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Gradient-corrected (BP86) and hybrid (M06-L) density functional calculations were used to study the relative stability
of cis and trans-dichloro X-chelated benzylidene ruthenium complexes (X = O, S, Se, N, P). Calculations in the gas
phase differed from experimental results, predicting the trans-dichloro configuration as being more stable in every
case. The addition of Poisson—Boltzmann (PBF) continuum approximation (dichloromethane) corrected the
disagreement and afforded energies consistent with experimental results. Novel N, Se, and P chelated ruthenium
olefin metathesis complexes were synthesized to evaluate calculation predictions. These findings reinforce the
importance of including solvent corrections in DFT calculations of ruthenium metathesis catalysts and predict that
stronger o donors as chelating atoms tend to electronically promote the unusual and less active cis-dichloro

configuration.

Introduction

Olefin metathesis is one of the reactions that has most
impacted organometallic and synthetic chemistry in the past
decade.' Ruthenium catalysts (Figure 1) are especially inter-
esting as a consequence of their higher stability and wider
tolerance toward various functional groups.'® Since their first
introduction by Grubbs,” these homogeneous catalysts have
been enhanced both in their stability and reactivity by
judicious alteration of their coordinative ligands. Perhaps
the most significant improvement was achieved by the
replacement of one of the phosphines by a stronger o donor
N-heterocyclic carbene (NHC),? which retarded initiation,*
but stabilized the active conformation in the catalytic cycle.’
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An additional important modification was the exchange of
the remaining phosphine ligand by a chelating oxygen,®
which substantially improved catalyst stability, due to the
chelating effect, while maintaining the same transition state.

On the basis of these pioneering results, many other
modifications were introduced to influence catalyst activity’
and stability.® While these changes generally did not affect
the overall geometry of the complexes, occasionally, the
unusual cis-dichloro structure was obtained as the most
stable configuration.

After having been observed among the very first ruthenium
alkylidenes,” the cis-dichloro structures were abandoned for
many years, until Hofmann et al. prepared a chelating
bidentate diphosphine ligand whereupon the two chlorides
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Figure 1. Ruthenium olefin metathesis initiators.

were forced to a cis arrangement.'® Since, several cis-dichloro
structures have been reported in the literature (Figure 2). In
some cases the observed structures are obtained as a result of
packing forces in crystals,'! but other times they proved to be
the stable configuration in solution.'? Other anionic ligands
in ruthenium alkylidenes may also be found in a cis config-
uration, for example, the use of catecholates by Fogg et al. as
chelating anionic ligands."?

Density functional theory (DFT) calculations are a power-
ful tool for understanding and supporting mechanisms of
organometallic reactions. They have been successfully used
to investigate important aspects of olefin metathesis, such as
initiation energies and mechanistic studies.™'* Notably, most
of these studies disregarded the cis conformer, as it was
shown to be less active than its frans isomer.'>® Nonetheless,
Goddard et al. studied a pyridine chelated system prepared
by Grubbs,'* in which both cis and rans configurations
could be observed in equilibrium in solution.'® In this seminal
work, it was shown that the addition of solvation energy in
the DFT calculations was necessary to produce a reasonable
agreement with the experimental results. However, all calcu-
lations were based on just a single complex. Based on our
current interest in cis-dichloro latent chelated ruthenium
catalysts, we decided to study additional complexes with
different chelating atoms, where both cis and trans structures
are observed. By relying on experimental data, and synthesiz-
ing further analogues when needed, correct parameters for
accurate predictions may be obtained.

Results and Discussion

As a first step, different chelating atoms were compared to
determine whether stronger o donors are more stabilizing
ligands in typical trans-dichloro complexes.

The 14-clectron active species 8 is less stable than the 16-
electron species. Thus, an olefin metathesis reaction between
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Figure 2. Some examples of known cis-dichloro ruthenium II alkylidene
complexes.

8 and a chelating styrene (where the X atom may stabilize the
metal center by a coordinative bond) is expected to afford
3-X-trans (Scheme 1). Since the chelating atom in the
product is trans to an extremely strong o donor, this may
generate a destabilizing trans influence."® Therefore, on one
hand, strong o donors may bind tighter to the metal, but on
the other, a more significant trans influence may destabilize
the complex.

The optimized structures were obtained with BP8§6/
LACVP* theory level in the gas-phase, followed by single-
point energy calculations using BP§6/LACV3P**++ theory
level. The results are summarized in Table 1.

