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Abstract: Ruthenium hydrogensulfido
complexes [CpRu(P—P)(SH)] ((P-P)=
Ph,PCH,PPh, (dppm), Ph,PC,H,PPh,
(dppe)) were obtained from the corre-
sponding chloro complexes by CI/SH
exchange. Condensation with a range
of cinnamaldehydes gave thiocinnamal-
dehyde complexes [CpRu(P—P)(S=
CH—-CR’=CHR")|PF (R'=CH,X,
R’=H, Me, X=H, OMe, NMe,, CI,

CHCH,Y (Y=H, Me, OMe, Cl, Br,
NO,) to give complexes of 2,4,5-trisub-
stituted 3,4-dihydro-2H-thiopyrans as
mixtures of two diastereoisomers. The
rate of addition of para-substituted
styrenes H,C=CHC-H,Y to [CpRu-
(dppm)(S=CH—CH=CHPh)]PF, in-
creases in the series Y=NO,, Br, Cl,
H, Me, OMe, indicating that the cyclo-
addition is dominated by the HOMO-

(dienophile)-LUMO(diene) interaction.
The strained dienophiles norborna-
diene and norbornene also add, giving
ruthenium complexes of 3-thia-tricy-
clo[6.2.1.0*"Jundeca-4,9-dienes and 3-
thia-tricyclo[6.2.1.0*"Jundec-4-enes, re-
spectively. Addition reactions with ac-
rolein, methacrolein, methyl vinyl
ketone, acrylic ester, or ethyl propio-
late finally yielded ruthenium com-

NO,) as highly-colored crystalline com-
pounds. The thiocinnamaldehyde com-
plexes undergo [4+2]-cycloaddition re-
actions with vinyl ethers CH,=CHOR?
(R*=Et, Bu) and styrenes H,C=

Introduction

o,p-Unsaturated thiocarbonyl compounds (thioaldehydes,
thioketones, dithioesters) are valuable diene equivalents in
cycloaddition reactions.”® Their high reactivity in hetero-
Diels—Alder (HDA) reactions originates from an unusually
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plexes of 3,4-disubstituted 3,4-dihydro-
2H-thiopyrans and 4H-thiopyrans, re-
spectively.

half-

small HOMO-LUMO gap which allows for rapid addition
reactions of both electron-poor and -rich dienophiles.”!
While o,p-unsaturated dithioesters and thioketones are isol-
able compounds® or easily accessible from their Diels—
Alder dimers,° the corresponding o,B-unsaturated thioal-
dehydes are difficult to obtain (a notable exception are mes-
omerically stabilized amino-substituted derivatives,”* which
can be seen as vinylogous thioformamides). Thioacetals of
o,pB-unsaturated aldehydes or ketones have been introduced
as synthetic equivalents; the Lewis acid promoted ring open-
ing and addition to olefins involves a thienium ion inter-
mediate.” ¥ Very recently, thiocinnamaldehyde has been
produced from cinnamaldehyde and (Me,Al),S and trapped
as its Diels—Alder dimer.""

Thioaldehydes can be stabilized as ligands in transition-
metal complexes.! While this as expected attenuates their
otherwise high reactivity, the coordinated C=S group is still
susceptible to a range of nucleophilic addition and cycload-
dition reactions.™ Surprisingly, there are only a few exam-
ples of complexes of ao,f-unsaturated thioaldehydes with the
metals tungsten,'® iron,!*? cobalt,*?! and iridium.?
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The reactivity of these compounds has not yet been ad-
dressed.

The cationic ruthenium thiobenzaldehyde complexes
[CpRu(PR’;),(S=CHR)]* are easily accessible and stable
compounds which are nevertheless sufficiently reactive to
undergo nucleophilic addition and cycloaddition reac-
tions.”?*! Here we report the synthesis and reactions of
analogous complexes of thiocinnamaldehydes. A prelimina-
ry account of this work was included in a recent review.

Results

Synthesis of thiocinnamaldehyde ruthenium complexes: As
a promising synthetic route we chose the condensation of
Ru—SH complexes with cinnamaldehydes, which has some
precedent in the synthesis of thioaldehyde complexes of
tungsten.l'*1%22% Beginning with the universal starting ma-
terial 1,”” exchange of the monodentate phosphine ligands
for bis(diphenylphosphino)methane (dppm) gave 2, which
was subsequently transformed in high yield into the hydro-
gensulfido complex 3 by reaction with NaSH. The synthesis
of the corresponding 1,2-bis(diphenylphosphino)ethane
(dppe) complex 4 could even be carried out as a one-pot re-
action (Scheme 1).

| dppm Ph, |
PhpRU — Pa-RU
3"/ ~Cl toluene / Cl
PhyP : Lp
3 80°C, 8h
2
1 2 (76%)
dppe, | EtOH / THF, NasH | EtOH/THF,
NaSH | 65 °C, 45 min 65°C, 16 h
Ph, | Phy |
%-Ru “-Ru
prRUS prRU
/ SH 7 “SH
TF Lp
Ph, Ph,
4 (90%) 3 (87%)

Scheme 1. Synthesis of ruthenium-SH complexes (dppm =Ph,PCH,PPh,,
dppe =Ph,PC,H,PPh,).

Compounds 3 and 4 are yellow crystalline, slightly air-sen-
sitive compounds. A characteristic feature of their "H NMR
spectra is the high-field (0 =—4.0 ppm) triplet resonance of
the SH group. In that, 3 and 4 are similar to the well-known
complex [CpRu(PPh;),(SH)].?") The reactions of 3 and 4
with a range of cinnamaldehydes in the presence of tri-
fluoroacetic acid, ammonium hexafluorophosphate, and
magnesium sulfate (as an absorbent for the water formed
during the reaction) were accompanied by a conspicuous
color change to deep purple. After chromatographic purifi-
cation, the thiocinnamaldehyde complexes Sa—f and 6a-g
were obtained in very good yields (Scheme 2).

Complexes Sa—f and 6a-g are highly-colored crystalline
compounds. Due to their ionic nature they are soluble only
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CF,COOH, < ®
NH,4PFg Ph, |

2 [S]
O —_— R PFgs
20°C,4h
Ph, R

5a-f (85-91%)
6a—g (60 — 86%)

Scheme 2.a: R=X=H; b: R=H, X=2-OMe; ¢: R=H, X=4-OMe; d:

R=H, X=4-NMe,; e: R=H, X=4-CI; f: R=Me, X=H; g: R=H, X=
2-NO,.

in polar media, such as dichloromethane or acetone. The
presence of the end-on-coordinated thioaldehyde function
was inferred from downfield '"H (6=9.5 ppm) and *C NMR
(0 =205 ppm) spectroscopic resonances, the latter being split
into triplets due to coupling with the two equivalent phos-
phorus nuclei. The '"H NMR spectra of 5d and 6d exhibited
broadened signals at ambient temperature. Upon cooling,
decoalescence set in, and at 200 K separate signals for two
isomeric forms in a ratio of 65:35 (5d) and 95:5 (6d) were
observed. We attribute this to a hindered rotation around
the formal single bond adjacent to the C=S group of the 4-
dimethylamino-thiocinnamaldehyde ligand.

X-ray structure determinations of [CpRu(dppe)(S=CH-
CH=CHCH /NMe,)|PF; (6d) and 4-dimethylamino-cinna-
maldehyde: A deep blue crystal of 6d-CDCl; suitable for
structure determination was obtained from CDCl;. Figure 1
shows the cation portion of that structure.

The geometry of the cation of 6d is very similar to
that of the related complex [CpRu(dppe)(S=
CHC4H,OMe)|PF,.>? This includes the length of the Ru—
S bond and the orientation of the thioaldehyde ligand with
the C—H bond pointing towards the Cp ring. The unsaturat-

Figure 1. Structure of the cation of [CpRu(dppe)(S=CH—CH=
CHC¢H,NMe,)|PF, (6d), hydrogen atoms omitted for clarity. Space
group P2,/n; selected distances [pm] and angles [°] (standard deviations
in parentheses): Ru—P(1) 228.47(13), Ru—P(2) 229.26(12), Ru—S(1)
232.00(13), S(1)-C(71) 165.5(5), C(71)~C(72) 139.3(6), C(72)~C(73)
135.8(6), C(73)—C(74) 144.0(7), P(1)-Ru-P(2) 83.02(4), P(1)-Ru-S(1)
86.73(5), P(2)-Ru-S(1) 90.73(4), Ru-S(1)-C(71) 112.0(2), S(1)-C(71)-
C(72) 124.2(4), C(71)-C(72)-C(73) 121.0(5), C(72)-C(73)-C(74) 127.2(5).
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ed ligand is tilted out of the pseudo-mirror plane of the
[CpRuP,] framework, approaching one of the phenyl groups
of the dppe ligand. The most conspicuous feature is the suc-
cession of bond lengths along the Ru—S=C—C=C—C chain.
While the Ru—S distance is the same as in the thiobenzalde-
hyde complex, the C=S double bond is 2 pm longer. The ad-
jacent C—C bond is much shorter than the central C—C
single bond in butadiene (147.6 pm)®! to which it might rea-
sonably be compared. The next formal double bond is fairly
long. The entire thiocinnamaldehyde ligand is almost per-
fectly planar, including even the dimethylamino group in
the para position. The structure of 4-dimethylamino-cinna-
maldehyde was determined for comparison (Figure 2).

O(1)

c(22)

C(23)

Figure 2. Structure of 4-dimethylamino-cinnamaldehyde, hydrogen atoms
omitted for clarity. Space group Pbca; selected distances [pm] and angles
[°] (standard deviations in parentheses): C(14)—C(21) 144.7(2), C(21)—
C(22) 134.1(2), C(22)—C(23) 144.2(2), C(23)—-0(1) 121.8(2), C(14)-C(21)-
C(22) 128.12(14), C(21)-C(22)-C(23) 120.88(15), C(22)-C(23)-O(1)
124.90(18).

As expected the unsaturated aldehyde adopts an almost
planar transoid structure. The largest deviation from copla-
narity is manifested in the dihedral angle C(21)-C(22)-
C(23)-O(1) of 10.6(3)°. The lengths of the formal single and
double bonds in this molecule conform exactly to their ex-
pected values. Almost identical geometric parameters have
previously been found in the structures of the closely related
4-nitro-cinnamaldehyde®"! and 4-hydroxy-3-methoxy-cinna-
maldehyde.?

[4+2]-Cycloaddition reactions with vinylethers: To test the
reactivity of the thiocinnamaldehyde complexes towards
electron-rich dienophiles, the compounds Sa-f and 6a—f
were treated with a large excess of ethylvinylether or butyl-
vinylether. Monitoring the progress of the reaction by
3P NMR spectroscopy revealed the slow disappearance of
the starting materials (except for 5d and 6d which were un-
reactive and 6g which decomposed too rapidly) whilst one
or two AB systems began to appear, signaling the possible
formation of diastereomeric products. Chromatographic
workup gave the cycloadducts 7a—f and 8a—f in generally
good yields (Table 1).

The cycloadducts are brownish-orange or -red crystalline
materials that are readily soluble in polar organic solvents.
Their '"H NMR spectra are fairly complex but nevertheless
allow an unambiguous assessment of the constitution of the

Chem. Eur. J. 2006, 12, 4821 4834

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

Table 1. Products from the [4+42]-cycloaddition reactions with vinyleth-
ers.

@ ® /\ORS
P2 Rue. ;| PFE ———
P/ SAK\R acetone, 20 °C,
Ph, R2 3-9d
5a—c, e, f
6a, c—f
@ orR® |® @ orR® |®
Ph2.Rue. PFS Ph2Ru A PFL
s PI
Phy N Ng Phy S Ng
R? R2
endo-7, 8 exo-7, 8
Ph,P-PPh, R! R’ R’ Yield [%] endolexo
7a°  dppm Ph H Bu 78 84:16
7b  dppm 2-MeOCH, H Et 88 74:26
7¢  dppm 4-MeOCH, H Et 82 endo only
7e  dppm 4-CIC¢H, H Et 66 endo only
7f  dppm Ph Me Et 90 endo only
8a  dppe Ph H Et 73 >90:<10
8a’ dppe Ph H Bu 81 82:18
8c  dppe 4-MeOCH, H Et 65 >90:<10
8e  dppe 4-CIC.H, H Et 73 >90:<10
8f  dppe Ph Me Et 74 endo only

newly-formed 3,4-dihydro-2H-thiopyran rings. We begin
with the signal at 6 =3.0 ppm whose assignment to H4 fol-
lows known precedence" and is further supported by the
observation, in the H,H-COSY spectra, of weak crosspeaks
with the signals of the aryl group R'. H4 is coupled to three
vicinal protons, establishing the regioselectivity of the cyclo-
addition as shown in Table 1. For this six-membered ring
system, two conformers of both diastereoisomers have to be
taken into consideration (Figure 3).

exo-A exo-B

Figure 3. Conformers of endo and exo adducts 7 and 8.

In the major products, the only H,H coupling exceeding
J=8 Hz is the geminal coupling between H3a and H3e. This
immediately rules out conformer B of the endo adduct and
both conformers of the exo adduct. All of those would con-
tain pairs of protons in antiperiplanar positions which

www.chemeurj.org — 4823
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should give rise to another large H,H coupling in the range
of J=8-13 Hz. A careful inspection of the 'H NMR spectra
of the raw materials revealed additional signals which in the
cases of 7a’, 7b, 8a, and 8a’ could be assigned to the respec-
tive exo adducts. In these, H4 exhibits a large (/=13 Hz)
coupling to one of the methylene protons and thus has to be
assigned an axial position, while the small couplings of the
H-2 signal hint at an equatorial site for that proton. Thus
conformer A can also be identified as the predominant one
of the exo adducts.

[4+2]-Cycloaddition reactions with styrenes: Styrenes, in
particular those bearing electron-withdrawing substituents,
added less readily to the thiocinnamaldehyde complexes.
Thus the reactions of the sterically more hindered dppe
complexes 6 were too slow and accompanied by decomposi-
tion. As a consequence, pure cycloaddition products could
not be obtained. The dppm complexes 5, however, reacted
readily with a series of styrenes to give ruthenium-coordi-
nated 2,4-diaryl-3,4-dihydro-2 H-thiopyrans (Table 2).

Table 2. Products from the [4+2]-cycloaddition reactions with styrenes.

| ° R
Pg.z..«Ru\ ;| PR —————
LP/ SA{\R acetone, 20 °C,
Ph, R 2-5d
5a,c.e,f
R3 @
th--ll?u PFL + traces of other isomers
PN 6
P
Ph, A R
R2
endo-9
R! R? R? Yield [%]
9a Ph H Ph 79
9b Ph H 4-MeC,H, 87
9¢ Ph H 4-MeOC¢H, 79
9d Ph H 4-CIC¢H, 73
9e Ph H 4-BrC¢H, 83
9f Ph H 4-O,NC,H, 83
9¢ 4-MeOC¢H, H 4-MeC4H, 70
9h 4-CIC¢H, H 4-MeC,H, 65
9i Ph Me 4-MeC,H, 70

The reactions were monitored by *P NMR spectroscopy.
In addition to the signals of the main product, two or even
three small AB systems also began to appear. We have not
been able to fully identify these side products, but it is rea-
sonable to assume that besides the expected two diastereoi-
someric  2,4-diaryl-3,4-dihydro-2H-thiopyrans the
sponding 3,4-diaryl-3,4-dihydro-2H-thiopyrans were also
formed. After chromatographic separation the main prod-
ucts were isolated in generally good yields as yellow crystal-
line materials. Their "H NMR spectra are distinctly different
from those of the vinylether adducts 7 and 8. The H2 signal

corre-
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at 0=3.8 ppm consistently exhibits one large and one small
coupling indicating that this proton resides in an axial posi-
tion. The H4 signal at 0=2.3 ppm was unfortunately ob-
served only as a broad multiplet. However, its large (/=2.4—
2.8 Hz) allylic coupling to H6 could be seen in the signal of
that proton. This value is near the upper limit for that type
of coupling and indicates that the C4—H4 bond is almost
parallel to the p orbitals of the C5—C6 m bond,” which
means that H4 is also axial. Thus the addition of styrenes
also gives predominantly endo diastereoisomers that prefer
the all-equatorial conformation B (Figure 3, R® instead of
ORY).

