '"H NMR (300 MHz, CDCl,): 6 =6.26 (t,J =5.7 Hz,
1H;=CH), 4.70 (m; 1H), 433 (d,/ =11.5 Hz, 1H; CH,0OTHP), 4.27 (d,J =
5.7 Hz, 2H; CH,0), 4.21 (d, J=11.5 Hz, 1H; CH,OTHP), 3.90 (m; 1H),
3.55 (m; 1H), 2.00-1.50 (m; 6 H).

A solution of this alcohol (11.8 g,39.6 mmol), TBDMSCI (13.1 g, 87 mmol),
and imidazole (5.4 g, 79 mmol) in DMF (75 mL) was stirred at room
temperature for 1 h. The mixture was diluted with Et,0 and washed with
3% aqueous Na,COj;, saturated aqueous NH,Cl, and water. The organic
extracts were dried and concentrated to give (Z)-4-[(tert-butyldimethyl-
silyl)oxy]-2-iodo-1-(tetrahydropyran-2-yloxy)-2-butene (16.3 g, quantita-
tive), which was used without purification. 'H NMR (300 MHz, CDCl;):
0=06.18 (t, J=52Hz, 1H; =CH), 4.69 (t, J=3.5Hz; 1H), 432 (d, /=
13.2 Hz, 1H; CH,OTHP), 4.27 (d, / =5.2 Hz, 2H; CH,OTBDMS), 4.20 (d,
J=13.2 Hz, 1H; CH,OTHP), 3.54 (m; 1H), 3.89 (m, 1H), 2.00-1.50 (m;
6H), 0.91 (s, 9H; C(CH,;);), 0.09 (s, 6H; Si(CH3),); *C NMR (75 MHz,
CDCl;): 0=137.0 (=CH), 101.4 (=CI), 96.8 (CH), 74.0 (CH,OTHP), 67.6
(CH,0Si), 61.8 (CH,), 30.2 (CH,), 25.8 ((CH,)), 25.3 (CH,), 18.9 (CH,),
18.1 (C), —5.3 (Si(CH3),).

A solution of this tetrahydropyranyl ether (7.98 g, 19.4 mmol) and MgBr, -
Et,0 (25 g, 96.8 mmol) in Et,0 (250 mL) was stirred at room temperature
for 24 h. The mixture was poured into water and extracted with Et,O (3 x
150 mL) and CH,Cl, (150 mL). The combined organic extracts were dried
and concentrated to give (Z)-4-[(tert-butyldimethylsilyl)oxy]-2-iodo-2-
butenol (6.35¢g, quantitative), which was used without purification.
'H NMR (300 MHz, CDCL): 6=6.17 (tt, J=5.1, 1.2 Hz, 1H; =CH),
4.29-4.23 (m; 3H), 2.15 (brs, 1H; OH), 0.91 (s, 9H; C(CHj;);), 0.09 (s, 6 H;
Si(CHj;),); “C NMR (75 MHz, CDCl;): 6 =135.5 (=CH), 105.6 (=CI), 71.1
(CH,OH), 67.6 (CH,08Si), 25.9 ((CH;);), 18.3 (C), —5.2 (Si(CHys),).

Triphenylphosphine (6.1 g, 23.2 mmol) and N-bromosuccinimide (NBS)
(4.8 g, 27 mmol) were added to a cooled (—30°C) solution of this allylic
alcohol (6.35 g, 19.4 mmol) in CH,Cl, (300 mL). The mixture was stirred at
this temperature for 2 h, diluted with Et,O, and washed with saturated
aqueous NaHCO; and brine. The organic extracts were dried, concen-
trated, and then taken up with hexanes. Triphenylphosphine oxide was
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removed by filtration, and the filtrate was evaporated to give an oil, which
was purified by chromatography (from hexane to 49:1 hexane/EtOAc) to
yield (Z)-1-bromo-4-[ (tert-butyldimethylsilyl)oxy]-2-iodo-2-butene (12,
3.75 g, 50 %).°* 'TH NMR (300 MHz, CDCLy): 6 =6.27 (t, J=5.2 Hz, 1 H;
=CH), 4.32 (s, 2H; CH,Br), 4.28 (d, J=5.1 Hz, 2H; CH,0Si), 0.90 (s, 9H;
C(CH,)3), 0.09 (s, 6H; Si(CH,),); *C NMR (75 MHz, CDCl;): 6 =140.5
(=CH), 98.7 (=CI), 68.0 (CH,0Si), 42.3 (CH,Br), 25.8 ((CH3);), 182 (C),
—5.2 (Si(CH,),).

(3aR,7aS)-N-[ (S)-a-Methylbenzyl]-3a-(2-nitrophenyl)octahydroindol-
4-one [(—)-18]: This compound was prepared following the previously
reported procedure, !l by ozonolysis of 2-allyl-2-(2-nitrophenyl)-1,3-cyclo-
hexanedione (17) and then reaction of the resulting diketo aldehyde with
(S)-a-methylbenzylamine (96% ee) and NaBH;CN. A 97:3 mixture
(determined by HPLC analysis) of cis-octahydroindolone (—)-18 and the
other cis diastereomer was obtained in 37 % yield after column chroma-
tography. A second eluate afforded a 3:1 mixture of the two trans-
octahydroindolones in 8 % yield.

(3aR,7a8)-1-{(Z)-4-[ (tert-Butyldimethylsilyl)oxy]-2-iodo-2-butenyl}-3a-
(2-nitrophenyl)-1,2,3,3a,7,7a-hexahydroindol-4-one [(—)-11]: Chiral non-
racemic tertiary amine (—)-18 was converted to (3aR,7aS)-3a-(2-nitro-
phenyl)-1,2,3,3a,7,7a-hexahydroindol-4-one hydrochloride as previously
reported.l''!l To a solution of this crude hydrochloride (0.4 g, 1.36 mmol)
in CH;CN (20 mL) were added anhydrous K,CO; (0.38 g, 2.74 mmol),
allylic bromide 12 (1.07 g, 2.74 mmol), and a catalytic amount of Lil. The
mixture was stirred at 50 °C for 3 h. The solvent was removed in vacuo, and
the residue was partitioned between H,O and CH,Cl,. The organic layer
was washed with water, dried, and concentrated. Purification by chroma-
tography (CH,Cl,) afforded enone (—)-11 (576 mg, 74 %). [a]} = —113.4
(¢c=15 in MeOH); 'H NMR (300 MHz, CDCl;): 6 =789 (dd, J=8.0,
1.2 Hz, 1H; H-3'), 7.65-7.53 (m, 2H; H-5', H-6"), 741 (td, /=8.0, 1.8 Hz,
1H; H-4'), 6.86 (ddd, J=10.2,4.9, 3.6 Hz, 1 H; H-6), 6.15 (ddt, /=10.2, 2.5,
1.9 Hz, 1H; H-5), 5.98 (t, J=5.0 Hz, 1H; =CH), 4.19 (d, /=5.0 Hz, 2H;
CH,0), 3.77 (t, J=6.6 Hz, 1H; H-7a), 3.35 (s, 2H; NCH,), 3.11 (dt, /=
10.0, 7.5 Hz, 1H; H-2), 2.92 (td, J=10.0, 3.5 Hz, 1 H; H-2), 2.65 (dddd, J =
19.4,6.6,4.9,1.7 Hz, 1H; H-7), 2.60-2.40 (m, 2H; H-3, H-7), 2.37 (ddd, J =
14.5,10.0, 7.5 Hz, 1 H; H-3), 0.90 (s, 9H; C(CHs;);), 0.07 (s, 6 H; Si(CH;),);
BCNMR (75 MHz, CDCl;): 6 =197.3 (C-4), 148.2 (C-2'), 145.3 (C-6), 137.6
(C-1'), 136.6 (=CH), 132.5 (C-5'), 131.3 (C-5), 127.8 (C-4' and C-6'), 125.2
(C-3),104.6 (=C1), 67.8 (CH,0), 66.0 (C-7a), 62.2 (CH,N), 59.4 (C-3a), 49.2
(C-2), 34.4 (C-3), 25.8 ((CHs);), 25.2 (C-7), 182 (C), —5.2 (Si(CHj3),); IR
(film): ¥ =1673, 1528, 1352 cm™!; C,,H3;;IN,OSi (520.5): caled C 50.70, H
5.85, N 4.93; found C 50.74, H 5.97, N 4.92.

Palladium-promoted tandem cyclization-quenching of vinyl iodide 11:
Attempted tandem cyclization-quenching processes were carried out from
racemic 11 (prepared as above from racemic 2) under the experimental
conditions summarized in Table 2.

Methyl 4-[ (tert-butyldimethylsilyl) oxy]-2-{[ cis-3a-(2-nitrophenyl)-4-oxo-
2,3,3a,4,7,7a-hexahydro-1H-indol-1-ylmethyl}-2-(Z)-butenoate 13):
'H NMR (300 MHz, CDCl;): 6 =786 (dd, J=8.0, 1.5 Hz, 1H; H-3'), 7.57
(td, J=8.0, 1.5 Hz, 1H; H-5"), 747 (dd, J=8.0, 1.5 Hz, 1H; H-6"), 7.40 (td,
J=38.0,1.5Hz, 1H; H-4'), 6.86 (dt,J=10.2, 4.5 Hz, 1H; H-6), 6.13 (dd, J =
10.2, 2.0 Hz, 1H; H-5), 6.06 (t, J=4.9 Hz, 1H; =CH), 4.51 (d, J=4.9 Hz,
2H; CH,0Si), 3.70 (t, J=6.5Hz, 1H; H-7a), 3.49 (s, 3H; OCHs;), 3.38-
3.31 (m, 2H; NCH,), 3.06 (dt, /=9.5, 7.8 Hz, 1H; H-2), 2.90 (td, /=9.5,
3.4 Hz, 1H; H-2), 2.68 (dddd, /=19.1, 6.5, 4.5, 1.8 Hz, 1 H; H-7),2.55-2.42
(m, 2H; H-3, H-7), 2.35 (ddd, /=14.2, 9.5, 7.8 Hz, 1H; H-3), 0.89 (s, 9H;
C(CHs);), 0.05 (s, 6 H; Si(CHj),); *C NMR (75 MHz, CDCl3): 6 =1974 (C-
4), 167.0 (COO), 148.3 (C-2), 145.7 (C-6), 144.8 (=CH), 137.8 (C-1"), 132.4
(C-5"),130.7 (C-5), 127.8 and 127.7 (C-4" and C-6'), 125.2 (C-3'), 67.0 (C-7a),
61.6 (CH,0), 59.3 (C-3a), 53.5 (CH,N), 51.3 (OCH;), 49.8 (C-2), 34.8 (C-3),
25.9 ((CHs);), 25.2 (C-7), 18.2 (C), —5.3 (Si(CHs),); IR (film): #=1715,
1673, 1527, 1355 cm~!; HRMS: calcd for C,HzN,O4Si 500.2357; found
500.2343.

cis-1-{(E)-4-[ (tert-Butyldimethylsilyl) oxy]-2-vinyl-2-butenyl}-3a-(2-nitro-

phenyl)-1,2,3,3a,7,7a-hexahydroindol-4-one (15): 'H NMR (300 MHz,
CDCLy): 6=17.86 (dd, J=8.0, 1.4 Hz, 1H; H-3'), 7.55 (td, J=38.0, 1.4 Hz,
1H; H-5'), 747 (dd, J=8.0, 1.4 Hz, 1H; H-6'), 7.37 (td, J=8.0, 1.4 Hz, 1 H;
H-4'), 6.86 (ddd, J=10.1, 4.7, 3.6 Hz, 1 H; H-6), 6.32 (dd, /=174, 11.2 Hz,
1H; H-gem), 6.13 (ddd, J=10.1, 2.4, 1.9 Hz, 1H; H-5), 5.54 (t, J=6.0 Hz,
1H;=CH), 5.05 (dd, /=174, 1.5 Hz, 1H; H-cis), 4.87 (dt, /=112, 1.5 Hz,
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1H; H-trans), 4.30 (d, J=6.0 Hz, 2H; CH,0Si), 3.68 (t, J=6.6 Hz, 1H;
H-7a), 3.33 (d, /=13.0 Hz, 1H; CHN), 3.21 (d, /=13.0 Hz, 1H; CHN),
3.02 (dt, J=9.7, 8.2 Hz, 1H; H-2), 2.85 (td, J=9.7, 3.5 Hz, 1H; H-2), 2.66
(dddd, /=194, 6.8, 4.8, 1.8 Hz, 1H; H-7), 2.55-2.42 (m, 2H; H-3, H-7),
2.41-2.28 (m, 1H; H-3), 0.89 (s, 9H; C(CHs;);), 0.05 (s, 6H; Si(CHs),);
3C NMR (75 MHz, CDCly): d =197.6 (C-4), 148.3 (C-2'), 145.5 (C-6), 137.8
(C-1), 133.6 (C), 132.3 (C-5'), 131.6 (CH), 131.0 (CH), 127.8 (CH), 127.6
(CH), 1275 (CH), 125.1 (C-3), 116.0 (=CH,), 66.4 (C-7a), 59.5 (CH,0),
54.9 (CH,N), 49.5 (C-2),34.5 (C-3), 25.9 ((CH;)3), 24.4 (C-7),18.2 (C), —5.2
(Si(CH,),); IR (film): #=1673, 1527, 1353 cm™'; HRMS: caled for
CyeH,N,O,Si 468.2455; found 468.2444.

cis-1-{(E)-4-[ (tert-Butyldimethylsilyl)oxy]-2-butenyl}-3a-(2-nitrophenyl)-
1,2,3,3a,7,7a-hexahydroindol-4-one (16): 'H NMR (300 MHz, CDCL;): 6 =
7.85 (dd, J=8.0, 1.5 Hz, 1H; H-3'), 7.59 (td, J=8.0, 1.5 Hz, 1H; H-5"), 7.52
(dd, J=8.0, 1.5 Hz, 1H; H-6'), 741 (td, J=8.0, 1.5 Hz, 1 H; H-4'), 6.86 (dt,
J=10.2, 42 Hz, 1H; H-6), 6.15 (dt, /=10.2, 2.1 Hz, 1H; H-5), 5.70-5.50
(m, 2H;=CH), 4.11 (dd, J=4.2, 1.0 Hz, 2H; CH,0Si), 3.61 (t, /= 6.0 Hz,
1H; H-7a),3.22 (dd, J=14.0, 5.0 Hz, 1H; CHN), 3.07 (dd, J = 14.0, 5.5 Hz,
1H; CHN), 3.02-2.93 (m, 2H; H-2), 2.68 (dddd, J=19.3, 6.5, 4.3, 2.0 Hz,
1H; H-7),2.55-2.25 (m,3H; H-3, H-7), 0.88 (s, 9H; C(CH,)5), 0.04 (s, 6 H;
Si(CH;),); BC NMR (75 MHz, CDCl,): 6 =197.5 (C-4), 148.5 (C-2), 146.0
(C-6), 137.8 (C-1"), 132.5 (C-5'), 131.9 (CH), 130.6 (CH), 127.9 (CH), 127.7
(CH), 127.0 (CH), 125.2 (C-3'), 66.7 (C-7a), 63.2 (CH,0), 59.3 (C-3a), 53.5
(CH,N), 50.5 (C-2), 35.2 (C-3), 25.9 ((CH,)3), 25.8 (C-7), 182 (C), —5.2
(Si(CH;),); IR (film): #=1673, 1527, 1355cm™'; HRMS: caled for
C,H3,N,0,Si 442.2267; found 442.2288.

(1R,7R,8S)-2-{(E)-2-[ (tert-Butyldimethylsilyl) oxy]ethylidene}-7-(2-nitro-
phenyl)-4-azatricyclo[5.2.2.0*%]Jundecan-11-one [(—)-14]:  Pd(OAc),
(15 mg, 0.066 mmol) and triphenylphosphine (34 mg, 0.13 mmol) were
added to a solution of vinyl iodide (—)-11 (125 mg, 0.22 mmol) in Et;N
(10 mL) at 90 °C. The solution was stirred at this temperature for 1.5 h. The
mixture was diluted with Et,O and washed with saturated aqueous Na,CO;
and water. The organic layer was concentrated and purified by chromatog-
raphy (from CH,Cl, to 98:2 CH,Cl,/MeOH) to give (—)-14 (52 mg, 53 %).
[a]® =—-19.4 (¢=0.8 in MeOH); 'H NMR (300 MHz, CDCL,):* 6 =7.49
(m; 2H), 7.38 (m; 2H), 5.48 (t, /=6.3 Hz, 1H; =CH), 4.19 (d, J=6.3 Hz,
2H; OCH,), 3.93 (brs, 1H; H-3), 3.45 (d, /=14.6 Hz, 1H; H-21eq), 3.27
(m, 1H; H-15), 3.19 (dt, J=11.0, 7.5 Hz, 1H; H-5a), 3.01 (dt, J=14.0,
7.5 Hz, 1H; H-5p), 3.01 (d, J=14.6 Hz, 1H; H-21ax), 2.88 (ddd, J=11.0,
7.5,3.6 Hz, 1H; H-6$3), 2.71 (dd, J =174, 6.4 Hz, 1 H; H-16ax), 2.52 (dt, J =
174,2.1 Hz, 1H; H-16eq), 2.41 -2.31 (m, 1H; H-6a), 2.37 (dm, J = 14.0 Hz,
1H; H-14pro-R), 2.18 (ddd, J=14.0, 3.5, 2.4 Hz, 1H; H-14pro-S), 0.89 (m,
9H; C(CHjs)3), 0.06 (s, 6H; Si(CHs),); BC NMR (75 MHz, CDCl;): 6 =
211.1 (C-2),150.8 (C-13), 138.2 (C-20), 133.4 (C-8), 131.9 (CH), 129.4 (CH),
128.0 (CH), 125.2 (CH), 125.1 (C-19), 65.3 (C-3), 62.2 (C-7), 58.8 (C-18),
54.3 (C-21),53.7 (C-5), 46.1 (C-16), 39.2 (C-6), 31.0 (C-15),26.2 (C-14),25.9
((CH3)3), 18.3 (C), —5.1 (Si(CHs;),); IR (film): 7=1704, 1532, 1364 cm™!;
HRMS: calcd for C,,H3;)N,0,Si 442.2281; found 442.2288; C,,H;,N,0,Si
(442.6): calcd C 65.13, H 7.74, N 6.33; found C 64.90, H 7.95, N 6.23.

Methyl (1S,7R 8S)-2-{(E)-2-[ (tert-butyldimethylsilyl)oxy]ethylidene}-7-(2-
nitrophenyl)-11-oxo-4-azatricyclo[5.2.2.0**Jundecan-10-carboxylate [(+)-
19]: Hexamethylphosphoric triamide (HMPA) (0.34 mL, 1.97 mmol) and
a solution of ketone (—)-14 (174 mg, 0.39 mmol) in THF (10 mL) were
added to a cooled (—78°C) solution of LIHMDS (1.2 mmol, 1.2 mL of 1M
solution in THF) in THF (20 mL). After the solution was stirred for 30 min
at —78°C, the bath was removed, methyl cyanoformate (125 uL,
1.57 mmol) was added, and the mixture was stirred at room temperature
for an additional 4 h. The reaction was quenched by addition of saturated
aqueous NH,Cl (20 mL) and the resulting solution was extracted with Et,O.
The organic layer was washed with brine, dried, and concentrated. The
residue was purified by chromatography (from CH,Cl, to 97:3 CH,CL,/
MeOH) to give ester (+)-19 (enol form, 122 mg, 62 %, 67 % based on the
consumed starting ketone) and unreacted ketone (—)-14 (15mg, 8%).
[a]® =+226.4 (c=0.5in MeOH); 'H NMR (300 MHz, CDCL,):41 § =12.5
(brs, 1H; OH), 7.53-745 (m; 2H), 7.40-732 (m; 2H), 5.49 (td, /=6.3,
1.3 Hz, 1H;=CH), 4.43 (ddd, /=129, 6.3, 1.2 Hz, 1H; H-18), 4.30 (ddd,
J=129,6.3,19 Hz, 1H; H-18), 3.84-3.76 (m, 2H; H-3, H-15), 3.80 (s, 3H;
OCHs;), 3.30 (d, /J=12.8Hz, 1H; H-2leq), 3.17 (d, J=12.8Hz, 1H;
H-21ax), 3.25-3.14 (m, 1H; H-5a), 2.97 (dd, J=12.5, 7.9 Hz, 1H; H-5p),
2.80 (ddd, J=15.4,10.7, 79 Hz, 1H; H-6), 2.39 (dd, /=154, 6.8 Hz, 1H;
H-6a),2.09 (ddd, J=13.4,3.6,2.5 Hz, 1H; H-14pro-R), 1.93 (ddd, J =13.4,
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3.8,2.8 Hz, 1 H; H-14pro-S), 0.91 (m, 9H; C(CHjs)3), 0.10 (s, 6 H; Si(CHs),);
BC NMR (75 MHz, CDCl,;): 6 =174.3 and 172.0 (C-2 and C-17), 150.7 (C-
13), 135.8 (C-20), 134.5 (C-8), 131.9 (CH), 131.1 (CH), 127.6 (CH), 124.7
(CH), 124.1 (C-19), 101.7 (C-16), 66.6 (C-3), 59.2 (C-18), 55.9 (C-21), 55.2
(C-7), 54.0 (C-5), 52.1 (OCH3), 37.5 (C-6), 28.7 (C-15), 26.0 ((CH;)3), 25.2
(C-14), 184 (C), —5.0 (Si(CH3),); IR (film): 7=1651, 1610, 1531,
1363 cm~!; HRMS: calcd for C,sH3;N,O4Si 500.2343; found 500.2363;
Cy6H;36N,O4Si (500.7) - 2H,0: caled C 61.27, H 5.50, N 7.31; found C 61.45,
H 5.83, N 7.06.

Methyl (19E)-18-hydroxy-19,20-didehydro-17-curanoate (21): Zn dust
(25 g) was added to a solution of ester (+)-19 (185 mg, 0.37 mmol) in 9:1
H,SO,/MeOH (50 mL) and the resulting mixture was heated at reflux for
2 h. After cooling to room temperature, the mixture was filtered and the
filtrate was concentrated. The resulting residue was diluted with water and
treated with saturated aqueous Na,CO; until turbid. The resulting mixture
was further basified with NH,OH and extracted with EtOAc (3 x 50 mL).
The aqueous layer was neutralized with 1N HCI and extracted with CH,Cl,
(3 x50 mL). The combined organic extracts were dried and concentrated
to give a residue. Chromatography (from CH,Cl, to 7:3 CH,Cl,/MeOH)
afforded an epimeric mixture of esters 20 and 21 (9:1 ratio, 45 mg, 36 % ).
20: '"H NMR (300 MHz, CDCl,): 6 =7.13-7.04 (m, 2H; H-9, H-11), 6.81 (t,
J=175Hz, 1H; H-10), 6.63 (d, J=8.0 Hz, 1H; H-12), 5.55 (t, /=70 Hz,
1H; H-19), 425 (dd, J=12.5, 7.0 Hz, 1H; H-18), 4.17 (m, 2H; H-2, NH),
4.16 (dd,J=12.5,7.0 Hz, 1H; H-18), 3.88-3.74 (m, 1H; H-15), 3.81 (s, 3H;;
OCHs;), 3.67 (d, J=15.2 Hz, 1H; H-21), 3.61 (brd, J=3.0 Hz, 1H; H-3),
3.32(d,J=152 Hz, 1H; H-21), 3.34-3.23 (m, 1 H; H-5), 3.02 (dt, /=11.1,
6.8 Hz, 1H; H-5), 2.72 (t, /] =3.7 Hz, 1H; H-16), 2.60 (brs, 1H; OH), 2.48
(td, J=13.5, 6.8 Hz, 1 H; H-6), 2.30 (ddd, J=14.0, 3.7, 1.4 Hz, 1 H; H-14),
2.13 (dt, /=135, 6.8 Hz, 1H; H-6), 1.73 (ddd, J=14.0, 3.7, 3.0 Hz, 1H;
H-14).

A solution of esters 20 and 21 (45 mg, 0.13 mmol) in MeOH (5 mL) was
added to a solution of sodium hydride (55 %, 45 mg) in MeOH (10 mL).
The resulting mixture was heated at reflux for 5 h. To reesterify any acid
resulting from adventitious hydrolysis, 18 % HCI/MeOH (2 mL) was added
and the resulting solution was heated at reflux for 12 h. After cooling to
room temperature, the mixture was concentrated, basified with 10%
aqueous Na,COj, and extracted with EtOAc. The organic layer was dried
and concentrated to give a residue. Chromatography (from CH,Cl, to 7:3
CH,Cl,/MeOH) afforded ester 21 (32 mg, 72%). 'H NMR (300 MHz,
CDCly): =770 (td, J=7.6, 1.2 Hz, 1H; H-11), 7.05 (d, /=76 Hz, 1H;
H-9), 6.77 (td, =176, 1.0 Hz, 1H; H-10), 6.64 (d, J=7.6 Hz, 1H; H-12),
5.68 (td, J=72, 1.0 Hz, 1H; H-19), 4.25 (brs, 1H; NH), 4.09 (ddd, J =72,
3.8, 1.0 Hz, 2H; H-18), 3.93 (d, J=9.9 Hz, 1H; H-2), 3.76 (s, 3H; OCHs),
3.54 (t,J=3.1Hz, 1H; H-3), 3.53 (d, J=14.8 Hz, 1H; H-21), 3.26 (m, 1H;
H-15),3.18 (ddd, J=12.2, 10.0, 6.9 Hz, 1 H; H-5), 3.09 (d, /=14.8 Hz, 1 H;
H-21), 2.85 (ddd, J=12.2, 8.5, 4.1 Hz, 1H; H-5), 2.63-2.50 (m, 1 H; H-6),
2.57 (dd, 7=9.9, 3.9 Hz, 1H; H-16), 2.08 (dt, J=13.5, 3.6 Hz, 1H; H-14),
2.0 (brs, 1H; OH), 1.95-1.66 (m, 2H; H-14, H-6); 3C NMR (75 MHz,
CDCly): 6 =174.1 (C-17), 148.5 (C-13), 137.1 (C-20), 132.1 (C-8), 128.1 (C-
11), 126.4 (C-19), 121.9 (C-9), 119.1 (C-10), 109.5 (C-12), 66.4 (C-2), 60.8
(C-3), 579 (C-18), 57.7 (C-21), 53.8 (C-5), 53.5 (C-7), 52.9 (C-16), 52.3
(OCHs), 42.1 (C-6), 30.2 (C-15), 28.3 (C-14).

Strychnine (1): DIBAL-H (0.44 mmol, 0.44 mL of 1M solution in hexane)
was added dropwise to a cooled (—40°C) solution of ester 21 (40 mg,
0.12 mmol) in toluene (7 mL). After 25 min at this temperature, the
reaction was quenched by addition of EtOAc (1 mL), the cooling bath was
removed, and 1N HCI (2 mL) was added. The resulting mixture was stirred
at room temperature for 16 h. Concentrated NH,OH was added, and the
mixture was extracted with EtOAc. The organic extracts were dried and
concentrated to give a residue (40 mg, 65 % ) in which the main product was
the Wieland — Gumlich aldehyde.’]

NaOAc (200 mg, 2.4 mmol), malonic acid (200 mg, 1.9 mmol), and Ac,O
(40 mg, 0.4 mmol) were added to a solution of this crude product in acetic
acid (1.5 mL). The mixture was heated at 110°C for 2 h. After cooling to
room temperature, the mixture was diluted with water, basified with
aqueous 50 % NaOH, and extracted with EtOAc. The organic extracts were
dried and concentrated, and the residue was purified by chromatography
(from CH,Cl, to CH,CL,/MeOH 9:1) to give strychnine (12.5 mg, 49%),
which was identical with an authentic sample by comparison of the
'"H NMR, C NMR, TLC data. [a]} =—119.4 (¢=0.35 in CHCL); lit!*}]
[a]® =—139 (¢ =2.0 in CHCL).
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Synthesis and Biological Evaluation of Integrin Antagonists Containing
trans- and cis-2,5-Disubstituted THF Rings
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Abstract: The synthesis of a series of
RGD mimetics is described. All com-
pounds consist of a central 2,5-disubsti-
tuted tetrahydrofuran core, a variable
linker to a guanidino group, and a (-
amino alanine unit to mimic the carbox-

and a nitrogen substituent (type B,
compounds 38, 39, and 40), and an
amide linker of different length with an
additional chiral center (type C, com-
pounds 59, 60, 61, and 62). A variety of
compounds were tested as potential

integrin antagonists in a receptor bind-
ing assay (a;f3, B3, and a,fs5). The
relative and absolute configuration of
the chiral centers at the THF ring had a
pronounced effect on the binding activ-
ity and selectivity. Compound 14 proved

ylic acid. Three types of linkers were
investigated: a simple four-atom meth-
ylene chain (type A, compounds 14, 15,
16, and 17), a four-atom methylene
chain with an additional chiral center,

nists -
design

Introduction

Cell-cell and cell-matrix adhesion processes are controlled by
four classes of cell-surface proteins: cadherins, selectins,
receptors of the immunoglobulin family, and integrins.['l The
integrins are cell-surface receptors consisting of heterodimer-
ic glycoproteins (GPs) with different numbers and types of a
and S subunits. They bind to extracellular matrix adhesive
proteins such as fibrinogen, fibronectin, vitronectin, and
VCAM-1 (vascular cell adhesion molecule-1). Within the
integrin receptor family, the a,(;-integrin and the oS35
integrin receptor (also called GPIIb/IIIa) have gained partic-
ular importance in medicinal chemistry. The «,3; integrin
binds the natural ligands fibrinogen and vitronectin and is
involved in many pathological processes such as angiogenesis,
platelet aggregation, and tumor growth.? a f;-Antagonists
are therefore promising drug candidates for different diseases
such as cancer and osteoporosis. The ay,f; integrin is involved
in blood platelet aggregation and its blocking has been
investigated in the context of thrombosis therapy.l’y The RGD
motif is common for the ligands found in the adhesive
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to be a selective inhibitor of ayf;
(ICs,=20nm), whereas compound 40
exhibited high activity for binding of
amBs (ICsy=67nM) and o,f; (ICs=
52nm).

integrin antago-
synthesis

interactions with the ap,f;- and the a,f;-type integrins
(Figure 1). Intensive efforts have been made to find selective
amfBs- and the a,f;-type antagonists by structural variation of
the RGD motif.4 3]

_,-l"'
o]
H N—H Ojﬁ )I\
HzN\n,N\/\ 0 Hy' ™ OH
NH N
H ©
R G D

Figure 1. The RGD motif which is essential for most binding sites of
naturally occurring integrin ligands.

Cyclic RGD peptides such as 21 or 31"l were developed by
different groups (see Figure 2).[% 1% Their advantage is the
conformational constraint of the cyclic system, which allows a

O A~ ) H
NH
NH 'N\/&O
H H
2: cyclo(-RGDfV-) 3: cyclo(-RGD-Mamb-P-)

Kessler and Merck KGaAl®! Dupont-Merck(”)

Figure 2. Cyclic peptide integrin antagonists.
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good design of the bioactive conformation leading to high
selectivities for the different integrin receptors. However, as
with all peptide drugs, the potential immunogenicity and low
bioavailibility may cause problems.

Highly potent non-peptide integrin antagonists are pres-
ently being developed. Prominent examples are summarized
in Figure 3 (a,f;-selectivel''l) and Figure 4 (ayB;-selec-

o)
N H o) 0 N N~
Y ' =N
q N’\/\n’N\/\NJ‘N’\)LOH NH ﬁ)ﬂfoo
H H H oA N N g
H OH

4 5 (SB 223245)
SmithKline-Beecham!'2

e}
o o
HaN N,& (N/\"/N\/\O H NH,
N

6 7
Genentech!'?] Merck & Co.l"

Figure 3. Examples for non-peptide ay/3; antagonists.

Q
(0]
/M OH
N N Ie) O/O\)LOH
N
"r° 'NJ\rr
HoN o) HoN H O
NH NH
8 9
active form of Gantofiban active form of Sibrafiban
Merck KGaAll"] Rochel18l

O

(0]

NN H (0] OH
1
O b B N\n/\)LN N
| N
HoN HN Z (e} H
NH,
11

10
Fradafiban
Boehringer Ingelheim[1°]

(o]
(0]
LN
O H O,,S\/\/

12
Tirofiban
Merck & Co.[24

active form of Xemilofiban
Monsanto-Searlel20]

Figure 4. Examples for non-peptide ay,3; antagonists.

tivel'™221). The underlying design principles for all these
compounds are quite similar. They consist of a rigid pref-
erably achiral core unit which links a guanidine-type func-
tionality (or secondary amine functionality in 9) and a
carboxylic acid moiety. Efforts to use a carbohydrate frame-
work as central template led to a rather low receptor
affinity.['"]

In this paper we describe the synthesis and biological
evaluation of a series of tetrahydrofuran (THF)-based
integrin antagonists. The aim of our work was first of all to
investigate the potential of 2,5-disubstituted THFs[?] as chiral

Chem. Eur. J. 2000, 6, No. 4
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core units in RGD mimics. The THF ring as the general
structure 13 (Figure 5) in our RGD mimics is located at the
conformationally sensitive glycine position of the original
RGD sequence. We anticipated that the variation of the
absolute and relative configuration at the stereogenic centers
C-2 and C-5 of the THF ring offers the opportunity to tune the

o) 0
et (Ltinker J={% o
NH, R

13 H R

linker type A r"\/\/\fé

HR
B ‘:‘\/\/\és

0
c I, .
\ﬁf\m § n=01

Figure 5. Potential integrin antagonists of type 13 with a 2,5-disubstituted
THF core unit, a variable linker to the guanidino function, and a constant
(8)-p-amino-alanine side chain.

wz

receptor activity and selectivity. Our simple initial hypothesis
was that frans THFs should lead to more extended conforma-
tions of the RGD mimics and therefore to compounds which
are more active towards the ay,0; integrin. Whereas by the
use of cis THFs preferably bent conformations of the RGD
mimics should be induced, hence some a,f3; selectivity was
expected. This hypothesis was based on the results from the
cyclic RGD peptides in which very potent a,f(;-type antago-
nists display a “glycine centered in a y-turn” conformation,
while the most active oy;,f3; inhibitors exhibit a “turn-—ex-
tended-turn” conformation.’! While the (S)-3-amino-alanine
side chain had been proven to be a useful aspartic acid
mimic," we decided to work with this subunit and con-
centrate on target structures of type 13. Three types of
linkers between the THF unit and the guanidino function
were investigated: a simple four atom methylene chain (type
A), a four atom methylene chain with an additional chiral
center and a nitrogen substituent (type B), and an amide
linker of different length with an additional chiral center

(type O).

Results and Discussion

Synthesis: The synthesis of all four stereoisomers of the type
A linked target structures 14, 15, 16, and 17 (Figure 6) used
one common stereocenter from the chiral pool as starting
point for the THF-ring construction. The (S)-acetonide
bromide 20 is readily available from r-malic acid®¥ and has
recently been used as a valuable building block for the
stereoselective synthesis of 2,5-disubstituted THFs.[?> 20 It was
converted into the corresponding organomagnesium com-
pound and allowed to react with the aldehyde 19, which is
accessible by Swern oxidation?” of the alcohol 18. Thus, the
secondary alcohol 21 was obtained in good yield as a 1:1
epimeric mixture.
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HaN—{ H HaN—{ H
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Figure 6. THF-based RGD mimetics 14, 15, 16, and 17 with type A linker.

AN

[N ge]

20 X

a /\/\)]\
BnO” ™>""0H —» Bno H — HO O__O

18 19 b BnO X
21
1:1 epimeric mixture

Scheme 1. Preparation of the alcohol 21: a) (COCI),, DMSO, EN,
CH,Cl,, —60 —0°C, 30 min, 98 %; b) Mg, THF, 0°C, 20 min, 80 %.

Two stereochemical complementary pathways for closing
the THF ring were established. After conversion of the
hydroxy function of 21 into a leaving group (tosylate or
mesylate), the cleavage of the acetonide provided the diols
22a and 22b, which reacted in an intramolecular Williamson
reaction to yield the THF alcohol 23 (retention at C2,
inversion at C5).’l In the case of the mesylate 22b the
THF-ring closure occurred directly under the acidic condi-
tions of the acetonide cleavage (see Scheme 2). The second

aorb c;dore
21
J_/—{;QH_\ OH HO O
BnO: BnO
22a X = p-TsO 24
22b X = MesO

Tond

O
BnO BnO

O
H

23 ent-23
Scheme 2. Stereocomplementary routes to the THF alcohols 23 and ent-
23:a) i) p-TsCl, pyridine, CH,Cl,, rt, 2 h; ii) HOAc, H,O, rt, 13 h; iii) NaH,
THF/DMSO, 40°C, 4 h, 63% from 21; b) i) MesCl, Et;N, CH,Cl,, —15°C,
1 h;ii) IN HCL, THF, 1t, 2 h, 77% from 21; c¢) 1N HCI, THF, rt, 2 h, 90 %;
d) i) mesitylenesulfonyl chloride, pyridine, CH,Cl,, 0°C, 36 h; ii) K,CO;,
MeOH, rt, 2 h; iii) HOAc, CH,Cl,, rt, 2 h, 48 %; ¢) NaH, tosylimidazole,
THE, rt, 45 min, 77 %. p-Ts = para-toluenesulfonyl, Mes = methanesulfon-
yl, DMSO = dimethyl sulfoxide.

route started with the cleavage of the acetonide in 21 to
the corresponding triol. A subsequent stereocontrolled con-
version of the 1,2-diol group into an epoxide function
(21—24) followed by an intramolecular 5-exo opening

668 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

of the epoxide by the OH group gave the THF alcohol
ent-23 (inversion at C2, retention at C5).2) A one-step
procedure using 4 equiv NaH and 1.2 equiv tosylimidazole/?®!
gave a higher yield than the three-step route via the
mesitylene sulfonate. However, the stereocontrol of the
tosylimidazole procedure was not complete. Due to the
formation of the secondary tosylate as a minor by-product,
only a 9:1 selectivity was achieved.

A two-step oxidation (Swern®l+NaClO,P") of the alcohol
23 led to the THF carboxylic acids 25 and 26 after chromato-
graphic separation of the trans and cis isomers (Scheme 3).

T
T

0 0
A/J—Qi_« OH J—/—O_«OH
BnO Bno
25

O
26
o o _ 1
Cl HaN OMe NBoc
N, BocHN” ~NH,
H Z
27 28
o} o]
cd 0z e
25 —— H™Y g ” OMe __— 5
HO N,
29 H
o} o]
= fg
HOG N OMe ——> 14
H
BocN 'N‘Z
HoN H
NBoc 30
o] o]
h,i NoTE
26 ——» g°%gf N OMe
H
HO N,
31 H
o] o]
A2 kil
A94 N OMe ——» 15
H
BocN 'N‘Z
HN— H
NBoc
32

Scheme 3. Synthesis of the RGD-mimetics 14 and 15: a) (COCl),, DMSO,
Et:;N, CH,Cl,, —60—0°C, 30 min; b)NaClO,, NaH,PO,, amylene, ¢-
BuOH, rt, 12 h, 77%; 40% of 25 and 21 % of 26 after chromatography;
c) H,, 10% Pd/C, THF/MeOH/H,0 4:2:1, rt, 18 h; d) 27, BOP, EtN(iPr),,
MeCN, 1t, 16 h, 89 % from 25; ¢) 28, PPh;, diisopropyl azodicarboxylate,
THE, rt, 16 h, 62 %; f) LIOH, THF, H,O, rt, 20 min; g) TFA, CH,Cl,, rt, 2 h,
85 % from 30; h) and i) see c) and d), 62 % from 26; j) see ¢), 74 %; k) and
1) see f) and g), 79% from 32. BOP = 1-benzotriazol-1-yloxytris(dimethy-
lamino)phosphonium hexafluorophosphate, TFA = trifluoroacetic acid.

The stereochemical assignment of the relative configuration
at the THF ring was possible by NMR spectroscopy. Evalua-
tion of the NOESY spectrum from 26 showed 2-H/5-H and
3-H/5-H cross peaks for the cis isomer (Figure 7), which were
absent in the case of the trans-isomer 25.

Hydrolytic cleavage of the benzylether in 25 and coupling
(BOP/EtN(iPr),)P!l of the resulting hydroxycarboxylic acid
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with the amine component 27
delivered the amide 29 in 89 %
yield. The amine component is
available via Hofmann degra-
dation and esterfication of
Z-protected  L-asparagine.l*?
Using the guanidine reagent
28 the introduction of the Boc-
protected guanidino group
(29 —30) was achieved by a
Mitsunobu reaction.”¥ Hydro-
lysis of the methyl ester, N-Boc
deprotection, and RP-HPLC purification gave the free trans-
THF guanidine carboxylic acid 14. Along the same route the
cis-THF guanidine carboxylic acid 15 was prepared from the
cis-THF carboxylic acid 26.

For the synthesis of the two other type-A linked stereo-
isomers 16 and 17, the separation of the trans and cis isomers
was performed in a later stage of the guanidine methyl esters
36 and 37 (Scheme 4). Thus, the THF alcohol ent-23 was

3J2,3—H(B) =9.0Hz
3J,3.1(a) = 4.5 Hz

Figure 7. Sterochemical assign-
ment of the cis configuration of
26 from NMR data.

ent-23 J_/—Q_« /_/_Q_/( /\)L
—> J_/—Q_« \‘)LOMe
BocN
HN—
NBoc
l ' '
o 0 O o]
AL~
HN . HN 'N~Z
HoN— H Z HoN— H
NH 36 NH 37
I "
16 17

Scheme 4. Synthesis of the RGD-mimetics 16 and 17: a) (COCl),, DMSO,
EtN, CH,ClL, —60—0°C, 30 min; b) NaClO,, NaH,PO,, amylene, ¢-
BuOH, rt, 12 h; 64 %; c) H,, 10% Pd/C, THF/MeOH/H,0 4:2:1, rt, 18 h;
d) 27, BOP, EtN(iPr),, MeCN, rt, 16 h, 75% from 34; e)28, PPh;,
diisopropyl azodicarboxylate, THF, rt, 16 h, 78 %; f) TFA, CH,Cl,, rt, 2 h,
HPLC separation of the trans and cis isomer; g) LiOH, THF, H,O, rt,
20 min, 10% from 35; h) LiOH, THF, H,O, rt, 2h 6 % from 35. BOP =1-
Benzotriazol-1-yloxytris(dimethylamino)phosphonium  hexafluorophos-
phate, TFA = trifluoroacetic acid.

oxidized to the carboxylic acid 33, which was coupled with the
amine unit 27 to yield the amide 34. The latter was trans-
formed into the N-Boc-protected guanidine 35. After N-Boc
deprotection the trans-THF 36 and the cis-THF 37 were
separated by RP-HPLC. Hydrolysis of the methyl ester group
gave the final RGD-mimetics 16 and 17.

The stereochemical assignment of the relative configura-
tion in 16 and 17 was achieved by NMR spectroscopy. The
NOESY spectrum of 16 and 17 showed 2'-H/3’-H and 3'-H/5'-
H cross peaks for the trans-isomer 16 and 2'-H/5'-H and 3'-H/
5'-H cross peaks for the cis-isomer 17 (Figure 8).
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CONHR'

17

Figure 8. Sterochemical assignment of the trans configuration of 16 and
the cis configuration of 17 from depicted NOESY data.

Three THF-RGD mimetics 38, 39, and 40 of type B linker
were accessible from the N-protected ornithine derivative 41
(Figure 9).

H
Z—N, O o
L,
HN N HN
H2N—< H R HZN—< SO,Bu
NH NH
38 R=S0,Bu 39

40 R=2Z
Figure 9. THF-based RGD mimetics 38, 39, and 40 with type B linker.

The acylation the bis-N-protected carboxylic acid 41 to the
ketone 42 required some effort. Acylation of the lithium salt
or the acid chloride failed.’*! The two N-protecting groups
(Boc and Z) with their free NH groups were not compatible
with these reaction conditions. A successful conversion of 41
to 42 was possible via the thiopyridine ester of 41.5° Reaction
of the thiopyridine ester with the butenyl Grignard reagent in
THF at —78°C afforded 27% of the desired product 42
(Scheme 2). The yield could be improved to 92% by trans-
metallation of the Grignard reagent with CuCN/2LiCl at
—40°C and subsequent addition of the thiopyridine ester.
Reduction of the ketone 42 with L-selectride gave the two
epimeric alcohols 43 and 44 in a 3:1 ratio. The stereochemical
assignment of compounds 43 and 44 was possible by NMR
studies of the corresponding oxazolidinones 45 and 46. In the
case of the cis oxazolidinone a preferred conformer 47
exhibits a J,5="77 Hz, while the preferred conformer of the
trans oxazolidinone 48 exhibits a J,s=5.3 Hz.[*

In order to support this assignment, an X-ray crystal
structure analysis of the p-nitrobenzoate 49, a crystalline
derivative of the main reduction epimer 43, was done.
(Figure 10). The results from the NMR studies and from the
X-ray crystal structure analysis were consistent.

The stereochemical outcome of the L-selectride reduction
deserves some comments. In related reductions of for
example the alanine-derived ketones the opposite selectivity
is observed.’” An explanation for the non-Felkin—Anh
selectivity observed in the reduction of 42 may be a chelating
effect of the N-Boc group.

The terminal alkene 43 was epoxidized with MCPBA to a
1:1 epimeric mixture of epoxy alcohols, which by treatment
with PPTS underwent an intramolecular epoxide opening to
give the THF alcohol 50 as a 1:1 mixture at C-2 (Scheme 6).
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Scheme 5. Acylation of 41 and stereoselective reduction of ketone 42:
a) i) 2-mercaptopyridine, N,N'-diisopropylcarbodiimide, CH,Cl,, 94 %;
i) 2.4 equiv CuCN x 2LiCl, 2.4 equiv BrMgCH,CH,CH=CH,, THEF,
—78— —5°C, 30min, 92%; b)L-selectride, THF, —100— —70°C,
30 min; 46 % of pure 43 after crystallisation; ¢) NaH, THF, rt, 18 h, 90 %;
d) NaH, THF, rt, 18 h, chromatography, 15%. L-selectride = Lithium-tri-
sec-butylborohydride.

Figure 10. X-ray crystal structure of the p-nitrobenzoate 49.

Oxidation of 50 yielded the carboxylic acid 51. Coupling of 51
with the B-amino alanine derivative 5282 resulted in the
amide 53. After Boc deprotection an primary amine was
obtained, which was allowed to react with the iso-thiourea
5481 to produce after chromatographic (HPLC) diastereomer
separation the trans-THF compound 55 and the cis-THF
compound 56. Cleavage of the guanidine protecting groups
and hydrolysis of the methyl ester yielded the RGD-mimetics
38 and 39.
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Scheme 6. Synthesis of the RGD-mimetics 38 and 39: a) MCPBA, CH,Cl,,
rt, 12 h; b) PPTS, CH,Cl,, rt, 12 h; 90 % from 43; ¢) (COCl),, DMSO, Et;N,
CH,Cl,, —60 —0°C, 30 min; d) NaClO,, NaH,PO,, amylene, t-BuOH, rt,
12 h; 64% from 50; e) 52, HOBt, EDC, EtN(iPr),, THF, rt, 16 h, 61 %;
f) TFA, CH,Cl,, t, 2 h; g) 54, HgCl,, Et;N, DMF, rt, 3 h, HPLC separation
of the cis and trans isomers, 38 % of 55 and 13 % of 56; h) i) LiOH, THF,
H,0, rt, 20 min; ii) TFA, CH,Cl,, rt, 2 h, 66 %; i) see h, 43%. MCPBA =
meta-chloroperoxybenzoic acid, PPTS = pyridinium para-toluenesulfonate,
HOBt = 1-Hydroxy-1H-benzotriazole, EDC = N’-(3'-Dimethylaminoprop-
yl)-N-ethylcarbodiimide hydrochloride.

In order to evaluate the effect of the butylsulfonyl group
versus the Z group on receptor binding the trans-THF RGD
mimetic®? 40 containing a Z-group was synthesized analogous
to the route for compounds 38 and 39 (Scheme 7). In the case

H
Z-N o] o]
a 7 B
51 ——  Boc, FON N7 OMe
N H AN
H 57
H
zZ-N, o] o]
b,c R
— 94 N OMe
HN N,
BocHN—{ H
NBoc 58
i de
40

Scheme 7. Synthesis of the RGD-mimetic 40: a) 27, HOBt, EDC, Et-
N(iPr),, THF, rt, 16 h, crystallization of the trans isomer, 37 %; b) TFA,
CH,Cl,, rt, 2 h; ¢) 54, HgCl,, Et;N, DMF, rt, 3 h, 73 % from 57; d) i) LiOH,
THEF, H,O, rt, 20 min; ii) TFA, CH,Cl,, rt, 2 h, 46 % from 58.

of 40, the isomerically pure trans-THF epimer could be
separated by crystallization after the coupling reaction of the
carboxylic acid 51 with amine component 27.

The stereochemical assignment of compounds 38, 39, and
40 was possible by NMR studies. The results from the
evaluation of the corresponding NOESY spectra are sum-
marized in Figure 11.
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Figure 11. Sterochemical assignment of the relative configuration at the
THEF rings of 38, 39, and 40 from NOESY data.

The third group of RGD mimetics (type C) with an amide
linker of different length and an additional chiral center was
addressed next. Four target structures 59, 60, 61, and 62 were
chosen (Figure 12).

HN 61 HN 62
Figure 12. THF-based RGD mimetics 59, 60, 61, and 62 with type C linker.

Starting point for the synthesis of the four type C linked
target structures were the N-Boc-protected THF amino acids
63 and 65 (Scheme 8).34 The trans-THF configuration of 63

65 66 H

Scheme 8. Synthesis of compounds 64 and 66: a)27, HOBt, EDC,
EtN(iPr),, THF, rt, 16 h, 81 %; b) see a) 84 %.

and the cis-THF configuration of 65 have been established by
X-ray crystal structure analysis.’} Coupling (HOBt/EDC) of
the Boc-protected THF amino acids with the amine compo-
nent 27 gave the two amides 64 and 66.

The trans-THF amide 64 was N-Boc deprotected and
allowed to react with N-Boc-glycine to yield the diamide 67
(Scheme 9). After conversion of the N-Boc group in 67 into a
guanidino function the completion of the carbon skeleton of
the RGD mimetic was obtained. All attempts to use building
block 69 a for the combined introduction of the linker and the
guanidino function failed, as a result of the easy formation of
the five-membered creatinine-like heterocycle. Deprotection
of the guanidino function in 67 and hydrolysis of the methyl
ester provided the target compound 59. The tripeptide 68 with
an additional carbon atom in the linker chain was synthesized
from the N-Boc deprotected form of 64 by coupling with
building block 69b.3°! This time, the formation of the six-
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membered ring 70, which occurred initially as major product,
could be suppressed to some extend by optimized reaction
conditions. Deprotection of the guanidino function and
hydrolysis of the methyl ester gave access to the RGD-
mimetic 61. Along the same routes the cis-THF derivative 66
was converted via the diamides 71 and 72 into the two cis-THF
RGD mimetics 60 and 62.

b 3—/< AHL o,

a’b _>—
 —
BocHN

67
64 —
F| /\HJ\OMe —> 61
BocHN
NH
BocN 68
R O
D
) HN.__N.
BocHN—§ n Y “Boc
NBoc 69an=1 70 NBoc
69b n=2
hi _}_3—D—4 ’\)Lom_, }
BocHN
71
66 —
[im 3—.@—«
\‘)L_> i
BocHN
NH
BocN 72

Scheme 9. Synthesis of the RGD-mimetics 59, 60, 61, and 62: a) TFA,
CH,Cl,, rt, 2 h; b) N-Boc-glycine, HOBt, EDC, EtN(iPr),, THF, rt, 18 h,
94 % from 64; c) i) TFA, CH,Cl,, rt, 2 h; ii) 54, HgCl,, Et;N, DMF, rt, 2.5 h,
93 %; d) i) LiOH, THF, H,O, rt, 20 min; ii) TFA, CH,CL,, rt, 2 h, 60 %;
e) TFA, CH,Cl,, t, 2 h; f) 69b, HOBt, EDC, EtN(iPr),, THF, 0°C —rt, 3 h,
rt,3 h,75% from 64; g) see d), 72%;h) and i): see a) and b), 81 %;j) and k):
see ¢) and d), 67 %; 1) and m): see e) and f) 35% 72 and 29 % 70; n) see d),
79%.

Biological evaluation: The RGD mimetics were tested for
their biological activity in a receptor binding assay.*!l All
three types of linkers led to receptor antagonists with
submicromolar activity on a5 or on a,f3; (Table 1) integrin
receptor. The linker type and the relative configuration of the
THF ring had a pronounced effect on the receptor activity and
selectivity. All compounds were essentially inactive on a.fs,
probably as a result of the f-amino alanine side chain which is
known to be specific for the B;-integrin.['!

All four compounds with the flexible type A linker (14, 15,
16, and 17) showed a stronger binding with the a;,5; than with
the a,fB;-type receptor. Compound 14 exhibited a high activity
and selectivity for ap,fB; (IC5y=20nM, ICs, (a,f;) =3.5 um)
and may be a good candidate for further delevopment. The
relative and absolute configuration of the THF ring in this
series has a remarkable influence on the binding to the a5
receptor: The trans compounds are more active than the cis
compounds, the most potent is the 2'S,5'S-stereoisomer 14.

The three compounds 38, 39, and 40 with type B linker were
found to be active in the nanomolar range for binding with the
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Table 1. Effect of compounds (14-17, 38-40, and 59-62) on ligand
interaction with integrins.?

Linker type Compound 1Cs, [pm] 1Cs [m] ICs [pm]
a.fs amBs avPs
A 14 35 0.02 >10
A 15 1.8 0.39 >10
A 16 71 0.21 8.8
A 17 5.9 2.7 >10
B 38 0.20 0.24 >10
B 39 0.41 1.82 >10
B 40 0.052 0.067 >10
C 59 4.8 0.32 >10
C 60 >10 >10 >10
C 61 0.71 0.29 >10
C 62 >10 >10 >10
2 0.003 6.4 1.8
GRGDSPK 0.32 6.0 >10

[a] Biotinylated ligands vitronectin (a,8; and a,fs) or fibrinogen (ay;,5;)
were allowed to bind to immobilized integrins in the presence of the
compounds 14-17, 38-40, and 59-62. The concentration necessary for
half-maximum inhibition of ligand binding is shown. The peptide
GRGDSPK and compound 2 were included for reference. The sign > in-
dicates that the ICs, had not been reached at the maximum concentration
tested (10 pm). 141

apBs and with the a,f; receptor. This time, the trans-THF
compound was more active than its cis counterpart at the
apPs and the a,f; integrin. The comparison between com-
pounds 38 and 40 allowed the evaluation of the N-substituent
of the B-amino alanine part: The benzyloxycarbonyl (Z)
group led to 3—4 times stronger binding than the butylsul-
fonyl group. By comparison of 40 and 16 the beneficial effect
of the type B linker for a,3; binding can be clearly seen
(enhancement of a,3; binding by factor 140 versus 3 for o33
binding).

In the type C linker series the trans—cis effect was most
pronounced: Both cis-compounds 60 and 62 showed no
activity. The central cis-THF amino acid in 60 and 62 was
recently recognized as S-turn mimic.”¥ Analogy of the NMR
parameters in the THF part indicated that an energetically
favorable hydrogen bond also fixed 60 and 62 in a S-turn like
conformation. This S-turn like conformation leads to a
collapse of the RGD motif and a complete loss of binding.
The trans-THF compounds 59 and 61, which cannot adopt a (3-
turn like conformation, showed activity for both receptors
with some selectivity in favor of the a5 receptor. The effect
of the linker length on receptor binding is seen in the
comparison between both compounds: In the a,; case the
longer linker 61 resulted in a higher activity, whereas no
substantial effect of the linker length was found for the a5
receptor affinity.

Additionally performed molecular modeling studies on all
RGD mimics were of limited validity due to the inherent
flexibility of these compounds. Only in the case of 60 and 62
and the type B linker structures 38, 39, and 40 we were able to
locate pronounced minimum conformers. Representative
overlays of the calculated minimum conformers of 62 and 40
our most active compound on the a,f; integrin are displayed
in Figure 13.

The tight arrangement of the pharmacophoric groups in
Figure 13, bottom is presumably the reason for the inactivity
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Figure 13. Overlay of low energy conformations of THF-based RGD
mimetics, THF ring in green; top: 40 (yellow 83 % and blue 15 % populated
at 298 K); bottom: 62 (yellow 87% and blue 8% populated at 298 K).

of 62. Interestingly an anologous hydrogen-bonded motif of
39 was not observed either by molecular modeling nor by
NMR techniques. The benzyloxycarbonylamino substituent
adjacent to the THF in 40 (Figure 13, top) obviously forces the
guanidino side chain into a direction appropiate for a,; (and
aypfs) binding far away from the carboxylic acid moiety.

Conclusion

The work presented here shows that 2,5-disubstituted tetra-
hydrofurans are well suited as a new core unit for RGD
mimetics. The activity and selectivity of the receptor binding
can be addressed by choosing the relative and absolute
configuration of the stereocenters at the THF ring and the
linker type. Synthetic routes to the different stereoisomers
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were successfully established. In agreement with our initial
hypothesis all RGD mimics possessing a trans-THF unit were
considerably more active on the a5 integrin than their
comparable cis-THF counterparts. A good selectivity and
activity for ay,f; was observed for compound 14 with type A
linker. The use of cis-THF compounds did not automatically
generate a,f3; activity or selectivity. Although our best RGD
mimic in terms of a,f3; selectivity 39 (factor 4.4) was cis
configured, the trans-THF compound 40 was the best in terms
of a,f; activity. In order to achieve higher activity towards the
a,f; receptor the use of the type B linker seems to be more
important than the THF configuration. The S-turn imitating
cis-THF amino acid as central core (in 60 and 62) is not
suitable for integrin binding.

The present work focuses on selected stereoisomers for
each linker type. From the results obtained the investigation
of further stereoisomers are promising. In particular the type
B linker, where only two stereoisomers were tested, should be
explored in future work. General conclusions on structure —
activity relationships can only be given after the biological
data of these compounds are available.

The new synthetic routes to THF-integrin antagonists
presented herein and the promising biological evaluation of
these new class of compounds should encourage further
efforts to develop prospective drug candidates for the therapy
of thrombosis, angiogenesis, and tumor metastasis.

Experimental Section

General: All b.p.’s and m.p.’s are uncorrected. IR: Bruker IFS 88. NMR:
Bruker AC-300, DPX-300, AMX-500, and AMX-600. For 'HNMR: CDCl,
as solvent 0y =725, [D¢]DMSO as solvent oy =2.50, [D,]MeOH as solvent
Oy =4.78; for PC NMR: CDCl; as solvent 0. =77.0, [Dg]DMSO as solvent
O0c=39.5, [D,]MeOH as solvent 0. =49.0. Elemental analysis: CHN Rapid
(Heraeus), CHNS-932 Analysator (Leco). HRMS: Finnigan MAT 95. All
reactions were performed under an inert atmosphere of argon in oven- or
flame-dried glassware. Dry solvents: THF, Et,O, benzene, and toluene were
distilled from sodium benzophenone. All commercially available reagents
were used without purification unless otherwise noted. All reactions were
monitored by thin-layer chromatography (TLC) carried out on Merck
F-254 silica glass plates visualized with UV light and/or heat-gun treatment
with 5 % phosphomolybdic acid in ethanol or 1.2 % anisaldehyde in ethanol
and 2.20% H,SO,. Column chromatography (CC) was performed with
Mereck silica gel 60 (70 -200 mesh and 230-400 mesh). PE: light petroleum
ether, b.p. 40-60°C. MTBE: methyl tert-butyl ether, DIAD: diisopropyl
azodicarboxylate.

5-Benzyloxypentanal (19): A solution of DMSO (144mL, 159g,
201 mmol) in CH,Cl, (100 mL) was added dropwise over a period of
20min at —60°C to a solution of oxalyl chloride (10.8 mL, 15.7 g,
124 mmol) in CH,Cl, (400 mL). After the reaction mixture was stirred at
this temperature for 5 min, a solution of the alcohol 18 (20.0 g, 103 mmol)
in CH,Cl, (100 mL) was added dropwise, and the reaction mixture was
stirred for an additional 15 min. NEt; (60.0 mL, 43.8 g, 433 mmol) was
added and the solution was stirred for further 5 min at — 60 °C. The reaction
mixture was allowed to warm to 0°C within 30 min. The reaction was
quenched by the addition of sat. aqueous NaHCO; (400 mL). After
separation of the layers, the aqueous layer was extracted with CH,Cl, (2 x
300 mL). The combined organic layers were washed with sat. aqueous NaCl
(300 mL) and dried with MgSO,. After removal of the solvent in vacuo and
azeotropical distillation with toluene (50 mL), the crude product was
purified by CC (100 g, PE/Et,0 1:1) to yield aldehyde 19 (19.5 g,98 %) as a
slightly yellow liquid. R;=0.60 (PE/Et,O 1:1); IR (neat): ¥ =3030m (ArH),
2940/2865s (CH), 2740w (CHO), 1725s (C=0), 1455m, 1365w, 1205w, 1100s,
740m, 700m; 'H NMR (300 MHz, CDCl,): 6 =1.58-1.81 (m, 4H, 3-H,,
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4-H,),2.44 (td,7=71, 1.4 Hz, 2H, 2-H,), 3.48 (1, /= 6.0 Hz, 2H, 5-H,), 4.49
(s, 2H, CH,-Ph), 725-738 (m, 5H, Ph), 9.74 (t, J=1.5 Hz, 1 H, CHO);
3C NMR (75 MHz, CDCL): 6 =18.9 (C-3), 29.0 (C-4), 43.5 (C-2), 69.7 (C-
5), 72.8 (CH,-Ph), 12748, 127.54, 128.3, 138.4 (Ph), 202.4 (C-1).

(28,5RS)-9-Benzyloxy-1,2-O-isopropyliden-nonane-1,2,5-triol (21): After
Mg turnings (182 mg, 7.50 mmol) in THF (3 mL) were activated with some
drops of dibromoethane, a solution of bromide 20 (1.04 g, 5.00 mmol,
filtered through 5 g silica gel prior to use with PE/Et,O 5:1) in THF (5 mL)
was added dropwise in a manner that the internal temperature did not
exceed 40°C. After additional stirring for 1 h at room temperature, the
Grignard solution was cooled to 0°C and a solution of aldehyde 19 (460 mg,
2.39 mmol) in THF (5 mL) was added within 10 min. After 20 min at room
temperature, sat. aqueous NH,Cl (20 mL) was added, and the two-phase
system was stirred for additional 1 h. The layers were separated and the
aqueous layer was extracted with Et,O (3 x 20 mL). The combined organic
layers were washed with sat. aqueous NaCl (30 mL) and dried with MgSO,.
Removal of the solvents in vacuo and purification by CC (30 g, PE/Et,0
1:1) afforded the epimeric alcohol 21 (620 mg, 80 %) as a colorless oil. R;=
0.30 (PE/Et,0 1:2); IR (neat): ¥=3445m (OH), 3030w (ArH), 2985m/
2935s/2860s (CH), 1455m, 1370s, 1255m, 1215m, 1155m, 1100s, 1060s,
1030m, 855w, 735m, 700m; '"H NMR (300 MHz, CDCLy): 6 =1.35, 1.41 (25,
6H, 2 CHj;) superimposed by 1.35-1.74 (m, 10H, 3-H,, 4-H,, 6-H,, 7-H,,
8-H,), 1.90-2.69 (m, 1 H, OH), 3.47 (t,/ =6.4 Hz, 2H, 9-H,), superimposed
by 3.46-3.66 (m, 2H, 1-H,, 5-H), 3.98-4.13 (m, 2H, 1-Hg, 2-H), 4.49 (s,
2H, CH,-Ph), 7.22-7.35 (m, 5H, Ph); *C NMR (75 MHz, CDCL,): 6 =22.3
(C-7), 25.6, 26.9 (2CH;), 29.6 (C-8), 29.5 and 30.0, 33.5 and 33.7, 37.1 and
372 [C-3, C-4, C-6 (two epimers each)], 69.4 (C-1),70.2 (C-9), 71.1,71.4 [C-
5 (two epimers)], 72.8 (CH,-Ph), 76.1 (C-2), 108.8 (C,, ketal), 127.4, 127.5,
128.2, 138.4 (Ph); C;oH;,0, (322.45): caled C 70.78, H 9.38; found C 71.05,
H 9.09.

(25,5RS)-5-(4-Benzyloxybutyl)-2-hydroxymethyl-tetrahydrofuran (23) via
tosylation: Pyridine (1.5 mL) and p-toluene sulfonyl chloride (750 mg,
3.93 mmol) were added at 0°C to a solution of alcohol 21 (322 mg,
1.00 mmol) in CH,Cl, (5 mL). After the solution was stirred for 4 h at room
temperature, water (5 mL) was added, and the stirring was continued until
excess p-toluene sulfonyl chloride was destroyed. The mixture was adjusted
to pH 2 with 1N aqueous HCI. After separation of the layers, the aqueous
layer was extracted with Et,0 (2 x20mL), and the combined organic
layers were washed with sat. aqueous NaHCO; (10 mL) and sat. aqueous
NaCl (10 mL). Drying with MgSO,, removal of the solvents in vacuo, and
subsequent CC (20 g, PE/Et,0 1:1) yielded tosylate 22a (428 mg, 90 % ) as a
colorless oil. R;=0.59 (PE/Et,O 1:1). Tosylate 22a (290 mg, 0.608 mmol)
was dissolved in HOAc (10 mL) and H,0O (2 mL). After the solution was
stirred at room temperature for 13 h, the solvents were removed in vacuo at
room temperature. Toluene (10 mL) was added and subsequently removed
in vacuo (2x). The obtained crude product was used without further
purification for the following cyclization step. R;=0.07 (Et,0). After the
crude product was dissolved in THF (10 mL), NaH (95%, 100 mg,
3.96 mmol) and four drops of DMSO were added. The reaction mixture
was allowed to stir for 4h at 40°C. At 0°C HOAc (8 mL) was added
carefully and the solvents were removed in vacuo. The crude product was
partitioned between H,O (10 mL) and Et,0 (30 mL). The layers were
separated and the aqueous layer was extracted with Et,O (30 mL). The
organic layers were washed with sat. aqueous NaHCO; (15 mL) and sat.
aqueous NaCl (10 mL). After drying with MgSO, and removal of the
solvents under reduced pressure, purification with CC (15 g, Et,O) yielded
the title compounds as a colorless oil (125 mg, 78 % based on tosylate 22a,
63% based on the alcohol 21). R;=0.50 (Et,0); HPLC: tz =27.5 and
30.3 min (Si 60; 4 % isopropyl alcohol in n-hexane); IR (neat): ¥ =3425m
(OH), 3030w (ArH), 2930/2860s (CH), 1455m, 1360w, 1100s, 1045m, 735m,
700m, 665m; '"H NMR (300 MHz, CDCL;): 6 =1.32-1.75 and 1.80-2.06 (m,
8H;m, 2H, 3-H,, 4-H,, 1'-H,, 2'-H,, 3'-H,), 2.59 (brs, 1 H, OH), 3.40-3.69
(m, 4H, 4-H,, 1"-H,), 3.80-4.13 (m, 2H, 2-H, 5-H), 4.49 (s, 2H, CH,-Ph),
7.23-7.36 (m, 5H, Ph); °C NMR (75 MHz, CDCL,): 6 =22.7 (C-3'), 29.6
(C-2), 26.9 and 274, 31.1 and 31.8, 35.4 and 35.5 [C-3, C-4 and C-1' (two
epimers each)], 64.8, 65.0 [C-1" (two epimers) ], 70.0 (C-4'), 72.7 (CH,-Ph),
78.8 [C-2 (one epimer)], 79.1 [C-2 (one epimer), C-5 (one epimer)], 79.8
[C-5 (one epimer)], 127.3, 1275, 128.2, 138.4 (Ph); C,H,,0; (264.36): calcd
C 72.69, H 9.15; found C 72.75, H 9.08.

Preparation of THF derivative 23 via mesylation: A solution of alcohol 21
(17.6 g, 54.6 mmol) in CH,Cl, (220 mL) was treated with NEt; (30.3 mL,
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22.1 g,218 mmol) at — 40 °C and methanesulfonyl chloride (8.53 mL, 12.5 g,
109 mmol) was added dropwise within 10 min. The reaction mixture was
allowed to warm to — 15°C and was stirred for 1 h at this temperature. Sat.
aqueous NaHCO; (200 mL) was added, the layers were separated, and the
aqueous layer was extracted with Et,0 (200 mL). The combined organic
layers were washed with sat. aqueous NaCl (100 mL). After the organic
layer was dried with MgSO,, the solvent was removed in vacuo. Toluene
(50 mL) was added and subsequently removed in vacuo. The obtained
crude product 22b was used without further purification for the following
steps. R;=0.47 (PE/Et,O 1:1). Crude mesylate 22b was dissolved in THF
(100 mL) and aqueous 1N HCI (120 mL). After the solution was stirred for
4 h at room temperature, the reaction mixture was extracted with EtOAc
(3 x 100 mL). The organic layers were washed with sat. aqueous NaCl (2 x
50 mL), and after separation dried with Na,SOy, the solvents were removed
in vacuo. CC (300 g, PE/Et,O 1:3) afforded THF alcohol 23 as a colorless
(11.1 g, 77 % based on the alcohol 21).
(2R,5RS)-5-(4-Benzyloxybutyl)-2-hydroxymethyl-tetrahydrofuran  (ent-
23): A solution of alcohol 21 (1.12 g, 3.47 mmol) in THF (10 mL) and 1N
aqueous HCI (6 mL) was stirred for 2 h at room temperature. The reaction
mixture was then extracted with EtOAc (3 x 15 mL), and the combined
organic layers were washed successively with sat. aqueous NaHCO;
(20 mL) and sat. aqueous NaCl (15mL). After the organic phase was
dried with Na,SO,, the solvents were removed under reduced pressure. CC
(20 g, EtOAc) gave the triol (885 mg, 3.13 mmol, 90 %) as a colorless oil.
R;=0.25 (EtOAc); IR (neat): 7 =3360brs (OH), 2935/2865s (CH), 1455m,
1365m, 1315w, 1275m, 1200w, 1100s, 1070s, 1030m, 735m, 715m, 700m;
'H NMR (300 MHz, CDCl;): 6 =1.35-1.68 (m, 10H, 3-H,, 4-H,, 6-H,,
7-H,, 8-H,), 3.46 (t, /= 6.4 Hz, 2H, 9-H,), superimposed by 3.34-3.71 (m,
4H, 1-H,, 2-H, 5-H), 4.48 (s, 2H, CH,-Ph), 4.67 (brs, 3H, 30H), 7.22-7.42
(m, 5H, Ph); BC NMR (75 MHz, CDCly): 6 =22.3 (C-7), 29.5 (C-8), 28.8,
29.7,32.8, 33.6, 36.9, 37.2 [C-3, C-4, C-6 (two epimers each)], 66.2, 66.6 [C-1
(two epimers)], 70.3 (C-9), 71.3, 71.7, 72.1, 72.4 [C-2, C-5 (two epimers
each)], 72.8 (CH,-Ph), 127.5, 127.6, 128.3, 138.3 (Ph).