The order of stability was X = O < N < S~ Se < P,
signifying that the energy gained by better o donors is more
significant than the destabilizing trans influence; i.e., better o
donors bind stronger and stabilize the metal center more
efficiently. Interestingly, calculations show a clear increase in
the Cl—Ru—Cl angle as the ligand binds stronger. This angle
decreases with weaker ligands to compensate for the stronger
o donation of the carbene.™

Once the energetics of the metathesis reaction were studied,
the difference between the cis and trans structures could be
addressed. Accordingly, the complexes 3-X were calculated in
both configurations (Figure 3) using BP86/LACV3P**4+//
BP86/LACVP* (Figure 4) and MO06-L/LACV3P**++//
LACVP* (see the Supporting Information).

Starting geometries for cis compounds were obtained from
the X—ray diffraction structure of sulfur complex 3-S-cis,'**
while the 3-O-trans structure was used as a starting point for
all trans complexes.®

In all cases, the addition of solvation parameters stabilized
the more polar cis structures by a similar value. This stabi-
lization is more meaningful for phosphorus, sulfur, and
selenium, where the frans-dichloro configuration is predicted
to appear in the gas phase, but the cis-dichloro isomer is
calculated to be the sole species in solution. As seen in
Figure 4, calculations strongly suggest that weaker o donor
chelates, such as oxygen, should be more stable in the frans-
dichloro configuration. On the other hand, when a strong
trans influence is present, the Ru—X bond is severely wea-
kened, disfavoring the trans-dichloro arrangement. As this
effect is immaterial in the cis-dichloro configuration, the
chelating ligand may sit closer to the metal center and
stronger donors may form a stronger bond. Indeed, the
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2005, 249, 419-431. (b) Appleton, T. G.; Clark, H. C.; Manzer, L. E. Coord.
Chem. Rev. 1973, 10, 335-422.



Article

Scheme 1. Metathesis Reaction with X-Chelating Styrene
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Table 1. Stabilization Energies in the Formation of 3-X-trans

X=0,S, Se, NH, PH

chelating atom AE gas phase (kJ mol ') Cl—Ru—Cl angle (°)

oxygen 31.5 155.8
nitrogen 48.1 159.6
sulfur 58.4 162.4
selenium 59.0 161.6
phosphorus 93.5 163.3

“AE = EO9-X) + E(8) — E(3-X-trans) — E(10).

trans-Cl, cis-Clp
e e < e o<

ch' \l/m

RU=— =

3-X-trans 3-X-cis
X=0,S, Se, NH, PH

Figure 3. Complexes analyzed in our DFT calculations.

Ru—X bond distances are shorter for second row and lower
atoms in the cis configuration (Table 2).

The BP86 calculations were in line with known and herein
presented (vide infra) solid state data. For example, for the
complex 3-O-trans, the calculations predicted a distance of
2.31 A compared to 2.26 A observed in the crystal struc-
ture. Recently, several scientific publications demon-
strated how the M06-L functional,'” which is a hybrid
meta-GGA exchange-correlation functional developed to
include attractive medium-range (van der Waals or Lon-
don dispersion) interactions presented i 8proved results in
olefin metathesis ruthenium complexes.'® Structural opti-
mizations using M06-L resulted in very similar structures
as compared to BP86. However, M06-L calculations
showed a tendency to prefer the cis-dichloro isomers,
although the general overall trends were preserved.

Cis isomers of 3-O-trans or other 5-membered ring sp> O-
chelated complexes have not been observed experimentally
in solution, in accordance with calculations that predict
that oxygen and nitrogen chelates should be more stable as
the trans isomers. However, while several sp> nitrogen
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Figure 4. Difference (AE) in energy (kJ mol ') between cis-dichloro and
trans-dichloro configurations.

chelated complexes have been prepared,'”*!" we are

unaware of sp> nitrogen chelated complexes in the litera-
ture. In addition, chelated selenium and phosphorus ben-
zylidenes were also unknown. Therefore, we decided to
prepare simple sp> nitrogen, selenium, and phosphorus
chelated complexes to evaluate our theoretical predictions
(Schemes 2—4).

Starting from commercially available 2-fluorobenzaldehyde,
a diethyl amino group was introduced by a nucleophilic
aromatic substitution. A concurrent Wittig reaction converted
the carbonyl into the appropriate styrene derivative, and
metathesis in the presence of (NHC)(Py),(Cl),Ru=CHPh
produced the desired complex 14. Suitable crystals of 14
confirmed the trans-dichloro geometry (Figure 5). NMR ana-
lyses showed a symmetric structure supporting the same trans
arrangement also in solution (see the Supporting Information).