The rate of reaction of Sa with the para-substituted styr-
enes H,C=CHC,H,Y (Y=OMe, Me, H, Cl, Br, NO,) was de-
termined to gain some insight into the electronic character
of this [442]-cycloaddition. Reactions were carried out at
37.5°C under pseudo-first-order conditions with a large
excess of the respective styrene (Table 3 and Figure 4).

Table 3. Rates of addition of the para-substituted styrenes H,C=
CHC¢H,Y to 5a at 37.5°C (c (styrene)=0.60 molL™").

Y OMe Me H al Br NO,
0,1 —078 —031 000 011 015 079
k[10~ 57 310 139 104 097 076 059
b [105Lmol~'s™] 517 321 173 161 126 098
Ks(rel) 299 186 100 093 073 057
log[ks(rel)] 048 027 000 —003 —014 —025

[a] Values taken from reference [39].

b log [kp(rel)]
I OMe

-0.8 0.4 0.0 0.4 0.8

Figure 4. Hammett plot of log[k,(rel)] for the addition of para-substituted
styrenes H,C=CHC-H,Y to 5a.

The rate of reaction covers a fivefold range and it increas-
es with electron-releasing substituents at the aromatic ring.
This implies that the energy of the transition state is domi-
nated by the incipient interaction of the HOMO of the dien-
ophile with the LUMO of the coordinated thiocinnamalde-
hyde.

[4+2]-Cycloaddition reactions with norbornadiene and nor-
bornene: The thiocinnamaldehyde complexes did not react

Chem. Eur. J. 2006, 12, 4821 -4834
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with simple olefins, such as 1-hexene, cyclohexene, or cyclo-
pentene. A clean addition, however, was observed with the
strained olefins norbornadiene and norbornene. Thus, treat-
ment of Sab.d or 6ab,d with a large excess of norborna-
diene at room temperature gave the expected complexes of
3-thia-tricyclo[6.2.1.0*"Jundeca-4,9-dienes 10a—¢ and 1la-c
as mixtures of two diastereoisomers (Table 4).

Table 4. Products from the [442]-cycloaddition reactions with norborna-

diene.
° A7
Ph, | )
2.Ru PFE ——
(_P/ SSENANR acetone, 20 °C,
Ph 24 h
2
5a,b,d
6a,b,d
\=% ® \% o
I |
P,'J?..;Ru\ PFE  + PQ?.../.RU\ 0 PFL
Cp Cp
Phy, g Phy g
exo-10, 11 endo-10, 11

Ph,P—PPh,  dppm dppe
R Yield [%] endolexo Yield [%] endolexo
Ph 10a 87 90:10 11a 90 75:25
2-MeOC¢H, 10b 82 82:18 11b 87 77:23
4-Me,NCH, 10¢ 89 86:14 11c¢ 78 89:11

The constitution of the major isomers was unambiguously
deduced by 'HNMR spectroscopy combined with H,H-
COSY and NOE spectroscopic measurements, taking exo-
10a as a typical example: we begin with the pair of doublets
at 0=0.90 and 1.57 ppm. The latter exhibits a strong Over-
hauser correlation with the ddd signal at 6=2.97 ppm and is
thus assigned to H11 (Figure 5).

Figure 5. Atom numbering schemes for the norbornadiene adducts exo-
10a—c and exo-11a—c (left) and the norbornene adducts exo-12a-¢ and
exo-13a-c (right).

The signal at 6 =2.97 ppm in turn has Overhauser correla-
tions with the ortho protons of the phenyl group and one
olefinic signal at 6 =6.01 ppm, and therefore can be assigned
to Hé. A large */(H,H) coupling shows that H6 and its cou-
pling partner H7 (6 =1.84 ppm) reside in axial positions. H7
is connected through a large coupling with the doublet at
0=2.88 ppm, belonging to H2. The two narrow unresolved
multiplets at 6=1.80 and 2.30 ppm arise from the bridge-
head protons. The former shows a distinct Overhauser cor-

Chem. Eur. J. 2006, 12, 4821 4834
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relation with the cyclopentadienyl ligand and must therefore
be assigned to H1. Crosspeaks in the H,H-COSY spectrum
connect H1 to H10 (6=5.82ppm) and H8 to H9 (6=
5.95 ppm). Finally, the signals of H4 and HS can be assigned
by their chemical shift, the fairly large allylic coupling be-
tween H4 and H6, and the Overhauser correlation between
H5 and H6. The 'H NMR spectra of the other exo isomers
are, as expected, very similar. Many of the signals of the
minor isomers were hidden beneath those of the exo ad-
ducts. Taking the available evidence together (and assuming
that a minor substituent change at the aryl group would not
completely change the stereochemical course of the cycload-
dition), it is nevertheless safe to assume that the minor iso-
mers have the endo structure shown in Table 4. Further sup-
port for this assignment comes from a comparison with the
'"H and “C NMR spectra of the uncoordinated 6-phenyl-3-
thia-tricyclo[6.2.1.0*"Jundeca-4,9-dienel™! and the corre-
sponding 6-phenyl-3-thia-tricyclo[6.2.1.0%"Jundec-4-ene.!"!

The reaction of norbornene with the thiocinnamaldehyde
complexes gave completely analogous products with even
better selectivity for the exo addition (Table 5).

Table 5. Products from the [4+2]-cycloaddition reactions with norbor-

nene.
= ® ﬂb
Ph, | o
Ru PFg —_—
QP/ SsNAR acetone, 20 °C,
Ph, 24 h
5a,b,d
6a,b,d
< ® < ®
| I
PE?.../-Ru\ PFE  + PS.ZWRU\ ‘ PFS
C Cd
P P
Phy SN Phy SN g
exo-12, 13 endo-12, 13
Ph,P-PPh, dppm dppe
R Yield [%] endolexo Yield [%] endolexo
Ph 12a 91 93:7 13a 90 88:12
2-MeOC¢H, 12b 76 91:9 13b 81 89:11
4-Me,NCH, 12¢ 88 96:4 1B 81 91:9

The '"H NMR spectra could not always be fully assigned
due to the serious overlap of the many aliphatic signals.
Nevertheless, the similarity of the characteristic resonances
of H6, H7, H11, and H11’ to those of the norbornadiene ad-
ducts leaves no doubt that the two groups of cycloadducts
have analogous stereochemistry.

[4+2]-Cycloaddition reactions with «,p-unsaturated carbon-
yl compounds: The reaction of Sa,b with acrolein, methacro-
lein, ethyl acrylate, and methylvinylketone proceeded
smoothly to give the cycloadducts 14a—e in generally good
yields as mixtures of two diastereoisomers (Table 6).

The outcome of this reaction with regard to regio- and di-
astereoselectivity as shown in Table 6 has some precedence
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www.chemeurj.org

CHEMISTRY=

W. A. Schenk et al.

A EUROPEAN JOURNAL

Table 6. Products from the [4+2]-cycloaddition reactions with o,B-unsa-
turated carbonyl compounds.

R3
(0]
@ 2
Ph, | S R
wRU 2 PFg — >
PP/ SENAR! acetone,
Ph, 20°C,5d
5a,b
@ ]
| R3
PFS  + PP,.%./Ru\ Ll , PFL
£y R
Ph, X R
endo-14 exo-14
R! R’ R? Yield [%] endolexo
14a Ph H H 88 62:38
14b Ph H Me 83 90:10
14c¢ 2-MeOCH, H Me 81 69:31
14d Ph Me H 76 77:23
14e Ph OEt H 81 95:5

in the cycloaddition chemistry of a,B-unsaturated thioke-
tones and -amides.’****! The assignment of the 'H NMR
spectrum of the methylvinylketone adduct 14d may serve as
an example. In the major isomer, the CH, group next to
sulfur shows the expected large geminal coupling and a
large vicinal coupling to H3, which establishes an axial posi-
tion for the latter. H3 gives rise to a ddd signal with a large
coupling to H2a, a medium one to H4 (indicating an equato-
rial position of that proton), and a small one to H2e which,
due to a slight broadening of the H2 signals, is not resolved
in the '"H NMR spectrum but can still be seen in the H,H-
COSY spectrum. H4 appears as an unresolved multiplet,
but the vicinal coupling */(H4,H5)=5.1 Hz can be seen in
the signal of H5. In the minor isomer, H4 produces a large
coupling to H3 and a very small one to HS, establishing
axial positions for H3 and H4. Thus it is clear that the major
isomer has the endo and the minor isomer the exo configu-
ration (Figure 6).

[4+2]-Cycloaddition reactions with ethyl propiolate: Three
representative thiocinnamaldehyde complexes were treated
with a large excess of ethyl propiolate. The addition was
quite slow but produced the expected 4H-thiopyran com-
plexes 15a—c in reasonable yields (Table 7).

endo exo

Figure 6. Atom numbering schemes for the endo and exo adducts of
14a-e.

4826 — www.chemeurj.org
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Table 7. Products from the [442]-cycloaddition reactions with ethyl pro-
piolate.

o]
] ° - OEt
Ph
p.%"/Ru\S/ " PFE —— —»
LP acetone,
Ph, R2 20°C,10d
5¢c,e,f
Ph, J i °
2R PFL
P B R
Ph, X R
RZ
15a-¢c
R! R? Yield [%]
15a 4-C,H,OMe H 62
15b 4-C,H,Cl1 H 51
15¢ Ph Me 65

The direction of the cycloaddition is immediately evident
from the NMR signal of H4, which couples with only one
olefinic proton. Other noteworthy spectroscopic features are
a long-range coupling between H2 and H6 and the apparent,
if sometimes broad, singlet in the *'P NMR spectrum. The
stereogenic center at C* is too far removed from the phos-
phine ligand to lead to a significant shift difference of the
two diastereotopic P nuclei.

Discussion

The synthesis of the thiocinnamaldehyde complexes via the
condensation reaction (Scheme 2) exploits the high nucleo-
philicity of the Ru—SH group, a result of the antibonding in-
teraction of the p orbital at sulfur and one of the d orbitals
out of the occupied t,, set at ruthenium.*” The deep color
of the products 5 and 6 arises from an intense absorption
with a broad maximum around 510 nm which tails out all
the way into the NIR region of the spectrum. Thus it ap-
pears that the already fairly small HOMO-LUMO separa-
tion of a,B-unsaturated thiocarbonyl compounds®! is further
lowered by coordination to the electron-rich ruthenium
complex. The structure of 6d points to some degree of elec-
tron delocalization along the unsaturated C—C—C chain
(Figure 7). It is tempting to also invoke the planarity of the
dimethylamino group as an indication of this delocalization.
On the other hand, the nitrogen in 4-dimethylamino-cinna-
maldehyde is also planar, although there are no further indi-
cations of delocalization within this molecule.

The Diels—Alder addition of vinyl ethers to the thiocinna-
maldehyde complexes is slow as a result of the steric hin-
drance by the ruthenium complex. It is nevertheless com-
plete and gives the expected 2,4,5-trisubstituted 3,4-dihydro-
2H-thiopyrans in good yields with high regio- and good dia-
stereoselectivities. The preference for the endo adducts is in
line with previous results obtained with a,fB-unsaturated thi-
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th th
Figure 7. Electron delocalization within the cation of 6d.

oketones,”>*! dithioesters,***! or thioamides.*® The fact
that the diastereoselectivity is even higher than in most of
the previous casesP****# is certainly due to the restrictions
imposed by the bulky ruthenium complex. In the products,
the dihydropyran should be able to undergo a rapid ring in-
version like its oxo analogue.”! This would have to be ac-
companied by a rapid inversion at sulfur which, for thioeth-
er complexes, is a facile process."’”) Nevertheless, the ob-
served NMR data, in particular the large diaxial couplings,
indicate that only the conformer with both the alkoxy and
the aryl groups in axial positions is present in solution. Ob-
viously the preference of the alkoxy group for the axial posi-
tion at C2 dominates the conformational equilibrium regard-
less of the presence of the large ruthenium complex.

The addition of styrenes gives a largely analogous result
with perhaps slightly lower regioselectivity, the only differ-
ence being the fact that now the conformer with both sub-
stituents in equatorial positions is thermodynamically fa-
vored. The decrease of the rate of addition with the increas-
ing Hammett substituent constant ot shows that this is a
Diels-Alder addition with “inverse electron demand”.[*
Nevertheless, highly electrophilic dienophiles, such as o,f3-
unsaturated aldehydes, ketones, and esters as well as ethyl
propiolate add readily to the thiocinnamaldehyde com-
plexes. Obviously, for dienophiles with very low LUMO en-
ergies the reaction is dominated by the HOMO(diene)-
LUMO(dienophile) interaction.

3,4-Dihydro-2H-thiopyrans belong to a well-known class
of heterocycles.”* However, due to a lack of suitable syn-
thetic procedures there are only a few known examples
which bear hydrogen substituents at the 5- and 6-positions.
The isomeric 3,6-dihydro-2H-thiopyrans have previously
been obtained as [W(CO);] or [CpRu(PR;),]* complexes by
Diels—Alder addition of dienes to the corresponding thio-
benzaldehyde complexes.”!! Thus the use of transition-
metal-stabilized thioaldehydes as starting materials provides
suitable alternatives for the synthesis of six-membered
sulfur heterocycles. In this context it should be mentioned
that the cleavage of thioether ligands from halfsandwich
ruthenium complexes can be achieved under mild condi-

tions.P>4

Conclusion

The work presented here shows that ruthenium complexes
of thiocinnamaldehydes are readily accessible and undergo
[44-2]-cycloadditions with a range of electron-rich and -poor
dienophiles. Thus the thiocinnamaldehyde ruthenium com-
plexes described here can serve as protected forms of thio-
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cinnamaldehydes. The ruthenium complex does not signifi-
cantly change the electronic character of the heterodiene
but exerts a pronounced steric effect. We may therefore
expect that by introducing chiral, enantiomerically pure
phosphine ligands at the ruthenium complex, we should be
able to obtain enantiomerically enriched Diels—Alder ad-
ducts. Work along these lines is forthcoming from our labo-
ratory.