Pyridine (3.5mL, 3.4¢g, 43mmol) and mesitylene sulfonyl chloride
(358 mg, 1.64 mmol) were added sequentially at 0°C to a solution of this
triol (420 mg, 1.49 mmol) in CH,Cl, (10 mL). After the solution was stirred
for 36 h at 0°C, water (10 mL) was added, and the stirring was continued
for additional 30 min. The layers were separated and the aqueous layer was
extracted with Et,0 (3 x10mL). The organic layers were washed
successively with 1N aqueous HCl (20 mL), sat. aqueous NaHCO;
(10 mL) and sat. aqueous NaCl (10 mL). Subsequent drying with Na,SO,
and removal of the solvents in vacuo yielded an oily residue which was
dissolved in MeOH (15mL). After addition of solid K,CO; (1.00 g,
7.24 mmol), the reaction mixture was stirred for 2 h. The solvent was
removed in vacuo at room temperature. The residual oil was dissolved in
Et,0 (30mL) and washed with water (2 x 10 mL), and then with sat.
aqueous NaCl (20 mL). After removal of the solvent in vacuo, the residue
(crude epoxide 24) was dissolved in CH,Cl, (10 mL) and treated with
HOACc (1 mL). The reaction mixture was again stirred for 2 h at room
temperature. After addition of water (5 mL), the layers were separated and
the aqueous layer was extracted with CH,Cl, (2 x 5 mL). The combined
organic layers were washed with sat. aqueous NaHCO; (10 mL) and sat.
aqueous NaCl (10 mL), and dried with Na,SO,. Removal of the solvent in
vacuo and purification with CC (20 g, PE/Et,0 1:3) afforded alcohol en#-23
(188 mg, 48% based on the corresponding triol) as a colorless oil. This
epimeric mixture was almost identical to the enantiomeric mixture 23 in all
spectroscopic respects apart from optical rotation.

Preparation of THF alcohol ent-23 via epoxide formation by tosyl
imidazole: A solution of the triol prepared from 21 (2.75 g, 8.53 mmol) in
THF (30 mL) was treated with NaH (95 %, 861 mg, 34.1 mmol). After the
visible gas evolution stopped, the solution was stirred for further 15 min at
room temperature and then cooled to 0°C. p-Toluene sulfonyl imidazole
(2.28 g,10.2 mmol) was added in one portion and the stirring was continued
for 45 min at room temperature. The reaction was quenched by careful
addition of sat. aqueous NH,Cl (20 mL). The reaction mixture was
extracted with MTBE (3 x 25 mL) and the organic layers were washed
with sat. aqueous NaCl (20 mL). After the organic layers were dried with
Na,SO,, evaporation of the solvents and purification with CC (100 g,
MTBE/CH,(C], 4:1) yielded alcohol ent-23 (1.73 g, 77 %) as a colorless oil.
(28,5R)-5-(4'-Benzyloxybutyl)-tetrahydrofuran-2-carboxylic acid (25) and
(28,55)-5-(4"-benzyloxybutyl)-tetrahydrofuran-2-carboxylic acid (26): Al-
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cohol 23 (5.00 g, 18.9 mmol) was subjected to Swern-oxidation conditions
already described for the preparation of 19 with the following amounts of
reagents: oxalyl chloride (2.48 mL, 3.60 g, 28.4 mmol) in CH,Cl, (100 mL),
DMSO (2.95 mL, 3.25 g, 41.6 mmol) in CH,Cl, (10 mL) and NEt; (11.9 mL,
8.61 g, 85.1 mmol). Without purification by CC we obtained the crude
aldehyde (5.10 g) as a slightly yellow oil. R;=0.37 (PE/MTBE 1:1). This
product was subsequently further oxidized to the corresponding carboxylic
acid: The crude aldehyde was dissolved in a mixture of ~BuOH (24 mL)
und amylene (12mL). At 0°C a solution of NaClO, (80%, 2.72 g,
24.1 mmol) and NaH,PO, x H,O (3.33 g, 24.1 mmol) in water (12 mL)
was added over a period of 20 min. The mixture was allowed to stir for 12 h
at room temperature. After removal of the organic solvents in vacuo, 0.4M
aqueous NaOH (40 mL) was added. The aqueous layer was extracted with
MTBE (2 x 20 mL) before the aqueous layer was adjusted to pH 2 by the
addition of 2M aqueous HCI solution. The obtained suspension was
extracted with EtOAc (3 x 30 mL) and the organic layers were washed with
sat. aqueous NaCl (2 x 10 mL). The organic layers were dried with Na,SO,,
and the solvents removed in vacuo, and the epimers then purified by CC
(2x300 g, MTBE/CH,Cl, 1:1+1% HOACc). Epimer 26 was separated
(1.09 g, 21 % based on 23) from epimer 25 (2.10 g, 40 % based on 23), which
solidified after several days of storage. In addition, an unseparated
epimeric mixture of 25/26 was obtained (860 mg, 16 % based on 23). Thus,
the combined yield for the two-step oxidation 23 to 25/26 was 77 %.
Epimeric mixture 25/26 as dicyclohexyl ammonium salt: C,H;sNO,
(459.67) caled C 73.16, H 9.86, N 3.05; found C 73.15, H 9.88, N 2.96.
THF carboxylic acid 25: R;=0.45 (MTBE +1% HOACc); [a],=—28.38,
[als;s=—30.1, [a)ss=—347 [a]ue=—06L15, [a]xs=—1017 (c=1.06,
CHCl;, T=20°C); IR (neat): ¥=2500-3500brs (COOH), 3085/3060/
3030m (ArH), 2940/2865s (CH), 2640w, 1745s (C=0), 1495w, 1455m,
1360m, 1275m, 1205m, 1095s, 1030m, 740m, 700m, 665w; 'H NMR
(600 MHz, CDCLy): 6=138-1.72 (m, 7H, 4-H,, 1-H,, 2-H,, 3'-H,),
2.03-2.11 (m, 2H, 3-H,, 4-Hy), 2.08 (m, 1 H, 3-Hg), 3.48 (t,/=6.4 Hz, 2H,
4'-H,), 4.08-4.17 (m, 1H, 5-H), 4.46-4.56 (m, 1 H, 2-H), superimposed by
4.50 (s, 2H, CH,-Ph), ca. 6.0 (brs, 1H, COOH), 7.26-7.31 (m, 5H, Ph);
BC NMR (75 MHz, CDCl;): 6 =22.5 (C-2), 29.5, 29.9, 30.9 (C-4, C-1',
C-3'), 34.9 (C-3), 70.0 (C-4'), 72.7 (CH,-Ph), 76.1 (C-2), 80.9 (C-5), 1274,
1275, 128.2, 138.3 (Ph), 1774 (COOH).

THF carboxylic acid 26: m.p. 50°C; R;=0.64 (MTBE + 1% HOAc); [a]p
= —28.1, [CL]578 =-293, [a]sztﬁ =-332, [a]436 =-55.6, [a]365 =-285.1 (C =
1.00, CHCl;, T=20°C); IR (KBr): 7#=2600-3600brs (COOH), 2975m/
2940s/2885s/2865s (CH), 1760s (C=0), 1455m, 1365m, 1205s, 1185m, 1125s,
1103s, 1085s, 1070s, 1050m, 1030m, 845w, 830w, 750m, 700w; 'H NMR
(600 MHz, CDCl;): 6 =1.40-1.60 (m,4H, 4-H,, 1-H,,2"-H,), 1.66 (m, 2H,
3'-H,), 1.69-1.77 (m, 1H, 1-Hy), 2.02 (dddd, J=13.3, 7.7, 5.7, 3.6 Hz, 1H,
4-Hg), 2.19 (dddd, J=12.7,8.4,4.3,4.3 Hz, 1H, 3-H,), 2.30 (dddd, / =13.0,
9.8,9.1,77 Hz, 1 H, 3-Hy), 3.48 (t,/ = 6.4 Hz,2H, 4-H,), 4.02 (m, 1 H, 5-H),
4.45 (dd,J=9.0,4.5 Hz, 1H, 2-H), 4.50 (s, 2H, CH,-Ph), 7.25-7.30 (m, 5H,
Ph), 9.30 (brs, 1H, COOH); BC NMR (75 MHz, CDCL): 6 =22.9 (C-2'),
29.5,30.2,30.8 (C-4, C-1', C-3'), 35.1 (C-3), 70.0 (C-4"), 72.8 (CH,-Ph), 76.4
(C-2), 82.0 (C-5), 1275, 127.6, 128.3, 138.4 (Ph), 176.4 (COOH). The cis vs.
trans assignment was done unambiguously by interpretation of 600 MHz
NOESY spectra of both epimers.

(28,2'S,5'R)-3-[5'-(4"-Hydroxybutyl)-tetrahydrofuran-2’-carbamoyl]-2-

benzyloxycarbonylamino methyl propionate (29): A solution of carboxylic
acid 25 (1.57 g, 5.61 mmol) in THF (26 mL), MeOH (13 mL), and water
(6.5 mL) was hydrogenated under vigorous stirring for 18 h at atmospheric
pressure in the presence of Pd on charcoal (10 %, 140 mg). The catalyst was
removed by filtration from a pad of Celite which was washed with MeOH
(50 mL). The solvents were removed in vacuo and residual water was
removed by azeotropic distillation with toluene (2 x 10 mL). CC (30 g,
EtOAc) yielded the unprotected carboxylic acid (1.05 g, 95% ) which was
directly used in the following peptide coupling. R;=0.22 (MTBE +1%
HOAC). This hydroxy acid, amine hydrochloride 27 (1.70 g, 5.89 mmol),
and BOP (2.61 g, 5.89 mmol) were dissolved in acetonitrile (70 mL), and
treated with EtN(iPr), (2.04 mL, 1.52 g, 11.8 mmol) at room temperature.
After the solution was stirred for 16 h, the solvent was removed in vacuo,
and the residue was diluted with EtOAc (300 mL). This solution was
washed successively with 2N aqueous HCl (2 x50 mL), sat. aqueous
NaHCO; (2 x 50 mL), sat. aqueous NaCl (100 mL), and was dried with
Na,SO,. After removal of the solvent in vacuo, purification with CC [65 g,
EtOAc/CH,Cl, 1:1 (600 mL), then EtOAc/CH,Cl, 3:1 (600 mL)] gave
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amide 29 (2.11 g, 89 % based on 25) as a colorless oil. R;=0.33 (EtOAc);
HPLC: 1z =50.4 min (Si 60, 1.5 mLmin"'; 15% isopropyl alcohol in n-
hexane); [alp=+4.1, [a]lgs=+44, [a]sis=+5.1, [alue=+9.9, [a]sws=
+194 (¢=1.05, CHCl;, T=20°C); IR (neat): #=23350brs (OH/NH),
3065/3035w (ArH), 2940s/2865m (CH), 1725s (C=0), 1660s (carbamate
C=0), 1530s, 1455m, 1440m, 1345m, 1265s, 1215s, 1070s, 1030m, 845w,
740m, 700m; '"H NMR (300 MHz, CDCL;): 6 =1.37-2.09 (m, 10H, 3-H,,
4'-H,, 1"-H,, 2"-H,, 3"-H,, OH), 2.31 (m, 1H, 3-Hy), AB signal (6, =3.55,
0p=3.80, Jog=13.9 Hz additionally split by J,=4.5, 4.5Hz; Jz=76,
6.4 Hz, 2H, 3-H,), 3.65 (t,/=6.2 Hz, 2H, 4"-H,), 3.76 (s, 3H, OCH,), 3.95
(m, 1H, 5'-H), 4.36 (t, /=72 Hz, 1H, 2’-H), 4.41-4.54 (m, 1 H, 2-H), 5.11
(s,2H, CH,-Ph), 5.88 (brd,J=7.0 Hz, 1H,NHZ), 7.09 (brt,/ =5.3 Hz, 1 H,
N3H), 7.25-7.45 (m, 5H, Ph); *C NMR (75 MHz, CDCl,): 6 =22.3 (C-2"),
30.1(C-3"),31.2(C-4),32.4,34.9 (C-1",C-3"),40.4 (C-3), 52.8 (OCHs;), 54.4
(C-2),62.6 (C-4"),67.1 (CH,-Ph), 77.9 (C-2"), 80.8 (C-5"), 128.1, 128.2, 128.5,
136.0 (Ph), 156.0 (Z-CO), 170.7 (CONH), 174.7 (COO); ESI-MS:
[C,1H;30N,O,+H]* caled 423.21; found 423.14.

(28,2'S,5'R)-3-(5'-{4""-[N""",N?"-Bis-(tert-butoxycarbonyl)-guanidino]-bu-
tyl}-tetrahydrofuran-2’-carbamoyl)-2-benzyloxycarbonylamino methyl
propionate (30): Amide 29 (800 mg, 1.90 mmol), guanidine derivative 28
(983 mg, 3.79 mmol), and PPh; (746 mg, 2.84 mmol) were dissolved in THF
(14 mL) and cooled to 0°C. DIAD (0.74 mL, 0.77 g, 3.8 mmol) was added
dropwise. After 16 h at room temperature, water (10 drops) was added and
the solvent was removed in vacuo. Filtration (10 g, PE/MTBE 1:2) and
purification with CC (40 g, PE/MTBE 1:1) gave compound 30 (783 mg,
62%) as a colorless oil. R;=0.38 (PE/MTBE 1:2); [a]p,=—13.0, [a]s;s=
—13.8, [a)sss=—15.5, [a]szs=—275, [a]zs=—44.8 (¢=0.40, CHCL;, T=
20°C); IR (neat): ¥=3380m (NH), 2975m/2935m/2865w (CH), 1715s
(C=0), 1675m, 1645m, 1610s, 1515s, 1455m, 1435m, 1390m, 1370m, 1345m,
1280s, 1250s, 1150s, 1100s, 980w, 915w, 890w, 780w, 735m, 700w; 'H NMR
(300 MHz, CDCl;): 0 =1.48, 1.52 (25, 21Bu), 1.23-1.70 (m, 7H; m, 2H, 3'-
H,, 4-H,, 1"-H,, 2"-H,, 3"-H,), 2.22-2.40 (m, 1H, 3'-Hy), 3.48-4.01 (m,
8H, 5'-H, 3-H,, 4"-H,, OCH,), 4.33 (brt, /=71 Hz, 1H, 2"-H), 4.40-4.49
(m, 1H, 2-H), 5.10 (s, 2H, CH,-Ph), 5.98, 6.08 (2brd, J =75 Hz each, 1H,
NHZ rotamers), 7.10 (brs, 1 H, N*H), 7.27-7.40 (m, 5H, Ph), 9.29 (brs, 2H,
NH,); *C NMR (75 MHz, CDCl,): 6 =23.0 (C-2"), 27.9, 28.1 [2C(CH,)s],
28.6, 30.0, 31.0 (C-4', C-1", C-3"), 34.8 (C-3), 40.2 (C-3), 44.3 (C-4"), 52.6
(OCHs), 54.4 (C-2), 66.9 (CH,-Ph), 77.8 (C-2'), 78.5, 83.4 [2 C(CH,);], 80.8
(C-5), 1279, 128.1, 128.4, 136.2 (Ph), 155.4 (C=N), 156.6 (Z-CO), 160.5,
163.7 (2Boc-CO), 170.6 (CONH), 1747 (COO); ESI-MS:
[C,HN;O,+H]" calcd 664.36; found 664.37.

(28,2'S,5'R)-3-[5'-(4"-Guanidinobutyl)-tetrahydrofuran-2'-carbamoyl]-2-
benzyloxycarbonylamino propionic acid (14, as trifluoroacetate): A
solution of THF derivative 30 (90 mg, 0.14 mmol) in THF (3 mL) was
treated at room temperature with LiOH (1.0 mL of a 0.3M aqueous
solution, 0.30 mmol). After 20 min the reaction mixture was adjusted to
pH 3 by the addition of 5 % aqueous citric acid. The solvent was removed in
vacuo and the aqueous layer was extracted with EtOAc (3 x 10 mL). The
organic layers were washed with sat. aqueous NaCl (10 mL) and dried with
MgSO,. The solvent was removed under reduced pressure and the residue
was dissolved in CH,Cl, (4 mL), and treated with TFA (1.5 mL). After the
solution was stirred for 2 h, the reaction mixture was codistilled with
toluene (2 x 5 mL). The residue was purified by preparative HPLC [41 mm
ID, Rainin, RP 18, 40 mLmin™!, 77% (water+0.2% TFA) and 23%
(acetonitrile +0.2% TFA)] to yield the trifluoracetate 14 (65 mg, 85%).
HPLC: t; =12.8 min (Rainin, RP 18, 1 mLmin~!, 20% to 60% B within
20 min, A: water+0.2% TFA; B: acetonitrile +-0.2% TFA); 'H NMR
(600 MHz, CD;CN +10% D,0): 6 =1.24-1.65 (m, 7H, 4-H,, 1"-H,, 2"-
H,, 3"-H,), 1.72-1.79 (m, 1H, 3’-H,), 1.83-1.90 (m, 1H, 4-Hy), 2.21 (m,
1H, 3'-Hg), 3.03-3.08 (m, 2H, 4"-H,), AB signal (0, =3.48, d5=3.52,
Jag=13.8, additionally split by J,=5.1 Hz; J;=79 Hz, 2H, 3-H,), 3.94
(dddd, all J,;. ~6.6 Hz, 1H, 5-H), 422 -4.28 (m, 2H, 2-H, 2’-H), AB signal
(04=5.02, 05 =5.03, J,p =12.6 Hz, 2H, CH,-Ph), 7.26-7.37 (m, 5H, Ph);
3C NMR (75 MHz, [D¢]DMSO): 6 =23.5 (C-2"),29.2,31.1,31.4,35.2 (C-3,
C-4,C-1",C-3"),41.8 (C-4"), 54.7 (br, C-2), 67.3 (CH,-Ph), 78.4 (C-2'), 81.6
(C-5), 128.8, 1294, 129.7, 1375 (Ph), 1575, 157.8 (C=N, Z-CO), 176.3
(CONH, COO); the signal of C-3 at approx. 0 =40 was superimposed by
the solvent signals; HRMS (FAB): [C,;H;,NsO¢]" caled 450.2353; found
450.2347.

(28,2'S,5'S)-3-[5'-(4"-Hydroxybutyl)-tetrahydrofuran-2'-carbamoyl]-2-ben-
zyloxycarbonylamino methyl propionate (31): The amide 31 was prepared
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analogously to the amide 29 using the following amounts of substrate and
reagents: carboxylic acid 26 (980 mg, 3.50 mmol) and Pd/C (10 %, 100 mg)
to yield the unprotected carboxylic acid (660 mg, quant.). R;=0.24
(MTBE+1% HOAc). Amine hydrochloride 27 (1.11g, 3.85 mmol),
BOP (1.70 g, 3.85 mmol), and EtN(iPr), (1.33 mL, 995 mg, 7.70 mmol) to
yield amide 31 (919 mg, 62% based on 26) as colorless oil. R;=0.33
(EtOAc); HPLC: tz = 44.5 min (Si 60, 1.5 mL min~!; 15 % isopropyl alcohol
in n-hexane); [a]p =+ 1.1, [a]s;s =+ 1.4, [a]sss =+ 1.9, [a]s36=+T7.0, [a]36s =
+19.9 (¢=0.80, CHCl;, T=20°C); IR (neat): # = 3400 brs (OH/NH), 3065/
3035w (ArH), 2940s/2865m (CH), 1725s (C=0), 1660s (carbamate C=0),
1530s, 1455m, 1440m, 1365m, 1345m, 1215s, 1180m, 1070s, 845s, 775w,740m,
700m, 665m; '"H NMR (300 MHz, CDCl;): 6 =1.32-1.77 (m, 7H, 4'-H,, 1”-
H,,2"-H,,3"-H,), 1.84-2.10 (m, 3H, 3-H,, 4-Hg, OH), 2.15-2.31 (m, 1 H,
3'-Hg), AB signal (0, =3.65, 05 =3.91, J,g = 14.0 Hz additionally split by
Jo=4.8,48Hz; Jy=70, 7.0 Hz, 2H, 3-H,), 3.64 (t, /=59 Hz, 2H, 4"-H,),
3.75 (s,3H, OCH,), 3.97 (m, 1 H, 5'-H), 4.29 (dd, /] =8.7,4.9 Hz, 1H, 2’-H),
4.44 (m, 1H, 2-H), 5.11 (s, 2H, CH,-Ph), 5.94 (brd, J=7.0 Hz, 1 H, NHZ),
710 (brt,J =4.9 Hz, 1 H, N*H), 728 - 7.40 (m, 5H, Ph); 3C NMR (75 MHz,
CDCly): 6 =22.3 (C-2"), 30.3,30.4 (C-3', C-4'),32.3,35.1 (C-1", C-3"), 40.2
(C-3), 52.8 (OCH,), 54.5 (C-2), 62.3 (C-4"), 67.1 (CH,Ph), 78.2 (C-2'), 81.5
(C-5"),128.1, 128.2, 128.5, 136.0 (Ph), 156.0 (Z-CO), 170.7 (CONH), 174.5
(COO); ESI-MS: [CH;3N,0;+Na]* calcd 445.20; found 445.14.

(28,2'S,5'S)-3-(5'-{4"-[NV" ,N?"-Bis-(tert-butoxycarbonyl)-guanidino]-bu-
tyl}-tetrahydrofuran-2'-carbamoyl)-2-benzyloxycarbonylamino methyl
propionate (32): The guanidine derivative 32 was prepared as described
for 30 using the following amounts of substrate and reagents: amide 31
(600 mg, 1.42 mmol), guanidine derivative 28 (735 mg, 2.83 mmol), PPh;
(558 mg, 2.13 mmol), and DIAD (0.55 mL, 0.57 g, 2.8 mmol). Title com-
pound 32 (693 mg, 74 %) was obtained as a colorless oil. R;=0.38 (PE/
MTBE 1:2); [a]p=—3.1, [a]ss = —3.3, [a]sss=—3.5, [aus= —4.5, [a]ss =
—3.3 (¢=0.85, CHCl;, T=20°C); IR (neat): ¥=3380m (NH), 2975m/
2935m/2865w (CH), 1715s (C=0), 1680m, 1640m, 1610s, 1515s, 1455m,
1440m, 1390m, 1370m, 1345w, 1280s, 1250s, 1210m, 1150s, 1105m, 980w,
890w, 780w, 735w, 700w, 665w; '"H NMR (300 MHz, CDCL,): 6 =1.48, 1.52
(2s, 18H, 21Bu), 1.21-2.32 (m, 10H, 3'-H,, 4-H,, 1"-H,, 2"-H,, 3"-H,),
3.52-4.00 (m, 8H, 3-H,, 5-H, 4"-H,, OCH,;), 4.22-4.33 (m, 1H, 2'-H),
4.39-4.50 (m, 1H, 2-H), 5.11 (s, 2H, CH,-Ph), 5.82, 5.97 (2brd, J=75Hz
each, 1H, NHZ rotamers), 7.02 (brs, N°H), 7.28-740 (m, 5H, Ph), 9.29
(brs, 2H, NH,); *C NMR (75 MHz, CDCl,): 0 =23.5 (C-2"), 28.0, 28.3
[2C(CHs;);], 28.5, 30.3, 30.6 (C-4, C-1", C-3"), 35.2 (C-3"), 40.3 (C-3), 44.4
(C-4"), 52.8 (OCHj;), 54.6 (C-2), 670 (CH,Ph), 78.0 (C-2'), 78.7, 83.6
[2C(CHa);], 81.4 (C-5), 128.1, 1282, 1285 (Ph), 155.0 (C=N), 170.7
(CONH), 174.5 (COO); the signals with low intensity (Z-CO, Boc-CO and
Ar,) were not detected; ESI-MS: [C;,H,gNsO,+H]* calcd 664.36; found
664.36.

(28,2'S,5'S)-3-[5'-(4"-Guanidinobutyl)-tetrahydrofuran-2’-carbamoyl]-2-
benzyloxycarbonylamino propionic acid (15, as trifluoroacetate): The
preparation and purification was done as described for 14 starting from
THEF derivative 32 (86 mg, 0.13 mmol). After lyophylization, trifluoroace-
tate 15 (58 mg, 79 %) was obtained as a white solid. HPLC: t; =12.7 min
(Rainin, RP 18, 1 mLmin~!, 20% to 60% B within 20 min, A: water +
0.2% TFA; B: acetonitrile + 0.2% TFA); '"H NMR (600 MHz, CD;CN +
5% D,0): 6=126-1.63 (m, 7H, 4-H,, 1"-H,, 2"-H,, 3"-H,), 1.86-1.94
(m, 2H, 3'-H,, 4-Hg), 2.16 (m, 1 H, 3'-Hy), 3.08 (t, /=6.8 Hz, 2H, 4"-H,),
3.35-3.65 (m, 2H, 3-H,)*, 3.90 (m, 1 H, 5'-H), 4.22 (dd, J =8.7,43 Hz, 1H,
2'-H), 429 (dd, J="75 and 2.5 Hz, 1H, 2-H), 5.05 (m, 2H, CH,-Ph), 7.26 -
7.38 (m, 5H, Ph); *superimposed by HOD signal; C NMR (150 MHz,
CD;CN +33% D,0): 6= 22.8 (C-2"), 28.0, 30.0, 30.3, 344 (C-3', C-4,
C-1", C-3"), 39.5 (C-3), 41.2 (C-4"), 53.9 (C-2), 67.4 (CH,-Ph), 77.7 (C-2),
82.4 (C-5"),127.8,128.6, 129.0 (Ph), 176.7, 1772 (CONH, COO); the signals
with low intensity (Z-CO, guanidine-C and Ar,) were not detected; HRMS
(FAB): [C,H3,NsOq4]* caled 450.2353; found 450.2358.

(2R,5RS)-5-(4-Benzyloxybutyl)-tetrahydrofuran-2-carboxylic acid (33):
The two-step oxidation was performed analogous to the preparation of
the carboxylic acids 25/26 starting from the alcohol ent-23 (5.00 g,
18.9 mmol). The following amounts of reagents were used: oxalyl chloride
(3.30 mL, 4.80 g, 37.8 mmol) in CH,Cl, (150 mL), DMSO (4.10 mL, 4.51 g,
570 mmol) in CH,Cl, (20 mL), and NEt; (15.7mL, 11.4 g, 113 mmol).
Without purification by CC the corresponding crude aldehyde (5.03 g) was
obtained as yellow oil. R;=0.37 (PE/MTBE 1:1). Subsequent Pinnick-
oxidation using ~-BuOH (24 mL), amylene (12 mL), NaClO, (80 %, 2.72 g,
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24.1 mmol), and NaH,PO, x H,O (3.33 g, 24.1 mmol) in water (12 mL)
yielded after usual work-up a slightly yellow crude product. This was
further purified by means of the dicyclohexyl ammonium salt: The crude
carboxylic acid was dissolved in MTBE (100 mL) and treated with
dicyclohexyl amine (4.98 mL, 4.53 g, 25 mmol). After removal of the
solvent in vacuo, the remaining solid was recrystallized from MTBE/PE
2:1. The obtained ammonium salt was dissolved in MTBE (300 mL) and the
free acid was liberated by washing with 1IN aqueous HCI (2 x 100 mL).
After drying of the organic layer with Na,SO, and removal of the solvent
the title compound (3.37 g, 64 %) was obtained as an epimeric mixture.
R;=0.40-0.65 (MTBE+1% HOAc); IR (neat): 7=2500-3500brs
(COOH), 3085/3060/3030m (ArH), 2940/2865s (CH), 1750brs (C=0),
1495w, 1455m, 1365m, 1280m, 1205m, 1100s, 1030w, 740m, 700m, 665w; 33
as dicyclohexyl ammonium salt: C,sH,;sNO, (459.67) caled C 73.16, H 9.86,
N 3.05; found C 72.79, H9.76, N 3.02; 'H and *C NMR spectra of 33 were a
correct superimposition of the spectra for the separated epimers 25/26.

(28,2'R,5'RS)-3-[5'-(4"-Hydroxybutyl)-tetrahydrofuran-2'-carbamoyl]-2-
benzyloxycarbonylamino methyl propionate (34): The amide 34 was
prepared as described for the amide 29 using the following amounts of
substrate and reagents: carboxylic acid 33 (1.93 g, 6.93 mmol) and Pd/C
(10%, 180 mg) to yield the unprotected carboxylic acid (1.21 g,93%). R;=
0.12-024 (MTBE+1% HOAc). Amine hydrochloride 27 (1.92¢g,
6.64 mmol), BOP (2.95g, 6.67 mmol), and NEt; (1.97mL, 143g,
14.1 mmol) instead of EtN(iPr), yielded amide 34 (2.20 g, 5.21 mmol,
75% based on 33) as a colorless oil. R;=0.33 (EtOAc); HPLC: 1z =49.0
and 52.7 min (Si 60, 1.5 mLmin~'; 15 % isopropyl alcohol in n-hexane); IR
(neat): 7=3360brm (OH/NH), 3065/3035w (ArH), 2940m/2865w (CH),
1720s (C=0), 1660s (carbamate C=0), 1530s, 1455m, 1440m, 1345w, 1300m,
1260m, 1215m, 1070s, 1055m, 700w, 645w; '"H NMR (300 MHz, CDCL,): 6 =
1.37-1.71, 1.80-2.36 (m, 7H; m, 4H, 3'-H,, 4-H,, 1"-H,, 2"-H,, 3"-H,,
OH), 3.48-3.82 (m, 7H, 3-H,, 4"-H,, OCH;), 3.88-4.01 (m, 1H, 5-H),
4.26-4.50 (m, 2H, 2-H, 2’-H), 5.11 (s, 2H, CH,-Ph), 6.02 [brd, /=77 Hz,
0.5H, NHZ (one epimer)], 6.06 [brd,J=7.5 Hz, 0.5H, NHZ (one epimer)],
712,714 [2brs, 1H, N*H (two epimers) |, 728 =742 (m, 5H, Ph); BC NMR
(75 MHz, CDCl,): 6 =22.4 (C-2"), 30.0, 30.2, 30.6, 31.3, 32.2, 32.4, 34.9,35.1
[C-3, C-4, C-1", C-3" (two epimers each)], 40.7 (C-3), 52.7 (OCHs;), 54.5
(C-2),62.2 and 62.5 (C-4"), 67.0 (CH,-Ph), 77.4 and 77.9 (C-2’), 80.8 and 81.5
(C-5), 128.0, 128.1, 128.5, 136.1 (Ph), 156.2 (Z-CO), 170.7 (CONH), 174.8
(COO); ESI-MS: [CyHN,0,+H]* caled 423.21; found 423.12.

(28,2'R,5'RS)-3-(5'-{4"-[N"" ,N¥"-Bis-(tert-butoxycarbonyl)-guanidino]-
butyl}-tetrahydrofuran-2’-carbamoyl)-2-benzyloxycarbonylamino methyl
propionate (35): The guanidine derivative 35 was prepared as described
for 30 using the following amounts of substrate and reagents: amide 34
(930 mg, 2.21 mmol), guanidine derivative 28 (1.15 g, 4.42 mmol), PPh;
(868 mg, 3.31 mmol), and DIAD (0.65 mL, 0.67 g, 4.4 mmol); title com-
pound 35 (1.14 g, 78 %) was obtained as a colorless oil. R;=0.38 (PE/
MTBE 1:2); IR (neat): #=3390brs (NH/OH), 2980/2940 (CH), 1715s
(C=0), 1680m, 1640m, 1610s, 1515s, 1455m, 1440m, 1390m, 1370m, 1280s,
1250s, 1150s, 1100s, 980m, 885w, 850w, 780w, 745w, 700w; 'H NMR
(300 MHz, CDCl,): 6 =1.48, 1.52 (25, 21Bu), 1.20-1.77, 1.87-2.40 (m, 7H;
m, 3H, 3"-H,,4-H,, 1"-H,, 2"-H,, 3"-H,), 3.52-4.03 (m, 8 H, 5'-H, 3-H,, 4"-
H,, OCH,), 4.27-4.52 (m, 2H, 2-H, 2-H), 5.11 (s, 2H, CH,-Ph), 5.93-6.09
(m, 1H, NHZ), 7.05 (brs, 1H, N°*H), 7.26 -7.38 (m, 5H, Ph), 9.28 (brs, 2H,
NH,); *C NMR (75 MHz, CDCl;): 6 =23.1 and 23.4 (C-2"), 28.2, 28.5
[2C(CH,)5],28.7,30.0, 30.2, 30.6,31.1 [C-4', C-1", C-3" (two epimers each) ],
34.9 and 35.1 (C-3"),40.6 (C-3),44.3 (C-4"), 52.6 (OCH,), 54.7 (br, C-2), 67.0
(CH,-Ph), 78.0 (C-2'), 78.7, 83.5 [2C(CH,);], 80.9 and 81.7 (C-5"), 128.0,
128.1, 128.4, 136.1 (Ph), 155.0 (C=N), 156.7 (Z-CO), 160.6, 163.8 (2Boc-
CO), 170.6 (CONH), 174.7 (COO); ESI-MS: [C;,H;NsO,,+H]* caled
664.36; found 664.37.

(28,2'R,5'S)-3-[5'-(4”-Guanidinobutyl)-tetrahydrofuran-2'-carbamoyl]-2-

benzyloxycarbonylamino propionic acid (16, as trifluoroacetate) and
(28,2'R,5'R)-3-[5'-(4"-guanidinobutyl)-tetrahydrofuran-2’-carbamoyl]-2-

benzyloxycarbonylamino propionic acid (17, as trifluoroacetate): A sol-
ution of 35 (515 mg, 0.776 mmol) in CH,Cl, (20 mL) was treated with TFA
(6 mL) at room temperature. After the solution was stirred for 2 h, the
solvents were removed in vacuo, and the residue was azeotropically
distilled with toluene (20 mL). The crude guanidinium salt was divided in
10 portions which were partially separated by preparative HPLC [41 mm
ID, 40 mLmin~!, 74% (water+02% TFA+0.2% NEt;) and 26%
(acetonitrile +0.2% TFA +0.2% NEt;)]. The yield of this Boc depro-
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tection and isomer separation could not be determined due to the presence
of excess buffer salt from HPLC. Only pure diastereomers were used for
subsequent ester hydrolysis, mixed fractions were not used further. HPLC:
tr =11.7 min (37) and 12.4 min (36) (Rainin, RP 18, 1.5 mLmin!, 23% to
30% B within 15 min, A: water+ 0.1 % TFA + 0.1 % NEt;; B: acetonitrile +
0.1% TFA +0.1% NEt;). Each separated isomer was dissolved in THF
(5mL) and treated with 0.3N aqueous LiOH (10 mL). After 2h, the
reaction mixture was acidified with TFA. After concentration in vacuo to
about 6 mL, the crude material was purified by preparative HPLC [3 runs,
41 mm ID, Rainin, RP 18, 40 mLmin~!, 77% (water+0.2% TFA) and
23% (acetonitrile + 0.2% TFA)]. After lyophylization, the trifluoroace-
tate of 17 (28 mg, 6 %) and 16 (42 mg, 10 % ) was obtained as a white solids.
Trifluoroacetate of 16: HPLC: tz =12.8 min (Rainin, RP 18, 1 mLmin~},
20% to 60% B within 20 min, A: water+0.2% TFA; B: acetonitrile
+0.2% TFA); 'H NMR (600 MHz, CD;CN+10% D,0): 6 =1.32-1.59
(m, 7H, 4-H,, 1"-H,, 2"-H,, 3"-H,), 1.78 -1.87 (m, 1H, 3-H,), 1.87-1.94
(m, 1H, 4-Hy), 2.22 (m, 1H, 3'-Hy), 3.04-3.09 (m, 2H, 4"-H,), AB signal
(0A=341, 65 =3.62, J,5=13.9 Hz, additionally split by J, =75 Hz, Jg=
4.6 Hz, 2H, 3-H,), 3.87-3.97 (m, 1H, 5"-H), 423-4.29 (m, 2H, 2-H, 2'-H),
AB signal (0, =5.03, 05 =5.07, J,y =12.6 Hz, 2H, CH,-Ph), 7.31-737 (m,
5H, Ph); ®C NMR (75 MHz, [D]DMSO +2 % D,0):  =23.0 (C-2"),28.8
(C-3"),30.2,30.6 (C-3',C-4'), 34.9 (C-1"),41.0 (C-4"), 53.9 (C-2), 66.1 (CH,-
Ph), 77.8 (C-2'), 80.4 (C-5'), 128.1, 128.4, 128.9, 1372 (Ph), 156.6, 156.9
(C=N, Z-CO), 172.3,174.2 (CONH, COO); the signal of C-3 at approx. 6 =
40 was superimposed by the solvent signals. HRMS (FAB): [C,;H;,N5O¢]"
caled 450.2353; found 450.2353. Trifluoroacetate of 17: HPLC: 1=
12.6 min (Rainin, RP 18, 1 mLmin~, 20% to 60% B within 20 min, A:
water +0.2% TFA; B: acetonitrile +0.2% TFA); 'H NMR (600 MHz,
CD;CN +5% D,0): 6=126-1.63 (m, 7H, 4-H,, 1"-H,, 2"-H,, 3"-H,),
1.86-1.97 (m, 2H, 3'-H,, 4-Hp), 2.16 (m, 1H, 3'-Hy), 3.08 (t, /=71 Hz,
2H, 4"-H,), 3.41 (dd, J=14.0,8.0 Hz, 1H, 3-H,), 3.71 (dd, /= 14.0, 5.0 Hz,
1H, 3-Hg), 3.90 (m, 1H, 5-H), 4.23 (dd, / =8.8,4.5 Hz, 1H, 2"-H), 4.32 (dd,
J=8.0, 5.1 Hz, 1H, 2-H), 5.05 (m, 2H, CH,-Ph), 7.28-738 (m, SH, Ph);
BCNMR (75 MHz, CD;CN + 10 % D,0): 6 =24.0 (C-2"),29.0 (C-3"), 31.0,
31.1 (C-3', C-4'),35.5 (C-1"), 40.6 (C-3), 42.0 (C-4"), 54.7 (C-2), 67.5 (CH,-
Ph), 78.7 (C-2'), 82.4 (C-5"), 128.7, 129.1, 129.5, 137.5 (Ph), 157.7 (Z-CO,
C=N), 173.3, 176.4 (CONH, COO); HRMS (FAB): [C;H3,N;O4]* calcd
450.2353; found 450.2351. The cis vs. trans assignment was done
unambiguously by interpretation of 600 MHz NOESY spectra of both
epimers.

(45)-4-Benzyloxycarbonylamino-1-tert-butoxycarbonylamino-8-nonene-5-
one (42): A solution of 4-bromo-1-butene (7.34 g, 54.4 mmol) in Et,0
(65 mL) was added dropwise to Mg turnings (1.98 g, 81.6 mmol) covered
with Et,0O (14 mL) in a manner that the reaction gently refluxed. After
cooling to room temperature, the reaction mixture was diluted with Et,0
(60 mL) and refluxed for 1 h. The Grignard solution was cooled to room
temperature again and transferred to a 250 mL dropping funnel via a
double ended needle. Ornithine derivative 41 (5.00 g, 13.6 mmol) was
dissolved in a 1L three-necked flask in Et,O (280 mL), and cooled to
—78°C. n-BuLi (1.7M in hexanes, 16.0 mL, 27.2 mmol) was added dropwise
and a white precipitate soon formed. After 15 min at this temperature, the
reaction mixture was allowed to warm to 0°C and the Grignard solution
was added within 1 h. The reaction mixture was stirred overnight at room
temperature. The reaction was quenched at 0°C by careful addition of sat.
aqueous NH,Cl (120 mL). After separation of the layers, the aqueous layer
was extracted with MTBE (3 x 150 mL). The combined organic extracts
were washed with sat. aqueous NaHCO; (2 x 100 mL) and sat. aqueous
NaCl (200 mL). After the organic phases were dried with Na,SO,, the
solvents were removed in vacuo. CC (50 g, PE/MTBE 2:1) and recrystal-
lization from MTBE (5 mL) yielded ketone 42 (730 mg, 13 %) as a white
solid. M.p. 75-76°C (MTBE); R;=0.48 (PE/MTBE 1:1); [a],=+40.1,
lalss=+422, [a]sus=+494, [alise=+106.3, [a]s=—+225.5 (c=0.98,
CHCl;, T=20°C); IR (neat): 7=3355m (NH), 3065w (CH olet.), 3035w
(ArH), 2960w/2930w (CH aliph.), 1715s (CO), 1680s (carbamate C=0),
1525s, 1455w, 1390w, 1365m, 1350w, 1285m, 1235m, 1165m, 1060w, 695w;
'H NMR (300 MHz, CDCL;): 6 =1.34 (s, 9H, fBu), superimposed by 1.34 -
152 (m, 3H, 2-H,, 3-H,), 1.74-1.88 (m, 1H, 3-Hg), 2.24 (ddd, all J;
~6.9 Hz, 2H, 7-H,), 2.35-2.58 (m, 2H, 6-H,), 2.96-3.12 (m, 2H, 1-H,),
4.20-4.38 (m, 1H, 4-H), 4.68 (brs, 1H, BocNH), 4.84-5.03 (m, 4H, 9-H,,
Ph-CH,), 5.56-5.78 (m, 2H, 8-H, NH), 7.18-7.30 (m, 5H, Ph); C NMR
(75 MHz, CDCl;): 6 =25.8 (C-2), 27.3 (C-7), 28.3 [C(CH;);], 28.5 (C-3),
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38.7 (C-6), 39.8 (C-1), 592 (C-4), 66.8 (Ph-CH,), 79.0 [C(CHS,),], 115.5 (C-
9), 1279, 128.0, 1284, 136.2 (Ph), 136.5 (C-8), 155.9 (Boc-, Z-C=0), 208.2
(C-5).

Preparation of the ketone 42 via cuprate addition to 41 activated as
2-thiopyridine ester: Diisopropyl carbodiimide (4.05mL, 3.48¢g,
27.6 mmol) was added within 5min at 0°C to a solution of ornithine
derivative 41 (10.1g, 276 mmol) and 2-mercapto pyridine (3.07 g,
27.6 mmol) in CH,Cl, (30 mL). After additional 5 min, the ice bath was
removed and the reaction mixture was stirred for 4 h at room temperature.
The precipitated urea was removed by filtration after cooling to 0°C and
washed with cool CH,Cl, (10 mL). The filtrate was washed with 0.4Mm
aqueous NaOH (10 mL) and sat. aqueous NaCl (20 mL). After drying
with Na,SO, and removal of the solvent in vacuo the corresponding
thioester (12.1 g, approx. 94%) was obtained as a yellow oil which
contained little diisopropyl urea. It was not possible to remove this
impurity by CC (300 g, PE/MTBE 1:3). Thus, this slightly impurified
materials was used for further transformations. R;=0.52 (MTBE); 'H NMR
(300 MHz, CDCl;): 6 =1.38 (s, 9H, rBu), superimposed by 1.38-1.78 (m,
3H,3-H,,4-H,), 1.82-2.04 (m, 1H, 3-Hy), 3.07 (m, 2H, 5-H,), 4.59 (m, 1 H,
2-H), 4.74 (brs, 1H, NH), 5.12 (s, 2H, Ph-CH,), 6.02 (brs, 1H, NH), 7.20-
7.39 (m, 6H, Ph, 5'-H), 7.54 (d,/=7.8 Hz, 1H, 3'-H), 7.69 (t,/=7.6 Hz, 1H,
4-H), 8.57 (m, 1H, 6'-H); *C NMR (75 MHz, CDCl;): 6 =26.1 (C-4), 28.3
[C(CHS)5],29.4 (C-3), 39.8 (C-5), 61.1 (C-2), 67.2 (Ph-CH,), 79.2 [C(CHs;)5],
123.5 (C-5"), 128.0, 128.1, 128.4, 136.0 (Ph), 130.3 (C-3"), 137.1 (C-4'), 150.3
(C-6'), 151.0 (C-2), 156.0 (Boc-, Z-C=0), 198.4 (C-1). A solution of
4-bromo-1-butene (2.34 mL, 3.24 g, 24.0 mmol) in THF (14 mL) was added
dropwise to Mg turnings (0.73 g, 30 mmol) covered with THF (7 mL). The
solution of the bromide was added in a manner that the reaction mixture
gently refluxed and was refluxed for additional 1h at the end of the
addition. A solution of dry LiCl (2.03 g, 48.0 mmol) and CuCN (2.12 g,
24.0 mmol) in THF (30 mL) was prepared at room temperature in a
separate flask. The cold grignard solution was added — 40 °C within 10 min
to this greenish solution. After 15 min at this temperature, the reaction
mixture was cooled to —78°C and and a solution of the thiopyridine ester
(4.60 g, 10.0 mmol) in THF (20 mL) was added dropwise within 10 min.
After 10 min the reaction mixture was allowed to warm to —5°C within
30 min. The reaction was quenched by careful addition of sat. aqueous
NH,CI (30 mL). The orange precipitate was removed by filtration through
a pad of Celite and was washed with MTBE (300 mL). The layers were
separated and the aqueous layer was extracted with MTBE (3 x 30 mL).
The combined organic layers were washed with sat. aqueous NaCl (40 mL)
and dried with Na,SO,. The solvents were removed in vacuo and
recrystallization from MTBE (40 mL) yielded ketone 42 (3.72g,
9.20 mmol, 92%).

(4S,5R)-4-Benzyloxycarbonylamino-1-zert-butoxycarbonylamino-8-non-

ene-5-ol (43): Ketone 42 (1.59 g, 3.94 mmol) was dissolved in THF (40 mL)
and cooled to —100°C. L-Selectride (11.8 mL of a 1M solution in THF
precooled to —78°C, 11.8 mmol) was added dropwise. This mixture was
allowed to warm to —70°C within 1 h and the reaction was quenched by
careful addition of water (20 mL). At 0°C 15% aqueous NaOH (10 mL)
and 30 % aqueous H,0, (3.0 mL) were added carefully. After 90 min at 0°C
a mixture of sat. aqueous NaHCO; (60 mL) and MTBE (60 mL) was added.
The aqueous layer was extracted with MTBE (3 x40mL) and the
combined organic layers were washed with sat. aqueous NaCl (50 mL).
After drying with MgSO, the solvents were removed in vacuo and the
residue was purified by CC (70 g, PE/MTBE 1:1). The title compound was
obtained as a diastereomeric mixture (1.30 g, 81 %), ds ~ 3:1 according to
the BC-NMR spectrum. The minor diastereomer could be removed by
fractional crystallization from MTBE. Isomerically pure alcohol 43
(742 mg, 46 %) was obtained as white crystals. M.p. 123°C; R;=0.22 (PE/
MTBE 1:1); [a]lp=—163, [a]ss=—173, [a]ss=—19.7, [a]us=—33.7,
[a]s6s=—51.9 (¢=0.77, CHCl;, T=20°C); IR (KBr): #=3355/3330s (NH,
OH), 2945m/2910w/2870w (CH), 1685s (C=0), 1535s, 1365w, 1330m,
1285m, 1170m, 1055m, 1015w, 740w, 695m; 'H NMR (200 MHz, CDCl,):
0 =1.39 (s, 9H, rBu), superimposed by 1.30-1.60 (m, 6 H, 2-H,, 3-H,, 6-H,),
1.95-2.35 (m, 2H, 7-H,), 2.87 (brd, J=5.8 Hz, 1H, OH), 3.04 (brs, 2H,
1-H,), 3.60 (m, 2H, 4-H, 5-H), 4.68 (brt, /=5.5 Hz, 1H, BocNH), 4.90—
5.05 (m, 4H, 9-H,, Ph-CH,), 5.33 (brd, /=8.8 Hz, 1H, NHZ), 5.78 (m, 1 H,
8-H), 7.28 (s, 5H, Ph); ®*CNMR (50 MHz, CDCl;): 6 =26.1,26.7 (C-2, C-7),
28.3 [C(CH;)3], 30.2, 32.3 (C-3, C-6), 40.2 (C-1), 55.5 (C-4), 66.7 (Ph-CH,),
73.8 (C-5), 79.1 [C(CHs;);], 115.0 (C-9), 127.98, 128.03, 128.4, 136.3 (Ph),
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138.1 (C-8), 156.1, 156.7 (Boc-, Z-C=0); C,,H;3,N,O5 (406.52): caled C
65.00, H 8.43, N 6.89; found C 65.20, H 8.20, N 6.81.
(4S,5R)-5-(But-3'-ene-1'-yl)-4-(3"-tert-butoxycarbonylamino-prop-1"-yl)-
1,3-oxazolidin-2-one (45): A solution of alcohol 43 (150 mg, 0.369 mmol) in
THF (5 mL) was treated with NaH (95 %, 14 mg, 0.58 mmol) at 0°C. After
stirring for 18 h at room temperature, water (5 mL) was added. The mixture
was extracted with MTBE (3 x 10 mL), and the organic layers were washed
with sat. aqueous NaCl (10 mL). After drying with Na,SO, the solvents
were removed in vacuo. CC (20 g, MTBE) yielded compound 45 (100 mg,
90%) as a slightly yellow oil. R;=0.60 (EtOAc); [a]p=—10.3, [a]s;=
—11.1, [a]sys=—12.4, [a]szs= —22.8, [a]ses=—38.1 (¢=0.52, CHCL;, T=
20°C); IR (neat): #=3315m (NH), 2975m/2930m (CH), 1750s (C=0),
1700s (C=0), 1640w, 1520m, 1455w, 1390m, 1365m, 1250m, 1170m, 1100w,
1040w, 915w; 'H NMR (300 MHz, CD;OD): =142 (s, 9H, (Bu),
superimposed by 1.38-1.68 (m, 6H, 1'-H,, 1”-H,, 2"-H,), 2.08-2.35 (m,
2H, 2'-H,), 3.06 (brt, J=5.6 Hz, 2H, 3"-H,), 3.79 (ddd, J=8.0, 8.0, 3.5 Hz,
1H, 4-H), 4.61 (ddd, /=9.8, 7.7, 4.0 Hz, 1H, 5-H)*, 5.01 (dm, /=10.2 Hz,
1H, 4-Hg), 5.07 (dq, /=171, 1.7 Hz, 1H, 4-H;), 5.85 (ddt, /=171, 10.2,
6.8 Hz, 1H, 3-H); *two homonuclear decoupling experiments verified
Jis=77Hz; 3C NMR (75 MHz, CD,OD): 6 =27.5, 28.3, 29.6, 31.2 (C-1',
C-2', C-17, C-2"), 28.8 [C(CHs);], 40.8 (C-3"), 56.4 (C-4), 79.9 [C(CHs);],
81.1 (C-5), 116.0 (C-4'), 138.5 (C-3'), 158.5 (Boc-CO), 161.7 (CO).
(48,55)-5-(But-3'-ene-1'-yl)-4-(3"-tert-butoxycarbonylamino-prop-1"-yl)-
1,3-oxazolidin-2-one (46): A solution of alcohol 44 (ds ~ 3:1) in THF
(7 mL) was treated with NaH (95 %, 30 mg, 1.25 mmol) at 0°C. After 18 h
at room temperature the reaction was quenched by the addition of half sat.
aqueous NaCl (20 mL) at 0°C. This mixture was extracted with EtOAc
(30 mL), the organic layers were washed with sat. aqueous NaCl (10 mL)
and dried with MgSO,. Removal of the solvents in vacuo and separation by
CC (20 g, MTBE) yielded compound 46 (32 mg, 15%) as a colorless oil.
R;=0.32 (MTBE); [a]p=-50.3, [a]ss=—52.6, [a]ss=—0614, [a]y=
—105.2, [a]s=—163.8 (¢=0.58, CHCl;, T=20°C); IR (neat): 7=
3315m (NH), 3080w, 2975/2935m (CH), 1750s (C=0), 1710s (C=0),
1520m, 1455m, 1390s, 1365m, 1250s, 1170s; '"H NMR (300 MHz, CD;OD):
0=1.42 (s, 9H, rBu), superimposed by 1.40-1.60, 1.70—1.80 (m, 4H; m,
2H, 1'-H,, 1"-H,, 2"-H,), 2.19 (m, 2H, 2'-H,), 3.04 (brt,/=6.0 Hz, 2H, 3"-
H,), 3.48 (brddd, all / = 5.5 Hz, 1H, 4-H), 4.20 (ddd, /=74, 5.3, 5.3 Hz,
1H, 5-H)*,4.99 (dm, J=10.4 Hz, 1H, 4-Hg), 5.06 (dq, J=171,1.7 Hz, 1H,
4-Hy), 5.84 (ddt, /=170, 10.3, 6.6 Hz, 1H, 3'-H); *two homonuclear
decoupling experiments verified J,5=53Hz; “C NMR (75 MHz,
CD;OD): 6=26.6, 30.1, 335, 352 (C-1, C-2, C1", C-2"), 288
[C(CHs;);], 40.8 (C-3"), 58.7 (C-4), 79.9 [C(CH,),], 83.1 (C-5), 116.0 (C-
4),138.5 (C-3'), 158.6 (Boc-CO), 161.5 (CO).
(4S5,5R)-4-Benzyloxycarbonylamino-1-tert-butoxycarbonylamino-8-non-
ene-5-yl-p-nitrobenzoate (49): A solution of alcohol 43 (300 mg,
0.738 mmol) in CH,Cl, (5 mL) and pyridine (1.0 mL) was treated with p-
nitro-benzoyl chloride (405 mg, 1.48 mmol) at 0°C. After the addition of
catalytic amounts of DMAP the reaction mixture was allowed to stir for
18 h at room temperature. Water (10 mL) was added followed by extraction
with CH,Cl, (3 x 10 mL). The organic layers were washed with 0.5m
aqueous CuSO, (2 x 10 mL), half sat. aqueous NaCl (10 mL), and dried
with MgSO,. After removal of the solvent and CC (20 g, MTBE/PE 2:1)
the title compound (348 mg, 85%) was obtained as colorless crystals.
Crystals suitable for X-ray crystal structural analysis were obtained from a
solution of 49 in wet acetone. M.p. 112-114°C (acetone/water); R;=0.70
(MTBE/PE 1:1); [a]p=—3.5, [a]ss=—4.3, [a]sse=—5.0, [a]ze=—T78;
(¢=0.46, CHCl;, T=20°C); IR (KBr): #=3370m (NH), 2930m (CH),
1720s (C=0), 1690s (C=0), 1610w, 1530m, 1455m, 1385m, 1350m, 1280s,
1170m, 1120m, 1105m, 1015w, 915w, 720w; '"H NMR (300 MHz, CDCl;):
0 =1.42 (s, 9H, rBu), superimposed by 1.35-1.84 (m, 6 H, 2-H,, 3-H,, 6-H,),
2.00-2.27 (m, 2H, 7-H,), 3.14 (brs, 2H, 1-H,), 4.03 (m, 1 H, 4-H), 4.63 (m,
1H, 5-H), 4.92-5.24 (m, 6H, 9-H,, CH,-Ph, 2NH), 5.78 (m, 1H, 8-H),
720-742 (m, 5H, Ph), 8.03-8.29 (m, 4H, Ar-NO,); *C NMR (75 MHz,
CDCly): 6 =270, 27.3, 29.1, 29.7 (C-2, C-3, C-6, C-7), 28.3 [C(CH,),], 39.8
(C-1), 53.3 (C-4), 66.7 (CH,-Ph), 771 (C-5), 79.6 [C(CH,)3], 115.7 (C-9),
123.5,127.9,128.1,128.5,130.7, 135.4, 136.4 (Ar-NO,, Ph), 136.9 (C-8), 156.2
(Boc-CO), 164.3 (CO); CyyH3 N304 (555.62): caled C 62.69, H 6.71, N 7.56;
found C 62.59, H 6.53, N 7.46.

Crystal data of 49: 0.48 x 0.20 x 0.01 mm, monoclinic, P21, a=19.127 (8),
b=5.1311 (13), ¢=30.102 (11) pm, 5=99.19 (5), V=2916.3 (18) 1073 m?,
Z=4, Peyea = 1265 Mgm=3, 20, =48.00°, Moy, 71.073 pm, ¢-rotation,
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180 K, reflections: measured 15328, independent 9090, LP-correction, no
absorption correction (u=0.087 mm™!), structure solution by direct
methods (SHELX-97) (Sheldrick 1997), structure refinement by full-
matrix least squares with 9090 F? data, 698 free parameters, H atoms
geometrically generated and refined with the corresponding C atoms
(riding model), R, = 0.1224 [2925 reflections with />2 o(I)], wR, = 0.326
(all data), residual electron density: —0.473 to 0.499 x 10** em~3. Crystallo-
graphic data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-116712. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit@ccdc.
cam.ac.uk).

(2RS,5R,1'S)-5-(1'-Benzyloxycarbonylamino-4'-tert-butoxycarbonylami-
no-butyl)-2-hydroxymethylene-tetrahydrofuran (50): A solution of
MCPBA (60%, 1.06 g, 3.7 mmol) in CH,Cl, (15 mL) was added within
10 min to a solution of alcohol 43 (715 mg, 1.76 mmol) in CH,Cl, (15 mL).
After stirring at room temperature for 3.5 h the reaction mixture was
poored on sat. aqueous Na,SO; (15 mL). The layers were separated and the
aqueous layer was extracted with CH,Cl, (2 x 20 mL). The combined
organic layers were washed with sat. aqueous NaHCO; (15 mL) and sat.
aqueous NaCl (50 mL). The solvents were removed in vacuo after drying
with MgSO, and the residual oil was dissolved in CH,Cl, (10 mL) and
treated with PPTS (20 mg). After 12 h sat. aqueous NaHCO; (15 mL) was
added. The layers were separated and the aqueous layer was extracted with
CH,Cl, (2 x 20 mL). The combined organic layers were washed with sat.
aqueous NaCl (30 mL). After the organic phase was dried with Na,SO,, the
solvent was removed in vacuo and the residue was purified by CC [50 g, PE/
MTBE 1:2 (400 mL), then MTBE]. Compound 50 (670 mg, 90%) was
obtained as a white foam. The diasteromeric ratio was approx. 1:1 as
determined by *C NMR. M.p.80°C; R;=0.30 (MTBE); [a]p=—15.6,
[alsis=—162, [alse=—184, [alme=—29.7, [alss=—423 (c=148,
CHCl;, T=20°C); IR (KBr): #=3360m (NH, OH), 3035w (ArH),
2960m/2940m/2875w (CH), 1685s (C=0), 1530s, 1455w, 1365w, 1280m,
1240m, 1175m, 1085w, 1045m, 1020w, 695w; 'H NMR (300 MHz, CDCl,):
0 =143 (s, 9H, rBu), superimposed by 1.20-1.78, 1.80-2.05 (m, 6 H; m,
2H, 3-H,, 4-H,, 2"-H,, 3'-H,), 2.61 (brs, 1H, OH), 3.11 (m, 2H, 4-H,), 3.45
(dd,/=11.7,6.0 Hz, 1H, 1"-H,), 3.62 [dd, J=12.4, 3.2 Hz, ca. 0.5H, 1"-Hp
(one epimer) ], superimposed partially by 3.65 [dd, J=11.9, 3.2 Hz, 1"-Hg
(one epimer)], superimposed by 3.62-3.78 (m, 1H, 1'-H), 3.83-4.07 (m,
2H, 2-H, 5-H), 4.70 (m, 1H, NH), 5.08 (s, 2H, Ph-CH,), superimposed by
5.02-5.13 (m, 1H, NH), 726740 (m, 5H, Ph); *C NMR (75 MHz,
CDCl): 6=26.6 (br), 26.8, 272, 279, 28.5 (C-3, C4, C-2', C-3), 283
[C(CHa),], 40.2 (C-4'), 54.0, 54.3 [C-1" (two epimers) ], 64.7, 64.9 [C-1" (two
epimers)], 66.7 (Ph-CH,), 79.1 [C(CH,)], 80.0, 81.7, 82.0 [C-2, C-5 (two
epimers)], 128.0, 128.4, 136.4 (Ph), 156.0, 156.4, 156.5 [Boc-, Z-C=0 (two
epimers) |; C»,H3,N,0¢ (422.52): caled C 62.54, H 8.11, N 6.63; found C
62.32, H 8.21, N 6.49.

(2RS,5R,1'S)-5-(1’-Benzyloxycarbonylamino-4'-tert-butoxycarbonylami-

no-butyl)-tetrahydrofuran-2-carboxylic acid (51): Starting from the alcohol
50 (3.58 g, 8.47 mmol) this two-step oxidation was performed analogous to
the preparation of the carboxylic acids 25/26. The following amounts of
reagents were used: oxalyl chloride (1.45 mL, 2.14 g, 16.9 mmol) in CH,Cl,
(60 mL), DMSO (1.80 mL, 1.98 g, 25.4 mmol) in CH,Cl, (10 mL), and NEt;
(14.1 mL, 10.3 g, 101 mmol). Without purification by CC the corresponding
crude aldehyde (3.65 g) was obtained as a yellow oil. R; =0.38 (MTBE).
Subsequent Pinnick-oxidation using +-BuOH (12 mL), amylene (6 mL),
NaClO, (80%, 1.24 g, 11.0 mmol) and NaH,PO, x H,O (1.51 g, 11.0 mmol)
in water (6 mL) yielded a slightly yellow crude product after usual work-up.
This was further purified as the dicyclohexyl ammonium salt analogous to
the preparation of carboxylic acids 25/26 using dicyclohexyl amine
(249 mL, 2.27 g, 12.5 mmol). After liberation of the free acids with the
aid of 5% aqueous citric acid (2 x 100 mL) instead of aqueous HCI, the
acid 51 (3.37 g, 64 % ) was obtained as an epimeric mixture. M.p. 69-74°C;
R;=0.05-0.24 (MTBE); IR (KBr): #=3345brm (NH, COOH), 3035w
(ArH), 2975m/2935m (CH), 1695s (C=0), 1635m, 1530s, 1455m, 1390w,
1365m, 1340m, 1250m, 1170m, 1080m, 1015w, 740w, 700w; 'H NMR
(300 MHz, CD;0D): 6 =1.42 (s, 9H, tBu), superimposed by 1.27-2.12 (m,
7H, 3-H,, 4-H,, 2'-H,, 3'-H,), 2.18-2.36 (m, 1 H, 3-Hg), 2.99-3.09 (m, 2H,
4-H,), 3.54-3.71 (m, 1H, 1-H), 3.89 [dt, J=7.0, 7.0 Hz, 5-H (epimer A)],
4.04 [dt, J=6.8, 6.8 Hz, 5-H (epimer B)], 4.42 [dd, J=8.0, 5.9 Hz, 2-H
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(epimer B)], 4.47 [dd, J =79, 5.5 Hz, 2-H (epimer A)], 5.08 (brs, 2H, Ph-
CH,), 726739 (m, SH, Ph); 3C NMR (75 MHz, CD,0D): 6 =27.5, 28.2,
29.7 (C-4, C-2',C-3),28.8 [C(CHj;)5], 31.0 (C-3),40.8 (C-4),55.5 (C-1), 67.4
(Ph-CH,), 78.2, 78.5 [C-2 (two epimers)], 79.8 [C(CHs)s], 84.1, 84.6 [C-5
(two epimers)], 128.7, 128.9, 129.5, 138.5 (Ph), 176.6, 177.0 [COOH (two
epimers)|; C»,H3,N,O5 (436.50): caled C 60.54, H 7.39, N 6.42; found C
60.11, H 7.45, N 6.15.

(28,2’RS,5'R,1"S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-tert-butoxycar-
bonyl-aminobutyl)-tetrahydrofuran-2’-carbamoyl]-2-butylsulfonylamino-
methyl propionate (53): EtN(iPr), (1.98 mL, 1.47 g, 11.3 mmol) and EDC
(728 mg, 3.80 mmol) were added subsequently to a solution of carboxylic
acid 51 (1.65 g, 3.78 mmol), trifluoroacetate 52 (1.73 g, 4.90 mmol), and
HOBt (868 mg, 5.70 mmol) in THF (15 mL). After the solution was stirred
at room temperature for 18 h, the solvent was removed in vacuo, and the
residue dissolved in EtOAc (50 mL). After successive washings with 5%
aqueous citric acid (2 x 10 mL), sat. aqueous NaHCO; (20 mL), and sat.
aqueous NaCl (20 mL) the organic layer was dried with Na,SO,. Removal
of the solvent in vacuo and CC (200 g, MTBE/PE 5:1) afforded amide 53
(1.51 g, 61 %) as a white solid. M.p. 57-58°C; R;=0.52 (MTBE); HPLC:
tg =13.7 min (Si 60; 1.5 mLmin~!, 10% isopropyl alcohol in n-hexane);
14.5 and 15.3 min (Rainin, RP 18, 1 mLmin~!, 40% to 80% B within
20 min, A: water+0.2% TFA; B: acetonitrile +0.2% TFA); IR (KBr):
7=3420brs (NH), 2960m/2875w (CH), 1685brs (C=0), 1525w, 1455m,
1425s, 1365m, 1330m, 1250w, 1215m, 1150m, 1080w; '"H NMR (300 MHz,
CD;OD): 6 =0.95, 0.96 (2t, /=73 Hz each, 3H, CHj;), 1.43 (s, 9H, rBu),
superimposed by 1.28—1.97 (m, 9H, 2CH,CH,, 4-H,), 1.88-2.07 (m, 2H,
3'-H,, 4'-Hg) 2.16-2.36 (m, 1H, 3'-Hp), 3.04 (m, 4H, 4"-H,, SO,CH,), 3.75
(s, 3H, OMe), superimposed by 3.26-3.86 (m, 3H, 3-H,, 1”-H), 3.96 [ddd,
all J,;. & 6.0 Hz, 5'-H (one epimer)], 4.08 [ddd, all J,,,=6.5 Hz, 5-H (one
epimer)], 421 -4.37 (m, 2H, 2-H, 2’-H), 5.03-5.17 (m, 2H, PhCH,), 723 -
743 (m, 5H, Ph); 3C NMR (75 MHz, CD;0D): 6 =14.0 (CH3), 22.5, 26.7,
2777,28.1,29.7,29.9, 30.9, 31.2 (2 CH,CH,, C-3', C-4), 28.8 [C(CH5,)s], 41.2,
41.4, 42.0 (C-3, C-4"), 53.2 (OMe), 54.2 (SO,CH,), 55.2, 55.4 [C-1" (two
epimers)], 56.6, 56.7 [C-2 (two epimers)], 674 (CH,-Ph), 79.8 [C-2',
C(CH,);], 84.3, 84.8 [C-5' (two epimers)], 128.6, 128.7, 129.0, 129.5, 138.0
(Ph), 158.5,159.1 (Z-CO, Boc-CO), 172.2 (CONH), 176.1,176.5 [COO (two
epimers)]; C3HyN,Oy0S (656.79): caled C 54.86, H 7.37, N 8.53, S 4.88;
found C 55.23, H 7.44, N 8.04, S 4.55; HRMS (FAB): [C3,H;sN,O,,S+H]*
calcd 657.3169; found 657.337.

