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N-(Alkyl)- N'-(2,6-diisopropylphenyl) carbenes display an exceptional tendency toward bis(NHC)
coordination in their reaction with the Grubbs complex [RGELCHPh)(PCy),]. The resulting bis(NHC)
complexes show substantial olefin metathesis activity at elevated temperature. One NHC ligand is expected
to dissociate from the metal center for the catalyst to be activated. This NHC ligand lability is confirmed
by the observation that both NHCs are exchangeable when the complexes are treated with an excess of
PCy. In addition, the isolation of a new mono(NHC) complex is described, as well as its reactivity in
the ring-opening metathesis polymerization (ROMP) of cycloocta-1,5-diene and the ring-closing metathesis
(RCM) of diethyl diallylmalonate.

Introduction

Our recent research oN-alkyl-N'-mesityl-substitutedN- ‘@* 'l-
heterocyclic carbenes (NHCs) as ligands in Grubbs catalysts ol \’/ Clo, Ru\
showed that the modification of the amino side groups induces Ru\ Cl’l
substantial changes in the reactivity pattern of the corresponding C'/ PCy,
catalysts. Complex1a, which bears a small methyl group at PCy3
one side and an aromatic mesityl group at the other side of the 1a R=Me 2a L=PCy,
NHC, gave higher ring-closing metathesis activity than the well- 1b R=Cy 2b L = H,IMes

known Grubbs second-generation catalgbt? Furthermore,

Blechert et al. demonstrated thag provides significantly

different E/Z ratios in cross metathesis and an improved

selectivity in diastereoselective ring-closing metathesis reac-

tions3 In the present work, we disclose further studies of \( Y

ruthenium benzylidene complexes bearing asymmetrical NHC /Ru\ /Ru—\
ligands. cl cl

Complex 4, described by Mol et al. in 2002, generally PCV3 PCY3
displays higher turnover numbers in comparison to complek 3a R=Me 4
The reason for this enhanced activity is not entirely clear, but 3b R=Cy

likely results from the increased steric bulk of the NHC ligand.

We anticipated that replacing the NHC’s mesityl grodg,§) bis(NHC) complex5a was formed exclusively, while the
with a 2,6-diisopropylphenyl grouBé&b) would analogously expected mono(NHC) comple3a was observed only in small
have a considerable effect on the catalytic behavior of the traces during the reaction course. In a similar attempt to

corresponding Grubbs complex. synthesize the cyclohexyl-bearing analo@le a mixture of
three complexes was obtained. After analysis of'thand31P
Results and Discussion NMR spectra, they were identified as the starting comg@ax

mono(NHC) complex3db, and bis(NHC) complexb (Figure
Upon treatment of [RuG(=CHPh)(PCy),] (2a) with 1.2

equiv of 1-(2,6-diisopropylphenyl)-3-(methyl)-4,5-dihydroimi-
dazolium chloride, [HIMePr][Cl], and 1.2 equiv of a base, the 7\
T E;:
cl
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Figure 1. 'H NMR spectrum after reaction at room temperature
of 2awith 1.2 equiv of [HICyPr][Cl] and 1.2 equiv of base. (Only
part of the spectrum is shown.)

Cl10

Figure 2. Molecular structure oba, showing 30% probability
ellipsoids. Most hydrogen atoms have been omitted for clarity.
Crystals were grown from ED.

1). Reaction oRawith 2.2 equiv of the appropriate NHC ligand
allowed full conversion into complexdsa,b.
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Figure 3. Molecular structure obb, showing 50% probability
ellipsoids. Most hydrogen atoms have been omitted for clarity.
Crystals were grown from C}I/THF.

Table 1. Selected Bond Lengths [A] and Angles [deg] for 5a,
5b, and 2b with Standard Uncertainties in Parentheses

5a 5b 2196
Bond Lengths
Ru=C 1.818(4) 1.828(3) 1.835(2)
Ru—CNN Ru—C(8) 2.073(4) 2.086(3) 2.085(2)
Ru—C(11) 2.121(4) 2.122(3)
Ru—P 2.4245(5)
Bond Angles
Cl—Ru—Cl 170.66(4) 167.08(3) 167.71(2)
Ru=C—Ph 134.4(3) 133.7(3) 136.98(16)
N2C—Ru—CN> 162.0(2) 171.2(1)
N2C—Ru—P 163.73(6)
N2C—Ru=C C(8-Ru=C(1) 95.9(2) 94.6(1) 100.24(8)
C(11y-Ru=C(1) 102.0(2) 94.2(1)
P—Ru=C 95.98(6)

Ru—CNN bond length for the ligand potentially involved in
the agostic interaction is slightly shorter than the other-Ru
CNN bond.