Experimental Section

All preparations were carried out in an inert atmosphere by using stand-
ard Schlenk techniques. [CpRu(PPhs),CI],”” [CpRu(dppm)CI],” and
NaSH™! were prepared by following published procedures. The cinna-
maldehydes and dienophiles were vacuum-distilled or recrystallized prior
to use; other starting materials were employed as received from commer-
cial sources. Chromatographic separations were performed by using a
silica (Merck, grain size 0.062-0.20 mm) column of 20 cm length and
2 cm diameter. Elemental analyses were carried out by the microanalyti-
cal laboratory of the Institut fiir Anorganische Chemie. Melting or de-
composition points were determined by differential scanning calorimetry
(DSC). UV spectra were recorded by using a Hewlett-Packard HP
8452 A diode array spectrophotometer. Samples were measured as dilute
solutions in 1.00 mm quartz cells. 'H, "C{'H}, and *'P{'"H} NMR spectra
were recorded by using Jeol INM-LA 300 or Bruker AMX 400 instru-
ments. The assignment of the *C NMR spectra was routinely checked by
recording DEPT 135 spectra. H,H-COSY spectra were consulted to elu-
cidate the complicated coupling patterns in the '"H NMR spectra of the
cycloadducts. The 'H and “C NMR spectroscopic signals of the chelate
phosphine ligands dppm and dppe are very similar for all compounds and
have therefore been omitted from the lists of spectral data. All PF,~ salts
exhibited a septet at 0 =—144.1 ppm ('J(P,F)=710 Hz) in their *P NMR
spectra.

[CpRu(dppm)(SH)] (3): A solution of [CpRu(dppm)Cl] (0.35¢g,
0.60 mmol) and NaSH (0.24 g, 2.50 mmol) in THF (15 mL) and EtOH
(10 mL) was heated under reflux for 16 h. The mixture was evaporated in
vacuo to 10 mL, toluene (15 mL) was added, and the resulting mixture
further evaporated to 10 mL. The precipitated solids were filtered off
and the filtrate evaporated to 5 mL. Addition of hexane (20 mL) and
cooling to 0°C caused the product to crystallize. Yield 0.30g (87%);
yellow crystalline powder; m.p. 83°C (decomp); 'HNMR (300 MHz,
CDCl;, 25°C, TMS): 6 =-3.98 (t, *J(PH)=10.5 Hz, 1 H; RuSH), 4.60 (dt,
%J(HH)=14.1, 2J(PH)=11.4 Hz, 1H; CH,), 4.83 (s, 5H; Cp), 4.90 ppm
(dt, J(HH)=14.1, J(PH)=9.7Hz, 1H; CH,); *PNMR (162 MHz,
C¢Dg, 25°C, H;PO,): 6=18.2 ppm (s); elemental analysis (%) calcd for
C;HysP,RuS (583.6): C 61.74, H 4.84; found: C 61.49, H 4.88.
[CpRu(dppe)(SH)] (4): A solution of [CpRu(PPh;),Cl] (0.30g,
0.41 mmol), dppe (0.20 g, 0.50 mmol), and NaSH (35 mg, 0.61 mmol) in
THF (10 mL) and EtOH (7 mL) was heated under reflux for 45 min. The
volatiles were removed in vacuo and the residue extracted with benzene
(20 mL). The mixture was filtered and the clear filtrate evaporated to
5 mL. Addition of hexane (20 mL) and cooling to 0°C caused the product
to crystallize. Yield 0.22 g (90%); yellow crystalline powder; m.p. 59°C
(decomp); 'HNMR (300 MHz, CDCl;, 25°C, TMS): 6=-4.56 (t,
*J(PH)=8.1 Hz, 1H; RuSH), 2.23 (m, 2H; CH,), 2.77 (m, 2H; CH,),
4.67 ppm (s, SH; Cp); P NMR (162 MHz, C,Ds, 25°C, H;PO,): 0=
85.7 ppm (s); elemental analysis (%) calcd for C;HzP,RuS (597.7): C
62.30, H 5.06; found: C 62.76, H 5.14.

General procedure for the synthesis of thiocinnamaldehyde complexes
Sa—f and 6a-g: Trifluoroacetic acid (5.0 pL, 0.40 mmol) was added to a
suspension of RuSH complex 3 or 4 (0.40 mmol), the respective cinna-
maldehyde (1.20 mmol), NH,PF, (0.10 g, 0.61 mmol), and MgSO, (0.10 g,
0.83 mmol) in THF (10 mL). After stirring for 4 h, the mixture was
evaporated to 3 mL, and the crude product precipitated by adding diethyl
ether (10 mL) and hexane (30 mL). The deep purple solid was dissolved

www.chemeurj.org — 4827


www.chemeurj.org

CHEMISTRY—

W. A. Schenk et al.

A EUROPEAN JOURNAL

in acetone (5 mL) and chromatographed by using dichloromethane/ace-
tone 20:1 as an eluent. The deep purple band was collected and evaporat-
ed to a few milliliters, and the product precipitated by adding diethyl
ether.

Compound 5a: Yield 0.30 g (88%); deep purple crystalline powder; m.p.
116°C (decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6=5.01 (s,
5H; Cp), 6.80 (m, 2H; CH), 9.21 ppm (d, */(H,H)=10.4 Hz, 1H; CHS);
BCNMR (100 MHz, CDCl,, 25°C, TMS): 6=84.6 (s; Cp), C(B) signal
obscured by phenyl resonances, 142.0 (s; PhCH), 206.8 ppm (t, *J(P,C) =
7 Hz; CHS); *'P NMR (162 MHz, CDCl,, 25°C, H;PO,): 6=9.2 ppm (s);
elemental analysis (%) calcd for C;yHssFoPsRuS (843.8): C 55.52, H 4.18;
found: C 56.13, H 4.28.

Compound 5b: Yield 0.30 g (85%); deep purple crystalline powder; m.p.
118°C (decomp); 'HNMR (400 MHz, CDCl,, 25°C, TMS): 6=3.85 (s,
3H; OMe), 5.05 (s, SH; Cp), 6.80 (m, 2H; CH), 9.11 ppm (d, */(H,H) =
10.4 Hz, 1H; CHS); "C NMR (100 MHz, CDCl,, 25°C, TMS): 6=55.6
(s; OMe), 85.1 (s; Cp), C(p) signal obscured by phenyl resonances, 140.4
(s; PhCH), 212.6 ppm (t, *J(P,C)=7 Hz; CHS); P NMR (162 MHz,
CDCl,;, 25°C, H;PO,): 0=9.3 ppm (s); elemental analysis (%) calcd for
C,H3,FsOP;RuS (873.8): C 54.98, H 4.27, S 3.67; found: C 54.96, H 4.36,
S 3.48.

Compound 5c: Yield 0.32 g (91 %); deep purple crystalline powder; m.p.
127°C (decomp); '"H NMR (300 MHz, [DJacetone, 25°C, TMS): 0 =3.83
(s, 3H; OMe), 5.35 (s, SH; Cp), 6.78 (d, *J(H,H)=16.0 Hz, 1H; PhCH),
7.01 (dd, *J(H,H)=16.0, *J(H,H)=12.0 Hz, 1H; SCCH), 9.68 ppm (d,
3J(H,H)=12.0 Hz, 1H; CHS); *C NMR (100 MHz, CDCl,, 25°C, TMS):
0=55.3 (s; OMe), 83.7 (s; Cp), 114.7 (s; C(B)), 143.8 (s; PhCH),
208.5 ppm (t, *J(P,C)=7 Hz; CHS); *'P NMR (121.5 MHz, [Dg]acetone,
25°C, H;PO,): 6=102ppm (s); elemental analysis (%) calcd for
C,H3,FsOP;RuS (873.8): C 54.98, H 4.27, S 3.67; found: C 54.88, H 4.44,
S 3.70.

Compound 5d: Yield 0.30 g (85%); dark blue crystalline powder; m.p.
133°C (decomp); 'H NMR (400 MHz, CDCl,, —53°C, TMS): 6 =3.02 (s,
6H; NMe,), 5.00 (s, 5H; Cp), 6.73 (d, *J(H,H)=14.0 Hz, 1H; PhCH),
6.81 (dd, 3J(HH)=14.3, 3(H,H)=11.2 Hz, 1H; SCCH), 9.18 ppm (d,
3J(HH)=10.8Hz, 1H; CHS); *PNMR (162MHz, CDCl, -53°C,
H;PO,): 0=113ppm (s); elemental analysis (%) caled for
C,H,oFsNP;RuS (886.8): C 55.53, H 4.55, N 1.58, S 3.62; found: C 55.26,
H 4.45,N 1.77, S 3.36.

Compound 5e: Yield 0.30 g (85%); deep purple crystalline powder; m.p.
123°C (decomp); '"H NMR (300 MHz, [D¢]acetone, 25°C, TMS): 6 =5.39
(s, SH; Cp), 6.73 (d, *J(H,H)=15.0 Hz, 1H; PhCH), 7.07 (dd, *J(H,H) =
15.0, 3J(H,H)=11.0 Hz, 1H; SCCH), 9.56 ppm (d, */(H,H)=11.0 Hz,
1H; CHS); ®CNMR (100 MHz, CDCl,, 25°C, TMS): 6=84.9 (s; Cp),
C(p) signal obscured by phenyl resonances, 140.9 (s; PhCH), 206.4 ppm
(t, 3J(PC)=7Hz; CHS); *PNMR (121.5MHz, [Dglacetone, 25°C,
H;PO,): 06=93ppm (s); elemental analysis (%) caled for
C;H;,CIF,OP;RuS (878.2): C 53.34, H 3.90, S 3.65; found: C 53.76, H
4.36, S 3.50.

Compound 5f: Yield 0.28 g (81%); deep purple crystalline powder; m.p.
113°C (decomp); 'H NMR (300 MHz, CDCl,, 25°C, TMS): 6=1.96 (s,
3H; Me), 5.06 (s, SH; Cp), 6.50 (s, 1H; CH), 9.05 ppm (s, 1H; CHS);
C NMR (100 MHz, CDCl;, 25°C, TMS): 6=13.6 (s; Me), 85.6 (s; Cp),
C(p) signal obscured by phenyl resonances, 143.0 (s; PhCH), 212.4 ppm
(t, 3J(P,C)=7 Hz; CHS); *P NMR (162 MHz, CDCl,, 25°C, H,PO,): 6=
9.1 ppm (s); elemental analysis (%) calcd for Cy,HsFsP;RuS (857.8): C
56.01, H 4.35, S 3.74; found: C 57.03, H 4.87, S 3.60.

Compound 6a: Yield 0.28 g (82%); deep purple crystalline powder; m.p.
190°C (decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6=4.93 (s,
5H; Cp), 6.70 (dd, *J(H,H)=15.3, *J(H,H)=11.4 Hz, 1H; SCCH), 6.92
(d, *J(H,H)=15.3 Hz, 1H; PhCH), 9.25 ppm (d, *J(H,H)=11.4 Hz, 1H;
CHS); "CNMR (100 MHz, CDCl,, 25°C, TMS): 6=85.5 (s; Cp), C(B)
signal obscured by phenyl resonances, 144.0 (s; PhCH), 210.9 ppm (t,
3J(P,C)=7Hz; CHS); *P NMR (162 MHz, CDCl,;, 25°C, H;PO,): 6=
80.1 ppm (s); elemental analysis (%) calcd for C,H;,FsP;RuS (857.8): C
56.01, H 4.35; found: C 56.33, H 4.10.

4828 —— www.chemeurj.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Compound 6b: Yield 0.29 g (82%); deep purple crystalline powder; m.p.
150°C (decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 0=3.86 (s,
3H; OMe), 4.91 (s, 5H; Cp), 6.80 (m, 2H; CH), 9.09 ppm (d, *J(H,H)=
10.8 Hz, 1H; CHS); ®CNMR (100 MHz, CDCl,, 25°C, TMS): 6=55.5
(s; OMe), 84.3 (s; Cp), C(P) signal obscured by phenyl resonances, 139.2
(s; PhCH), 212.1 ppm (t, *J(P,C)=7 Hz; CHS); *P NMR (162 MHz,
CDCl;, 25°C, H;PO,): 6=280.3 ppm (s); elemental analysis (%) calcd for
C, H3F,OP;RuS (887.8): C 55.47, H 4.43, S 3.61; found: C 55.85, H 4.57,
S 3.44.

Compound 6¢: Yield 0.31 g (86%); deep purple crystalline powder; m.p.
178°C (decomp); 'H NMR (300 MHz, CDCl,, 25°C, TMS): 6=3.78 (s,
3H; OMe), 4.90 (s, 5H; Cp), 6.64 (dd, *J(H,H) =15.0, *J(H,H) =11.0 Hz,
1H; SCCH), 6.88 (d, *J(H,H)=15.0Hz, 1H; PhCH), 9.18 ppm (d,
*J(H,H)=11.0 Hz, 1H; CHS); "C NMR (100 MHz, CDCl, 25°C, TMS):
0=55.6 (s; OMe), 85.1 (s; Cp), 121.1 (s; C(B)), 140.7 (s; PhCH),
212.7 ppm (t, *J(P,C) =7 Hz; CHS); *'P NMR (121.5 MHz, CDCl,, 25°C,
H;PO,): 0=79.6ppm (s); elemental analysis (%) caled for
C, H;FsOP;RuS (887.8): C 55.47, H 4.43, S 3.61; found: C 55.51, H 4.62,
S 3.42.

Compound 6d: Yield 0.29 g (81%); dark blue crystalline powder; m.p.
144°C (decomp); 'H NMR (400 MHz, CD,Cl,, —80°C, TMS): 6=3.02 (s,
6H; NMe,), 5.83 (s, SH; Cp), 6.74 (d, J(H,H)=14.4 Hz, 1H; PhCH),
6.84 (dd, *J(HH)=14.8, JJ(H,H)=11.2 Hz, 1H; SCCH), 8.40 ppm (d,
3J(HH)=12.0Hz, 1H; CHS); PNMR (162 MHz, CDCl;, —80°C,
H;PO,): 06=79.8ppm (s); elemental analysis (%) caled for
C,H,FNP.RuS (900.8): C 56.00, H 4.70, N 1.55, S 3.56; found: C 55.77,
H 4.61, N 1.51, S 3.66.

Compound 6e: Yield 0.27 g (77 %); deep purple crystalline powder; m.p.
120°C (decomp); 'HNMR (300 MHz, CDCl,;, 25°C, TMS): 6=4.93 (s,
5H; Cp), 6.61 (dd, *J(H,H)=15.0, *J(H,H)=11.0 Hz, 1H; SCCH), 6.94
(d, %J(H,H)=15.0 Hz, 1H; PhCH), 9.28 ppm (d, *J(H,H)=11.0 Hz, 1H;
CHS); "CNMR (100 MHz, CDCl,, 25°C, TMS): 6=85.9 (s; Cp), C(B)
signal obscured by phenyl resonances, 142.4 (s; PhCH), 210.8 ppm (t,
*J(P,C)=7 Hz; CHS); *'P NMR (121.5 MHz, CDCl;, 25°C, H;PO,): 0=
80.4 ppm (s); elemental analysis (%) caled for C,Hz;CIFOP;RuS
(892.2): C 53.85, H 4.07, S 3.59; found: C 53.33, H 4.02, S 3.47.

Compound 6 f: Yield 0.28 g (80%); deep purple crystalline powder; m.p.
185°C (decomp); '"H NMR (300 MHz, [DgJacetone, 25°C, TMS): 6 =1.87
(s, 3H; Me), 5.21 (s, 5H; Cp), 6.71 (s, 1H; CH), 9.44 ppm (s, 1 H; CHS);
BC NMR (100 MHz, [Dg]acetone, 25°C, TMS): 6 =13.4 (s; Me), 86.3 (s;
Cp), C(B) signal obscured by phenyl resonances, 144.3 (s; PhCH),
216.1 ppm (t, *J(P,C)=7 Hz; CHS); *P NMR (162 MHz, [Dg]acetone,
25°C, H;PO,): 0=280.1ppm (s); elemental analysis (%) calcd for
C,HyF¢P;RuS (871.8): C 56.49, H 4.51, S 3.68; found: C 56.57, H 4.73, S
3.41.