The synthesis of the Se-chelated complex was somewhat
more involved than the N-, S-, and O-chelated complexes.
Following a known procedure,” a selenocyanate group was
inserted into starting material 15 by reacting its diazo derivative
with potassium selenocyanate. Reduction of the ester group
followed by exposure to air provided dimer 17, which could be
readily oxidized to the di-aldehyde with pyridinium chlorochro-
mate. The diselenide bond was broken with isopropyl iodide
and a Wittig reaction afforded styrene derivative 20, which was
then reacted by olefin metathesis with 2 in the presence of CuCl
to obtain the desired complex. Only the cis-dichloro product
was observed in solution (NMR). X-ray structure analysis
confirmed the observed configuration (Figure 6).

A complex comparable to 3-P could be prepared starting
from commercially available 21. This was readily achieved by
a simple Wittig reaction followed by metathesis to afford the
desired complex 23.

Also in this case, the -ray structure obtained was char-
acterized as the cis isomer (Figure 7).

(20) Iwaoka, M.; Tomoda, S. Phosphorus, Sulfur Silicon Relat. Elem.
1992, 67, 125-130.
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Table 2. Calculated and Experimental Ru—X Bond Length for Chelated Complexes 3-X

chelating trans bond length (A) cis bond length (A) trans bond length (A) cis bond length (A) experimental Ru—X

atom X (calc. BP86) (calc. BP86) (calc. M06-L) (calc. M06-L) bond length (A)
oxygen 2.31 2.41 2.36 2.39 2.26 (trans)
nitrogen” 2.32 2.31 2.35 2.36 2.34 (trans)
sulfur 2.54 2.42 2.60 243 2.35 (cis)
selenium 2.68 2.57 2.66 2.60 2.46 (cis)
phosphorus” 2.38 2.32 2.36 2.30 2.31 (cis)

“Calculated structure is 3-NH, X —ray structure is 14. ” Calculated structure is 3-PH, X—ray structure is 23.

Scheme 2. Preparation of N—Chelated Olefin Metathesis Complex

N‘Mes
@f =
27% N 81% 61% RTU_
12 Et 13 Et /_N

14
a) KzCO_‘;, EtzNH, DMF, b) CH;PPh‘;I, KOtBU, EtQO, C)
(NHC)(Py)»(Cl),Ru = CHPh, CH,Cl.

In all cases NMR and solid state analyses afforded the
same configurations for the complexes studied. Figure 8
displays the four methylene hydrogens in the symmetric trans
14 as a singlet signal, while 23 and 3-Se-cis present the typical
complex imidazoline-2-ylidene splitting patterns observed
for cis-dichloro structures.

As shown in Table 2, for sulfur complex 3-S-cis the Ru—X
distance predictions were satisfactory, i.e., 2.42 A in calcu-
lations compared to 2.35 A in the X- -ray structure.'** The
X-ray structures of 3-Se-cis and 23 showed Ru—X bond
lengths of 2.457 and 2.31 A (average of 2 different molecules
in the unit cell) compared to 2.57 and 2.32 A obtained in the
calculations. Thus, for all heteroatoms studied, the Ru—X bond
lengths could be fairly well reproduced (within 0.1 A) using
both BP86 and M06-L.

The N-chelated structures also presented a very close
similarity between calculated and experimental X-ray data.
The Ru—N bond length observed in the crystal structure was
2.336 A while the calculations provided a bond length of
2.32 A. The availability of other nitrogen types and their
mixed configurations (both cis and trans-dichloro structures
have been experimentally observed) presented the opportu-
nity to analyze these additional compounds and evaluate the
computational predictions for another known cis-dichloro
molecule (Figure 9). Complex 3-NH-trans has an sp® nitro-
gen (similar to 14), while the nitro%en in 24 has an sp’
hybridization and 25 an aromatic sp” N

BP86/LACV3P**4++4 gas-phase calculatlons predicted a
trans arrangement for the three N-chelated complexes, as
observed experimentally for 14 and an dndlogue of 242!
However, Grela’s quinoline complex 25'> was shown ex-
perimentally to retain a cis configuration in solution. Thus,
BP86 gas-phase calculations could not correctly predict the
configuration of the complex. Once again, the addition of
solvation effects (Table 3) drastically changed the AE,
affording results consistent with experimental findings in all
the N-chelated complexes. The solvated cis-dichloro complex
24 is predicted to be more stable with M06-L model calcula-
tions, whereas the frans-dichloro structure has been obtained

(21) Slugove, C.; Burtscher, D.; Stelzer, F.; Mereiter, K. Organometallics
2005, 24, 2255-2258.