(28,2'R,5'R,1"S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-[ N*",N3"-bis-

(tert-butoxycarbonyl)-guanidino]-butyl)-tetrahydrofuran-2’-carbamoyl]-2-
butylsulfonyl-amino-methyl propionate (55) and (25,2'S,5'R,1"S)-3-[5'-(1"-
benzyloxy-carbonylamino-4"-[ N?”,N¥"-bis-(tert-butoxycarbonyl)-guanidi-
no|-butyl)-tetrahydrofuran-2'-carbamoyl]-2-butylsulfonylamino  methyl
propionate (56): A solution of protected amine 53 (480 mg, 0.731 mmol)
in CH,Cl, (15mL) was treated with TFA (3mL). After 4h at room
temperature the solvents were removed under reduced pressure. Azeo-
tropic distillation with toluene (2 x 5 mL) yielded a slightly brownish oil
which was used without further purification in the guanylation. This
residue, isothiourea 54 (233 mg, 0.800 mmol), and NEt; (0.41 mL, 0.30 g,
2.9 mmol) were dissolved in DMF (7 mL). After addition of HgCl, (228 mg,
0.840 mmol) the reaction mixture was stirred for 2.5 h at room temperature.
It was diluted with EtOAc (30 mL) and filtered with the aid of Celite. The
filtrate was washed with 5% aqueous citric acid (2 x 7 mL), sat. aqueous
NaHCO; (7 mL), sat. aqueous NaCl (7 mL). The organic phase was dried
with Na,SO,. Removal of the solvents in vacuo and subsequent CC (60 g,
MTBE) afforded the guanidine derivatives 55/56 (395 mg, 68 % based on
53) as a colorless solid. This approx. 2:1 mixture of C-2'-epimers was
separated by preparative HPLC (6 runs, 21 mm ID, Rainin, Si 60,
21.6 mLmin~!, 15% isopropyl alcohol in n-hexane). In addition to the
diastereomerically pure 56 (220 mg, 0.275 mmol, 38 %)* and 55 (75 mg,
0.094 mmol, 13%)* an epimeric mixture (50 mg, 0.063 mmol, 9%) was
obtained; *the cis vs. trans assignment was done unambiguously by
interpretation of 600 MHz NOESY spectra of both separated epimers after
transformation to 38 and 39 (see below). Analytical data of the epimeric
mixture: R;=0.32 (MTBE); IR (KBr): 7 = 3335w (NH), 2960w (CH), 1720s
(CO), 1640s, 1530w, 1455w, 1415w, 1370m, 1330s, 1230w, 1135s, 1055w,
1025w; C3H5gNGO,S (798.94): caled C 54.12, H 7.32, N 10.52, S 4.01; found
C 54.01, H 7.61, N 9.99, S 3.57. Guanidine derivative 55: m.p. 67-68°C;
[a]lp=+12.6, [a]s;s=+13.5, [a]sss=+15.7, [a]sz6 =+29.2, [a]365 = +52.0
(¢=0.65, CHCl;, T=20°C); HPLC: tzg=15.6 min (Si 60; 1.5 mLmin"},
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15% isopropyl alcohol in n-hexane); 'H NMR (300 MHz, CD;0D): ¢ =
0.95 (t, /=74 Hz, 3H, CH,), 1.46, 1.52 (2s, 18 H, 21Bu), superimposed by
122-1.90 (m, 9H, 2CH,CH,, 4-H,), 1.90-2.07 (m, 2H, 3-H,, 4'-Hy)
2.20-2.36 (m, 1H, 3'-Hg), 3.04 (t, /=7.9 Hz, 2H, SO,CH,), 3.25-3.43 (m,
3H, 3-H,, 4"-H,), 3.75 (s, 3H, OMe), superimposed by 3.62-3.79 (m, 2H,
3-Hpg, 1”-H), 4.09 (ddd, all J,,, = 6.5 Hz, 1H, 5'-H), 4.23 (dd, /=8.3,5.3 Hz,
1H, 2-H), 4.35 (dd, /=79, 6.0 Hz, 1 H, 2"-H), 5.09 (s, 2H, Ph-CH,), 722~
740 (m, 5H, Ph); *C NMR (75 MHz, CD;OD): 6 = 14.0 (CH,), 22.5, 26.7,
26.9, 29.4 (2 CH,CH,), 28.2 (C-4), 28.3, 28.6 [2C(CH,)5], 30.9 (C-3'), 41.6,
41.9 (C-3, C-4"), 53.1 (OMe), 54.2 (SO,CH,), 55.1 (C-1"), 56.6 (C-2), 67.4
(CH,-Ph), 79.8, 84.2 [2 C(CHS)5], 80.3 (C-2'), 84.4 (C-5), 128.7, 128.9, 129.4,
138.5 (Ph), 154.2 (C=N), 157.6, 159.0 (Z-CO, Boc-CO), 164.6 (Boc-CO),
172.2 (CONH), 176.5 (COO). Guanidine derivative 56: m.p. 59°C; [a]p =
169, [a]ss=+72, [a)sse=+8.1, [alis=+16.7, [c]ss=+30.4 (c=0.90,
CHCl;, T=20°C); HPLC: tz=125min (Si 60; 1.5mLmin"!, 15%
isopropyl alcohol in n-hexane); 'H NMR (300 MHz, CD;0D): 6 =0.94
(t, /=73 Hz, 3H, CH,), 1.47 and 1.53 (25, 18 H, 2/Bu), superimposed by
1.21-1.85 (m, 9H, 2CH,CH,, 4-H,), 1.95 (m, 2H, 3-H,, 4-H,) 2.23 (m,
1H, 3'-Hg), 3.04 (t, /=79 Hz, 2H, SO,CH,), 3.31-3.61 (m, 4H, 3-H,, 4"-
H,),3.74 (s, 3H, OMe), 3.75-3.86 (m, 1 H, 1”-H), 3.91 -4.02 (m, 1 H, 5'-H),
420-423 (m, 2H, 2-H, 2-H), 5.05-5.18 (m, 2H, Ph-CH,), 722742 (m,
5H, Ph); ®CNMR (75 MHz, CD;0D): 6 = 14.0 (CHj;), 22.5, 26.6, 27.0, 29.7
(2CH,CH,), 27.7 (C-4'), 28.3, 28.6 [2C(CH,),], 31.2 (C-3), 41.5, 41.9 (C-3,
C-4"), 532 (OMe), 54.2 (SO,CH,), 55.5 (C-1"), 56.5 (C-2), 674 (CH,-Ph),
79.8, 84.7 [2C(CHy),], 803 (C-2)), 84.4 (C-5'), 128.5, 128.9, 129.5, 138.0
(Ph), 154.1 (C=N), 158.0, 159.3 (Z-CO, Boc-CO), 164.5 (Boc-CO), 172.1
(CONH), 176.9 (COO).

(28,2'R,5'R,1"S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-guanidino-butyl)-
tetrahydrofuran-2’-carbamoyl]-2-butylsulfonylamino propionic acid (38, as
trifluoroacetate): The preparation was done as described for 14 starting
from THF derivative 55 (42 mg, 0.052 mmol). Purification by preparative
HPLC [3 runs, 21 mm ID, Rainin, RP 18, 21.6 mLmin~!, 70% (water +
0.2% TFA) and 30 % (acetonitrile +0.2% TFA)] yielded trifluoroacetate
38 (16 mg, 43%) as a colorless oil; HPLC: tz =6.7 min (MN, RP 18,
1mLmin!, 1% to 40% B within 20 min, A: water+0.2% TFA; B:
acetonitrile +0.2% TFA); tr =173 min (MN, RP 18, 1 mLmin~, 20% to
80 % B within 20 min, A: water + 0.2 % TFA; B: acetonitrile + 0.2 % TFA);
'H NMR (600 MHz, CD;CN): 6=0.91 (t, /=74 Hz, 3H, CH;), 1.40 (m,
3H,2"-H,, CH,-CH;), 1.49-1.60 (m, 1 H, 3"-H,), 1.60~ 1.78 (m, 5H, 4-H,,
2"-Hy, 3"-Hg, SO,CH,-CH,), 1.89-1.97 (m, 2H, 3-H,, 4-Hy), 2.18-2.29
(m, 1H, 3'-Hp), 3.03 (t, /=6.4 Hz, 2H, SO,CH,), 3.06-3.14, 3.12-3.22
(2m, 1H each, 4”-H,), 3.39 (ddd, J =13.2, 6.6, 6.6 Hz, 1 H, 3-H,), 3.59-3.69
(m, 2H, 3-Hg, 17-H),3.99 (m, 1 H, 5'-H), 4.13 (m, 1 H, 2-H), 4.34 (m, 1 H, 2-
H), 5.07 (s, 2H, PhCH,), 5.78 (d, J=9.7 Hz, 0.6H, NHZ), 6.02 (d, J=
8.3 Hz, NHSO,), 6.36 (brs, 1.8H, 2NH,), 7.08 (brs, N*'H), 7.29-7.38 (m,
5H, Ph), 7.40 (m, N3H); the sample still contained 13 mass- % water which
was explicit substracted from the yield; due to recording the spectrum with
presaturation of the HOD signal the integral size of some exchangeable
protons is too small; in addition a second conformer/epimer (approx.
10 mol- %) was detected, but these signals were not reported above;
BC NMR (75 MHz, CD;CN): 6 =14.0 (CHj;), 22.2 (CH,-CH,), 25.4 (C-3"),
26.4 (SO,CH,-CH,), 28.5 (C-4"), 29.3 (C-2"), 30.7 (C-3'), 42.2 (C-3, C-4"),
53.8 (SO,CH,), 54.8 (C-1"), 56.0 (C-2), 67.2 (CH,-Ph), 79.6 (C-2'), 83.7 (C-
5, 128.6, 129.0, 129.6 (Ph), 158.1 (presumably C=N); the CO-signals as
well as the signal for C, of Ph were not detected. FAB-MS: [C,sH,;NgO4S]*
caled 585.3; found 585.4.

(28,2'S,5'R,1"S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-guanidino-butyl)-

tetrahydrofuran-2'-carbamoyl]-2-butylsulfonylamino propionic acid (39, as
a trifluoroacetate): The preparation and purification was done as described
for 38 starting from THF derivative 56 (73 mg, 0.091 mmol) and afforded 39
(42 mg, 66%) as a colorless oil. HPLC: 3 =16.7 min (Rainin, RP 18,
1 mLmin~!, 20% to 60% B within 30 min, A: water+0.2% TFA; B:
acetonitrile +0.2% TFA); '"H NMR (600 MHz, CD;CN): 6 =0.89 (t, /=
74 Hz, 3H, CH;), 1.32-1.42 (m, 3H, 2"-H,, CH,-CH3), 1.49-1.59 (m, 1 H,
3"-H,), 1.59-1.76 (m, 5H, 4-H,, 2"-Hj, 3"-Hg, SO,CH,-CH,), 1.86-1.93
(m,2H,3-H,, 4-Hg) 2.19 (m, 1 H, 3'-Hy), 3.01 (t,/ = 8.0 Hz, 2H, SO,CH,),
3.06-3.13,3.11-3.21 (2m, 1H each, 4"-H,), 3.48 (m, 2H, 3-H,), 3.69 (m,
1H, 1”-H), 3.92 (m, 1H, 5-H), 4.13 (m, 1H, 2-H), 428 (m, 1H, 2’-H), AB
signal (0, =5.06, 05 =5.09, J,z = 12.6 Hz, 2H, Ph-CH,), 6.10 (d,/ =9.2 Hz,
0.7H, NHZ), 6.17 (d, J=8.7 Hz, 0.7H, NHSO,), 6.47, 6.57 (2brs, 3H,
2NH,), 728737 (m, 5H, Ph), 739 (brt, J=5.9 Hz, 1H, N°H), 7.43 (brs,
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1H, N*'H); the sample still contained 6 mass- % water which was explicit
substracted from the yield; due to recording the spectrum with presatura-
tion of the HOD signal the integral size of some exchangeable protons was
too small; *C NMR (75 MHz, CD;CN): 6 =13.9 (CH,), 21.4 (CH,-CH,),
25.7 (C-3"), 26.3 (SO,CH,-CH,), 27.7 (C-4'), 29.0 (C-2"), 30.8 (C-3"), 42.0,
42.1 (C-3,C-4"),53.6 (SO,CH,), 54.9 (C-1"), 56.4 (C-2), 67.2 (CH,-Ph), 79.6
(C-2'), 84.1 (C-5'),128.5,128.9, 129.5,138.1 (Ph), 158.1 (presumably C=N),
175.0 (COO); some CO-signals were not detected. FAB-MS:
[CosHyNgO4S]* caled 585.3; found 585.5.

(28,2’R,5'R,1"'S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-tert-butoxycarbon-
yl-aminobutyl)-tetrahydrofuran-2'-carbamoyl]-2-benzyloxycarbonylami-
no-methyl propionate (57): The preparation was done analogous to the
amide 53 using the following amounts of substrate and reagents: carboxylic
acid 51 (535 mg, 1.23 mmol), amine hydrochloride 27 (391 mg, 1.35 mmol),
HOBt (282 mg, 1.84 mmol), EtN(iPr), (0.47 mL, 0.35 g, 2.7 mmol), and
EDC (236 mg, 1.23 mmol). CC (100 g, EtOACc/PE 1:1) yielded the product
(651 mg, 79%) as a mixture of C-2-epimers. Crystallization from Et,0
(40 mL) afforded the pure trans-isomer 57 (302 mg, 0.450 mmol, 37 %) as a
white solid. M.p. 104°C; R;=0.74 (EtOAc); [a]p =+104, [a]ss=+113,
[alsse=+13.3, [a]szs=+25.2, [a]35=+48.9 (¢=0.89, CHCl;, T=20°C);
IR (KBr): #=3335brm (NH), 2950w/2935m (CH), 1705s (C=0), 1685s
(C=0), 1530s, 1435m, 1365w, 1340w, 1250m, 1170w, 1070w, 700w; '"H NMR
(300 MHz, CD;0D): 6 =1.42 (s, 9H, rBu), superimposed by 1.24-1.97 (m,
7H, 3-H,, 4-H,, 2"-H,, 3"-H,), 2.16-2.33 (m, 1H, 3'-Hy), 3.01 (brt, J=
6.4 Hz,2H,4"-H,),3.46 (dd,/=13.7,74 Hz, 1 H, 3-H,), 3.72 (s, 3H, OMe),
superimposed by 3.58-3.75 (m, 2H, 3-Hg, 1”-H), 3.98 (dt, /=6.5, 6.5 Hz,
1H, 5-H), 4.31 (dd, J=175,6.2 Hz, 1H, 2-H), 438 (dd, J=73,52 Hz, 1H,
2-H), 5.02-5.15 (m, 4H, 2Ph-CH,), 7.23-739 (m, 10H, 2Ph); *C NMR
(75 MHz, CD;0D): 6 =217.6, 28.0, 29.3 (C-4', C-2", C-3"), 28.8 [C(CHs);],
31.0 (C-3'), 41.0 (C-3, C-4"), 53.0 (OMe), 55.0 (C-1"), 55.3 (C-2), 67.4, 67.8
(2CH,-Ph), 79.8 [C-2', C(CH,),], 84.3 (C-5), 128.7, 128.9, 129.0, 129.5,
138.0, 138.4 (2Ph), 158.4, 159.0 (2Z-CO, Boc-CO), 172.4 (CONH), 176.6
(COO0); C3HyN,O4 (670.75): caled C 60.88, H 6.91, N 8.35; found C 60.93,
H 7.00, N 8.18. Epimeric mixture (strongly enriched by the cis isomer):
'H NMR (300 MHz, CD;0D): 6 =141 (s, 9H, tBu), superimposed by
1.23-1.95 (m, 7H, 3'-H,, 4-H,, 2"-H,, 3"-H,), 2.11-2.30 (m, 1H, 3'-Hy),
2.90-3.14 (m, 2H, 4"-H,), 3.40-3.80 (m, 3H, 3-H,, 1"-H), 3.70 (s, 3H,
OMe), 3.85-4.02 (m, 1H, 5-H), 4.23 (m, 1H, 2"-H), 430-4.44 (m, 1H,
2-H), 5.02-5.17 (m, 4H, 2Ph-CH,), 7.20-7.39 (m, 10H, 2Ph); *C NMR
(75 MHz, CD;0D): 6 = 27.7 (double intensity), 29.7, 31.4 (C-3', C-4', C-2",
C-3"), 28.9 [C(CH;)3], 40.9 (C-3, C-4"), 53.1 (OMe), 55.3 (C-2, C-1"), 67.5,
67.9 (2CH,-Ph), 79.8 [C(CH,),], 79.9 (C-2'), 84.9 (C-5"), 128.7, 128.9, 129.0,
129.1, 129.5, 138.1, 138.5 (2Ph), 158.4, 158.6 (2Z-CO, Boc-CO), 172.3
(CONH), 176.1 (COO).

(25,2'R,5'R,1"S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-[N?" ,N*"-bis-(tert-
butoxycarbonyl)-guanidino]-butyl)-tetrahydrofuran-2’-carbamoyl]-2-ben-
zyloxy-carbonylamino methyl propionate (58): The preparation was done
analogous to the preparation of the guanidine derivatives 55/56 using the
following amounts of substrate and reagents: Boc-protected amine 57
(104 mg, 0.155 mmol), TFA (1 mL), then isothiourea 54 (48 mg, 0.17 mmol),
NEt; (0.10 mL, 73 mg, 0.72 mmol) and HgCl, (46 mg, 0.17 mmol). CC (15 g,
MTBE) yielded the guanidine derivative 58 (92 mg, 0.11 mmol, 73%) as a
colorless solid. M.p. 68-69°C; R;=0.40 (MTBE); [a]p=+16.9, [a]sx=
+177, [a]sss=+20.0, [a]y36=~436.3, [a]sss=+62.1 (c=0.70, CHCl;, T=
20°C); IR (KBr): #=3335brm (NH), 2950w/2930w (CH), 1720s (C=0),
1640s, 1525m, 1455m, 1415m, 1370m, 1335m, 1230m, 1155m, 1135m, 1055m,
700w; 'H NMR (300 MHz, CDCl;): 6 =1.47, 1.49 (2s, 18H, 2¢Bu), 1.30-
2.08 (m, 7H, 3-H,, 4-H,, 2"-H,, 3"-H,), 2.22-2.39 (m, 1H, 3'-Hg), 3.27-
3.41, 3.44-3.60, 3.61-3.80 (3m, 1H, 2H, 2H, 3-H,, 1"-H, 4"-H,), 3.73 (s,
3H, OMe), 3.94 (ddd, all J,,. ~ 6.0 Hz, 1H, 5'-H), 4.34 (dd, J =6.9, 6.9 Hz,
1H, 2'-H), 4.44 (m, 1H, 2’-H), 5.09 (m, 4H, 2 CH,-Ph), 5.53 (d, /=74 Hz,
1H, NHZ), 6.06 (d, ] =72 Hz, 1 H, NHZ), 7.15 (brs, 1 H, N°H), 7.22-7.30
(m, 10H, 2Ph), 8.34 (brs, 1H, N'""H), 11.49 (s, 1H, NHBoc); 3C NMR
(75 MHz, CDCLy): 6=25.9, 273, 276, 29.3 (C-3', C-4, C-2", C-3"), 28.1
[C(CHs;);], 40.3, 40.8 (C-3, C-4"), 52.6 (OMe), 53.9, 54.5 (C-2, C-1"), 66.6,
66.9 (2 CH,-Ph), 78.7,79.1 [C-2', C(CHs);], 82.9, 83.0 [C-5', C(CH;)], 127.9,
128.0,128.4,136.0, 136.4 (2Ph), 156.1,156.3,156.4 (2 Z-CO, Boc-CO, C=N),
163.3 (Boc-CO), 170.5 (CONH), 174.1 (COO); CyHssNsOy, (812.91): caled
C 59.10, H 6.94, N 10.34; found C 58.86, H 7.47, N 10.11.

(28,2’R,5'R,1"S)-3-[5'-(1"-Benzyloxycarbonylamino-4"-guanidino-butyl)-
tetrahydrofuran-2'-carbamoyl]-2-benzyloxycarbonylamino propionic acid
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(40, as trifluoroacetate): The preparation and purification was done as
described for 38. Starting from THF derivative 58 (35 mg, 0.043 mmol) 40
(14 mg, 46%) was obtained as a white solid after lyophylization. HPLC:
tr =19.5 min (Rainin, RP 18, 1 mLmin~!, 20 % to 60 % B within 30 min, A:
water+0.2% TFA; B: acetonitrile +0.2% TFA); 'H NMR (300 MHz,
CD,CN): 6 =1.34-1.76 (m, 5H, 2"-H,, 3"-H,, 4-H,), 1.80~ 1.92 (m, 2 H, 3"-
H,, 4-Hg), 2.15-2.27 (m, 1H, 3'-Hg), 3.05-3.17 (m, 2H, 4"-H,)*, 3.43
(ddd, /=134, 6.6, 6.6 Hz, 1H, 3-H,), 3.51-3.69 (m, 2H, 3-Hg, 1"-H),
3.85-3.95 (m, 1H, 5-H), 4.23-4.33 (m, 2H, 2-H, 2'-H), 5.06 (s, 4H, 2Ph-
CH,), 5.83 (d, J=9.4 Hz, 1H, NHZ), 6.39 (d, /=75 Hz, 1H, NHZ), 6.63
(brs, 4H, 2NH,), 7.26-7.42 (m, 11H, 2 x Ph, NH), 7.60 (m, 1H, NH); the
sample still contained approx. 10 mass-% water which was explicit
substracted from the yield; *this signal was superimposed by the HOD
signal. ®C NMR (75 MHz, CD;CN): 6 =25.5, 28.4, 29.3, 30.6 (C-3', C-4,
C-2", C-3"), 41.4, 42.0 (C-3, C-4"), 54.4 (C-2, C-1"), 66.9, 672 (2 CH,-Ph),
79.5 (C-2'),83.6 (C-5"),128.5,128.9, 129.0, 129.5 (Ph), 157.9 and 158.4 (C=N
and Z-CO), 173.0 and 175.5; some CO-signals as well as the signal for C, of
Ph were not detected; HRMS (FAB): [C,0H3N4Og]* caled 599.2829; found
599.2865.

(28,2'5,5'S,1”S)-2-Benzyloxycarbonylamino-3-[5'-(1"'-tert-butoxycarbonyl-
aminoethyl)-tetrahydrofuran-2'-carbamoyl] methyl propionate (64): The
preparation was done analogous to amide 53 using the following amounts
of substrate and reagents: carboxylic acid 63 (1.00 g, 3.86 mmol), amine
hydrochloride 27 (1.10 g, 4.24 mmol), HOBt (886 mg, 5.78 mmol), Et-
N(iPr), (0.74 mL, 0.55 g, 4.2 mmol), and EDC (799 mg, 4.17 mmol). The
amide 64 (1.54 g, 81 %) was obtained as a white foam. M.p. 53°C; R;=0.44
(MTBE); [a]lp=—115, [a]ss=—-122, [a]us=—13.7, [a]us=—22.2,
[a]ss=—31.6 (c=0.96, CHCl;, T=20°C); IR (KBr): #=3385brs,
3120m, 2980m (CH), 1715brs (COOR), 1525s, 1455m, 1400s, 1365m,
1250m, 1170m, 1060m, 780w, 740w, 700w, 615w; 'H NMR (300 MHz,
CDCl;): 0=1.18 (d,J=6.4 Hz, 3H, 2"-H;), 1.44 (s, 9H, Bu), 1.71 - 1.78 (m,
1H, 4-H,), 1.81-1.89 (m, 2H, 3'-H,, 4-Hjg), 2.24-2.39 (m, 1H, 3'-Hy),
3.50-3.82 (m,6H, 3-H,,1"-H, OCHj;), 3.82-3.96 (m, 1H, 5'-H), 4.38 (t,/ =
6.9 Hz, 1H, 2"-H), 4.42 (m, 1H, 2-H), 4.64 (brs, 1H, NHBoc), 5.12 (s, 2H,
CH,-Ph), 5.80 (d,/=6.8 Hz, 1H, NHZ), 7.07 (brs, 1 H, N*H), 7.28 - 7.42 (m,
5H, Ph); *C NMR (75 MHz, CDCl;): 6 =18.9 (C-2"), 282 (C-4'), 28.4
[C(CH3)4], 30.2 (C-3"), 40.8 (C-3), approx. 49 (br, low intensity, C-1"), 52.8
(OCHs;), 54.4 (C-2), 67.1 (CH,-Ph), 78.7 (C-2'), 79.4 [C(CH5;);], 83.4 (C-5"),
128.1, 128.3, 128.5, 136.0 (Ph), 155.7 (Z-CO, Boc-CO), 170.6 (CONH),
174.0 (COO); CyH;33N;04 (493.55): caled C 58.41, H 7.15, N 8.51; found C
58.49,H 6.84, N 8.17.

(28,2'R,5'S,1"S)-2-Benzyloxycarbonylamino-3-[5'-(1”-tert-butoxycarbonyl-
aminoethyl)-tetrahydrofuran-2'-carbamoyl] methyl propionate (66): The
preparation was done analogous to the preparation of amide 53 using the
following amounts of substrate and reagents: carboxylic acid 65 (1.30 g,
5.00 mmol), amine hydrochloride 27 (1.59 g, 5.50 mmol), HOBt (1.15 g,
7.50 mmol), EtN(iPr), (0.96mL, 0.71 g, 5.5mmol), and EDC (1.01 g,
5.25 mmol) to yield amide 66 (2.07 g, 84 %) as a white solid. M.p. 60°C;
R;=044 (MTBE); [a]p=+29.8, [a]ss=-+3L1, [a]sus=+35.5, [alus=
+61.8, [a]ss=+101.6 (c=1.03, CHCl;, T=20°C); IR (KBr): =
3360brs, 2980m (CH), 1725/1695s (4 x C=0), 1535s, 1455m, 1400m,
1365m, 1340m, 1250m, 1210m, 1170m, 1085m, 1060m, 775w, 700w, 610w;
'H NMR (300 MHz, CDCL,): 6 =1.02 (d, J=5.4Hz, 3H, 2"-H,), 1.41 (s,
9H, rBu), superimposed by 1.30-1.55 (m, 1H, 4'-H,), 1.82-1.95,2.07-2.25
(m,1H;m, 1H,3-H,, 4-Hg),2.27-2.42 (m, 1H, 3'-Hg), 3.48 -3.89 (m, 7H,
3-H,, 5-H, 1”-H, OCH,), 4.38 (brd, J=8.0 Hz, 1H, 2"-H), 4.48 (brs, 1H,
2-H), 5.00-5.19 (m, 3H, CH,-Ph, NHBoc), 6.61 (d, /=7.0 Hz, 1H, NHZ),
7.22-742 (m, 5H, Ph), 8.66 (brs, 1H, N°*H); 3C NMR (75 MHz, CDCl;):
0=172 (C-2"),28.1 [C(CH3)s], 28.3 (C-4'), 31.1 (C-3'), 40.3 (C-3), 51.1 (C-
17), 52.1 (OCH3;), 55.0 (C-2), 66.5 (CH,-Ph), 78.7 (C-2'), 79.5 [C(CH,)],
85.9 (C-5), 1277, 127.8, 128.1, 136.2 (Ph), 156.1, 156.8 (Z-CO, Boc-CO),
170.6 (CONH), 175.2 (COO); C,yH35N;04 (493.55): caled C 58.41, H 7.15, N
8.51; found C 58.38, H 7.05, N 8.25.

{N-(tert-Butoxycarbonyl)-glycyl}-{(2'S,5'S,1"'S)-5'-(1"-aminoethyl)-tetrahy-
drofuran-2'-carbonyl}-{(25)-3-amino-2-benzyloxycarbonylamino  methyl
propionate (67): The preparation was done analogous to amide 53 using
the following amounts of substrate and reagents: crude deprotected amine
64 (422 mg, approx. 1.07 mmol), Boc-glycine (234 mg, 1.33 mmol), HOBt
(298 mg, 1.95 mmol), EDC (255 mg, 1.54 mmol), and EtN(iPr), (0.21 mL,
0.16 g, 1.2 mmol). After CC (50 g, EtOAc followed by acetone/CH,Cl, 1:1)
amide 67 (553 mg, 94 % ) was obtained as a white solid. M.p. 61 °C; R;=0.06
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(EtOAC); [alp=—"71, [alss=—7.3, [a]sus=—8.3, [a]ss=—13.9, [a]3s=
~19.8 (c=1.02, CHCL, T=20°C); IR (KBr): #=3400brs, 2980w (CH),
1720s (COOR), 1665s, 1525s, 1455w, 1400s, 1370m, 1250m, 1230m, 1170m,
1050w, 700w; 'H NMR (300 MHz, CDCLy): 0 =1.17 (d, J=6.8 Hz, 3H, 2"-
H,), 144 (s, 9H, Bu), 1.52-1.67 (m, 1H, 4-H,), 1.80-2.02 (m, 2H, 3"-H,,
4-Hy), 2.31 (m, 1H, 3-Hy), 3.46-3.60 (m, 1H, 3-H,), 3.52-3.82 (m, 7H,
3-Hg, 5-H, 2"-H,, OCH,), 4.07 (m, 1H, 1"-H), 4.37 (t, /=73 Hz, 1H, 2'-
H), 4.51 (m, 1H, 2-H), 5.12 (s, 2H, CH,-Ph), 5.30 (brs, NHBoc), 6.05 (brd,
J=72Hz, 1H, NHZ), 644 (brd, J=85Hz, 1H, N"'H), 722 (brs, 1H,
N°H), 728740 (m, 5H, Ph); 3C NMR (75 MHz, CDCl,): 6 = 18.3 (C-2"),
28.2 [C(CHa),], 28.6 (C-4), 29.8 (C-3'), 41.0 (C-3), 44.5 (br C-2"), 477 (C-
1”), 52.8 (OCHj;), 54.2 (C-2), 67.1 (CH,-Ph), 78.3 (C-2'), 80.3 [C(CH,)4],
83.0 (C-5'), 1279, 128.3, 128.5, 135.9 (Ph), 156.3 (Z-CO, Boc-CO), 169.3,
170.6 (2 CONH), 173.9 (COO); CyHysN, O, (550.60): caled C 56.72, H 6.96,
N 10.18; found C 56.20, H 7.22, N 10.40.

{2"”-Guanidino-acetyl}-{(2'S,5'S,1"S)-5'-(1"-amino-ethyl)-tetrahydrofuran-
2'-carbonyl}-{(25)-3-amino-2-benzyloxycarbonylamino propionic acid} (59,
as trifluoroacetate) via guanylation and deprotection: The guanylation was
done analogous to the guanidine derivatives 55/56 using the following
amounts of substrate and reagents: Boc-protected amine 67 (523 mg,
0.950 mmol), TFA (3 mL); then isothiourea 54 (296 mg, 1.02 mmol), NEt;
(0.40 mL, 0.29 g, 2.9 mmol), and HgCl, (290 mg, 1.07 mmol). CC (2 x 40 g,
EtOAc) gave the corresponding guanidine derivative (615 mg, 93 % based
on 67) as a white solid. M.p. 90-92°C; R;=0.32 (EtOAc); [a]p=—6.4,
[a]s;s=—6.6, [a]sse = — 7.6, [a]y36 = — 12.7, [a]36s=—17.2 (¢ =0.86, CHCl;,
T=20°C); IR (KBr): #=3100-3400s, 2980m (CH), 1725s (COOR), 1645s,
1620s, 1530m, 1400s, 1370m, 1310s, 1255m, 1230m, 1145s, 1100m, 1060w,
700w; '"H NMR (300 MHz, CDCl,): 6 =1.17 (d, J= 6.8 Hz, 3H, 2"-H3), 1.47,
1.50 (2s, 18 H, 2rBu), approx. 1.47-1.73 (m, 1H, 4-H,), 1.82-2.00 (m, 2H,
3'-H,, 4-Hjp), 2.19-2.38 (m, 1H, 3'-Hg), 3.50-3.83 (m, 5H, 3-H,, OCHj),
3.89 (m, 1H, 5-H), 3.98-4.11 (m, 3H, 1"-H, 2""-H,), 4.38 (t, /=72 Hz, 1H,
2'-H), 447 (m, 1H, 2-H), 5.11 (s, 2H, CH,-Ph), 5.92 (d, /=72 Hz, 1H,
NHZ),6.61 (d,J=8.7 Hz, 1H,N'"H), 7.16 (m, 1 H, N*H), 7.30-7.38 (m, 5H,
Ph), 891 (m, 1H, N"""H), 11.37 (s, 1H, NHBoc); ¥C NMR (75 MHz,
CDCl,): 0 =182 (C-2"), 27.9, 28.1 [2C(CHj;);, C-4], 30.0 (C-3), 41.0 (C-3),
44.8 (C-2""), 47.6 (C-1"), 52.8 (OCH,), 54.2 (C-2), 67.1 (CH,-Ph), 78.6, 82.8
[2C(CHa);], 79.5 (C-2'), 83.5 (C-5'), 1279, 128.2, 128.5, 135.9 (Ph), 152.7
(C=N), 156.1 (Z-CO, Boc-CO), 162.9 (Boc-CO), 168.0, 170.5 (2CONH),
173.8 (COO); C3,HgN¢Oy; (692.76): caled C 55.48, H 6.98, N 12.13; found C
55.38, H 712, N 11.54. The deprotection was done analogous to amide 14
starting from the corresponding guanidine derivative (300 mg,
0.433 mmol). After purification by preparative HPLC (6 runs, 21 mm ID,
Rainin, RP 18, 21.6 mLmin!, 20% to 40% B within 20 min A: water +
0.2% TFA; B: acetonitrile + 0.2% TFA) and lyophylization the trifluor-
acetate of 59 (155 mg, 60 %) was obtained as a white solid. HPLC: tz =
9.3 min (Rainin, RP 18, 1 mLmin~!, 20% to 60% B within 20 min, A:
water+0.2% TFA; B: acetonitrile +0.2% TFA); IR (neat): ¥=2800-
3700s (NH; COOH), 1660brs (C=0O, C=N), 1535m, 1400m, 1205m,
1135m, 1070w, 725w, 700w; '"H NMR (300 MHz, CD;CN): 6 =1.06 (brd,
J=6.4Hz,3H,2"-H;),1.42-1.60 (m, 1H,4-H,), 1.69-1.89 (m,2H, 3'-H,,
4'-Hg), 2.09-2.23 (m, 1H, 3'-Hy), 3.40-3.64 (m, 2H, 3-H,), 3.79-3.99 (m,
4H, 5'-H, 1"-H, 2'"-H,), 420-4.35 (m, 2H, 2-H, 2"-H), 5.01 (s, 2H, CH,-
Ph), 6.45 (d,/=75 Hz, 1H, NHZ), 6.71 (brs, 4 H*, two exchangeable H's),
7.04-7.33 (m, 7H, N'"H, N'""H, Ph), 7.54 (brs, 1H, N°H), 9.30 (brs, 3H,
three exchangeable H's); *this integral size was too large because the
sample contained approx. 1 equiv water. *C NMR (75 MHz, CD;CN): 6 =
177 (C-2"),28.9 (C-4'),31.1 (C-3"), 40.9 (C-3), 45.0 (C-2""), 49.3 (C-1"), 55.0
(C-2), 674 (CH,-Ph), 79.1 (C-2'), 83.6 (C-5'), 128.6, 128.9, 129.4, 137.6 (Ph),
1574, 158.7 (Z-CO, C=N), 168.4, 172.9 (2CONH), 176.1 (COO); ESI-MS:
[C5,H33NGO;]* caled 479.23; found 479.19.

{3""-[N?"" ,N¥"-Bis-(tert-Butoxycarbonyl)-guanidino]-propionyl}-
{(2'S,5'S,1"S)-5"-(1"-aminoethyl)-tetrahydrofuran-2’-carbonyl}-{(25)-3-
amino-2-benzyloxycarbonylamino methyl propionate} (68): A solution of
dipeptide 64 (305 mg, 0.608 mmol) in CH,Cl, (5 mL) was treated with TFA
(0.5mL). After 4 h at room temperature the solvents were removed in
vacuo and the residue was codistilled with toluene (2 x 5 mL). Sat. aqueous
NaHCO; (6 mL) was added and extraction with EtOAc (2 x 15 mL)
followed. The organic layer was washed with sat. aqueous NaCl (10 mL)
and dried with Na,SO,. After removal of the solvent in vacuo, the free
amine (240 mg, approx. 0.61 mmol) remained as slightly brownish oil which
was used without further purification. The crude amine, carboxylic acid 69
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b (303 mg, 0.914 mmol) and HOBt (184 mg, 1.20 mmol) were dissolved in
THF (5mL) and EDC (176 mg, 0.918 mmol) was added at 0°C. The
reaction mixture was allowed to warm to room temperature within 3 h.
After additional 2 h EtN(iPr), (0.11 mL, 79 mg, 0.61 mmol) was added. The
solution was stirred for an additional hour and then the solvent was
removed in vacuo. The residue was dissolved in EtOAc (20 mL). After
successive washings with 5% aqueous citric acid (5 mL), sat. aqueous
NaHCO; (5 mL), and sat. aqueous NaCl (10 mL) the organic layer was
dried with Na,SO,. Removal of the solvent in vacuo and CC (30 g, EtOAc)
afforded amide 68 (325 mg, 75 % based on 64) as a white solid. M.p. 78—
82°C; R;=0.24 (EtOAc); [a]p=—6.6, [a]s;s=—16.9, [a]s4s = — 7.8, [a]sz6 =
—12.6, [a]ss=—16.6 (c=1.07, CHCl;, T=20°C); IR (KBr): #=3100-
3400brs, 2980w (CH), 1725s (COOR), 1640s, 1530m, 1400s, 1365m,
1330m, 1255m, 1230m, 1155m, 1135m, 1090w, 1060w; 'H NMR
(300 MHz, CDClLy): 6=1.17 (d, J=6.8 Hz, 3H, 2"-H;), 1.48, 149 (2s,
18H, 2¢Bu), approx. 1.52-1.66 (m, 1H, 4-H,), 1.82-1.98 (m,2H, 3’-H,, 4"-
Hg), 2.23-2.37 (m, 1H, 3'-Hyg), 2.48 (t, /=6.7 Hz, 2H, 2""-H,), 3.52-3.82
(m,7H, 3-H,, 3""-H,, OCH3), 3.88 (m, 1 H, 5'-H), 4.00-4.12 (m, 1 H, 1"-H),
4.36 (t,J =72 Hz,1H,2-H), 4.48 (brdd,/=10.9 and 7.2 Hz, 1 H, 2-H), 5.11
(s, 2H, CH,-Ph), 5.93 (d, J=72 Hz, 1H, NHZ), 6.34 (d, /=83 Hz, 1H,
N'"H), 7.18 (m, 1H, N°H), 7.30-7.38 (m, 5H, Ph), 8.72 (t, /=5.9 Hz, 1H,
N"""H), 11.44 (s, 1H, NHBoc); *C NMR (75 MHz, CDCl;): 6 =183 (C-
2"),28.0, 28.2 [2C(CHs;);], 28.4 (C-4'), 30.1 (C-3), 36.2, 36.8 (C-2", C-3"),
41.0 (C-3), 47.7 (C-1"), 52.8 (OCH,), 54.2 (C-2), 67.1 (CH,Ph), 78.4, 82.8
[2C(CH,)5], 79.3 (C-2), 83.2 (C-5), 128.0, 128.2, 128.5, 135.9 (Ph), 152.8
(C=N), 156.3 (Z-CO, Boc-CO), 163.4 (Boc-CO), 170.5 (2CONH), 173.9
(COO0); ESI-MS: [C33HyNO+H]* caled 707.36; found 707.35.

{3"’-Guanidino-propionyl}-{(2'S,5'S,1”S)-5"-(1"-aminoethyl)-tetrahydrofur-
an-2'-carbonyl}-{(2S5)-3-amino-2-benzyloxycarbonylamino propionic acid}
(61, as a trifluoroacetate): The preparation was done analogous to amide 14
starting from tripeptide 68 (95 mg, 0.13 mmol). After purification by
preparative HPLC (3 runs, 21 mm ID, Rainin, RP 18, 21.6 mLmin~, 20 %
to 40% B within 20 min A: water +0.2% TFA; B: acetonitrile + 0.2 %
TFA) and lyophylization the trifluoracetate of 61 (59 mg, 72%) was
obtained as a white solid. HPLC: fz =9.2 min (Rainin, RP 18, 1 mLmin~},
20% to 60% B within 20 min, A: water+0.2% TFA; B: acetonitrile +
0.2% TFA); IR (neat): #=2800-3700s (NH, COOH), 1660brs (C=0,
C=N), 1535m, 1400m, 1205m, 1135m, 1070w, 720w, 700w; 'H NMR
(600 MHz, CD;CN): 6=1.08 (d, J=75Hz, 3H, 2"-H;), 1.51-1.60 (m,
1H, 4-H,), 1.78-1.88 (m, 2H, 3-H,, 4-Hy), 2.16-2.23 (m, 1 H, 3-Hj),
2.38-2.48 (m,2H,2""-H,),3.33-3.45 (m, 2H, 3"-H,), AB signal (d, = 3.51,
0p=3.59, Jog=14.0 Hz, additionally split by J,=5.1, 5.1 Hz, Jz3=70,
7.0 Hz, 2H, 3-H,), 3.89-3.97 (m, 2H, 5'-H, 1"-H), 4.25 (dt, /=72, 5.0 Hz,
1H, 2-H), 4.32 (dd, /=76, 7.6 Hz, 1H, 2"-H), 5.07 (s, 2H, CH,-Ph), 5.40
(brs, 2H*, NH/COOH), 6.65 (d,J=7.5 Hz, 1H,NHZ), 7.03 (brs, 4 H*, NH/
COOH), 710 (d, J=8.0 Hz, 1H, N'"H), 7.30-7.38 (m, 5H, Ph), 7.51 (t,J =
6.0 Hz, 1H, N°H), 7.68 (t, J=5.8 Hz, 1H, N"""H); *these integrals sizes
were slightly too large because the sample contained approx. 0.5 equiv
water; *C NMR (75 MHz, CD;CN): 6 =18.0 (C-2"), 28.9 (C-4), 31.1 (C-
3),36.2 (C-2""), 38.7 (C-3""), 40.8 (C-3), 49.0 (C-1"), 55.6 (C-2), 67.2 (CH,-
Ph), 79.4 (C-2), 83.7 (C-5'), 128.9, 129.1, 129.5, 138.0 (Ph), 157.3, 159.0 (Z-
CO, C=N), 172.1, 1733 (2CONH), 1754 (COO); HRMS (FAB):
[CH33NgO;]t caled 493.2411; found 493.2411.

{N-(tert-Butoxycarbonyl)-glycyl}-{(2'R,5'S,1"S)-5"-(1"-aminoethyl)-tetra-

hydrofuran-2-carbonyl}-{(2S)-3-amino-2-benzyloxycarbonylamino methyl
propionate} (71): The preparation was done as described for amide 53
using the following amounts of substrate and reagents: crude deprotected
amine 66 (310 mg, approx. 0.788 mmol), Boc-glycine (160 mg, 0.913 mmol),
HOBt (199 mg, 1.30 mmol), EDC (171 mg, 0.89 mmol), and EtN(iPr),
(0.14mL, 0.11g, 0.81 mmol). After CC (50g, EtOAc followed by
acetone/CH,Cl, 1:1) the amide 71 (350 mg, 81 %) was obtained as a white
solid. M.p. 63°C; R;=0.06 (EtOAc); [a]p=+71.3, [a]s;s=+T75.2, [at]sss=
+85.6, [a]ze=+1515, [a]ss=+253.4 (c=1.08, CHCl;, T=20°C); IR
(KBr): #=3315brs, 2980m (CH), 1720s (COOR), 1660s, 1530s, 1455w,
1395m, 1365m, 1250m, 1170m, 1075w, 740w, 700w; '"H NMR (300 MHz,
CDCl;): 0 =1.10(d,J=6.8 Hz, 3H, 2"-H;), 1.44 (s, 9H, tBu), superimposed
by 1.40-1.60 (m, 1H, 4-H,), 1.87-2.02 (m, 1H, 4-Hg), 2.13-2.33 (m, 2H,
3'-H,), 3.54-4.06 (m,9H, 3-H,, 5-H, 1"-H, 2""-H,, OCH;), 4.32 (dd, J =79,
3.8 Hz, 1H, 2’-H), 4.51 (m, 1H, 2-H), 5.13 (s, 2H, CH,-Ph), 5.39 (brs, 1H,
NHBoc), 6.51-6.68 (m, 1H, N'"H), 7.01 (d, /=72 Hz, 1H, NHZ), 7.28-
740 (m, 5H, Ph), 8.33 (brs, 1 H, N°*H); *CNMR (75 MHz, CDCl;): 6 =17.2
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(C-27), 282 [C(CH,)4], 28.6 (C-4'), 30.7 (C-3"), 40.6 (C-3), 44.6 (br C-2""),
50.0 (C-1"),52.4 (OCHs,), 54.7 (C-2), 66.8 (CH,-Ph), 78.8 (C-2'), 85.1 (C-5'),
128.0, 128.4, 136.4 (Ph), 156.5 (Z-CO, Boc-CO), 171.0 (2CONH), 174.4
(COO); the signal for [C(CH,);] was not detected.

{2""-Guanidino-acetyl}-{(2'R,5'S,1"S)-5'-(1"-aminoethyl)-tetrahydrofuran-

2'-carbonyl}-{(25)-3-amino-2-benzyloxycarbonylamino propionic acid} (60,
as a trifluoroacetate) via guanylation and deprotection: The guanylation
was done as described for the guanidine derivatives 55/56 using the
following amounts of substrate and reagents: Boc-protected amine 71
(321 mg, 0.583 mmol), TFA (2mL); then isothiourca 54 (182 mg,
0.627 mmol), NEt; (0.25mL, 0.18 g, 1.8 mmol), and HgCl, (188 mg,
0.692 mmol). CC (30g, EtOAc) gave the corresponding guanidine
derivative (350 mg, 87 % based on 71) as a colorless solid. M.p. 86-87°C;
R;=034 (EtOAc); [a]p=+594, [a]ss=+62.0, [a]ss=+713, [a]u=
+128.6, [a]ss=+220.1 (c=0.96, CHCl;, T=20°C); IR (KBr): v=
3100-3400m, 2980w (CH), 1725s (COOR), 1645s, 1550m, 1400s, 1370m,
1310m, 1230m, 1145s, 1095w, 1060w; '"H NMR (300 MHz, CDCl;): 6 =1.08
(d, J=6.8 Hz, 3H, 2"-H;), 1.48, 1.50 (2s, 18 H, 2/Bu), superimposed by
1.45-1.55 (m, 1H, 4'-H,), 1.88-2.01 (m, 1H, 4-Hy), 2.04-2.34 (m, 2H, 3'-
H,), 3.72 (s, 3H, OCHj;), 4.00 (d, J=5.5 Hz, 2H, 2""-H,), superimposed by
3.62-4.07 (m, 4H, 3-H,, 5-H, 1"-H), 434 (dd, J=8.3, 3.4 Hz, 1H, 2'-H),
4.49 (m, 1H, 2-H), 5.11 (s, 2H, CH,-Ph), 6.93 (d, /=74 Hz, 1H, NHZ),
7.25-7.38 (m, 5H, Ph), 7.65 (d, J=9.2 Hz, 1 H, N'"H), 8.48 (brt,J=5.9 Hz,
1H, N°H), 8.82 (brt, /J=5.4Hz, 1H, N*"H), 11.30 (s, 1H, NHBoc);
BCNMR (75 MHz, CDCl,): 6 =17.1 (C-2"),28.0,28.2 [2C(CH,)], 28.6 (C-
4),30.7 (C-3"),40.6 (C-3),45.3 (C-2""),50.1 (C-1"),52.4 (OCHs;), 54.9 (C-2),
66.8 (CH,-Ph), 78.9 (C-2'), 79.5, 83.6 [2C(CH,),], 85.3 (C-5"), 127.9, 128.0,
128.4, 136.5 (Ph), 152.6 (C=N), 156.4, 156.5 (Z-CO, Boc-CO), 162.6 (Boc-
CO), 169.9, 170.9 (2CONH), 174.7 (COO); C5,HgN4Oy; (692.76): caled C
55.48,H 6.98, N 12.13; found C 55.26, H 7.14, N 12.15. The deprotection was
done analogous to amide 14 starting from the corresponding guanidine
derivative (210 mg, 0.303 mmol). After purification by preparative HPLC
(5 runs, 21 mm ID, Rainin, RP 18, 21.6 mLmin~!, 20% to 40% B within
20 min A: water+0.2% TFA; B: acetonitrile +0.2% TFA) and lyophy-
lization trifluoracetate of 60 (121 mg, 67 %) was obtained as a white solid.
HPLC: tz =10.9 min (Rainin, RP 18, 1 mLmin~}, 20% to 60% B within
20 min, A: water+0.2% TFA; B: acetonitrile +0.2% TFA); IR (neat):
7=2800-3700s (NH; COOH), 1665brs (C=O, C=N), 1550m, 1400m,
1345m, 1205s, 1135s, 1070m, 1030w, 720w, 700w; 'H NMR (300 MHz,
CD,CN): 6=1.07 (d, J=6.4 Hz, 3H, 2"-H;), 1.39-151 (m, 1H, 4-H,),
1.82-1.97 (m, 1H, 4-Hp), 1.99-2.25 (m, 2H, 3'-H,), 3.49-4.11 (m, 6H,
3-H,,5-H, 1”-H,2"-H,), 420-4.37 (m, 1 H, 2-H), 438 -4.52 (m, 1 H, 2-H),
5.06 (s, 2H, CH,-Ph), 6.83 (brs, 4H*, 4 exchangeable H's), 7.20-7.46 (m,
6H, Ph, N"""H), 7.58 (d, J=8.3 Hz, 1H, N'"H), 8.30 (brs, 1 H, N*H), 8.73
(brs,2H*, 1 exchangeable H); *these integrals sizes were too large because
the sample contained some water; *C NMR (75 MHz, CD;CN): 6 =172
(C-2"),28.8 (C-4),31.3 (C-3'),41.1 (C-3),45.1 (C-2""),50.9 (C-1"), 55.0 (C-
2), 674 (CH,-Ph), 79.2 (C-2'), 85.6 (C-5"), 128.5, 128.9, 129.1, 137.6 (Ph),
157.5, 158.3 (Z-CO, C=N), 169.3, 173.2 (2CONH), 176.3 (COO); ESI-MS:
[CH33N(O;]* caled 479.23; found 479.19.

{3"-[N?"",N¥""-Bis-(tert-butoxycarbonyl)-guanidino ]-propionyl}-
{(2'R,5'S,1"S)-5'-(1"-aminoethyl)-tetrahydrofuran-2’-carbonyl}-{(25)-3-
amino-2-benzyloxycarbonylamino methyl propionate} (72): The Boc
deprotection was done analogous to the deprotection of 64 using protected
amine 66 (300 mg, 0.608 mmol) as starting material. The deprotected amine
(230 mg, approx. 0.58 mmol) remained as slightly brownish oil which was
used without further purification. The peptide coupling was performed
according to the procedure described for the preparation of 53 without
using Hiinig’s base: carboxylic acid 69b (211 mg, 0.664 mmol), HOBt
(133 mg, 0.869 mmol), and EDC (123 mg, 0.642 mmol). After CC [25 g,
CH,CL/PE 1:1 (200 mL) followed by EtOAc] amide 72 (145 mg, 35%
based on 66) was obtained as a white solid. As a major severe side reaction,
acid 69b cyclized to a six-membered heterocycle 70 [60 mg, 29 %; NMR,
IR, MS, R;=0.58 (MTBE)]. Amide 72: m.p. 91-93°C; R;=0.25 (EtOAc);
[alp=+44.8, [a]ss=4+471, [a]ss=+53.6, [a]ys=+95.9, [a]ss=+161.8
(c=1.16, CHCl;, T=20°C); IR (KBr): #=3100-3400m, 2980w (CH),
1725brs (COOR), 1640s, 1560m, 1400m, 1370m, 1330m, 1255w, 1230w,
1155m, 1060w; 'H NMR (300 MHz, CDCl,): 6 =1.07 (d,/=6.4 Hz,3H, 2"-
H,), 1.48, 1.49 (25, 18H, 21Bu), 1.45-1.55 (m, 1H, 4-H,), 1.85-1.99 (m,
1H, 4-Hp), 2.09-2.38 (m, 2H, 3'-H,), 2.49 (brs, 2H, 2""-H,), 3.55-3.81 (m,
7H, 3-H,, 5-H, 3""-H,, OCH3;), 3.86—4.08 (m, 2H, 3-Hp, 1"-H), 4.33 (brd,
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J=83Hz, 1H, 2'-H), 447 (m, 1H, 2-H), 5.11 (s, 2H, CH,-Ph), 6.97 (brd,
J=9.0Hz, 1H, N""H), 7.17 (brd, J =75 Hz, 1H, NHZ), 726 -7.38 (m, 5H,
Ph), 8.59 (brt,J =75 Hz, 1H,N°H), 8.66 (brt,J =77 Hz, 1H,N""H), 11.44
(s, 1H, NHBoc); C NMR (75 MHz, CDCl;): 6 =170 (C-2"), 28.0, 28.3
[2C(CH3),],28.6 (C-4),30.8 (C-3"), 36.6, 36.7 (C-2", C-3""), 40.4 (C-3), 50.3
(C-17), 52.3 (OCH3;), 55.0 (C-2), 66.7 (CH,-Ph), 78.9 (C-2'), 79.5, 83.3
[2C(CH,)5], 85.3 (C-5'), 128.0, 128.1, 128.4, 136.5 (Ph), 152.8 (C=N), 156.5
(Z-CO, Boc-CO), 163.2 (Boc-CO), 171.0, 172.4 (2CONH), 174.7 (COO);
ESI-MS: [C3;HsNO+H]" caled 707.36; found 707.35.
{3"’-Guanidino-propionyl}-{(2'R,5'S,1"S)-5'-(1"-aminoethyl)-tetrahydro-
furan-2'-carbonyl}-{(2S)-3-amino-2-benzyloxycarbonylamino  propionic
acid} (62, as trifluoroacetate): The preparation was done analogous to
amide 14 starting from tripeptide 72 (115 mg, 0.16 mmol). After purifica-
tion by preparative HPLC (3 runs, 21 mm ID, Rainin, RP 18,21.6 mLmin~},
20% to 40% B within 20 min A: water+0.2% TFA; B: acetonitrile +
0.2% TFA) and lyophylization trifluoracetate of 62 (78 mg, 79 %) was
obtained as a white solid. HPLC: f; =9.6 min (Rainin, RP 18, 1 mL min,
20% to 60% B within 20 min, A: water+0.2% TFA; B: acetonitrile +
0.2% TFA); '"H NMR (600 MHz, CD;CN): 6 =1.02 (d, /=6.8 Hz, 3H, 2"'-
H;), 1.40 (dddd, all / ~ 10 Hz, 1H, 4-H,), 1.90-1.95 (m, 1 H, 4'-Hy), 2.08 -
2.20 (m,2H, 3'-H,), 2.38-2.54 (m, 2H, 2""-H,), 3.27-3.36 (m, 1 H, 3"-H,),
3.38-3.44 (m, 1H, 3""-Hy), 3.47 (ddd, J=14.0, 3.9 and 3.9 Hz, 2H, 3-H,),
3.70 (ddd, /=9.0, 9.0, 5.9 Hz, 5-H), 3.86-3.95 (m, 2H, 3-Hg, 1"-H), 4.27
(dd, J=8.5, 2.4 Hz, 1H, 2"-H), 440 (m, 1H, 2-H), AB signal (6, =5.05,
05 =5.09, Jag =12.4 Hz, 2H, CH,-Ph), 5.67 (brs, 4 H*, exchangeable H's),
6.70 (brs, 4H*, exchangeable H's), 7.12-7.38 (m, 8H, N'"H, NHZ, N*"-H,
Ph), 8.49 (brdd, J =73, 4.2, 1 H, N°*H); *these integrals sizes were too large
because the sample contained approx. 1.5 equiv water; in addition a second
conformer/rotamer (approx. 10 mol-%) was detected, but these signals
were not reported above. *C NMR (75 MHz, CD;CN): 6 =16.9 (C-2"),
28.8 (C-4'),31.3(C-3"),35.6 (C-2""), 38.3 (C-3""),40.9 (C-3),51.0 (C-1"),55.2
(C-2), 672 (CH,-Ph), 79.2 (C-2'), 86.1 (C-5"), 128.6, 128.8, 129.0, 137.6 (Ph),
157.3, 1582 (Z-CO, C=N), 173.1, 173.6 (2CONH), 176.1 (COO); HRMS
(FAB): [C,H33NgO;]* caled 493.2411; found 493.2415.

Molecular modeling studies: All THF-RGD mimics were investigated by
the following molecular modeling method:*” One hundred stable con-
formers were generated for each compound by 500 ps molecular dynamics
calculation at 900 K, subsequent annealing to 300 K, and energy minimi-
zation using the CFF91 forcefield of Discover (Molecular Simulation Inc.,
San Diego, CA). To avoid overestimation of the electrostatic effect, we
adopted a distance dependent dielectric constant 4 x R and assumed that
the Asp and Arg surrogates were not charged. All molecular modeling was
performed on a Silicon Graphics Octane computer using InsightII/Discover
(Molecular Simulation Inc.). All calculated conformers with an enthalpy of
less than 8 kcalmol~! above the minimum conformer were used for the
calculation of the individual conformer population according to a
Boltzmann distribution (7= 298 K).

Acknowledgment

This work was supported by Merck KGaA, the Deutsche Forschungs-
gemeinschaft, the Fonds der Chemischen Industrie, and Schering AG.
Support by the NMR group of Dr. C. Miigge is greatfully acknowledged.

[1] E. A. Clark, J. S. Brugge, Science 1995, 268, 233 -239.

[2] a) R. Haubner, D. Finsinger, H. Kessler, Angew. Chem. 1997, 109,
1440-1456; Angew. Chem. Int. Ed. Engl. 1997, 36, 1374-1389;
b) J. M. Samanen, Z. Jonak, D. Rieman, T.L. Yue, Curr. Pharm.
Design 1997, 3, 545-584.

[3] I Ojima, S. Chakravarty, Q. Dong, Bioorg. Med. Chem. 1995, 3, 337 —
360.

[4] W.J. Hoekstra, B. L. Poulter, Curr. Med. Chem. 1998, 5, 195-204.

[5] A. Giannis, F. Riibsam, Angew. Chem. 1997, 109, 606—609; Angew.
Chem. Int. Ed. Engl. 1997, 36, 588 —590.

[6] a) M. Aumailley, M. Gurrath, G. Miiller, J. Calvete, R. Timpl, H.
Kessler, FEBS Lett. 1991, 291, 50-54; b) G. Miiller, M. Gurrath, H.
Kessler, R. Timpl, Angew. Chem. 1992, 104, 341 -343; Angew. Chem.
Int. Ed. Engl. 1992, 31, 326-328; c) R. Haubner, R. Gratias, B.

682 ——

(7]
(8]

[
(10]

(1]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

(23]

(24]
(2]

(26]
(27]

(28]
(29]

(30]
(31]

(32]

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Diefenbach, S. L. Goodman, A. Jonczyk, H. Kessler, J. Am. Chem.
Soc. 1996, 118, 7461 -7472.

A. C.BachII, J. R. Espina, S. A. Jackson, P. F. W. Stouten, J. L. Duke,
S. A. Mousa, W. F. DeGrado, J. Am. Chem. Soc. 1996, 118, 293 -294.
C. E. Peishoff, F. E. Ali, J. W. Bean, R. Calvo, C. A. D’Ambrosio, D. S.
Eggleston, S. M. Hwang, T.P. Kline, P. F. Koster, A. Nichols, D.
Powers, T. Romoff, J. M. Samanen, J. Stadel, J. A. Vasko, K. D.
Kopple, J. Med. Chem. 1992, 35, 3962 —3969.

K. Burgess, D. Lim, J. Med. Chem. 1996, 39, 4520 -4526.

T.-A. Tran, R.-H. Mattern, Q. Zhu, M. Goodmann, Bioorg. Med.
Chem. Lett. 1997, 7, 997 - 1002.

J. W. Corbett, N. R. Graciani, S. A. Mousa, W. F. DeGrado, Bioorg.
Med. Chem. Lett. 1997, 7, 1371 -1376; C. Xue, J. Roderick, S. Jackson,
M. Rafalski, A. Rockwell, S. Mousa, R. E. Olson, W. F. DeGrado,
Bioorg. Med. Chem. Lett. 1997, 7, 693 —705.

R. M. Keenan, W. H. Miller, C. Kwon, F. E. Ali, J. F. Callahan, R. R.
Calvo, S.-M. Hwang, K. D. Kopple, C. E. Peishoff, J. M. Samanen,
A. S. Wong, C. K. Yuan, W. F. Huffman, J. Med. Chem. 1997, 40,2289 —
2292.

T. R. Gadek, R. S. McDowell, Abstracts of Papers, 211th ACS National
Meeting, New Orleans, LA, March 1996, MEDI235.

M. E. Duggan, J. E. Fisher, M. A. Gentile, G. D. Hartman, W. F.
Hoffman, J. R. Huff, N. C. Ihle, A. E. Krause, T. C. Leu, R. M. Nagy,
J. J. Perkins, G. A. Rodan, S. B. Rodan, G. Wesolowski, D. B. Whit-
man, Abstracts of Papers, 211th ACS National Meeting, New Orleans,
LA, March 1996, MEDI1234.

K. C. Nicolaou, J. I. Trujillo, K. Chibale, Tetrahedron 1997, 53, 8751 -
8778.

K. C. Nicolaou, J. I. Trujillo, B. Jandeleit, K. Chibale, M. Rosenfeld, B.
Diefenbach, D. A. Cheresh, S.L. Goodman, Bioorg. Med. Chem.
1998, 6, 1185-1208.

J. Gante, H. Juraszyk, P. Raddatz, H. Wurziger, S. Bernotat-
Danielowski, G. Melzer, F. Rippmann, Bioorg. Med. Chem. Lett.
1996, 6, 2425 —2430.

T. Weller, L. Alig, M. Beresini, B. Blackburn, S. Bunting, P. Hadvary,
M. H. Mueller, D. Knopp, B. Levet-Trafit, M. T. Lipari, N. B. Modi, M.
Muller, C. J. Refino, M. Schmitt, P. Schonholzer, S. Weiss, B. Steiner, J.
Med. Chem. 1996, 39, 3139-47.

T. H. Muller, H. Weisenberger, R. Brickl, H. Narjes, F. Himmelsbach,
J. Krause, Circulation 1997, 96, 1130-1138.

D.J. Kereiakes, N. Kleiman, J.J. Ferguson, J.P. Runyon, T. M.
Broderick, N. A. Higby, L. H. Martin, G. Hantsbarger, S. McDonald,
R. J. Anders, Circulation 1997, 96, 1117 -1121.

M.S. Egbertson, C.T. Chang, M.E. Duggan, R.J. Gould, W.
Halczenko, G. D. Hartman, W. L. Laswell, J. J. Jr. Lynch, R. J. Lynch,
P. D. Manjo, A. M. Naylor, J. D. Prugh, D. R. Ramjit, G. R. Sitko, R. S.
Smith, L. M. Turchi, G. X. Zhang, J. Med. Chem. 1994, 37, 2537 -2551.
P. Savi, A. Badorc, A. Lale, M.-F. Bordes, J. Bornia, C. Labouret, A.
Bernat, P. de Cointet, P. Hoffmann, J.-P. Maffrand, J.-M. Herbert,
Thromb. Haemost. 1998, 80, 469 —476.

J.-C. Harmangé, B. Figadere, Tetrahedron: Asymmetry 1993, 4, 1711 -
1754.

B. Kiichler, G. VoB, H. Gerlach, Liebigs Ann. Chem. 1991, 545—-552.
a) U. Koert, H. Wagner, U. Pidun, Chem. Ber. 1994, 127, 14471457,
b) J. Berninger, U. Koert, C. Eisenberg-Hohl, P. Knochel, Chem. Ber.
1995, 128, 1021 -1028; c) U. Koert, H. Wagner, M. Stein, Chem. Eur. J.
1997, 3, 1170-1180.

U. Koert, M. Stein, H. Wagner, Liebigs. Ann. 1995, 1415-1426.

a) M. V. Sargent, S. J. Wangchareontrakul, J. Chem. Soc. Perkin Trans.
11990, 129-132;b) H. Nagaoka, T. Miyakoshi, J. Kasuga, Y. Yamada,
Tetrahedron Lett. 1985, 41, 5053 —5056.

D. R. Hicks, B. Fraser-Reid, Synthesis 1974, 203.

A.J. Mancuso, S. L. Huang, D. Swern, J. Org. Chem. 1978, 43, 2480 —
2482.

L. R. Hillis, R. C. Ronald, J. Org. Chem. 1985, 50, 470-473.

M. Bodanzsky, A. Bodanzsky, The Practice of Peptide Synthesis, 2nd
revised ed., Springer, Berlin, 1994.

a) L. Zhang, J. C. Chung, T. D. Costello, I. Valvis, P. Ma, S. Kauffman,
R. Ward, J. Org. Chem. 1997, 62, 2466 -2470; b) G. S. Kauffman, J. A.
Pesti, J. Yin, I. Valvis, L. H. Zhang, Abstracts of Papers, 212th ACS
National Meeting 1996, ORG395; ¢) M. A. Brook, T.H. Chan,
Synthesis 1983, 201 —203.

0947-6539/00/0604-0682 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Integrin Antagonists

666—683

[33] D.S. Dodd, A.P. Kozikowski, Tetrahedron Lett. 1994, 35, 977 -980.

[34] A. Schrey, F. Osterkamp, A. Straudi, C. Rickert, H. Wagner, U. Koert,
B. Herrschaft, K. Harms, Eur. J. Org. Chem. 1999, 2977 -2990.

[35] a) K. Lloyd, G.T. Young, J. Chem. Soc. C 1971, 2890-2896; b) T.
Mukaiyama, M. Araki, H. Takei, J. Am. Chem. Soc. 1973, 95, 4763 —
4765; c) D. Hagiwara, H. Miyake, H. Marimoto, M. Murai, T. Fujii, M.
Matsuo, J. Med. Chem. 1992, 35, 3184-3191.

[36] a) A. G. M. Barett, M. A. Seefeld, A. J. P. White, D. J. Williams, J. Org.
Chem. 1996, 61, 2677 -2685; b) S. Kiyooka, M. Nakano, F. Shiota, R.
Fujiyama, J. Org. Chem. 1989, 54, 5409 -5411; c) J. Deng, Y. Hamada,
T. Shioiri, Synthesis 1998, 627 - 638.

[37] a) R. C. Roemmele, H. Rapaport, J. Org. Chem. 1989, 54, 1866 —1875;
b) T. Q. Dinh, X. Du, R. W. Armstrong, J. Org. Chem. 1996, 61, 6606 —
6616; c) J. Maibaum, D. H. Rich, J. Org. Chem. 1988, 53, 869 —873.

[38] W. Su, Synth. Commun. 1996, 26, 407 —413.

[39] B. Lal, A. K. Gangopadhyay, Tetrahedron Lett. 1996, 37, 2483 —2486.

[40] H. Sugihara, H. Fukushi, T. Miyawaki, Y. Imai, Z. Terashita, M.
Kawamura, Y. Fujisawa, S. Kita, J. Med. Chem. 1998, 41, 489—502.

[41] Experimental details for the binding assays are given in ref. [6c].

Received: May 4, 1999 [F 1767]

Chem. Eur. J. 2000, 6, No. 4 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0604-0683 $ 17.50+.50/0 — 683






FULL PAPER

Chiral Allyl Cations Are Captured by Furan with 100 % Stereoselectivity:
Synthesis of Enantiopure 2-Alkoxy-8-oxabicyclo[3.2.1]oct-6-en-3-ones by

Low-Temperature [4+3] Cycloaddition

Christian B. W. Stark,?! Sabine Pierau,™ Rudolf Wartchow,! and H. M. R. Hoffmann*!?!

Abstract: A low-temperature (—95°C) protocol for intermolecular cycloadditions

of furan to chiral silyloxyallyl cations in dichloromethane is described. Key
precursors are open-chain, mixed a-ketoacetals, which are chiral. The resulting
[4+3] cycloadducts are densely functionalized and are isolated as single enantiomers
in high chemical yield. The yield of the cycloadducts increases with increasing

Keywords: acetals - asymmetric
synthesis - chiral auxiliaries - dilu-
tion effects - ion pairs - medium-
sized rings

dilution. Three and four stereogenic centres are created in one single step.

Introduction

Carbocations are ubiquitous as intermediates in inframolec-
ular carbocation — polyolefin annulations, which are modelled
on the biosynthesis of higher terpenes and steroids.!! For
example, the non-enzymic Johnson route to -amyrin? and
also progesteronel®! proceeds with high m-facial selectivity.
However, it is often forgotten that the resulting triterpenoid
and steroidal systems®? are necessarily racemic, since the
cyclopentenol building blocks and the derived cyclopentenyl
cation intermediates are racemic and achiral, respectively.!

Since methodology for preparing single-isomer epoxides
became available, interest in this area has been renewed. In a
series of papers, Corey used enantiopure oxiranes of the
squalene 2,3-oxide type and aluminum-derived, basic Lewis
acids to initiate highly stereoselective and convergent cycli-
zation cascades.[! Further biomimetic ring-forming reactions,
which are intramolecular and also lead to individual enan-
tiomers have been reported.[ !

A considerable part of the effort towards chiral carbenium
ions employed cyclic acetals, which were frequently derived
from chiral diols with C, symmetry. A general problem here is
the removal of the chiral auxiliary, which is often sacrificed in
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the final steps. Furthermore, ring-opening of the acetal and
generation of the cation do not proceed under sufficiently
mild conditions to engender high s-facial selectivity.['®71 In
intermolecular reactions of planar delocalized carbocations,
especially in [4+3] cycloadditions involving formation of two
o bonds in one step, the problems of entropy control, chemical
yield and stereoselectivity are expected to be exacerbated.!® *!

Results and Discussion

We report here on designed open-chain, chiral acetals of a
new structural type. These acetals allow the preparation of
8-oxabicyclo[3.2.1]oct-6-en-3-ones in good yield and high
enantiomeric purity.!'”]

As a route to open-chain mixed a-ketoacetals, the standard
transacetalization conditions (method A, Scheme 1) were not

0]

/U\KOCH:,
R OCHs; method A
(0]
‘ or'
method B or C R OCH;
o /
/U\KOCH3
X R =H, CH;
R X=Cl, Br
R’ = various chiral
auxiliaries
(cf. Scheme 2 - 5)

Scheme 1. Method A: excess dimethylacetal, R'OH, p-toluenesulfonic
acid (PTSA) (catalyst), n-heptane, water separator. Method B: R'OH,
nBuLi, Et,0, —78°C, then a-halo ether. Method C: R'OH, K,COs;,
[18]crown-6 (catalyst), toluene, then a-halo ether in toluene, — 10 to —5°C.
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satisfactory. For example, treatment of the dimethylacetal
with enantiopure 1-phenylethanol under acidic conditions
gave some mixed acetal. However, because of the presence of
acid, 1-phenylethanol partially racemized and gave side
products. In fact, the major product was the diether
PhCH(Me)OCH(Me)Ph. We therefore used mild, basic
reaction conditions for the introduction of acid-labile chiral
auxiliaries. Scheme 1 shows an efficient two-step process to
open-chain mixed a-ketoacetals.