Compound 6g: Yield 0.22 g (60 % ); violet crystalline powder; m.p. 136°C
(decomp); 'H NMR (300 MHz, CDCl,, 25°C, TMS): 6=5.07 (s, 5H; Cp),
6.69 (dd, J(HH)=150, J(HH)=11.0Hz, 1H; SCCH), 7.01 (d,
3J(HH)=15.0Hz, 1H; PhCH), 9.15ppm (d, *J(HH)=11.0Hz, 1H;
CHS); “CNMR (100 MHz, CDCl,, 25°C, TMS): 6=87.7 (s; Cp), C(B)
signal obscured by phenyl resonances, 139.8 (s; PhCH), 207.2 ppm (t,
3J(P,C)=6 Hz; CHS); *P NMR (162 MHz, CDCl,, 25°C, H,PO,): 6=
80.6 ppm (s); elemental analysis (%) caled for C,HsF,NO,P;RuS
(902.8): C 53.22, H 4.02, N 1.55, S 3.55; found: C 53.51, H 4.45, N 1.69, S
3.08.

General procedure for the synthesis of 3,4-dihydro-2H-thiopyran com-
plexes 7a-f, 8a—f, and 9a-i: The dienophile (ca. 16 mmol) was added to
a solution of the respective thiocinnamaldehyde complex 5 or 6
(0.20 mmol) in acetone (5mL). After stirring for 2-9d a color change
from purple to brown was observed; at this point the starting material
had been consumed (*'P NMR). The mixture was then evaporated to dry-
ness and the crude product dissolved in dichloromethane (5 mL) and pre-
cipitated by adding diethyl ether (10 mL) and hexane (30 mL). The solid
was redissolved in acetone (5 mL) and chromatographed by using di-
chloromethane/acetone 20:1 as the eluent. The brownish fraction was col-
lected and evaporated to a few milliliters, and the product precipitated
by adding diethyl ether and hexane.
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Compound 7a’: Yield 0.15 g (78 %); grey crystalline powder; m.p. 125°C
(decomp); '"H NMR (400 MHz, CDCl,;, 25°C, TMS): endo isomer: 0=
0.66 (t, *J(H,H)=7.2 Hz, 3H; CH;), 0.75-1.15 (m, 4H; C,H,), 2.21 (dt,
2J(H,H)=8.8, J(H,H)=6.2 Hz, 1H; OCH,), 2.25 (ddd, /(H,H)=14.5,
SJ(HH)=4.8, J(HH)=42Hz, 1H; H3a), 2.35 (ddd, *J(H,H)=145,
3J(HH)=68, 3(HH)=22Hz, 1H; H3e), 273 (dt, 2/(H,H)=838,
*J(H,H)=6.2 Hz, 1H; OCH,), 3.30 (m, 1H; H4), 4.00 (m, 1H; H2), 5.04
(s, SH; Cp), 5.08 (d, *J(H,H)=10.0Hz, 1H; H6), 5.96 ppm (dd,
3J(HH)=10.0, *J(H,H)=4.3Hz, 1H; HS5); exo isomer: 0=0.78 (t,
*J(H,H)=72Hz, 3H; CH,), 1.94 (ddd, J(H,H)=13.5, *J(H,H)=13.5,
*J(HH)=12Hz, 1H; H3a), 3.00 (dt, J(H,H)=9.8, *J(H,H)=6.6 Hz,
1H; OCH,), 3.15 (dt, J(H,H)=9.8, *J(H,H)=6.6 Hz, 1H; OCH,), 3.55
(ddd, *J(H,H)=12.8, *J(H,H)=3.0, *J(H,H)=3.0 Hz, 1H; H4), 4.09 (m,
1H; H2), 4.90 (d, *J(H,H)=10.0 Hz, 1 H; H6), 5.04 (s, 5H; Cp), 5.84 ppm
(d, *J(H,H)=10.0 Hz, 1H; HS5), other signals obscured by endo isomer;
BC NMR (100 MHz, CDCl,, 25°C, TMS): endo isomer: 6 =13.6 (s; CH,),
18.8 (s; CH,), 31.0 (s; CHy,), 33.7 (s; C3), 36.7 (s; C4), 69.2 (s; OCH,),
81.4 (s; Cp), 87.5 (s; C2), 119.6 ppm (s; C6), C5 signal obscured by
phenyl resonances; *'P NMR (162 MHz, CDCl;, 25°C, H;PO,): endo
isomer: 0=7.0, 7.6 ppm (AB system, J(P,P)=90 Hz); exo isomer: 0=
6.8, 7.5 ppm (AB system, 2/(PP) =90 Hz); elemental analysis (%) calcd
for C,sH,;FsOPsRuS (943.9): C 57.26, H 5.02, S 3.40; found: C 57.28, H
5.10, S 3.15.

Compound 7b: Yield 0.17g (88%); brown powder; m.p. 139°C
(decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): endo isomer: 6=
0.67 (t, *J(H,H)=6.8 Hz, 3H; CH,), 221 (m, 2H; H3a, H3e), 2.30 (dq,
2J(HH)=8.8, J(HH)=7.0Hz, 1H; OCH,), 2.82 (dq, ¥(HH)=88,
3J(H,H)=6.8 Hz, 1 H; OCH,), 3.68 (m, 1 H; H4), 3.79 (s, 3H; OMe), 3.85
(m, 1H; H2), 5.02 (s, SH; Cp), 5.13 (d, J(H,H)=10.0 Hz, 1H; H6),
5.90 ppm (dd, */(H,H)=10.0, *J(H,H)=4.4 Hz, 1H; H5); exo isomer: 0 =
0.85 (t, ¥J(H,H)=6.6 Hz, 3H; CHy), 2.01 (ddd, 2/(H,H) =134, *J(H,H) =
13.4, *J(H,H)=2.0 Hz, 1 H; H3a), 2.18 (m, 1 H; H3e), 3.03 (dt, /(H,H) =
10.0, *J(H,H)=7.0 Hz, 1H; OCH,), 3.20 (dt, 2/(H,H)=10.0, *J(H,H)=
7.0 Hz, 1H; OCH,), 3.78 (s, 3H; OMe), 4.07 (m, 1H; H2), 430 (m, 1H;
H4), 4.87 (d, JJ(H,H)=10.4 Hz, 1H; H6), 5.06 (s, SH; Cp), 5.82 ppm (d,
3J(HH)=9.8 Hz, 1H; H5); "CNMR (100 MHz, CDCl;, 25°C, TMS):
endo isomer: 0 =14.5 (s; CHj;), 30.6 (s; C4), 31.4 (s; C3), 55.1 (s; OMe),
81.3 (s; Cp), 86.1 (s; C2), 121.1 ppm (s; C6), C5 signal obscured by
phenyl resonances; exo isomer: 0 =14.8 (s; CHj), 29.7 (s; C4), 31.1 (s;
C3), 55.2 (s; OMe), 81.3 (s; Cp), 86.6 ppm (s; C2), other signals obscured
by endo isomer; *'P NMR (162 MHz, CDCl,, 25°C, H,PO,): endo isomer:
0=70, 7.8ppm (AB system, */(P,P)=90Hz); exo isomer: 6=7.1,
7.6 ppm (AB system, 2/(PP) =90 Hz); elemental analysis (%) calcd for
C,4H,sF40,P;RUS (945.9): C 55.87, H 4.80, S 3.39; found: C 56.57, H 4.45,
S 3.17.

Compound 7c¢: Yield 0.16 g (82%); brownish-red powder; m.p. 179°C
(decomp); 'HNMR (300 MHz, CDCl;, 25°C, TMS): 6=0.75 (t,
*J(H,H)=7.0 Hz, 3H; CHj,), 2.20 (m, 2H; H3a, H3e), 2.42 (dq, 2/(H,H) =
8.7, J(HH)=7.0Hz, 1H; OCH,), 2.75 (dq, %(H,H)=8.8, *J(H,H)=
6.3 Hz, 1H; OCH,), 3.13 (d, *J(H,H)=3.9 Hz, 1H; H4), 3.71 (s, 3H;
OMe), 3.99 (m, 1H; H2), 4.64 (dd, *J(H,H)=11.0, */(H,H) =2.5 Hz, 1 H;
H6), 5.00 (s, SH; Cp), 5.90 ppm (dd, *J(H,H)=10.0, *J(H,H)=4.1 Hz,
1H; H5); P NMR (121.5 MHz, CDCl,, 25°C, H;PO,): §=6.8, 7.7 ppm
(AB system, %“J(PP)=89Hz); elemental analysis (%) caled for
CyH,sFsO,P;RuS (945.9): C 55.87, H 4.80, S 3.39; found: C 55.81, H 4.50,
S 3.23.

Compound 7e: Yield 0.13 g (66 % ); dark brown crystalline powder; m.p.
122°C (decomp); 'H NMR (300 MHz, CD,Cl,, 25°C, TMS): 0=0.68 (t,
3J(H,H)=7.0 Hz, 3H; CH,), 2.24 (m, 2H; H3a, H3e), 2.29 (dq, 2/(H,H) =
8.8, JJ(H,H)=73Hz, 1H; OCH,), 2.78 (dq, */(H,H)=8.8, *J(H,H)=
72Hz, 1H; OCH,), 339 (d, *(HH)=39Hz, 1H; H4), 3.90 (d,
SJ(HH)=2.4Hz, 1H; H2), 506 (s, 5H; Cp), 5.16 (dd, *J(H,H)=10.2,
*J(H,H)=25Hz, 1H; H6), 597 ppm (dd, *J(H.H)=10.1, *J(H,H)=
4.2 Hz, 1H; H5); ®*CNMR (75 MHz, [Dg]acetone, 25°C, TMS): 6 =14.2
(s; CHjy), 33.4 (s; C4), 36.1 (s; C3), 65.1 (s; OCH,), 81.2 (s; Cp), 86.8 (s;
C2), 121.1 (s; C6), 141.6 ppm (s; C5); P NMR (121.5 MHz, CDCl,,
25°C, H;PO,): =7.0, 7.5 ppm (AB system, %/(P,P) =90 Hz); elemental
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analysis (%) caled for Cy3H,,CIF,OP;RuS (950.3): C 54.35, H 4.45, S 3.37;
found: C 55.09, H 4.56, S 3.18.

Compound 7 f: Yield 0.17 g (90 % ); brownish-orange powder; m.p. 122°C
(decomp); 'HNMR (300 MHz, CD,CN, 25°C, TMS): 6=0.50 (t,
3J(H,H)=7.0 Hz, 3H; CH,), 1.49 (s, 3H; Me), 1.97 (dq, 2J(H,H)=8.8,
*J(H,H)=6.9 Hz, 1H; OCH,), 2.25 (m, 1H; H3a), 2.46 (m, 1H; H3e),
2.74 (dq, 2J(H,H)=8.9, *J(H,H) =7.0 Hz, 1H; OCH,), 3.38 (m, 1 H; H4),
4.15 (m, 1H; H2), 4.89 (d, /(H,H)=1.3 Hz, 1H; H6), 5.31 ppm (s, SH;
Cp); "CNMR (75 MHz, CD;CN, 25°C, TMS): 6 =14.8 (s; CHs), 24.6 (s;
Me), 34.6 (s; C3), 41.9 (s; C4), 65.6 (s; OCH,), 82.4 (s; Cp), 88.1 (s; C2),
116.5 ppm (s; C6), C5 signal obscured by phenyl resonances; *'P NMR
(121.5 MHz, CDsCN, 25°C, H;PO,): 6=82, 8.7ppm (AB system,
%J(PP)=91 Hz); elemental analysis (%) calcd for C,H,sFsOP;RuS
(929.9): C 56.83, H 4.88, S 3.45; found: C 56.35, H 4.96, S 3.69.

Compound 8a: Yield 0.14g (73%); brown crystalline powder; m.p.
131°C (decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6=0.87 (t,
*J(H,H)=7.0 Hz, 3H; CH,), 1.93 (m, 1H; H3a), 2.10 (m, 1 H; H3e), 2.84
(m, 1H; OCH,), 2.92 (m, 1H; H4), 2.99 (m, 1H; OCH,), 3.47 (d,
*J(HH)=6.9 Hz, 1H; H2), 4.33 (dd, *J(H,H)=10.0, *J(H,H)=2.5 Hz,
1H; H6); 4.92 (s, 5H; Cp), 577 ppm (dd, J(H,H)=10.0, *J(HH)=
3.5 Hz, 1H; H%); "CNMR (100 MHz, CDCl;, 25°C, TMS): 6 =14.7 (s;
CH,), 34.9 (s; C4), 39.8 (s; C3), 64.2 (s; OCH,), 82.2 (s; Cp), 84.5 (s; C2),
119.6 ppm (s; C6), C5 signal obscured by phenyl resonances; *'P NMR
(162 MHz, CDCl;, 25°C, H;PO,): 0=74.3, 745ppm (AB system,
2J(PP)=26 Hz); elemental analysis (%) caled for C,H,F;OP;RuS
(929.9): C 56.83, H 4.88, S 3.45; found: C 56.70, H 4.65, S 3.20.

Compound 8a’: Yield 0.16 g (81 %); grey crystalline powder; m.p. 127°C
(decomp); 'HNMR (400 MHz, CDCl,, 25°C, TMS): endo isomer: 6=
0.74 (t, *J(H,H)=7.2 Hz, 3H; CH;), 1.00 (tq, *J(H,H)=7.2, *J(HH)=
6.6 Hz, 2H; CH,), 1.14 (tt, *J(H,H)=6.6, *J(H,H)=6.6 Hz, 2H; CH,),
1.94 (ddd, %/(H,H) =15.0, *J(H,H) =6.8, *J(H,H) =6.4 Hz, 1 H; H3a), 2.13
(ddd, 2J(H,H) =15.0, *J(H,H) = 6.4, *J(H,H) =2.2 Hz, 1H; H3e), 2.65 (dt,
2J(HH)=838, J(HH)=6.8Hz, 1H; OCH,), 2.89 (dt, Y/(H,H)=84,
*J(H,H)=6.8 Hz, 1H; OCH,), 3.04 (m, 1H; H4), 3.44 (d, J(HH)=
72 Hz, 1H; H2), 437 (dd, *J(H,H)=9.8, “/(H,H) =1.6 Hz, 1H; H6), 4.91
(s, 5H; Cp), 5.81 ppm (dd, *J(H,H) =10.0, *J(H,H) =3.6 Hz, 1H; H’); exo
isomer: 6=0.82 (t, *J(HH)=72Hz, 3H; CH;), 427 (d, J(HH)=
10.6 Hz, 1H; H6), 5.00 (s, SH; Cp), 5.71 ppm (d, *J(H,H)=10.6 Hz, 1H;
HS5), other signals obscured by endo isomer; *C NMR (100 MHz, CDCl,,
25°C, TMS): endo isomer: 0=14.8 (s; CHjs), 20.0 (s; CH,), 31.2 (s; CH,),
35.1 (s; C4), 383 (s; C3), 64.0 (s; OCH,), 82.8 (s; Cp), 85.6 (s; C2),
119.7 ppm (s; C6), C5 signal obscured by phenyl resonances; *'P NMR
(162 MHz, CDCl;, 25°C, H;PO,): endo isomer: 6=74.1, 74.4 ppm (AB
system, %J(P,P)=26 Hz); exo isomer: 0=73.6, 75.5ppm (AB system,
2J(P,P)=26 Hz); elemental analysis (%) calcd for C,H,F;OP;RuS
(957.9): C 57.68, H 5.16, S 3.35; found: C 57.37, H 4.93, S 3.47.