Table 3. Difference in cis—trans Energies for N-Chelated Ruthenium Complexes
with BP86 (M06-L) Functionals

AE (kI mol™") in AE (kJ mol™h) experimental
Complex gas phase” solvated” observation
3-NH 48.7(40.0) 208(9.0)  trans’
24 31.6(17.3) 7.4(—13.8) trans®
25 12.2(=6.2) —13.5(=35.7)  cis/trans = 78/22

4 AE = E(cis) — E(trans). ° For related complex 14. ¢ See reference 21.

experimentally.?' The differences of zero point energies for
cis- and trans-dichloro complexes are negligible, while the
corrections for Gibbs Free energies consistently stabilize
trans-dichloro complexes by an additional 4—14 kJ mol .
This leads to a reasonable agreement for the BP86 calcula-
tions in the case of complex 25, where a cis/trans equilibrium
is observed in solution (Table 3)."*¢ The M06-L functionals
feature either worse accuracy or less error cancellation. In line
with this finding, M06-L functionals have been reported to
predict significantly higher Ru—P bond dissociation energles
(151.4—174.5 kJ mol~" and 159.8—189.1 kJ mol ") for
Grubbs I and Grubbs II catalysts than the dissociative PCy;
ligand barriers derived from NMR measurements (83.2 £ 0.3
and 96.2 + 1.7 kJ mol™").* Thus, M06-L should still be used
with caution in ruthenium carbene chemistry.

For sulfur chelates, the trans isomer may be observed (and
isolated) as a kinetic product, but it is completely converted
into the cis isomer in solution and even in the solid phase.'**
Notably, even the additional steric energy obtained by the
exchan§e of the isopropyl substituent in 3-S for a z-butyl
group'® did not promote a configuration change. Thus, both
sulfur and selenium compounds that are calculated in the gas
phase to be more stable in the trans-dichloro configuration are
correctly predicted to be cis when solvent effects are added.

The strong propensity of the phosphorus compound to
remain in the cis-dichloro configuration may seem at first sight
incongruous with the observation that non-chelated catalyst 2
is more stable as the trans-dichloro isomer. Two effects seem
to be affecting the configuration in this case. First of all, the
three bulky cyclohexyl groups on P could create significant
steric repulsions if the phosphine would be cis to the NHC
ligand. Additionally, 7z-stacking between the benzylidene ring
and the mesityl ring,''®'** 12 would be disrupted if the PCy;
ligand occupied the cis position. However, smaller phosphine
ligands could lessen steric hindrance and promote a change in
the ligand geometry. Complexes related to 2 with smaller
phosphlnes such as trimethylphosphine® and triisopropyl-
phosphine” are known. Even though the literature describes

(22) Bolton, S. L.; Williams, J. E.; Sponsler, M. B. Organometallics 2007,
26, 2485-2487.

(23) Eide, E. F.V.D.;Romero, P. E.; Piers, W. E. J. Am. Chem. Soc. 2008,
130, 4485-4491.
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Scheme 3. Synthesis of Selenium Chelated Olefin Metathesis Complex
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Scheme 4. Synthesis of Phosphorous Chelated Olefin Metathesis
Complex
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Figure 6. ORTEP of selenium-chelated olefin metathesis complex 3-Se-
cis (see Experimental Section).

these complexes in the frans-dichloro configuration, in both
cases the mesityl methyl group signals in the '"H-NMR
spectrum appear as six separate peaks and the imidazolidine
methylene hydrogens are described as multiplets, indicating an
asymmetric configuration corresponding to a cis-dichloro
geometry. Unfortunately, no X-ray structures for these
P-coordinated complexes were reported in these studies. In

Figure 7. Phosphorus-chelated olefin metathesis complex 23.

e ;

3-Se-cis

M z
pr S

4.60 4.40 4.20 4.00 3.80 3.60 3.40
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Figure 8. Methylene region in complexes 14, 3-Se-cis, and 23.

Mes~N<N-Mes Mes~N<N-Mes Mes~ N\ N-Mes
Kl Xl CI,J/
/R\_ /RG_ F\/’u@

N™
a” ) a” o &2
N N
hL F
3-NH-trans 24 25

Figure 9. N-Chelated ruthenium olefin metathesis complexes calcu-
lated.

the case of novel chelated complex 23 with relatively bulky
phenyl groups, the steric hindrance is beautifully alleviated by
the insertion of one of the phenyl substituents on the phos-
phorus between the NHC mesityl methyl groups (Figure 7).
Naturally, z-stacking with the benzylidene in the chelated
complexes may exist only in the cis configuration.
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Conclusions