To gain some insight into their catalytic performance,
complexesba and 5b were tested in the ROMP dfis,cis-
cycloocta-1,5-diene (COD) (Table 2). Both complexes display
poor activity at room temperature (entries 1 and 6), while the
use of an elevated temperature (&) substantially improves
conversions (entries25 and 710). The NHC decoordination,
which is expected to induce catalyst initiatior, thus proceeds

The molecular structure of both bis(NHC) complexes was mqre smoothly when the temperature is raised. A dissociative

confirmed by single-crystal X-ray analysis (Figures 2 and 3).

mechanistic model is generally accepted for Grubbs catalysts

In both complexes, the Ru atom has a distorted square pyramidabay and finds strong support by computatichd? and

coordination with the Cl atomgrans to one another and
the apical position occupied by the RC bond (Table 1).

To minimize steric congestion around the metal center, the

experimentdt—17 studies. However, since the lability of NHC

(5) Trnka, T. M.; Morgan, J. P.; Sanford, M. S.; Wilhelm, T. E.; Scholl,

NHC ligands are arranged in such a way that only one NHC M.; Choi, T.-L.; Ding, S.; Day, M. W.; Grubbs, R. H.. Am. Chem. Soc.

has the diisopropylphenyl group orientated toward the ben-

2003 125(9), 2546.
(6) Love, J. A.; Sanford, M. S.; Day, M. W.; Grubbs, R.HAmM. Chem.

zylidene side of the ruthenium center. Dihedral angles of soc 2003 125 10103.

17.0(3f (complex5a) and 29.8(2) (complex5b) show that

the two NHC rings are somewhat staggered as a result of their”-
high steric demand. The benzylidene and diisopropylphenyl
aromatic rings are not coplanar. This contrasts with our

expectation of ar—s interaction between the two aromatic

units! The short distances between the metal center and a 3962

atom at C(14) (H(14yRu: 2.53 A) for complexsaand between
the metal atom and the H atom at C(14) (H&Ru: 2.64 A)

for complex5b suggest the existence of agostic interactions.

These agostic interactions were also reflected intthepectra
of 5a (6 0.07 ppm) andbb (6 —0.43 ppm). Interestingly, the

(7) Weskamp, T.; Schattenmann, W. C.; Spiegler, M.; Herrmann, W.
Angew. Chenl998 110 2631;Angew. Chem., Int. EA.998 37, 2490.
(8) Aagaard, O. M.; Meier, R.; Buda, B. Am. Chem. S0d.998 120,
7174.

(9) Cavallo, L.J. Am. Chem. So2002 124, 8965.

(10) Vyboishchikov, S. E.; Bi, M.; Thiel, W. Chem—Eur. J.2002 8,

(11) Fomine, S.; Vargas, S. M.; Tlenkopatchev, M.@rganometallics
2003 22, 93.

(12) Adlhart, C.; Chen, PJ. Am. Chem. So@004 126, 3496.

(13) Jordaan, M.; van Helden, P.; Sittert, C. G. C. E.; Vosloo, H. C. M.
J. Mol. Cat. A2006 254, 145.

(14) Dias, E. L.; Nguyen, S. T.; Grubbs, R. H.Am. Chem. Sat997,
119 3887
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Table 2. ROMP of COD
entry catalyst temperatureéQ) COD/cat. time (h) conversion (%) cis (%)° Mp¢ PDIc
1 5a 20 100 20 2
2 5a 80 100 1 100 43 31200 14
3 5a 80 300 1 96 73 33200 1.6
4 5a 80 3000 20 100 60 42 800 1.7
5 5a 80 30 000 20 4
6 5b 20 100 20 24 91
40 63 80 48 100 1.5
7 5b 80 100 0.5 100 21 33500 1.3
8 5b 80 300 0.5 100 31 39 000 1.6
9 5b 80 3000 1 98 46 44 300 1.8
10 5b 80 30 000 20 60 81 80 000 2.5
11 3b 20 300 1 94 76
15 100 74 49 000 1.6
12 3b 20 3000 1 79 76
15 85 72
20 100 64 69 000 1.8
13 3b 20 30 000 20 13 85 77 000 2.0

aDetermined by'H NMR spectroscopy? Percent olefin witttis-configuration in the polymer backbone; ratio based@NMR spectrad 32.9:

carbontrans 27.6: allylic carborcis). ¢ Determined by GPC (CHE) analysis.
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Figure 4. 3P NMR spectra showing the reaction % (left) and5b (r

ligands in organometallic complexes is typically quite &9
particularly in comparison to phosphine ligands, further inves-
tigation was needed to obtain more support for the hypothesized
NHC dissociation pathway. This was achieved through NMR
monitoring of the reaction between complBa or 5b and a
10-fold excess of PGyat 80°C. For5a, the formation of the
mono(NHC) analogu&a and the bis(phosphine) compl@a
was observed after 30 min (Figure 4, left). A time span of 6 h
allowed full reaction of the starting complex, but at this point
decomposition products were also observed. Likewise, the
reaction of comple%b with an excess of PGyesulted in NHC
decoordination (Figure 4 right). A precise selection of the
reaction conditions even allowed us to trap and isolate the mono-
(NHC) complex3b (see Experimental Section).