Compound 8c: Yield 0.12g (65%); brown powder; m.p. 126°C
(decomp); 'HNMR (300 MHz, CD,Cl,, 25°C, TMS): 6=0.90 (t,
3J(H,H)=7.0 Hz, 3H; CH,), 1.95 (m, 2H; H3a, H3e), 2.84 (m, 1H; H4),
293 (dq, Y(HH)=88, *J(HH)=70Hz, 1H; OCH,), 3.06 (dq,
2J(HH)=8.9, J(HH)=70Hz, 1H; OCH,), 354 (dd, *J(H,H)=5.8,
‘J(HH)=18Hz, 1H; H2), 433 (dd, *J(H,H)=10.0, *J(H,H)=18 Hz,
1H; H6), 495 (s, SH; Cp), 5.75ppm (dd, *J(H,H)=10.0, *J(HH)=
3.3 Hz, 1H; H5); *CNMR (75 MHz, CD,Cl,, 25°C, TMS): 6=15.0 (s;
CH,), 35.7 (s; C4), 38.2 (s; C3), 55.5 (s; OMe), 64.1 (s; OCH,), 83.2 (s;
Cp), 84.4 (s; C2), 114.0 ppm (s; C6), C5 signal obscured by phenyl reso-
nances; *'P NMR (121.5 MHz, CDCl,, 25°C, H;PO,): endo isomer: 6=
74.5, 747 ppm (AB system, 2J(PP)=25Hz); exo isomer: 0=78.1,
83.0 ppm (AB system, %/(P,P) =23 Hz); elemental analysis (%) calcd for
CysHF4O,PsRUS (959.9): C 56.31, H 4.94, S 3.34; found: C 55.97, H 5.00,
S 2.93.

Compound 8e: Yield 0.14 g (73 %); brownish-green crystalline powder;
m.p. 124°C (decomp); 'H NMR (300 MHz, CD,Cl,, 25°C, TMS): §=0.81
(t, *J(H,H)=7.0 Hz, 3H; CH;), 1.94 (m, 1H; H*®), 2.11 (m, 1H; H3e),
275 (dq, (HH)=88, *J(HH)=73Hz, 1H; OCH,), 3.14 (dq,
2J(HH)=9.0, *J(H,H)=7.2 Hz, 1H; OCH,), 3.26 (d, *J(H,H)=3.9 Hz,
1H; H4), 3.54 (d, */(H,H)=2.1 Hz, 1H; H2), 4.71 (dd, *J(H,H)=10.0,
*J(H,H)=2.4 Hz, 1H; H6), 520 (s, 5H; Cp), 5.88 ppm (dd, */(H,H)=
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10.1, *J(H,H)=3.9 Hz, 1H; H5); "CNMR (75 MHz, CD,Cl,, 25°C,
TMS): 6=14.9 (s; CH;), 34.9 (s; C4), 37.7 (s; C3), 64.7 (s; OCHy,), 83.2
(s; Cp), 84.6 (s; C2), 120.6 (s; C6), 141.9ppm (s; C5); *'P NMR
(121.5 MHz, [DgJacetone, 25°C, H;PO,): endo isomer: 6 =73.9, 74.3 ppm
(AB system, %J(P,P) =26 Hz); exo isomer: =79.3, 84.2 ppm (AB system,
2J(PP)=22 Hz); elemental analysis (%) calcd for C,H,,CIF;OP;RuS
(950.3): C 54.80, H 4.60, S 3.33; found: C 54.90, H 4.38, S 3.56.

Compound 8f: Yield 0.14 g (74%); brownish crystalline powder; m.p.
152°C (decomp); 'H NMR (300 MHz, [Dg]acetone, 25°C, TMS): § =0.71
(t, *J(H,H)=7.0 Hz, 3H; CH,), 1.36 (s, 3H; Me), 2.07 (m, 2H; H3a,
H3e), 2.50 (dq, %/(H,H)=9.1, *J(H,H)=7.1 Hz, 1H; OCH,), 2.90 (dq,
%J(H,H)=8.9, *J(H,H)=7.0 Hz, 1 H; OCH,), 3.19 (m, 1H; H4), 3.52 (dd,
J(HH)=5.5, ¥(H,H)=1.3 Hz, 1H; H2), 429 (d, */(H,H)=13 Hz, 1H;
H6), 522ppm (s, SH; Cp); "CNMR (75MHz, [Dgacetone, 25°C,
TMS): 0=14.7 (s; CH;), 23.0 (s; Me), 35.0 (s; C3), 41.3 (s; C4), 65.0 (s;
OCH,), 83.7 (s; Cp), 86.1 (s; C2), 125.4 ppm (s; C6), C5 signal obscured
by phenyl resonances; *'P NMR (121.5 MHz, [DJacetone, 25°C, H;PO,):
0=73.2, 74.9 ppm (AB system, *J(P,P)=26 Hz); elemental analysis (%)
caled for C,;sH,F,OP;RuS (943.9): C 57.26, H 5.02, S 3.40; found: C
56.98, H 4.89, S 3.22.

Compound 9a: Yield 0.15 g (79 %); greenish-yellow powder; m.p. 149°C
(decomp); 'HNMR (400 MHz, CDCl,, 25°C, TMS): 6=1.90 (m, 2H;
H3a, H3e), 2.24 (m, 1H; H4), 3.72 (dd, *J(H,H)=10.4, *J(H,H)=2.4 Hz,
1H; H2), 430 (s, 5H; Cp), 4.95 (dd, *J(H,H)=10.4, */(H,H)=2.4 Hz,
1H; H6), 5.92 ppm (d, *J(H,H)=10.4 Hz, 1 H; H5); *C NMR (100 MHz,
CDCl;, 25°C, TMS): 6 =414 (s; C3), 41.7 (s; C4), 54.9 (s; C2), 80.7 (s;
Cp), 118.9 (s; C6), 137.4 ppm (s; C5); *'P NMR (162 MHz, CDCl,, 25°C,
H;PO,): =3.9, 10.9 ppm (AB system, %/(P,P) =86 Hz); elemental analy-
sis (%) calcd for CH,3FPsRuS (947.9): caled: C 59.55, H 4.57, S 3.38;
found: C 59.25, H 4.50, S 3.26.

Compound 9b: Yield 0.17 g (87 %); yellow crystalline powder; m.p. 98°C
(decomp); 'HNMR (400 MHz, CDCL,, 25°C, TMS): 6=1.90 (m, 2H;
H3a, H3e), 2.22 (m, 1H; H4), 2.33 (s, 3H; Me), 3.80 (dd, 3J(H,H)=10.0,
“J(HH)=2.8 Hz, 1H; H2), 431 (s, 5H; Cp), 4.95 (dd, J(HH)=104,
“J(HH)=2.8 Hz, 1H; H6), 5.91 ppm (d, *J(HL,H)=10.4 Hz, 1H; HS);
BCNMR (100 MHz, CDCl;, 25°C, TMS): 6=21.3 (s; Me), 41.5 (s; C3),
41.8 (s; C4), 54.7 (s; C2), 80.7 (s; Cp), 119.0 (s; C6), 137.3 ppm (s; C5);
MPNMR (162 MHz, CDCl, 25°C, H,PO,): 6=40, 109ppm (AB
system, 2J(P,P) =86 Hz); elemental analysis (%) calcd for C,sH,sF;P;RuS
(961.9): C 59.93, H 4.72, S 3.33; found: C 60.66, H 4.70, S 2.71.
Compound 9c¢: Yield 0.15g (79%); yellow crystalline powder; m.p.
160°C (decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): 6=1.87 (m,
2H; H3a, H3e), 2.25 (m, 1H; H4), 3.65 (dd, JJ(H,H)=10.4, J(H,H)=
24Hz, 1H; H2), 433 (s, SH; Cp), 479 (s, 3H; OMe), 4.97 (dd,
3J(HH)=10.8, ‘J(HH)=28Hz, 1H; H6), 589ppm (d, J(HH)=
10.8 Hz, 1H; H°); ®*CNMR (100 MHz, CDCl;, 25°C, TMS): 6=41.5 (s;
C3), 41.9 (s; C4), 54.3 (s; C2), 55.5 (s; OMe), 80.8 (s; Cp), 114.6 (s; C6),
137.1 ppm (s; C5); P NMR (162 MHz, CDCl,, 25°C, H,PO,): 6=3.8,
11.1 ppm (AB system, *J(P,P) =86 Hz); elemental analysis (%) calcd for
CsH,sF,OP,RUS (977.9): C 58.95, H 4.64, S 3.28; found: C 59.96, H 4.64,
S 2.85.

Compound 9d: Yield 0.14g (73%); yellow powder; m.p. 120°C
(decomp); 'HNMR (400 MHz, CDCl;, 25°C, TMS): 6=1.87 (m, 2H;
H3a, H3e), 2.35 (m, 1H; H4), 3.84 (m, 1H; H2), 4.40 (s, 5H; Cp), 5.02
(dd, J(H,H)=10.0, *J(H,H)=2.8 Hz, 1H; H®), 5.90 ppm (dd, *J(H,H)=
10.4, *J(H,H)=22Hz, 1H; H5); "CNMR (100 MHz, CDCl;, 25°C,
TMS): 6=41.4 (s; C4), 41.7 (s; C3), 55.0 (s; C2), 80.9 (s; Cp), 1194 (s;
C6), 136.8 ppm (s; C5); *'P NMR (162 MHz, CDCl,, 25°C, H;PO,): 0=
3.7, 9.9 ppm (AB system, 2/(PP) =86 Hz); elemental analysis (%) calcd
for C,;H,CIFP;RuS (982.4): C 57.47, H 431, S 3.26; found: C 57.23, H
4.20, S 2.96.

Compound 9e: Yield 0.17 g (83%); yellow crystalline powder; m.p.
146°C (decomp); 'H NMR (400 MHz, CDCl;, 25°C, TMS): 6=1.86 (m,
2H; H3a, H3e), 2.34 (m, 1H; H4), 3.84 (d, *J(H,H)=7.4 Hz, 1H; H2),
4.40 (s, 5H; Cp), 5.02 (dd, *J(H,H)=10.0, */(H,H)=2.4 Hz, 1H; H6),
5.90 ppm (dd, *J(H,H)=10.4, J(H,H)=2.0Hz, 1H; H’; “CNMR
(100 MHz, CDCl;, 25°C, TMS): 0=41.4 (s; C4), 41.6 (s; C3), 55.2 (s;
C2), 81.0 (s; Cp), 119.4 (s; C6), 136.7 ppm (s; C5); *'P NMR (162 MHz,
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CDCl;, 25°C, Hy;PO,): 0=3.6, 9.8 ppm (AB system, *J(P,P) =87 Hz); ele-
mental analysis (%) calcd for C;;H,,BrF¢P;RuS (1026.8): C 54.98, H 4.12,
S 3.12; found: C 54.81, H 3.98, S 2.81.

Compound 9f: Yield 0.16g (83%); yellow powder; m.p. 134°C
(decomp); '"HNMR (400 MHz, CDCl;, 25°C, TMS): 6=1.94 (m, 2H;
H3a, H3e), 2.72 (m, 1H; H4), 4.20 (dd, *J(H,H)=10.8, *J(H,H) =32 Hz,
1H; H2), 4.57 (s, SH; Cp), 5.20 (dd, *J(H,H)=10.0, */(H,H)=2.8 Hz,
1H; H6), 590 ppm (dd, *J(H,H)=10.0, *J(H,H)=2.0Hz, 1H; HS5);
P NMR (162 MHz, CDCl,, 25°C, H;PO,): 6=3.7, 8.1 ppm (AB system,
2J(PP)=87 Hz); elemental analysis (%) calcd for C,H,F,NO,P;RuS
(992.9): C 56.86, H 4.26, S 3.23; found: C 56.65, H 4.42, S 2.96.
Compound 9g: Yield 0.14 g (70%), greyish-yellow powder; m.p. 141°C
(decomp); 'HNMR (300 MHz, CDCl,, 25°C, TMS): 6=1.89 (m, 2H;
H3a, H3e), 2.24 (m, 1H; H4), 2.33 (s, 3H; Me), 3.63 (dd, J(H,H)=11.0,
4J(H,H)=2.8 Hz, 1 H; H2), 3.70 (s, 3H; OMe), 4.30 (s, 5H; Cp), 4.91 (dd,
3J(HH)=10.0, “J(HH)=2.6Hz, 1H; H6), 588 ppm (d, J(HH)=
10.3 Hz, 1H; H5); "CNMR (75 MHz, CD,Cl,, 25°C, TMS): §=21.6 (s;
Me), 41.8 (s; C3), 42.8 (s; C4), 55.3 (s; C2), 55.8 (s; OMe), 81.9 (s; Cp),
119.8 (s; C6), 1382 ppm (s; C5); P NMR (162 MHz, CDCl;, 25°C,
H;PO,): =3.9, 10.9 ppm (AB system, %/(P,P) =87 Hz); elemental analy-
sis (%) caled for CyHyFOPsRuS (992.0): C 59.33, H 4.78, S 3.23; found:
C 59.09, H 4.87, S 2.98.

Compound 9h: Yield 0.13g (65%), brownish powder; m.p. 143°C
(decomp); 'HNMR (300 MHz, CD,Cl,, 25°C, TMS): 6=1.95 (m, 2H;
H3a, H3e), 2.30 (m, 1H; H4), 2.37 (s, 3H; Me), 3.63 (dd, J(H,H)=11.6,
“J(HH)=3.1Hz, 1H; H?), 437 (s, 5H; Cp), 5.03 (dd, J(H,H)=9.9,
“J(HH)=2.7 Hz, 1H; H6), 5.85 ppm (d, J(H,H)=10.0 Hz, 1H; H5);
B3CNMR (75 MHz, CD,Cl,, 25°C, TMS): 6=21.4 (s; Me), 41.6 (s; C3),
41.8 (s; C4), 55.0 (s; C2), 81.3 (s; Cp), 1204 (s; C6), 136.8 ppm (s; C5);
SPNMR (121.5 MHz, CD,Cl,, 25°C, H,PO,): =48, 10.9 ppm (AB
system, 2J(PP)=87Hz); elemental analysis (%) caled for
C,H,,CIF,OP;RuS (996.4): C 57.86, H 4.45, S 3.22; found: C 57.34, H
4.22, S 2.86.

Compound 9i: Yield 0.14g (70%); yellow powder; m.p. 144°C
(decomp); 'H NMR (300 MHz, [D¢]acetone, 25°C, TMS): 6=1.23 (s, 3H;
Me), 2.25 (m, 2H; H3a, H3e), 2.34 (s, 3H; Me), 2.83 (m, 1H; H4), 3.71
(dd, *J(HH)=12.1, Y(HH)=2.8Hz, 1H; H2), 451 (s, SH; Cp),
4.93 ppm (s, 1 H; H6); *C NMR (75 MHz, [D¢]acetone, 25°C, TMS): 6=
21.2 (s; Me), 24.4 (s; Me), 42.6 (s; C3), 47.2 (s; C4), 54.1 (s; C2), 81.9 (s;
Cp), 1158 ppm (s; C6), C5 signal obscured by phenyl resonances;
'P NMR (121.5 MHz, [DgJacetone, 25°C, H;PO,): 6=3.8, 10.4 ppm (AB
system, 2/(P,P) =86 Hz); elemental analysis (%) calcd for C,H,,;FsP;RuS
(976.0): C 60.30, H 4.85, S 3.29; found: C 59.89, H 4.87, S 3.17.