DFT calculations both in gas phase and with solvation
effects were carried out for a series of nitrogen group and
chalcogen chelated ruthenium benzylidene complexes, both
in cis-dichloro and trans-dichloro configurations. Also, novel
nitrogen, selenium, and phosphorus chelated ruthenium
complexes were prepared and structurally analyzed to pro-
vide additional experimental support. Solvation stabilized
the higher dipole moment of cis-dichloro structures com-
pared to the isomeric trans-dichloro complex, in which the
two local Ru—Cl dipole moments neutralize each other and
afforded results more in line with experimental findings. We
observed that a stronger o donation character of the chelating
atom strengthened the bond to the ruthenium and increased
the tendency to obtain a stable cis-dichloro configuration.
7 acids (such as phosphines) electronically prefer to be trans to
a s donor (such as Cl); while weak ¢ and & donors (for
example ethers) favor a frans position to a strong ¢ donor and
a acceptor (NHC); but sterically demanding NHCs and
ligands with bulky substituents still tend to assume a trans
configuration (like in 2 — the NHC is observed trans to PCys).
The p(Cl) orbitals also play a role in the stability of the
different configurations. While we showed here how the
Cl—Ru—Clangles change according to the different acceptors,
amore profound study is underway to analyze how the anionic
ligands may ultimately also alter the final configuration.

Being able to predict the configuration of chelated ruthe-
nium complexes is of importance in the design of new
catalysts. For example, the known reduction in reactivity of
the cis-dichloro forms in ruthenium alkylidenes may be
implemented in the preparation of latent olefin metathesis
catalysts.”* The results presented herein clearly show how
DFT calculations of chelated ruthenium benzylidenes may
show guidance to direct future experiments.

Experimental Section

General. All reagents were of reagent grade quality, pur-
chased commercially from Sigma, Aldrich, Fluka, or ABCR
and used without further purification. All solvents were dried
and distilled prior to use. Purification by column chromatogra-
phy was performed on Davisil chromatographic silica media
(40—60 um). TLC analyses were performed using Merck pre—
coated silica gel (0.2 mm) aluminum [backed] sheets. NMR
spectra were recorded on Bruker DPX,y, or DM X5 instru-
ments; chemical shifts, given in ppm, are relative to Me4Si as the
internal standard, or using the residual solvent peak. MS data
were obtained using an Agilent 6850 GC equipped with an
Agilent 5973 MSD working under standard conditions and an
Agilent HP5-MS column, a Bruker Daltonics Ion Trap MS
Esquire 3000 Plus equipped with APCI (atmospheric pressure
chemical ionization) or on a mass spectrometer with an ESI
source (Thermo Fisher Scientific), where spectra were collected
in the positive ion mode and analyzed by Xcalibur software
(Thermo Fisher Scientific). (NHC)(Py)Q(Cl)zRu CHPh was
prepared according to a known procedure.?

(24) Ben-Asuly, A.; Aharoni, A.; Diesendruck, C. E.; Vidavsky, Y
Goldberg, 1.; Straub, B. F.; Lemcoff, N. G. Organometallics 2009, 28,
4652-4655.

(25) Sanford, M. S.; Love, J. A.; Grubbs, R. H. Organometallics 2001, 20,
5314-5318.

(26) (a) Parr, R. G.; Yang, W. Density Functional Theory of Atom and
Molecules; Oxford University Press: New York, 1989. (b) Koch, W.; Holthausen,
M. C. A Chemist’s Guide to Density Functional Theory; Wiley—VCH:
Weinheim, 2000.
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Calculation Methods. The gudntum -chemical calculations
were carried out using DFT.? The calculations employed a
combination of the Becke exchange®” and Perdew correlation®
functionals (BP86), or M06-L'7 which were shown'3>'%% to
afford good results with ruthenium olefin metathesis complexes.
The 28 inner core electrons of the ruthenium atom were de-
scribed with the Hay and Wadt small-core-valence relativistic
effective-core-potential leaving the outer electrons to be treated
explicitly.*® All electrons for other atoms were considered with
the 6-31G* or 6-31G**++ basis set.”!

The structures were optimized without constraints and mini-
ma were found using LACVP#* level of theory with Jaguar. The
optimized stationary points were characterized as minima by
analytic computation of the harmonic force constants. The
energies were then determined using LACV3P**+4+ for higher
level calculations.

Solvation energies were calculated wusing the Pois-
son—Boltzmann (PBF) continuum approximation, with di-
chloromethane as a solvent, as offered in Jaguar 7.0.32

2-(Diethylamino)benzaldehyde (12). 2-Fluorobenzaldehyde
(2.00 gr, 16.1 mmol), K,COs5 (3.6 gr, 26.1 mmol), and diethyla-
mine (2.68 gr, 36.6 mmol) were added to 10 mL of DMF. The
mixture was stirred at 65 °C for 3 days, poured into 100 mL of
saturated NaHCOs;, and extracted with CH,Cl,. The organic
phase was dried with sodium sulfate and evaporated, and the
residue was purified by column chromatography (hexane 200:3
ether), affordmg a yellow oil after evaporation (0.765 er, 27%).
"H-NMR and "*C-NMR (200 and 50 MHz, CDCl5) in accor-
dance to literature.”* GC—MS: m/z M™ Caled 177.12, found
177.10.