In a first application, chiral mixed acetal 1a was converted
into its triethylsilyl enol ether 2a which was then submitted to
Lewis acid mediated cycloaddition (Scheme 2). A systematic
variation of reaction conditions is shown in Table 1. Best
results were achieved at low temperature, with CH,Cl, as a
solvent (Table 1, entry 3).

0 _ OTES ) o
/[H/OvPh i, )\/O\/Ph _i . &d\

OMe : OMe : >~

Ph
1a 2a (-)-1'S,258-3a
Scheme 2. i) lithium diisopropylamine (LDA), triethylsilyl chloride
(TESCl), Et;N, THF, —78°C; ii) furan, TMSOTf (catalyst), CH,Cl,,
—95°C.

Table 1. Effect of temperature and solvent.

Entry Temperature  Solvent Reaction Yield of de
[°C] time [min] 3a[%] [%]
1 -20 CH,(l, 10 55 49
2 —78 CH,(Cl, 10 58 68
3 -95 CH,(l, 10 67 76
4 -95 Et,0 90 10 10
5 —-95 THF 90 14 13
6 -95 pentane 60 21 36
7 —78 furan (neat) 30 54 49
8 —78 nitroethane 10 36 61
9 —110 CH,Cl,/pentane 10 37 78

Our experimental protocol is very simple. Furan (1.1 equiv)
and enol ether 2 (1.0 equiv) were dissolved in CH,Cl, (0.01 -
1m) and cooled to — 95 °C (chilled with MeOH and liquid Ny).
Catalytic trimethylsilyl triflate (less than 10 mol%) was
dropped in slowly and continuously by syringel'l and the
progress of the reaction was monitored by TLC. The first
sample drawn (after 3 min) showed that the reaction was
already completed! Workup and chromatography (silica,
cyclohexane/methyl tert-butyl ether (MTBE), 3:1) gave
enantiopure cycloadducts.'?!

Reaction rates and dilution effects: Generally, cycloadditions
are bimolecular and are expected to be favoured by an
increase in concentration of the two reacting st-components.
We carried out reactions at component concentrations of 1w,
0.1m and 0.01Mm. To our surprise, yields of cycloadduct actually
increased with increasing dilution (Table 2). In each case, the
rates were high at —95°C, the reactions being essentially
complete after 5 min. We assume that ion-pair effects and
complexation equilibria involving the Lewis acid are impor-
tant and that higher dilution favours break-up of ionic

Chem. Eur. J. 2000, 6, No. 4
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Table 2. Dilution effect.

Entry Dilution Temperature Reaction time Yield of 3a
[M] [C] [min] [%]

1 1.0 -95 <5 62

2 0.1 -95 <5 66

3 0.01 -95 <5 74

aggregates. The stereoselectivity was high at all three
concentrations (Table 2).

In a further application, ketoacetal 4['¥l was converted into
its a-chloro ether with PCl; and this product was allowed to
react, without further purification, with lithium 1-phenyl-
ethanoxide, to give chiral mixed ketal 5. The corresponding
triethylsilyl enol ether 6 was prepared by standard methods
and was submitted to Lewis acid mediated cycloaddition,
yielding cycloadduct 8 (Scheme 3).

0 o
)S{OR RQK(OTPh
OMe oM
4:R=Me )
5: R = CH(Me)Ph i

) d

OTES OTES
}7(0 Ph = Ph
OMe\r OMe
6 10

i l -95°C villml

;’\?o \(Ph \/O\S:‘/\O \(Ph
7 1

furan lcompact

Ph Ph Ph Ph
8 12

Scheme 3. i) 1. PCls, neat, room temperature, 2. 1-phenylethanol, nBuLi,
Et,0, —78°C, 20%; ii) LDA, TESCI, THF, —78°C, 93 %; iii) TMSOT{
(catalyst), CH,Cl, (1M concentration of components), —95°C, 42%, 81 %
de; iv) 1. cyclohexylamine, CaCl,, Et,0, room temperature, 2. LDA, Mel,
THF, —78°C, 77%; v) LDA, TESCIl, EtN, THF, —78°C, 84%; vi)
TMSOTT (catalyst), CH,Cl, (1M concentration of components), —95°C,
53%, 87% de.

furan lcompact

In the mixed acetals studied by us, the simple and sterically
least demanding methoxy group proved to be the preferred
leaving group.'¥l The 1-phenylethoxy group at carbon C2 of
the cycloadduct adopted the equatorial position exclusively,!'’]
although calculations suggest that the equatorial methyl
position and axial phenylethoxy position should be equally
favourable. Stereocontrol of the chiral auxiliary was high
(81% de).
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Homologation of chiral mixed a-ketoacetal 115 by meth-
ylation of its azaenolate gave 2-butanon-1-al derived a-
ketoacetal 9 (77 % yield over two steps). Cycloaddition of the
corresponding silyl enol ether 10 proceeded smoothly, leading
to cycloadduct 12 in 87% de. Again, the 1-phenylethoxy
substituent was equatorial (see Scheme 3). The formation of
both cycloadduct 8 and isomeric 12 is consistent with
1-alkoxy-2-silyloxyallyl cation 7 and W-configured 11 as being
the respective preferred intermediates in a compact mode of
cycloaddition.['°]

Optimization of the chiral auxiliary: A systematic variation of
alkyl group R (Scheme 4), which is part of the chiral auxiliary
PhCH(R)OH, was undertaken (Table 3). To our surprise, R
had no significant effect on the chemical yield and the
diastereomeric excess, although R changed drastically from
simple methyl to bulky fert-butyl.

0 OTES o
O._Ph _i O._Ph i
O AT TR
OMe R OMe R R_<
Ph
1a-d 2 a-d 3ad

Scheme 4. i) LDA, TESCIl, Et;N, THE, —78°C; ii) furan, TMSOT{
(catalyst), CH,Cl,, —78°C.

Table 3. Effect of R substituent of chiral auxiliary PhCH(R)OH.

Entry 2 R Yield of 3 [%)] de [%]
1 a Me 58 68
2 b Et 50 66
3 ¢ n-Bu 59 68
4 d Bu 57 69

What is the role, if any, of the aromatic moiety of the chiral
auxiliary? Varying the electron demand of phenyl by intro-
ducing p-bromo and p-methoxy substituents was not a
promising strategy.['’!

1-(2-Naphthyl)ethanol is readily available in either enan-
tiomeric form by enzymatic resolution.'s! The extended
aromatic system was expected to result in more effective
shielding of the m face of the allyl cation. 1-(2-Naphthyl)-
ethanol was introduced into the acetal function under basic
conditions to avoid epimerization as described above.["’]

We were pleased to find that the low-temperature [443]
cycloaddition between silyl enol ether acetal 14a and furan
yielded cycloadduct (+)-15a in 100% diastereoselectivity
within the limits of detectability (GC, NMR) (Scheme 5).

0 . OTES Q R
| ,
R\)J\(OTNaph a R\/KKOTNaph LI 72
OMe OMe Naph
13a:R=H 14a:R=H (+)-1R. 2R-15a
13b: R=Me 14b: R = Me (+)-1'R, 2R15b

Scheme 5. i) LDA, TESCIl, Et;N, THE, —78°C; ii) furan, TMSOT{
(catalyst), CH,Cl,, —95°C.
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Both of the enantiomeric forms of 1-(2-naphthyl)ethanol gave
the corresponding cycloadduct in enantiomerically pure form.
Specifically, the R enantiomer of 1-(2-naphthyl)ethanol
afforded cycloadduct (+)-15a, the structure and absolute
configuration of which was confirmed by chemical origin and
X-ray crystallography (Figure 1).

. W
® g
2 a
C
=
o
5 B
e L
: ¥ aeg
Y &
L F

Figure 1. X-ray crystal strucutre of 15a.

In a further application, chiral mixed a-ketoacetal and its
silyl enol ether 14b were prepared as outlined in Scheme 5, in
67 % yield and 88% yield, respectively. Cycloaddition to
furan (0.01M concentration of components) proceeded
smoothly, to give cycloadduct 15b in excellent 91% yield
(82% de).?") Enantiopure products were obtained by simple
chromatography.[?!

On the basis of these experimental observations, we suggest
that the model shown in Figure 2 represents the course of the
asymmetric [4+3] cycloadditions.

i
H
Qoo Q
@ V\Q 5 H  cH,cl, -95°C %o
0] -—<1'

( w Naph
15a: 'R, 2R

favoured
Figure 2. Model for asymmetric [4+43] cycloaddition.

The postulated silicon — oxygen chelation?! (cf. also cation
7 and 11, Scheme 3) represents a new structural motif in
oxyallyl cation chemistry, and is favourable in CH,Cl,,
especially at low temperature (—95°C) (Table 1, entry 3),
but is less so in solvents with donor-oxygen sites (Et,O, THF,
nitroalkanes), which cause a drop in stereoselection (Table 1).
The choice of substituent R in 2a-d is of little importance
(Table 3), even if it is a tert-butyl group. Apparently,
substituent R stays on the periphery of the reacting molecular
cluster, as it does in the final product (X-ray) (Figure 1, R =
Me).

However, the nature of the aromatic moiety is important.
The 2-naphthyl substituent is slightly better than a phenyl
substituent and is assumed to screen one of the m faces of the

0947-6539/00/0604-0686 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Chiral Allyl Cations

684-691

allyl cation in the favoured transition state more effectively
(Figure 2). Within the limits of detectability (GC, NMR),
oxabicyclic ketone 15a is formed with 100 % stereoselectivity.

Conclusion

We described a general methodology for the preparation of
open-chain acetals which are chiral and mixed. Since these
acetals are acid-sensitive, the key acetal-forming step is
carried out under basic conditions. The low-temperature
(=95°C) cycloaddition protocol affords various oxabridged
seven-membered rings and generates three and even four (cf.
(+)-15b) stereogenic centres at once, with high mn-facial
selectivity, and in a rational and predictable fashion. The
1-phenylethyl group serves not only as a chiral auxiliary, but
also as a benzylic-type protecting group for the hydroxyl
function and as directing group for carbonyl olefinations at
C3.21 Consecutive reactions with stereocontrol over the
remaining pro-stereogenic centres at carbons C3, C6 and C7
are feasible and are valuable in the synthesis of C-glyco-
sides,®! carbohydrate mimics and marine natural products
such as the bryostatin C segment.*¥

Experimental Section

Infrared spectra were recorded on a Perkin-Elmer 1710 infrared spec-
trometer. '"H NMR and '3C NMR spectra were recorded on a Bruker AM
400 spectrometer in deuterated chloroform unless otherwise stated, with
tetramethylsilane as internal standard. Mass spectra were recorded on a
Finnigan MAT 312 (70eV) or a VG Autospec spectrometer at room
temperature unless otherwise stated. Preparative column chromatography
was performed on J. T. Baker silica gel (particle size 30—60 pm). Analytical
TLC was carried out on aluminium-backed 0.2-mm silica gel 60 F,s, plates
(E. Merck). THF was distilled over sodium and benzophenone before use.
CH,Cl, was distilled over CaH, before use. DMF was dried over BaO and
distilled over CaH, before use. Methyl tert-butyl ether (MTBE), diethyl
ether (Et,0), ethyl acetate (EA), cyclohexane, and light petroleum (PE,
b.p. 40-60°C) were distilled before use.

General procedures for the preparation of mixed a-ketoacetals (cf.
Scheme 1): Method A: A solution of dimethylacetal (3-5 equiv) and p-
TsOH (0.1 equiv) in cyclohexane was heated. After the reflux temperature
was reached, the alcohol (R'OH, 1.0 equiv) was added slowly to the
refluxing reaction mixture (Dean-Stark separator for the removal of
MeOH). After complete reaction (ca. 2 h) the reaction mixture was cooled
to room temperature and poured into saturated aqueous NaHCO; solution.
The aqueous layer was extracted with cyclohexane. The combined organic
phase was dried (MgSO,), evaporated and purified by column chroma-
tograpy.

Method B: The alcohol (R'OH, 1.0 equiv) was dissolved in diethyl ether
and cooled to —20°C. After dropwise addition of nBuLi (1.6M solution in
hexane, 1.0 equiv) by syringe, the mixture was stirred for 15 min at room
temperature and was then cooled to — 78 °C. The a-halo ether®! (1.5 equiv)
was added slowly. The mixture was allowed to reach room temperature.
Reaction progress was monitored by GC analysis. The reaction was
quenched by addition of saturated aqueous NaHCO; solution at —78°C.
The aqueous layer was extracted with ether and the combined organic
phase was dried (MgSO,). After evaporation of the solvent, the crude
product was purified by column chromatography.

Method C: The alcohol (R'OH, 1.0 equiv) was dissolved in toluene, and
solid K,CO; (1.1equiv) and [18]crown-6 (0.01 equiv) were added at
—10°C. The a-halo ether (1.5 equiv)®?! was dissolved in toluene and this
solution was slowly added to the reaction mixture. The reaction temper-
ature was kept at —10 to —5°C (internal temperature). Without further
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workup, the cold reaction mixture was poured into a column, packed with
Et,O/PE and 5% Et;N.

1-Methoxy-1-(1-phenylethoxy)propan-2-one (1a): Starting from racemic
1-phenylethanol, the ketoacetal 1a was prepared according to the general
procedure (mixed acetals, method A). These reactions were carried out on
a 10 mmol up to 200 mmol scale. For enantiopure 1-phenylethanol, 1a was
prepared according to either method B or C. 1-Bromo-1-methoxypropan-2-
one was prepared as described by Schank and Weber.”? Data for 1a,
mixture of diastereoisomers: IR (CHClL;): 7 =3032, 2976, 2932, 1732, 1452,
1352, 1204, 1104, 1064, 1028, 964, 760, 700 cm~'; '"H NMR (400 MHz,
CDCl;, TMS): 6 =734 (m, 5H; Ar), 4.82/4.63 (q, J=6.4 Hz, 1H; PhCH),
4.42/436 (s, 1H; OCHO), 3.34/3.22 (s, 3H; OCHs;), 2.20/2.17 (s, 3H;
C(=0)CHj;), 1.54/1.49 (d, J=6.4 Hz, 3H; CHCH,); *C NMR (100 MHz,
CDCl;, TMS): 6=204.2/203.9 (C=0), 142.5/142.0 (Ar-C), 128.6, 128.1,
126.6 (Ar-CH), 102.3/100.9 (OCHO), 75.7/75.3 (CHCH;), 55.2/53.9
(OCHs;), 24.9/23.8 (C(=O)CHj), 24.2/23.2 (CHCH;); FAB-MS (room
temperature): m/z (%): 208 (0) [M*], 133 (2), 106 (8), 105 (100), 103 (6),
91 (2), 77 (11).

1-Methoxy-1-(1-phenylpropoxy)propan-2-one (1b): 1-Chloro-1-methoxy-
propanonel>®! (4.60 g, 37.6 mmol) was added slowly, at room temperature,
to a suspension of K,CO; (10.4 g, 75.2 mmol) and 1-phenylpropanol (5.12 g,
37.6 mmol); the mixture was stirred for 30 min. Water was added and the
aqueous layer was extracted several times with diethyl ether. The combined
organic layers were dried (MgSO,), the solvent removed and the crude
product was purified by column chromatography (PE/Et,0, 9:1) to yield 1b
(2.5¢g,30%) as a pale-yellow oil (diastereomeric mixture). IR (film): 7=
3628, 3496, 3436, 3084, 3064, 3028, 2964, 2936, 2876, 2836, 1728, 1688, 1492,
1452, 1420, 1380, 1352, 1240, 1204, 1168, 1108, 1072, 1044, 980, 924, 828, 756,
700 cm~'; '"H NMR (400 MHz, CDCl;, TMS): 6 =7.32/7.28 (m, 5H; Ar),
4.56/4.29 (t,J =6.8 Hz, 1H; PhCH), 4.34/3.40 (s, L H; OCHO), 3.33/3.16 (s,
3H; OCHj;), 2.20/2.15 (s, 3H; C(=O)CH;), 1.94/1.76 (m, 2H; CH,), 0.93/
0.85 (t, /=74 Hz, 3H; CH,CH,); *C NMR (100 MHz, CDCl;, TMS): 6 =
204.0/203.9 (C=0), 141.2/140.6 (Ar-C), 128.4,128.3,128.0, 127.9, 127.1, 127.0
(Ar-CH), 102.8/100.6 (OCHO), 81.6/80.7 (CHCH,), 55.3/53.9 (OCH), 30.6/
30.2 (CH,), 24.8/23.8 (C(=O)CHj;), 10.2/10.0 (CH;); FAB-MS (room
temperature): m/z (%): 222 (0) [M*], 161 (4), 148 (8), 119 (100), 107 (7),
91 (81), 77 (8).

1-Methoxy-1-(1-phenylpentoxy)propan-2-one (1c¢): 1,1-Dimethoxypro-
pane (5.9 g, 50 mmol), 1-phenylpentanol (1.64 g, 10 mmol) and p-TsOH
(0.095 g, 0.5 mmol) in heptane (25 mL) were allowed to react according to
the general procedure for the preparation of mixed acetals (method A).
The crude product was purified by column chromatography (PE/Et,0,
12:1) to afford 1c¢ (1.53 g, 61%) as a colourless oil (diastereomeric
mixture). IR (film): 7 = 3436, 3388, 3352, 3316, 3084, 3028, 3000, 2956, 2932,
2872, 1732, 1452, 1420, 1352, 1200, 1112, 1072, 700 cm~!; '"H NMR
(400 MHz, CDCl;, TMS): 6 =732-7.38 (m, 5H; Ar), 4.63 (t, 6.9 Hz, 1H;
PhCH), 4.32/4.31 (s, 1H; OCHO), 3.33/3.15 (s, 3H; OCHj;), 2.20/2.14 (s,
3H; C(=O)CH;), 2.00-1.85/1.78-1.64 (m, 2H; CHCH,), 1.49-1.10 (m,
4H; (CH,),CHs;), 0.87/0.86 (t, 7.2 Hz, 3H; CH,CHs;); *C NMR (100 MHz,
CDCl;, TMS): 6=204.3 (C=0), 141.8/141.0 (Ar-C), 128.6, 128.4, 128.1,
128.0, 127.2, 127.1 (Ar-CH), 102.8/100.7 (OCHO), 80.3/79.4 (PhCH), 55.5/
540 (OCHj), 375/372 (CHCH,), 279 (CHCH,CH,), 25.0/24.0
(C(=0O)CHs;), 22.5 (CH,CH;), 14.0 (CH,CH;); MS (room temperature):
m/z (%):250 (0) [M*], 215 (2), 207 (7), 193 (22), 163 (6), 147 (90), 105 (70),
103 (33), 91 (100), 77 (42), 65 (31).
1-Methoxy-1-(1-phenyl-2,2-dimethylpropoxy)propan-2-one (1d): 1,1-Di-
methoxypropane (5.9 g, 50 mmol), 3,3-dimethyl-1-phenylpropanol (1.64 g,
10 mmol) and p-TsOH (0.095 g, 0.5 mmol) in heptane (25 mL) were
allowed to react according to the general procedure for the preparation of
chiral mixed acetals (method A), to afford, after column chromatography
(PE/Et,0O, 15:1) 1d (1.63 g, 65%) as a colourless oil (diastereomeric
mixture). IR (CHCL): 7 =3012, 2956, 2904, 2872, 1724, 1480, 1452, 1364,
1108, 1068, 1048, 1028 cm~'; 'H NMR (400 MHz, CDCl;, TMS): 6 =7.29-
721 (m, 5H; Ar), 4.53/4.41 (s, 1H; PhCH), 4.32/4.26 (s, 1H; OCHO), 3.32/
3.17 (s, 3H; OCH,;), 2.22/2.14 (s, 3H; C(=O)CHs;), 0.96/0.94 (s, 9H;
C(CHj;)3); BCNMR (100 MHz, CDCl;, TMS): d =204.2 (C=0), 139.3/137.8
(Ar-C), 128.7, 127.8, 1273, 126.8 (Ar-CH), 100.9/98.2 (OCHO), 87.4/86.2
(PhCH), 54.7/51.8 (OCH;), 36.0/35.4 (C(CHa;);), 26.3 (C(CH,);), 25.0
(C(=0)CHs;); MS (room temperature): m/z (% ): 250 (0) [M*], 207 (3), 193
(15), 148 (12), 147 (100), 134 (7), 131 (8), 117 (5), 115 (5), 105 (64), 91 (77),
87 (60), 69 (14).
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3-Methoxy-3-(1-phenylethoxy)butan-2-one (5): According to the general
procedure for the preparation of mixed acetals (method B), 1-phenyl-
ethanol (2.64 mL, 21.9 mmol) was dissolved in diethyl ether (12 mL).
nBuLi (14.0 mL, 22.4 mmol, 1.6M solution in hexane) was added at 0°C.
The mixture was then cooled to —78°C and 3-chloro-3-methoxybutan-2-
one (2 g, 14.6 mmol) (prepared from the dimethylacetal (1.0 equiv), which
was treated with PCl;s (1.0 equiv))] was added. When the vigorous reaction
had ceased, the mixture was heated to 30°C for 30 min and was then
distilled (oil-pump vacuum) to yield crude 3-chloro-3-methoxybutan-2-one,
which was used without further purification. The mixture was allowed to
reach room temperature and was stirred for 16 h at this temperature. Water
was added and the aqueous layer was extracted with CH,Cl,. The combined
organic layers were dried (MgSO,). After removal of the solvent, the crude
product was purified by column chromatograhy (PE/Et,0, 9:1) to afford 5
(684 mg, 20 % ) as a pale-yellow oil (diastereomeric mixture). IR (film): 7=
3628, 3432, 3084, 3064, 3032, 2976, 2932, 2832, 1732, 1684, 1604, 1492, 1452,
1420, 1352, 1308, 1284, 1240, 1204, 1108, 1064, 1028, 968, 916, 888, 760,
700 cm~!; 'TH NMR (400 MHz, CDCl;, TMS): 6 =7.30/7.22 (m, SH; Ar),
4.81/4.80 (q, J=6.4 Hz, 1H; PhCH), 3.10/3.08 (s, 3H; OCHS,), 2.30/2.08 (s,
3H; C(=O)CH,), 147 (d, J=6.4 Hz, 3H; PhCH,), 1.16 (s, 3H; CH,);
BCNMR (100 MHz, CDCl;, TMS): 6 =207.4/206.9 (C=0), 145.7/144.2 (Ar-
C), 128.4/128.2, 1272/1271, 126.1/125.6 (Ar-CH), 103.4/102.5 (COCHs;),
71.1/70.8 (CHCH;), 50.5 (OCH;), 26.2/25.8 (C(=O)CH,), 25.4/25.2
(CHCH,), 21.5/20.7 (CH;); MS (room temperature): m/z (%): 258 (2)
[M*],245 (7),237 (11), 211 (11), 197 (12), 176 (34), 169 (22), 154 (100), 137
(93).

1-Methoxy-1-[ (1R)-naphth-2-yl-ethoxy]propan-2-one ~ (13a):  nBuLi
(5.4 mL, 8.7 mmol, 1.6M solution in hexane) was added to a solution of
(1R)-(naphth-2-yl)-ethanol (1.0 g, 5.8 mmol) in diethyl ether (7mL) at
—20°C. The resulting solution was cooled to —78°C and 1-bromo-1-
methoxypropan-2-onel®3 (1.80 g, 1.16 mmol) was added slowly. The
mixture was stirred for 9h at —78°C, treated with saturated aqueous
NaHCO:; solution and extracted with MTBE. The combined organic phase
was dried (MgSO,) and the solvent removed. The crude product was
purified by column chromatography (PE/Et,0, 1:3 —Et,0) to afford the
mixed acetal and recovered alcohol (430 mg). Data for mixed acetal 13a,
diastereomeric mixture: yellowish oil, yield 46 % (80 % based on recovered
starting material); IR (CHCl,): 7=3432, 3400, 3368, 3304, 3060, 2980, 2932,
2836, 1728, 1600, 1508, 1444, 1420, 1376, 1356, 1308, 1232, 1176, 1104, 1060,
968, 948, 896, 856, 820, 620, 556, 540, 508 cm~'; 'TH NMR (400 MHz, CDCl;,
TMS): 0=790-736 (m, 7H; Ar), 4.98/4.78 (q, J=6.4 Hz, 1H; CHCHs),
4.45/4.40 (s, 1H; OCHO), 3.33/3.20 (s, 3H; OCHj;), 2.20/2.14 (s, 3H;
C(=0)CHs), 1.61/1.57 (d,J = 6.4 Hz, 3H; ArCHCH); ®*C NMR (100 MHz,
CDCl;, TMS): 6 =204.2/203.8 (C=0), 139.9, 139.2, 133.3,133.2, 133.1, 133.0
(Ar-C), 128.7, 128.4, 128.0, 127.9, 1277, 127.6, 126.3, 126.2, 126.1, 126.0,
1259, 125.5, 1242, 124.0 (Ar-CH), 102.4/100.7 (OCHO), 75.9/75.4
(CHCH,), 55.3/53.9 (OCHj;), 25.1/24.2 (C(=O)CH,), 23.7/23.3 (CHCH,);
MS (room temperature): m/z (%): 258 (1) [M*], 215 (1), 198 (3), 172 (1),
155 (100), 139 (1), 127 (7), 115 (4), 101 (1), 88 (2), 77 (2).

1-Methoxy-1-(1-phenyl-ethoxy)butan-2-one (9): Mixed acetal 1a (1.0 g,
4.8 mmol) was added to a mixture of cyclohexylamine (0.82 mL, 7.2 mol)
and CaCl, (1.0 g) in diethyl ether (7 mL). The mixture was stirred for 16 h
and was then filtrated and evaporated. nBuLi (4.5 mL, 7.2 mmol, 1.6m
solution in hexane) was added at 0°C to a solution of diisopropylamine
(0.93 mL, 7.2 mmol) in THF (5 mL). The solution was cooled to — 78 °C and
the crude imine was added dropwise to it within 1 h. Then Mel (0.45 mL,
7.2 mmol) was added, the mixture was stirred for 2 h, and then allowed to
slowly reach room temperature. Saturated aqueous NaHCO; solution was
added and the aqueous layer was extracted with diethyl ether. The
combined organic phase was dried (MgSO,), evaporated and purified by
column chromatography (PE/Et,0, 9:1) to afford 9 (828 mg, 77%) as a
yellowish oil (diastereomeric mixture). IR (film):7 = 3432, 3412, 3084, 3064,
3032, 2976, 2936, 2832, 1728, 1688, 1492, 1452, 1408, 1376, 1336, 1308, 1284,
1252, 1208, 1100, 1064, 1028, 912, 760, 700; 1H NMR (400 MHz, CDCl;,
TMS): 6 =7.32 (m, 5H; Ar), 4.81/4.64 (q,J=6.6 H, 1H; CHCH,), 4.48/4.39
(s, 1H; OCHO), 3.33/3.23 (s, 3H; OCH;), 2.66-2.26 (m, 2H; CH,), 1.54/
1.49 (d, J=6.6 Hz, 3H; CHCH,), 1.03/1.01 (t, /=74 Hz, 3H; CH,CH,);
BC NMR (100 MHz, CDCl;, TMS): 6 =206.8/206.4 (C=0), 142.4/142.0
(Ar-C), 128.6/128.4, 128.0/1278, 126.6/126.4 (Ar-CH), 102.2/100.7
(OCHO), 75.5/75.2 (CHCHj;), 55.1/53.9 (OCHs;), 30.5/29.8 (CH,), 23.8/
23.2 (CHCH,), 7.0/6.9 (CH,CH;); FAB-MS (room temperature): m/z (%):
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222 (3) [M*], 209 (48), 191 (21), 176 (37), 161 (21), 154 (100), 135
(88).

1-Methoxy-1-(1-naphth-2-yl-ethoxy)butan-2-one (13b): Mixed acetal 13a
(1.9 g, 7.4 mmol) was added to a mixture of cyclohexylamine (1.26 mL,
11.0 mol) and CaCl, (1.5 g) in diethyl ether (10 mL). The mixture was
stirred for 16 h and then filtered and evaporated. nBuLi (6.9 mL,
11.0 mmol, 1.6M solution in hexane) was added at 0°C to a solution of
diisopropylamine (1.55 mL, 11.0 mmol) in THF (7 mL). The solution was
cooled to — 78 °C and the crude imine was added dropwise within 1 h. Then
Mel (0.69 mL, 11.0 mmol) was added, the mixture was stirred for 2 h and
then allowed to slowly reach room temperature Saturated aqueous
NaHCOs; solution was added and the aqueous layer was extracted with
diethyl ether. The combined organic phase was dried (MgSO,), evaporated
and purified by column chromatography (PE/Et,O, 9:1) to afford 13b
(1.34 g, 67 %) as a yellowish oil (diastereomeric mixture). IR (film): 7=
3056, 2976, 2936, 2880, 2832, 1724, 1452, 1376, 1308, 1176, 1100, 1064, 1028,
820, 748 cm~'; 'TH NMR (400 MHz, CDCl;, TMS): 6 =7.86-7.72 (m, 4H,
Ar), 756-743 (m, 3H; Ar), 4.98/4.79 (q, J=6.5 Hz, 1H; CHCH;), 4.51/
4.44 (s, 1H; OCHO), 3.33/3.19 (s, 3H; OCHs;), 2.72-2.46 (m, 2H; CH,),
1.61/1.56 (d, J=6.5Hz, 3H; CHCH,), 1.03/1.00 (t, /=73 Hz, 3H;
CH,CH;); *C NMR (50 MHz, CDCl;, TMS): 4 =206.8/206.4 (C=0),
140.0, 139.4 133.4, 133.3, 133.2, 133.1, (Ar-C), 128.8, 128.5, 128.0, 127.9,
127.8, 1277, 126.4, 126.3, 126.2, 126.1, 126.0, 125.5, 124.3, 124.1 (Ar-CH),
102.4/100.7 (OCHO), 75.8/75.4 (CHCH;), 55.3/53.9 (OCHj;), 35.7/30.7
(CH,), 23.7/23.3 (CHCH3;), 7.1/7.0 (CH,CHj;); MS (room temperature): m/z
(%):272 (1) [M*],226 (1),212 (5), 156 (14), 155 (100), 128 (3), 127 (4), 115
(2), 98 (2), 95 (5), 77 (1), 69 (1).

General procedure for the preparation of silyl enol ethers. Method A:
nBuLi (1.2 equiv) was added at 0°C to a solution of diisopropylamine
(1.2 equiv) in THF (0.5 mL/mmol mixed acetal). The solution was cooled to
—78°C and mixed acetal (1.0 equiv) was added dropwise. The resulting
mixture was stirred for 1h at the same temperature, then TMSCI
(1.5 equiv) was added. After complete reaction, water was added. The
aqueous layer was extracted with ether and the combined organic phase
was dried (MgSO,). The solvent was evaporated and the crude product
purified by column chromatography.

Method B: A solution of lithium diisopropylamine (1.2 equiv) (prepared as
described above) was added at —78°C to a solution of mixed acetal
(1.0 equiv) and TESCI (1.5 equiv). Then Et;N (4.5 equiv) was added. The
progress of the reaction was monitored by TLC. Workup, as described
above, gave the silyl enol ether.

[1-Methoxy-1-(1-phenylethoxy)methylvinyloxy|triethylsilane (2a): Diiso-
propylamine (4.6 mL, 32.8 mmol), nBuLi (20.5mL, 32.8 mmol, 1.6m
solution in hexane), mixed acetal 1a (5.6 g, 26.9 mmol), TESCI (6.8 mL,
40.4 mmol) and Et;N (16.8 mL, 121.1 mmol) were allowed to react
according to the general procedure for the preparation of silyl enol ethers
(method B). Chromatography (PE/Et,0O, 95:5) gave 2a (74 g, 85%) as
colourless oil (diastereomeric mixture). IR (CHCl;): 7=23008, 2956, 2936,
2912, 2876, 1640, 1456, 1380, 1256, 1108, 1052, 1028, 968 cm~!; 'H NMR
(200 MHz, CDCLy): 6 =724 (m, 5H; Ar), 4.78/4.59 (q, J=6.5Hz, 1H;
PhCH), 4.56/4.52 (br. s, 1H; = CHH), 4.50/4.41 (s, 1H; OCHO), 4.27 (br.ss,
1H; =CHH), 3.20/3.12 (s, 3H; OCH,;), 1.42 (d, J=6.5 Hz, 3H; CHCH,),
0.76 (m, 15H; Si(C,Hs);); *C NMR (50 MHz, CDCl;): 6 =154.3/153.9
(COTES), 143.7/143.2 (Ar-C), 128.3, 128.2, 1274, 126.4, 126.3 (Ar-CH),
100.2/98.5 (OCHO), 92.0/91.8 (=CH,), 74.3/73.8 (PhCH), 53.8/52.0 (OCH),
24.2/23.3 (CHCH;), 6.6 (Si(CH,CH,);), 4.8 (Si(CH,CHj;);); MS (room
temperature): m/z (%): 322 (1) [M*], 293 (23), 261 (26), 217 (9), 202 (73),
157 (58), 129 (48), 115 (88), 105 (100), 87 (79), 77 (53), 65 (25).

[1-Methoxy-1-(1-phenylpropoxy)methylvinyloxy]triethylsilane (2b): Di-
isopropylamine (0.35 mL, 2.7 mmol), nBuLi (1.7 mL, 2.7 mmol, 1.6M
solution in hexane), mixed acetal 1b (0.5g, 2.3 mmol) and TESCI
(0.45mL, 2.7 mmol) were allowed to react according to the general
procedure for the preparation of silyl enol ethers (method A). Chroma-
tography (PE/Et,0, 9:1) gave 2b (610 mg, 80%) as a pale-yellowish oil
(diastereomeric mixture). The silyl enol ether was immediately used for the
following cycloaddition.

[1-Methoxy-1-(1-phenylpentoxy)methylvinyloxy]triethylsilane (2 c): Diiso-
propylamine (0.3 mL, 2.1 mmol), nBuLi (1.3 mL, 2.1 mmol, 1.6M solution
in hexane), mixed acetal 1c¢ (0.44 g, 1.76 mmol), TESCl (0.41 mL,
2.6 mmol) and Et;N (1.1 mL, 7.9 mmol) were allowed to react according
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to the general procedure for the preparation of silyl enol ethers (method
B). Chromatography (cyclohexane/MTBE, 15:1) gave 2¢ (331 mg, 51%
(81% based on recovered starting material)) as a colourless oil (diaster-
eomeric mixture). IR (CHCL): 7 =2956, 2936, 2912, 2876, 1724, 1640, 1456,
1260, 1104, 1052, 1020, 840 cm~'; 'H NMR (200 MHz, CDCl,): 6 =7.29—
720 (m, 5H; Ar), 4.59 (br. s, 1H; =CHH), 4.62/4.36 (t, J=6.1 Hz, 1H;
PhCH), 4.51/4.42 (s, 1H; OCHO), 4.44/4.29 (d, J=1.0 Hz, 1H; =CHH),
3.21/3.08 (s, 3H; OCHs;), 1.88/1.57 (m, 2H; CHCH,), 1.40-1.15 (m, 4H;
(CH,),CHy), 0.97-0.73 (m, 12H; CH,CH,, Si(CH,CHS,);), 0.72-0.52 (m,
6H; Si(CH,CH,),); *C NMR (50 MHz, CDCL): 6 = 154.4/154.0 (COTES),
142.8/142.1 (Ar-C), 1282, 128.1, 1279, 1274, 126.9 (Ar-CH), 100.9/97.9
(OCHO), 922 (=CH,), 79.2/77.8 (PhCH), 54.0/51.6 (OCHs), 37.9/37.3
(CHCH,), 29.9/29.8 (CHCH,CH,), 22.6 (CH,CH3), 14.0 (CH,CH3), 6.6/6.5
(Si(CH,CHL,),), 4.9/4.8 (Si(CH,CH,),).

[1-Methoxy-1-(1-phenyl-2,2-dimethylpropoxy)methylvinyloxy]triethylsi-
lane (2d): Diisopropylamine (0.15mL, 1.1 mmol), nBuLi (0.7 mL,
1.1 mmol, 1.6M solution in hexane), mixed acetal 1d (0.23 g, 0.92 mmol),
TESCI (0.12 mL, 1.4 mmol) and Et;N (0.6 mL, 4.1 mmol) were allowed to
react according to the general procedure for the preparation of silyl enol
ethers (method B). Chromatography (PE/Et,O, 97:3) gave 2d (289 mg,
55% (80% based on recovered starting material)) as a colourless oil
(diastereomeric mixture). IR (CHCL;): 7 =2956, 2912, 2876, 1640, 1452,
1392, 1380, 1364, 1260, 1108, 1044, 1028 cm~!; 'H NMR (200 MHz, CDCl;):
5=729-725 (m, SH; Ar), 4.71/4.54 (br. s, 1 H; =CHH), 4.52/4.40 (s, 1 H;
OCHO), 4.45/4.13 (s, 1H; PhCH), 4.35/4.33 (d, J=1.0 Hz, 1H; =CHH),
3.26/3.07 (s, 3H; OCHj;), 1.04/0.87 (m, 18 H; C(CH,);, Si(CH,CH;)5), 0.78/
056 (m, 6H; Si(CH,CH,);); 3C NMR (50 MHz, CDCL): 6=154.1
(COTES), 140.3/138.9 (Ar-C), 128.8, 128.6, 1274, 127.3, 1271 (Ar-CH),
102.4/97.2 (OCHO), 92.4/92.2 (=CH,), 87.5/85.2 (PhCH), 53.3/51.0 (OCHs),
36.0/35.4 (C(CH,),) 26.5/26.4 (CHCH,), 6.9/6.7 (Si(CH,CH,),), 4.9/4.8
(Si(CH,CHj;)3); MS (room temperature): m/z (%): 364 (0) [M*], 336 (1),
335 (2), 334 (1), 318 (1), 307 (1), 249 (9), 202 (64), 201 (100), 163 (12), 147
(77), 131 (29), 115 (43), 105 (72), 77 (29).

Silyl enol ether 6: Diisopropylamine (0.12 mL, 1.2 mmol), nBuLi (0.75 mL,
1.2 mmol, 1.6 ™ solution in hexane), mixed acetal 5 (0.22 g, 1.0 mmol) and
TESCI (0.25 mL, 1.5 mmol) were allowed to react according to the general
procedure for the preparation of silyl enol ethers (method A). Chroma-
tography (PE/Et,0, 9:1) gave 6 (312 mg, 93 %) as a yellowish oil. The silyl
enol ether was immediately used for the following cycloaddition.

Silyl enol ether 10: Diisopropylamine (0.58 mL, 4.4 mmol), nBuLi (2.8 mL,
4.4 mmol, 1.6M solution in hexane), mixed acetal 9 (0.83 g, 3.7 mmol),
TESCI (0.84 mL, 5.6 mmol) and Et;N (2.3 mL, 16.7 mmol) were allowed to
react according to the general procedure for the preparation of silyl enol
ethers (method B). Chromatography (PE/Et,0, 9:1) gave 10 (1.03 g, 84 %)
as a yellowish oil. The silyl enol ether was immediately used for the
following cycloaddition.

Silyl enol ether 14a: Mixed acetal 13a (0.69 g, 2.65 mmol), LDA (prepared
from diisopropylamine (0.41 mL, 3.18 mmol) and #nBuLi (2.0 mL,
3.18 mmol, 1.6M solution in hexane)), TESCI (0.67 mL, 3.98 mmol) and
EtN (1.64 mL, 11.9 mmol) were allowed to react according to the general
procedure for the preparation of silyl enol ethers (method B) to afford after
column chromatography (PE/Et,0, 9:1) 14a (753 mg, 76 % ), yellow oil. IR
(CHCL,): 7=2958,2937,2913, 2877, 1642, 1458, 1378, 1258, 1108, 1051, 1019,
970, 951, 858, 821 cm~'; 'H NMR (400 MHz, CDCl;, TMS): 6 =7.80 (m,
4H; Ar), 745 (m, 3H; Ar), 5.01/4.82 (q,/ = 6.4 Hz, 1 H; CHCH};), 4.65/4.61
(d, J=1.0Hz, 1H; =CHH), 4.60/4.52 (s, 1H; OCHO), 4.37/4.34 (d, /=
1.0Hz, 1H; =CHH), 3.28/3.18 (s, 3H; OCHs;), 1.56 (d, J=6.4 Hz, 3H;
CHCHs;), 0.98/0.93 (t, J=179 Hz, 9H; SiCH,CHs), 0.70/0.66 (q, /=79 Hz,
6H; SiCH,CH;); *C NMR (100 MHz, CDCl;, TMS): 6 =154.4/154.0
(COTES), 141.2/140.7, 133.3/133.2, 133.0/133.0 (Ar-C), 128.3, 128.1, 127.9,
1278, 1277, 126.0, 125.7, 125.4, 125.1, 124.5, 124.4 (Ar-CH), 100.5/98.7
OCHO), 92.1/91.8 (=CH,), 74.5/74.0 (CHCHs;), 54.0/52.2 (OCH,), 24.1/
234 (CHCH,), 6.6/6.5 (SiCH,CH;), 4.9/4.8 (SiCH,CH;); MS (room
temperature): m/z (%): 372 (2) [M*], 343 (2), 312 (2), 204 (6), 202 (27),
186 (2), 175 (3), 174 (3), 173 (11), 156 (19), 155 (100), 141 (3), 129 (7), 115
(10), 89 (5), 77 (3).

Silyl enol ether 14b: Mixed acetal 13b (0.75 g, 2.76 mmol), LDA (prepared
from diisopropylamine (0.46 mL, 3.31 mmol) and #nBuLi (2.1 mL,
3.31 mmol, 1.6M solution in hexane)), TESCI (0.70 mL, 4.14 mmol) and
Et;N (1.70 mL, 12.4 mmol) were allowed to react according to the general
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procedure for the preparation of silyl enol ethers (method B) to afford,
after column chromatography (cyclohexane/MTBE, 15:1), 14b (943 mg,
88%), yellow oil. The silyl enol ether was immediately used for the
following cycloaddition.

General procedure for cycloadditions: Furan (1.1 equiv) and silyl enol
ether (1.0 equiv) were dissolved in CH,Cl, (0.01 - 1m) and cooled to —95°C
(chilled with MeOH and liquid N,). Catalytic trimethylsilyl triflate (less
than 10 mol %) was added dropwise slowly and without interruption by
syringe and the progress of the reaction was monitored by TLC. The first
sample drawn (after 3 min) showed that the reaction was already
completed. The cold reaction mixture was poured into saturated aqueous
NaHCO; solution. After the reaction mixture reached room temperature,
the organic layer was separated. The aqueous phase was extracted with
CH,Cl,. The combined organic phase was dried (MgSO,), evaporated and
purified. The diastereomeric cycloadducts were in all cases easily separable
by simple chromatography, yielding diastereomerically pure compounds.
The methoxy-substituted cycloadduct was formed as a side product.

2a-(1-Phenylethoxy)-8-oxabicyclo[3.2.1]oct-6-en-3-one (3a): Silyl enol
ether 2a (379 g, 117.6 mmol) and furan (9.4 mL, 129.4 mmol) in CH,Cl,
(500 mL) were allowed to react according to the general cycloaddition
procedure. Column chromatography (cyclohexane/MTBE, 3:1) afforded
major isomer 3a (16.9 g, 59%) and minor isomer (2.3 g, 8% ). Data for
major isomer: colourless solid, m.p. 87-89°C, [a]¥ =—166.7 (c=1.0 in
CHCL); IR (CHCL): #=3022, 2980, 1724, 1452, 1328, 1264, 1176, 1144,
1100, 1076, 1044, 1008, 968 cm~'; 'TH NMR (200 MHz, CDCl;, TMS): 6 =
741-727 (m, SH; Ar), 6.38 (dd, /=1.6 Hz, 5.8 Hz, 1H; H-7), 6.28 (dd, J =
1.6 Hz, 5.8 Hz, 1H; H-6),4.94 (dd, J=1.6 Hz, 4.8 Hz, 1H; H-5),4.83 (q,/ =
6.4Hz, 1H; PhCH), 4.70 (dd, J=1.6 Hz, 48 Hz, 1H; H-1), 3.94 (d, /=
48Hz, 1H; H-2), 2.69 (dd, /=4.8 Hz, 15.6 Hz, 1H; H-4,,), 2.33 (d, /=
15.6 Hz, 1H; H-4,,), 1.45 (d, /=6.4 Hz, 3H; CH;); “C NMR (100 MHz,
CDCl;, TMS): 0 =205.8 (C-3), 143.3 (Ar-C), 134.5 (C-6), 132.0 (C-7), 128.6,
1279, 126.4 (Ar-CH), 82.8 (C-2), 80.2 (PhCH), 79.2 (C-1), 78.3 (C-5), 45.9
(C-4),24.2 (CH;); MS (70°C): m/z (%): 244 (2) [M*], 216 (12), 215 (28), 161
(12), 148 (25), 140 (94), 105 (100), 97 (50), 77 (94); HRMS: C;5H,(05: caled
244.1100; found: 244.1100. C,sH,,05 (244.1): calcd C 73.75, H 6.60; found C
73.69, H 6.50. Data for the minor isomer: colourless solid, m.p. 90—-92°C;
[a]g =—93.9 (¢=0.95 in CHCL); IR (CHCl;): 7=2979, 2930, 2872, 1727,
1493, 1451, 1410, 1377, 1338, 1328, 1281, 1265, 1230, 1176, 1145, 1098, 1046,
1029, 1010, 1000, 969, 906, 886, 864, 825 cm~'; '"H NMR (200 MHz, CDCl;,
TMS): 0=731 (m, 5H; Ar), 6.39 (dd, J=1.7 Hz, 6.4 Hz, 1H; H-7), 6.31
(dd, J=1.7 Hz, 6.4 Hz, 1H; H-6), 5.06 (dd, J=1.7 Hz, 48 Hz, 1H; H-1),
4.98 (br. d, J=4.8 Hz, 1H; H-5), 476 (q, /= 6.4 Hz, 1H; PhCH), 4.08 (d,
J=4.8Hz, 1H; H-2),2.66 (dd, J=4.8 Hz, 152 Hz, 1 H; H-4,,), 2.35 (d, /=
152 Hz, 1H; H-4,,), 1.50 (d, J=6.4 Hz, 3H; CH;); “C NMR (100 MHz,
CDCl;, TMS): 0 =202.9 (C-3), 143.5 (Ar-C), 134.7 (C-6), 131.8 (C-7), 128.5,
1278, 126.4 (Ar-CH), 82.7 (C-2), 78.9 (PhCH), 78.3 (C-1), 77.1 (C-5), 45.7
(C-4),24.0 (CH3) ); MS (50°C): m/z (%): 244 (1) [M*],215 (1), 176 (1), 140
(20), 139 (2), 121 (3), 111 (4), 106 (10), 105 (100), 104 (4), 97 (4), 91 (2), 79
(5), 77 (7), 68 (10).

2a-(1-Phenylpropoxy)-8-oxabicyclo[3.2.1]oct-6-en-3-one (3b): Silyl enol
ether 2b (0.48 g, 1.4 mmol) and furan (0.1 mL, 1.4 mmol) were dissolved in
dry nitroethane (1.4 mL) and allowed to react at —78°C according to the
general cycloaddition procedure, to afford major isomer 3b (149 mg, 41 %)
and minor isomer (31 mg, 9% ). Data for 3b: major isomer, yellowish oil;
IR (CHCIL,): 7 = 3428, 3084, 3000, 2968, 2936, 2876, 1724, 1676, 1600, 1492,
1452, 1408, 1380, 1328, 1228, 1176, 1144, 1108, 1084, 1000, 976, 912, 852, 624,
552 cm™!; 'TH NMR (400 MHz, CDCl;, TMS): 6 =731 (m, SH; Ar), 6.33
(dd, J=1.7Hz, 6.1 Hz, 1H; H-7), 6.25 (dd, /=17 Hz, 6.1 Hz, 1H; H-6),
4.90 (br.d,J=5.0Hz, 1H; H-5),4.66 (dd,/=1.7 Hz, 5.1 Hz, 1H; H-1), 4.57
(t, J=70Hz, 1H; PhCH), 3.92 (d, /=5.1Hz, 1H; H-2), 2.64 (dd, /=
5.0 Hz, 15.5 Hz, 1H; H-4,,), 2.29 (d, /=15.5 Hz, 1H; H-4,), 1.92 (ddq,
J=70Hz, 70 Hz, 13.7 Hz, 1H; CHHCH;), 1.68 (ddq, J=7.0 Hz, 7.0 Hz,
13.7 Hz, 1H; CHHCHs;), 0.88 (t, /=70 Hz, 3H; PhCH,CH;); *C NMR
(100 MHz, CDCl;, TMS): 6 =205.7 (C-3), 142.0 (Ar-C), 134.4 (C-7), 131.9
(C-6), 128.5, 1279, 127.0 (Ar-CH), 84.6 (PhCH), 82.7 (C-1), 80.2 (C-5), 78.2
(C-2),45.7 (C-4),31.0 (CH,CHj;), 10.1 (CH;); MS (room temperature): m/z
(%): 258 (0) [M*], 229 (2), 167 (5), 140 (35), 119 (64), 107 (57), 91 (100), 84
(26), 79 (40), 68 (17); HRMS: C,;H,50; calcd 229.0865; found 229.0867.
Data for the minor isomer: yellowish oil, IR (CHCL;): 7 = 3428, 3084, 3064,
3000, 2968, 2932, 2876, 1728, 1600, 1492, 1452, 1408, 1380, 1328, 1276, 1228,
1176, 1148, 1096, 1044, 1004, 960, 928, 916, 884, 828, 624, 544 cm~'; 'TH NMR
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(400 MHz, CDCI,, TMS): 6 =7.32 (m, 5H; Ar), 6.39 (dd, J = 1.7 Hz, 6.0 Hz,
1H; H-7), 6.31 (dd, J=1.7 Hz, 6.0 Hz, 1H; H-6), 5.09 (dd, /=17 Hz,
5.0 Hz, 1H; H-1),4.97 (d,J = 5.0 Hz, 1 H; H-5), 4.42 (dd, ] = 5.5 Hz, 7.7 Hz,
1H; PhCH), 4.03 (d, J=5.0 Hz, 1H; H-2), 2.62 (dd, J=5.0 Hz, 15.5 Hz,
1H; H-4,,), 2.33 (d, J=15.5 Hz, 1 H; H-4,,), 1.87 (m, 1 H; CHHCH;), 1.70
(m, 1H; CHHCH,), 0.94 (t, J=7.4 Hz, 3H; CH,); *C NMR (100 MHz,
CDCl,, TMS): 6 =202.6 (C-3), 141.4 (Ar-C), 134.6 (C-7), 131.8 (C-6), 128.4,
1278, 126.8 (Ar-CH), 83.0 (PhCH), 82.9 (C-1), 78.5 (C-5), 78.3 (C-2), 45.6
(C-4), 31.1 (CH,CH,), 10.7 (CH3); MS (room temperature): m/z (%): 258
(0) [M*], 229 (1), 140 (31), 119 (54), 91 (100), 83 (10), 68 (22); HRMS:
C\4H,,0; caled 229.0865, found 229.0861.

2a-(1-Phenylpentoxy)-8-oxabicyclo[3.2.1]oct-6-en-3-one (3c): Silyl enol
ether 2¢ (0.32 g, 0.88 mmol) and furan (0.07 mL, 0.97 mmol) in CH,CIl,
(8.3 mL) were allowed to react according to the general cycloaddition
procedure. Column chromatography (cyclohexane/MTBE, 3:1) afforded
major isomer (125 mg, 49 %) and minor isomer (24 mg, 10 % ). Data for 3¢,
major isomer: pale yellow oil; IR (CHCl,): 7 = 2999, 2960, 2934, 2862, 1725,
1454, 1328, 1265, 1230, 1175, 1144, 1110, 1099, 1046, 1001, 963, 887,
852 cm™!; '"H NMR (400 MHz, CDCl;, TMS): 6 =7.38-7.26 (m, 5H; Ar),
6.33,6.25 (dd,/=1.8 Hz, 6.1 Hz, 2H; H-6, H-7),4.91 (br.d,/=4.9Hz, 1H;
H-5),4.65 (m, 2H; PhCH, H-1),3.91 (d,/=5.2 Hz, 1H; H-2),2.65 (dd, J =
4.9 Hz, 15.4 Hz, 1H; H-4,,), 2.30 (d, /=15.4 Hz, 1H; H-4.,), 1.91 (m, 1H;
PhCHCHH), 1.63 (m, 1H; PhCHCHH), 1.43-1.18 (m, 4H; (CH,),CH,),
0.86 (t,J =72 Hz,3H; CH;); ®*C NMR (100 MHz, CDCl;, TMS): 6 =205.6
(C-3), 1423 (Ar-C), 134.3, 131.9 (C-6, C-7), 128.4, 127.8, 126.8 (Ar-CH),
83.2, 82.6, 82.0, 78.1 (C-1, PhCH, C-5, C-2), 45.8 (C-4), 37.8 (CHCH,), 27.6
(CHCH,CH,), 22.5 (CH,CHs;), 13.9 (CH,CH;); MS (80°C): m/z (%): 287
(1) [MT+1], 257 (2), 164 (9), 163 (6), 147 (37), 140 (33), 117 (5), 107 (83),
105 (20), 91 (100), 79 (21), 77 (13), 68 (15). Data for the minor isomer: pale
yellow oil; IR (CHCL): 7 =2960, 2933, 2862, 1728, 1454, 1336, 1230, 1176,
1146, 1109, 1098, 964, 827 cm~'; 'H NMR (400 MHz, CDCl;, TMS): 0 =
740-725 (m, 5SH; Ar), 6.39 (dd, /=18 Hz, 6.2 Hz, 1H; H-7), 6.32 (dd, J =
1.6 Hz, 6.2 Hz, 1H; H-6), 5.08 (dd, /= 1.8 Hz, 4.8 Hz, 1H; H-1), 4.98 (br. d,
J=49Hz, 1H; H-5),4.49 (dd, J=5.2 Hz, 8.1 Hz, 1 H; PhCH), 4.02 (d, /=
4.8 Hz, 1H; H-2), 2.62 (dd, /=49 Hz, 15.4 Hz, 1H; H-4,,), 2.33 (dd, J=
0.6 Hz, 15.4 Hz, 1H; H-4,,), 1.88 (m, 1H; PhCHCHH), 1.64 (m, 1H;
PhCHCHH), 1.50-1.19 (m, 4H; (CH,),CH};), 0.88 (t,/ =72 Hz, 3H; CH;);
MS (90°C): m/z (%): 287 (1) [M*+1], 257 (4), 229 (1), 218 (2), 164 (3), 163
(20), 161 (16), 148 (14), 147 (100), 146 (8), 141 (8), 139 (9), 134 (2), 129 (2),
117 (12), 115 (5), 111 (13), 105 (27), 104 (11).

2a-(1-Phenyl-2,2-dimethylpropoxy)-8-oxabicyclo[3.2.1]oct-6-en-3-one
(3d): Silyl enol ether 2d (0.14g, 0.39 mmol) and furan (0.03 mL,
0.43 mmol) in CH,Cl, (3.9 mL) were allowed to react according to the
general cycloaddition procedure. Column chromatography (cyclohexane/
MTBE, 3:1) afforded major isomer (54 mg, 48%) and minor isomer
(10 mg, 9% ). Data for 3d, major isomer: yellowish solid, m.p. 111-113°C;
IR (CHCL,): 7=2969, 2907, 2869, 1726, 1479, 1453, 1394, 1364, 1338, 1329,
1230, 1174, 1139, 1111, 1101, 1041, 1029, 1003, 964, 928, 915, 887, 852,
828 cm™!; '"H NMR (400 MHz, CDCl;, TMS): 6 =7.38-721 (m, 5H; Ar),
6.35,6.28 (dd,/=1.7 Hz, 6.1 Hz, 2H; H-6, H-7), 4.92 (br.d,/=4.9 Hz, 1H;
H-5), 476 (dd, /=17 Hz, 5.1 Hz, 1H; H-1), 4.50 (s, 1H; PhCH), 3.86 (d,
J=5.1Hz, 1H; H-2),2.63 (dd, J=4.9 Hz, 15.5 Hz, 1 H; H-4,,), 2.28 (d, / =
15.5 Hz, 1H; H-4), 0.92 (s, 9H; C(CH;,);); *C NMR (100 MHz, CDCl,,
TMS): 6 =205.7 (C-3), 139.3 (Ar-C), 134.3, 132.0 (C-6, C-7), 128.5, 127.6,
1275 (Ar-CH), 90.0, 82.4, 82.2, 78.1 (C-1, PhCH, C-5, C-2), 45.9 (C-4), 35.8
(C(CH,)3), 26.2 (C(CH;)3); MS (60°C): m/z (%): 286 (4) [M], 230 (3), 229
(10), 203 (5), 163 (9), 162 (9), 161 (66), 147 (100), 141 (42), 131 (12), 117 (7),
105 (64), 91 (83), 81 (21), 68 (31); HRMS: C,3H,,O5: caled 286.1569; found
286.1569. C;3H,,05 (286.2): caled C 75.50, H 7.74; found C 75.55, H 7.77.
Data for the minor isomer: pale yellow solid, m.p. 124126 °C; IR (CHClL,):
7=2958, 2908, 2868, 1729, 1480, 1453, 1394, 1363, 1337, 1230, 1176, 1140,
1109, 1099, 1049, 1029, 1011, 994, 966, 885, 843, 828 cm~!; 'H NMR
(400 MHz, CDCl;, TMS): 6 =7.40-7.23 (m, 5H; Ar), 6.39, 6.31 (dd, /=
1.7 Hz, 6.2 Hz, 2H; H-6, H-7), 5.08 (dd, J=1.7 Hz, 4.8 Hz, 1H; H-1), 4.96
(br. d, J=4.9 Hz, 1H; H-5), 417 (s, 1H; PhCH), 3.92 (d, /=4.8 Hz, 1 H;
H-2), 2.59 (dd, J=49Hz, 154Hz, 1H; H-4,,), 2.39 (dd, J=0.7 Hz,
15.4 Hz, 1H; H-4,), 0.92 (s, 9H; C(CH,)5); MS (60°C): m/z (%): 286 (5)
[M*],230 (4), 229 (16), 162 (9), 161 (62), 148 (14), 147 (100), 146 (11), 140
(48), 131 (12), 105 (53), 91 (59), 81 (13), 69 (11), 68 (23).

2a-(1-Phenylethoxy)-2/-methyl-8-oxabicyclo[3.2.1]oct-6-en-3-one (8): Sil-
yl enol ether 6 (0.31 g, 0.93 mmol) and furan (0.068 mL, 0.93 mmol) were
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dissolved in dry CH,Cl, (0.93 mL) and allowed to react according to the
general cycloaddition procedure to afford major isomer 8 (89 mg, 38%)
and minor isomer (9 mg, 4%). Data for major isomer: yellowish oil; IR
(CHClLy): 7=2980, 2932, 1720, 1492, 1452, 1408, 1372, 1332, 1280, 1240,
1192, 1168, 1100, 1084, 1044, 1016, 1000, 968, 944, 932, 868, 828 cm™;
'H NMR (400 MHz, CDCl;, TMS): =730 (m, 5H; Ar), 6.31 (dd, J=
1.8 Hz, 6.0 Hz, 1H; H-7), 6.23 (dd, J=1.5 Hz, 6.0 Hz, 1H; H-6), 5.15 (q,/ =
6.4 Hz, 1H; PhCH), 4.93 (br. d, J=4.8 Hz, 1H; H-5), 4.46 (d, J=1.8 Hz,
1H; H-1), 2.79 (dd, J=4.8 Hz, 158 Hz, 1H; H-4,)), 2.26 (dd, J=1.1 Hz,
15.8 Hz, 1H; H-4,,), 1.44 (d, J=6.4 Hz, 3H; PhCH;), 1.37 (s, 3H; CH;);
3C NMR (100 MHz, CDCl;, TMS): 6 =208.8 (C-3), 147.0 (Ar-C), 133.6,
133.2 (C-6, C-7),128.3,126.8,125.4 (Ar-CH), 86.1 (C-2), 84.6 (Ph-CH), 78.2
(C-1), 73.1 (C-5), 44.3 (C-4), 25.7 (PhCHCH;), 19.6 (CH;); MS (room
temperature): m/z (%): 258 (1) [M], 215 (23), 187 (1), 154 (38), 111 (26),
105 (100), 83 (13), 77 (21), 68 (14); HRMS: C\cH 30; calcd 258.1256; found
258.1248.

2f3-(1-Phenylethoxy)-4f-methyl-8-oxabicyclo[3.2.1]oct-6-en-3-one  (12):
Silyl enol ether 10 (0.34 g, 1.0 mmol) and furan (0.07 mL, 1.0 mmol) were
dissolved in dry CH,Cl, (1.0 mL) and allowed to react according to the
general cycloaddition procedure to afford major isomer 12 (128 mg, 50 % )
and minor isomer (9 mg, 3% ). Data for 12: colourless oil, major isomer, IR
(CHCL,): 7=3672, 2960, 2936, 2912, 2879, 1724, 1492, 1452, 1376, 1332,
1280, 1228, 1132, 1116, 1104, 1080, 1060, 1012, 956, 936, 900, 872, 816,
544 cm~'; "TH NMR (400 MHz, CDCl;, TMS): 6 =730 (m, 5H; Ar), 6.42,
6.30 (dd,J=1.7 Hz, 6.0 Hz, 2H; H-6, H-7), 4.80 (q,/ = 6.4 Hz, 1 H; PhCH),
4.76 (dd, J=1.7Hz, 48 Hz, 1H; H-5), 4.70 (dd, /=1.7Hz, 5.0 Hz, 1H;
H-1), 3.94 (dd, J=0.5Hz, 5.0 Hz, 1H; H-2), 2.72 (dq, J=4.8 Hz, 7.0 Hz,
1H; H-4), 1.49 (d, J=6.4 Hz, 3H; PhCHj;), 0.96 (d, J=7.0 Hz, 3H; CHs;);
BC NMR (100 MHz, CDCl;, TMS): 6 =207.5 (C-3), 143.2 (Ar-C), 133.4,
133.1 (C-6, C-7),128.5,127.8,126.2 (Ar-CH), 82.7 (PhCH), 81.8 (C-1), 80.7
(C-5), 78.9 (C-2), 50.0 (C-4), 24.0 (PhCHCHs;), 9.4 (CH;); FAB-MS (room
temperature): m/z (%): 258 (9) [M*], 176 (8), 154 (35), 136 (15), 121 (6),
105 (100).

2a-(1-Naphth-2-yl-ethoxy)-8-oxabicyclo[3.2.1]oct-6-en-3-one (15a): Silyl
enol ether 14a (0.75 g, 2.0 mmol) and furan (0.14 mL, 2.0 mmol) in CH,Cl,
(2mL) were allowed to react according to the general cycloaddition
procedure to afford 15a (292 mg, 50%) as a pale yellow solid (single
isomer), m.p. 92°C, [a]¥ =+131.3 (c=1 in CHCl;); IR (KBr): #=3416,
3052, 2980, 2960, 2932, 2916, 2868, 1724, 1636, 1600, 1504, 1456, 1440, 1408,
1376, 1324, 1304, 1256, 1236, 1212, 1176, 1140, 1100, 1072, 1048, 1000, 964,
900, 852, 824, 744, 732, 660, 624, 556, 504, 480 cm™!; 'H NMR (400 MHz,
CDCl;, TMS):  =7.84 (m, 3H; Ar), 7.71 (br. s, 1H; Ar), 747 (m, 3H; Ar),
6.37, 6.25 (dd, J=1.7 Hz, 6.0 Hz, 2H; H-6, H-7), 4.99 (q, J=6.4 Hz, 1H;
PhCH), 4.89 (br. d, J=5.0 Hz, 1H; H-1), 4.69 (dd, J=1.7 Hz, 4.9 Hz, 1H;
H-5), 3.96 (d, J=5.0Hz, 1H; H-2), 2.65 (dd, J=4.9Hz, 154 Hz, 1H;
H-4,,), 2.31 (d, J=15.4 Hz, 1H; H-4,,), 1.57 (d, J=6.4 Hz, 3H; PhCH,);
13C NMR (100 MHz, CDCl;, TMS): 6 =205.8 (C-3), 143.2, 140.4 (Ar-C),
134.5 (C-7),133.2 (Ar-C), 131.9 (C-6), 128.7,127.8, 127.7,126.3, 125.9, 125.7,
123.9 (Ar-CH), 82.8 (NaphCHCHs;), 80.1 (C-2), 79.3 (C-1), 78.2 (C-5), 45.8
(C-4), 23.9 (CH;); FAB-MS (room temperature): m/z (%): 294 (13) [M*],
259 (14), 225 (5), 172 (12), 155 (100), 136 (13), 107 (4); Crystal structure
analysis of (+)-15a: C;gH 305, M,=294.3, monoclinic, space group P2,
a=6.445(1), b=7534(2), c=15.9393) A, £=99.102), V=764.2(3) A3,
Z=2, Paea= 128 gem=3. Stoe-IPDS, A(Moy,)=0.71073 A, 1520 unique
reflections, R;,,=0.034, 26(max)=41.6, structure determination with
SHELXS-86, refinement with SHELXL-93, R, =0.03, wR, = 0.04, absolute
structure not determinable. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-111342. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK (fax:
(444)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).

2f-(1-Naphth-2-yl-ethoxy)-4f-methyl-8-oxabicyclo[3.2.1]oct-6-en-3-one

(15b): Silyl enol ether 10 (0.39 g, 1.0 mmol) and furan (0.08 mL, 1.1 mmol)
were dissolved in dry CH,Cl, (100 mL) and allowed to react according to
the general cycloaddition procedure. Column chromatography (cyclo-
hexane/MTBE, 3:1) of the crude product afforded a major isomer (255 mg,
83 %) and a minor isomer (25 mg, 8 % ). Data for major isomer: pale yellow
solid, m.p. 97-99°C, [a]F =+199.8 (¢ =1.05 in CHCL;); IR (CHCL,): 7=
3060, 2976, 2932, 2876, 1724, 1508, 1452, 1376, 1332, 1320, 1304, 1284, 1232,
1176, 1124, 1104, 1076, 1024, 1004, 936, 900, 860, 820 cm~'; 'H NMR
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(400 MHz, CDCl;, TMS): 6 =787-7.80 (m, 3H; Ar), 770 (s, 1H; Ar),
751-744 (m, 3H; Ar), 6.43, 6.28 (dd, /=1.6 Hz, 6.1 Hz, 2H; H-6, H-7),
4.98 (q, J=6.4 Hz, 1H; ArCHCH3;), 471 (m, 2H; H-1, H-5), 3.98 (dd, J =
0.6 Hz, 5.0 Hz, 1H; H-2), 2.69 (ddd, J =0.6 Hz, 4.6 Hz, 6.9 Hz, 1 H; H-4),
158 (d, J=6.4Hz, 3H; ArCHCH;), 0.95 (d, /=69 Hz, 3H; CHj;);
3C NMR (100 MHz, CDCl;, TMS): 6=2074 (C-3), 140.5 (Ar-CH),
133.4, 1332 (C-7, C-6), 133.1, 133.0 (Ar-C), 128.6, 127.7, 127.6, 126.2,
125.9,125.5,123.9 (Ar-CH), 86.2, 81.8, 80.7, 79.0 (ArCHCH;, C-1, C-2, C-5)
50.0 (C-4),23.9 (ArCHCH;) 9.5 (CH3); MS (room temperature): m/z (% ):
308 (2) [M*],195 (14), 187 (8), 156 (15), 155 (100), 154 (23), 152 (3), 149 (6),
144 (28),129 (4), 128 (4), 124 (2), 106 (4), 105 (31); HRMS: C,,H,,O;: caled
308.1412, found 308.1414. Data for the minor isomer: pale yellow oil; IR
(CHCL,): 7=2976, 2934, 2875, 1726, 1451, 1379, 1330, 1309, 1230, 1176,
1123, 1102, 1078, 1060, 1008, 951, 937, 908, 859, 820 cm~!; 'H NMR
(400 MHz, CDCl;, TMS): 6 =7.83 (m, 4H; Ar), 7.60 (m, 1 H; Ar), 7.46 (m,
2H; Ar), 6.47 (dd,J=1.8 Hz,6.2 Hz, 1H; H-7), 6.34 (dd,/ = 1.6 Hz, 6.2 Hz,
1H; H-6), 5.09 (dd, /=1.8 Hz, 4.8 Hz, 1H; H-1), 4.90 (q, /=6.4 Hz, 1H;
ArCHCH,), 4.79 (dd, J=1.6 Hz, 4.6 Hz, 1H; H-5), 4.13 (dd, /=0.8 Hz,
4.8 Hz, 1H; H-2), 2.66 (ddq, J=0.8 Hz, 4.6 Hz, 7.0 Hz, 1H; H-4), 1.58 (d,
J=6.4Hz, 3H; ArCHCHs;), 0.94 (d, /=70 Hz, 3H; CH;) ); MS (80°C):
m/z (%): 308 (3) [M*],210(1), 197 (1), 196 (4), 182 (3), 171 (6), 163 (4), 156
(15), 155 (100), 154 (21), 140 (6), 129 (7), 128 (6), 127 (10), 115 (3), 105 (38),
97 (7), 79 (5), 68 (20).
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Abstract: A comprehensive investiga-
tion into the cooperative reactivity of
two chemically complementary metal-
complex fragments in early —late hetero-
dinuclear complexes has been carried
out. Reaction of the partially fluorinated
tripodal amidozirconium complexes [HC-
{SiMe,NR},;Zr(u-Cl),Li(OEt,),] (R=2-
FC¢H,: 2a, 2,34-F;CH,: 2b) with
K[CpM(CO),] (M=Fe, Ru) afforded
the stable metal - metal bonded hetero-
dinuclear complexes [HC{SiMe,NR};-
Zr-MCp(CO),] (3-6). Reaction of the
dinuclear complexes with methyl isoni-
trile as well as the heteroallenes CO,,
CS,, RNCO and RNCS led to insertion
into the polar metal —metal bond. Two
of these complexes, [HC{SiMe,N(2-FCq-
H,)};Zr(S,C)Fe(CO),Cp] (9a) and [HC-
{SiMe,N(2-FC,H,)},Zr-(SCNPh)Fe(CO),-
Cp] (12), have been structurally charac-
terized by a single crystal X-ray struc-
ture analysis, proving the structural sit-
uation of the inserted substrate as a
bridging ligand between the early and
late transition metal centre. The reac-
tivity towards organic carbonyl deriva-

Introduction

tives proved to be varied. Reaction of
the heterobimetallic complexes with
benzyl and ethylbenzoate led to the
cleavage of the ester generating the
respective alkoxozirconium complexes
[HC{SiMe,N(2-FCH,)};ZrOR] (R = Ph-
CH,: 13a, Et: 13b) along with [CpFe-
{C(O)Ph}(CO),], whereas the analogous
reaction with ethyl formate gave 13b
along with [CpFeH(CO),]; this latter
complex results from the instability of
the formyliron species initially formed.
Aryl aldehydes were found to react with
the Zr—-M complexes according to a
Cannizzaro disproportionation pattern
yielding the aroyliron and ruthenium
complexes along with the respective
benzoxyzirconium species. The transfer
of the aldehyde hydrogen atom in the
course of the reaction was established in
a deuteriation experiment. [HC{SiMe,-

Keywords: aldol reactions - Canniz-
zaro reactions - metal —metal inter-
actions - oxygen-transfer reactions -
transition metals

N(2-FCsH,)}sZr-M(CO),Cp]  reacted
with lactones to give the ring-opened
species containing an alkoxozirconium
and an acyliron or acylruthenium frag-
ment; the latter binds to the early
transition metal centre through the acyl
oxygen atom, as evidenced from the
unusuallly low-field shifted *C NMR
resonances of the RC(O)M units. Ke-
tones containing a-CH units react with
the Zr—Fe complexes cooperatively to
yield the aldol coupling products coor-
dinated to the zirconium complex frag-
ment along with the hydridoiron com-
pound [CpFeH(CO),], whereas 1,2-di-
phenylcyclopropenone underwent an
oxygen transfer from the keto group to
a CO ligand to give a linking CO, unit
and a cyclopropenylidene ligand coordi-
nated to the iron fragment in [HC-
{Si(CH;),N(2,3,4-F;CsH,)}Zr(u-0,C)-
Fe(CO){C;Ph,}Cp] (19). The atom
transfer was established by 7O and *C
labelling studies. Similar oxygen-transfer
processes were observed in the reactions
with pyridine N-oxide, dimethylsulfox-
ide and methylphenylsulfoxide.