Kinetic experiments: Reactions were carried out under pseudo-first-
order conditions by using a large excess of the dienophile. For every ki-
netic run, a 1.00 mm quartz cell was filled with 0.35 mL of a 5.0x10™*m
stock solution of complex 5a in acetone. The respective styrene
(0.24 mmol) was added with a microliter syringe, and acetone was added
to give a total volume of 0.40 mL. The cell was placed in a thermostatted
cell holder equipped with a molybdenum thin-film temperature probe.
The setup was calibrated against a certified mercury thermometer and
was found to be accurate to within +0.2 K. 60 seconds were allowed to
reach thermal equilibrium, and then about 30 spectra in the range A=
350-705 nm were automatically recorded at regular intervals and over up
to four halflifes. A wavelength with maximum change of absorbance was
chosen (typically at =510 nm) and the change of absorbance with time
approximated by a single-exponential law by using the HP89531 A UV/
VIS Operating Software provided by the manufacturer. The results con-
formed with the conventional data analysis using plots of In{A4,A,'}
versus time, which were linear for at least three halflifes. Each entry in
Table 3 represents the average of three individual runs.

General procedure for the cycloaddition reaction with norbornadiene
and norbornene: The olefin (ca. 16 mmol) was added to a solution of the
respective thiocinnamaldehyde complex 5 or 6 (0.20 mmol) in acetone
(5 mL). After stirring for 24 h the mixture was evaporated to dryness and
the crude product dissolved in dichloromethane (5 mL) and precipitated
by adding diethyl ether (10 mL) and hexane (30 mL). The solid was then
redissolved in acetone (5mL) and chromatographed by using dichloro-
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methane/acetone 20:1 as the eluent. The brownish fraction was collected
and evaporated to a few milliliters, and the product precipitated by
adding diethyl ether and hexane.

Compound 10a: Yield 0.16 g (87 % ); brownish-yellow powder; m.p. 90°C
(decomp); '"H NMR (400 MHz, CDCl,, 25°C, TMS): exo isomer: 6 =0.90
(d, ¥(H,H)=9.1 Hz, 1H; HI11'), 1.57 (d, ¥(H,H)=9.1 Hz, 1H; H11),
1.80 (m, 1H; H1), 1.84 (dd, *J(H,H)=11.0, 3J(H,H)=82 Hz, 1H; H7),
230 (m, 1H; H8), 2.88 (d, *J(H,H)=82Hz, 1H; H2), 2.97 (ddd,
3J(H,H)=11.0, */(H,H)=4.0, “/(H,H)=2.6 Hz, 1H; H6), 5.06 (s, SH;
Cp), 551 (dd, *J(HH)=8.5, “/(HH)=2.6Hz, 1H; H4), 5.82 (dd,
*JHH)=57, J(HH)=2.8Hz, 1H; HI10), 595 (dd, *J(HH)=57,
3J(H,H)=2.9 Hz, 1 H; H9), 6.01 ppm (dd, *J(H,H)=8.5, *J(H,H) =4.0 Hz,
1H; H5); endo isomer: 6=1.03 (d, J(H,H)=9.8 Hz, 1H; H11’), 1.68 (d,
2J(H,H)=9.8 Hz, 1H; H11), 2.00 (m, 1H; H1), 2.18 (d, */(H,H)=8.4 Hz,
1H; H2), 5.51 (s, 5H; Cp), 6.33 ppm (dd, J(H,H)=9.4, *J(H,H)=3.0 Hz,
1H; HS5), other signals obscured by exo isomer; *C NMR (100 MHz,
CDCl;, 25°C, TMS): exo isomer: 0 =44.1 (s; C11), 45.6 (s; C1/8), 45.9 (s;
C1/8), 46.9 (s; C6), 55.0 (s; C7), 65.3 (s; C2), 80.9 (s; Cp), 135.1 (s; C10),
140.5 (s; C5/9), 141.3 ppm (s; C5/9), C4 signal obscured by phenyl reso-
nances; *'P NMR (162 MHz, CDCl,, 25°C, H;PO,): exo isomer: 6 =6.0,
6.9 ppm (AB system, 2J(P,P) =89 Hz); endo isomer: 6=6.8, 7.9 ppm (AB
system, 2/(P,P) =85 Hz); elemental analysis (%) calcd for C,H,;F,P;RuS
(935.9): C 59.04, H 4.63, S 3.43; found: C 58.76, H 4.65, S 3.28.

Compound 10b: Yield 0.16 g (82%); yellow crystalline powder; m.p.
171°C (decomp); 'H NMR (400 MHz, CDCl, 25°C, TMS): exo isomer:
5=0.90 (d, Y(H,H)=9.4 Hz, 1H; H11"), 1.58 (d, Y(H,H)=9.4 Hz, 1H;
H11), 1.75 (m, 1H; H1), 1.90-1.99 (m, 1H; H7), 227 (m, 1H; HS), 2.86
(d, J(HH)=80Hz, 1H; H2), 3.30-3.37 (m, 1H; H6), 3.78 (s, 3H;
OMe), 5.05 (s, SH; Cp), 5.47 (dd, *J(H,H)=8.4, /(H,H)=2.8 Hz, 1H;
H4), 580 (dd, *J(HH)=5.6, *J(H,H)=32Hz, 1H; HI10), 595 (dd,
3J(HH)=5.6, J(H,H)=3.0 Hz, 1H; H9), 6.00 ppm (dd, *J(H,H)=8.6,
*J(H,H)=4.2 Hz, 1H; HS5); endo isomer: 6=0.97 (d, 2/(H,H)=9.2 Hz,
1H; H11"), 1.52 (d, Y(H,H)=92 Hz, 1H; H11), 1.67 (m, 1H; H1), 2.34
(m, 1H; H8), 2.40 (d, *J(H,H)=8.8 Hz, 1 H; H2), 3.88 (s, 3H; OMe), 5.15
(s, SH; Cp), 5.42-5.46 (m, 1H; H4), 5.86 (dd, J(H,H)=5.4, J(HH)=
3.0 Hz, 1H; H10), 626 (dd, *J(H,H)=54, J(HH)=4.0 Hz, 1H; HY),
6.33 ppm (dd, *J(H,H)=9.0, *J(H,H) =3.4 Hz, 1 H; H5), other signals ob-
scured by exo isomer; *C NMR (100 MHz, CDCl,, 25°C, TMS): exo
isomer: 6 =44.4 (s; C11), 45.6 (s; C1/8), 45.7 (s; C1/8), 54.9 (s; OMe/C7),
55.1 (s: OMe/CT), 65.0 (s; C2), 80.8 (s; Cp), 134.7 (s; C10), 140.7 (s; CS/
9), 1412 ppm (s; C5/9), C4 signal obscured by phenyl resonances;
3P NMR (162 MHz, CDCl,, 25°C, H;PO,): exo isomer: 6=6.1, 7.1 ppm
(AB system, *J(P,P) =89 Hz); endo isomer: 0=7.5, 8.2 ppm (AB system,
2J(PP)=89 Hz); elemental analysis (%) calcd for C,H,sF;OPsRuS
(965.9): C 58.44, H 4.70, S 3.32; found: C 58.47, H 4.61, S 3.31.

Compound 10c: Yield 0.16 g (81%); yellow crystalline powder; m.p.
153°C (decomp); 'H NMR (400 MHz, CDCls, 25°C, TMS): exo isomer:
0=0.88 (d, YJ(H,H)=8.7 Hz, 1H; H11"), 1.54 (d, %J(H,H)=8.7 Hz, 1H;
H11), 1.75-1.83 (m, 2H; H1, H7), 2.29 (m, 1H; H8), 2.85-3.03 (m, 1H;
H2, H6), 2.96 (s, 6H; NMe,), 5.06 (s, SH; Cp), 5.48 (dd, *J(H,H)=8.4,
*J(H,H)=2.4 Hz, 1H; H4), 5.82 (dd, *J(H,H)=5.6, *J(H,H)=3.2 Hz, 1H;
H10), 5.93 ppm (m, 2H; HS5, HY); endo isomer: 6=1.00 (d, */(H,H)=
8.6 Hz, 1H; H11'), 1.63 (d, 2/(H,H)=8.6 Hz, 1H; H11), 1.98 (m, 1H;
H1), 2.16 (d, *J(H,H)=11.2 Hz, 1H; H2), 2.97 (s, 6H; NMe,), 5.10 (s,
5H; Cp), 5.85-5.88 (m, 1H; H10), 6.27 ppm (dd, *J(H,H) =8.4, *J(H,H) =
2.4Hz, 1H; HS5), other signals obscured by exo isomer; “CNMR
(100 MHz, CDCl,, 25°C, TMS): exo isomer: 6 =42.8 (s; NMe,), 44.3 (s;
C11), 46.0, 46.1, 46.3 (all s; C1, C6, C8), 55.2 (s; C7), 65.4 (s; C2), 81.2 (s;
Cp), 135.2 (s; C10), 140.8 (s; C5/9), 141.6 ppm (s; C5/9), C4 signal ob-
scured by phenyl resonances; *'P NMR (162 MHz, CDCl,, 25°C, H;PO,):
exo isomer: 0=6.1, 6.9 ppm (AB system, %/(P,P) =89 Hz); endo isomer:
0=6.8, 8.0ppm (AB system, %J(PP)=90 Hz); elemental analysis (%)
caled for CygHsFsNP;RuS (979.0): C 58.89, H 4.94, N 1.43, S 3.28; found:
C58.17,H 4.82, N 1.31, S 2.75.

Compound 11a: Yield 0.17 g (90 % ); grey powder; m.p. 136°C (decomp);
'HNMR (400 MHz, CDCl;, 25°C, TMS): exo isomer: 6=1.12 (d,
2J(HH)=9.2 Hz, 1H; H'Y), 156 (d, (H,H)=9.2Hz, 1H; HI11), 1.75
(dd, *J(H,H)=9.2, *J(H,H) =8.4 Hz, 1 H; H7), 1.78 (m, 1H; H1), 2.30 (m,
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1H; H8), 251 (d, ¥J(H,H)=84Hz, 1H; H2), 2.70-2.74 (m, 1H; H6),
4.85 (s, SH; Cp), 5.14 (dd, *J(H,H) =8.4, “J(H,H) =3.0 Hz, 1H; H4), 5.68
(dd, *J(H,H)=5.6, *J(H,H)=3.0 Hz, 1H; H10), 5.84-5.89 (m, 1H; H9),
5.91 ppm (dd, */(H,H) =8.4, >J(H,H) =3.4 Hz, 1 H; HS); endo isomer: 6 =
098 (d, J(HH)=88Hz, 1H; HI1’), 1.63 (d, ¥(HH)=88Hz, 1H;
HI1), 2.10 (m, 1H; H1), 4.58 (d, J/(H,H)=9.2 Hz, 1H; H*), 5.07 (s, 5H;
Cp), 533 (dd, ¥J(H,H)=5.6, *J(H,H)=32 Hz, 1H; H10), 5.76-5.80 (m,
1H; HY), 6.10 ppm (dd, *J(H,H)=8.8, J(H,H)=3.3 Hz, 1H; HS), other
signals obscured by exo isomer; “C NMR (100 MHz, CDCl,;, 25°C,
TMS): exo isomer: 0 =44.0 (s; C11), 46.0 (s; C1/8), 46.4 (s; C1/8), 46.8 (s;
C6), 54.0 (s; C7), 61.9 (s; C2), 83.1 (s; Cp), 126.6 (s; C4), 135.1 (s; C10),
140.5 (s; C5/9), 140.7 ppm (s; C5/9); 3P NMR (162 MHz, CDCl,, 25°C,
H,PO,): exo isomer: 0=71.3, 749 ppm (AB system, %J(PP)=26 Hz);
endo isomer: 0=71.0, 72.9 ppm (AB system, *J(P,P) =28 Hz); elemental
analysis (%) caled for C,;H,sFoP;RuS (949.9): C 59.43, H 4.78, S 3.38;
found: C 59.54, H 4.93, S 3.69.

Compound 11b: Yield 0.17g (87%); brownish powder; m.p. 139°C
(decomp); 'TH NMR (400 MHz, CDCl,, 25°C, TMS): exo isomer: 6 =1.11
(d, (H,H)=10.0 Hz, 1H; H11), 1.60-1.68 (m, 1H; H7), 1.75 (m, 1H;
H1), 1.76 (d, J(H,H)=10.0 Hz, 1H; H11), 2.25 (m, 1H; HS), 2.46 (d,
*J(H,H)=8.0 Hz, 1H; H2), 3.13-3.20 (m, 1H; H6), 3.78 (s, 3H; OMe),
4.84 (s, 5H; Cp), 5.08 (dd, *J(H,H) =8.8, */(H,H) =2.8 Hz, 1 H; H4), 5.63
(dd, *J(H,H)=5.6, *J(H,H)=2.8 Hz, 1H; H10), 5.86 (dd, *J(H,H)=5.6,
*J(H,H)=3.2 Hz, 1H; H9), 5.90 ppm (dd, *J(H,H) =8.8, *J(H,H)=3.6 Hz,
1H; HS); endo isomer: 6=0.94 (d, 2J(H,H):S.S Hz, 1H; H11'), 1.60 (m,
1H; H1), 1.99 (d, 2/(H,H)=8.8 Hz, 1H; H11), 2.39 (dd, *J(H,H)=8.8,
*J(H,H)=6.4 Hz, 1H; H7), 3.87 (s, 3H; OMe), 4.13 (ddd, *J(H,H)=6.0,
*J(HH)=3.6, */(H,H)=2.8 Hz, 1H; H6), 4.29 (d, *J(H,H)=8.8 Hz, 1H;
H4), 5.10 (s, SH; Cp), 5.33 (dd, *J(H,H)=5.6, *J(HH)=3.2Hz, 1H;
H10), 5.79 (dd, J(H,H)=5.6, *J(H,H)=2.8 Hz, 1H; H9), 6.12 ppm (dd,
3J(H,H)=9.2, *J(H,H)=3.2 Hz, 1H; HS5), other signals obscured by exo
isomer; “C NMR (100 MHz, CDCl,, 25°C, TMS): exo isomer: 6 =44.1
(s; Cl11), 45.9 (s; C1/8), 46.3 (s; C1/8), 46.9 (s; C6), 54.1 (s; OMe/C7),
54.8 (s; OMe/C7), 61.4 (s; C2), 82.9 (s; Cp), 125.2 (s; C4), 139.8 (s; C5/9),
140.5 ppm (s; C5/9), C10 signal obscured by phenyl resonances; *'P NMR
(162 MHz, CDCl;, 25°C, H;PO,): exo isomer: 0=71.3, 75.1 ppm (AB
system, 2J(P,P) =26 Hz); endo isomer: 0 =72.4, 73.0 ppm (AB system, %/-
(PP)=28 Hz); elemental analysis (%) caled for C,sH,,;F;OP;RuS (979.9):
C 58.83, H 4.83, S 3.27; found: C 58.06, H 4.84, S 3.07.