N,N-Diethyl-2-vinylbenzenamine (13). Methyl triphenylpho-
sphonium iodide (1.57 gr, 3.88 mmol) was dissolved in 25 mL of
ether in a 50-mL round-bottom flask at 0 °C under dry nitrogen.
Potassium tert-butoxide (0.47 gr, 4.16 mmol) was added in one
portion to the mixture and then it was stirred for 10 min at room
temperature, followed by addition of 12 (0.49 gr, 2.77 mmol)
stirring for an additional 2 h at room temperature. The mixture
was added to 200 mL of saturated sodium bicarbonate solution,
and extracted with 3 x 80 mL portions of ether. The extracts
were dried with magnesium sulfate and evaporated. The crude
product was further purified by chromatography on silica gel
using a mixture of petroleum ether and ether (10:1) as eluent to
afford a colorless oil after evaporation (391 mg, 81%). "H-NMR
(500 MHz, CDCly): 7.53 (dd, 1H), 7.22 (dt, 1H), 7.17 (dd, 1H),
7.07—7.02 (m, 2H), 5.66 (dd, 1H), 5.21 (dd, 1H), 3.05 (q, 4H),
1.00 (t, 6H). *C-NMR (125 MHz, CDCl;): 149.1, 134.8, 134.4,
127.8, 126.3, 122.8, 121.8, 112.7, 47.3, 12.2. GC—MS: m/z M*
Calcd 175.14, found 175.10.

Complex 14. (NHC)(Py)»(Cl),Ru=CHPh (116 mg, 0.16
mmol), 13 (30.8 mg, 0.18 mmol) and CH,Cl, (6 mL) were added
to a pressure flask. The flask was closed and the solution was
stirred at 40 °C for 5 h. The solvent was evaporated and the
product was purified by column chromatography using hexane/
acetone (7:3) as eluent. An office green solid was obtained (61
mg, 61%). 'H-NMR (500 MHz, CD,Cl,): 16.7 (s, 1H), 7.47 (dt,
1H), 7.10 (brs, 2H), 7.07—7.04 (m, 2H), 7.00 (br s, 2H), 6.81 (dd,
1H), 4.09 (s, 4H), 3.16 (q, 2H), 2.54 (br s, 6H), 2.45 (br s, 2H),
2.32 (br's, 12H), 0.48 (t, 6H). '*C-NMR (125 MHz, CD,Cl,):
302.1, 211.5, 157.0, 150.4, 139.8, 138.7, 137.9, 137.7, 134.3,

(27) Becke, A. D. Phys. Rev. A 1988, 38, 3098-3100.

(28) Perdew, J. P. Phys. Rev. B 1986, 33, 8822-8824.

(29) Vyboishchikov, S. F.; Buhl, M.; Thiel, W. Chem.—Eur. J. 2002, 8,
3962-3975.

(30) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 299-310.

(31) Hariharan, P. C.; Pople, J. A. Chem. Phys. Lett. 1972, 16, 217-219.

(32) Jaguar 7.0; Schrodinger, LLC: Portland, OR, 2007. CH,Cl, was used as a
model solvent — & = 8.93, solvent radius = 2.33 A.

(33) Nate, H.; Sekine, Y.; Honma, Y.; Nakai, H.; Wada, H.; Takeda, M.;
Yabana, H.; Nagao, T. Chem. Pharm. Bull. 1987, 35, 1953-1968.
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129.3, 128.8, 127.3, 127.0, 123.4, 117.8, 51.7, 51.0, 49.8, 21.0,
20.8,20.4, 18.1, 10.0. FAB—MS: m/z [M]" Calcd 639.17, found
639.3. Single crystals were successfully grown by slow diffusion
of pentane in a solution of 14 in CH,Cl, at —18 °C.

C3,Hy CLLN3Ru, M = 639.65, monoclinic, space group C2/c,
a = 39.258(18),h = 11.887(5),c = 14.358(6) A, 5 = 106.845(9)°,
V = 64135 A%, Z = 8, T = 2002) K, peatea = 1.325 g cm ™,
u(Mo Ka)) = 0.68 mm ™', 14787 reflections measured (20,nax =
51.4°), 5693 unique (R;,; = 0.13), final R = 0.065 (wR = 0.139)
for 3104 reflections with I > 20(J) and R = 0.144 (wR = 0.179)
for all data, A|pmax =1.31 ¢/A°.