Early —late heterodinuclear complexes in which the two metal
centres are fixed at close proximity to each other have been
studied with the aim of establishing cooperative reactivity
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Dr. S. Fabre, Dr. 1. Bezougli, M. Lutz, C. Galka
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between the electronically very different reactive sites.'* In
particular, dinuclear complexes in which the two metal atoms
are directly bonded to each other may display this pattern of
reactivity upon cleavage of the metal-metal bond and
interaction of the substrate with the two complex fragments.[
In this case, the metal-metal bond “masks” the two
coordinatively and electronically unsaturated complex frag-
ments, which are liberated upon its dissociation. In the
simplest case such heterodinuclear complexes will react as
pairs of metal electrophiles and nucleophiles. Cooperative
reactivity is thus particularly likely with polar substrates. In
this case the electropositive early transition metal centre may
react with the more Lewis basic part of the substrate, while the
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nucleophilic late transition metal complex fragment will
attack the more Lewis acidic part of the substrate molecule.?!
In many cases it is difficult to establish whether the cission of
the metal —-metal bond precedes the transformation of the
substrate or whether it occurs at a later stage. At least for
simple transformations it was hoped to gain insight into the
early reaction steps in the interaction of the substrate with the
complex.[

We have previously established a series of early-late
heterobimetallic complexes which contain unsupported, high-
ly polar metal—-metal bonds.” In particular, the use of
tripodal amido ligands for the stabilization of the early
transition metal centre has resulted in systems of unprece-
dented stability.[> 8 Apart from the kinetic stabilization due to
steric shielding of the metal-metal bond by the ligand
periphery, the coordination of the amido tripod to a high-
valent metal generates a fairly rigid cage structure, in which
the geometry of the early transition metal complex fragment
is fixed in such a way that geometric “relaxation” upon
cleavage of the metal-metal bond is suppressed. This
situation is responsible for an additional thermodynamic
stabilization of the dinuclear compounds.!'”

Some preliminary studies into their reactive behaviour have
been carried out indicating the general pattern described
above.['- 2l In this paper we give a comprehensive account of
the reactive behaviour of such heterodinuclear complexes
towards a wide variety of organic substrates most of which
contain unsaturated functional groups. The assumptions
related to the cooperative reactive potential of the comple-
mentary metal complex fragments—frequently raised in the
past—were thus put to an experimental test. To this end, it
proved necessary to employ amido ligand systems that contain
partially fluorinated aryl groups as peripheral N-substituents.
These were found to confer the additional stability upon the
molecules necessary for their systematic investigation.

Results and Discussion

Synthesis of the heterodinuclear complexes stabilised by
partially fluorinated tripodal amido ligands: We previously
found that the key to success in the stabilization of unsup-
ported early—late heterodinuclear complexes is the appro-
priate choice of the ligand system in the early transition metal
complex fragment. Of the tripodal amido ligands studied by
us, those containing peripheral N-bound 2-fluorophenyl
groups were found to confer greatest stability upon these
systems.['> 141 Whether this is due to the influence which the
substituents have on the electronic properties of the amido N-
donor functions or a consequence of the participation of the
fluorophenyl groups in the coordination to the metal cannot
be generally distinguished. In the heterodinuclear complexes
described in this work the previously reported ligand system
derived from HC{SiMe,N(2-FC¢H,)}; (1a)!®! has been em-
ployed as well as the novel trifluorinated compound HC{Si-
Me,N(2,3,4-F;C¢H,)}s (1b), which was synthesized by an
analogous route. Stabilization of early transition metal amido
complexes by fluorinated aryl substituents has also been
reported by Schrock and co-workers, who synthesized a series
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of pentafluorophenyl-substituted amido compounds.”® How-
ever, the completely fluorinated analogue of 1a and 1b is not
accessible by the established synthetic route for this type of
ligand.

The starting materials for the Zr—Fe and Zr—Ru hetero-
dinuclear complexes were the chlorozirconium complexes
[HC{SiMe,NR};Zr(u-Cl),Li(OEt,),] (R =2-FCsH,: 2a, 2,3.4-
F;C4H,: 2b). Whereas the identity and structure of compound
2a was established in an earlier study,® the more highly
fluorinated complex 2b was structurally characterized in this
study in order to compare the role which the peripheral
fluorine atoms play in both compounds. Its molecular
structure is displayed in Figure 1; the principal bond lengths
and angles are given in the legend.

Figure 1. Molecular structure of the chlorozirconium complex 2b. Princi-
pal bond lengths [A] and angles [°]: Zr(1)—CI(1) 2.575(2), Zr(1)—CI(2)
2.592(2), Li(1)—CI(1) 2.328(19), Li(1)—Cl(2) 2.351(19), CI(1)-Zr(1)-C1(2)
81.73(8), CI(1)-Zr(1)-CI(2) 91.1(6), O(1S)-Li(1)-O(2S) 107.3(9).

As in the monofluorophenyl analogue 2a, the coordination
at the central zirconium atom may be described as highly
distorted octahedral with three amido-nitrogen atoms in facial
sites [Zr—N 2.052(6)-2.119(6) A], two bridging chloro li-
gands [Zr-CI(1) 2.575(2) and Zr—Cl(2) 2.529(2) A] and with
the sixth site being occupied by the ortho-fluorine atom of one
of the phenyl groups. The Zr---F(3) bond lengths of
2.647(5) A is slightly longer than the corresponding bond
length of 2.535(5) A observed in 2a and that of 2.511(2) A in
the related compound [MeSi{SiMe,N(2-FC¢H,)}sZr(u-
C1),Li(OE,),];!> 1416 however, considerable bonding char-
acter is indicated by the extent to which the phenyl ring is
forced over to allow this chelate ring formation, giving a N(3)-
C(31)-C(36) intra-chelate angle of 114.6(4)° compared with
125.3(4)° for N(3)-C(31)-C(32).

Upon reaction of 2a and 2b with K[MCp(CO),] in toluene,
the heterobimetallic complexes [HC{SiMe,NR};Zr-MCp-
(CO),] (3-6) are formed (Scheme 1), which may be isolated
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Scheme 1. Synthesis of the heterobimetallic complexes 3—6.

directly from the reaction mixture as yellow microcrystalline
solids. The resonance pattern in the 'H, 1*C, ’Si and YF NMR
spectra recorded at 295 K are consistent with an effective
local C;, symmetry of the amidozirconium fragment; this
indicates rapid internal rotation around the Zr—M bonds in
theses molecules. The fomation of the metal —-metal bond is
typically reflected in the considerable shift of the »(CO) bands
to higher wavenumbers relative to the alkali metal carbon-
ylates (Table 1).781 The formation of the dinuclear com-
pounds occurs sufficiently selectively to allow their in situ
generation in some of the reactions described below.

Table 1. Infrared carbonyl stretching frequencies of the Zr—M heterodi-
nuclear complexes reported in this work.

V(CO) (Vgyms Vas) [em™']

Zr—Fe

K[FeCp(CO),] 1866, 1772
3 1972, 1917
5 1976, 1921
Zr—Ru

K[RuCp(CO),] @ 1896, 1811
4 1992, 1936
6 1985, 1925

[a] Data from ref. [25].

Insertion of unsaturated polar substrates into the metal -
metal bonds: The simplest pattern of reactivity observed for
the Zr—M heterodinuclear compounds is the insertion of an
unsaturated polar substrate into the metal — metal bonds. The
first such reaction was reported in a study by Culter and co-
workers,['] who showed that Casey’s Zr—M heterobimetallic
complexes insert CO, into their metal—metal bond, while
Bergman et al. studied the reactions of an imido-bridged
Ir—Zr complex with CO,, CS, and MeNCS, the last two
undergoing fragmentation in the course of the reaction.['"sl We
have previously reported the insertion of isonitriles into the
polar metal-metal bond of early—late heterobimetallic
complexes that are related to those reported in this paper.[®
Reaction of 3 and 6 with methyl isonitrile leads to similar
types of products, [HC{SiMe,N(2-FC¢H,)}sZr(7*-C(=NMe)-
FeCp(CO),] (7a) and [HC{SiMe,N(2,3,4-F;CsH,)};Zr(5*-C-
(=NMe)RuCp(CO),] (7b) (see Scheme 3 later). However,
these are thermally unstable and could only be characterized

694 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

NMR spectrocopically in solution below 260 K. The charac-
teristic *C NMR chemical shift of the resonance attributable
to the carbon atom inserted between the two metals (7a: 6 =
280.8; 7b: 6=275.9), and the clean set of resonances
attributable to the relevant molecular fragments indicate its
selective formation.

More stable insertion products were obtained in the
reactions of 3 and 4 with X=C=Y heteroallenes. Reaction of
these Zr—M complexes with one molar equivalent of CO,,
CS,, phenyl isocyanate, phenyl isothiocyanate or methyl
isothiocyanate yielded the insertion products 8 —12 shown in
Scheme 2. The formulations and structural proposals of the

H
I |
P X - Me
Me,Si™y/ \sn\/k.;.2 ISIMez ’ 2
SiMe, | i !
anwt N\ N X—C—Y R N / R
® NI ~S 7 Sz
R zr R / \
| R ’ R
QCuuwm M = 2.FCeH,
Ry
© OC"yM\
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MeNC 1 Fe
H
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d \Zr Fe | PhN | O [10a
I Ru [ PhN O |10b
Fe | MeN | S [11a
oC,,,,,,.Fe/ il el IR S
oc”™” Fe | PAN | s |12
7a, 7b

Scheme 2. Insertion of polar unsaturated organic substrates into the polar
metal —metal bonds.

reaction products are supported by the analytical data as well
as the 'H, BC, #Si, F NMR and infrared spectrocopic data.
Their most remarkable spectroscopic feature is the
BC NMR shift of the heteroallene carbon resonances
[0 (BC) 8 240.7, 9a 334.0, 9b 320.6, 10a 236.1, 10b 221.0,
11a 241.4, 11b 226.5, 12 248.9]. Of these the position of the
signal attribitable to the 3CS, carbon in 9a and 9b is observed
at remarkably low field (6 =334.0 and 320.6, respectively), a
situation which indicates a par-
tial carbenoid character of the T
inserted carbon disulfide (best MezSi“'f')‘C\SiMez

represented by a zwitterionic NS'Me2 |
resonance structure of the di- \ / \R
nuclear complex with the neg- / / \
ative charge at Zr and the \ S
positive charge at M). ﬁ

Of principal mechanistic in- 00‘?""(
terest is the question whether o°
the interaction of the two com-
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plex fragments with the substrates occurs separately, that is,
after dissociation in solution, or cooperatively. The fact that
no significant enhancement—but rather a decrease—of the
reaction rate of the insertion of MeNCS is observed when the
reaction is carried out and monitored by F NMR spectro-
scopy in [D¢]THF instead of [Dg|toluene supports the notion
that solvated ionic intermediates do not seem to determine
the pathway of the conversion.''! Secondly, the significantly
greater reaction rate of the oxygen-containing heteroallenes
(CO, and PhNCO) and the absence of detectable intermedi-
ates suggests that the conversion is strongly influenced by the
interaction of the donor atom in the substrate with the
heterodinuclear complex. Morover, the availability of two
structurally related zirconium complex fragments and the two
{MCp(CO)} units enabled us to carry out the crossover
experiment depicted in Scheme 3.

4
X//C
(Z—M Zi—M N
N N S
¢ o &0 v RN
i e
h | |
C N
| N .
S P N N N/
[Z—m (21 M 2z Yc—u
% z\c \Y/ N
% &0 %CO

Scheme 4. Proposed mechanism for the insertion of isocyanides and
heteroallenes into the polar metal — metal bonds.

negative donor function(s) of the substrate coordinating to
the Zr centre]. We have recently shown that this type of
reactivity strongly depends on

H . .
H é the nucleophilic properties of
A MezSi's"%e\SiMez the late transition metal frag-
o) 1
MezSi‘S“f‘{A ~~siMe, ,L z ,L ment.) In a related system,
ivie. N gt N . )
,L 2 ,L Z-FCoHy /N\Zr/ \2-FCGH,, substitution of the Fe or Ru
ZFCeHS AN N2 FCH, 2FCeH [>n carbonyl complex units by the
ZFCeH /C M less nucleophilic {Co(CO),}
OCmuFe —Fe fragment led exclusively to het-
o oC N\ Ta .. ..
o ﬂ erolytic (i.e., ionic) cleavage of
+ 3 Me-NC + the metal-metal bond. We
T H have also shown that for certain
- [ . .
Me,Si5 ~give, Moo S substrates the '1nsert101} step
[ siMe, ezl' s{/lez SllMez may be reversible. This has
we N N, . .
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6 RuU the metal —metal bonds of 36,

™
=

Scheme 3. Cross-over experiment of the insertion of methyl isocyanide into the metal-metal bonds of
complexes 3 and 6. No cross-over products indicating the exchange of complex fragments were detected.

Reaction of a mixture of equimolar amounts of [HC{Si-
Me,N(2-FC¢H,)};Zr-FeCp(CO),] (3) and [HC{SiMe,N(2,3,4-
F;C¢H,)}:Zr-RuCp(CO),] (6) with MeNC at 260K led
exclusively to the complexes 7a and 7b. The absence of any
crossover products implies that the interaction of both
complex fragments with the substrate must occur within the
solvent cage of the heterodinuclear complex. The combined
evidence obtained in these studies has led us to propose
the mechanism for the insertion reaction depicted in
Scheme 4.

In a first step, the polar unsaturated substrate coordinates
to the zirconium centre in a Lewis acid/base type interaction.
This increase in the coordination number at the zirconium
leads to a polarization and concomitant labilization of the
metal —-metal bond that is cleaved. This is followed by the
insertion of the substrate between the two metal centres
according to a pattern of complementary polarity [the
nucleophilic late transition metal fragment attacking the
electrophilic carbon atom of the substrate and the electro-
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and it is only the absence of
LJ(*N,C) coupling in the oth-
erwise unchanged C NMR
spectrum of the isonitrile in
the presence of 3-6 that indi-
cates a weak and reversible interaction with the metal
complex, most likely of the kind postulated in Scheme 4.

In order to determine the coordination mode of the XCY
ligand (X =0, S; Y=0, S, NR) to the early and late transition
metal centres as a result of the insertion into the metal — metal
bond, single-crystal X-ray structure analyses of 9a and 12
were carried out. Despite relatively weak diffraction from the
available samples the principal structural features of both 9a
and 12 were clearly established (Figure 2).

Although there was considerable disorder of the tripodal
ligand framework in the crystal of 12 it is clear that the overall
coordination of the zirconium atom in both 9a and 12 bears a
striking resemblence to that found in the dichloride 2b (vide
supra) and in the dichloro starting material 2a. As in the
dichlorides, the tripodal ligands in the insertion products 9a
and 12 both effectively occupy four coordination sites of the
zirconium atom, with three facial nitrogen donors and an
interaction from the ortho-fluoro atom of a peripheral phenyl
ring at the fourth site (Table 2). The Zr---F(3) bond length of
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Figure 2. Top: molecular structure of the CS, insertion product 9a.
Principal bond lengths [A] and angles [°]: Zr—S(1) 2.632(4), Zr-S(2)
2.643(3), S(1)—C(40) 1.717(10), S(2)—C(40) 1.708(10), Fe—C(40) 1.934(11),
Fe—C(8) 1.773(12), Fe—C(9) 1.785(11), S(1)-Zr-S(2) 66.88(10), C(8)-Fe-
C(9) 94.2(6), S(1)-C(40)-S(2) 116.1(7); Bottom: molecular structure of the
PhNCS insertion product 12. Principal bond lengths [A] and angles [°]:
Zr—S(1) 2.571(5), Zr—N(4) 2.282(13), C(40)—N(4) 1.307(22), C(40)—S(1)
1.745(17), Fe—C(40) 1.952(17), N(4)-Zr-S(1) 62.7(3), C(8)-Fe-C(9) 87(1),
N(4)-C(40)-S(1) 112(1).

2.560(7) A in 9a is very similar to that of 2.535(5) A
previously found in the dichloro starting material 2a,["3l and
although in 12 this distance is rather longer [Zr---F(3)
2.70(1) A], being closer to that in 2b [2.647 A], the inter-
action appears bonding in both insertion compounds. Asin2b
(vide supra), the coordinating fluorophenyl ring is apparently
being forced over to facilitate chelation [N(3)-C(31)-C(32)
125.1(8) and 124(1)°, and N(3)-C(31-C(36) 114.8(8) and
116(1)° in 9a and 12, respectively]. In both dichlorides, and

696 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Table 2. Comparison of selected bond lengths [A] and angles [°] for the
tripodal ligand coordination in 2b, 9a, 12 and the previously reported
structure 2a.

22l 2b 9a 12
Zr-N(1) 2.040(7)  2.052(6)  2.060(8) 2.053(12)
Zr-N(2) 2072(7)  2.084(6)  2.101(8) 2.093(13)
Zr-N(3) 2125(6)  2.119(6)  2.124(8) 2.105(11)
Zr--F(3) 2535(5)  2.647(5)  2.554(7) 2.703(11)
Si(1)-N(1) 1755(7)  1768(7)  1.734(8) 1.753(14)
Si(2)-N(2) 1.740(7)  1773(6)  1.756(9) 1.742(14)
Si(3)-N(@3) 1741(7)  1769(6)  1.758(8) 1.763(12)
N(1)-C(11) 1.43(1) 1420(7)  1.449(9) 1.41(2)
N(2)-C(21) 1.44(1) 1420(7)  1435(10)  1.43(2)
N(3)-C(31) 1.39(1) 1416(7) 142209 1.43(2)
N(1)-Zr-N(2) 984(3)  1004(2)  102.9(3) 100.4(5)
N(1)-Zr-N(3) 101.8(3)  1027(2)  103.7(3) 103.3(5)
N(2)-Zr-N(3) 95.1(3) 95.72)  101.7(3) 100.0(5)
Zr-N(1)-Si(1) 117.4(4)  1162(3)  114.5(4) 114.2(7)
Zr-N(2)-Si(2) 1152(3)  11323)  110.1(5) 111.6(6)
Zr-N(3)-Si(3) 1161(3)  11433)  111.6(4) 112.9(6)
ZreN()-C(11)  1245(6)  1223(5)  121.7(6) 125.3(9)
Zr-N(Q2)-C(21)  1281(6)  1289(4)  130.4(7) 126.2(9)
Zr-N3)-C31)  1205(6)  123.6(4)  123.6(6) 122.3(8)
Zr-F(3)-C(36) 1087(5)  10653)  109.7(6) 105.7(8)
Si()-N(1)-C(11)  1160(6)  119.13)  123.3(7) 118(1)
Si(2)-N(2)-C(21)  1159(6)  1165(4)  118.7(6) 121(1)
Si3)-N(3)-C(31) 1234(6)  122.1(4)  124.8(7) 125(1)

[a] Re-numbered from ref. [13].

in the insertion product 9a, the zirconium-nitrogen bond
within the five membered chelate ring is the longest [Zr—N(3):
2.125 (2a), 2.119(6) (2b) and 2.124(8) A (9a)] and that trans
to the coordinating fluorine atom is the shortest [Zr—N(1):
2.040(7) (2a), 2.056(6) (2b) and 2.060(8) (9a)]. The short-
ening of the Zr—N(1) bond in each of these compounds is
consistent with enhanced m donation from the amide donor
trans to the highly electronegative fluoro atom. Although
these trends also appear to be present in 12, the relatively high
esd’s caused by the extensive disorder of the tripod mean that
the differences are of low significance. The persistence of the
fluoro —ziconium interaction, from its presence in the starting
material 2a to that in the heterodinuclear insertion products
9a and 12, demonstrates the importance of the “active” ligand
periphery in these compounds.

The central structural unit in 9a is the bent CS, fragment
[S(1)-C(41)-S(2) 116.1(7)°] that links the two metal centres.
Both of the S atoms bond directly to the zirconium [Zr—S(1)
2.632(4), Zr—S(2) 2.643(3) A]. The NCS heteroallene, linear
in the free isothiocyanate, is bent in 12 [N(4)-C(2)-S(1)
112(1)°] and bridges the metals in a manner similar to that
found in the CS, analogue 9a. Whereas the C—S bond length
of 1.745(17) A lies in the range of a C—S single bond, the
carbon—nitrogen bond [1.307(22) A] retains considerable
double bond character.["]

Reactions of the heterodinuclear complexes with esters and
aldehydes: The reactions described in the previous section
lead to stable products of insertions into the polar metal —
metal bond. Substrates, such as carboxylic esters, which have
predetermined points of cleavage in their molecular structure
or, such as aldehydes and ketones, offer alternative reaction

0947-6539/00/0604-0696 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Cooperative Reactivity 692-708

pathways may undergo further T o T

conversions as will be discussed wC e N

in this and the next section. Meles(ez\ S|I © O Melegﬂez\ Sl'Mez i
Reaction of the Zr—Fe com- Ruee Nl /N\ PTLN /N\ *oenm Fe

plex 3 with one molar equvalent e " R,/ Nz i\

of PhC(O)OR (R =Et, CH,Ph) l . 56

immediately leads to the cleav- OC FK OR

age of the ester to give a 1:1 = CH,Ph: 13a

mixure of the alkoxyzirconium Et: 13b

complex [HC{SiMe,N(2- é
FC¢H,)};Zr-OR] (R =CH,Ph: Me, T|g‘l/e\s|Me2
13a, Et: 13b) and the known N l
benzoyliron complex [FeCp- R R/ N, / \
{C(O)Ph}(CO),]  (Scheme 5). CI CI

The identity of the compounds, LI/
which could not be completely E,0” okt
separated, was confirmed by 2a

comparison with the data ob-
tained of authentic samples,
which were synthesized by an
independent method. Whereas the iron complex is a known
compound,” 13a and 13b were prepared by reaction of 2a
with one molar equivalent of the respective lithium alkoxide.

A similar reactive pattern is thought to be obtained even if
the acyl metal fragment is unstable and therefore may not be
detected. Upon reaction of 3 with ethylformate, immediate
formation of 13a and [CpFeH(CO),] is observed and infrared
spectroscopy indicates the presence of uncoordinated CO
(7=2144 cm™"). This is a consequence of the well-known
instablity of the formyl complex, which readily extrudes CO
to form the hydrido species.

The generation of complex 13a and the benzoyliron
compound [FeCp{C(O)Ph}(CO),] is also observed in the
reaction of 3 with two molar equivalents of benzaldehyde.
Upon carrying out this reaction in an NMR tube by slowly
adding the aldehyde to a solution of the Zr—Fe complex in
[Dg]toluene, the stoichiometry could be established unambig-
uously. After addition of one equivalent of benzaldehyde only
half of the Zr—Fe complex was converted to the products,
which were identified by comparison of the spectrocopic data
with those of of a 1:1 sample mixture synthesized by the
independent route mentioned above (Scheme 6).

Moreover, from the series of NMR spectra the absence of a
detectible intermediate was established, which indicates their
short lived nature. Formally, the reaction products are those of
a Cannizzaro type disproportionation of an arylaldehyde.?!l

v o i
s| i sIaMe2 ) H(D) Mezsl' v \SllMez
3
wN_ WNL | N
Rn\“ \ le‘ N
< N 7N

]

OCwmnFe, oL
e |
Ph

3 13a

Scheme 6. Cannizzaro type disproportionation of benzaldehyde and deuteriobenzaldehyde in the coordination

spheres of the two complementary metal centres.
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Scheme 5. Cleavage of benzoic acid esters to give the benzoylison complex and the alkoxozirconium product.

To establish the validity of this designation, the reaction was
carried out with deuteriated benzaldehyde C;H;CDO.?? The
'H NMR spectrum of the reaction products displays the
identical set of resonances as that in the experiments with the
unlabelled compounds with the exception of the benzyl-CH,
signal at 0 =4.66, which is completely absent. That the
hydrogen atom transfer only occurred between the benzylic
positions and does not involve other H atoms was additionally
confirmed by the presence of only one signal in the 2H NMR
(60 =4.6) spectrum assigned to the CD, group.

Similar experiments carried out in NMR tubes in [Dg]tol-
uene at temperatures below —40°C with benzaldehyde
derivatives substituted in the para position, with the aim of
detecting reaction intermediates, did not reveal resonance
sets other that those of the starting materials and the products
generated after successive addition of the aldehyde.?] This is
testimony to the extreme rapidity of the hydrogen-atom
transfer. However, in view of the result of the deuteriation
experiment we propose the reaction mechanism displayed in
Scheme 7.

The first step in the reaction sequence is thought to be the
addition of an aldehyde molecule to the Lewis acidic early
transition metal centre, which is followed by its insertion into
the metal-metal bond. The cleavage of the Zr—Fe bond
reduces the coordination number at zirconium, which in turn
facilitates the addition of the second molecule of benzalde-

hyde. The crucial reaction step

is the hydride-transfer step,

which follows and involves an

analoguous intermediate as

\ that proposed for the Canniz-

zaro or Tishchenkov dispropor-

tionations.?! This gives the re-

% action products through the

association equilibrium of 13a
and the benzoyliron complex.

Both the cleavage of esters
and the disproportionation of
the arylaldehydes yield stoi-

Q’).m.,,

0947-6539/00/0604-0697 $ 17.50+.50/0 — 697





FULL PAPER

L. H. Gade et al.

ci [zq Fel [Z—o
VA F p———— — N\ [Fe]
{21 Fe] + R~y N /c/
¢ H R
A Ii B ?
R/J\H
121 SN Zi—ay N el [z\q—o\ _fFel
+ P
O\ R{ O\ R/ -— C\)\ H/ R
Vo o i
R H R H R H
D (o4

Scheme 7. Proposed mechanism for the hydride transfer in the arylalde-
hyde disproportionation reactions.

chiometric mixtures of two reaction products that are difficult
to identify unambiguously unless these two components are
accessible by independent synthetic routes. In order to avoid
this complication the reactions of the Zr—Fe and Zr—Ru
complexes 3 and 4 with the lactones cumarine and y-
butyrolactone were studied. In both cases selective lactone
cleavage was observed to give the reaction products [HC{Si-
Me,N(2-FC:H,)};ZrOC{H,CH=CHC(O)MCp(CO),] M=
Fe: 14a, Ru: 14b) and [HC{SiMe,N(2-FCH,)};ZrO(CH,)s-
C(O)MCp(CO),] (M=Fe: 15a, Ru: 15b), respectively
(Scheme 8).

The most remarkable spectroscopic feature of these com-
plexes, which formally may be viewed as products of an
insertion into the metal—-metal bond, is the *C NMR
chemical shift of the signal attributed to the metallaacyl
carbon nuclei. For the iron complexes 14a and 15a, this
resonance is observed at 0 =291.3 and 291.5, respectively,
while the corresponding signals of the Ru analogues 14b
and 15b are observed at 0 =271.6 and 272.5, respectively.
These chemical shifts lie considerably outside the range
normally observed for acylmetal complexes of this type (M =
Fe: 0 =ca. 250, M = Ru: 6 = ca. 230)>* | and are more akin to
the values found for carbene complexes.”> 2! We therefore
propose an additional coordination of the acyl group to the
zirconium centres through the carbonyl oxygen atoms as is
indicated in Scheme 8. We previously formulated a similar O-
coordination to the early trans-
tion metal atom in a study of
the ring-opening reactions of
axially prochiral biaryl lactones
with  heterodinuclear com-
plexes, a notion also based on
the unusual *C NMR chemical
shift of the acyl carbon nu-
clei.'?l In this case, these com-
plexes were found to be unsta- /
ble with respect to subsequent
decarbonylation. Such a reac-
tive behaviour was not ob-
served for compounds 14a/b
and 15a/b.

Zr

R = 2,3,4-F,CeH,

Reactions of the heterodinu-
clear complexes with ketones:
The reaction of the Zr—Fe di-
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Scheme 8. Ring opening of lactones to give the metallacyclic complexes 14
and 15.

nuclear complex 5 with ketones leads to immediate aldol
coupling to give the corresponding zirconium complex, which
contains the aldol product ligated to the Zr centre. Simulta-
neously, an equimolar amount of the hydridoiron complex
[CpFe(CO),H] is formed.?”! Upon addition of two molar
equivalents of actone, cyclopentanone or cyclohexanone to
compound 5 conversion occurs immediately to give the
complexes 16, 17 and 18, respectively (Scheme 9).

Since attempts to isolate the pure products were hampered
by their thermal lability and the difficulty of separating small
amounts of [CpFe(CO),],, which is generated via the hydri-
doiron half-sandwich complex, they were characterised by
NMR spectroscopy. The signal patterns assigned to the
coordinated tripodal ligand are consistent with a local
threefold symmetry indicating dynamic exchange of the
“turnstile” type that we have observed for all fivefold
coordinate zirconium complexes to date. Whereas the aldol
ligand in 16 is achiral, the newly formed organic units in 17

H
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Mele wy \SiMez
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e N I
R / \ /

H
|
c
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\ R“““"N | /N\
R 4 CpFe(CORH
o
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Scheme 9. Aldol coupling of ketones induced by Zr—Fe complex 5.
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and 18 each contain one chiral centre. This is reflected in the
diastereotopic splitting of the 'H and *C NMR resonances of
the SiMe, groups and the chemical inequivalence of all the
CH, proton and *C NMR signals of the two condensed
carbocycles. The resonance of the quaternary C atom adjacent
to the alkoxo-O atom at 6 =75.4, 88.5 and 81.1 in the *C NMR
spectra of 16, 17, and 18, respectively, and the low-field
chemical shift of the Zr-bonded carbonyl function (16: 6 225.3
17:236.3,18: 231.2) are particularly characteristic for this type
of metal coordinated aldol ligand.

The hydridoiron complex generated in these conversions is
thought to be formed in a first reaction step following the
insertion of the carbonyl group into the metal —metal bond.
This yields an extremely reactive metal-bound enolate which
in turn rapidly undergoes aldol coupling with a second
molecule of ketone to give compounds 16-18.

The aldol-type coupling reactions described above require
the presence of a-CH protons in the substrates. In order to
assess the reactivity of the heterodinuclear compounds
towards ketones without a-protons we studied the reactions
of complex § with benzophenone and 1,2-diphenylcyclopro-
penone. Whereas the former underwent an immediate redox-
chemical process generating [CpFe(CO),], and a mixture of
unidentifiable Zr-species, the reaction with 1,2-diphenylcy-
clopropenone proceeded cleanly to yield a single product,
which was isolated as a yellow microcrystalline solid. The 'H,
3C and #Si NMR spectra are consistent with an effective
threefold symmetry of the tripod-amidozirconium fragment,
while the diastereotopic splitting of the SiMe, resonances in
the 'H and '*C NMR spectra indicates the formation of a
chiral centre at the late transition metal fragment. The
infrared spectrum displays only a single »(CO) band at
1953 cm™' establishing the presence of only one Fe-bonded
carbonyl ligand. The C carbonyl NMR resonance is ob-
served at remarkably low field (6 =219.3); however, more
importantly, two additional signals of equal intensity are
found at even lower field, 6 =221.1 and 259.0. Moreover, the
resonance of the carbonyl function in 1,2-diphenylcyclopro-
penone (0=156.4) disappears and the signal of the C=C
olefin unit in the cyclopropene ring is shifted from ¢ = 146.7 to
179.5. These data are consistent with a molecular structure of
the reaction product [HC{Si(CH;),N(2,3,4-F;CsH,)}sZr(u,-
0,C)Fe(CO){C;Ph,}Cp] (19) as shown in Scheme 10.

Similar to our previously reported deoxygenation of sulf-
oxides that yield reaction products which contain a u-CO,

H
i 0 ¢
wC Me,Si™y ~ ~~sim
Me, S||"/ \SIIMe2 A | {/Ie2 I e,
2
g N | N PP ph ReNs | /
V2 \ / / \
R R = 2,3.4-F3CeH, 0{0
QCwmn Fe
oc/ O, o
~,
5 Ph 19

Ph

Scheme 10. Oxygen transfer from 1,2-diphenylcyclopropenone to an iron-
bonded CO ligand in 5.
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ligand linking the early with the late transition metal centre,?S]
oxygen transfer from the cyclopropenone substrate to a
carbonyl ligand has occurred to generate a 4-CO, unit and an
iron-bound carbene ligand, which is characterized by the
BC NMR resonance at 0 =259.0. The transformation of one of
the CO ligands could be established by carrying out the
reaction with a *CO-enriched sample (10 %) of 5 that yielded
the labelled u-CO, unit, while the oxygen transfer was proved
by reaction with 30% !7O-enriched 1,2-diphenylcycloprope-
none [6(170) =224, reference dioxane].*! The chemical shift
of the product signal of 6(}’O) =365 in the labelled complex
19 is indicative of an O nucleus in a metallacarboxy
environment.B Attempts to study the kinetics of this reaction
and thus gain additional insight concerning its mechanism
were precluded by the extreme rapidity of the conversion and
the air and moisture sensitivity of the compounds involved.
However, given the results of the 1*C and 17O labeling studies,
we propose the reaction mechanism for this transformation
displayed in Scheme 11.

R A

[Zr] —Fe

O
o"’/
(o]
OO
e X

Ph hoa
\ \C— Femmmcog = i

O\C¢Fe
/] "
Ph iz o

Scheme 11. Proposed mechanism for the deoxygenation of 1,2-diphenyl-
cyclopropenone.

By analogy with the mechanism of the simple insertion
reactions into the polar metal - metal bonds, the formation of
a Lewis acid —base adduct (A) is thought to be the first step, in
which the carbonyl group of the substrate is additionally
polarized and the Zr—Fe bond labilized. The metal—metal
bond is subsequently cleaved and the nucleophilic iron
fragment attacks the electrophilic CO-carbon atom of the
cyclopropenone to give intermediate B. Intramolecular nu-
cleophilic attack of the activated oxygen function at a
carbonyl ligand and rearrangement, possibly via a carbene
intermediate (C), yields the reaction product. It should be
pointed out that both the product and the proposed reaction
pathway are entirely analogous to the results previously
established by us for the reaction of similar heterodinuclear
complexes with sulfoxides.[*® 28! The nature of the functional
groups in sulfoxides and and
cyclopropenones is very similar o- 0-
in that the element—oxygen l .
unit has strong zwitterionic / S\ @
character, the functional group R R
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being additionally polarized and the bond multiplicity re-
duced.

The conversion leading to 19 appears to be a clear example
of cooperative reactivity of the two complementary metal-
complex fragments joined in the heterobimetallic complexes.
In order to gain additional information regarding the im-
portance of this combination of reactive metal fragments for
the observed reaction pathway, 1,2-diphenylcyclopropenone
was treated with K[MCp(CO),] (M =Fe, Ru) only. In both
cases, immediate conversion was observed and, after salt
metathesis with [NBu]Br, the salts [NBu,][CpM{C(O)-
C(Ph)C(Ph)C(0)}CO] (M=Fe: 20a, Ru: 20b) were iso-
lated (Scheme 12). While the formulation of the reaction

ol
- i
,\lA Ph Ph @
oC/ \Co o r\‘%\ %
l h
M=Fe: 20a ] _I —

Ru: 20b  pp & AN
(0]

Co
P

Scheme 12. Reaction of [MCp(CO),]- (M =Fe, Ru) with 1,2-diphenylcy-
clopropenone to yield the metallacyclopenta-2,5-diones.

products was based on the elemental analysis, the infrared
spectra of both compounds, 20a and 20b, display a single
v(CO) band at 1883 and 1896 cm~!, respectively, the position
of which is characteristic of monoanionic CpM-carbonyl
complexes. In the *CNMR spectrum two low-field resonances
are observed at 0 =224.7 (208.5) assigned to the CO ligand
and at 0 =276.0 (260.1). Since an unambiguous assignment of
the molecular structure of both complexes was not possible
based on these data, a single-crystal X-ray structure analysis
of compound 20a was carried out. Two views of its molecular
structure are shown in Figure 3; the principal bond lengths
and interbond angles are given in the legend.

The metallacyclopenta-2,5-dione ring constitutes the struc-
tural centre piece of the organometallic anion. This cyclic unit
is not planar but was found to adopt an envelope conforma-
tion in which the plane spanned by C(1), C(2), C(3) and C(4)
is tilted by 17.6° with respect to the plane defined by C(1),
Fe(1) and C(4). The Fe(1)—C(1) and Fe(1)—C(4) bond lengths
[1.905(5) and 1.899(6) A, respectively] lie within the range
expected for acyliron units and the C—C bond lengths within
the metallacycle are consistent with their formulation as
single bonds [C(1)—C(2) 1.524(7), C(1)—C(4) 1.528(7) A] and
a central double bond [C(2)—C(3) 1.344(7) A].

A very similar reaction product has been reported by
Hoffmann and Weiss, who isolated tetracarbonyl-ferra-3-
cyclopenten-2,5-dione from the reaction of [Fe;(CO),,] with
acetylene.B! Related compounds were also studied by Lie-
beskind etal. who generated the metallacyclopentene-2,5-
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N1

Figure 3. Top: molecular structure of [Bu,][CpFe{C(O)C(Ph)C(Ph)C(O)}-
CO] (204). Principal bond lengths [A] and angles [°]: Fe(1)—C(1) 1.905(5),
Fe(1)—C(4) 1.899(6), Fe(1)—C(5) 1.718(7), C(1)—C(2) 1.524(7), C(2)—C(3)
1.344(7), C(3)—C(4) 1.528(7), C(1)—O(1) 1.241(6), C(4)—-0O(2) 1.232(6),
C(1)-Fe(1)-C(4) 82.4(2), Fe(1)-C(1)-C(2) 114.4(4), C(1)-C(2)-C(3)
112.1(4), C(2)-C(3)-C(4) 112.6(5), Fe(1)-C(4)-C(3) 114.3(4). Bottom: view
parallel to the metallacycle ring planes showing the envelope conforma-
tion.

dione units by reaction of cyclobutanediones with low-valent
cobalt and rhodium complexes.?!

Addition of the chlorozirconium complex 2b to a solution
of 20a did not convert the anion to the oxygen-transfer
product 19, which resulted from the reaction of the cyclo-
propenone with the Zr—Fe heterodinuclear complex 5.
Instead, a complicated mixture of products was obtained in
which 19 could not be identified even as a minor component.
This finding highlights the importance of both the nucleo-
philic and electrophilic metal centres in the oxygen transfer
and conversion of a carbonyl ligand to a bridging CO, unit.

Oxygen transfer to CO in reactions of the heterobimetallic
complexes with pyridine N-oxide and sulfoxides: Bergman
and co-workers recently reported the rapid transfer of oxygen
and sulfur from organic molecules to the Zr—Ir bond of
[Cp,Zr(-N-Bu)IrCp*] to yield products in which the metal —
metal bond is cleaved and a bridging oxo or sulfido ligand
formed linking the two metal centres.'®! While no sulfur-
transfer reactions involving the Zr—M complexes studied in
this work were observed, the heterodinuclear compounds
were found to effect oxygen transfer from element oxides to
the metal-bonded carbonyl ligands as already indicated by the
reaction of the cyclopropenone with 5. We therefore decided
to study the reactions with amine N-oxides and sulfoxides.

Whereas the reaction of 3—6 with trimethylamine N-oxide
led to unspecific degradation of the complexes, reaction of 5
with pyridine N-oxide yielded the CO,-linked complex
[HC{SiMe,N(2,3,4-F;CH,)}Zr(-O,C)FeCp(CO)(py)]  (21)
(Scheme 13).
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Scheme 13. Deoxygenation of pyridine N-oxide.

As in the case of 19, the generation of a chiral iron centre is
reflected in the diastereotopic splitting of the SiMe, reso-
nances [0('H)=0.47, 0.54; 6(3C)=4.3, 4.7]. The B3C NMR
signal of the remaining carbonyl ligand is observed at 6 =
221.7, while the linking u-CO, ligand is characterized by the
resonance at 0 =250.1. It is probably owing to the high
oxidizing power of the pyridine N-oxide that some nonspecific
degradation is observed which is manifested in the generation
of a small amount of [Fe,Cp,(CO),].

We have very recently reported oxygen-atom transfer from
sulfoxides to carbonyl ligands in Zr—Ru heterdinuclear com-
plexes that are related to 4 and 6.2 Reaction of complexes 4
and 6 with one molar equivalent of Me(R")SO yields the CO,-
linked species [HC{SiMe,N(R)}Zr(-O,C)RuCp(CO){S(R’)-
Me}] (R=2-FCH,, R"=Me 22a; R=2-FC(H;, R'=Ph
22b; R=234-F,C,H,, R'=Me 23a; R=234-F;CH,, R'=
Ph 23b) (Scheme 14). Addition of a second molar equivalent
of the sulfoxide yields the Lewis acid—base products species
[HC{SiMe,N(R)}{Me(R)SO-k0}Zr(-O,C)RuCp(CO){S(R’)-
Me}] (24a/b, 25a/b) in which one molecule of sulfoxide is
thought to coordinate to the zirconium centre through the
oxygen atom. An closely related example of such a species
was recently characterized by X-ray crystallography the
structure of which could therefore be unambiguously estab-
lished.l?8l

As in the reaction of § with 1,2-diphenylcyclopropenone
discussed above, the oxygen transfer from the sulfoxide to the
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Scheme 14. Oxygen transfer from sulfoxides to CO within the coordination sphere of Zr—Ru heterodinuclear

complexes.
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carbonyl ligand, which is converted to the u-CO, unit, was
proved by using *C enriched 6. In addition we carried out the
reaction of 6 with 30% '"O-enriched methylphenylsulfoxide
[0(7O) = —0.1, reference: dioxane]. The chemical shift of the
product signal of d =343 in the labelled complex 23b is again
indicative of an 7O nucleus in a metallacarboxylato environ-
ment.

Conclusion

The instability of most early —late heterobimetallic complexes
that have been synthesized and studied to date has prohibited
a systematic study into their reactivity and the testing of the
claim of cooperative reactivity. In this study we have shown
that the use of amido tripod ligands and thus the integration of
the early transition metal centre into a rigid molecular cage,
along with the introduction of a partially fluorinated ligand
periphery, has allowed the investigation of a wide range of
reactions involving the polar metal — metal bonds. These range
from simple insertions into the metal —metal bond to cascades
of elementary reactions leading to substrate coupling as in the
case of the aldol condensation of ketones to atom-transfer
reactions, such as those observed in the Cannizzaro dispro-
portionation of aryl aldehydes, and the oxygen transfer
involving various element oxides.

In all these cases not only the selectivity of the conversions
(as established by monitoring the reactions by NMR spec-
troscopy) is remarkable but the rapidity with which their occur.
Even at very low temperatures aldol coupling or the oxygen
transfer to the carbonyl ligands takes place instantaneously
and lies outside the regime of conventional kinetic methods.

The role of the early transition metal centre in all these cases
appears to be that of polarizing the substrate and thus
activating it for nucleophilic attack by the late transition metal
complex fragment. The role of the late transition metal
fragment is that of a nucleophile in the initial reaction step.
Subsequently it may (formally) function as a base, as observed
in the aldol chemistry, or as bearer of the oxygen-atom
acceptor ligands CO, as found in the reactions with element
oxides. Finally, in all the cases we studied, the highly polar
metal —metal bond provides the readily and preferentially

" cleaved interface between the
| two complementary reactive

wC
Me,Si*y  ~siMe, complex fragments.
| SiMe; |

Me o NG N
R Ne \R

V.
R (o]
O/ \O \\

Experimental Section
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All manipulations were performed
under an inert gas atmosphere of dried
argon in standard (Schlenk) glassware,
which was flame dried with a Bunsen
burner prior to use. Solvents were
dried according to standard proce-
dures and saturated with Ar. The
deuterated solvents used for the
NMR spectroscopic measurements
were degassed by three successive
“freeze-pump-thaw” cycles and dried
over 4 A molecular sieves.

0947-6539/00/0604-0701 $ 17.50+.50/0 — 701





FULL PAPER

L. H. Gade et al.

The 'H, BC, #Si, F and 7O NMR spectra were recorded on a Bruker
AC200 spectrometer equipped with a B-VT-2000 variable temperature unit
(at 200.13, 50.32, 39.76, 188.31 and 27.1 MHz, respectively) with tetrame-
thylsilane, CFCl; and dioxane (1’O) as references. Infrared spectra were
recorded on Perkin—Elmer 1420 and Bruker IRS25 FT-spectrometers.
Elemental analyses were carried out in the microanalytical laboratory of
the chemistry deptartment at Wiirzburg. The ligand precursor [HC{Si-
Me,NH(2-FCiH,)};] (1a) and the complexes [HC{SiMe,N(2-
FC¢H,)};ZrCLLi(OEt,),] (2a) and [HC{SiMe,N(2-FC4H,)};Zr-FeCp(CO),]
(3) were prepared as reported previously by us.'*l The salts of the transition
metal carbonylates K[CpFe(CO),] and K[CpRu(CO),] as well as 1,1-
dichloro-2,3-diphenylcyclopropene were synthesized by literature meth-
0ds.” ¥ BC-enriched K[CpRu(CO),] was prepared from 10% enriched
[Ru3(CO),,],BY which in turn was prepared according to a literature
procedure.S! All other chemicals used as starting materials were obtained
commercially and used without further purification.

Preparation of HC{SiMe,NH(2,3,4-F;C¢H,)}; (1b): A solution of HC(Si-
Me,Br); (9.33 g, 21.84 mmol) in diethyl ether (100 mL) was added slowly to
a stirred solution of 2,3 4-trifluoroanilin (9.63 g, 65.50 mmol) and triethyl-
amine (10 mL, 72.14 mmol) in diethyl ether (250 mL), which was cooled at
0°C. The reaction mixture subsequently stirred at room temperature for
14 h. After separation of the triethylammonium bromide by filtration
through a G3 frit and removal of the solvent and excess triethylamine from
the filtrate in vacuo, the white solid residue was redissolved in diethyl ether
and stored at —30°C. Compound 1b was obtained as a colourless
crystalline solid, which was isolated by filtration and dried in vacuo. Yield:
6.97 g (51%); m.p. 111°C; '"H NMR (C¢Dy, 295 K): 6 =0.12 (s, SiMe,), 0.38
(s, HC(SiMe,)3), 3.53 (d, 3Jgy =3.0 Hz, NH), 5.97-6.39 (m, 2,3,4-F,CH,);
{tH}'*C NMR (C¢Dy, 295 K): 6 =2.3 (s, SiMe,), 5.6 (s, HC(SiMe,);), 109.9
(s, C° F5-CH,), 111.2 (d, g =174 Hz, C, 2,3,4-F,CH,), 132.7 (d, Xpc=
6.8 Hz, C!, 2,3 4-F;CH,), 141.1 (m, C?, 2,3 4-F,C¢H,), 142.1 (m, C*, 2,3 4-
F,CeH,), 1442 (m, C2, 2,3,4-F;CH,); {'H} “F NMR (C;Dg, 295 K): 6 =
—159.9 (t, 3/=18.8 Hz, F3, 2,34-F;CH,), —154.2 (d, 3Jp=18.8 Hz, F*,
2,3,4-F;CH,), —148.8 (d, 3Jm=21.1 Hz, F22,3,4-F;C¢H,); {'H}*Si NMR
(CeDg, 295 K): 0 =3.4; IR (toluene): 7 = 3394 (m), 2959 (m), 2925 (m), 2850
(m), 1514 (s), 1274 cm™" (s); C,sHsFN;Si; (625.76): caled C 47.99, H 4.47, N
6.71; found C 47.59, H 4.76, N 6.43.

Preparation of [HC{SiMe,N(2,3,4-F;CH,)};ZrCL,Li(OEt,),] (2b): n-Butyl
lithium (1.15mL) was added to a pre-cooled solution of 1b (600 mg,
0.96 mmol) in diethyl ether (30 mL), and the reaction mixture was stirred
until the temperature had reached — 50 °C. At this point the temperature of
the solution was reduced to —78°C and ZrCl, (224 mg, 0.96 mmol) was
added. The reaction mixture was warmed up to room temperature within
10 h. The orange-brown solution obtained was filtered through a G3 frit to
remove the LiCl and, after reducing the volume in vacuo, 2b was isolated as
a white crystalline solid at —30°C. Yield: 442 mg (48.7%); '"HNMR (C,Dq,
295 K): 0 =—0.33 (s, HC(SiMe,);), 0.34 (s, SiMe,), 0.71 (t, (CH;CH,0),),
3.13 (q, (CH;CH,0),), 6.41-6.56 (m, 2,3,4-F;C¢H,); {'H}'*C NMR (C(Dj,
295 K): 6 =3.7 (SiMe,), 4.0 (HC(SiMe,);), 110.8-119.4 (C*?, 2,3,4-F;C,H,),
138.7 (CY, 2,3,4-F;CH,), 140.5 (C3, 2,3,4-F,C,H,), 146.3-146.7 (C?4, 2,3,4-
F,CsH,); {'H}F NMR (CyDy, 295K): 6 =—161.1 (t, /= 22.3 Hz, F3,
234-F;CH,), —145.3 (d, *Jgz=21.1Hz, F*, 234-F,CH,), —142.2 (d,
3 =223 Hz, ¥2, 2,34-F;CH,); {'H}*Si NMR (CDg, 295 K): 6 =3.1; IR
(toluene): 7=1495 (s), 1251 (s), 1031 (s), 982 (s), 827 (s), 681 cm™! (s);
C;3H;FyCLLIN;O,Si;Zr (940.05): caled C 42.16, H 4.82, N 4.47; found C
41.73, H 471, N 4.19.

Preparation of [HC{SiMe,N(2-FC¢H,)};Zr-MCp(CO),] (3, 4): Toluene
(30 mL) was added to a mixture of solid 2a (500 mg, 0.602 mmol) and
K[MCp(CO),] (0.610 mmol). The reaction mixture was placed in an
ultrasound bath for about 1h until the complete conversion to the
heterodinuclear complex was established by 'H NMR spectroscopy. The
yellow-orange solution obtained was filtered and after reducing the volume
in vacuo 3 and 4 were isolated as yellow-orange crystalline solids at —30°C.
The isolation and characterisation of 3 has been reported previously.!'’]
[HC{SiMe,N(2-FC¢H,)};Zr-RuCp(CO),] (4): Yield: 134 mg (27 %); m.p.
64°C (decomp); '"H NMR (C4Dy, 295 K): 6 = —0.60 (s, HC(SiMe,);), 0.37
(s, SiMe,), 4.22 (s, CsHs), 6.71-743 (m, 2-FCH,); {'H}"*C NMR (C¢Dj,
295 K): 0 =3.4 (HC(SiMe,);), 4.8 (SiMe,), 86.0 (s, CsHs), 116.0 (d, 2Jpc =
222 Hz, C, 2-FC4H,), 123.6 (d, 3Jzc =71 Hz, C* 2-FC¢H,), 124.9, 1275
(C>, 2-FC4H,), 136.8 (d, 2Jgc=13.9 Hz, C', 2-FCH,), 1579 (d, Vpc=
239.3 Hz, C%, 2-FC4H,), 201.8 (CO); {'H}'F NMR (CDg, 295K): 6 =
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—120.5; {'H}*Si NMR (C¢Dy, 295 K): 6 =1.4; IR (toluene): #(CO) =1992,
1936 cm™!; C5,H;3F5N;0,RuSi;Zr (827.02): caled C 46.43, H 4.39, N 5.08;
found: C 46.23, H 4.55, N 5.21.

Preparation of [HC{SiMe,N(2,3,4-F;CH,)};Zr-MCp(CO),] (5, 6): Toluene
(30 mL) was added to a mixture of solid 2b (500 mg, 0.532 mmol) and
K[MCp(CO),] (0.610 mmol). The reaction mixture was placed in an
ultrasonic bath for 1 h. The yellow-orange solution obtained was filtered
and after reducing the volume in vacuo, 5 and 6 were isolated as yellow-
orange crystalline solids at —30°C.
[HC{SiMe,N(2,3,4-F;C¢H,)};Zr-FeCp(CO),] (5): Yield: 214 mg (25%);
m.p. 65°C (decomp); 'H NMR (C¢Dg, 295 K): 6 = —0.78 (s, HC(SiMe,);),
0.24 (s, SiMe,), 6.49-6.89 (m, 2,3,4-F;CsH,); {'H}"*C NMR (C4Dg, 295 K):
0=0.9 (HC(SiMe,),), 3.6 (SiMe,), 83.4 (CsHs), 111.4 (d, 2Jpc =171 Hz, C°,
2,3,4-F;CH,), 122.5 (C°, 2,3,4-F;CH,), 134.7 (d, 2Jpc=10.6 Hz, C!, 2,3,4-
F;CeH,), 141.2 (dt, Jpc=252.5 Hz, 2Jzc =16.1 Hz, C%, 2,3,4-F;C¢H,), 146.9
(dd, Ygc=251.0Hz, 2Jgc=9.1Hz, C?, 234-F;CH,), 1476 (dd, Ygc=
241.0 Hz, Jgce=9.0Hz, C% 234-F;CH,), 211.0 (CO); {'H}"”F NMR
(CsDg, 295 K): 0 =—158.7 (t, Jgr=23.5 Hz, F?, 2,3 4-F;C4H,), —140.9 (d,
3ee=211Hz, F4, 234-F,CH,), —140.5 (d, *Jg=235Hz, F?, 234-
F;CH,); {'HPSi NMR (C,Dg, 295 K): d=2.6; IR (toluene): #(CO)=
1976, 1921 cm™!; C;,H;FoFeN;0,Si;Zr (889.05): caled C 43.19, H 3.74, N
4.72; found C 42.81, H 3.60, N 4.53.
[HC{SiMe,N(2,3,4-F;C¢H,)},Zr-RuCp(CO),] (6): Yield: 210 mg (42%);
"HNMR (CDg, 295 K): 6 = —0.75 (s, HC(SiMe,)5), 0.23 (s, SiMe,), 4.01 (s,
CsHs), 6.45-6.95 (m, 2,3,4-F;C¢H,); {'"H}"*C NMR (C¢Dj 295 K): 6 =1.46
(s, HC(SiMe,)3), 3.99 (s SiMe,), 86.43 (s, CsHs), 112.0 (dd, C°, Jpc=
16.7 Hz, 3Jgc=3.6 Hz, 2,34-F;CH,), 122.5 (dd, C%, *Jpc=5.7Hz, 3Jpc=
2.8 Hz, 2,34-F,CH,), 134.2 (dd, *Jgc=11.4 Hz, *Jgc=2.2Hz, C!, 234-
F;CsH,), 141.5 (td, 'Jgc =251.6 Hz, 2Jzc = 16.01 Hz, C3, 2,3 4-F;C4H,), 147.0
(ddd, Jgc=242.5 Hz, 2Jgc=9.15 Hz, 3Jpc = 2.3 Hz, C*, 2,34-F;CH,), 147.8
(ddd, Ypc=2425Hz, Jgc=114Hz, 3Jpc=22Hz, C, 234-F;CH,),
201.16 (s, CO); {'H}F NMR (CiDs,, 295K): 0=—158.72 (t, Jp=
22.6 Hz, F°), —141.11 (d, 3Jg=22.6 Hz), —140.59 (d, 3/gz=22.6 Hz, F?);
{'H/*Si NMR (CsDg, 295K): 6=1.57; IR (toluene): #(CO)=1985,
1925 ecm™t; C3,H;0FoN;O,RuSi;Zr (936.15): caled C 41.04, H 3.23, N 4.49;
found C 40.79, H 3.04, N 4.21.

Spectroscopic  characterization of [HC{SiMe,N(2-FC:H,);}Zr{n*
C(=NMe)-FeCp(CO),}] (7a) and [HC{SiMe,N(2-FCH,);}Zr{n*-
C(=NMe)-FeCp(CO),}] (7b): MeNC (2.35 mg) was added to a solution
of 3 (50mg, 0.0574 mmol) or 6 in [Dg|toluene (0.5mL) which was
precooled at —70°C. According to the NMR spectral data, compounds
7a and 7b are formed at —10°C and decompose at about 10°C. This
prevented the isolation of 7a and 7b at room temperature and, hence,
characterisation of the compounds by infrared spectroscopy.
[HC{SiMe,N(2-FC¢H,);}Zr{n>-C(=NMe)-FeCp(CO),}] (7a): 'H NMR
([Dg]toluene, 263 K): 6 =—0.19 (s, HC(SiMe,);), 0.48 (s, SiMe,), 3.13 (s,
H;CNC), 4.04 (s, CsHs), 6.60-7.04 (m, 2-FCsH,); {'"H}"*C NMR ([Dg]tol-
uene, 253 K): 0=1.8 (HC(SiMe,);), 42 (SiMe,), 42.2 (H;CNC), 88.8
(CsHs), 1149 (d, *Jgc=22.6 Hz, C?, 2-FCH,), 120.4, 124.0, 125.3 (C*5,
2-FC¢H,), 141.5 (d, 2Jgc=12.7 Hz, C!, 2-FC¢H,), 1574 (d, Jrc =236.0 Hz,
2, 2-FC¢H,), 214.3 (CO), 280.8 (CNMe).

[HC{SiMe,N(2,3,4-FC¢H,);} Zr{n>-C(=NMe)-RuCp(CO),}] (7b): '"H NMR
(CeDg, 295 K): 6 = —0.18 (s, HC(SiMe,)5), 0.42 (s, SiMe,), 2.96 (s, H;CNC),
4.59 (s, CsHs), 6.42-6.49 (m, 2,3,4-F;C¢H,); {'H}"*C NMR (C¢Dy, 295 K):
0=—17 (HC(SiMe,);), 4.5 (SiMe,), 44.5 (s, H;CNC), 91.8 (s, CsHs), 111.5
(dd, C5, 2,3,4-F,C¢H,), 118.6 (dd, C°, 2,34-F;,CH,), 139.1 (dd, C', 2,3,4-
F;CsH,), 143.6 (m, C?,2,3,4-F;C4H,), 148.5 (td, C?, 4,2,3,4-F;C4H,), 201.1 (s,
CO), 275.9 (s, CNMe); {'H}"’F NMR (C4Dy, 295 K): 6 =—159.9 (t, *Jgr =
22.3 Hz, F?), —146.1 (d, *Jgr =22.9 Hz, F*), —145.07 (d, *Jzr =22.3 Hz, F?).
Cross-over experiment generating 7a and 7b: [Dg]Toluene (1 mL) was
added to a mixture of solid 3 (36 mg, 0.043mmol) and 6 (33.3 mg,
0.043 mmol) in an NMR tube and the solution was cooled to —10°C.
MeNC (3.6 uL, 0.085 mmol) was added with a microliter syringe and an
NMR spectrum of the sample was obtained at —10°C. According to the
NMR data 7a and 7b were formed, but no signals corresponding to cross-
over products were observed.

General procedure for the synthesis of the insertion products 8-12:
Toluene (20 mL) was added with the aid of a cannula to a mixture of
solid HC{SiMe,N(2-FC{H,)};ZrCLLi(OEt,), (500 mg, 0.60 mmol) and
K[M(CO),Cp] (0.60 mmol, M =Fe, Ru) and the reaction mixture was
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subsequently sonicated for 30 min. The formation of the heterobimetallic
complex was monitored by IR spectroscopy and conversion was quanti-
tative after 1 h. After addition of 0.60 mmol of the respective heteroallene
(in case of CO, the gaseous substrate was bubbled through the solution for
ca. 30s) the reaction mixture was stirred for 30 min (for all oxygen-
containing substrates) or 20 h (for all sulfur-containing substrates). The
yellow solution was then separated from the solid residues by transfering
through a cannula and concentrated to about 4 mL. The solution thus
obtained was stored at —30°C to yield the insertion products 8-12 as
yellow microcrystalline solids. Single crystals of 9a and 12a were obtained
by slowly cooling a concentrated solution in toluene/diethyl ether (1:1).

[HC{SiMe,N(2-FC,H,)};Zr(1-0,C)Fe(CO),Cp]l (8): Yield: 45%; m.p.
57°C (dec); '"H NMR (C,Dg, 295 K): 6 = —0.27 (s, HC(SiMe,)s), 0.47 (s,
SiMe,), 3.80 (s, CsH), 6.54—-6.93 (m, 2-FC¢H,); {'H}*C NMR (CD,,
295 K): 0 =3.4 (HC(SiMe,)s), 3.9 (SiMe,), 85.8 (s, CsHy), 115.2 (d, e =
224 Hz, C°, 2-FC4H,), 1212, 124.4, 125.7 (C*5, 2-FC4H,), 139.2 (d, 2/pe=
13.6 Hz, CY, 2-FC,H,), 158.1 (d, Jge =234.3 Hz, C2, 2-FC,H,), 212.1 (CO),
240.7 (CO,); {'H}*Si NMR (C¢Dg, 295 K): 6 =0.5; IR (toluene): #(CO) =
2000, 1945 cm™!; Cy3H;F3FeN;O,SizZr (826.99): caled C 47.93, H 4.39,
N 5.08; found C 47.66, H 4.65, N 5.16.

[HC{SiMe,N(2-FCH,)},Zr(u-S,C)Fe(CO),Cp] (9a): Yield: 59%; m.p.
76°C (decomp); 'H NMR (C,Ds, 295 K): 6 = —0.27 (s, HC(SiMe.)s), 0.46
(s, SiMey,), 3.72 (s, CsHy), 6.60=7.10 (m, 2-FC¢H,); {'H}*C NMR (C,D,,
295 K): 6 =3.0 (HC(SiMe,),), 4.1 (SiMe,), 878 (s, CsHy), 115.3 (d, 2pe =
223 Hz, C, 2-FCH,), 121.9 (d, Jrc=76Hz, C*, 2-FC,H,), 124.6, 126.6
(C3S, 2-FCH,), 139.0 (d, Ype=13.6 Hz, C', 2-FCH,), 158.6 (d, Urc=
236.2 Hz, C2, 2-FC4H,), 212.1 (CO), 345.0 (CS,); {'H}'F NMR (CD,,
295 K): 6 =—121.8; {'H}*Si NMR (C¢Dg, 295 K): 6=0.9; IR (toluene):
#(CO) =2035, 1992 cm; Cy3H,F3FeN;0,8,81:,Zr (859.12): caled C 46.21,
H 4.23, N 4.90; found C 46.01, H 3.97, N 4.88.

[HC{SiMe,N(2-FCH,)};Zr(u-S,C)Ru(CO),Cp] (9b): Yield: 65%; m.p.
67°C (decomp); 'H NMR (C,Ds, 295 K): 6 = — 0.26 (s, HC(SiMe,),), 0.47
(s, SiMey), 421 (s, CsHs), 6.60-7.11 (m, 2-FC,H,); {'H}"*C NMR (C,D,,
295 K): 0=3.0 (HC(SiMe,),), 4.1 (SiMey), 90.9 (s, CsHs), 1153 (d, e =
22.6 Hz, C°, 2-FC,H,), 121.9 (d, ¥Jpe=72 Hz, C*, 2-FCH,), 123.6, 126.5
(C55, 2-FCyH,), 139.0 (d, 2pe=13.7 Hz, C\, 2-FCH,), 1577 (d, Ype=
236.6 Hz, C?, 2-FC,H,), 1977 (CO), 320.6 (CS,); ['H}F NMR (C,D,,
295 K): 0 =—122.6; {'H}*Si NMR (C¢Dg, 295 K): 6 =0.8; IR (toluene):
H(CO) = 2044, 1990 cm'; Cy3H, FsN;O,RUS,SisZr (904.35): caled C 43.83,
H 4.01, N 4.65; found C 43.65, H 3.78, N 4.33.

[HC{SiMe,N(2-FC4H,)};Zr(u-OCNPh)Fe(CO),Cp] (10a): Yield: 30%;
m.p. 56 °C (decomp); 'H NMR (C¢Dg, 295 K): 6 = —0.23 (s, HC(SiMe,);),
0.45, 0.47 (s, SiMe,), 4.00 (s, CsHs), 6.56-7.09 (m, 2-FC¢H,, C¢Hs);
{'H}'3C NMR (C¢Dg, 295 K): 6 =2.4 (HC(SiMe,);), 4.1, 4.3 (SiMe,), 85.0 (s,
CsH;), 115.0 (d, ¥g=22.7Hz, C, 2-FCH,), 121.1, 123.6, 124.5 (C*°,
2-FC¢H,), 124.3, 124.7, 125.8 (C**, C¢Hj), 140.0 (d, YJgc=13.1 Hz, C},
2-FC¢H,), 147.7 (C', C¢Hs), 158.2 (d, Yg-=235.6 Hz, C?, 2-FC,H,), 216.2
(CO), 236.1 (OCNPh); {H}'F NMR (C¢Dg, 295K): 6=-122.4; IR
(toluene): #(CO) =2025, 1972 cm™!; CyH, FsFeN,O;Si;Zr (902.10): caled
C51.93, H 4.58, N 6.21; found C 51.50, H 4.32, N 6.77.

[HC{SiMe,N(2-FC,H,)};Zr(#-OCNPh)Ru(CO),Cp] (10b): Yield: 33%
m.p. 65°C; '"H NMR (C,Dg, 295 K): 6 = —0.21 (s, HC(SiMe,);), 0.46, 0.49
(s, SiMe,), 4.47 (s, CsHy), 6.55-6.92 (m, 2-FC,H,, C,Hs); {'H}3*C NMR
(C¢Dg, 295 K): 6 =2.4 (HC(SiMe,)5), 4.1, 4.4 (SiMe,), 87.6 (s, CsHs), 115.0
(d, g =22.5 Hz, C3, 2-FCH,), 121.1, 123.7, 124.3, 124.5, 125.8, 126.3 (C*®,
2-FC¢H,, C**, C¢H;), 1399 (d, ¥/pc=13.4 Hz, C', 2-FC¢H,), 148.0 (C},
C¢Hs), 158.3 (d, Jpe =235.5 Hz, C?, 2-FC,H,), 201.3 (CO), 221.0 (OCNPh);
{'H}"?F NMR (C¢Dg, 295 K): 6 = —123.0; {'H}*Si NMR (C;Dg, 295 K): 6 =
0.0; IR (toluene): 7(CO) = 2018, 1954 cm~!; C30H, F3N,O3RuSi;Zr (947.33):
caled C 49.45, H 4.36, N 5.91; found C 49.50, H 4.32, N 5.77.