Compound 1l1c: Yield 0.16g (78%); yellow powder; m.p. 139°C
(decomp); '"H NMR (400 MHz, CDCls, 25°C, TMS): exo isomer: 6 =1.11
(d, (H,H)=9.4 Hz, 1H; H11"), 1.51 (dd, *J(H,H) =9.0, *J(H,H) =9.0 Hz,
1H; H7), 1.73 (d, Y(H,H)=94 Hz, 1H; H11), 1.78 (m, 1H; H1), 2.34
(m, 1H; H8), 2.49 (d, *J(H,H) =8.0 Hz, 1 H; H2), 2.60-2.70 (m, 1H; H7),
2.94 (s, 6H; NMe,), 4.84 (s, 5SH; Cp), 5.09 (dd, J(H,H)=8.4, “/(H,H)=
3.0Hz, 1H; H4), 5.67 (dd, *J(H,H)=5.6, *J(H,H)=3.2 Hz, 1H; H10),
5.88 (dd, *J(HH)=58, *J(HH)=32Hz, 1H; H9), 590 ppm (dd,
3J(HH) =92, *J(HH)=3.6 Hz, 1H; HS5); endo isomer: 6=0.98 (d,
2J(H,H)=8.8 Hz, 1H; H11'), 1.65 (d, 2/(H,H)=8.8 Hz, 1H; H11), 2.31
(m, 1H; H8), 2.94 (s, 6H; NMe,), 4.53 (d, *J(H,H)=9.2 Hz, 1H; H4),
5.06 (s, SH; Cp), 5.33 (dd, *J(H,H)=6.2, *J(H,H)=3.2 Hz, 1H; H10),
581 (dd, *J(HH)=5.6, J(HH)=2.8Hz, 1H; H9), 6.07 ppm (dd,
3J(H,H)=9.2, *J(H,H)=3.2 Hz, 1H; HS), other signals obscured by exo
isomer; *C NMR (100 MHz, CDCl;, 25°C, TMS): exo isomer: 6 =42.6
(s; NMe,), 44.0 (s; C11), 45.9, 46.1, 46.5 (all s; C1, C6, C8), 53.9 (s; C7),
65.0 (s; C2), 83.1 (s; Cp), 1354 (s; C10), 140.5 (s; C5/9), 141.6 ppm (s;
C5/9), C4 signal obscured by phenyl resonances; *'P NMR (162 MHz,
CDCl;, 25°C, H;PO,): exo isomer: 6=71.1, 749 ppm (AB system,
2J(P,P) =26 Hz); endo isomer: 6=71.1, 73.1 ppm (AB system, 2J(PP)=
28 Hz); elemental analysis (%) caled for CyuHsF(NP;RuS (993.0): C
59.27, H 5.08, N 1.41, S 3.23; found: C 58.79, H 5.31, N 1.28, S 3.14.

Compound 12a: Yield 0.17 g (91%); brownish-yellow powder; m.p.
125°C (decomp); '"H NMR (400 MHz, CDCls, 25°C, TMS): exo isomer:
5=0.44 (d, 2/(H,H)=11.0 Hz, 1H; HI11"), 0.82-0.99 (m, 2H; H9, H10a),
1.18-1.34 (m, 3H; H1, H%, H10e), 1.50 (d, 2/(H,H) =11.0 Hz, 1H; H11),
1.68 (dd, *J(H,H)=9.4, *J(H,H)=9.0 Hz, 1H; H7), 1.84 (m, 1H; HS),
2.73 (dd, J(H,H)=9.6, *J(H,H)=2.6 Hz, 1H; H6), 2.75 (d, J(H,H)=
9.3 Hz, 1H; H2), 5.10 (s, 5H; Cp), 5.45 (dd, *J(H,H)=8.5, *J(HH)=
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2.6 Hz, 1H; H4), 5.89 ppm (dd, *J(H,H)=8.5, *J(H,H)=4.1 Hz, 1 H; H°);
endo isomer: 0=5.51 ppm (s, SH; Cp), other signals obscured by exo
isomer; *C NMR (100 MHz, CDCl,, 25°C, TMS): exo isomer: 6=28.5,
29.5 (both s; C9, C10), 34.7 (s; C11), 41.1, 41.4 (both s; C1, C8), 45.7 (s;
C6), 56.8 (s; C7), 67.1 (s; C2), 81.2 (s; Cp), 126.8 (s; C4), 139.9 ppm (s;
C5); *'PNMR (162 MHz, CDCl,, 25°C, H;PO,): exo isomer: 6=6.3,
7.3 ppm (AB system, 2/(P,P) =89 Hz); endo isomer: =6.2, 7.4 ppm (AB
system, 2J(P,P) =82 Hz); elemental analysis (%) calcd for C,H,sF¢P;RuS
(937.9): C58.91, H 4.84, S 3.42; found: C 58.82, H 4.88, S 3.37.

Compound 12b: Yield 0.15g (71%); yellow powder; m.p. 142°C
(decomp); '"H NMR (400 MHz, CDCl,, 25°C, TMS): exo isomer: 6 =0.45
(d, ¥(H,H)=10.0 Hz, 1H; H11’), 0.84-0.99 (m, 2H; H9a, H10a), 1.19-
1.29 (m, 4H; H1, H9¢, H10e, H11), 1.78 (m, 1H; HS8), 1.79-1.84 (m, 1H;
H7), 2.73 (d, *J(H,H)=8.0 Hz, 1H; H2), 3.07-3.12 (m, 1H; H6), 3.77 (s,
3H; OMe), 5.05 (s, SH; Cp), 540 (dd, *J(H,H)=8.8, “J(H,H)=2.4 Hz,
1H; H4), 5.89 ppm (dd, *J(H,H)=8.8, *J(H,H)=4.4 Hz, 1H; H°); endo
isomer: 0=0.65 (d, 2J(H,H)=9.2Hz, 1H; H1l’), 2.66 (d, *J(H,H)=
8.2 Hz, 1H; H2), 3.90 (s, 3H; OMe), 5.14 (s, 5H; Cp), 6.31-6.35 ppm (m,
1H; H’), other signals obscured by exo isomer; “C NMR (100 MHz,
CDCl, 25°C, TMS): exo isomer: 0 =28.6, 29.5 (both s; C9, C10), 36.7 (s;
Cl11), 41.1, 41.5 (both s; C1, C8), 45.6 (s; C6), 56.2. (s; OMe), 56.3 (s;
C7), 68.2 (s; C2), 81.0 (s; Cp), 120.8 (s; C4), 140.2 ppm (s; C5); *'P NMR
(162 MHz, CDCl;, 25°C, H;PO,): exo isomer: 0=6.3, 7.5ppm (AB
system, 2J(PP)=89 Hz); endo isomer: 6=7.4, 8.5ppm (AB system,
2J(PP)=89 Hz); eclemental analysis (%) caled for C,H,F;OP;RuS
(967.9): C 58.32, H 4.89, S 3.31; found: C 58.04, H 4.77, S 3.16.

Compound 12c¢: Yield 0.17 g (88%); brownish powder; m.p. 122°C
(decomp); '"H NMR (400 MHz, CDCl,, 25°C, TMS): exo isomer: 0 =0.44
(d, 2(H,H)=9.6 Hz, 1 H; H11"), 0.79-0.89 (m, 2H; H9a, H10a), 1.10-1.33
(m, 3H; HYe, Hl0e, HI1), 1.32 (m, 1H; H1), 1.65 (dd, *J(H,H)=92,
3J(H,H)=8.8 Hz, 1H; H7); 1.78 (m, 1H; HS8), 2.70-2.76 (m, 2H; H2,
H6), 3.02 (s, 6H; NMe,), 5.07 (s, SH; Cp), 5.40 (dd, J(H,H)=8.58,
‘J(HH)=2.6 Hz, 1H; H4), 5.77-5.81 ppm (m, 1H; HS5); “CNMR
(100 MHz, CDCl;, 25°C, TMS): exo isomer: 6 =28.2, 29.2 (both s; C9,
C10), 34.4 (s; C11), 40.9, 41.1, (both s; C1, C8), 44.1 (s; NMe,), 46.8 (s:
C6), 56.4 (s; C7), 66.8 (s; C2), 80.9 (s; Cp), 139.2 ppm (s; C5), C4 signal
obscured by phenyl resonances; *'P NMR (162 MHz, CDCl;, 25°C,
H;PO,): exo isomer: 6=6.4, 7.3 ppm (AB system, %J(P,P) =89 Hz); ele-
mental analysis (%) caled for C,Hs,F,NP;RuS (981.0): C 58.77, H 5.14,
N 1.43, S 3.27; found: C 58.49, H 5.26, N 1.30, S 3.00.

Compound 13a: Yield 0.17 g (90 %); greyish-yellow powder; m.p. 134°C
(decomp); '"H NMR (400 MHz, CDCl;, 25°C, TMS): exo isomer: 0 =0.68
(d, Y(H,H)=10.6 Hz, 1H; H11"), 0.79-0.90 (m, 2H; H9a, H10a), 1.17-
1.35 (m, 2H; H9, H10e), 1.43 (dd, */(H,H)=10.5, *J(H,H)=7.4 Hz, 1 H;
H7), 146 (d, (H,H)=10.6 Hz, 1H; H11), 1.81 (m, 1H; H8), 2.39 (d,
*JMH)=7.4Hz, 1H; H2), 251 (ddd, *J(H,H)=10.5, *J(HH)=4.0,
‘J(H,H)=3.0 Hz, 1H; H6), 4.86 (s, SH; Cp), 5.04 (dd, *J(H,H)=8.28,
*J(H,H)=3.0 Hz, 1H; H4), 5.82 ppm (dd, *J(H,H) =8.8, *J(H,H) =4.0 Hz,
1H; H5); endo isomer: 6=1.95 (d, *J(H,H)=8.8 Hz, 1H; H2), 5.06 (s,
5H; Cp), 6.07 ppm (dd, */(H,H)=9.2, *J(H,H)=3.6 Hz, 1 H; HS5), other
signals obscured by exo isomer; “CNMR (100 MHz, CDCl;, 25°C,
TMS): exo isomer: 6 =28.8, 29.1 (both s; C9, C10), 34.4 (s; C11), 41.2,
41.5 (both s; C1, C8), 45.5 (s; C6), 56.4 (s; C7), 63.6 (s; C2), 83.1 (s; Cp),
126.4 (s; C4), 139.4ppm (s; C5); P NMR (162 MHz, CDCl,, 25°C,
H;PO,): exo isomer: 6=71.2, 75.0 ppm (AB system, “/(P,P)=26 Hz);
endo isomer: 0=72.6, 75.0 ppm (AB system, 2J(P,P) =26 Hz); elemental
analysis (%) caled for C,;H,F.P;RuS (951.9): C 59.30, H 4.98, S 3.37,
found: C 59.01, H 4.93, S 3.43.

13b: Yield 0.16g (81%); brownish yellow powder; m.p. 140°C
(decomp); '"H NMR (400 MHz, CDCl,, 25°C, TMS): exo isomer: 0 =0.68
(d, ¥(H,H)=10.4 Hz, 1H; H11’), 0.77-0.86 (m, 2H; H9a, H10a), 1.17-
1.20 (m, 2H; H9, H10e), 1.24 (m, 1 H; H1), 1.48-1.54 (m, 2H; H7, H11),
1.74 (m, 1H; HS), 2.35 (d, *J(H,H) =8.8 Hz, 1H; H2), 2.57-2.64 (m, 1 H;
H6), 3.77 (s, 3H; OMe), 4.85 (s, SH; Cp), 4.98 (dd, *J(H,H)=8.38,
4J(H,H)=2.2 Hz, 1H; H4), 5.80 ppm (dd, *J(E,H) =8.8, *J(H,H) =3.6 Hz,
1H; H5); endo isomer: 6=0.85 (d, 2/(H,H)=10.8 Hz, 1H; H11’), 0.92—
0.95 (m, 2H; H9a, H10a), 1.80 (m, 1H; HS), 2.21 (d, J(H,H)=9.2 Hz,
1H; H2), 3.90 (s, 3H; OMe), 4.31 (d, *J(H,H)=9.3 Hz, 1 H; H4), 5.08 (s,
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5H; Cp), 6.12 ppm (dd, */(H,H)=9.2, *J(H,H) =3.6 Hz, 1 H; HS), other
signals obscured by exo isomer; “C NMR (100 MHz, CDCl,;, 25°C,
TMS): exo isomer: §=29.0, 29.1 (both s; C9, C10), 34.5 (s; Cl11), 414,
41.5 (both s; C1, C8), 45.3 (s; C6), 55.4. (s; OMe), 55.5 (s; C7), 83.0 (s;
Cp), 1402 ppm (s; C5), C4 signal obscured by phenyl resonances;
PNMR (162 MHz, CDCl;, 25°C, H;PO,): exo isomer: 6=71.4,
75.2 ppm (AB system, %J(P,P)=26 Hz); endo isomer: 6=72.3, 73.4 ppm
(AB system, %/(PP)=28Hz); elemental analysis (%) caled for
C,sHyFsOP;RuS (982.0): C 58.71, H 5.03, S 3.27; found: C 58.46, H 4.74,
S 3.13.

Compound 13c: Yield 0.16g (81%); greyish powder; m.p. 139°C
(decomp); '"HNMR (400 MHz, CDCl,, 25°C, TMS): exo isomer: 6 =0.67
(d, ¥/(H,H)=10.4 Hz, 1H; H11"), 0.78-0.86 (m, 2H; H9a, H10a), 1.17-
1.24 (m, 2H; H9, H10e), 1.26 (m, 1H; H1), 1.36 (dd, *J(H,H)=10.4,
*J(H,H)=8.0 Hz, 1H; H7); 1.44 (d, ¥/(H,H)=10.6 Hz, 1H; H11), 1.84
(m, 1H; H8), 2.37 (d, *J(H,H)=8.0 Hz, 1H; H2), 2.43 (ddd, *J(H,H)=
10.4, *J(H,H) =3.6, */(H,H)=2.8 Hz, 1H; H6), 2.93 (s, 6H; NMe,), 4.84
(s, 5SH; Cp), 4.99 (dd, *J(H,H)=8.8, */(H,H)=2.8 Hz, 1 H; H4), 5.79 ppm
(dd, *J(HH)=8.8, J(HH)=3.6Hz, 1H; H5); "CNMR (100 MHz,
CDCl;, 25°C, TMS): exo isomer: d =28.8, 29.1 (both s; C9, C10), 33.4 (s;
C11), 41.2, 41.5, (both s; C1, C8), 41.4 (s; NMe,), 44.2 (s; C6), 56.5 (s;
C7), 63.7 (s; C2), 85.9 (s; Cp), 139.2 ppm (s; CS), C4 signal obscured by
phenyl resonances; P NMR (162 MHz, CDCl;, 25°C, H;PO,): exo
isomer: 0=71.3, 75.0 ppm (AB system, *J(P,P) =26 Hz); elemental analy-
sis (%) caled for CyuHy,F,NP;RuS (995.0): C 59.15, H 527, N 141, S
3.22; found: C 58.90, H 5.05, N 1.28, S 2.97.

General procedure for cycloaddition reactions with o,f3-unsaturated car-
bonyl compounds: The freshly distilled dienophile (ca. 16 mmol) was
added to a solution of the thiocinnamaldehyde complex 5a,b (0.20 mmol)
in acetone (5 mL). After stirring for 5d the mixture was evaporated to
dryness and the crude product dissolved in dichloromethane (3 mL) and
precipitated by adding diethyl ether (5mL) and hexane (15 mL). The
solid was redissolved in acetone (3 mL) and chromatographed by using
dichloromethane/acetone 20:1 as the eluent. The dark yellow fraction
was collected and evaporated to a few milliliters, and the product precipi-
tated by adding diethyl ether and hexane.