Methyl 2-selenocyanatobenzoate (16) and bis[2-(hydroxy-
methyl)phenzyl]diselenide (17) were prepared according to known
procedures.”

Bis(2-formylphenyl) Diselenide (18). 17 (1.00 gr, 2.69 mmol)
was dissolved in 100 mL of CH,Cl, in a round-bottomed flask.
The solution was cooled with ice, followed by addition of
pyridinium chlorochromate (1.45 gr, 6.725 mmol) in small
portions. The mixture was further stirred for 1 h at 0 °C, and
then filtered and evaporated. Purification by column chroma-
tography using petrol ether and ethyl acetate (6:1) as eluent
afforded 18 (362 mg, 36%). '"H-NMR and "*C-NMR (200 and
50 MHz, CDCls) in accordance to literature.’* GC—MS: m/z
M™ Caled 369.90, found 369.90.

2-(Isopropylselanyl)benzaldehyde (19). To a flame-dried round-
bottomed flask, KOH (400 mg, 7.1 mmol), DMSO (15 mL), 18
(148 mg, 0.4 mmol), and iso-propyliodide (510 uL, 5.1 mmol) were
added, and the mixture was stirred for 4 h. Water (20 mL) was then
added and the mixture was extracted with CH,Cl, (3 x 50 mL).
The organic phase was dried over MgSO,4 and evaporated. The
pure product 21 was obtained after purification by column
chromatography using petrol ether and ethyl acetate (10:1) as
eluent (90 mg, 50%). "H-NMR (200 MHz, CDCl5): 10.38 (s, 1H),
7.87 (dd, 1H), 7.64 (dd, 1H), 7.53—7.35 (m, 2H), 3.52 (hept, 1H),
1.46 (d, 6H). "*C-NMR (50 MHz, CDCl5): 193.4, 136.3, 136.0,
133.8, 133.5, 132.1, 126.7, 32.9, 23.7. GC—MS: m/z M™ Calcd
228.01, found 228.00.

Isopropyl(2-vinylphenyl)selane (20). Methyl triphenylpho-
sphonium iodide (222 mg, 0.55 mmol) was dissolved in 8 mL
of ether in a 50-mL round-bottomed flask at 0 °C under dry
nitrogen. To the mixture was added in one portion potassium
tert-butoxide (68 mg, 0.60 mmol) and it was stirred for 10 min at
room temperature. 19 (90 mg, 0.396 mmol) was added in one
portion at 0 °C and the reaction mixture was stirred for addi-
tional 4 h at room temperature. The mixture was poured into
25 mL of saturated sodium bicarbonate solution, and extracted
with 3 x 20 mL portions of ether. The extracts were dried with
magnesium sulfate and evaporated. The light yellow oil of the
crude product was further purified by chromatography on silica
gel using petroleum ether as eluent to afford a colorless oil
(36 mg, 40%). "H-NMR (200 MHz, CDCl,): 7.59 (d, 1H), 7.58
(dd, 1H), 7.39—7.13 (m, 3H), 5.65 (dd, 1H), 5.29 (dd, 1H), 3.41
(hept, 1H), 1.38 (d, 6H). '*C-NMR (50 MHz, CDCl;): 141.0,
137.3, 136.1, 130.1, 128.0, 127.9, 125.8, 115.4, 34.1, 24.1.
GC—MS: m/z M Caled 226.03, found 226.00.

Complex 3-Se-cis. CuCl (20 mg, 0.20 mmol) and 2 (109 mg,
0.128 mmol) were added to a pressured flask. CH,Cl, (4 mL)
was added and the mixture was stirred for 5 min. 20 (33 mg,
0.146 mmol) in CH,Cl, (2 mL) was added. The flask was closed
and the mixture was stirred at 40 °C for 4 h. The solvent was
evaporated and the product was purified by chromatography on
silica gel using petroleum ether and acetone (8:3) as eluent to
afford a dark green solid (46 mg, 52%). '"H-NMR (200 MHz,
CD,Cl,): 17.5 (s, 1H), 7.49 (d, 1H), 7.48 (s, 1H), 7.26—7.18 (m,
2H), 7.14 (s, 1H), 7.04 (s, 1H), 6.89 (d, 1H), 5.96 (s, 1H),
4.19-3.76 (m, 5H), 2.70 (s, 3H), 2.55 (s, 3H), 2.50 (s, 3H), 2.38

(34) Iwaoka, M.; Komatsu, H.; Katsuda, T.; Tomoda, S. J. Am. Chem.
Soc. 2004, 126, 5309-5317.
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(s, 3H), 2.17 (s, 3H), 1.32 (d, 3H), 1.28 (s, 3H), 1.04 (d, 3H).
FAB—MS: m/z [M — CI]" Calcd 655.1, found 655.0. Single
crystals were successfully grown by slow diffusion of pentane in
a solution of 3-Se-cis in CH,Cl, at —18 °C.