[HC{SiMe,N(2-FC¢H,)};Zr(u-SCNMe)Fe(CO),Cp] (11a): Yield: 51%;
m.p. 56°C; '"H NMR (C¢Dy, 295 K): 0 =—-0.25 (s, HC(SiMe,);), 0.50 (s,
SiMe,), 2.70 (s, H;CNCS), 3.73 (s, CsH;), 6.58-6.97 (m, 2-FC¢H,);
{'H}"3C NMR (C4D, 295 K): 0 =2.7 (HC(SiMe,);), 4.1 (SiMe,), 43.7 (s,
H;CNCS), 86.2 (s, CsHs), 115.0 (d, /gc =22.5 Hz, C3, 2-FC¢H,), 121.5 (d,
3Jre=175Hz, C%, 2-FC¢H,), 124.6, 126.7 (C*®, 2-FC¢H,), 139.4 (d, 2gc=
13.3 Hz, C', 2-FC¢H,), 158.2 (d, Vg =236.0 Hz, C%, 2-FC4H,), 212.9 (CO),
241.4 (SCNMe); {'H}'F NMR (C4Dg, 295 K): 6 =—123.9; {'H}**Si NMR
(CDg, 295K): 0=-0.2; IR (toluene): #(CO)=2019, 1976 cm™;
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C,Hy,F;FeN,0,8Si,Zr (856.10): caled C 4765, H 4.59, N 6.54, S 3.74;
found C 47.50, H 4.32, N 6.77, S 3.74.

[HC{SiMe,N(2-FC¢H,)};Zr(u-SCNMe)Ru(CO),Cp] (11b): Yield: 48%
"H NMR (C¢Dy, 295 K): 6 =—10.22 (s, HC(SiMe,);), 0.48 (s, SiMe,), 2.58
(s, H;CNCS), 4.25 (s, CsHs), 6.64-6.93 (m, 2-FC4H,); {{H}'*C NMR (C¢Dj,
295 K): 0 =2.7 (HC(SiMe,)s;), 4.1 (SiMe,), 44.5 (s, H;CNCS), 89.0 (s, CsHs),
115.0 (d, 2Jgc=22.4 Hz, C3, 2-FC4H,), 121.5 (d, 3Jpzc =77 Hz, C*, 2-FC¢H,),
124.6,126.7 (C**, 2-FC¢H,), 139.4 (d, 2Jzc =13.5 Hz, C!, 2-FC4H,), 158.2 (d,
Ure =236.1 Hz, C%, 2-FC¢H,), 198.4 (CO), 226.5 (SCNMe); {'H}"F NMR
(CDg, 295K): 0=-123.8; IR (toluene): #(CO)=2032, 1962 cm™';
C3,H3F;N,O,RuSSi;Zr (901.32): caled C 45.31, H 4.36, N 6.21, S 3.55;
found C 44.99, H 4.56, N 5.89, S 3.41.

[HC{SiMe,N(2-FC;H,)}:Zr(u-SCNPh)Fe(CO),Cp]l (12): Yield: 34%
'H NMR (CyDy, 295 K): 6 =—0.22 (s, HC(SiMe,);), 045 (s, SiMe,), 3.70
(s, CsHy), 6.87-6.97 (m, 2-FC4H,, CoHs); {'H}*C NMR (C;D;, 295 K): 6 =
3.3 (HC(SiMe,),), 4.0 (SiMe,), 86.6 (s, CsHs), 115.4 (d, 2Jpe=22.5 Hz, C3,
2-FC¢H,), 121.7 (d, 3Jrc = 7.6 Hz, C*, 2-FC4H,), 124.3 (C’ of 2-FCH,), 124.7,
(C, C4Hy), 125.0 (C*, C4Hs), 1274, (CS, 2-FC4H,), 128.1 (C¥, CHs), 139.5 (d,
2Jec=13.5 Hz, C', 2-FC¢H,), 151.1 (C!, C4H5), 158.2 (d, Vg =236.4 Hz, C?,
2-FC¢H,), 212.5 (CO), 248.9 (SCNPh); {'H}*F NMR (C¢D,, 295 K): 6 =
—122.4; {'H/®Si NMR (C;D;, 295 K): 6 =0.5; IR (toluene): #(CO) = 2021,
1962 cm™!; CyH, F5FeN,O,SSisZr (918.17): caled C 51.09, H 4.51, N 6.11;
found C 51.32, H 4.25, N 5.96.

Preparation of [HC{SiMe,N(2-FC(H,)};ZrOR] (13a, 13b): Pre-cooled
diethyl ether (15mL) was added to a stirred mixture of 2a (500 mg,
0.602 mmol) and LiOR (0.610 mmol, R =CH,Ph, Et) at —78°C and the
reaction mixture was subsequently warmed to room temperature over a
period of 14 h. The LiCl formed was filtered and the solvent of the filtrate
removed in vacuo. The residue was washed with 3 mL pentane and 13a and
13b were isolated as colourless microcrystalline solids.
[HC{SiMe,N(2-FC¢H,)};ZrOCH,Ph] (13a): Yield: 49 %; m.p. 79°C (de-
comp); 'H NMR (C¢Dy, 295K): 0=—-0.36 (s, HC(SiMe,);), 0.41 (s,
(SiMe,), 4.99 (q, OCH,C4Hs), 6.47-6.99 (m, 2-FC¢H, -OCH,C4Hs);
{'"H}'*C NMR (C¢Dg, 295K): 6=4.3 (SiMe,), 6.3 (HC(SiMe,);), 72.9
(-OCH,CHs), 114.3 (d, 2Jgc =22.1 Hz, C3, 2-FC4H,), 119.3 (C*, 2-FCH,),
122.9 (C°, 2-FC¢H,), 125.5 (C°, 2-FC.H,), 126.6 (C¥, —OCH,C¢Hs), 126.7
(C?, —OCH,C¢Hs), 128.1 (C¥, —OCH,C¢Hs), 140.1 (d, 2Jgc=12.1Hz, C\,
2-FC¢H,), 142.1 (CY, “OCH,C,Hjs), 8.4 (d, Jgc=231.4 Hz, C?, 2-FCH,);
{'H}!F NMR (C,Ds, 295 K): = —125.7; {'H}*Si NMR (C,D;, 295 K): 6 =
1.0; IR (benzene): 7 = 1495 (m), 1485 (s), 1310 (s), 1288 (s), 1240 (m), 1090
(m), 930 (m), 895 (m), 825 (s), 805 (s), 740 cm™! (m); Cs3,H3FsN;0Si;Zr
(713.02): caled C 53.86, H 5.33, N 5.89; found C 53.69, H 5.19, N 5.72.
[HC{SiMe,N(2-FC¢H,)};ZrOEt] (13b): Yield: 33.8%; m.p. 76°C (de-
comp); 'H NMR (C¢Dg, 295K): 6=—-0.36 (s, HC(SiMe,);), 0.41 (s,
(SiMe,), 0.79 (t, 3/yy = 7.0 Hz, OCH,CH,), 3.90 (q, OCH,CHs;), 6.47-6.91
(m, 2-FCiH,); {'H}®C NMR (CsD¢, 295K): 0=43 (SiMe,), 6.3
(HC(SiMe,);), 18.9 (—-OCH,CH;), 66.6 (—OCH,CH;), 114.2 (d, Ygc=
21.1 Hz, C% 2-FC¢H,), 119.2 (C% 2-FCH,), 122.1 (C°, 2-FC¢H,), 125.5
(C8, 2-FC4H,), 141.2 (d, 2Jpc =9 Hz, C!, 2-FC4H,), 158.5 (d, Jpc =231.4 Hz,
C, 2-FC¢H,); {'H}F NMR (C4Dg, 295 K): 6 =—126.0; {'H}*Si NMR
(C¢Dg, 295 K): 6 =0.8; IR (benzene): 7#=1505 (s), 1486 (s), 1314 (s), 1288
(s), 1244 (m), 1096 (m), 932 (m), 902 (m), 822 (s), 740 cm~! (m);
CyH36F3N;081;Zr (651.02): caled C 49.77, H 5.53, N 6.45; found C 49.34,
H 5.38, N 6.70.

Reaction of [HC{SiMe,N(2-FC¢H,)};Zr-FeCp(CO),] (3) with PhC(O)OR
(R =CH,Ph, Et): PhC(O)OR (R =CH,Ph, Et; 0.0689 mmol) was added
using a microliter syringe to a solution of 3 (50 mg, 0.0689 mmol) in C¢Ds
(I mL) in an NMR tube, which was sealed with a septum. An immediate
change of colour to a lighter yellow indicated the conversion of the starting
material. The 'H and *C NMR spectra of the two samples displayed the
signal patterns and chemical shifts of the alkoxy complexes 13a and 13b,
respectively, along with the slightly shifted resonances of the acyliron
complex [C¢H;COFeCp(CO),|. Spectroscopic data of [C,Hs;COFeCp-
(CO),] in the presence of 13a or 13b: 'H NMR (C,Dg, 295 K): 6 =4.15
(s, CsHs), 6.80-8.06 (m, FeCOC4Hs); {'H}C NMR (C¢Djy, 295 K): 6 =86.3
(GsHs), 126.9, 128.1, 130.3, 166.3 (C'-C* ,C(HsCOFe), 214.8 (CO), 253.5
(C¢H5COFe); IR (benzene): 7 =2008s, 1961s, 1612m cm™!.

Reaction of [HC{SiMe,N(2-FC¢H,)},Zr-FeCp(CO),] (3) with HC(O)OEt:
HC(O)OEt (0.689 mmol) was added using a microliter syringe to a solution
of 3 (50 mg, 0.689 mmol) in C¢D; (1 mL) in an NMR tube, which was sealed
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with a septum. The 'H and '*C NMR spectra displayed the resonances of
compound 13b as well as [FeCpH(CO),].

Reaction of [HC{SiMe,N(2-FCsH,)};Zr-FeCp(CO),] with PhCHO

a) NMR tube reaction: PhACHO (0.1378 mmol, 2 equivalents) was added
using a microliter syringe to a solution of 3 (50 mg, 0.0689 mmol) in C¢Dg
(1 mL) in an NMR tube which was sealed with a septum. During the course
of the addition of the reagent the conversion was monitored by 'H NMR
spectroscopy which was complete after 2 molar equivalents had reacted.
The 'H and *C NMR spectra of the resulting sample were identical to those
obtained above for a mixture of 13a and 13b with traces of the acyliron
complex [C,HsCOFeCp(CO),]. Carrying out the same procedure with
PhCDO led to the same spectroscopic results, the only exception being the
missing resonance at d =4.66 attributed to the benzoxy-methylene unit.

b) Schlenk tube reaction: The reaction was repeated in a Schlenk tube with
3 (200 mg, 0.276 mmol) dissolved in toluene (10 mL). After reaction with
PhCHO (7 mL, 0.55 mmol), the volume was reduced to about 3 mL, and
the sample was layered with 1 mL of pentane and stored at —30°C. An off-
white solid precipitated along with a small amount of a dark red-brown
precipitate, which was identified as an impurity of [Fe,Cp,(CO),]. The solid
zirconium complex, which could not be separated completely from the
residual iron product, was found to have identical 'H, BC and Si NMR
spectroscopic properties as complex 13a prepared by the route outlined
above.

General Procedure for the preparation of [HC{SiMe,N(2-FC,H,)};ZrOC,-
H,C(0)-MCp(CO),] (14a, 14b, 15a, 15b): Degassed toluene (15 mL) was
added to a solution of HC{SiMe,N(2-FC,H,)};ZrCl,Li(OEt,) (500 mg,
0.602 mmol) and K[Fe(CO),Cp] (130 mg, 0.602 mmol) and the reaction
mixture was placed in an ultrasonic bath for 1 h. The alkali metal chloride
precipitate was filtered through a G3 frit and the lactone (0.602 mmol of
cumarin or y-butyrolactone) was added to the clear solution. The reaction
mixture was stirred for 30 min and its volume was reduced in vacuo to
about 3 mL. Layering with pentane (20 mL) and storage at —30°C led to
the precipitation of the reaction products. After 12 h the solvent was
decanted and the precipitate dried in vacuo. Both complexes were isolated
as orange-red microcrystalline solids.
[HC{SiMe,N(2-FC¢H,)};ZrOC;H,C(O)FeCp(CO),] (14a): Yield: 41%,
m.p. 46°C (decomp); '"H NMR (CyDg, 295 K): d =—0.20 (s, HC(SiMe,)s),
055 (s, (SiMe,), 3.70 (s,CHs), 479 (d, 3yz=12.8Hz,
—OCH,CHCHCOFe), 5.16 (d, 3Jyy=12.8 Hz, —OC,H,CHCHCOFe),
6.11-724 (m, 2-FCH,, ~OC{H,CHCHCOFe); {'H}*C NMR (C,Dq,
295 K): 6 =4.2 (SiMe,), 6.0 (HC(SiMe,);), 86.7 (s, CsHs), 115.1 (d, Jpc =
22.5 Hz, C3, 2-FC4H,), 120.4 (C*, 2-FC¢H,), 124.7 (C°, 2-FC4H,), 126.6 (C°,
2-FC¢H,), 142.3 (d, 2Jgc =13.3 Hz, C', 2-FCH,), 158.5 (d, 'Jr-=234.1 Hz,
C?, 2-FC¢H,), 1159, 118.8, 1213, 1254, 1287, 129.2, 145.0, 160.4
(-OCH,CHCHCOFe), 212.0 (CO), 2913 (—OCH,CHCHCOFe);
{'H}F NMR (C¢Dg, 295 K): 6 =—122.3; {'H}*Si NMR (CDg, 295 K):
0=13; IR (benzene): 7(CO)=2032, 1985 cm™'; C,H,,F;FeN;O,Si;Zr
(927.20): caled C 53.06, H 4.53, N 4.53; C 53.31, H 4.51, N 4.49.
[HC{SiMe,N(2-FC4H,)};ZrOCH,C(O)RuCp(CO),] (14b): Yield: 35%;
m.p. 51°C (decomp); 'H NMR (C¢Dg, 295 K): 6 = —0.19 (s, HC(SiMe,);),
054 (s, (SiMe,), 424 (sCH;), 487 (d, 3Jyy=12.7Hz,
—OCH,CHCHCORu), 5.06 (d, 3/yy=12.7 Hz, -OCqH,CHCHCORu),
6.11-7.18 (m, 2-FCsH, and ~OC4H,CHCHCOFe); {'H}'*C NMR (C,Dq,
295 K): d =4.2 (SiMe,), 6.2 (HC(SiMe,)s), 89.7 (s, CsHs), 115.1 (d, Ygc=
22.1 Hz, C3, 2-FC4H,), 120.4 (C*, 2-FC¢H,), 124.7 (C5, 2-FC4H,), 126.7 (C5,
2-FC¢H,), 142.3 (d, 2/ =13.1 Hz, C', 2-FC4H,), 158.6 (d, Jpc=234.2 Hz,
C?, 2-FCH,), 1170, 1189, 1212, 1254, 1288, 129.2, 1453, 160.5
(-OCH,CHCHCOFe), 2141 (CO), 271.6 (—OC¢H,CHCHCOFe);
{(H}F NMR (C¢Dg, 295 K): 6 =—122.6; {H}*Si NMR (C¢Dg, 295 K):
0=1.1; IR (benzene): #=2018, 1963, 1609 cm!; C,H,,F;N;0,RuSi;Zr
(972.4): caled C 50.64, H 4.32, N 4.32; found C 50.42, H 4.21, N 4.13.

[HC{SiMe,N(2-FC¢H,)},ZrOC;H,C(O)FeCp(CO),] (15a): Yield: 29%
M.p. 45°C (decomp); 'H NMR (C¢Dy, 295 K): 6 =—0.23 (s, HC(SiMe,)s),
057 (s, (SiMe,), 095 (m, —OCH,CH,CH,COFe), 2.07 (m,
—OCH,CH,CH,COFe), 3.48 (q, ~OCH,CH,CH,COFe), 3.97 (s, CsHs),
6.57-720 (m, 2-FC4H, ); {'H}*C NMR (C¢Dy, 295 K): 6 =4.3 (SiMe,), 6.0
(HC(SiMe,);), 27.5 (—CH,CH,CH,-COFe), 62,8 (—OCH,CH,CH,COFe),
70.5 (-OCH,CH,CH,COFe), 88.0 (CsHs), 114.8 (d, %Jpc=22.1 Hz, C3,
2-FC¢H,), 119.7 (C%, 2-FC¢H,), 124.6 (C°, 2-FC4H,), 126.4 (C°, 2-FC:H,),
1421 (d, %gc=13.1Hz, C', 2-FCH,), 1582 (d, Jpc=244.0Hz, C?,
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2-FC¢H,), 2144 (CO), 291.5 (~OCH,CH,CH,COFe); {'H}F NMR
(CiDg, 295K): 6=—124.1; {'H}®Si NMR (C¢D,, 295K): 6=03; IR
(benzene): 7 =2024, 1976, 1600 cm~!; C3H,F3FeN;0,Si;Zr (867.17): caled
C 49.82, H 4.84, N 4.84; found C 50.01, H 4.71, N 4.96.

[HC{SiMe,N(2-FC¢H,)};ZrOC;H,C(O)RuCp(CO),] (15b): Yield: 32%;
m.p. 48°C (decomp); '"H NMR (C4Dy, 295 K): 6 =—0.22 (s, HC(SiMe,)s),
0.55 (s, (SiMe,), 102 (m, -OCH,CH,CH,COFe), 2.13 (m,
—OCH,CH,CH,COFe), 3.49 (q, -OCH,CH,CH,COFe), 4.52 (s, CsH;),
6.58-7.17 (m, 2-FCH, ); {'H}'*C NMR (C;Dj, 295 K): 6 =4.3 (SiMe,), 6.1
(HC(SiMe,)3), 26.9 (ZrCH,CH,CH,COFe), 62.9 (ZrOCH,CH,CH,COFe),
70.4 (ZrOCH,CH,CH,COFe), 91.2 (CsHs), 114.8 (d, 2Jpc=22.1 Hz, C,
2-FC¢H,), 119.7 (C*, 2-FC,H,), 124.5 (C°, 2-FCH,), 126.4 (C°, 2-FC¢H,),
142.1 (d, ¥Ygc=12.1Hz, C', 2-FCH,), 1582 (d, Ug-=244.0Hz, C%
2-FC¢H,), 2142 (CO), 272.5 (—OCH,CH,CH,COFe); {'H}'F NMR
(CeDg, 295K): 6=—-123.8; {'H}®Si NMR (C,D;, 295 K): 6=0.0; IR
(benzene): 7 =2021, 1963, 1613 cm™'; C3sH,,FsN;O,RuSi;Zr (912.47): caled
C 4731, H 4.60, N 4.60; found C 46.91, H 4.81, N 4.34.

Reaction of [HC{SiMe,N(2,3,4-F;C¢H,)};Zr-FeCp(CO),] with acetone,
cyclopentanone and cyclohexanone. Spectroscopic characterization of
16-18: Degassed toluene (10 mL) was added to a mixture of solid
[HC{SiMe,N(2,3,4-F,C¢H,)};ZrCLLi(OEt,),] (200 mg, 0.21 mmol) and
K[Fe(CO),Cp] (45 mg, 0.24 mmol) and the reaction mixture was placed
in an ultrasonic bath for 1 h. The alkali metal chloride precipitate formed
was filtered through a G3 frit and the ketone (0.48 mmol of acetone,
cyclopentanone or cyclohexanone) was added to the clear solution. The
reaction mixture was stirred for 10 min and its volume was reduced in
vacuo to about 3 mL. Layering with pentane (5 mL) and storage at —30°C
led to the precipitation of the off-white reaction products, all of which
contained small impurities of [Fe,Cp,(CO),] and could therefore not be
isolated in analytically pure form.

[HC{SiMe,N(2,3,4-F;C H,)},Zr(CiH,;0,)] (16): 'H NMR (C,Dy): 6=
—0.31 (s, 1H, HC(SiMe,)5), 041 (s, 18H, SiMe,), 0.43 (s, 6H, O—CMe,),
1.10 (s, 3H, O =C(CH,)), 1.42 (s, 2H, O=CCH,), 6.3-6.6 (m, 6H, 2,34
F,CH,); {'H}®C NMR (C,Dy) 6=5.7 (HC(SiMe,);), 4.6 (SiMe,), 29.9
(O—CMe,), 32.7 (O=C(CH,)), 52.3 (O=CCH,), 75.4 (Zr-O-C), 111.0 (d,
2J e =18.8 Hz, C3, 2,3,4-F,CH,), 119.0 (d, e = 5.28 Hz, C5, 2,3,4-F,CsH,),
1387 (d, Jre=714Hz, C', 234-F,CH,), 141. (dd, Jpe=229.5Hz, C,
234-F,CHy), 145.6 (dd, e =2433 Hz, C, 2,3 4-F,C.H,), 146.7 (ddd,
pe=2472 Hz, C, 2,3 4-F,CH,), 225.3 (Z-O=C); {'H}*Si NMR (C,Dy):
8=17 (SiMe,); {'HIF NMR (C,Dy): 6 =—1615 (t, Jez=22.6 Hz, F?),
—146.1 (d, Jyp=22.6 Hz, F*), —145.5 (d, Jye = 22.6 Hz, F?).

[HC{SiMe,N(2,3,4-F,CiH )}, Zr(C,H;s0,)] (17): 'H NMR (C,Dy): 6=
—0.32 (s, 1H, HC(SiMe,),), 0.36, 0.46 (s, 18H, SiMe,), 0.3-2.2 (m, 15H,
OC(C,H,)CO(C,Hy)), 63-66 (m, 6H, 234-F,CH,): {'H®C NMR
(CDy): 6=5.7 (HC(SiMe,),), 3.6, 4.6 (SiMe,), 203, 20.1, 239, 25.7
(C719), 34.1 (C¥), 40.1 (C*), 404 (C?), 52.3 (O=CCH,), 88.5 (Z1-O-C),
110.1 (dd, 2Jpc =75 Hz, C5, 2,3 4-F;CH,), 119.1 (d, ¥z = 5.6 Hz, C°, 2,3 4-
F,CJH,), 1385 (d, pe=9.8Hz, C\ 234-F,CH,), 1409 (dd, V=
2253 Hz, Jee=9.8Hz, C, 234-F,CH,), 145.7 (dd, Jp=2253 Hz,
2Tec=98, C', 234-F,CH,), 1463 (ddd, Jpe=2370, Jpc=9.8 Hz, C,
2.34-F,CH,), 236.3 (Z1-O=C"); {'H}*Si NMR (C4Dy): 6 = — 11.7 (SiMe,);
{'H}F NMR (C¢Dy): 0 = —161.7 (t, Jer=22.6, F?), —146.4 (d, Jer=22.6,
F*), —146.0 (d, Jee =22.6, F?).

[HC{SiMe,N(2,3,4-F;C,H,)};Zr(C;,H;00,)] (18): 'H NMR (CDg): 6=
—0.28 (s, 1H, HC(SiMe,);), 0.36, 0.45 (s, 18 H, SiMe,), 0.3, 1.6 (m, 19H,
OC(CsHy)CO(CsH,)), 63-6.6 (m, 6H, 2,34-F,C¢H,); {'H}*C NMR
(CeDg): 0=5.6 (HC(SiMe,);), 3.5, 4.3 (SiMe,), 20.6, 21.2, 21.7, 24.6
(C¥8712), 32,7 (C%), 37.3 (C), 40.7 (C?), 59.9 (C?), 81.1 (Zr-O-C"), 111.0
(dd, 2Jge=171Hz, C, 2,34-F,CH,), 119.4 (d, 3Jpc=4.5Hz, C°, 2,34-
FiCH,), 138.7 (d, ¥pc=12.6 Hz, C\, 2,34-F;CiH,), 141.0 (dd, Ygc=
240.6 Hz, 2Jpc=8.5, C3, 2,3,4-F,CH,), 146.7 (dd, Jpc=240.6 Hz, %pc=
8.6 Hz, C%, 2,3,4-F;CH,), 146.5 (ddd, 'Jpc =236.0 Hz, 2Jpc =84, C?, 2,3 4-
F;CeH,), 231.2 (Zr-O=C); {'H}*Si NMR (C,D¢): =19 (SiMe,); {'H}'F
NMR (C¢Dg): 6 =—161.3 (t, Jgz=22.6 Hz, F?), —146.2 (d, Jez=22.6 Hz,
F*), —145.3 (d, Jgg=22.6 Hz, F?).

Preparation of [HC{Si(CH;),N(2,3,4-F;CH,)};Zr(n-0,C)Fe(CO)-
{C;Ph,}Cp] (19): Degassed benzene (20 mL) was added to a mixture of
solid [HC{SiMe,N(2,3,4-F;CsH,)};ZrCLLi(OEt,),] (810 mg, 0.86 mmol)
and K[Fe(CO),Cp] (190 mg, 0.86 mmol) and the reaction mixture was
treated in an ultrasonic bath for 1.5 h. The salts formed in the reaction were
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separated by centrifugation and the solvent of the centrifugate was
removed in vacuo. The residue was redissolved in toluene (3 mL) and 2,3-
diphenylcyclopropenone (180 mg) was added. This solution was stored at
—80°C for several days to yield 19 as a crystalline yellow solid. (Yield:
420 mg=45%). 'HNMR (C4Dy): 0 = —0.39 (s, 1 H, HC(SiMe,);), 0.29, 0.35
(s, 18 H, SiMe,), 4.51 (s, 5H, CsHs), 6.28-7.97 (m, 16 H, C4H,F; and C4Hs);
{tH}'*C NMR (C4D¢): 0=2.8 (s, HC(SiCH,),), 4.0, 4.5 (s, SiMe,), 86.2 (s,
CsHy), 110.7 (dd, 2Jwc =11 Hz, 3 = 1 Hz, CiH,F;), 118.4 (dd, 2z =5 Hz,
3ep=1Hz, CH,F;), 124.5 (s, C*, C¢Hs), 129.4 (C¥*3*, C,Hs), 131.9 (s,
C¥&% C¢Hs), 133.4 (s, C*, C¢Hs), 135.4 (s, CY, C4Hs), 136.6 (dd, Jop=
11 Hz, Jog =5 Hz, C', C(H,F;), 140.6 (dt, Jpc =249 Hz, %/xc=15 Hz, C3,
CH,F;), 145.7 (dd, YJpc=233 Hz, YJgc=8 Hz, C*, C;H,F;N), 146.5 (dd,
Ypc =241 Hz, Jpc =8 Hz, C*, C(H,F5N), 179.5 (s, C=C?) 219.3 (s, CO),
224.1 (s, CO,), 259.0 (s, Fe=C"); {'H}'7O NMR (C¢Dy, 27.1 MHz): 6 =364.7
(br, Av,;, =50 Hz); {'H}'’F NMR (C4Dy, 183.3 MHz): 6 = —160.5 (t, 3Jer =
22.1 Hz, F?), —145.2 (d, 3Jer=21.8 Hz, F?), —144.7 (d, 3Jzz=21.8 Hz, F*);
{'H}*Si NMR (CsDg¢, 39.8 MHz): 6=0.3 (s, SiMe,); IR (benzene):
7#(CO) =1953 cm™!; Cy;H,oN;05F SisFeZr (1097.17): caled C 51.45, H 3.67,
N 3.83; C 51.78, H 3.81, N 3.54.

Synthesis of ’O-enriched 2,3-diphenylcyclopropenone: Solid 1,1-dichloro-
2,3-diphenylcyclopropene (0.9 g, 3.46 mmol) was treated with H,O
(100 mg, 35% enriched) at —78°C and the mixture was subsequently
warmed to ambient temperature. The HCI which evolved was removed in
vacuo from time to time during this period. After stirring the mixture over
night and removal of the volatile components in vacuo, the residual
moisture adherent to the remaining solid was removed by azeotropic
distillation with C4H,. The 7O-enrichment in the white solid product (yield
quantitative) was determined by mass spectroscopy to be about 30%.
NMR spectroscopic data: 'H NMR (CDCly): 6 =749-797 (m, 10H,
C¢Hs); {*H}3C NMR (CDCly): 6 =122.9 (s, C', C¢Hs), 129.6 (s, C¥, C¢Hs),
132.3 (s, C*%, C4Hs), 133.8 (s, C**°, C4Hs), 146.7 (s, C*%), 156.4 (s, C'=0);
{'H}'7O NMR (CDCl;, 27.1 MHz): 6 =224 (br, Av,, =590 Hz).

Synthesis of [N(nBu,),][CpM{C(O)C(Ph)C(Ph)C(0)}CO] (M =Fe: 20a,
Ru: 20b): Pre-cooled THF (20 mL, —100°C) was added to a mixture of
solid K[MCp(CO),] (2.78 mmol), 2,3-diphenylcyclopropenone (0.58 g,
2.78 mmol) and (n-Bu),NBr (0.90 g, 2.78 mmol). The resulting dark brown
solution was slowly warmed to ambient temperature and then decanted
from the undissolved potassium salts. Storage at —30°C for several days
yielded large, red-orange crystals which were isolated after washing with
cold pentane (3 mL) and drying in vacuo. The crystals employed in the
diffraction study were obtained directly from the reaction mixture.

[N(nBu,),][CpFe{C(0O)C(Ph)C(Ph)C(0)}CO] (20a): Yield: 1.18 g (67 %);
m.p. 36°C (decomp); 'H NMR ([Dg]THF): 6 = —0.96 —1.77 (m, 28H, n-
(C,H,),N), 3.20 (br, 8H, n-(C,;H,),N), 4.34 (s, SH, CsHs), 6.90-6.99 (m,
10H, C.Hs); {'H}®C NMR ([Ds]THF): 6=157, 20.6, 254, 50.0 (n-
(C,H,),N), 86.0 (s, CsHy), 126.0, 1273, 131.0, 137.9 (CHs), 166.1 (s, C=C)
2247 (s, CO), 276.0 (s, FeCOC(Ph)C(Ph)CO); IR (THF): #CO)=
1883 cm™!; C33H;NO;Fe (625.67): caled C 72.95, H 8.22, N 2.24; found C
72.45, H 7.53, N 1.99.

[N(nBuy),][CpRu{C(0)C(Ph)C(Ph)C(0)}CO] (20b): Yield: 134¢g
(72%),; m.p. 43°C (decomp); 'H NMR ([Dg]THF): 6 = —0.95 —1.75 (m,
28H, n-(C,H,),N), 3.17 (br, 8H, n-(C,H,),N), 5.04 (s, 5SH, CsHs), 6.96-7.11
(m, 10H, C4Hs); {'H}'*C NMR ([Dg]THF): 6 =15.8, 20.6, 25.6, 50.2 (n-
(C4Hy)4N), 86.5 (s, CsHs), 124.9, 125.9, 128.9, 135.6 (C4Hs), 166.7 (s, C=C)
208.5 (s, CO), 260.1 (s, RuCOC(Ph)C(Ph)CO); IR (THF): #(CO)=
1896 cm~'; C3H;5,NOs;Ru (670.90): caled C 68.03, H 7.66, N 2.09; found C
67.89, H 7.37, N 1.98.

Preparation of [HC{SiMe,N(2,3,4-F;C,H,)};Zr(z-0,C)FeCp(CO)(py) | (21):
Toluene (10 mL) was added to a mixture of solid 2b (200 mg, 0.21 mmol)
and K[Ru(CO),Cp] (57 mg, 0.22 mmol) and the reaction mixture was
placed in an ultrasound bath for 1 h. The reaction mixture obtained was
filtered and one equivalent of pyridine N-oxide was added to the clear
yellow solution; this was cooled at —20°C, which resulted in an immediate
deepening of the colour to orange-red. The NMR spectra of the solution
indicated the complete conversion of the starting material to the reaction
product as well as the presence of a small quantity of [Fe,Cp,(CO),]. Upon
concentration in vacuo to about 3 mL and storage at —30°C for several
days, the reaction products precipitated as an orange-red powder along
with dark red crystals of [Fe,Cp,(CO),]. "H NMR (C,Dq, 295 K): 6 = —0.17
(s, HC(SiMe,)), 0.47, 0.54 (s, SiMe,), 3.81 (s, CsHj), 6.25-7.00 (m, C{H,F;
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and CsH;N), 817 (d, Jyg=5.3 Hz, H? und H®, CH;N); {'H}"*C NMR
(CDq, 295 K): 0=2.4 (s, HC(SiCHa),), 43, 4.7 (s, SiMe,) 83.8 (s, C5H),
109.8 (d, Jpc = 12 Hz, CHLF,N), 119.3 (d, 2/pe =8 Hz, €, C(H,F,N), 122.8
(s, C* CH,N), 135.5 (s, C*, CsH,N), 139.8 (d, 2pe = 12 Hz, C', C;H,F,N),
1413 (dt, Ype=235Hz, Jpe=12Hz, C¥, CH,FEN), 1449 (dd, Jpe=
236 Hz, Ype=8 Hz, C?, CH,E;N), 146.3 (dd, Ype=241 Hz, 2pe=8 Hz,
C¥, CH,F,N), 15835 (s, C15, CsHLN), 221.7 (CO), 250.1 (CO,): ('H}*F NMR
(CeDg, 295 K): 0 = — 161.7 (t, Ve =23 Hz, F), — 146.2 (d, e =21 Hz, F*),
—140.8 (d, g =21 Hz, F2).

General procedure for the preparation of [HC{SiMe,N(R)};Zr(u-0,C)-
RuCp(CO)-{S(R'Me)}] (22, 23) (R=2-FC(H, or 2,3,4-FC(H,; R'=Me or
Ph): Benzene (10 mL) was added to a solution of 2a or 2b (0.6 mmol) and
K[Ru(CO),Cp] (156 mg, 0.6 mmol) and the reaction mixture was placed in
an ultrasound bath for 1 h. The reaction mixture obtained was filtered and
one equivalent of the sulfoxide was added to the clear yellow solution
which resulted in an immediate deepening of the colour to orange-yellow.
The NMR spectra of the solution indicated a complete and selective
conversion of the starting material to the respective products. Upon
concentration in vacuo to about 4 mL and storage at —30°C for several
days, small amounts of the reaction products precipitated as orange-yellow
powders. The low isolated yields are due to the high solubility of the
reaction products as well as slow decomposition in solution even at low
temperature.

[HC{SiMe,N(2-FC{H,)};Zr(u-0,C)RuCp(CO){S(Me),}] (22a): Yield: 24 %;
m.p. 54°C (decomp); 'H NMR (C¢Dg, 295 K): 6 = —0.21 (s, HC(SiMe,);),
048, 0.54 (s, SiMe,), 1.73 (brs, (CHa),S). 4.37 (s, CsHs), 6.61-6.96 (m,
2-FCH,); {'H}C NMR (CyD,, 295 K): 0=2.4 (HC(SiMe,)s), 4.1, 4.4
(SiMe,), 274 (brs, (CH,),S), 86.4 (s, CsHy), 114.9 (d, 2/pc=23.1 Hz, C°,
2-FCH,), 121.0, 124.4, 126.4 (C*5, 2-FC4H,), 139.9 (d, Ype=13.5 Hz, C!,
2-FC,H,), 1582 (d, Jye = 2372 Hz, €%, 2-FC4H,), 2043 (CO), 2372 (CO);
{*H}"”F NMR (C4Dj, 295 K): 6 = — 122.7; IR (toluene): #(CO) =1922 cm™};
C,,HoFN;O,RUSSZr (905.03): caled C 45.08, H 4.68, N 4.64, S 3.53;
found C 45.34, H 4.98, N 4.23, S 3.87.

[HC{SiMe,N(2-FCH,)}sZr(1-0,C)RuCp(CO){S(Me)Ph}] (22b): Yield:
19%; 'H NMR ([Dy]toluene, 295K): 6=—0.15 (s, 1H, HC(SiMe,);),
050, 0.54 (s, 18H, SiMe,), 2.19 (s, 3H, CH,SC,H;), 4.30 (s; SH, C;Hy),
6.54-726 (m, 16H, C;H,F und CsH;SMe).{'H}*C NMR ([Dj]toluene,
295 K): 6 = 2.4 (s, HC(SiCHs),), 4.2, 4.4 (s, SiMe,), 30.1 (s, H;CSC,Hs), 86.9
(s, CsHy), 115.1 (d, 2Jpe = 22 Hz, C¥, CH,FN), 121.0 (br, C* C;H,FN), 124.2
(C3, CH,FN), 1273 (C¥, C;H,FN), 128.7 (CH,SC,Hs), 129.6 (CH,SC{H,),
137.4 (CH,SC,Hs), 140.4 (d, 2y = 13 Hz, CV, C;H,FN), 140.9 (CH,SC(H,),
1582 (d, Jpe =237 Hz, C?, CH,EN), 204.5 (s, CO), 238.5 (CO,); {'H}F
NMR (dy-Toluol, 376.4 MHz): 6= —120.0 (s, F?); {'H}Si NMR ([Dg]tol-
uene, 295K): 0=04 (s, SiCH;); IR (toluene): #(CO)=1940 cm™;
CyoH,FN;O,RUSSiZr (968.41): caled C 48.37, H 4.58, N 4.34; found C
4777, H 4.43, N 4.19.

[HC{SiMe;N(2,3,4-F;CH,)},Zr(u-0,C)RuCp(CO){S(Me),} ] (23a): Yield:
35%; 'H NMR (C,Ds, 295 K): 6=—025 (s, HC(SiMes,)s), 0.39, 0.52 (s,
SiMe,), 1.60 (s, (CH),S0), 1.73 (s, (CH,),S) 4.43 (s, CsHs), 6.40-70 (m,
234-F,CH,); ['H)PC NMR (C,Ds, 295K): 8 =>5.17 (s, HC(SiMe,),),
3.96-4.73 (s SiMe,), 26.5-30.0 (S(Me),), 86.63 (s, CsHs), 206.23 (CO),
228.82 (CO,), 109.63 (dd, 2pe = 16.77 Hz, 3pe=2.6 Hz, C3, 2,3.4-F;CH,),
12227 (d, Jpe=2.6 Hz, C°, 23,4-F;CH,), 139.61 (dd, 2pe = 152.03 Hz,
3Tpe=3.0 Hz, C, 2,3,4-F,CoH,), 140.94 (dt, Jpe = 247.6 Hz, 2pe = 16.04 Hz,
O, 234-F;CH,), 146.0 (dd, Vpe=240.6 Hz, 2pe=10.02 Hz, C*, 234-
FiCH,), 146.97 (ddd, 2Jpe=8 Hz, Upe=4 Hz, C2, 2,3 4-F,CH,); ['H}F
NMR (C,Dy, 295 K): 6= —161.87 (t, Jer =22.7, F?), — 146.0 (d, Jop =227,
F4), —140.77 (d, Jp = 22.4 Hz, F2), 202.0 (br, CO), 239.0 (br, CO,): {'H}®Si
NMR (CDy, 295K): 0=1.07; IR (toluene): #(CO)=1930s, cm™';
C,sHy F,N;O,RUSSi:Zr (1014.28): caled C 40.26, H 3.58, N 4.14; found C
40.54, H 3.32, N 4.03.

[HC{SiMe,N(2,3,4-F;C H,)},Zr(1-0,C)RuCp(CO){S(Me)Ph}]  (23b):
Yield: 29%; '"H NMR (C,D,, 295K): 6=—0.19 (s, 1H, HC(SiMe,),),
0.44 —0.50 (br, 18 H, SiMe,), 2.02 (s, 3H, CH,SC4H;), 4.38 (s, 5H, C,H,),
6.41-733 (m, 11 H, CJHLF, und CsH,SMe); {'H}*C NMR (C¢D,, 295 K):
5=2.4 (s, HC(SiMe,);), 4.3 (s, SiMe,), 30.2 (s, CH,SC,Hs), 873 (s, CsH,),
1103 (d, Ye=17Hz, C", CHLF,), 1250 (s, CH,SCH,), 1269 (s,
C.H,SCH,), 129.2 (s, C;H,SCH,), 129.5 (s, C;H,SCH,), 132.6 (br, C,
CH,F;), 138.1 (br, C, CJHLF,), 140.9 (dt, Y =250 Hz, 2 = 14 Hz, C,
CHLF,), 146.1 (dd, Yo =241 Hz, 2Jep=11Hz, C¥, CH,F,), 146.7 (d,
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s =246 Hz, C*, CH,Fs), 203.3 (br, CO), 2378 (br, CO,); {'H}'7O NMR
(CyDy, 295 K): 6 =343.2 (br, Av,, = 50 Hz); {'H}*Si NMR (C¢Dy, 295 K):
0=0.8 (s, SiMe,); IR (benzene): #(CO)=1948 cm~!; Cs3H3xFyN;O;RuS-
Si3Zr (1076.35): caled C 43.52, H 3.56, N 3.90; found C 42.89, H 3.53, N 4.02.

General Procedure for the preparation of [HC{SiMe,N(R)};{OS(Me)R'}-
Zr(u-0,C)RuCp(CO){S(Me)R'}] (24, 25) (R=2-FCH, or 2,3,4-FC{H,;
R’=Me or Ph): Benzene (15 mL) was added to a solution of 2a or 2b
(0.6 mmol) and K[Ru(CO),Cp] (1.56 mg, 0.6 mmol), and the reaction
mixture was placed in an ultrasound bath for 1 h. The reaction mixture was
subsequently centrifuged and two equivalents of the sulfoxide were added
to the centrifugate. The NMR spectra of the solution indicated a complete
and selective conversion of the starting material to the respective products.
Upon concentration in vacuo to about 4 mL and storage at —30°C for
several days, small amounts of the reaction products precipitated as orange-
yellow microcrystalline solids. The low isolated yields are due to the high
solubility of the reaction products as well as slow decomposition in solution
even at low temperature.

[HC{SiMe,N(2-FC;H,)};{0S(Me),}Zr(u-0,C)RuCp(CO){S(Me),}] (24a):
Yield: 41 %; 'H NMR (C4Dj, 295 K): 6 = — 0.12 (s, HC(SiMe,)3), 0.51 - 0.66
(s, SiMe,), 1.51 (s, (CH;),SO), 1.89 (s, (CH;),S), 4.44 (s, CsHs), 6.40-7.47
(m, 2-FC¢H,); {'H}'3C NMR (C¢Dy, 295 K): 0 =2.50 (s, HC(SiMe,)3), 4.33 -
5.06 (s SiMe,), 28.09 (S(Me),), 37.56 (OS(Me),), 86.70 (s, CsHs), 207.07
(CO), 227.07 (CO,), 115.20 (d, ¥Jgc = 12.88 Hz, C3, 2-FC4H,), 120.89, 123.59,
130.04 (C*+5, 2-FC4H,), 142.73 (d, 2Jgc = 14.09 Hz, C!, 2-FCH,), 158.34 (d,
Upe=240.67 Hz, C?, 2-FCH,); {'H}'’F NMR (C,Dj, 295 K): 6 =—119.86
(2-FC¢H,); IR (toluene): #(CO)=1944 cm™!; C;H,FsN;O,RuS,Si;Zr
(984.47): caled C 43.92, H 4.91, N 4.27; found C 43.68, H 4.63, N 3.97.

[HC{SiMe,N(2-FCH,)};{OS(Me)Ph}Zr(u-O0,C)RuCp(CO){S(Me)Ph}]
(24b): Yield: 37%; 'H NMR (CD,, 295K): 0=-008 (s, 1H,
HC(SiMe,)s), 0.55, 0.63 (s, 18H, SiMe,), 1.98 (s, 3H, CH,SOC,H;), 2.42
(s, 3H, CH,SC{Hy), 4.36 (s, SH, CsHy), 6.41-736 (m, 22H, C¢H,F,,
CHSMe and C,H,SOCH,); {'H}*C NMR (C,Dq, 295K): 0=2.4 (s,
HC(SiCH,),), 4.4, 4.7 (s, SiMes,), 30.2 (s, H,CSC,Hs), 42.5 (br, H,CSOC,Hs),
87.1 (s, CsHy), 1153 (d, e =22 Hz, C, C.H,FN), 124.0 (s, CH;SC,H,),
129.5 (s, CH,SOC,Hs), 130.2 (s, CH,SOC,H;), 130.8 (s, CH;SOC,Hs), 141.8
(s, CH,SC,H;), 142.0 (s, CH,SCHy), 142.1 (s, CH,SC4Hy), 1582 (d, Vpe =
242 Hz, C, CH,FN), 2065 (s, CO), 2270 (s, CO,); {'HJF NMR
([Dg]toluene, 295K): 6=-1179 (s, F?); {'H}*Si NMR ([Dg]toluene,
295K): 0=03 (s, SiCH;); IR (toluene): #(CO)=1961cm™;
C,eHy,F3N,0,RUS,Si,Zr (1108.61): caled C 49.84, H 4.73, N 3.79; found C
49.48, H 4.59, N 3.66.

[HC{SiMe,N(2,3,4-F;CH,)},{0S(Me),}Zr(1-0,C)RuCp(CO){S(Me).}]

(25a): Yield: 42%; '"H NMR (C¢Dy, 295 K): 6 =—0.30 (s, HC(SiMe,)5),
0.38 (s, SiMe,), 1.60 (s, (CH;),S), 4.37 (s, CsHs), 6.40-6.60 (m, 2,3,4-
F;CH,); {'H}'3C NMR (C¢Dg, 295 K): 6 =4.76 (s, HC(SiMe,)s), 4.20 (s
SiMe,), 28.0 (S(Me),), 86.65 (s, CsHs), 200.08 (CO), 235.35 (CO,), 110.48 (d,
2Jre=16.34 Hz, C, 2,34-F,CH,), 120.39 (C°, 2,3,4-F,C;H,), 138.10 (d,
2ece=15.0Hz, C!, 234-F;CH,), 140.89 (dt, Jg-=248.63Hz, 2Jpc=
16.10 Hz, C3, 2,3,4-F;C¢H,), 146.16 (dd, Jp-=241.8 Hz, 2J3c=9.8 Hz, C*,
2,3,4-F,CcH,), 146.78 (dd, Vg = 241.8 Hz, 2Jzc = 7.84 Hz, C%,2,3,4-F;C¢H,);
{'H}'>F NMR (C¢Dg, 295 K): 6 = —161.32 (t, Jpz =22.4 Hz, F5), — 146.13 (d,
Jep=22.6 Hz, F,), —145.75 (d, Jpz=22.2 Hz, F,); {'H}*Si NMR (C,Dq,
295 K): 6 =—10.66; IR (toluene): #(CO) =1930 cm~'; C3sH,,FyN;0,RuS,-
Si;Zr (1092.42): caled C 39.58, H 3.88, N 3.85; found C 39.78, H 3.67, N 3.94.

[HC{SiMe,N(2,3,4-F,C¢H,)},{0S(Me) Ph}Zr(-0,C)RuCp(CO){S(Me)Ph}]
(25b): Yield: 31%; 'H NMR (CD,, 295K): 6=-022 (s, 1H,
HC(SiMe,),), 0.49, 0.52 (s, 18H, SiMe,), 1.89 (s, 3H, CH,SOC,H,), 2.38
(s, 3H, CH,SC(Hy), 434 (s, SH, CH,), 641-736 (m, 16H, CJH,F;,
CH,SMe and C,H,SOCH,); {'H}*C NMR (C,D,, 295K): 6=24 (s,
HC(SiCH,),), 4.5, 4.7 (s, SiMe,), 30.1 (s, H;CSC,H;), 41.1 (br, H;CSOC,Hs,),
877 (s, CsHy), 110.0 (dd, e =17 Hz, ¥ =4 Hz, C", CH,F,), 122.6 (d,
3Jp=5Hz, C CJHLF,), 1243 (s, CH,SOCH,/C,H.SCH,), 1253 (s,
CHSOCH,/CH,SCH;), 127.1 (s, CH;SOCH,/C(H,SCH,), 1293 (s,
CH;SOCH,/CH,SCH;), 129.6 (s, CsHSOCH,/CH,SCH;), 129.9 (s,
CH,SOCH,/C,H,SCH,), 131.8 (s, C;H,SOCH,/C,H,SCH,), 139.4 (dd,
Jee=12Hz, Jpe=4Hz, C°, CHLF,), 1412 (dt, Ype=247Hz, Jpo=
17 Hz, C¥, CJLF,), 141.4 (s, C;H;SOCH,/C,H,SCH,), 146.3 (dd, V=
232 Hz, Yy =8 Hz, C*, CHLF;), 1471 (ddd, Jpc=243 Hz, 2Jyec=8 Hz,
3] =4 Hz, C*, C,H,F3), 206.3 (s, CO), 228.7 (s, CO,); {'H}"O NMR (C,Ds,
27.1 MHz): 6=2.0 (br, Av,, =300 Hz), 3432 (br, Av,,=>50 Hz); {'H}"F
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NMR (CiDs, 3764 MHz): 6=—1612 (t, V=22 Hz, F¥), —145.8 (d,
3Jer=21Hz, F*), —140.9 (d, Jy=22Hz, F); {H»¥Si NMR (C,D;,
79.5MHz): 6=0.8 (s, SiCH;); IR (benzene): #(CO)=1942cm™;
CHy6FoN;O,RUS,Si;Zr (1216.56): caled C 45.42, H 3.81, N 3.45; found C
45.28, H 3.97, N 3.24.

Synthesis of !"O-enriched methylphenylsulfoxide: Thioanisol (0.94 g,
7757 mmol) was dissolved in dichloromethane (2mL) and pyridine
(0.5mL). A mixture of H,7O (0.15mL, 35% enriched) and pyridine
(0.5 mL) were added to the stirred solution followed by bromine (1.33 g,
8.32 mmol). After having stirred for 1 h the solvents were removed in vacuo
and the residue was extracted with benzene (4 x 15 mL). The benzene
extracts were combined and the solvent evaporated in vacuo. The residue
was then redissolved in diethyl ether (1 mL) and the sulfoxide xas
precipitated by addition of pentane (10 mL) to this solution. After
decanting, the crude O-enriched sulfoxide was purified by Kugelrohr
distillation. Yield 0.20 g (1.42 mmol, 19 % ). The simulation of the EI mass
spectrum of the material established an O-enrichment of about 30%;
'H NMR (CDCL): 6=2.68 (s, 3H, CH;), 746-7.63 (m, SH, CsH;);
{'H}"*C NMR (CDCl;): 6 =43.9 (s, CH;), 123.5 (s, C*%, C4Hs), 129.3 (s, C*3,
CeHs), 131.0 (s, C*, C4Hs), 145.7 (s, C!, C¢Hs); {'H}'7O NMR (CDCly): 6 =
0.1 (br, Av,, =270 Hz).

X-ray crystallographic studies of 2b, 9a, 12 and 20 a.

Data collection for 2b, 9a, 12 and 20 a: Crystals of 2b, 9a, 12 and 20 a were
mounted on quartz fibres in Lindemann capillaries under argon and in an
inert oil. X-ray intensity data were collected with graphite-monochromated
radiation on four-circle diffractometers (Siemens P4 for 2b and 9a, Phillips
PW1100 for 12, Enraf-Nonius CAD-4 for 20a). Details of data collection,
refinement and crystal data are listed in Table 3. Lorentz polarisation and
absorption corrections were applied to the data of all the compounds.

Structure solution and refinement for 2b, 9a, 12 and 20 a: For compounds
2b, 9a, and 20a the positions of most of the non-hydrogen atoms were
located by direct methods and for 12 the metal atoms were located from a
Patterson synthesis; for all structures the remaining non-hydrogen atoms
were revealed from subsequent difference-Fourier sytheses. All the
structures showed some disorder, which accounts for the relatively poor
diffraction at high angle. In 2b, two conformations of the ethyl groups of
the two Et,0 ligands were disordered throughout the crystal; each carbon
atom was resolved into two components of 0.5site occupancy. In both
insertion products 9a and 12, marked anisotropy of the displacement
parameters of the phenyl carbon atoms provided evidence of some
unresolved disorder; in 9a two pairs of maxima of electron density at
bonding distance from the ortho-carbon atoms C(12), C(16) and C(22),
C(26) were each interpreted as F-atoms of site of occupancies 0.90:0.10
corresponding to orientations of the phenyl rings, related by a rotation of
180°. A similar situation arose for the fluorine atoms F(1) and F(2) of 12;
here the two components for each atom were assigned site occupancies of
0.75:0.25 for F(1) and 0.5:0.5 for F(2). A second disorder was observed in
the structure of 12; two maxima were identified for each atom of the SiMe,
groups corresponding to a random distribution of two molecules with
opposite “twist” of the tripod framework in equivalent sites throughout the
crystal; the component silicon and carbon atoms were assigned site
occupancies of 0.75 and and 0.25, and the carbon atoms of the minor
component were not refined. The extensive disorder in this structure results
in relatively high esd’s for the metric parameters, but the overall structure
of this new insertion product is well established. In compound 20a two
conformations of the [N(nBu),]* cation were randomly distributed
throughout the crystal; each carbon atom of the n-butyl groups of this
counterion was resolved into two components of site occupancies 0.667 and
0.333. For the structure of 12 refinement was based on F©*? and for the
three other structures refinement was based on F2.*®°l Phenyl rings were
constrained to idealised geometry (C—H =1.390 A). The hydrogen atoms
of the cyclopentadienyl rings in 9a, 12, and 20a and of the phenyl rings in
20a were directly located from Fourier difference syntheses and were
included in structure factor calculation, but were not refined. All other
hydrogen atoms (except those of the minor component of the SiMe,
disorder in 12) were placed in calculated positions. Isotropic displacement
parameters were assigned to all hydrogen atoms, with a fixed at a value of
0.12 A% in 12, and in the other three structures set equal to 1.2 U, of the
parent carbon atoms for the phenyl, cyclopentadienyl and methylene
groups and 1.5 U, for the methyl groups. Semi-empirical absorption
corrections*®! using y-scans were applied to the data of 9a,12 and 20a, and
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Table 3. Crystal data and structure refinement for complexes 2b, 9a, 12 and 20a.
2b 9a 12 20a
formula C33H,sCLFgN;0,Si;Zr C;3Hs6 F3FeN;0,8,8i,Zr C3H, N,O,F;Si;SFeZr CyuHs;FeNO;
M, 940.05 859.11 918.17 703.76
crystal system monoclinic triclinic monoclinic triclinic
space group P2)/c Pl P2,/n Pl
a[A] 18.150(4) 10.293(4) 19.388(3) 10.6664(10)
b [A] 18.118(6) 12.538(3) 17.358(3) 10.9162(10)
c[A] 13.422(3) 16.294(5) 12.642(2) 19.6979(10)
a ] - 97.76(2) - 75.493(10)
AN 95.15(2) 90.804(16) 90.72(3) 89.953(1)
v [°] - 111.53(3) - 63.082(1)
VA 4396(2) 1933.5(10) 4254(2) 1962.9(3)
z 4 2 4 2
Peatca [gem ] 1.420 1.476 1.434 1.191
radiation (1 [A]) Mok, (0.71073) Mok, (0.71073) Moy, (0.71069) Mok, (0.71073)
u [mm™1] 0.524 0.893 0.730 0.424
F(000) 1920 876 1880 756
crystal size [mm] 0.58 x 0.32 x 0.30 0.30 % 0.16 x 0.10 0.35x0.22 x 0.20 0.60 x 0.20 x 0.10
0 range [°] 1.89-21.00 1.77-21.00 3.00-21.00 2.14-22.00
index range —18<h<18 —1<h<10 —-19<h<19 —2<h<11
—-18<k<1 —12<k<12 0<k<17 —11<k<11
—-1<1<13 —-16<1<16 0<iI<11 —20<1<20
reflections collected 5906 5059 4622 5811
independent reflections (R;,) 4708 (0.0773) 4163 (0.0932) 1874 [I/o(1) > 3] 4822 (0.0400)
max/min transmission 0.7740/0.3559 0.9902/0.8930 1.0000/0.7934 1.0000/0.8167
data/restraints/parameters 4708/37/428 4163/35/404 1874/12/267 4822/360/556
Son F? 0.964 0.927 - 1.053

final R indices!]
[1>20(1)]
(all data)

R, =0.0767, wR,=0.1756
R, =0.1552, wR, = 0.2044

R, =0.0789, wR, = 0.0679
R, =0.2017, wR, = 0.0826

R=0.0654, R" =0.0657[]

R, =0.0727, wR,=0.1743
R,=0.1157, wR,=0.1965

weights a, bl
max/min Ap [e A-3]

0.1155, 0.0000
0.634/ — 0.461

0.0054, 0.0000
0.427/ — 0.454

[b] 0.1074, 0.9485
0.525/—0.501 0.353/ —0.342

[a] S=[Ew(F2—F?)*/(n—p)]"% in which n=number of reflections and p=total
S[w(F3)?]"?, wo! =[0*(F,) + (aP)? + bP], P=[max(F30) +2(F2)]/3.

number of parameters, R, =2||F,| —|F||[/Z|F,|, R,=Z[w(F2—F2)?]/

[b] For 12: weights of 1/s?(F) were applied; [I/s(I) >3] R=2(AF)/Z(F,); R' = [Z(AF)Zw(F,)*]".

after initial refinement with isotropic displacement parameters empirical [2]
absorption correctionst®”) were applied to the data of 2b. Chemically
equivalent bond lengths within the tripod frameworks of 2b, 9a, and 12,
and those involving the components of disordered atoms in all structures,
were constrained to be equal within an esd of 0.02 A. All full-occupancy
non-hydrogen atoms (except the carbon atoms of 12), and the atoms of [3]
0.667 occupancy in 20a, were assigned anisotropic displacement parame- [4]
ters in the final cycles of full-matrix least-squares refinement; those of the
benzene solvate in 20a were contrained to be approximately equal.
Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-135460 2b,
CCDC-135461 9a, CCDC-135462 12 and CCDC-135463 20a. Copies of the
data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk). [5]
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Carboxylate Binding by 2-(Guanidiniocarbonyl)pyrrole Receptors in
Aqueous Solvents: Improving the Binding Properties of Guanidinium Cations
through Additional Hydrogen Bonds

Carsten Schmuck!?!

In memory of Professor Wolfgang R. Roth

Abstract: A series of guanidiniocarbon-
yl pyrrole receptors has been synthe-
sized which bind carboxylates by ion
pairing in combination with multiple
hydrogen bonds. Their binding proper-
ties with various carboxylates have been

Through a systematic variation of the
receptor structure, semiquantitative es-
timates for the energetic contributions
of the individual binding interactions
could be derived. These data show that
the various hydrogen bonds are not

equally important for the binding but
differ significantly in their energetic
contribution to the overall complexation
process. Furthermore, the receptor can
be made chiral and shows selectivity
upon binding of enantiomeric amino

investigated using NMR titration studies
in 40% water/DMSO (v/v). The best
receptor has association constants which
are in the order of K~10°mol~! and
hence some 30 times larger than with the
simple acetyl guanidinium cation.

late receptors -

Introduction

Molecular recognition is based on the interaction of ions or
molecules and is thus the chemistry of noncovalent bonds
such as hydrogen bonds, electrostatic or van der Waals
interactions.['! Despite all the progress made in this field and
the large number of elegant and sophisticated host systems
that have been described over the last two decades,” non-
covalently controlled phenomena are still poorly under-
stood.P! Only very few receptors exist that work in solvents
more polar than chloroform because the strength of hydrogen
bonds and electrostatic interactions decreases rapidly as the
polarity of the surrounding solvent increases.[) However, the
recognition of substrates such as peptide hormones, neuro-
transmitters, or carbohydrates under physiological conditions,
and therefore necessarily in water is of great importance for
the design of biosensors, the targeting of cellular processes or
the design of new therapeutics. But the rational design of an
artificial receptor which selectively binds a given substrate in
such a polar solvent is still a challenging task.!" > One problem

[a] Dr. C. Schmuck
Institut fiir Organische Chemie
Universitat Koln
Greinstrasse 4, 50939 Koln (Germany)
Fax: (+49)221-4705102
E-mail: carsten.schmuck@uni-koeln.de
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acid carboxylates. Molecular modeling
was used to obtain structural informa-
tion for the various receptor carboxylate
complexes and served as a basis to
explain the observed differences in bind-
ing constants.

- carboxy-

supramo-

is that the qualitative nature of some noncovalent interactions
is not yet fully understood and is still under debate (e.g. low
barrier hydrogen bonds!® or cation-mt-interactions!”!). Further-
more, we know very little about the quantitative aspects of
such interactions.!! However, without a detailed thermody-
namic understanding of hydrogen bonds, electrostatic or
hydrophobic interactions the rational design of such artificial
receptors is not possible.

Our current approach to this problem is based on sub-
stituted 2-(guanidiniocarbonyl)-1H-pyrroles such as 1 (Fig-
ure 1), which we introduced recently as a new receptor class
for the complexation of carboxylates in aqueous solvents.! In
addition to the ion pairing with the guanidinium unit (well

o]
additional H-Bonds =~ ~—~——_ 1

-> binding strength \
+Y

side chain interactions . .
-> selectivity fon pairing
Figure 1. Design of guanidiniocarbonyl pyrrole receptors 1 for the binding
of carboxylates; the ion pairing and the hydrogen bonds provide the
binding strength whereas additional interactions with the side chain can
account for the substrate selectivity.
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known for the complexation of N
OXO anions in organic solvents O
such as chloroform or acetoni- u

trile),!! the pyrrole NH as well
as suitable donor sites in the
side chain attached at position 5
of the pyrrole ring can form a
hydrogen bond to the bound
carboxylate. Therefore, these
receptors show stronger bind-
ing compared with simple gua-
nidinium cations, thus allowing
the effective complexation of
carboxylates even in highly po-
lar solvents.”] Variation of the
amine side chain should allow
to tune the binding selectivity
for different substrates. The

85 %
2

POCIl; / DMF

63 %

NH*HC!

NH,

1. (COCl),

Cl,CCOCI

—_——————

» OHC

I

receptor can also be made chi-
ral by using amino acids as
amine components  which
means that stereoselective
binding of other chiral substrates should also be possible. In
this paper the synthesis of such receptors and their binding
properties with a variety of carboxylates is described. By
comparison of the binding affinities of a series of systemati-
cally varied receptors the energetic contributions of the
individual binding interactions for the overall association
process are estimated and discussed on a structural basis.

2. R-NH,

Results and Discussion

Synthesis: The synthesis of the guanidiniocarbonyl pyrrole
receptors is shown in Scheme 1: Pyrrole (2) was transformed
into 2-methoxycarbonyl pyrrole (4) by acylation with trichloro-

Abstract in German: Guanidiniocarbonylpyrrol-Rezeptoren
bilden mit Carboxylaten Ilonenpaare, die zusditzlich durch
mehrere Wasserstoffbriickenbindungen stabilisiert werden.
Eine Reihe solcher Rezeptoren wurde synthetisiert und ihre
Bindungseigenschaften mit verschiedenen Carboxylaten durch
NMR Titrationen in 40 % Wasser/DMSO (v/v) untersucht. Der
beste Rezeptor weist Assoziationskonstanten in der Groflen-
ordnung von K=~ 10° mol™ auf, die somit ca. 30 mal gréfler
sind als mit der Stammverbindung, dem Acetylguanidinium-
Kation. Durch systematische Variation der Rezeptorstruktur
konnten die energetischen Beitriige der einzelnen Wechselwir-
kungen zur Gesamtkomplexbildung abgeschiitzt werden. Hier-
bei zeigte sich, dafs die verschiedenen Wasserstoffbriickenbin-
dungen nicht alle gleich wichtig sind, sondern sich erheblich in
ihrer Stirke unterscheiden. Einer der hier vorgestellten Rezep-
toren ist chiral und bindet enantiomere Aminosdurecarboxy-
late stereoselektiv. Die Diskussion der beobachteten Unter-
schiede im Komplexierungsverhalten der verschiedenen Re-
zeptoren erfolgt auf der Basis der mit Hilfe von
Kraftfeldrechnungen ermittelten Strukturen der Komplexe.
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@\ NaOMe/MeOH @\
N COCCls - N COOMe

H 63 % H
3 4

COOMeg —————— > HOOC COOMe

N N
H 75 % H

5 6

NaOMe/MeOH

72 %

«

Scheme 1. Synthesis of guanidiniocarbonyl pyrrole receptors of type 1.

acetyl chloride and subsequent cleavage of the trichloroacetyl
group with sodium methoxide.'] Vilsmeier - Haack-formyla-
tion!"?! followed by oxidation with permanganate yielded the
acid 6."! The guanidinylation of this compound was best
achieved by refluxing 6 and an excess of guanidinium chloride
with sodium methoxide in methanol.'* Other attempts, such
as reacting the ester with the free guanidine base prepared by
ion exchange from the hydrochloride, or reaction of activated
acid derivatives with guanidine either failed or gave very low
yields.'] The resulting zwitterion 7 forms highly stable self-
assembled dimers and is insoluble in any solvent except
DMSO.I"! Therefore, attempts to react 7 directly with an
amine in the presence of dicyclohexylcarbodiimide (DCC) or
any other reagent commonly used for amino acid coupling
failed. However, the zwitterion 7 could be converted into the
acyl chloride by reaction with oxalyl chloride in methylene
chloride in the presence of catalytic amounts of DMF even
though both compound 7 and the resulting acyl chloride are
poorly soluble in this solvent. Without further isolation, the
crude acyl chloride can then be reacted with an amine in THF
to give the desired receptors, which can be isolated after
reversed-phase chromatography in form of their chloride or
picrate salts in yields of 55-75%.

In order to avoid the use of the insoluble zwitterion 7, we
tried to introduce the guanidinium group in the last step of the
synthesis. The acid 6 can be easily coupled with amines in the
presence of DCC to give the corresponding amides (in the
case of valine in 55 % yield). However, no method was found
to achieve effective guanidinylation of these amides under
mild conditions. Refluxing with guanidinium chloride in
sodium methoxide gave the desired products only in small
amounts, caused decomposition and the racemization of the
stereocenter in amino acids.

A systematically varied series of receptors 8-14
(Scheme 2) was synthesized according to the general route
in Scheme 1 by reacting the acyl chloride of 7 with butyl
amine, glycine or valine amide. N-Acetyl guanidinium (8),
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I&\(O OY@YO
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H

NH HN

12 NH, R 13R=H NHz
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Scheme 2. Receptors 8 —14 (picrate salts) used for the binding studies.

guanidiniocarbonyl pyrrole (9), the ethyl derivative 10 and the
methyl ester 12 were synthesized as reported elsewhere.l” 1]
Compared with the parent acylguanidinium cation 8, the
pyrrole derivative 9 contains one more potential hydrogen
bond donor (the pyrrole NH), the ethyl and the butyl
substituted receptors 10 and 11 two (the pyrrole and the
amide NHs), and the amino acid derivatives 13 and 14 three
(the pyrrole NH and two amide NHs). The ester 12 has one
more potential hydrogen bond donor and one acceptor (the
ester carboxyl group) relative to 8. For all the following
studies the receptors were used in form of their picrate salts
and all carboxylates in form of their NMe," salts (unless
otherwise stated in the text).

Structure of the complexes: The 2-(guanidiniocarbonyl)-1H-
pyrroles were designed to bind carboxylates through a
combination of ion pairing and multiple hydrogen bonds. A
mixture of the ethyl substituted receptor 10 and 2-pyrrole
carboxylate (15) in [Dg]DMSO showed indeed significant
complexation induced shifts (CIS) of the various protons of
both substrate and host in the 'H NMR spectrum. The
'H NMR spectrum of the receptor shows the “normal” signals
expected for an acylguanidinium cation (see Figure 2):l'7 A

os A N___o

P T NH®?
~ 2
+
10 NH 2P
NH® NH?
NH? NH®
10+15
Ay 10
10,0 9.0 8.0

Figure 2. '"H NMR spectrum of receptor 10 (picrate salt) with (back) and
without (front) carboxylate 15 (NMe,* salt) in [Ds]DMSO showing the CIS
of the guanidinium NH protons and the amide NH.
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broad signal at 6 = 8.1 for the four guanidinium NH protons, a
triplet at 0 =8.4 for the ethyl amide NH, a singlet for the
pyrrole NH at d =12.7, and a broad signal at 6 =10.9 for the
guanidinium amide NH. The unsplit signal for the four
guanidinium NH protons indicates that in DMSO no intra-
molecular hydrogen bonding between these protons and the
adjacent carbonyl group occurs or that the corresponding
conformational exchange is fast on the NMR time scale. Upon
addition of the carboxylate, large downfield shifts are
observed (Figure 2): The signal for the guanidinium NH
protons splits into two signals (two protons each) at 6 =7.9
and 9.5. The ethyl amide NH gives a signal at 6 =9.9 which is a
downfield shift of 1.5 ppm. The signals for the guanidinium
amide NH and the pyrrole NH protons are too broad and
cannot be detected (probably due to traces of water in the
sample and fast exchange with the solvent or an unsuitable
complexation kinetics).

In the case of the valine substituted receptor 14 the same
CIS as described above can be observed upon addition of
acetate 16 (see Figure 3). The signal for the guanidinium
protons shows the same splitting into two signals as for 10, and
the valine a-NH amide and one proton of the terminal
carbamoyl NH, group show downfield shifts of 1.7 and
0.7 ppm to 0 =10.1 (formerly 0 =8.4) and 6 =8.2 (formerly
0 =17.5). The signal of the second carbamoyl NH, proton shifts
slightly upfield from d =7.1 to 6 = 6.9. This indicates that even
the terminal carbamoyl NH, group is involved in the
complexation of the bound carboxylate.

e ab
19 HNOG NH HN NH;
14 °
NHpP
NHf NH?®
NH® b
NH NH?

14

100 9.0 80 70
Figure 3. '"H NMR spectrum of receptor 14 (picrate salt) with (top) and
without (bottom) acetate (16) (NMe,* salt) in [D4]DMSO showing the CIS
of the guanidinium NH protons and the amide NHs.

Again, both the pyrrole and the guanidinium amide NHs
cannot be detected. From other studies, however, we know
that upon complexation with a carboxylate these protons also
show significant downfield shifts of 0.4 and 3.8 ppm to 6 =13.1
and 0 =14.7.11% The large downfield shift of the guanidinium
amide NH is especially noteworthy and clearly indicates the

0947-6539/00/0604-0711 $ 17.50+.50/0 — 711





FULL PAPER

C. Schmuck

participation of this proton in hydrogen-bonding interactions
with the bound carboxylate.