Compound 14a: Yield 0.16 g (88%); yellow crystalline powder; m.p.
155°C (decomp); 'H NMR (400 MHz, CDCl,, 25°C, TMS): endo isomer:
8=2.07 (d, Y(HH)=13.0Hz, 1H; H2e), 2.45 (dd, Y(H,H)=13.0,
3J(H,H)=12.0 Hz, 1H; H2a), 3.68-3.76 (m, 2H; H3, H4), 5.04 (s, 5H;
Cp), 538 (d, J(HH)=10.6Hz, 1H; H6), 580 (dd, *J(H,H)=10.6,
3J(H,H)=3.2 Hz, 1H; HS5), 9.09 ppm (5, 1 H; CHO); exo isomer: 6 =2.39
(m, 1H, H2), 2.86 (m, 1 H, H4), 3.05 (m, 1 H, H3), 5.10 (s, SH; Cp), 5.87
(d, *J(H,H)=10.0 Hz, 1 H; H5), 8.36 ppm (s, 1 H; CHO), other signals ob-
scured by the endo isomer; “C NMR (100 MHz, CDCl,, 25°C, TMS):
endo isomer: 6=37.7 (s; C2), 40.1 (s; C4), 53.0 (s; C3), 81.8 (s; Cp),
123.9 (s; C6), 198.7 ppm (s; C=0), C5 signal obscured by phenyl resonan-
ces; *'P NMR (162 MHz, CDCl,, 25°C, H;PO,): endo isomer: 6 =7.2 ppm
(s); exo isomer: 0=>5.8, 7.2 ppm (AB system, /(PP)=91 Hz); elemental
analysis (%) caled for C,H3F,OP;RuS (899.8): C 56.06, H 4.39, S 3.56;
found: C 56.28, H 4. 14, S 3.41.

Compound 14b: Yield 0.15g (83%); yellow crystalline powder; m.p.
117°C (decomp); '"H NMR (400 MHz, CDCl;, 25°C, TMS): endo isomer:
0=0.85 (s, 3H; CHs), 2.07/2.08 (AB system, */(H,H)=13.5 Hz, 2H; H2a,
H2e), 3.41 (m, 1H; H4), 5.08 (s, SH; Cp), 543 (dd, *J(H,H)=10.2,
“J(HH)=2.0Hz, 1H; H6), 5.87 (dd, J(HH)=10.2, J(H,H)=3.9 Hz,
1H; HS5), 9.20 ppm (s, 1H; CHO); exo isomer: =047 (s, 3H; CH,),
1.85/2.27 (AB system, 2/(H,H)=12.5 Hz, 2H; H2a, H2e), 3.73 (m, 1H;
H4), 438 (s, 5H; Cp), 5.40 (dd, *J(H,H)=10.4, */(H,H)=2.0 Hz, 1H;
H6), 5.82 (dd, *J(HH)=10.4, J(HH)=3.7 Hz, 1H; H5), 8.95ppm (s,
1H; CHO); ®C NMR (100 MHz, CDCl,, 25°C, TMS): endo isomer: 6 =
20.2 (s; CH;), 42.9 (s; C2), 48.0 (s; C4), 65.6 (s; C3), 82.8 (s; Cp), 124.1
(s; C6), 201.6 ppm (s; C=0), C5 signal obscured by phenyl resonances;
P NMR (162 MHz, CDCls, 25°C, H;PO,): endo isomer: 0=6.7, 7.6 ppm
(AB system, %/(PP)=91 Hz); exo isomer: 0=6.9 ppm (s); elemental
analysis (%) caled for C;3H, F,OP;RuS (913.8): C 56.52, H 4.52, S 3.51;
found: C 56.21, H 4.42, S 3.43.
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Compound 14c¢: Yield 0.15g (81%); brownish powder; m.p. 123°C
(decomp); "HNMR (400 MHz, CDCl,, 25°C, TMS): endo isomer: 6=
0.87 (s, 3H; CH,), 1.59/2.27 (AB system, 2J(H,H)=12.4 Hz, 2H; H2a,
H2e), 3.73 (s, 3H; OMe), 3.81 (dd, J(H,H)=4.8, “J(H,H)=2.0 Hz, 1H;
H4), 5.10 (s, 5H; Cp), 5.39 (d, *J(H,H)=10.0 Hz, 1H; H6), 5.73 (dd,
3J(H,H)=10.0, *J(H,H)=4.8 Hz, 1H; H5), 9.10 ppm (s, 1H; CHO); exo
isomer: 0=0.46 (s, 3H; CH;), 1.81/2.39 (AB system, 2J(H,H)=12.8 Hz,
2H; H2a, H2e), 3.70 (s, 3H; OMe), 4.16 (dd, *J(H,H)=3.0, */(H,H)=
3.0 Hz, 1H; H4), 5.07 (s, 5H; Cp), 5.39 (d, *J(H,H) =10.0 Hz, 1H; H6),
5.75 (dd, J(H,H)=10.0, *J(H,H)=4.8 Hz, 1H; HS5), 8.89 ppm (s, 1H;
CHO); *CNMR (100 MHz, CDCl,, 25°C, TMS): endo isomer: 6 =19.7
(s; CH;), 38.6 (s; C4), 41.3 (s; C2), 55.2 (s; OMe), 81.4 (s; Cp), 200.8 ppm
(s; C=0), C3 signal not detected, C5 and C6 signals obscured by phenyl
resonances; exo isomer: 0=15.9 (s; CH;), 35.8 (s; C4), 44.1 (s; C2), 55.0
(s; OMe), 81.7 (s; Cp), 200.4 ppm (s; C=0), C3 signal not detected, C5
and C6 signals obscured by phenyl resonances; *'P NMR (162 MHz,
CDCl;, 25°C, H;PO,): endo isomer: 6=6.8, 7.5ppm (AB system,
2J(PP)=91 Hz); exo isomer: 0=7.1 ppm (s); elemental analysis (%)
caled for C,H,;FgO,P;RuS (943.9): C 55.99, H 4.59, S 3.40; found: C
56.51, H 4.36, S 3.53.

Compound 14d: Yield 0.14 g (76 %); red crystalline powder; m.p. 176°C
(decomp); '"HNMR (400 MHz, CDCl,, 25°C, TMS): endo isomer: 6=
1.75 (d, Y(H,H)=13.2Hz, 1H; H2e), 1.78 (s, 3H; CH;), 2.44 (dd,
2J(HH)=132, *J(H,H)=112 Hz, 1H; H2a), 2.95 (ddd, *J(H,H)=11.2,
3J(H,H) =52, *J(H,H)=2.4 Hz, 1 H; H3), 3.86 (m, 1H; H4), 5.07 (s, 5H;
Cp), 5.38 (d, J(H,H)=10.0 Hz, 1H; H6), 5.92 ppm (dd, *J(H,H)=10.0,
*J(H,H)=5.1 Hz, 1H; H5); exo isomer: 6 =1.34 (s, 3H; CH;), 2.48 (dd,
2J(H,H)=13.0, *J(H,H)=10.4 Hz, 1H; H2a), 2.82 (ddd, 3J(H,H)=104,
J(HH)=104, 3J(HH)=2.4Hz, 1H; H3), 3.53 (ddd, *J/(H,H)=10.0,
*J(HH)=24, “J(HH)=2.4Hz, 1H; H4), 503 (s, 5H; Cp), 529 (d,
*J(H,H)=10.4 Hz, 1H; H6), 5.76 ppm (dd, *J(H,H)=10.4, *J(HH)=
2.8 Hz, 1H; H5); “C NMR (100 MHz, CDCl,, 25°C, TMS): endo isomer:
0=29.0 (s; CH;), 34.6 (s; C2), 40.5 (s; C4), 51.1 (s; C3), 81.4 (s; Cp),
123.9 (s; C6), 206.2 ppm (s; C=0), CS5 signal obscured by phenyl resonan-
ces; exo isomer: 0 =29.8 (s; CH;), 42.8 (s; C4), 53.4 (s; C3), 81.7 (s; Cp),
207.6 ppm (s; C=0), other signal obscured by endo isomer; *'P NMR
(162 MHz, CDCl,, 25°C, H;PO,): endo isomer: 6 =6.9 ppm (s); elemental
analysis (%) caled for C,;H, F,OP;RuS (913.8): C 56.52, H 4.52, S 3.51;
found: C 56.78, H 4.33, S 3.30.

Compound 14e: Yield 0.15 g (81 %); red crystalline powder; m.p. 103°C
(decomp); '"HNMR (400 MHz, CDCl,, 25°C, TMS): endo isomer: 6=
1.03 (t, J(HH)=72Hz, 3H; CH,), 1.68 (d, J(HH)=132Hz, 1H;
H2e), 2.43 (dd, 2/(H,H)=13.0, *J(H,H)=122 Hz, 1H; H2a), 2.83 (ddd,
3J(HH)=12.0, ¥(HH)=52, JJ(HH)=2.1 Hz, 1H; H3), 3.83-3.91 (m,
3H; OCH,, H4), 5.01 (s, SH; Cp), 5.49 (d, J(H,H)=10.0 Hz, 1 H; H6),
5.93 ppm (dd, *J(H,H)=10.0, *J(H,H) =5.6 Hz, 1 H; H5); exo isomer: 6 =
0.99 (t, *J(H,H)=7.0 Hz, 3H; CH,), 4.83 ppm (s, 5H; Cp), other signals
obscured by endo isomer; *CNMR (100 MHz, CDCl,, 25°C, TMS):
endo isomer: 0=13.9 (s; CH;), 25.4 (s; C2), 40.7 (s; C4), 44.4 (s; C3),
61.0 (s; OCH,), 81.5 (s; Cp), 124.4 (s; C6), 170.1 ppm (s; C=0), C5 signal
obscured by phenyl resonances; *'P NMR (162 MHz, CDCl,, 25°C,
H;PO,): endo isomer: 0=7.3 ppm (s); elemental analysis (%) calcd for
C,H,,F40,P;RUS (943.9): C 55.99, H 4.59, S 3.40; found: C 55.58, H 4.54,
S 3.22.

General procedure for the cycloaddition reaction with ethyl propiolate:
The alkyne (1.0 mL, 10.0 mmol) was added to a solution of the respective
thiocinnamaldehyde complex 5¢,ef (0.20 mmol) in acetone (5 mL). After
stirring for 10 d the mixture was evaporated to dryness and the crude
product dissolved in dichloromethane (5 mL) and precipitated by adding
diethyl ether (10 mL) and hexane (30 mL). The solid was then redis-
solved in acetone (5mL) and chromatographed by using dichlorome-
thane/acetone 20:1 as the eluent. The brownish fraction was collected
and evaporated to a few milliliters, and the product precipitated by
adding diethyl ether and hexane.

Compound 15a: Yield 0.12g (62%); brownish powder; m.p. 113°C
(decomp); 'HNMR (300 MHz, CD,Cl,, 25°C, TMS): 6=1.19 (t,
*J(H,H)=7.0 Hz, 3H; CH,), 3.73 (s, 3H; OMe), 4.04 (q of AB systems,
*J(H,H) =7.0 Hz, /(H,H) not determined, 2H; CH,), 4.39 (d, */(H,H) =
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52Hz, 1H; H4), 501 (s, 5H; Cp), 5.08 (dd, J(H,H)=9.7, *J(H,H)=
28 Hz, 1H; H6), 5.88 (dd, *J(H,H)=9.7, *J(H,H)=53Hz, 1H; H5),
6.31 ppm (d, “/(HH)=2.8Hz, 1H; H2); "CNMR (75 MHz, CD,Cl,
25°C, TMS): 6=14.3 (s; CH;), 39.1 (s; C4), 55.6 (s; OMe), 61.9 (s;
OCH,), 82.7 (s; Cp), 117.8 (s; C6), 163.5 ppm (s; C=0), other olefinic sig-
nals obscured by phenyl resonances; *'P NMR (121.5 MHz, CD,Cl,,
25°C, H;PO,): 0=6.6ppm (s); eclemental analysis (%) caled for
C,sH,3F4O5P;RuS (971.9): C 55.61, H 4.46, S 3.30; found: C 55.02, H 4.64,
S 2.91.

Compound 15b: Yield 0.10g (51%); maroon powder; m.p. 138°C
(decomp); '"HNMR (300 MHz, [Dglacetone, 25°C, TMS): 6=1.18 (t,
*J(H,H)=7.1 Hz, 3H; CH,;), 4.05 (q of AB systems, *J(H,H)=7.1 Hz,
2J(H,H) not determined, 2H; CH,), 4.58 (d, *J(H,H)=5.4 Hz, 1H; H4),
5.29 (s, SH; Cp), 5.48 (dd, *J(H,H)=9.9, */(H,H) =2.7 Hz, 1 H; H6), 6.05
(dd, *J(H,H)=9.9, *J(H,H)=54Hz, 1H; HS), 6.49 ppm (d, J(H,H)=
2.7 Hz, 1H; H2); "CNMR (75 MHz, [D¢]acetone, 25°C, TMS): 6 =14.4
(s; CHj3), 39.8 (s; C4), 61.9 (s; OCH,), 83.4 (s; Cp), 119.9 (s; C6), 141.6
(s; C5), 164.6 ppm (s; C=0), other olefinic signals obscured by phenyl
resonances; 'PNMR (121.5 MHz, [Dglacetone, 25°C, H,PO,): o=
6.5 ppm (s); elemental analysis (%) calcd for CyH4CIF,O,P;RuS (976.3):
C 54. 31, H 4.13, S 3.28; found: C 54.44, H 4.30, S 2.88.

Compound 15¢: Yield 0.125g (65%); maroon powder; m.p. 116°C
(decomp); 'HNMR (300 MHz, [Dglacetone, 25°C, TMS): 6=1.19 (t,
3J(H,H)=7.1 Hz, 3H; CH;), 1.59 (s, 3H; CHj;), 4.04 (q of AB systems,
3J(H,H)=7.1 Hz, >J(H,H) not determined, 2H; CH,), 4.26 (s, 1H; H4),
5.19 (s, 1H; H6), 527 (s, 5SH; Cp), 6.52 ppm (d, */(H,H)=2.6 Hz, 1H;
H2); "CNMR (75 MHz, [Dglacetone, 25°C, TMS): 6=14.4 (s; CH;),
22.6 (s; CHs), 45.3 (s; C4), 61.7 (s; OCH,), 83.1 (s; Cp), 114.0 (s; C6),
163.5 (s; C=0), other olefinic signals obscured by phenyl resonances;
P NMR (121.5 MHz, [Dg]acetone, 25°C, H;PO,): =6.9 ppm (s); ele-
mental analysis (%) caled for CyHyCIF,O,P;RuS (955.9): C 56.54, H
4.53, S 3.35; found: C 56.42, H 4.76, S 3.17.

X-ray structure determinations: An Enraf Nonius CAD4 instrument was
used for data collection (graphite monochromator, Moy, radiation, 1=
0.71073 A). The structures were solved by using Patterson (6d) or direct
methods (4-dimethylamino-cinnamaldehyde) and refined with full-matrix
least-squares against F° (SHELX-97).5! Hydrogen atoms were included
in their calculated positions and refined in a riding model. The details of
the measurements are summarized in Table 8. CCDC-148939 (6d-CDCl;)
and -148289 (4-dimethylamino-cinnamaldehyde) contain the supplemen-
tary crystallograhic data for this paper. These data can be obtained free
of charge from the Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.
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