C;31H;33CILN,;RuSe- CH,Cly, M = 774.49, monoclinic, space
group C2/c, a = 20.9440(12), b = 15.2749(7), ¢ = 26.2918(14)
A, 8 = 95.5333(18)°, VV = 8372.08) A%, Z = 8, T = 110(2) K,
Pealed = 1.229 gem >, u(Mo Koo) = 1.52 mm ™', 31214 reflec-
tions measured (20,.x = 51.2°), 7621 unique (R;,, = 0.052),
final R = 0.065 (wR = 0.171) for 5817 reflections with 7 > 20(J)
and R = 0.081 (wR = 0.178) for all data, Alpmax| = 0.89 e/A°.
The asymmetric unit of this structure contains at least two
additional molecules of severely disordered dichloromethane
solvent, which could not be modeled reliably by discrete atoms
and were excluded from the final crystallographic refinement.

Diphenyl(2-vinylphenyl)phosphine (22). Methyl triphenylpho-
sphonium iodide (1.56 g, 3.85 mmol) was dissolved in 30 mL of
ether in a 100-mL round-bottom flask at 0 °C under dry
nitrogen. To the mixture was added in one portion potassium
tert-butoxide (0.48 g, 4.26 mmol) and the mixture was stirred for
10 min. 21 (0.48 g, 1.65 mmol) was added in one portion at 0 °C
and the reaction mixture was stirred for additional 4 h at room
temperature. The mixture was added to 150 mL of saturated
sodium bicarbonate solution, and extracted with 3 x 50 mL
portions of ether. The extracts were dried with magnesium
sulfate and evaporated. The light yellow oil of the crude product
was further purified by chromatography on silica gel using
petroleum ether/CH,Cl, (95:5) as eluent to afford a white solid
(326 mg, 69%). '"H-NMR (200 MHz, CDCl;): 7.62—7.55 (m,
1H), 7.41=7.11 (m, 12H), 6.84—6.77 (m, 1H), 5.61 (dt, 1H), 5.20
(dd, 1H). 3C-NMR (50 MHz, CDCly): 142.6, 142.1, 136.4,
136.2, 135.6, 135.2, 134.1, 133.8, 133.2, 128.9, 128.7, 128.6,
128.4, 127.8, 125.5, 125.4, 116.0. EI-MS: m/z M* Calcd
288.11, found 288.15.

Complex 23. (NHC)(Py),(Cl);Ru=CHPh (101 mg, 0.14 mmol)
and 22 (44 mg, 0.15 mmol) were added to a pressured flask. CH,Cl,
(6 mL) was added, the flask was closed, and the mixture was stirred
at 40 °C for 5 h. The solvent was evaporated and the product was
purified by two recrystallizations from CH,Cl,/pentane. A brown
solid was obtained after drying (10 mg, 9%). '"H-NMR (500 MHz,
CD,Cly): 17.0 (s, 1H), 7.84—=7.16 (m, 11H), 7.05 (br s, 4H),
6.78—6.71 (m, 3H), 4.44—3.94 (m, 4H), 2.75 (s, 3H), 2.69 (s,
3H), 2.46 (s, 3H), 2.40 (s, 3H), 2.35 (s, 3H), 2.21 (s, 3H). ESI-MS:
m/z [M — CI* Caled 717.17, found 717.08. Single crystals were
successfully grown by slow diffusion of pentane in a solution of 23
in CH2C12 at —18 °C.

C4oH41CLN,PRu-CH,Cl,, M = 837.61, monoclinic, space
group P2,/c, a = 24.2412(12), b = 15,1628(9), ¢ = 25.3001(11)
A, B = 111.8823(16)°, V = 8629.4(8) A, Z = 8, T = 110Q2) K,
Peatcd = 1.289 gem 2, (Mo Kor) = 0.68 mm ™', 52407 reflections
measured (26,,,x = 51.0°), 15798 unique (R;,; = 0.040), final R =
0.068 (wR = 0.174) for 12034 reflections with I > 2¢(/) and R =
0.088 (wR = 0.184) for all data, Alpy.x|=1.47 e/A3. The asym-
metric unit consists of two crystallographically independent
molecules of the organometallic complex. It also contains two
additional molecules of a severely disordered dichlorome-
thane solvent, which could not be modeled reliably by discrete
atoms and were excluded from the final crystallographic refine-
ment.
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