These observed shift changes in the 'H NMR spectrum are
consistent with the general binding motif given in Figure 4 for
the valine substituted receptor 14. The guanidinium cation
forms an ion pair with the carboxylate which is simultaneously

HL R

Figure 4. Proposed binding motif for the complexation of carboxylates by
guanidiniocarbonyl pyrrole receptors such as 14 (CBS =-carboxylate
binding site).

hydrogen bonded by the pyrrole NH and the various amide
NHs. The resonances for the two guanidinium protons H* and
the amide proton Hg, which do not form hydrogen bonds to
the carboxylate, shift slightly upfield, whereas the other two
guanidinium protons H®, the amide NHs ¢, e and f, and the
pyrrole NH¢, all of which take part in the complexation
process, show significant downfield shifts indicating hydro-
gen-bonding interactions.

This binding mode requires a receptor conformation in
which all the partially positively charged NHs point towards
each other, forming the carboxylate binding site (CBS). This
might seem unfavorable as a result of the mutual repulsion
between these NHs. This eletrostatic repulsion is indeed
important in chloroform or nonpolar organic solvents and
strongly disfavors this conformation in such solvents. Accord-
ing to a molecular dynamics calculation of the ethyl sub-
stituted receptor 10 in chloroform (10 ns simulation at 300 K
with the AMBER force field and the GB/SA water solvation
treatment as implemented in MacroModel V6.0),l® there is
an energy difference of more than 13 kJmol~' between
conformation 10d and the lowest energy conformation 10b
(Scheme 3). But with increasing polarity of the solvent, the
repulsion becomes more and more negligable. Finally, in pure
water, all receptor conformations 10a—d fall within an energy
range of 2 kImol~!. Therefore, it is not surprising that under
the conditions used in these studies the receptor can easily
adopt conformation 10d with all NHs pointing inwards as
required for binding.

In order to further visualize the structure of the complex,
molecular mechanics calculations were carried out on the
complex between the valine substituted receptor 14 and
acetate 16. A Monte Carlo simulation produced a number of
conformationally different structures of the complex, reflect-
ing the rather high flexibility of the side chain in 14. However,
all structures within 10 kJmol~! of the lowest energy con-
formation had the same general feature: The simultaneous
binding of the carboxylate by the guanidinium cation moiety,
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Scheme 3. Calculated relative energies of the various conformations of
receptor 10 in water and chloroform (in kJ mol™?).

the pyrrole NH, and the two amide NHs. The various
conformations differ only in the position and orientation of
the terminal carbamoyl group, which—though hydrogen
bonded to the carboxylate—is rather flexible and does not
seem to have a clear preference for a single binding geometry.
The lowest energy conformation obtained for this complex is
shown in Figure 5.

Figure 5. Lowest energy conformation of the complex between receptor 14
and acetate 16.

Association constants: The dependence of the complexation
induced shift changes on the ratio of host to substrate can be
used to calculate the binding constant. However, at millimolar
concentrations in [D¢]DMSO, the binding is so strong that a
NMR titration experiment just showed a linear increase of the
shift changes until a molar ratio of 1:1 was reached. This
corresponds to an association constant K >10°mol~! (much
too high for exact binding studies) and also clearly proves the
1:1 binding stoichiometry.['"]

Even in 40 % water/DMSO (v/v) the association constants
are still in the order of K ~10° mol~! and hence suitable for
NMR titration experiments at millimolar substrate concen-
trations.?! If lower water contents are used, the binding is too

0947-6539/00/0604-0712 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 4





Guanidiniocarbonyl Pyrrole

709-718

strong, whereas in solvents with higher water contents, the
receptors are not soluble enough. Also, with increasing water
content it becomes more and more difficult to follow the shift
changes accurately as a result of signal overlap. Furthermore,
the use of water requires presaturation of the water signal
during the NMR experiment so that protons which show fast
exchange with the solvent, such as the receptor NHs, cannot
be detected. Therefore, for the binding studies aliquots of the
receptor were titrated to a solution of the carboxylate (in form
of its NMe,* salt) in 40 % water/[D¢]DMSO (v/v). The binding
constants were then calculated from the shift changes of the
protons of the carboxylates by using nonlinear least-squares
fitting with a 1:1 association model.?" In all cases there was a
good fit of the measured data with the theoretical model.
Where the binding constants could be calculated following the
shift changes of more than one proton the results were
consistent and within the margin of the experimental error.

According to the general binding motif in Figure 4 the
association constants for the complexation of a given carbox-
ylate by these guanidiniocarbonyl pyrrole receptors 9-14
should be larger than with the parent acylguanidinium cation
8 itself due to the additional hydrogen bonds by the pyrrole
NH and the amide NHs. To learn more about the individual
energetic contributions of these different noncovalent inter-
actions, the binding properties of the systematically varied
receptors 9-14 were studied in 40 % water/DMSO (v/v) with
N-acetyl alanyl carboxylate (17) as the substrate (Figure 6).
The calculated association constants for these receptors are
summarized in Table 1.

Addition of guanidinium chloride to a 10mM solution of the
carboxylate 17 does not result in any shift changes in the NMR
spectrum; this clearly shows that in this highly polar solvent
no complexes are formed. Hence, the association constant
must be K < 10 mol 1! The parent acetyl guanidinium cation
8 binds 17 with K =50 mol~!, a binding constant that is smaller
by a factor of 32 compared with K=1610 mol~! for the
binding of 17 by the valine substituted receptor 14. The
binding constants for the other receptors 9—13 fall in between
these two values. For the guanidiniocarbonyl pyrrole 9 with its
one more binding site (the pyrrole NH) the binding constant is

100 4

percent complexation

equivalents receptor

Figure 6. NMR titration curves of the various receptors (picrate salts) with
carboxylate 17 (NMe," salt, 1 mm) in 40 % water/[Dg]DMSO (v/v); 14 (2),
12 (v),10 (0), 11 (0), 13 (¢), 9 (¢), and 8 (m).

Chem. Eur. J. 2000, 6, No. 4
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Table 1. Binding constants (K,,) and free energies of complexation
(—=AG,) for Ac-L-Ala-O~ 17 (NMe,* salt, 1 mm) with receptors 8-14
(picrate salts) in 40 % water/[Dg]DMSO (v/v) at 25°C.

Receptor K — AG, [kImol™']
[mol-']l [kImol ]
Guanidinium chloride <10 <57
8 50 9.7
9 130 12.1
10 770 16.5
11 690 16.2
12 940 17.0
13 680 16.2
14 1610 183

[a] error limits in K were estimated to be < +10%.

about three times larger than with 8 (K =130 mol~! versus
K =50 mol). The additional amide group in the receptors 10
and 11 further increases the binding constant by a factor of
five (K =770 and 690 mol~, respectively) relative to 9. As the
glycine derivative 13 has more or less the same binding
constant (K = 680 mol~!) as the ethyl and the butyl derivatives
10 and 11 the terminal carbamoyl group in 13 is obviously not
involved in the complexation process in this case. For the
valine substituted receptor 14, however, the binding constant
(K=1610 mol') is again larger by another factor of two
relative to the binding by 10 or 13. This is in accordance with
the observed shift changes in the NMR spectrum. In the
glycine substituted receptor 13 no significant shift change of
the terminal carbamoyl NH could be observed, whereas in the
case of the valine derivative 14 this proton resonance shifts
downfield indicating hydrogen-bonding interactions (at least
in DMSO). The isopropyl group in 14 probably favors
receptor conformations in which the terminal carbamoyl
group can take part in the binding process (valine is known for
inducing -sheet formation).?! In the glycine derivative 13
the side chain is too flexible and any possible enthalpy gain
from the additional hydrogen bond is more or less counter-
balanced by the loss of entropy upon binding. Figure 7 shows a
superposition of 25 structures of the complex between 13 and
acetate 16 generated by a molecular dynamics calculation
(100 ns simulation with one structure every 4 ns at 300 K in

Figure 7. Superposition of 25 structures of the complex between the
glycine derivative 13 and acetate 16 generated by a molecular dynamics
calculation showing the high flexibility of the terminal carbamoyl group
(shown on the right side).
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water). It can be seen clearly that the terminal carbamoyl
group has a high flexibility in contrast to the rest of the
receptor. There are only very few structures in which the
terminal carbamoyl group is involved in the binding of the
carboxylate, whereas all other hydrogen bonds seem to be
stable, at least for the time period of the simulation. It is
therefore not surprising that this group has no pronounced
effect on the association constant of 13.

As the pK, values of the N-acetyl guanidinium cation 8
(pK,7.6) and the guanidiniocarbonyl pyrrole receptors
(pK,6.9-79) are essentially the same,? the increase in
binding strength cannot only be caused by different acidities
of the guanidinium moieties but rather reflects the additional
hydrogen bonds formed in the complexes. This clearly shows
that the binding affinity of guanidinium cations for carbox-
ylates can indeed be significantly improved (in the case of
receptor 14 by a factor of 32) by the introduction of further
suitable binding sites. The data in Table 1 also show that the
different hydrogen bonds do not contribute equally to the
binding process (Scheme 4). Assuming the same complex
structures for all receptors (which seems plausible based on

Scheme 4. Estimated semiquantitative energetic contributions of the
individual binding interactions for the overall complexation of carboxylate
17 by guanidiniocarbonyl receptors of the general type 1 (AG in kJ mol!).

molecular modeling findings) at least some semiquantitative
estimates for the individual energetic contributions of the
various binding interactions can be derived from the data in
Table 1. Besides the ion pairing with the acylguanidinium
moiety, which has a binding energy of AG =10 kJmol~!, the
amide NH next to the pyrrole ring is most important and
increases the binding energy by another 4 kJmol~!. The
pyrrole NH adds only 2 kJmol~!, while it is depending on the
group R whether the terminal carbamoyl group, because of its
rather high flexibility, increases the binding energy at all
(maximum up to 2 kJmol1).1%%

The methyl ester 12 shows rather strong binding (the
binding constant for carboxylate 17 is larger by a factor of 7
compared with 9). As it lacks the amide group next to the
pyrrole ring, we expected that
the binding constant should be
the same as with the unsubsti- ﬂ

. MeOzC CHO
tuted guanidiniocarbonyl pyr- ﬂ
role 9. However, according to
a molecular mechanics calcula-
tion, the complex structure is /O\/
somewhat different from the MeO.C
other receptors as there is an
additional hydrogen-bonding 20
interaction between the amide
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NH of the N-acetyl alanyl carboxylate (17) and the receptor
ester oxygen (see Figure 8). Thus the total number of
hydrogen bonds in the complex of 17 with 12 or 10 is the
same and the binding energy therefore more or less also the
same (AG =16.5 and 17.0 kJ mol~, respectively).

Figure 8. Lowest energy conformation of the complex between receptor 12
and alanyl carboxylate 17.

To investigate the influence of the basicity on the binding
strength for a receptor analogous to 12, the more basic
guanidine 18 was synthesized according to the following
Scheme 5: Starting from the pyrrole carbaldehyde S the
corresponding oxime 19 was catalytically reduced to the
amine 20 with hydrogen in the presence of rhodium on
alumina.?! The amine then reacted with the imidazolium salt
211 to give the desired guanidine 18 in 11% overall yield.

As with the parent guanidinium chloride no indication for
the complexation of a carboxylate by 18 was observed in 40 %
water/DMSO (v/v) (see Figure 9). In pure DMSO, however,
18 binds carboxylate 17 with an association constant of K =
5900 mol~, which is smaller by a factor of 10° relative to the
binding by the guanidiniocarbonyl pyrrole receptor 12 (K
~10° mol~!). This decrease in binding strength is probably
due to three factors: First, the much lower acidity of the
guanidinium cation compared with an acylguanidinium cation
disfavors the formation of hydrogen bonds. Guanidines have
pK, values around 13 whereas the guanidiniocarbonyl pyr-
roles have pK, values of 7-8.71 As the propensity to form
hydrogen bonds increases with increasing acidity of the
guanidinium moiety, a stronger binding for the acylguanidines
is therefore expected. Second, the pyrrole NH of 18 is less

MeO,C CH=NOH —(——>

HoNOH
58 % N 95 %
H

T SO;
/O\/ .
0% MeOLC \( HN + "NH
18 21

Scheme 5. Synthesis of guanidinium cation 18.
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Figure 9. NMR titration curves of receptor 18 (picrate salt) with alanyl
carboxylate 17 (NMe," salt, 1 mm).

acidic than that of 12 and therefore also less available for the
formation of hydrogen bonds. Third, the molecule is not
planar in contrast to the receptors 9-14. According to
molecular mechanics, the pyrrole ring in 18 is tilted relative
to the plane of the guanidinium cation. Therefore, upon
complexation of the carboxylate the receptor has to undergo
unfavorable conformational changes.

Figure 10. Lowest energy conformation of the complex between 18 and
acetate.

Substrate selectivity: Receptor 14 not only shows the stron-
gest binding in the studied series but is also chiral. Thus
enantioselective recognition of amino acid carboxylates could
be possible.?! Therefore, the binding of the carboxylates of
alanine, phenylalanine, and tryptophan by the valine derived
receptor 14 was investigated (Figure 11). The results are
summarized in Table 2.

As can be seen from the data in Table 2, receptor 14
strongly binds carboxylates with association constants ranging
from K =350 up to K=5275mol! in 40% water/DMSO
(v/v). Tt is expected that the association constants vary with
the basicity of the carboxylate. The more basic the carbox-
ylate, the higher its propensity to form hydrogen bonds and
the stronger should the complex be formed with 14. However,
the data in Table 2 reveal that this difference in acidity cannot

Chem. Eur. J. 2000, 6, No. 4
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Figure 11. NMR titration curves of carboxylates (NMe," salt, 1 mm) with
receptor 14 (picrate salt) in 40 % water/[Dg]DMSO (v/v); 15 (v),16 (2),17
(m), 26 (@),27 (0), 25 (m), 24 (o), 23 (m), and 22 (*).

Table 2. Binding constants (K,,) and free energies of complexation
(—=AG,) for various carboxylate substrates (NMe," salt, 1 mm) with
receptor 14 (picrate salt) in 40 % water/[D¢]DMSO (v/v) at 25°C.

Carboxylate K —AG,
[mol-1]l [k mol ]
AcO~ (16) 3380 20.1
HCOO- (22) 350 14.5
2-pyrrole-COO~ (15) 5275 21.2
Ac-L-Ala-O~ (17) 1610 18.3
Ac-D-Ala-O~ (23) 930 16.9
Ac-L-Phe-O~ (24) 585 15.8
Ac-D-Phe-O~ (25) 680 16.2
Ac-L-Trp-O~ (26) 1145 17.4
Ac-D-Trp-O~ (27) 1005 17.1

[a] error limits in K were estimated to be < +10%.

be the only reason for the differences in the association
constants. Formic acid has the same pK, as Ac-L-Ala-OH
(pK,=3.8),2"l but its binding constant is five times lower.
Acetic acid is even slightly less acidic (pK, 4.8) than 2-pyrrole
carboxylic acid (pK,=4.6),?®l but its association constant is
lower. It could already been shown that in the case of the ethyl
substituted receptor 10 differences in the binding constants
with amino acid carboxylates stem mainly from additional
interactions of the carboxylate substituents with the recep-
tor.”) Hence, the differences in the association constants in
Table 2 should be understandable on a structural basis.

The complexes between 14 and acetate 16, formate 22 and
the 2-pyrrole carboxylate 15 all have essentially the same
structure (see Figure 5) according to a molecular mechanics
calculation. The differences in the binding constants are not
quite clear at present but probably result from differences in
the solvation/desolvation behavior of the anions. The smaller,
highly solvated formate is bound less strongly than 15 or 16. In
the case of the amino acid carboxylates, the steric bulk of the
N-acetyl group decreases the binding affinity relative to 15 or
16 (see Figure 12). However, as the data in Table 2 show, the
binding is slighty stereoselective: The association constants
for the enantiomers differ by a factor of 1.2 for phenylalanine
and tryptophan and 1.6 for alanine, respectively.’”) In the case
of alanine and tryptophan the L-enantiomer is bound better
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L-Phe p-Phe

L-Trp

Figure 12. Lowest energy conformations of the complexes between receptor 14 and the amino acid carboxylates
of alanine (top), phenylalanine (middle) and tryptophan (bottom); left: L-carboxylate, right: p-carboxylate.

than the p-enantiomer, whereas with phenylalanine the D-
enantiomer is preferred. Experimental structural information
not being at hand, molecular modeling was used to help
rationalize the observed binding selectivities. According to
these calculations with Dp-alanine there is an unfavorable
steric repulsion between the methyl group of the amino acid
and the isopropyl side chain of the receptor which is not
present in the complex with the L-enantiomer (see Figure 12).
In accordance with this, the binding constant for the D-
enantiomer is even slightly lower than with the ethyl
substituted receptor 10 (K =770 mol~!')) which lacks the
sterically demanding isopropyl group. In the complex with the
L-enantiomer there is no steric repulsion as the methyl group
points away from the isopropyl group. Accordingly, the
binding constant is larger relative to the binding by 10 due
to the additional hydrogen bond. With phenylalanine and
tryptophan the aromatic system and the guanidiniocarbonyl
pyrrole moiety of the receptor are m-stacked probably
because of an attractive cation-m-interaction. However, the
much bulkier side chains compared with alanine cause
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unfavorable steric interactions
with the isopropyl group of the
receptor and decrease the bind-
ing energy for both enantio-
mers relative to the binding of
alanine. In the case of phenyl-
alanine the binding constants
are again lower than with the
ethyl substituted receptor 10
(K=1700 mol').’) The steric
repulsion is more severe in the
complex with the L-enantiomer
whereas the D-enantiomer can
adopt a complex conformation
which orientates the isopropyl
group farther away from the N-
acetyl group. In the complexes
with tryptophan the binding
constants are slightly larger
than with 10 (K=810 mol!)
probably because of the more
extensive hydrophobic interac-
tions or m-stacking, which is
much better in the complex
with the L-enantiomer than
with the D-enantiomer (which
also lacks one hydrogen bond).

Conclusion

In conclusion, we demonstrated
that guanidiniocarbonyl pyrrole
receptors can be used to effec-
tively bind carboxylates in
o-Trp aqueous media with binding
constants which are much larg-
er than with simple guanidini-
um cations. This proves that the
basic receptor design, namely
the idea to improve the binding strength by introduction of
additional binding sites in addition to the ion pairing with the
guanidinium cation moiety, was successful. Binding studies
with a systematically varied series of receptors show that the
amide NH next to the pyrrole ring is mainly responsible for
the stronger binding whereas the pyrrole NH and the terminal
carbamoyl group (as in 13 or 14) contribute less to the overall
binding. In the case of amino acid carboxylates the chiral
receptor 14 shows a slight binding enantioselectivity which
may not be as pronounced as described with other more
complex systems. However, taking into account that the
receptor is still rather flexible and contains only one chiral
center, this is a promising starting point for the design of
receptors of more pronounced stereoselectivity.

Experimental Section

General remarks: Solvents were dried and distilled under argon before use.
All other reagents were used as obtained from either Aldrich or Fluka. All
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experiments were run in oven-dried glassware under argon unless other-
wise stated. Products were dried in high vacuum (1073 mbar) over
phosphorus pentoxide at room temperature overnight. '"H and *C NMR
spectra were recorded on a Bruker AM300 spectrometer. Shifts are
reported relative to the deuterated solvents. Elemental analysis was carried
out with an Elementar Vario EL.

5-(Guanidiniocarbonyl)-1H-pyrrole-2-carboxylate (7): Ester 6" (2.0 g,
12 mmol) and guanidinium hydrochloride (5.7 g, 60 mmol) were added to
a solution of sodium methoxide (prepared from 1.3 g, 56 mmol sodium in
50 mL methanol). The reaction mixture was refluxed for 12 hours and the
solvent evaporated. The oily residue was dissolved in water (50 mL). Upon
acidification with concentrated hydrochloric acid the crude product
precipitated. It was filtered off and washed thoroughly with methanol to
provide a white solid (1.7 g, 72%). The picrate salt was obtained by
dissolving 7 in an aqueous picric acid solution, and recrystallized from the
hot, filtered solution as yellow needles. '"H NMR (300 MHz, [D4]DMSO):
0 =6.84 (not resolved, 1H, pyrrole CH), 7.01 (not resolved, 1H, pyrrole
CH), 8.16 (brs, 4H, guanidinium NH,), 8.58 (s, 2H, picrate), 11.07 (brs, 1 H,
amide NH), 12.74 (s, 1H, pyrrole NH), 13.16 (brs, 1H, acidic NH);
BC NMR (75.5 MHz, [Ds]DMSO): 6 =115.26 (CH), 115.84 (CH), 124.36
(quat. C), 125.39 (CH), 127.05, 132.5, 142.06, 155.05, 159.53, 160.99 (all quat.
C); C;3H;1N;0,, x 1H,O (443.08): caled C 35.02, H 2.93, N 22.12; found C
35.37, H 3.03, N 22.40.

Guanidiniocarbonyl pyrrole receptors 1 (general procedure): Compound 7
(644 mg, 3.3 mmol) was suspended in dry CH,Cl, (20 mL), dry DMF (three
drops), and oxalyl chloride (501 mg, 4.0 mmol, 1.2 equiv) were added and
the reaction mixture was refluxed for four hours. The slightly yellow
suspension was poured into a suspension of the corresponding amine or
ammonium salt (6.6 mmol, 2 equiv) and triethylamine (13.2 mmol, 4 equiv)
in THF and stirred at room temperature overnight. The solvent was
evaporated and the residue taken up in water, purified by reversed-phase
chromatography (RP 18, solvent water/methanol mixtures) and precipi-
tated as the picrate salt which was recrystallized from water/methanol.

[5-(Butylcarbamoyl)-1H-pyrrole-2-carbonyl]guanidinium picrate (11): Ob-
tained in 65 % yield as yellow needles. 'H NMR (300 MHz, [D;]DMSO):
0=0.89 (t,*/(H,H) =6.9 Hz, 3H, butyl CHj), 1.31 (m, 2H, butyl CH,), 1.48
(m, 2H, butyl CH,), 3.23 (m, 2 H, butyl CH,), 6.86 (dd, J(H.H) =4.0,2.4 Hz,
1H, pyrrole CH), 7.01 (dd, J(H,H)=4.0, 2.4 Hz, 1H, pyrrole CH), 8.15
(brs, 4H, guanidinium NH,), 8.38 (t, 3/(H,H) =5.5 Hz, 1H, butyl amide
NH), 8.58 (s, 2H, picrate), 10.92 (brs, 1 H, guanidinium amide NH), 12.35
(s, 1H, pyrrole NH); C NMR (75.5 MHz, [D,]DMSO): 6 =13.85 (CHj),
19.77 (CH,), 31.31 (CH,), 38.60 (CH,), 112.37 (CH), 115.66 (CH), 125.38
(CH), 125.44 (quat. C), 133.09, 142.02, 154.97, 159.15 (all quat. C);
C7;HyNgOy x 1H,0 (498.16): caled C 40.97, H 4.45, N 22.48; found C 40.83,
H 4.58, N 22.59.

5-[ (Carbamoylmethyl)carbamoyl]-1H-pyrrole-2-carbonylguanidinium
picrate (13): Obtained in 55% yield as dark orange needles. '"H NMR
(300 MHz, [D{]DMSO): 6 =3.81 (d, */(H,H) =5.9 Hz, 1 H, a-CH,), 6.86 (d,
3J(H,H) =2.5 Hz, 1 H, pyrrole CH), 7.03 (d, 3/(H,H) =2.5 Hz, 1 H, pyrrole
CH), 7.08 (s, 1H, carbamoyl NH), 743 (s, 1H, carbamoyl NH), 8.15 (brs,
4H, guanidinium NH,), 8.58 (s, 2H, picrate), 8.83 (t,*J(H,H) =5.9 Hz, 1 H,
amide NH), 10.97 (brs, 1 H, guanidinium amide NH), 12.42 (s, 1 H, pyrrole
NH); *C NMR (75.5 MHz, [D4]DMSO): 6 =42.03 (CH,), 112.90 (CH),
115.46 (CH), 124.41 (quat. C), 125.44 (CH), 132.59, 142.06, 155.27, 159.59,
161.03, 170.88, 177.20 (all quat. C); C,sH,sNyO,y x 1 H,O (499.11): caled C
36.06, H 3.43, N 25.25; found C 36.36, H 3.52, N 25.17.

5-[ (($)-1-Carbamoyl-2-methylpropyl)carbamoyl]-1H-pyrrole-2-carbonyl
guanidinium picrate (14): Obtained in 73% yield as orange needles.
'H NMR (300 MHz, [D,JDMSO): 6=0.88 (d, 3J(H,H)=6.6 Hz, 3H,
isopropyl CH3), 0.90 (d, 3J(H,H) =6.6 Hz, 3H, isopropyl CHj3), 2.05 (m,
3J(H,H) = 6.6 Hz, 1H, isopropyl CH), 4.35 (dd, 3/(H,H) =8.9 Hz and 6.6,
1H, a-CH), 6.92 (dd, J(H,H)=4.0, 2.5 Hz, 1H, pyrrole CH), 7.02 (dd,
J(H,H) =4.0,2.5 Hz, 1 H, pyrrole CH), 7.09 (s, 1 H, carbamoyl NH), 7.55 (s,
1H, carbamoyl NH), 8.15 (brs, 4H, guanidinium NH,), 8.36 (d, 3J(H,H) =
8.9 Hz, 1H, amide NH), 8.58 (s, 2H, picrate), 10.94 (brs, 1 H, guanidinium
amide NH), 12.75 (s, 1 H, pyrrole NH); 3C NMR (75.5 MHz, [D;]DMSO):
0 =18.43, 19.56 (both CHj;), 30.63 (CH) 57.86 (CH), 114.11 (CH), 115.11
(CH), 124.39 (quat. C), 125.41 (CH), 132.69, 142.04, 155.11, 158.94, 161.01,
172.99 (all quat. C); C;sH, NyO;y x 1H,O (541.16): caled C 39.93, H4.28, N
23.28; found C 39.79, H 4.28, N 23.51.
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Methyl 5-[ (hydroxyimino)methyl]-1H-pyrrole-2-carboxylate (19): The car-
baldehyde 5% (10.0 g, 65 mmol) was dissolved in water at 65 °C, a solution
of hydroxylamine hydrochloride (6.7 g, 96 mmol) and potassium carbonate
(5.5 g, 40 mmol) in water (30 mL) was added dropwise. Upon cooling a
white precipitate formed which was filtered and recrystallized from water/
ethyl acetate (3:1) to give oxime 19 in form of a 3:5 mixture of the two
diastereomers (6.4, 38 mmol, 58% yield). 'H NMR (300 MHz,
[D¢]DMSO): 6 =3.80/3.85 (s, 3H, CH;), 6.41/6.83 (d, */(H,H)=3.5Hz,
1H, pyrrole CH), 6.80/6.95 (d, *J(H,H) = 3.5 Hz, 1 H, pyrrole CH), 8.05/7.52
(s, 1H, oxime CH), 11.18/11.63 (s, 1 H, pyrrole NH), 12.21/12.05 (s, oxime
NOH); *C NMR (75.5 MHz, [Dg]DMSO): 6 =51.44/51.65 (CH;), 108.44/
115.71 (CH) 115.80/116.39 (CH), 128.23/131.15 (quat. C), 136.56/140.60
(CH), 160.74/160.87 (quat. C); C;HgN,O5 (168.05): caled C 49.98, H 4.80, N
16.67; found C 49.66, H 4.76, N 16.22.

Methyl 5-(aminomethyl)-1H-pyrrole-2-carboxylate (20): Oxime 19 (2.0 g,
12 mmol) was dissolved in methanol (40 mL), saturated with ammonia, and
hydrogenated in the presence of rhodium on alumina (200 mg), in a
stainless steel autoclave at 120 bar hydrogen pressure for 12 hours. The
solution was filtered, the solvent evaporated, and the residue recrystallized
from ethyl acetate/hexane to give amine 20 in form of a white solid (1.76 g,
11.4 mmol, 95 % yield). 'H NMR (300 MHz, CDCl;): 6 =1.9 (brs, NH,),
3.83 (s, 3H, CHj;), 3.95 (s, 2H, CH,), 6.05 (d, *J(H,H)=3.0 Hz, 1H,
pyrrole CH), 6.83 (d, 3/(H,H) =3.0 Hz, 1H, pyrrole CH), 10.30 (brs, 1H,
pyrrole NH); “C NMR (75.5MHz, CDCL): 6=38.96 (CH,), 51.31
(CH;), 10741 (CH) 115.97 (CH), 121.59, 138.92, 161.87 (all quat. C);
C;H,(\N,0, (154.17): caled C 54.54, H 6.54, N 18.17; found C 54.32, H 6.54,
N 17.87.
2-({[S-Methoxycarbonyl)-1H-pyrrol-2-yljmethyl}amino)-4,5-dihydro-1H-
imidazolium picrate (18): Amine 20 (308 mg, 2 mmol) and imidazolium
sulfate 21 (330 mg, 2.2 mmol) were stirred in a mixture of methanol, water,
and triethylamine (6 mL, 1:1:1) overnight at room temperature. The
solvent was evaporated, the residue taken up in water and acidified with
hydrochloric acid. The solution was again evaporated and the remaining
solid dissolved in methanol. Picric acid was added and the precipitating salt
was recrystallized from methanol to give orange needles (185 mg, 20 %
yield). 'H NMR (300 MHz, [D¢]DMSO): 6 =3.60 (s, 4H, CH,), 3.75 (s, 3H,
CH,), 4.32 (d, */(H,H) =6.1 Hz, 2H, CH,), 6.11 (d, */(H,H) =3.0 Hz, 1 H,
pyrrole CH), 6.73 (d, *J(H,H) = 3.0 Hz, 1 H, pyrrole CH), 7.5-8.5 (brs, 2H,
guanidinium NH), 8.43 (t,*J(H,H) = 6.1 Hz, 1H, NH), 8.58 (s, 2H, picrate),
11.90 (brs, 1H, pyrrole NH); ¥C NMR (75.5 MHz, [D¢]DMSO): 6 =39.05
(CH,), 42.76 (CH,), 51.33 (CH,), 109.09 (CH) 115.48 (CH), 121.97, 124.36,
125.41, 133.36, 142.04, 159.35, 160.92, 161.01 (all quat. C); C,;H;;N,Oq
(451.35): caled C 42.58, H 3.80, N 21.72; found C 42.51, H 3.84,
N 21.62.

NMR titrations: All NMR titrations were carried out by adding aliquots of
a 10mwm solution of the guanidinium cation (picrate salt) to a 1 mM solution
of the carboxylate (NMe,* salt) and recording the chemical shifts after each
addition. Dilution was taken into account when analyzing the data. Each
titration was performed with 6 -8 measurements. Where possible, different
NMR signals of the carboxylate were used to calculate the binding
constants. For the titrations in water, presaturation of the water signal was
used.

Molecular modeling: All calculations described in this paper were
performed on a SGI O, work station with the software package Macro-
model 6.0. Conformational searches were done with at least 1000 steps until
the minimum structure was found several times. Molecular dynamics
calculations were done by using a constant temperature bath at 300 K with
1.5 fs time steps and 100 ps total time. The AMBER force field and the GB/
SA water solvation model implemented in Macromodel were used in all
studies.
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The Rates of the Exchange Reactions between [GA(DTPA) |~ and the
Endogenous Ions Cu*" and Zn?': A Kinetic Model for the Prediction of the
In Vivo Stability of [Gd(DTPA)]?>-, Used as a Contrast Agent in

Magnetic Resonance Imaging

L. Sarka,'*! L. Burai,®'" and E. Briicher*?!

Abstract: The kinetic stability of the
complex [Gd(DTPA)]*> (H;DTPA =
diethylenetriamine-N,N,N',N",N"-penta-
acetic acid), used as a contrast-enhanc-
ing agent in magnetic resonance imaging
(MRYI), is characterised by the rates of
the exchange reactions that take place
with the endogenous ions Cu?* and
Zn**. The reactions predominantly oc-
cur through the direct attack of Cu?>* and
Zn** on the complex (rate constants are
093+0.17m's7!  and (5.6+£0.4) x

release of Gd** predominantly occurs
through the reactions of the complex
with the Cu?** and Zn?* ions. To interpret
the rate data, the rate-controlling role of
a dinuclear intermediate was assumed in
which a glycinate fragment of DTPA is
coordinated to Cu?* or Zn*'. In the
exchange reactions between [Gd-
(DTPA)]*~ and Eu®*, smaller amounts
of Cu?* and Zn?** and their complexes
with the amino acids glycine and cys-

teine have a catalytic effect. In a model
of the fate of the complex in the body
fluids, the excretion and the “dissocia-
tion” of [GA(DTPA)]>~ are regarded as
parallel first-order processes, and by
10 h after the intravenous administra-
tion the ratio of the amounts of “dis-
sociated” and excreted [GA(DTPA)]*~ is
constant. From about this time, 1.71 % of
the injected dose of [GA(DTPA)]* is
“dissociated”. The results of equilibrium
calculations indicate that the Gd* re-

102m~! s71, respectively). The proton-
assisted dissociation of [Gd(DTPA) >~ is
relatively slow (k;=0.58+0.22Mm1s71),
and under physiological conditions the

agents

Introduction

The complex [Gd(DTPA) >~ (HsDTPA = diethylenetriamine-
N,N,N',N",N"-pentaacetic acid) is the first contrast agent
clinically used to increase the proton relaxation rates in
magnetic resonance imaging (MRI). As a hydrophilic com-
pound, the intravenous administration of [Gd(DTPA)]*~ is
followed by its distribution into the extracellular and intra-
vascular spaces, and it has a rapid renal clearance.["- 2 The half-
time of excretion in the case of rats is about 0.3 h, while for
humans it is approximately 1.6 h.[' 3! Since the dissociation of
[GA(DTPA)]>~ results in the formation of highly toxic free
Gd* and DTPA, both the high stability constant (K ) and
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University of Lausanne
BCH, 1015 Lausanne (Switzerland)
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leased from the complex is in the form of

contrast .
Gd3+-citrate.

reactions

the low rate of dissociation (at physiological pH) therefore
play important roles in the safe use of the complex.

In spite of the enormous number of clinical applications,
there are some concerns about the possible in vivo dissoci-
ation of [Gd(DTPA)]*~. Some experiments indicated that the
excretion of the complex from the body of mice was not
complete.**! It was also observed that after an MRI inves-
tigation, the biodistribution of radioactive “’Ga was unusual in
a patient; this was interpreted as the presence of free Gd**
which had resulted from the dissociation of [Gd(DTPA)]*-."
The in vivo dissociation of the complex may take place
spontaneously through reaction with protons or endogenous
metal ions such as Cu?* and Zn** (Ca?* does not compete with
Gd3*, since Kgg. >> K¢, )- In an in vitro study, Tweedle et al.
found that in a phosphate buffer, at relatively high concen-
trations of [Gd(DTPA)]*>~ and Cu*" or Zn?*, a significant
amount of Gd** was displaced by Cu?* or Zn?**.[®l

To understand the in vivo fate of [GA(DTPA)J*~ and to
interpret its incomplete excretion, some species distribution
calculations were carried out on the basis of a plasma
model.*°1 The calculations indicated the release of about
1x1073mm Gd*" in an equilibrium solution at a dose of
0.1 mmolkg™! of [GA(DTPA)]*.l However, because of the
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slow dissociation and rapid excretion of the complex, the
solution excreted is far from equilibrium.

To estimate the amount of Gd*' released, the rate of
dissociation of [Gd(DTPA)]?>~ should be known. In a study of
the tissue distribution, Wedeking et al. found a correlation
between the rate of dissociation measured in 0.1m HCI and
the long-term deposition of Gd** in the whole body.P! For the
exchange reactions between several Ln(DTPA)J?>~ complexes
(Ln=La, Ce, Nd, Ho, Lu, and Y) and Ln*" ions, the rate laws
are known,!'> 31 but the reactions of [Gd(DTPA) ]*~ with Ln?*,
Cu?* or Zn?>* ions have not been studied.

To obtain more information on the role of the kinetic
stability of [Gd(DTPA)]*~ in biological systems, we have
studied the rates of the exchange reactions that take place
between the complex and the endogenous ions Cu®* and Zn**.
Although the concentration of Cu?* in the plasma is very low,
it has been found to be kinetically very active in the exchange
reactions of the aminopolycarboxylate complexes of transi-
tion metals.' For comparison, the kinetics of exchange
reactions between [Gd(DTPA) >~ and Eu** were also studied,
and a simplified plasma model was used to carry out species
distribution calculations.!”]

Results and Discussion

The species distribution calculations predict the release of a
small amount of Gd** into the plasma at equilibrium.[* % In

Abstract in Hungarian: A mdgneses rezonancids kepalkotds
sordn kontrasztnoveldé anyagkent haszndlt [Gd(DTPA) J*~
komplex kinetikai stabilitdsat az endogén Cu®** es Zn’*
ionokkal lefolyo cserereakcioinak a sebessege hatdrozza meg.
A reakcick dontben a Cu?* s Zn** ionoknak a komplexen
torteno kozvetlen tamaddsdval folynak le. A sebességi dllandok
erteke 093 +£0,17m's1 e (5,6+04)x107?m s A
pH =7 koriil ezekhez viszonyitva elhanyagolhato (a sebessegi
dllandd 0,58 +0,22m~'s7!), igy a komplex szabad Gd**
kepzddésével jard reakcidiban a Cu?* é€s Zn?* ionokkal lefolyo
reakcioknak van donté szerepe. A Cu’* és Zn** ionokkal
lefolyo cserereakciok kozben ketmagvii komplexek kepzod-
nek, melyekben a D TPA egy glicindt csoportja koordindlodik a
Cu?* és Zn*t ionokhoz. A [GA(DTPA) J?~ és az Eu’t kozotti
cserereakciot a Cu** vagy Zn?** ionok katalizdljdk, a katalitikus
hatds glicin illetve cisztein jelenleteben is ervenyesiil. A
testfolyadekokba injektdlt [GA(DTPA) - sorsdnak modelle-
zesere a komplex szervezetbol torteno kiiiriileset €s a kis
koncentrdcidban jelenlévé Cu** ¢s Zn** ionokkal lefolyd
cserereakcioit kinetikailag elsorendu reakciokent kezeljiik.
Az injektdldst koveto 10 ora eltelte utdan a komplex vesen
keresztiil torteno kiiiriileset jellemzo sebessegi dllando es az
endogen femekkel lejdatszodo reakciok sebessegi dllandoi 0sz-
szegenek viszonya dllando. Ekkor az injektdlt komplex 1,71 %-
a lép reakcidba, €s igy a Gd** 1,71 %-a marad vissza a
szervezetben. Az  egyensulyi szdmitdsok szerint a
[Gd(DTPA) ]~ komplexbdl a cserereakcick réven szabaddd
vdld Gd** mint Gd**-citrdt van jelen a testfolyadékokban.
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the displacement of Gd**, the most important role is played by
the most abundant Zn?**, but in the equilibrium calculations
only the formation of [Zn(DTPA)]*~ was considered

[Eq. (1)].4)
GdL* +Zn** == ZnL3+Gd** )

The equilibrium constant for this reaction is very low, K, =
6.76 x 1073, since the stability constants are log Kgq =22.46
and log K, = 18.29.11 Tt is known, however, that Zn>* forms
a dinuclear complex, [Zn,(DTPA)]~, and the formation
equilibrium [Eq. (2)], is characterized by the stability con-
stant log K,,; =4.48.1'1 Thus, the equilibrium constant for
the Equation (3) is K,=2.04, this predicts the formation of
some [Zn,(DTPA)]~, even in the presence of comparable
amounts of [Gd(DTPA)]*~ and Zn?*.

ZnL3+Zn** =Zn,L )
GdL* +2Zn* = Zn,L+Gd* 3)

With the use of a simplified equilibrium model, in which
only the competition between Zn>* and Gd** was taken into
account [Egs. (1) and (3)], we carried out a species distribu-
tion calculation. The model involved only those ligands which
maybe of some importance in the formation of complexes
with Gd** (0.1 mm) and Zn?* (0.05 mm). The ligands used were
as follows: DTPA (0.1mm), gly (1.0mwm), asp (0.07mm), hys
(0.08mM), cys (0.04mm), succinate (0.04mwm), lactate
(2.0mm), and citrate (0.1mm)P> 71 (gly represents all the
simple a-amino acids). The calculations indicated the pres-
ence of Gd*" in the forms of [GA(DTPA)]** (90.7%) and
[Gd(cit)] (9.2%). The complexes formed with Zn?** in larger
amounts are [Zn,(DTPA)J]*~ (19.1%), [Zn(hys)] (17.8%),
[Zn(cys)] (45.3%) and [Zn(cit)] (12.4 % ). These equilibrium
data also indicate the partial displacement of Gd** by Zn**,
when the formation of [Gd(cit)] is particularly important.

To characterize the kinetic stability of [Gd(DTPA)]*, the
rates of the exchange reactions [Egs. (1) and (3) ] were studied
with the use of Zn?>*, Cu?*, or Eu’* as exchanging metal ions.
In the presence of excess of the exchanging ions the rate of the
reactions can be expressed as shown in Equation (4). The

— d[GAL]/dr = kg [GdL], @)

value k, is a pseudo-first-order rate constant, and [GdL]; is
the total concentration of the complex. The rates of the
exchange reactions were studied at different concentrations of
the exchanging ions at various pH values. The rate constant
ks Obtained are presented in Figures 1-3.

The k,,, values exhibit a significant difference in the
reactions that take place with the participation of Eu’*,
Zn**, and Cu**. The exchange proceeds much faster with Cu®*
or Zn** than with Eu**. However, the reaction between the
complex and Eu’* strongly depends on the pH of the
solutions, while the reactions with Cu** and Zn?* are practi-
cally independent of pH. The trend observed in the k,, values
in Figure 1 is quite surprising, since at higher H* concen-
trations increase of the concentration of Eu** results in a
decrease in k. Similar findings were observed in the
exchange reactions of some other [Ln(DTPA)]*~ complexes
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Figure 1. Plots of log k, versus Eu®* concentration for the reaction
between [GA(DTPA) >~ and Eu®*. Concentration of [Gd(DTPA) > =5 x
10~*m; pH =3.67 (0), 3.86 (%), 4.30 (¢),4.33 (), 4.75 (m), 5.08 (A), 5.38 (*)
(25°C, 1.0m KCl).

with Eu**1'31 and also in the reaction between [Cd(CDTA) >
and Pb2+18l (H,CDTA = trans-diaminocyclohexane-
N,N',N",N"-tetraacetic acid). This unusual phenomena can
be interpreted by considering the contribution of every single
reaction that takes place along the different pathways. As may
be seen in Figure 1, k,,, increases significantly with an increase
in the H* concentration, particularly at lower [Eu**]. The
dependence of k,,, on the H' concentration can be expressed
by Equation (5) which indicates that the exchange can take

Koy = ko+k' [H*]+k"[H]? (©)

place by proton-independent and proton-assisted pathways,
presumably with the formation and dissociation of monop-
rotonated and diprotonated complexes. However, both k, and
k' increase with an increase in the concentration of Eu’*,
which is characteristic of direct attack of Eu** on the complex,
by the formation of dinuclear complexes. The formation of
dinuclear [Ln(DTPA) JEu* complexes was assumed earlier,['*]
and the complex [Nd,(DTPA)]* was detected by 'H NMR
spectroscopy.l'”l The concentration of dinuclear species in-
creases with an increase in the concentration of Eu**, when
the concentration of the monoprotonated species
[GA(HDTPA)]~ decreases ([Eu*]>>[H*]). As a result, the
rate of proton-assisted dissociation of the complex also
decreases, which explains the unusual dependence of the
exchange rate on the concentration of Eu3*.

By taking all the possible reaction pathways into account,
the rate of exchange between [Gd(DTPA)J]>~ and the
exchanging metal ions (M?*) can be expressed as shown in
Equation (6), where [GdHL] and [GdLM] are the concen-

— d[GAL]/dt = kg [GAHL 4+ [GAHL][H |+ ko[ GALM] +
k¥ [GAHL]M]  (6)

trations of the protonated and dinuclear complexes, respec-
tively. If we take into account the total concentration of the
complex ([GdL],=[GdL]+[GdHL]+[GdLM]), the equa-
tions defining the stability constants of the protonated and
dinuclear complexes (Kggup =[GdHL])/[GAL][H'] and
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Ksam=[GdLM]/[GdL][M]) and Equation (4), the rate con-
stant k., can be expressed as follows in Equation (7). The

Kaps = {r [H 4Ky [H P+ Y [M] A [MITH T+ K o [H ]+ K o[ M1}
™

rate constants, k; (=kgamKecam) and k, (=kB . Keam) are
characteristic of the reactions that occur by dissociation of the
monoprotonated and diprotonated complexes (the reactions
between the free ligand and Eu**, Cu?* or Zn>* are very fast).
The reactions which involve direct attack of the exchanging
metal ion on the complex and the protonated complex are
characterised by the rate constants &} (= kgarmKgarm) and k)
(=k¥ . Koamr), respectively.

The protonation constant Kggy was determined by pH-
potentiometric titration of [Gd(DTPA)]*~ with HCI, and the
value Kggyr =100 + 14 was obtained. With this Kgqyp, value,
the term Kgqy [H'] in the denominator of Equation (7) can
be neglected, since Kggq[HT] << 1 in the pH range inves-
tigated.

The k., values obtained for the reaction between the
complex and Eu** were fitted to Equation (7), the rate
constants calculated are as follows: k;=0.58 £0.22m 's7};
k,=(9.74£0.6) x 10*m2s7!;  kf*=(4.9+£0.8) x 10*Mm~'s7;
k¥* =40 £20M%s7' and Kgg g, =20 £5.

The rates of the exchange reactions between
[GA(DTPA)J>~ and Cu** or Zn?>* strongly increase with
increase of the concentration of the exchanging metal ions.
However, the k,, values are practically independent of pH, as
is seen in Figures 2 and 3. These findings indicate that the

>

0.027

0.022

0.018

Kops (87)

0.013

0.009

0.004

MENEN ST AN A NSNS RSV ATAT AN ETSTSTATE .

0.000 ey 3>
0.000 0.005 0.011 0.016 0.022 0.027

[Cu®IM
Figure 2. Plots of k, versus Cu?* concentration for the reaction between
[Gd(DTPA)]* and Cu**. Concentration of [Gd(DTPA)J>"= 5x 10~*m;
pH 5.20 (0), 4.92 (2) (25°C, 1.0m KCI); pH 5.21 (¢) (37°C, 1.0M KCI).

exchanges predominantly occur through direct attack of the
Cu?* and Zn?** ions on the complex, and the reactions that
take place through the dissociation of protonated complexes
[Eq. (6)] are practically negligible in the pH range inves-
tigated (and also at higher pH). For a description of the
dependence of k., on the concentration of Cu?* or Zn>*,
Equation (7) can be used in the form shown in Equation (8),
where k is the rate of proton-assisted dissociation of the
complex (ky=k,;[H*]+k,[H]?). The values of k,, k} and
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Figure 3. Plots of k,, versus Zn>* concentration for the reaction between
[GA(DTPA)]?>~ and Zn?**. Concentration of [Gd(DTPA)]>~=5 x 10~*m;
pH 4.62 (0), 4.80 (x), 5.51 (¢) (25°C, 1.0M KCl); pH 5.21 (2) (37°C, 1.0Mm
KQD).

Ksam were calculated by fitting the k., data shown in
Figures 2 and 3 to Equation (8). The rate constants ksM and

kobs = (ko +HRY' MY {1+ K gam[M]} (®)

the stability constants Kggqy obtained for the exchange
reactions are compared in Table 1. The value of k, could be
calculated only with appreciable error, since k, < kY [M] in
the numerator of Equation (8).

Table 1. The rate constants kY and the stability constants Kggy Of
dinuclear complexes.

Exchanging 25°C, 1.0m KCl1 37 °C, 1.0m KCl1
metal ion kY (s Keam kY (s Keam
Eu’t (49+0.8) x 10 20+5 - -

Cu? 0.93+0.17 13+9 1.59£0.03 28 +1
Zn** (5.6+£0.4) x 1072 7+3.7 0.11+0.01 13+5.6

However, the value of k, is known from the study of the
exchange reaction between [Gd(DTPA)]*~ and Eu’t. A
comparison of the rate constants k indicates that endoge-
nous Cu?* and Zn?* are much more efficient in the substitu-
tion of Gd* from the complex than Eu®*. During these
exchange reactions, a dinuclear intermediate is formed, in
which the functional groups of the ligand are gradually
transferred from the Gd** to the attacking metal ion, this has
already been assumed for the exchange reactions of the
aminopolycarboxylate complexes of 3d transitional metals.!
The stability constants of the dinuclear complexes formed are
relatively low (Table 1). The stability constant values suggest
that, in the dinuclear complexes formed in the equilibrium
reactions, only a carboxylate group is coordinated to the
exchanging metal ion. However, for an interpretation of the
higher kinetic activities of Cu** and Zn?*, it must be assumed
that during the gradual transfer of the ligand the dinuclear
reaction intermediate, which is highly important in the rate-
determining step, has a higher stability constant for Cu** or
Zn** than for Eu**. Such an intermediate can be formed when
a glycinate moiety of DTPA is coordinated to the attacking

722 —— © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

metal ion. The stability constants of the glycinate (X)
complexes of Cu>* and Zn** (log K¢,x =8.13 and log K,,x =
4.96) are significantly higher than that of Eu** (log Kg,x =
3.5).21 Since the Cu?*—N and Zn?*—N bonds are stronger than
the Eu**—N bond, the transfer of additional functional groups
of the ligand proceeds with a higher probability in the Cu** -
glycinate and Zn?** - glycinate-containing intermediates than
in an intermediate with a Eu** —glycinate fragment.

Since the reaction between [Gd(DTPA)]** and Cu*' or
Zn** proceeds much faster than the proton-assisted dissoci-
ation of the complex, if [Cu(DTPA) >~ and [Zn(DTPA) ]*~ are
not inert, the exchange reactions of [Gd(DTPA)]*~ can be
expected to occur faster in the presence of Cu>* or Zn?*. Such
a phenomenon has been observed in the reaction between
[Ni(EDTA)]*~ and Zn*', which occurs faster on Cu®*
catalysis, because Cu*' ions are about 6000 times more
efficient than Zn?>* ions in the displacement of Ni?* in
[Ni(EDTA) ]>-.[4

To obtain information on the possible catalytic effects of
Cu?* and Zn?* in the dissociation of [Gd(DTPA)]*-, the rate
of the exchange reaction between [Gd(DTPA) >~ (5 x 10~*m)
and Eu** (5 x 10~3M) was studied in the presence of various
amounts of Cu** or Zn>*. In order to approach the in vivo
conditions, where exchangeable Cu?* and Zn>" are present in
the form of complexes with amino acids['”! some of the
samples studied also contained glycine or cysteine. The
pseudo-first-order rate constants obtained in these experi-
ments are presented in Table 2. The rate data shown in Table 2

Table 2. Pseudo-first order rate constants k,, characterizing the reaction
between [GA(DTPA)]* (5 x 10~*M) and Eu** (5 x 10~°M) in the absence
and presence of Cu?*, Zn?*, glycine, and cysteine (pH =5.10, 25°C, 1.0m
KCl).

10° x [Cu**]m 103 x [gly]m 10° X kops(s™1)
0 0 1.1
0.62 0 15
1.25 0 1.6
2.5 0 2.1
2.5 1.0 1.9
10* x [Zn**]m 10° x [cys]m
0 0 1.1
1.0 0 1.2
2.5 0 1.9
5.0 0 5.0
5.0 1.0 4.9
5.0 2.0 4.9
10.0 0 9.5
10.0 2.0 85
10.0 4.0 7.2

indicate that the exchange reaction between [Gd(DTPA)]*~
and Eu’* proceeds faster in the presence of Cu** or Zn>*. The
catalytic effect of Cu?* is particularly high, since the rate
constant doubles when the amount of Cu?* is only 5% of that
of [GA(DTPA)J* . Surprisingly, the presence of glycine or
cysteine, that is the formation of Cu**-glycine and Zn**—
cysteine complexes, has practically no influence on the rate-
increasing effects of Cu?>* and Zn?*. (Complex formation
between Eu’* and glycine or cysteine is not significant at
pH 5.221)
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The experimental data presented in Figures2 and 3 and
Table 2 indicate that Cu?* and Zn>* may substitute Gd** in
[GA(DTPA)]>~. The concentrations of exchangeable Cu?* and
Zn*" in the plasma model were estimated to be 1 x 10~°m and
1 x1075Mm, respectively.l”l With these concentrations, the
pseudo-first-order rate constants k., were calculated k,, =
KM[M?2+], since the other terms in Equation (8) can be
neglected. The k., values obtained for the reactions with
Cu?* and Zn** at 25°C (and 37°C) are 9.3 x 107 s7! (15.9 x
107s7") and 5.6 x 107 s7! (11.0 x 10-7s'), respectively. At
physiological pH (pH 7.4), the contribution of the proton-
assisted dissociation of [GA(DTPA)]*~ [k =k [H*] from
Eq. (7)] to the exchange rate is only k,,=2.31x10"8s"!
(25°C). These data indicate that, in the exchange reactions
of [GA(DTPA)J*~ that occur in the body fluids, the reactions
with Cu?* and Zn?* are much more important than the proton-
assisted dissociation of the complex.

With the use of the sum of the k., values (k$,,=15.1 x
107s7! at 25°C and k$p=271x10"7s~' at 37°C), it is
possible to calculate the concentration of [Gd(DTPA) >~ that
“dissociates” during a given period of time after intravenous
administration (the “dissociation” of [Gd(DTPA)J*~ is the
result of the direct attack of Cu** and Zn?>* on the complex).
For the calculation, an average dose of 0.1 mmolkg~' was
taken into account. The complex is distributed into the
extracellular spaces and 3 min after the injection its concen-
tration in the plasma was found to be 0.66 mM (31 % of the
total dose).BIf the excretion of [GA(DTPA) >~ from the body
is not taken into account, the amount of the decayed complex
24 h after the injection at 25°C would be 12.2% of the dose
(since there are no data for the average concentration of
[GA(DTPA)]* in the extracellular space, for the calculation
we used the total dose). However, the injected [Gd(DTPA) |*~
is rapidly eliminated from the body. The half-time of excretion
was found to be 1.6 h¥l (at 37°C) and it can be characterized
by a first-order rate constant of k. =0.433 h~!. The excretion
of [GA(DTPA) >~ from the body and the “dissociation” of the
complex can be regarded as parallel first-order reactions. For
such reactions, the ratio of the concentrations of the products
is equal to the ratio of the first-order rate constants.>! In the
case of the “dissociation” and elimination of [Gd(DTPA)]*-,
the ratio of the amounts of the “dissociated” and eliminated
complex is equal to kS/k. =1.74 x 1072 (at 37°C). This result
shows that the ratio of the amounts of “dissociated” and
excreted complex at any time is constant. Since k3, < k., after
5-6 half-times of excretion (#,,=1.6h), the amount of
[GA(DTPA) >~ “dissociated” is 1.71% of the injected dose.

Comparison of the rate data obtained here for the
“dissociation” of [Gd(DTPA)]*>~ and the results found by
Weinmann et al. for the rate of elimination of the complex
from the human body® allows the conclusion that, about 10 h
after intravenous administration, the amount of Gd* released
is about 1.71 % of the injected dose. This result is much lower
than the error limit in the results of the pharmacokinetic study
of [GA(DTPA)J?>-, in which it was found that within 24 h
91(£13)% of the injected dose left the human body.P!
However, our result is comparable with the results of
Wedeking et al.Fl and Harrison et al. /) who found the whole
body retention of Gd** from [Gd(DTPA)]*~ in mice 24 h after
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the injection was about 1.3-14%. In the equilibrium
calculations based on the plasma model, the amount of
Gd*" released was underestimated, because the formation of
the dinuclear [Zn,(DTPA)] was not taken into account.* ]

The small amount of Gd** released is probably in the form
of Gd** —citrate, which can also be partly excreted. The ligand
DTPA formed on the “dissociation” of [Gd(DTPA)]* is
presumably in the form of the species [Cu(DTPA)J*-,
[Zn(DTPA)*~ (or a dinuclear species) and [Ca(DTPA)J*~.
Owing to the very low concentrations of exchangeable Cu**
and Zn>* in the body fluids, the rates of the exchange
reactions between [Gd(DTPA)J?>~ and these endogenous ions
do not increase significantly and [Gd(DTPA)]?>~ can be used
as a safe contrast agent in MRI.

Conclusions

The exchange reactions between [GA(DTPA)]*~ and the
endogenous Cu?* and Zn?* ions occur predominantly through
the direct attack of the metal ions on the complex. Copper(i1)
and zinc(11) ions are much more efficient in displacing Gd**
from the complex than lanthanide (1) ions such as Eu**. Thus
Zn** and Cu’** exhibit a catalytic effect in the exchange
reaction between [Gd(DTPA)J?>~ and Eu’+.

The in vitro studies predict that under physiological
conditions, the “dissociation” of [Gd(DTPA)]*>~ occurs by
reactions with the exchangeable Cu** and Zn** in body fluids,
and the proton-assisted dissociation of the complex, which
was assumed to be the most important pathway, plays a
negligible role.

The excretion of [GA(DTPA)J?>~ from the body and the
decay of the complex, both of which occur with the
participation of Cu?>* and Zn?* ions, can be regarded as
parallel first-order processes. This suggests, a constant ratio
for the amounts of “dissociated” and excreted [Gd(DTPA) J>.
With the use of the kinetic data presented here, the amount of
the complex “dissociated” in body fluids can be calculated at
any time after the intravenous administration.

Experimental Section

The chemicals used in the experiments were of the highest analytical grade.

The GdCl; solution was prepared from Gd,O; of 99.9 % purity (Fluka) by
dissolution in excess HCI, which was evaporated off. The concentrations of
the metal ions in the GdCl;, EuCl;, CuCl,, and ZnCl, solutions were
determined by complexometric titration with standardized Na,H,EDTA
solution. H{DTPA (Fluka) was purified by recrystallization from water.
The K,[Gd(DTPA)] solution was prepared by mixing equivalent amounts
of GdCl; and K;H,DTPA solutions and the pH was set at 5—5.5 with KOH.

The exchange reactions between [Gd(DTPA)]*~ and Eu’* or Cu®* were
studied with a Cary 1E spectrophotometer at 260 and 300 nm, respectively.
The reaction of [Gd(DTPA)]*~ with Zn?>* was monitored by measuring the
longitudinal relaxation rates (1/7;) of water protons at 9 MHz, with an MS4
relaxometer (Institut Jozef Stefan, Ljubljana), by the inversion recovery
method. The relaxation rates measured in 1mM Gd** aqueous and
[GA(DTPA)]*~ solutions were 182mm!s™! and 7.7mm !s™! at 25°C and
15.6mm~'s™! and 5.3mM~'s™! at 37°C, respectively. The rates of reactions
were studied in thermostated cells and sample holders at 25°C and 37°C.
The pseudo-first-order rate constant (k) values were determined with the
use of the Equation (9), where A, A,, and A, are the measured absorbance

A=AA(Ag— A et ©
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or relaxation rate values at the start, at time ¢ and at equilibrium of the
reaction. The concentration of [Gd(DTPA)J>~ was 5 x 10~*M, while the
concentration of the exchanging metal ions was varied between 3 x 10~3m
and 3 x 102Mm at each pH applied. The reaction does not go to completion
even in the presence of the largest Zn?*" excess. In order to avoid the
difficulties with the treatment of a complicated reversible reaction
([Zn(DTPA)*- and [Zn,(DTPA)]- are formed), for calculation of k.,
values we used the rate data obtained until the conversion in the reaction
was about 50-60% and the reformation of [Gd(DTPA)J]*~ was not
significant. To maintain a constant pH, a H;BO; (0.01m) (—)-mannitol
(0.04Mm) buffer was used. The ionic strength of the solutions was kept
constant (1.0 M KCl). For the pH measurements, a Radiometer pHM 85 pH-
meter was used with a combination electrode, PHC 2406. The equilibrium
calculations were carried out with the computer program PSEQUAD."
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Oriented Crystalline Monolayers and Bilayers of 2 x 2 Silver() Grid
Architectures at the Air—Solution Interface: Their Assembly and Crystal

Structure Elucidation

Isabelle Weissbuch,**! Paul N. W. Baxter,¥] Ivan Kuzmenko,*! Hagai Cohen,!*!
Sidney Cohen,!*! Kristian Kjaer,”! Paul B. Howes,”! Jens Als-Nielsen,!*! Jean-Marie Lehn,*!4]
Leslie Leiserowitz, 2l and Meir Lahav*[2l

Abstract: Oriented crystalline mono-
layers, ~14 A thick, of a 2 x 2 Ag* grid
complex, self-assembled at the air-so-
lution interface starting from an water-
insoluble ligand 3,6-bis[2-(6-phenylpyri-
dine) |pyridazine spread on silver-ion-
containing solutions, were examined by

mination of the positions of the counter-
ions, with the SHELX-97 computer
program. The monolayers were trans-
ferred from the interface onto various
solid supports and visualized by scan-

self-assem-

ning force microscopy, and character-
ized by X-ray photoelectron spectrosco-
py in terms of molecular structure. On
surface compression, the initial self-
assembled monolayer undergoes a tran-
sition to a crystalline bilayer in which the
two layers, almost retaining the original

grazing-incidence X-ray diffraction and
specular X-ray reflectivity using syn-
chrotron radiation. The monolayer
structure was refined, including a deter-

bly - silver -
supramolecular
thin films

Introduction

In our earlier studies, reactions at the air—solution interface
that involve both insoluble and soluble species have led to
products of complex architecture that self-assemble as two-
dimensional crystalline films of nanometer thickness.'”]
Inorganic supramolecular systems in the form of racks,
ladders, grids, and cages have previously been reported to
self-assemble in bulk solution.[*'3l The coordination array in
such systems could be assembled from either tridentate

[a] Dr. I. Weissbuch, I. Kuzmenko, Dr. H. Cohen, Dr. S. Cohen,
Prof. Dr. L. Leiserowitz, Prof. Dr. M. Lahav
Department of Materials and Interfaces
The Weizmann Institute of Science, 76100 Rehovot (Israel)
Fax: (4+972)8-934-4138
E-mail: csweisbu@weizmann.ac.il
[b] Dr. K. Kjaer, Dr. P. B. Howes
Condensed Matter Physics and Chemistry Department
Risg National Laboratory, 4000 Roskilde (Denmark)
[c] Prof. Dr. J. Als-Nielsen
Niels Bohr Institute
H. C. @rsted Laboratory, 2100 Copenhagen (Denmark)
[d] Prof. Dr. J.-M. Lehn, Dr. P. N. W. Baxter
Laboratoire de Chimie Supramoléculaire

Institut Le Bel, Université Louis Pasteur
67000 Strasbourg (France)

Chem. Eur. J. 2000, 6, No. 4

Keywords: N ligands -
structure elucidation -
chemistry .

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

arrangement, are in registry. Such a
phase transition is of relevance to the
understanding of crystal nucleation.

ligands and octahedral metal ions or from bidentate ligands
and tetrahedral metal ions.

The approach of combining the reactivity of formation of
supramolecular systems with the possibility of performing
these reactions at interfaces has yielded 3 x 3 grids of nine
Ag" ions coordinated to six ligand molecules (L),
[AgoL]**[ (CF;SO5),]°~ that self-assemble into monolayer or
bilayer crystalline films.['¥! We provided evidence that the 3 x
3 Ag" grid complex cation, once formed, self-assembles with
counterions (that make the salt insoluble in water) into
oriented crystalline domains of structure akin to that of the
corresponding macroscopic crystal. A lateral aggregation
process is favored at interfaces, and the resulting structure
contains a small number of layers. Such films, being of
potential interest for microelectronic technology, were trans-
ferred onto solid surfaces.

Here, we apply the above-mentioned approach to the self-
assembly of crystalline monolayers, ~ 14 A thick, of a 2x2
grid complex [Ag,L,]*[(CF;SO;),]* (2), which contains four
Ag" ions coordinated to four 3,6-bis[2-(6-phenylpyridine)]-
pyridazine ligands (1), oriented at the air—solution inter-
face. The crystalline films were examined by grazing-inci-
dence X-ray diffraction (GIXD) and specular X-ray reflec-
tivity (XR) with synchrotron radiation at the air—solution
interface. The monolayer structure was refined, including a
determination of the positions of the counterions, by
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2x2 Ag+grid complex 2

using the SHELX-97 computer program. The films were
transferred from the interface onto various solid supports and
characterized by scanning force microscopy (SFM) and by
X-ray photoelectron spectroscopy (XPS) in terms of molec-
ular structure. This system represents the first reported case in
which, through surface compression of the initial self-assem-
bled crystalline monolayer, the film undergoes a transition to
a crystalline bilayer in which the two layers, almost retaining
the original arrangement, are in registry. Such a phase
transition is of relevance to the understanding of crystal
nucleation.

Results and Discussion

The first indication of the reaction that involved the free
ligand molecules 1 spread on an aqueous subphase which
contained silver triflate
(CF;SO3Ag, 1mm) was ob-
tained from the surface pres-
sure area (I1-A) isotherms (Fig-
ure 1). The isotherm of the free
ligand molecules spread on
pure water displays a plateau
in the range of nominal mean
molecular areas of ~40 to
10 A2, followed by a steep in-
crease in surface pressure. In
contrast, the isotherm of the
same molecules spread on a
Imm silver triflate solution
shows a slow increase in surface
pressure only at a nominal
mean molecular area lower
than ~25 A? and a small pla-
teau in the range of ~9.5 to
5 A% The isotherm measured
on a 1mm (1:1) silver triflate/
silver acetate solution shows
even a smaller increase in pres-
sure at the plateau between
~25 to 12 A2 (Figure 1). The film.
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Figure 1. Surface pressure area isotherms of ligand 1 spread on pure water,
on a 1mMm CF;SO;Ag aqueous solution and on a 1mm (1:1) CF;SO;Ag/
CH;CO,Ag aqueous solution. Arrows indicate the points along the
isotherms at which GIXD and XR measurements were performed.

isotherm measured on a 1mu silver acetate (CH;CO,Ag)
solution shows no increase in surface pressure over the whole
area range. These results are indicative of an interfacial
reaction followed by film formation of a product that is less
soluble in silver triflate solution than in the other two
subphases.

Independent information on the morphology of the film
was obtained from the scanning force microscopy (SFM)
images measured after film transfer from the liquid surface
onto a freshly cleaved mica support (Figure 2). The SFM
topography images obtained from the free ligand spread on
pure water show isolated, thick, elongated crystallites (Fig-
ure 2a). The images taken from the free ligand spread onto
the silver triflate solution are completely different (Fig-
ure 2b); they show rounded domains, ~12 A thick, that,
presumably, were transferred onto the silver triflate film, of

Ll LiE | 10

dismmoz f pmn

Figure 2. SFM topography images and height analyses of samples prepared by spreading the same amount of free
ligand 1 molecules on a) pure water and b) 1 mm CF;SO;Ag aqueous solution, and subsequent transfer from the
liquid surface onto a mica support. The height analyses are along the “black lines” of the images. Note that in
b) 10 A is the depth of the “hole” in the silver triflate that absorbed on the mica prior to the deposition of the grid
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thickness ~5-10 A, which had already adsorbed onto the
mica. Occasionally, domains of greater thickness (~25 A)
were also observed.

Evidence for the molecular structure of complex 2, self-
assembled at the air-solution interface, was obtained from
X-ray photoelectron spectroscopy measurements (XPS). Film
samples, transferred onto glass supports, were compared with
two reference samples: the free ligand and a 2 x2 Ag" grid
complex prepared in nitromethane solution.

As previously reported,!'* the N(1s) line of the free ligand
molecule 1 consists of two components with an intensity ratio
of 1:1 and a binding energy split of 0.8 €V, attributed to the N
atoms of the pyridine (2N; atoms) and pyridazine (2N,
atoms) rings (Figure 3a).

Cls

e T

Intensity / Counts per second

404 402 400 398 396 288 287 286 285 284 283

Binding energy / eV

Figure 3. XPS data shown for the N(1s) and C(1s) lines of free ligand 1
(a,b), the 2 x 2 Ag* grid 2 prepared in bulk solution (c,d), and films of 2
self-assembled at the air-solution interface (e,f) and transferred onto a
glass support.

In the 2 x2 Ag" grid complex prepared in bulk solution,
pronounced shifts of 1.2 eV and 1.5 eV were observed for the
N; and N, lines (Figure 3c); this reflects the coordination
between the N atoms and the Ag' ions in the grid complex.
The same shifts were obtained for the N atoms lines in the grid
films self-assembled at the air—solution interface, (Figure 3e),
indicative of a basically similar structure to the grid complex
prepared in the bulk solution (Table 1). The N(1s) data of the
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grid film (Figure 3e) could be best fitted by assuming an
additional pair of lines (with intensity ratio 1:1), which
represent 15% of the total N mass, at 0.2 eV higher binding
energies than the corresponding lines of the free ligand.
Several repeat measurements on the same spot showed that
these lines increased, after 4.5 hours, to 84 % of the total N
mass, indicative of beam damage.

Table 1. Curve fitting results for the N 1s and C 1s photoelectron lines
(number of atoms given in parentheses). Peak positions are given in eV and
are calibrated with respect to the Si(2p) line (103.3 eV).

2 2 2 2 2 2

N, (2) N (2) C(12) GE® G@ G
free ligand 1 398.6  399.4 2844 2849 2856 2857
grid2bulk  399.8  400.9 2850 2854 2863 2868
grid 2 film  399.8  400.8 2849 2854 2863 2867
3988  399.6
Agria-tgandy 12 15 05 0.5 0.7 1.0

Binding energy shifts consistent with the formation of the
grid have also been observed for the C(1s) lines (Table 1). The
C(1s) line of the free ligand, spread on water and transferred
onto a glass support, was analyzed in terms of four types of C
atoms, C; (12C atoms), C, (8 C atoms), C; (2 C atoms), and C,
(4 C atoms), (see labels in Table 1). This consideration leads to
four components for the C(1s) line, which was fitted by
constraining their intensity ratio (Figure 3b and Table 1). The
same curve-fitting procedure™ was applied to the C(1s) line
of the grid film, prepared from the same amount of free ligand
spread on a silver triflate solution, (Figure 3d), leading to a
pronounced site selective shift in binding energy. The largest
shift was observed for the C atoms adjacent to the N atoms
(Table 1), namely, C; and C, were shifted by 0.7 eV and 1.0 eV,
respectively, whereas C; and C, were both shifted by 0.5 eV.
The pronounced binding energy shifts of both the N(1s) and
the C(1s) lines represent fingerprint evidence for the 2 x 2
Ag* complex formation.

Independent structural information on the self-assembled
film of 2 x2 Ag" grids was obtained from specular X-ray
reflectivity (XR) measurements performed in situ at the air—
solution interface. The X-ray reflectivity curve, R/Ry, meas-
ured from the self-assembled film and normalized to the
Fresnel reflectivity of a perfectly reflecting surface is shown in
Figure 4. The calculated curve was obtained by using a three-
box model (Table 2) with the constraint of the structure of the
complex 2 and the orientation determined from the grazing-
incidence X-ray diffraction (GIXD) results described in the
following section. From these results, two models of the
electron density distribution along the direction perpendicu-

lar to the liquid surface were feasible: one model assumes that
complex 2 is oriented with the plane of the Ag' ions
perpendicular to the surface, and the second model assumes
a parallel orientation. The electron density of each box was
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Figure 4. Measured (points) and calculated (solid line) X-ray reflectivity
curves, expressed as normalized R/Rp for ligand 1 spread on 1mm
CF;SO;Ag aqueous solution. Inset: Schematic representation of the 2 x 2
Ag" grid orientation showing the length, in the direction normal to the
surface, of the three-box model together with the proposed distribution of
the counterions. The shaded patterns represent a side view of the four
ligands and the two black circles the side view of the 2 x 2 Ag* grid cation.

calculated from the number of electrons of the constituent
atoms, the length determined from the geometry of complex
2, and the area occupied by the complex estimated from the
GIXD results. To these values, the electron density corre-
sponding to the number of triflate counterions for charge
neutrality was added and distributed within each box to yield
a better fit to the measured reflectivity curve.

The best fit to the measured reflectivity curve (Figure 4)
was obtained when complex 2 was oriented with the plane of
the Ag" ions perpendicular to the surface, and a distribution
of 18%, 64 %, and 18 % from the total number of electrons of
the triflate counterions in the three boxes, as shown schemati-
cally in the inset of Figure 4. The fit parameters are listed in
Table 2. The model involving the alternative orientation of
the grid complex did not yield a dip at g/g.=30 in the
reflectivity curve, an experimentally observed feature that has
been reproduced several times.['%]

The results of the XR measurements are certainly in
keeping with a film composed of a 2 x 2 Ag™ grid complex
with the plane of the Ag" ions oriented perpendicular to the
solution surface.

Analysis of the grazing-incidence X-ray diffraction data
(GIXD)

Free ligand 1 on water: The GIXD pattern shown in Figure 5
was measured for the free ligand 1 spread on pure water for a

60
s0
40
30 {02} {11}

20 -

Normalized Intensity / cts

JEY;Y S AR R R R R
0.6 0.8 1 1.2 1.4

q /A

Xy
Figure 5. Measured GIXD pattern of ligand 1 spread on water for a
nominal mean molecular area of 40 A2, presented as intensity distribution
1(q,,) and showing the Bragg peaks. The ? sign indicates the reflection with
no assigned Miller index.

nominal mean molecular area of 40 A2, which corresponds to
the beginning of the IT-A isotherm plateau (Figure 1). The
pattern contains eight Bragg peaks that could not be assigned
according to a crystalline phase assuming a single orientation
at the air—water interface. To illustrate this point, Table 3
shows the best attempt. A rectangular unit cell of dimensions

Table 3. Analysis of the GIXD data measured from the free ligand
molecules 1 spread on pure water for a mean molecular area of ~40 A2
The calculated g,, values are from the unit cell of dimensions a = 8.7 A b=

19.6 A, Ay =170 A2,

Peak qw [A] {h.,k} Miller index q [A]
no. measured assigned calculated
1 0.64 {02} 0.64

2 0.79 {11} 0.79

3 0.97 {12} 0.97

4 1.13 not assigned -

5 1.234 {13} 1.201

6 1.275 {04} 1.280

7 1.455 {20} 1.445

8 1.467 {14} 1.472

a=87A,b=196A, A =170 A2 reproduces the positions
of five (assigned {02}, {11}, {12}, {04} and {14}) of the eight
reflections, gives small but significant deviations for the {13}
and {20} peaks, and leaves the reflection at g,,=1.13 A
unassigned, (d spacing 5.5 A). The latter peak, we propose,
may arise from a different orientation of the same crystal-
lites.”l Some of the Bragg rod intensity profiles exhibit
modulations indicative of multilayer crystallites; this is in
agreement with shape of the IT-A isotherm and the SFM
images.

Table 2. Fitted parametersl® for the three-box model of electron density corresponding to the X-ray reflectivity curve in Figure 4.

Boxes Cov. [%] A [A? 1P,

L, [A]

0215 L, [A] pslp L, [A] Ly [A] o [A]

1/ CF;SOsAg 3 65 207.5 0.963 2.61

1.638 8.22 0.963 2.61 13.44 3.5

[a] Cov. s the surface coverage of the grid complex estimated from the number of free ligand molecules and the area onto which they were spread; A is the
area occupied by a 2 x 2 Ag* grid complex (25 % of unit cell area from GIXD); p, is the electron density of the subphase, 0.334 e A=3; p, (N, is the number of
electrons = 174), p, (N, =934), and p; (N; =174) are the model electron densities of the first, second, and third boxes, respectively, where p; = N/AL;,and L,
L,, and Lj; are the length of the boxes, respectively; the total length L= L; + L, + L;; o represents the surface roughness parameter.
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crystalline phase of an oriented
film, but is also consistent with
the self-assembly of the 2 x 2
Ag" grid complex 2 from 1 and
the Ag' ions present in the
subphase. Such a complex is
easily formed in nitromethane
solutions, but no ordered films
could be obtained from re-dis-
solved crystalline powders
spread on a water surface.

g 1 A!

xy
Figure 6. Measured GIXD data of ligand 1, spread on a 1 mm CF;SO;Ag aqueo
molecular area of 30 A2, presented as intensity distribution 1(q,,), and showing
(h,k) Miller indices.

Free ligand 1 on CF;SO;Ag solution

a) Self-assembled crystalline monolayer of a 2 x 2 Ag* grid
complex: The GIXD pattern measured for the free ligand
molecules 1, spread for a nominal mean molecular area of
~30 A% on a 1mMm aqueous solution of silver triflate (Fig-
ure 6), is significantly different from that measured on pure
water (Figure 5). {h,k} Miller indices could be assigned to all
25 Bragg reflections!™® of the GIXD pattern, shown as an
I(q,,) scan in Figure 6, yielding a two-dimensional rectangular
unit cell of dimensions a=26.82 A, b=3095A, A=
830 A2 (Table 4). As described above, the GIXD pattern of
1 spread on water could not be explained in terms of a single
crystalline phase. In contrast, the pattern measured on the
silver triflate solution is indicative not only of a single

Table 4. Analysis of the GIXD data measured from the crystalline
monolayer of the 2x2 Ag" grid complex, [Ag,1,][(CF;SO;),] prepared
at the air—solution interface. The calculated g,, values are from the unit cell
of dimensions a =26.82 A, b=30.95 A, A, =830 A2,

Peak Qyy [A {h.k} Miller index Gy [A1
no. measured assigned calculated
1 0.310 {11} 0.310
2 0.406 {02} 0.406
3 0.470 {20} + {12} 0.468 + 0.469
4 0.512 {21} 0.511
5 0.621 {22} 0.620
6 0.650 {13} 0.653
7 0.731 {31} 0.731
8 0.769 {23} 0.768
9 0.810 {32} + {04} 0.812 +0.812
10 0.843 {14} 0.845
11 0.940 {33} + {40} + {24} 0.930 + 0.937 +0.938
12 1.040 {15} 1.041
13 1.074 {34} 1.074
14 1.122 {43} 1.118
15 1.197 {06} 1.218
16 1.245 {16} 1.240
17 1.250 {26} 1.305
18 1.390 {45} 1.381
19 1.415 {61} 1.420
20 1.430 {54} 1.425
21 1.540 {63} + {46} 1.532 +1.537
22 1.550 {55} 1.550
23 1.638 {18} 1.641
24 1.700 {47} 1.702
25 1.760 {38} 1.770
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Therefore, in situ complexation
and two-dimensional crystalli-
zation at the air—solution inter-
face appear to be the only way
to produce single-phase crystal-
line films that are highly ori-
ented with respect to the surface. Note that the Bragg rod
intensity profiles, shown as a two-dimensional intensity
contour plot I(q,,q.) in Figure 7a for part of the GIXD
pattern, have their intensity maxima peaking at q,=0 A,

us solution for a nominal mean
the Bragg peaks with assigned

00 02 0.4 0.6 08
o]
q, 1A

Figure 7. Measured GIXD patterns of ligand 1, spread on a 1mm
CF;SO;Ag aqueous solution, presented as two-dimensional intensity
contour plots /(q,,q.) in the range g,,=0.3-0.55 A-l. A comparison
between the Bragg rod intensity distributions /(g.) in a) the self-assembled
monolayer state and b) the compressed bilayer state of the film is also
shown.

where ¢, is the vertical component of the scattering vector.
Their calculated full width at half maximum (FWHM) yielded
an estimate of the total thickness of the film of ~14 A,
indicative of a monolayer and in agreement with the results
obtained from the XR and SFM measurements.

The calculated unit cell can be occupied by either two grid
units oriented with the plane of the Ag" ions parallel to the
surface or by four units oriented with the plane of the Ag*
ions perpendicular to the surface, in terms of a molecular
model.' The GIXD pattern (Figure 6) does not display {/,0}
reflections with h=2n+1 or {0k} with k=2n-+1; this
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indicates the plane group pgg. According to this plane group,
which incorporates two perpendicular glide planes, the unit
cell may contain either four symmetry related grid units in
general positions or two grid units oriented with their twofold
axes coinciding with the crystallographic twofold axes. The
latter model was discarded on the basis of X-ray structure
factor calculations. Thus the unit cell must contain four grid
units oriented with their Ag* plane perpendicular to the liquid
surface.

The lateral packing of the monolayer was determined, in
the first approximation, by constructing a two-dimensional
crystal in the plane group pgg and by finding the most
probable position of the grid cation without counterions. This
was done by comparing the I{h,k,0} powder pattern calculated
by means of the CERIUS? computer package with the
measured g -integrated I(h,k) pattern. The model structure
was further improved by X-ray structure factor calculations
from the SHELX-97 program.?”! In order to use this computer
program (which is designed for three-dimensional crystal
structures) to refine a two-dimensional powder (oriented with
respect to the liquid surface but randomly oriented around the
normal to the surface), the following procedure was adopted:
i) in a two-dimensional crystal there is no intermolecular
structural repeat along the direction normal to the ab plane,
therefore the Bragg rod intensities I{h,k,q,} were assigned /
Miller indices according to a long virtual ¢ axis perpendicular
to the ab plane; ii) the superposition of the Bragg rod
intensities I{h,k,q.} and I{ — h, — k,q.}, obtained in the GIXD
measurements, was simulated by assuming a twinning of the
two-dimensional crystal about the ab plane.

In the first stage, the best model obtained by using
CERIUS? was further refined in SHELX-97 in “space group”
Pba2 by treating the grid unit as a rigid body with two
translation and three rotation parameters. In the second stage,
27 triflate counterions per grid cation were placed in random
positions that were refined together with their individual
occupancies, but constrained to have a sum value of four, that
is, equal to the number of counterions required per grid
cation. By this procedure we discarded the counterions whose
occupancies refined to zero or negative values, leading to a
neutral structure with four counterions per grid unit, each of
occupancy 1+ 0.2. Finally, several more least-squares cycles
were performed by alternate refinement of either the grid
cation or the counterions. The best structure obtained has an
agreement factor R, (=X || F,|—| F,.||/Z| F,|, in which F, and
F, are the observed and calculated structure factors) of 0.32
for the 660 observed intensities along the first eleven Bragg
rods I(h,k,q.) of the GIXD pattern.?!! The structure was not
further refined using all the reflections because of the
uncertainty in the precise conformation of the grid cation,
possible disorder of the counterions, and presence of water of
solvation.

A comparison between the measured and calculated
intensities along all of the eleven {4,k,q.} Bragg rods is shown
in Figure 8, and the corresponding packing arrangement for
the best obtained model is given in Figure 9. Note that the
structure is the result of an attempt to apply the SHELX-97
computer program to refine a very complex two-dimensional
crystal, and whose three-dimensional counterpart is unknown.
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b) Crystalline multilayer: The GIXD pattern measured for the
film, after its compression to one third of its initial occupied
area, is shown in Figure 10 as an I(q,,) scan and displays
15 Bragg reflections. All the reflections could be assigned
{h,k} Miller indices consistent with a single two-dimensional
rectangular unit cell of dimensions a =26.86 A, b=3043 A,
A =817 A2, (Table 5). This unit cell is close in dimension to
that of the crystalline monolayer phase that had been formed
by self-assembly, indicating a similar in-plane layer structure.

The Bragg rod intensity profiles I(g.) are very different
from those of the crystalline monolayer phase (Figure 7)
despite the similarity in their unit cell dimensions. The two-
dimensional intensity contour plot /(q,,,q.) of the monolayer
phase (Figure 7a) shows that the first four Bragg reflections
display intensity maxima at g,=0A-. In contrast, the
contour plot for the same region of the pattern measured
after film compression (Figure 7b) shows that the {11} and {02}
Bragg peaks exhibit distinct intensity modulations with
intensity maxima at g,>0 A-. Moreover, the {20}+ {12}
Bragg peak of the monolayer phase at g,, = 0.470 A1 is now
clearly separated into two Bragg rod intensity profiles: one,
assigned as {20}, with intensity maxima at g,=0A-! and
0.40 A-', and the second, assigned as {12}, with intensity
maxima at ¢,=024 A' and 0.69 AL Similar intensity
modulations were also observed for the other reflections of
the compressed film.

The significant changes in the I(g.) profiles observed in the
GIXD pattern upon compression of the film can be inter-
preted in terms of a phase transition from a crystalline
monolayer to a crystalline multilayer, which, in all likelihood,
retains the initial in-plane two-dimensional structure, in view
of their unit cell dimensions.

We now address the structure of the multilayer film and
how it was created. We may “attempt” a determination of the
multilayer structure by assigning / Miller indices to the
intensity modulations of the in-plane {,k} Bragg reflections,
(Figure 11), in the following way: the ab plane of the
multilayer is parallel to the liquid surface, and, therefore,
the reciprocal unit vector ¢* is normal to it. We assigned /
indices 1 and 2 to the two intensity modulations of the {02¢q,}
Bragg rod, (Figure 11). Hence, the Ag, separation of 0.45 A-!
between the two intensity modulations, which corresponds to
a difference of one reciprocal unit vector along c*, yields a d
spacing of 14 A (1/c¢* =2m/0.45 A1) in the direction normal to
the liquid surface. Moreover, we can derive that the {020}
Bragg rod modulation should be at a g, value of —0.2 A~!; this
means that the reciprocal vector b* is not in the ab plane, but
has an out-of-plane component at a g, value of —0.1 A-1. The
reciprocal vector b* has an in-plane component, b}, of length
1/b=0.0329 A1, and an out-of-plane component, b¥, of
length 0.1/27 =0.0159 A-".

We fixed the direction of the reciprocal vector a* by making
use of the {20q,} Bragg rod for which / indices of 0 and 1 are
assigned to the intensity maxima at ¢, =0 A~! and ~0.4 A~!;
this means that a* is in the ab plane and indeed parallel to a.
The Agq, separation of 0.4 A~! along the {20¢,} Bragg rod is
almost the same as that along the {02¢.} Bragg rod. Based on
these arguments, we attach / indices to the intensity modu-
lations of all the Bragg rods to yield a reasonable match
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Figure 8. Comparison between the intensity profiles along g, of the eleven (h,k,q,) Bragg reflections from the self-assembled crystalline monolayer, as
measured (points) and calculated (solid line) by SHELX-97 for the best model structure.

(Figure 11) and thus provide a measure of confidence in the /
indices attached to the maxima of the {A,k,q.} Bragg rods.
Having determined the directions and magnitudes of a*, b*,
and c*, we derived the angle between c¢* and the real space ¢
axis as being 25.8°, that is, arctan(b}/b},), and therefore the
offset between neighboring layers as being equal to 6.7 A [14/
tan(25.8°)]. X-ray structure factor calculations, with an
atomic coordinate model that contains two layers translated
by 14 A along the normal to the surface and offset by 6.7 A
along the b direction, yielded the Bragg rod intensity profiles
shown in Figure 12 for three strong reflections. One can see
that, although part of the calculated intensity follows the
measured modulations, the intensity profiles could not be
fitted. Other reflections, such as {22}, {04}, and {14} yielded a
worse fit (not shown). From these calculations we can deduce
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that our proposed in-plane model structure of each of the
layers is not quite correct. One may envisage that, during the
film compression, the superposition of two monolayers may
occur together with a slight rearrangement of their in-plane
structure. Moreover, the triflate counterions attached to the
grid units were assumed to occupy the same positions as found
in the initial monolayer structure, which is not necessarily
correct. Furthermore, the possibility of a film composed of
more than two layers cannot be discarded.

We conclude that, irrespective of the precise structure,
during the film compression the initially self-assembled
monolayer undergoes a transition to a crystalline bi(multi)-
layer of almost unchanged in-plane arrangement. This system
is, to our knowledge, the first example of a complex
architecture that self-assembles into a crystalline monolayer
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solution
Figure 9. Packing arrangement of the 2 x 2 Ag* grid complex in the self-
assembled monolayer domains viewed: a) perpendicular and b) parallel to
the solution surface. Ag* ions are shown as hatched large circles. Note that
in b) the dashed lines belong to molecules that are behind those in solid
lines.

[ W
@ [ao4
o O
T 1

{20}+{12}
20 |

— 1
o
S 3
T
—_—
w
N o~
—
(o]
- =
-—
—_—
[)
()}
—

{02} l

o]
(=)

(1)

Ok

o
o

Normalized Intensity / cts
&
<
T

0.20 0.40 0.60 0.80 1.0 1.2 1.4
qy/A“

x
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aqueous solution after compression to a nominal mean molecular area of
10 A2, presented as intensity distribution I(q.,) and showing the Bragg
peaks with assigned (h,k) Miller indices.
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Table 5. Analysis of the GIXD data measured from the crystalline bilayer
of the 2 x 2 Ag* grid complex, [Ag,1,][ (CF;SO3),] obtained by compression
of the initial monolayer at the air-solution interface. The calculated g,,
values are from the unit cell of dimensions a =26.86 A, b =30.43 A, A,y =
817 A%

Peak 4. [A] {h.k} Miller index q, [A]
no. measured assigned calculated
1 0.312 {11} 0312
2 0.413 {02} 0.413
3 0.464 {20} 0.468
4 0.473 {12} 0.475
5 0.618 (22} 0.624
6 0.658 {13} 0.662
7 0.720 {31} 0.731
8 0.765 (23} 0.776
9 0.805 (32} 0.814
10 0.820 {04} 0.826
11 0.860 {14} 0.858
12 0.940 (33} 0.936
13 1.07 {34} 1.083
14 1.11 {43} 1.122
15 123 {06} 1.239
e measured
O assignment
[ ® {0-60)
1.2
| O« {431}
* O {341}
1=
- Oe {331}
-0 {18l {042}
- {041}
< ogl O te0'(320) O %0 {321}
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Figure 11. Two-dimensional g,,,q. plot showing measured (filled circles)
and calculated (empty circles) positions of the Bragg rod intensity 1(q.)
modulations assigned with / Miller indices for the 15 (h,k,q.) Bragg
reflections of the crystalline bilayer.

and then undergoes a phase transition to a crystalline bilayer.
Note that the transition from a crystalline monolayer to a
crystalline bilayer could be prevented when the 2 x 2 Ag* grid
complex was self-assembled in the presence of a 1:1 acetate/
triflate counterions. For this system, the GIXD patterns (not
shown), measured before and after compression, are consis-
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and (12q.) reflections of the crystalline bilayer.

tent with the self-assembled crystalline monolayer of the same
structure as that formed with triflate counterions. On silver
acetate solution, no GIXD pattern was observed; this is
indicative of an interfacial reaction (due to disappearance of
the free ligand GIXD pattern) but a soluble product
formation, in agreement with the IT-A isotherm. The for-
mation of a crystalline bilayer over silver triflate solution, of a
monolayer over mixed silver acetate/triflate solution, and the
absence of a film on silver acetate subphase from the same
amount of free ligand molecule can be explained in terms of
the different solubilities of the complex salt with various
counterions; this is in keeping with the IT-A isotherms of the
three systems (Figure 1).

Conclusion

This study describes a two-step process of an interfacial
reaction between free ligand molecules and the Ag' ions
contained in the subphase (with triflate and mixed acetate/
triflate counterions) leading to the formation of a 2 x2 Ag*"
grid complex followed by its self-assembly into an oriented
crystalline monolayer. The two-dimensional crystal structure
analysis made use of the SHELX-97 computer program. On
surface compression, the initial self-assembled monolayer
formed on silver triflate solution undergoes a transition to a
crystalline bilayer, almost retaining the initial in-plane
arrangement. The ability to design thin oriented films of 2 x
2 Ag™ grid complexes, composed of defined number of metal
ions in a confined geometry, may lead to organometallic
composites that contain homodisperse semiconducting or
conducting particles with new optoelectronic properties.

Experimental Section

The syntheses of the ligand 3,6-bis[2-(6-phenylpyridine) Jpyridazine 1, and
the 2 x2 Ag* grid complex [Ag,1,][ (CF;SO;),] prepared in bulk solution
have been described elsewhere.?l The thin films of the 2 x 2Ag* grid
complex were prepared by spreading free ligand molecules 1, from 0.5 mm
solutions in chloroform, onto a 1mm aqueous solution of silver triflate
(CF;SO;Ag purchased from Sigma). The surface pressure area (IT-A)
isotherms were performed on an automatic Lauda trough (in the dark when
silver triflate aqueous solutions were used).

XPS and SFM measurements: Measurements were performed on samples
prepared in a specially constructed teflon trough (surface area 20 cm?) in
which the solid supports were inserted into the subphase prior to spreading
the chloroform solution of the free ligand molecules. The solid supports
used were glass slides (1 x 1 cm) for XPS and freshly cleaved mica pieces

Chem. Eur. J. 2000, 6, No. 4
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08 1 SFM measurements: These were per-
formed on a Topometrix TMX2010
Discoverer system in intermittent con-
tact mode with integrated Si tip/canti-
levers and a resonance frequency of
260-330 kHz (Nanoprobe), or in con-
tact mode with integrated Si;N, tip/cantilever and an SPJ constant

~0.2Nm™! (Park Scientific).

XPS measurements: These were performed on a commercial AXIS-HS
Kratos set-up, with a monochromatized Al(Ka) source (5 mA emission
current at 15 KV) and pass energies of 20— 80 eV. A flood gun was used for
the neutralization of the surface, and the final energy scaling was
determined by the glass support Si(2p) line (103.3 eV). Possible potential
gradients across the film were estimated to be 0.1 eV at most. Spectra of
reference bulk samples, for which the Si(2p) line could not be used, were
scaled with respect to the Ag(3d) line. Data analysis included decom-
position of the photoelectron lines into Gaussian— Lorenzian components
superimposed on a Shirley background.?” We checked the role of beam-
induced damage by comparing the spectra measured at various exposure
times and used this information to get exposure times that minimize the
damage. In order to maintain exposure periods below 3 minutes for the low
intensity signals [e.g., the N(1s) and C(1s) lines] it was necessary to shift the
sample between sequential scans to fresh areas. The homogeneity of the
samples on the mm to cm scale was verified to be very good, allowing this
procedure for minimizing the beam-induced damage.

Grazing-incidence X-ray diffraction (GIXD): The experiments were
performed on the liquid-surface diffractometer at the undulator synchro-
tron beam line BW1 in HASYLAB at DESY (Hamburg). When silver
triflate solutions were used as subphase, the film preparation was done in
red light. Measurements were performed, at different points along the 5°C
isotherms. A detailed description of the GIXD method is given else-
where.l* 2 The incidence angle, ¢; of the monochromated X-ray beam was
adjusted to be approximately equal to 0.85a. (a.~0.138° is the critical
angle for total external reflection of the X-rays from a water surface), which
maximizes the surface sensitivity relative to bulk. The dimensions of the
fingerprint of the incoming X-ray beam on the liquid surface were ~5 x
50 mm? (or ~2 x 50 mm?). GIXD diffraction peaks were obtained from
two-dimensional crystallites with an azimuthally random orientation. The
scattered intensity was detected by a position-sensitive detector (PSD)
along the vertical component of the X-ray scattering vector, g~ (2u/
A)sing;, in which «; is the angle between the horizon and the diffracted
beam. Measurements were performed by scanning over a range along the
horizontal scattering vector, q,,~ (4m/A)sind,,, in which 26, is the angle
between the incident and diffracted beams projected onto the horizontal
plane. Note that the scattering vector q is equal to q,, + ¢.. The diffraction
data are represented in three ways: i) primarily, as a two-dimensional
intensity distribution /(q,,q.); ii) the GIXD pattern I(q,,), obtained by
integration over the whole g, window of the PSD, that shows Bragg peaks;
iii) Bragg rod intensity profiles, which are the scattered intensity /(q.)
recorded in channels along the PSD but integrated (after background
subtraction) across the g,, range of each Bragg peak. Several different types
of information were extracted from the measured profiles.”! The 26,, (or
q,,) positions of the Bragg peaks yield the lattice repeat distances d =2/
., Which can be indexed by two Miller indices (% and k) to yield the unit
cell. The full width at half maximum of the Bragg peaks along g,
[FWHM(q,,)] yields an estimate of the two-dimensional crystalline
coherence length, L~ 0.88 x 2n/FWHM(q,,).?* The FWHM of the Bragg
rod intensity profile along . [FWHM(q.)] gives an estimate of the
crystallite thickness ~0.88 x 2n/FWHM(q.). The separation along g.
between various intensity modulations gives a first estimate of the lattice
spacing in the direction perpendicular to the liquid surface ~2m/Aq,. The
intensity at a particular value in a Bragg rod is determined by the square of
the molecular structure factor |F,(q.)|? thus allowing its evaluation
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according to an atomic coordinate model of the molecules. The CERIUS?
molecular simulation package®! and SHELX-97? computer programs
were used for structure determination.

Specular X-ray reflectivity (XR): Measurements, with the same liquid
surface diffractometer as for the GIXD, were performed by scanning the
incident beam (a;), equal to the reflected (a;) beam angles, from 0.5, to
40 .. The detection of the reflected radiation was measured by an Nal
scintillation counter. The experimental results are given in the form of
normalized X-ray reflectivity R/Rg, in which Rgis the “Fresnel” reflectivity
calculated for a perfect sharp interface as a function of the normalized
vertical scattering vector ¢./q., in which g,=(4n/A)sine; and g, = (4a/
A)sina, is the scattering vector at the critical angle of incidence.
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Coincidence of the Molecular Organization of f-Substituted Oligothiophenes
in Two-Dimensional Layers and Three-Dimensional Crystals
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Dedicated to Prof. Dr. Dr. Franz Effenberger on the occasion of his 70th birthday

Abstract: The molecular arrangements
of three different alkyl-substituted oli-
gothiophenes both in two-dimensional
adsorbed layers at a substrate interface
and in bulk three-dimensional crystals
were studied. Scanning tunneling micro-

ment in the three-dimensional bulk
material. Quaterthiophenes 1 and 2,
bearing dodecyl and hexyl side chains,
respectively, exhibit a lamella-type
stacking of the conjugated backbone
concomitant with an interlocking of the

alkyl side chains both on the surface and
in the crystal. In contrast, the arrange-
ment of propyl-substituted quaterthio-
phene 3 is rather “herringbone-like” due
to the reduced interactions of the short-
er alkyl side chains. In all three cases,

scopy (STM) was used to investigate the
ordering of the conjugated oligomers in
two-dimensional layers adsorbed on
graphite. These data were compared
with the X-ray structure determinations
of single crystals revealing the arrange-

phenes -

scopy
elucidation

Introduction

Polythiophenes!!! and corresponding oligomers?l have been
intensively studied as promising materials for electronic
devices.l Excellent electronic and transport properties com-
bined with good stability under ambient conditions allow their
application in, for example, organic light emitting diodes!* or
thin-film transistors.’l Many investigations on polythiophenes
therefore have been devoted to the understanding how
structural parameters affect the physical properties.l! Since
in most applications these materials are used in the solid state
much interest has also been focussed on the molecular
packing of the polymers in the bulk. Mainly X-ray diffraction
measurements on the partly crystalline polymers give val-
uable hints about the three-dimensional structure, which
definitely affects the physical properties.”) More ordered
materials give rise to better performances of the electronic
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evidently, the two-dimensional ordering
at the graphite surface is coincident with
the molecular packing in one cross-

structure section of the three-dimensional crystal.

devices. Excellent examples are regioregularly head-to-tail
coupled poly(3-alkylthiophene)s often exhibiting superior
properties than the corresponding regiorandom derivatives.[®l
The mean conjugation length in solution and the tendency to
order in the solid state increases with increasing regioregu-
larity. Therefore, much interest has been focussed on the
understanding of the detailed molecular packing of the bulk
compounds.’)

Since these conjugated polymers are polydisperse, the
characterization of a-conjugated oligothiophenes with a well-
defined chemical structure and chain length is of great
importance in order to elucidate structure — property relation-
ships. Additionally, it has been well demonstrated that oligo-
thiophenes themselves represent excellent candidates for
electronic materials. With respect to structure determinations
in the solid state, however, due to their highly anisotropic
shape and the resulting difficulties to crystallize these com-
pounds, X-ray structure determinations on oligothiophenes
become only recently more and more prominent.[® %]

Scanning tunneling microscopy (STM) offers an alternative
way to investigate molecular arrangements of organic com-
pounds. It has been found that alkylcyanobiphenyls,'!l n-
alkanes,[” cycloalkanes,["* fatty acids,'? 4l alkylbenzenes,2]
and more complicated molecules, mostly with planar and
extended m-systems,™ all bearing longer alkyl chains are
adsorbed from a solution or a melt to the surface of highly
oriented pyrolytic graphite (HOPG) or molybdenum disulfide
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(MoS,) and form ordered monolayers. Frequently, the alkyl
chains align along one of the main crystallographic axes of the
substrate. Additionally, STM also provides information about
intermolecular and interfacial interactions, which are impor-
tant from the viewpoint of applying these materials in thin-
film devices. Another advantage of the STM technique is that
the local ordering, such as dynamic processes of domain
boundaries or the existence and size of defects, can be studied.
Besides the investigation of monolayers at the solid-liquid
interface and apart from a tremendous amount of work on
vacuum-evaporated films,['") several studies on cast films have
revealed ordering and commensurability of the molecules
with the underlying substrate.'”l Vacuum sublimation and
casting of films may then allow the investigation of molecules
that can not be physisorbed from solution due to the lack of
suited substituents.

We and others have reported that several alkylated
oligothiophenes form ordered monolayers at the solid —lig-
uid interface.'™! It seems to be a general rule that oligomers
with alkyl substituents at S-positions tend to self-assemble on
HOPG. The ease of formation of the physisorbed monolayer

Abstract in Japanese:

BLELRESOTAVF VA LD 3O F 72 4 &

Bo, 2RITEEEADS L UHEERNTOSTEFIZOW
THE Lze 79774 PEREICRSE L-BSTENT
DANVITFF T2 03 FORMNES TMEHWTEREL,
X EAE BB IR 5B 5N 3 RTEDHERN TOERY)
LolE e Al TLFLVEEHOE Y (dodecyl 5 & UF
hexyl) FBERORE R TR T, 7L F VER LR
interdigitate L 312 F MO H VI PEITIZA Y v 2 L1 T
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(propyl) #5E (A TIE herringbone ¥ 1 7 OEH| & 4o 70
WETNRDOBEIZL, 5774 F LORBESTEATH
DFEFNE. 3RTHESENOD L [HE] TOSFESIZ
EbLBOTHBLTWAI ENFHEL IR -7,

Abstract in German: Das Selbstorganisationsverhalten von
drei unterschiedlich alkylsubstituierten Oligothiophenen wird
sowohl in zweidimensionalen Monoschichten, die an einer
Substrat-Grenzfliche adsorbiert sind, als auch in dreidimen-
sionalen  Kristallen untersucht. Rastertunnelmikroskopie
(STM) wurde als Methode verwendet, um die Selbstorganisa-
tion der konjugierten Oligomeren in adsorbierten zwei-dimen-
sionalen Schichten zu untersuchen. Diese Daten werden dann
mit denen von Rontgenstrukturanalysen verglichen, die Auf-
schluf3 iiber die molekulare Ordnung im drei-dimensionalen
Festkorper geben. Die Quaterthiophene 1 und 2, die Dodecyl-
bzw. Hexylseitenketten tragen, zeigen eine lamellenartige
Anordnung der konjugierten Molekiile, die das Ineinander-
greifen der Alkylketten benachbarter Molekiile sowohl auf der
Oberfliche als auch im Kristall beinhalten. Im Gegensatz dazu
ist die Anordnung des propylsubstituierten Quaterthiophenes 3
wegen der verminderten Wechselwirkungen der kiirzeren
Alkylketten eher “fischgritenartig”. Uberraschenderweise
stimmt in allen drei Fillen die Anordnung der Molekiile in
der zwei-dimensionalen Monoschicht auf Graphit mit der in
einer Ebene im drei-dimensionalen Kristall iiberein.
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strongly depends on the structure and the length of the
oligothiophene, which determines the adsorption —desorption
equilibrium. In contrast, a- and a,a’-substituted derivatives
are rarely adsorbed on HOPG but preferably on MoS,.['81
The molecular arrangements in the physisorbed monolay-
ers determined with the STM technique may give valuable
hints for the discussion of the properties of the bulk material.
It is, however, not easy to determine from STM pictures if a
particular molecular order is rather due to molecule —mole-
cule interactions or dominated by epitaxial effects owing to
the substrate surface. Therefore, it would be highly desirable
and extremely useful if one could deduce from two-dimen-
sional arrangements information about three-dimensional
packing motifs. Herein for the first time, we demonstrate
that in each case of three differently substituted oligothio-
phenes 1-3, the molecular organization in the two-dimen-
sional self-assembled monolayer fully coincides with the
packing in one cross-section of the three-dimensional crystal.

Results

Syntheses: The 3,3"'-dialkylated quaterthiophenes 1,081 2,
and 3 have been effectively prepared by the nickel-catalyzed
cross-coupling of the Grignard reagent of 3-dodecyl-2-bro-
mothiopene, 3-hexyl-2-bromothiopene, and 3-propyl-2-bro-
mothiophene with 5,5'-dibromo-2,2'-bithiophene (44-88 %)
(Scheme 1).

Single crystals suited for X-ray structure analyses were
grown by slow evaporation of quaterthiophene 1 from n-
hexane, 2 from n-hexane/ethanol, and 3 from petroleum ether.

STM investigations on the adsorbed two-dimensional layers:
Dodecyl-substituted oligothiophene 1 is adsorbed at the
solution—HOPG interface and forms a stable monolayer.
The molecular image usually appears immediately after
bringing the solution of the oligomer in 1,2,4-trichlorobenzene
onto the (001) face of HOPG. A large scale STM image
reveals good ordering (Figure 1). Domains with various size
from several tens to several hundreds of nanometers are
formed. In the domains the individual oligomers are perfectly
arranged in a lamella-type orientation forming bright rows
which are separated by about 2 nm from the adjacent ones.
The rows are aligned in only six different directions, which
suggests that the orientation of the molecules is affected by
the HOPG substrate, which bears three-fold axes.[%& A
dynamic change of the domain boundaries with time is
observed, as was also reported for adsorbed monolayers of
octadecanol'? or alkylated octithiophene and anthraquinone
molecules.!!>]

Figure 2 (right) shows an image of a smaller area with
molecular resolution. It provides a closer look into a well-
ordered domain. Each molecule in the bright rows is clearly
seen, and in analogy to previous results we correlate the
brighter spots to the oligothiophene backbone.['* 18] The alkyl
chains are supposed to lie between the brighter spots. A
similar molecular arrangment was observed for a dip-coated
film of 1 from a chloroform solution onto HOPG (data not
shown). The model of the molecular arrangement (Figure 2
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Scheme 1. Synthesis of oligothiophenes 1-3 by nickel-catalyzed cross-coupling.

Figure 1. STM height image (100 x 100 nm?) of quaterthiophene 1 adsorb-
ed on HOPG (bias voltage: 700 mV, sample is positive, tunnel current:
40.5 pA).

left) supports that the molecules cover the surface as densely
as possible. The lattice constants of the two-dimensional layer
were determined to be A=123£0.10nm, B=2.15+
0.05nm, I'=75°4+3° (Table1). The underlying graphite
lattice (Figure 2, right, inset) was observed by decreasing
the voltage after the molecular image had been taken. One of
the main crystallographic axes of HOPG has an angle of 85° +
3° with respect to the oligothiophene backbone. If the long
axis of the alkyl chains is assumed to be oriented perpendic-
ularly with respect to the oligothiophene backbone, as it is
drawn in Figure 2, then the alkyl chains align along the main
crystallographic axis of the substrate. This was also found for
adsorbed monolayers of other compounds.l'>*] This finding
will be discussed later again.

Table 1. Unit-cell parameters of the two-dimensional adsorbates at HOPG
compared with the “sheets” in the three-dimensional single crystals.

Oligo- two-dimensional adsorbate  “cross-section”
thiophene on HOPG of the three-dimensional crystal

1 A=1.23+0.10 nm A=123nm
B=2.154+0.05 nm B=2.14nm
r=75+3° r=754°

2 A=1.21+0.05 nm A=122nm
B=1.46+0.05 nm B=1.50 nm
r=81+3° r=_81.7°

3 A=1.65+0.10 nm A=1.59 nm
B=1.70+0.20 nm B=1.49 nm
r=87+4° '=84.9°

The orientation and packing of hexyl-substituted quater-
thiophene 2 at the solution —substrate interface are similar to
that of 1, except that the distance between the adjacent rows

Chem. Eur. J. 2000, 6, No. 4
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(ca. 1.5 nm) is smaller than that
for 1 (ca. 2nm) due to the
shorter alkyl side chains (Fig-
ure 3, right). This result shows
that a n-hexyl side chain is
evidently still sufficiently long
to form and stabilize self-as-
sembled monolayers at the sub-
strate surface. The lattice con-
stants of the two-dimensional layer were similar to those of
oligomer 1, except for B, which is shorter and represents the
separation between the rows (Table 1). The model of the
molecular arrangement of oligomer 2 is illustrated in Figure 3
(left).

However, a monolayer of n-propyl-substituted quaterthio-
phene 3 was not observed at the solution—-HOPG interface.
Clearly, owing to the shorter side chains the molecules can not
provide sufficient interactions to the substrate surface.
Instead, self-assembled monolayers were successfully ob-
served for dip-coated films from a chloroform solution, as
shown in Figure 4 (right). The molecular arrangment of
oligomer 3 is obviously quite different from those of
derivatives 1 and 2, suggesting that the n-propyl group is too
short to stack with one another in order to form the parallel
lamella-type arrangement as the other two derivatives do. The
nearest neighboring molecules are not parallel with each
other and form a “herringbone-like” structure, in which each
molecule is nearly perpendicular to the surrounding ones. The
lattice constants of the two-dimensional layer were therefore
different from the other oligomers (Table 1). The model of the
molecular arrangement of oligomer 3 is illustrated in Figure 4
(left).

X-ray single-crystal analyses

Molecular parameters: Crystals of quaterthiophene 1 are
blade-like and grow very often into twins. Figure 5 shows the
crystal structure of 1. Structural features, experimental con-
ditions and crystal data are collected in Tables 2 and 3. The
quaterthiophene moiety has an all-anti structure with a
dihedral angle of 12.2° between the outer thiophene ring
and the inner one. The alkyl side chains exhibit an all-trans
conformation and are positioned nearly perpendicularly with
respect to the oligothiophene backbone. Furthermore, the
thiophene rings and the carbon skeleton of the alkyl side
chains are nearly coplanar (Figure 5).

Compound 2 also crystallizes in a blade-like shape from n-
hexane/ethanol. When the crystallization is attempted at
room temperature, the oligothiophene precipitates as an oil
because of its very low melting point. The crystallization was
therefore performed at 4°C. The low melting point proves
that the intermolecular forces of this compound are relatively
weak. Similar to dodecylquaterthiophene 1, hexyl-substituted
derivative 2 in the crystal adopts a nearly planar all-anti
conformation with a dihedral angle of 10.2° between the outer
and the inner thiophene rings (Figure 6). The alkyl side chains
adopt an all-frans arrangement and are nearly perpendicularly
extended to the oligothiophene backbone.
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Dipropyl derivative 3 crystal-
lized as platelets. Two inde-
pendent molecules, which are
oblique to each other, exist in
the unit cell (Figure 7). The
oligothiophene moiety main-
tains an all-anti conformation;
however, a larger twist exists
between adjacent thiophene
rings (19.2° for molecule a and
14.6° for molecule b in the unit
cell) in comparison with the
twists found for compounds 1
and 2. The propyl side chain of
molecule b unfortunately dis-
plays certain disorder so that
the position of carbons could
not be properly refined.

We note a common tendency
for all three compounds, that
the C—C and C—S bond lengths
at the edge of the molecule are
slightly shorter (see Table 2:
e.g., for 1: C1-C2 134 A vs.
C5-C61.36 A; C1-S11.70 A vs.
$2—C5 1.73 A) in comparison
with the other corresponding
bonds. This phenomenon is also
observed in X-ray structure de-
terminations of other oligothio-
phenes.['%-=enol This finding is
likely due to the electronic
nature of conjugated backbone
and is in accordance with semi-
empirical and ab initio calcula-
tions on individual molecules
excluding intermolecular inter-
actions.["]

However, some uncertainty
in the X-ray analysis due to
rotational oscillations?” of the
corresponding atoms can not
be totally excluded at the mo-
ment. Another general feature
is the larger twist between the
outer and the inner thiophene
rings compared with unsubsti-
tuted oligothiophenes. This has
been observed as well for
other -substituted oligothiophe-
nesl%ol and is due to the steric
hindrance of the a-methylene
group in the alkyl side chain
and the sulfur atom (S2) on the
adjacent thiophene ring. This is
reflected in the distance be-
tween C9 and S2, which is, for
example, 3.18 A for compound
1 and is much smaller than the

e,
e
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Figure 2. Right: STM current image of a small area (10 x 10 nm?) of quaterthiophene 1 adsorbed on HOPG (bias
voltage: 500 mV, sample is positive, tunnel current: 48 pA). The inset shows the underlying HOPG substrate (bias
voltage: 20 mV, sample is positive, tunnel current: 50 pA). Left: model of the molecular arrangement.

Figure 3. Right: STM current image (10 x 10 nm?) of quaterthiophene 2 adsorbed on HOPG (bias voltage:
350 mV, sample is positive, tunnel current: 35 pA). Left: model of the molecular arrangement.

Figure 4. Right: STM current image (10 x 10 nm?) of quaterthiophene 3 dip-coated on HOPG from a chloroform
solution (bias voltage: —540 mV, sample is negative, tunnel current: 20 pA). Left: model of the molecular
arrangement. Alkyl chains are not drawn since it is ambiguous from STM pictures if the molecules are “in-plane”
or not.
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Figure 5. Molecular structure of quaterthiophene 1 with the atomic numbering scheme. Displacement ellipsoids are drawn at the 50 % probability level.

Table 2. Selected structural features of 1-3.[% Table 3. Structure determination summary of 1-3.

1 2 3a 3b 1 2 3

bond lengths [A] formula CyHssS, CysHs,S, C,,H,S,
S(1)-C(1) 1.698(3) 1.714(5) 1.694(5) 1.721(8) M, 667.10 498.79 414.64
S(1)-C(4) 1.740(3) 1.732(4) 1.729(4) 1.704(6) T [K] 293(2) 220(2) 293(2)
S(2)-C(5) 1.733(2) 1.741(4) 1.734(4) 1.729(5) crystal system triclinic triclinic triclinic
S(2)-C(8) 1.726(3) 1.731(4) 1.721(4) 1.722(5) space group Pi Pi Pi
C(2)-C(1) 1.338(3) 1.351(6) 1.333(6) 1.360(6) a[A] 5.581(1) 6.854(1) 5.503(1)
C(2)-C(3) 1.416(3) 1.425(6) 1.424(6) 1.417(9) b[A] 12.268(2) 9.441(1) 13.267(2)
C(3)-C(9) 1.519(3) 1.497(6) 1.492(6) 1.491(13) ¢ [A] 14.428(3) 10.854(1) 14.922(2)
C(4)-C(3) 1.366(4) 1.378(6) 1.362(6) 1.337(8) al] 98.92(2) 106.59(2) 77.11(2)
C(5)-C(4) 1.457(3) 1.460(6) 1.460(6) 1.457(7) B1°] 93.77(2) 92.85(2) 81.99(2)
C(5)-C(6) 1.359(4) 1.355(6) 1.347(6) 1.353(7) vl 100.83(2) 101.61(2) 81.26(2)
C(7)-C(6) 1.405(3) 1.403(7) 1.410(5) 1.394(7) VIAY 953.9(3) 655.1(2) 1043.3(3)
C(8)-C(7) 1.355(3) 1.368(6) 1.361(5) 1.287(9) z 1 1 2
C(8)-C(8)l*-! 1454(5)P1  1.467(8)  1.454(7)d 1.443(9)  pouea [Mgm] 1.161 1.264 1.320
bond angles [°] u [mm-~1] 0.275 0.377 0.459
C(1)-C(2)-C(3) 113.8(2) 114.7(4) 113.8(5) 113.4(5) F(000) 362 266 436
C(1)-S(1)-C(4) 91.8(1) 92.0(2) 91.7(3) 91.5(4) crystal size [mm] 0.06 x 0.27 x 0.65 0.15 x 0.50 x 0.23 0.06 x 0.23 x 0.46
C(2)-C(1)-S(1) 112.0(2) 111.0(3) 112.1(4) 111.1(6) color orange yellow yellow
C(3)-C(4)-C(5) 133.0(2) 130.9(4) 131.9(4) 131.6(6) scan range (0) [°] 3.08-25.97 2.31-2591 2.82-24.10
C(3)-C(4)-S(1) 110.4(2) 111.5(3) 111.1(3) 110.8(5) index ranges —6<h<6 —8<h<8 —6<h<5
C(4)-C(3)-C(2) 112.0(2) 110.8(4) 111.3(4) 112.1(7) —15<k<14 —11<k<11 —15<k<15
C(5)-C(6)-C(7) 114.1(2) 115.1(4) 114.7(4) 114.9(5) -17<i<17 -13<i<13 -17<i<17
C(6)-C(5)-C(4) 127.8(2) 127.8(4) 127.7(4) 127.5(5) reflections collected/unique  8217/3456 5640/2377 7405/3104
C(6)-C(5)-S(2) 109.3(2) 109.3(3) 109.4(3) 108.9(4) R(int) 0.0713 0.0587 0.0583
C(7)-C(8)-C(8)P1  129.5(3)M  130.1(5)F  1292(5)4  129.3(6) data/restraints/parameters 3456/0/199 2377/0/145 3104/0/235
C(7)-C(8)-S(2) 110.02) 110.4(3) 110.3(3) 109.7(4) goodness-of-fit on F? 0.709 1.106 0.816
C(8)-C(7)-C(6) 113.8(3) 112.7(4) 112.8(4) 113.4(5) final R indices [I>20(I)] R1 0.0422 0.0615 0.0482
C(8)-S(2)-C(5) 92.9(1) 92.5(2) 92.8(2) 93.1(3) WR2 0.0627 0.1927 0.1148

R indices (all data) R1 0.1270 0.0872 0.1122
[a] Numbering as defined in X-ray analyses (see figures 5—7). [b] Symme- WR2 0.0749 0.2007 0.1302

try transformations used to generate equivalent atoms: —x, —y, —z.
[c] Symmetry transformations used to generate equivalent atoms: —ux,
—y+1, —z+2. [d] Symmetry transformations used to generate equivalent
atoms: —x+1, —y+1, —z+1. [e] Symmetry transformations used to
generate equivalent atoms: —x—1, —y+2, —z.

largest diff. peak/hole [e A-3] 0.184/ —0.159 0.852/—0.334 0.458/ —0.451

from the [010] direction (Figure 8, top). The interlayer
distance is 3.41 A, indicating that the molecules are rather

sum of van der Waals radii of carbon (1.7 A) and sulfur
(1.8 A).21

Crystal packing: Dodecylquaterthiophene 1 exhibits a quite
unique molecular packing in the bulk crystal. The conjugated
backbones of the molecules are coplanar and form a layered
structure that consists of slipped stacks as is seen in the view

Chem. Eur. J. 2000, 6, No. 4
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tightly packed. The quaterthiophene backbones of adjacent
molecules in the stack are laterally displaced and only slightly
overlap (closest C—C distance in accordance with the layer-to-
layer distance: 3.45 A; closest S—S distance: 3.71 A). None of
the distances between intermolecular non-hydrogen atoms
are shorter than the sum of the van der Waals radii; this
indicates that there is no unusual intermolecular interaction.
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Figure 6. Molecular structure of quaterthiophene 2 with the atomic
numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level.

Figure 7. Molecular structure of quaterthiophene 3 with the atomic
numbering scheme. Displacement ellipsoids are drawn at the 50%
probability level.

This packing motif is in striking contrast to the usually
observed “herringbone” arrangement in oligothiophene
structure determinations.'”! Oligothiophene 1 indeed repre-
sents one of the very few examples of crystal structures in
which all the planes of the oligothiophene backbones are
parallel to one another.!'%! This ordering may arise from the
bulky long alkyl side chains stretched almost perpendicularly
with respect to the m-system and preventing the “herring-
bone” arrangement. The crystal structure of compound 1
therefore is an excellent model for poly(alkylthiophene)s,!
which are also believed to exhibit a face-to-face m-stacking.

In the (103) plane, all molecules lie flat and form a lamella-
type structure that contains rows of the oligothiophenes which
are separated by approximately 20 A (Figure 8, bottom). The
alkyl side chains of adjacent rows interlock providing optimal
van der Waals interactions. The planar molecules thus form a
two-dimensional “sheet”, which is identical to the (103)
plane.
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Figure 8. Molecular packing of 1 viewed from the [010] direction (top).
View from the direction normal to the (103) plane (bottom). Only the
molecules on the same plane are drawn. The correlation of the two-
dimensional and the three-dimensional lattices is given at the bottom of the
figure.

The molecular arrangement observed in this plane of the
bulk crystal of 1 (Figure8, bottom) has an intriguing
coincidence with the arrangement of the molecules in the
two-dimensional monolayers at the solution—HOPG inter-
face (Figure 2). The “lattice constants” in the “sheet” in the
three-dimensional crystal and those observed in the two-
dimensional monolayer are almost identical (Table 1); this
suggests that the molecular arrangement in the two-dimen-
sional layer at the HOPG surface is identical with one layer in
the bulk crystal.

The molecular packing of hexyl-substituted derivative 2 in
the crystal is similar to that of oligothiophene 1. Viewed from
the [011] direction, we find again a layered structure that
consists of slipped mt-stacks of coplanar conjugated backbones.
The resulting interlayer distance is 3.62 A and is larger than
that of compound 1 (Figure 9, top). Viewed from the direction
normal to the (1 —22) plane, the same arrangement of the
quaterthiophene units in parallel lamellae is evident, and
“sheets” that contain interlocking alkyl side chains are formed
(Figure 9, bottom). However, in this case the overlap of m-
conjugated systems between the neighboring “sheets” is
smaller than in 1, and the slipping is increased: the shortest
intermolecular distance between atoms in the oligothiophene
backbones increases to 3.70 A. Due to the shorter chain
length, on the other hand, the separation between the rows is
decreased to about 1.5nm. Also in the case of the hexyl-
substituted derivative 2 the packing motif in the (1 —22)
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Figure 9. Molecular packing of 2 viewed from the [011] direction (top).
View from the direction normal to the (1 —22) plane (bottom). Only the
molecules on the same plane are drawn.

plane of the bulk crystal has a good coincidence with the two-
dimensional molecular arrangement in the adsorbed mono-
layer at the solution—HOPG interface and exhibits nearly
identical “lattice constants” (Figure 3, Table 1).

In contrast to quaterthiophene 1 and 2, crystals of propyl
derivative 3 exhibit a different packing of the molecules
(Figure 10). The longer molecular axis of the quaterthiophene
backbone is oblique with respect to the neighboring molecule,
and the molecular planes are tilted with each other. The
packing motif resembles that observed for 3,3"’-dimeth-
oxyquaterthiophene.l'’] In comparison with compounds 1
and 2, the difference of the crystal structures arises from the
alkyl side chains: propyl chains are too short to maintain the
hydrophobic interactions between themselves. Therefore, a
lamellae structure observed for 1 and 2 can not be achieved.
Despite of the complicated molecular packing, two-dimen-
sional “sheets” can also be defined in the case of derivative 3
(Figure 10, top). The heteroaromatic rings of every second
oligothiophene are nearly perpendicular with respect to the
“sheet”, and the propyl side chains stick into the neighboring
layers. The arrangement of the molecules in this “cross-
section” of the crystal (Figure 10, bottom) nevertheless
clearly resembles that observed in the STM image of the
dip-coated film of quaterthiophene 3 on the HOPG surface.
This suggests that the dip-coated two-dimensional film on
HOPG exhibits the same molecular arrangement comprising
similar “lattice constants” as the “cross-section” of the three-
dimensional bulk crystal (Figure 4, Table 1).

These results show that the two-dimensional arrangement
of compounds observed at the HOPG surface with STM

Chem. Eur. J. 2000, 6, No. 4
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Figure 10. Molecular packing of 3 viewed from the [001] direction (top).
Hydrogen atoms are omitted for simplicity. View from the direction normal
to the (120) plane (bottom). Only the molecules on the same plane are
drawn. In both figures, one of the independent quaterthiophene molecules
has two thiophene rings that are completely parallel to the view direction.
These rings are therefore seen just as solid lines.

correspond well with at least one plane or “cross-section” in
the three-dimensional structure of the same materials,
although there is an additional influence of the substrate on
the ordering behavior, because the direction of the rows is not
random but limited (see Figure 1).

Discussion

The results described above provide a good example for the
discussion of the correlation of the two-dimensional and
three-dimensional molecular arrangements. In the case of
compounds 1 and 2, the “lattice constants” of the two-
dimensional crystalline adsorbate at the HOPG interface and
those in one of the “cross-sections” of the bulk crystal are
almost identical (Table 1). This finding suggests that the
packing of the molecules in these two different states is
essentially the same. The molecular arrangement of 1 in the
(103) plane of the bulk crystal is superimposed on the STM
images of the monolayer of 1 and the underlying HOPG
lattice (Figure 11). Assuming that the conformation of the
molecules in the monolayer on HOPG is similar to that in the
bulk crystal, that is, if the long axes of the alkyl chains are
almost perpendicular to the quaterthiophene backbone, then
the alkyl chains are parallel to the direction of the main
crystallographic axis of HOPG. If we also take into consid-
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Figure 11. Scheme of the molecular arrangement in the absorbed mono-
layer of quaterthiophene 1 and the underlying HOPG. Note that the lateral
positioning of the STM pictures of the absorbed monolayer and HOPG is
meaningless due to drift during the measurement. Furthermore, the lattice
of the adsorbed monolayer is not commensurate with that of HOPG (see
text). Only the size of each lattice and the relative orientation should be
regarded.

eration the result that there are only six different possibilities
for how the rows in the domains are oriented (see Figure 1),
then this result suggests that the alkyl side chains of the
molecules are epitaxially adsorbed on HOPG. This effect is
evidently the driving force for the attraction of molecules to
the surface, as was also found for other compounds.['> The
existence of twice as many directions of rows (six) as numbers
of equivalent crystallographic axes of HOPG (three) is simply
explained by the existence of two different directions of rows
of oligothiophene backbone for the same orientation of alkyl
chains (Figure 12). In other words, a pair of “enantiomorphic”
domains,'™™ for each direction of the alkyl chains exists.

direction of the row of oligothiophene backbones

\ /

| -

L
.
T T

D ———
direction of the alkyl side-chains

Figure 12. Two possible “enantiomorphic” stacking features of oligothio-
phenes including the same direction of the alkyl side chains.

The determination of the distance between two adjacent
alkyl side chains (0.51 nm) reveals that there is no absolute
match of the carbons in the chain with the underlying
substrate in this direction. Therefore, not all alkyl chains take
any particular site of the substrate. Evidently, besides the
molecule —substrate interactions, intermolecular forces also
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play an important role in the formation and stabilization of
the self-assembled monolayers.

The propyl chains in compound 3 are too short to form a
stable monolayer at the liquid-solid interface. This finding
also proves that sufficiently strong interactions between alkyl
side chains and HOPG are necessary to form a monolayer at
the solution—graphite interface. In accordance with deriva-
tives 1 and 2, the two-dimensional molecular arrangement of 3
on HOPG resembles most remarkably the molecular packing
in one of the “cross-sections” or “sheets” in the three-
dimensional bulk crystal. However, in this case, the discussion
is slightly ambiguous. It is not clear from the STM images
whether the thiophene rings of every second molecule are
tilted with respect to the plane, as can be seen in the bulk
crystal, or whether the thiophene rings of all molecules in the
adsorbed layer lie flat on the surface. For these two cases, the
“lattice constants” of the two-dimensional layer would not
dramatically change and the difference could be within the
experimental error of the STM measurements.

For all three compounds the molecular order in a two-
dimensional layer on a substrate and in a layer of the three-
dimensional crystal is nearly the same. Unless the molecule —
substrate interactions are too large, one could thus predict the
molecular packing in bulk crystals from the order in two-
dimensional layers of the same compound. This also shows
that a crystalline domain, when forced to grow two-dimen-
sionally, tends to grow in the directions of a representative
“sheet” in a crystal due to the stronger intermolecular
interactions in these directions.

The above results also demonstrate the effect of alkyl side
chains on the molecular organization. The dodecyl chains of
quaterthiophene 1 stack and interlock with themselves. In
contrast, due to the shorter alkyl side chains, the molecular
arrangement of propyl derivative 3 is totally different from
that of derivative 1, both in the dip-coated film on the surface
and in the three-dimensional crystal. This means that the
propyl chains of compound 3 are too short to maintain the
packing with neighboring chains. Hexyl chains in compound 2
are sufficiently long to provide hydrophobic alkyl-alkyl
interactions, and packing as for compound 1 is observed;
however, the length approaches the shortest limit below
which the molecular packing turns into another type as was
observed for compound 3. The anomalous low melting point
of quaterthiophene 2 (27-28°C) is thus understandable: the
hydrophobic interactions due to hexyl chains are too weak in
order to maintain the crystal lattice up to higher temperatures.
The results described above are also informative for the
understanding of the molecular packing of alkylated poly-
thiophenes. In this respect, it was reported that one of the d
spacings in the polycrystalline part of poly(3-alkylthio-
phene)s, obtained with X-ray powder diffraction measure-
ments, linearly increases with the length of alkyl side chains,
except for the case of the methyl derivative." In accordance
with our results, the authors suggest that polymers with
shorter alkyl side chains exhibit a different molecular packing
in comparison with those with longer alkyl side chains.
Therefore, the length of the alkyl side chains strongly affects
the molecular packing, and consequently influences the
physical properties of the solid-state material.
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Conclusion

We have demonstrated that the combination of STM inves-
tigations on two-dimensional monolayers at a substrate
interface and X-ray single-crystal analyses enables us to gain
a better understanding on the self-assembling properties of
oligothiophenes. The quaterthiophenes 1 and 2 which have
longer alkyl side chains attached to S-positions exhibit a
molecular order in which the alkyl chains are packed with one
another, both in the two-dimensional layers at the surface and
in the three-dimensional bulk crystals. Derivative 3 which
bears the shorter propyl chains has a completely different
tendency to order due to the lack of sufficiently strong
intermolecular interactions of the alkyl chains. In all three
cases, the two-dimensional arrangement of the adsorbates
observed at the HOPG surface most notably coincides well
with the molecular order in one layer of the three-dimensional
crystal. This clearly indicates that information on the self-
assembling properties of materials obtained from STM
investigations are extremely valuable in order to understand
the ordering in three-dimensional solids. If the molecule—
substrate interactions are not too dominating, STM provides
an excellent additional way to quickly get information about
the molecular packing in the solid state when it is impossible
to perform the X-ray single-crystal analyses.

Experimental Section

General: Solvents and reagents were purified and dried by usual methods
prior to use. Thin-layer chromatography (TLC) was carried out on plastic
plates (Polygram SIL and Polygram Alox from Macherey and Nagel).
Developed plates were dried and scrutinized under a UV lamp. Preparative
column chromatography was performed on glass columns of different sizes
packed with Kieselgel 60 (20-200 pm, Merck). Melting points were
determined with Electrothermal 9100 melting point apparatus and are
uncorrected. '"H NMR spectra were recorded on Bruker DMX600
(600 MHz), AMX 500 (500 MHz), and ACF 250 (250 MHz) spectrometers
(with deuterated solvent as lock-in and tetramethylsilane as internal
reference). C NMR spectra were recorded on Bruker DMX600
(151 MHz), AMX 500 (126 MHz), and ACF250 (63 MHz) spectrometers.
Elemental analyses were performed on a Carlo Erba Instrumentatione
Elementar Analyser 1106.

Scanning tunneling microscopy: Measurements were carried out with a
low-current scanning tunneling microscope (Digital Instruments) equipped
with a Nanoscope IIla controller (Digital Instruments) at room temper-
ature. Mechanically cut Pt/It tips were used. For the measurement at the
solution —substrate interface, a nearly saturated solution of the quaterthio-
phene in 1,2,4-trichlorobenzene was applied onto a freshly cleaved (001)
face of HOPG. For the measurement of dip-coated films, the substrate was
dipped into a diluted solution of the quaterthiophene in chloroform,
withdrawn, and dried in air. The images are shown as obtained (i.e.
distortion of the images due to drift is uncorrected), while the velocity of
drift at each measurement is considered in the calculation of “two-
dimensional lattice constants”. Measurement conditions are given in the
corresponding figure captions.

X-ray crystal structure amalysis: Single crystals were obtained by slow
evaporation of solutions of 1in n-hexane, of 2 in a mixture of n-hexane and
ethanol, and of 3 in petroleum ether. The crystallization of oligomer 2 was
performed at 4°C. Diffraction data were collected on a STOE-IPDS image
plate diffractometer (Mog,, radiation, graphite monochromator) in the ¢
rotation scan mode. The measured intensities were corrected for Lorentz
and polarization effects. The structure determination was done with direct
methods by using XMY? and refinements with full-matrix least-squares
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on F? with SHELXL-97.2 The positions of hydrogen atoms were
calculated and refined isotropically. The graphics were performed with
ORTEP3? and PLATON.®! Crystal data and refinement parameters are
given in Tables 2 and 3. Crystallographic data (excluding structure factors)
for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-118941, CCDC-118942, and CCDC 118943. Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (Fax: (+44)1223336-033; e-mail: deposit@ccdc.
cam.ac.uk).

Starting materials: The starting materials were prepared according to
literature procedures: 3-dodecyl-2-bromothiophenel?® (b.p. 122-125°C/
103 mbar, yield 71 %), 3-hexyl-2-bromothiophenel?”! (b.p. 137 °C/18 mbar,
yield 70%), 3-propyl-2-bromothiophenel®®! (b.p. 91°C/18 mbar, yield
78%), 5,5'-dibromo-2,2"-bithiophene?) (m.p. 146 °C, yield 70 %).
3,3""-Didodecyl-2,2":5',2"":5",2""-quaterthiophene (1): 2-Bromo-3-do-
decylthiophene (31.8 g, 96.1 mmol) in anhydrous diethyl ether (25 mL)
was added under inert atmosphere to magnesium turnings (2.34 g,
96.3 mmol) in diethyl ether (5 mL). The reaction mixture was then heated
under reflux for 1 h. This Grignard solution was subsequently transferred
through a cannula to a second apparatus and added slowly to a boiling
solution of 5,5-dibromo-2,2"-bithiophene (12.5g, 38.4 mmol) and
[Ni(dppp)CL,] (88 mg, 0.16mmol) in diethyl ether (300 mL) over 1 h. The
reaction mixture was heated under reflux for 5 d and afterwards hydrolyzed
with cold HCl (IN) followed by extraction with diethyl ether. The
combined organic phases were washed with water neutralized with
saturated NaHCO; and dried. After removal of the solvent in vacuo the
residue was purified by two chromatographic steps on columns of silica gel
of different grain size at normal (A60; 32—63 um) and increased pressure
(LiChroSpher; 15-25 pm). Finally, the product was recrystallized from n-
pentane to yield 18.45 g (72 %) of a yellow solid. M.p. 59-60°C; 'H NMR
(250 MHz, CDCls): 0=715 (d, *Jssy=5.2Hz, 2H; H5,5"), 710 (d,
*J a3 =3.8 Hz, 2H; H4',3"), 7.00 (d, */34y=3.8 Hz, 2H; H3'4"), 6.92 (d,
*Joasy=52Hz, 2H; H4,4"), 2.77 (t, Jinap =78 Hz, 4H; a-CH,), 1.64 (m,
4H; -CH,), 1.24 (m, 36 H; CH,), 0.87 (t, 6H; CH;); *C NMR (63 MHz,
CDCly): 6=139.9, 136.8, 135.3, 130.3, 130.1, 126.5, 123.8, 31.9, 30.7, 29.7,
29.6,29.5,29.4, 29.3, 22.7, 14.1; CyHy,S, (667.14): caled C 72.01, H 8.76, S
19.22; found C 72.12, H 8.81, S 18.99.
3,3""-Dihexyl-2,2":5",2":5",2"'-quaterthiophene (2): A Grignard solution was
prepared from 2-bromo-3-hexylthiophene (2.67 g, 10 mmol) in anhydrous
diethyl ether (10 mL) and magnesium turnings (0.24 g, 10 mmol) in diethyl
ether (1 mL) according to the preceding procedure. The solution was
heated under reflux for 4 h, then transfered to a second apparatus and
added slowly to a solution of 5,5-dibromo-2,2'-bithiophene (1.43 g,
4.4 mmol) and [Ni(dppp)CL,] (20 mg, 0.04 mmol) in diethyl ether (7 mL)
at room temperature. The reaction mixture was heated under reflux for
19 h, quenched with cold water and HCI (1N), and extracted with several
portions of ether. Washing to neutrality, drying of the combined organic
phases, and removal of the solvent in vacuo afforded a crude product, which
was purified on a column of silica gel with petroleum ether (b.p. 50-60°C)
and recrystallized from petroleum ether (b.p. 30-40°C). Yield: 0.88 ¢
(44%); m.p. 27-28°C; '"H NMR (200 MHz, CDCl;): 6 =7.09 (d, *J 54y =
5.4 Hz,2H; H55"),7.04 (d, *J 14 5y=3.4 Hz, 2H; H4'3"), 6.94 (d, *J 13 4 =
3.5Hz, 2H; H3' 4"), 6.86 (d, *J415=15.4 Hz, 2H; H4,4"), 2.70 (t, J a0 =
74 Hz, 4H; a-CH,), 1.57 (m, 4H; -CH,), 1.25 (m, 12H; CH,), 0.81 (t, 6 H;
CHj;); CH3,S, (498.84): caled C 6742, H 6.87, S 25.71; found C 67.36, H
6.85, S 25.85.

3,3"-Dipropyl-2,2":5',2":5",2""-quaterthiophene (3): From a solution of
2-bromo-3-propylthiophene (5.13 g, 25 mmol) in anhydrous diethyl ether
(17 mL) and magnesium turnings (0.61 g, 25 mmol) in diethyl ether (2 mL),
the Grignard reagent was generated according the above procedures. This
solution was heated under reflux for 1.5 h and transferred afterwards to a
second apparatus, which was charged with a suspension of 5,5'-dibromo-
2,2'-bithiophene (3.24 g, 10 mmol) and [Ni(dppp)ClL,] (27 mg, 0.05 mmol)
in diethyl ether (15mL). The Grignard solution was added at room
temperature and the reaction mixture heated under reflux for 24 h. A
second portion of [Ni(dppp)Cl,] (27 mg, 0.05 mmol) was added after 5 h of
heating under reflux. Work up with cold water and HCI (I1N) as described
above and extraction with ether left a red solid after evaporation of the
solvent; this solid was filtered on a short silica gel column with petroleum
ether (b.p. 50— 60°C). The product was recrystallized from the same solvent
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to afford 3.65 g (88 %) of analytically pure compund. M.p. 63°C; '"H NMR
(200 MHz, CDCL): 6=710 (d, Juss=5Hz, 2H; H55"), 704 (d,
sy =34 Hz, 2H; H4 3"), 6.94 (d, 34y =3.4 Hz, 2H; H3' 4"), 6.86
(d, a5y =5 Hz, 2H; HA4"), 270 (t, " 15 = 7.7 Hz, 4H; a-CH,), 1.62 (m,
4H; -CH,),0.93 (t, %) =74 Hz, 6H; CH,); Cp,H,,S, (414.68): caled C 63.72,
H 5.35, S 30.93; found C 63.62, H 5.27, S 31.22.
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