The here observed NHC lability strengthens our idea that
complexes5a and 5b are metathesis active because NHC

dissociation at elevated temperature provides the necessary

initiation step.

(15) Sanford, M. S.; Love, J. A.; Grubbs, R. H.Am. Chem. So2001
123 6543.

(16) Sanford, M. S.; Uiman, M.; Grubbs, R. Bl.Am. Chem. So2001,
123 749.

(17) Hinderling, C.; Adlhart, C.; Chen, Angew Chem., Int. EA.998
37, 2685

(18) Huang, J.; Schanz, H.-J.; Stevens, E. D.; Nolan, ®rBanome-
tallics 1999 18, 2370

(19) Herrmann, W. AAngew. Chem2002 114, 1342;Angew. Chem.
Int. Ed. 2002 41, 1290

allylic
Results are relative to polystyrene standards.

pcy3
2a

b

aaaade A A

Noinly

T | EAAN S S S RO S S S S S S S B S S A

“ 35

é/ppm
ight) with 10 equiv of PCy, CsDg, 80 °C.

In contrast to the bis(NHC) complexémb, complex3b
displays substantial ROMP activity at room temperature (Table
2, entries 1+13). Figure 5 illustrates a somewhat higher
initiation rate for3b than for1b and2b; however propagation
appears to be slower. Also in the RCM of diethyl diallylma-
lonate, complex3b displays faster initial reaction than com-
plexeslb and2b (Figure 6). Even though we are not able to
provide full evidence, one could presume that the higher
initiation rate of3b goes together with a higher lability of its
phosphine ligand. A dissociative mechanism in which catalyst
initiation depends upon phosphine dissociation is then taken for
granted. As mentioned above, such a dissociative model has
emerged as the most reliable mechanism for the olefin metath-
esis reaction catalyzed by Grubbs compleRaesand 2b, and
more than likely also holds for complexes with modified NHC
ligands (ab, 3ab).

As phosphine dissociation promotes catalyst decomposi-
tion,1520it is then not surprising that complé&b was found to
decompose faster than its mesityl analodbe It is plausible
that an even higher initiation rate is responsible for the low
stability of complex3a. The exclusive formation of bis(NHC)
complex5a when an approximately equimolar quantity of-H
IMePr is reacted witl2a suggests that the presumed intermediate

(20) van Rensburg, W. H.; Steynberg, P. J.; Meyer, W. H.; Kirk, M.
M.; Forman G. SJ. Am. Chem. SoQ004 126, 14332
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Figure 5. Monitoring ROMP of COD viatH NMR spectroscopy
(20 °C). Conditions: monomer/catalyst 300, catalyst concentra-
tion = 4.52 mM, solvent= CDCl; (top), GDs (bottom).
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Figure 6. Monitoring RCM of diethyl diallylmalonate viédH NMR
spectroscopy (20C). Conditions: diethyl diallyimalonate/catalyst
= 200, catalyst concentration 4.52 mM, solvent= CD,Cl,.

3ais much more likely to react with remaining NHC than its
precursorka. We assign this to a high phosphine exchange rate,
which accompanies fast NHC coordination in a dissociative
ligand substitution pathway.

Organometallics, Vol. 26, No. 4, 2085

The heating of complega, 1b, or 2b in the presence of an
excess of PCydoes not cause any NHC decoordination at all.
On the other hand, the NHCs in complex3zsh are capable of
decoordination, and therefore their NH@etal bond is ex-
pected to be weaker. This demonstrates that the strength of the
NHC—metal bond, which is believed to depend mafhty
though not exclusiveR#~28—on the o-donating ability of the
NHC, does not correlate directly with the dissociation rate of
the phosphine ligand. Our observations confirm that other, more
subtle effects than #&ans effect determine the reactivity of
Grubbs type complexe®8:32 The trans effect, which explains
the dissociation energies of nonsteric ligands in Grubbs com-
plexes!®12should be compensated by additional effects when
sterically demanding ligands are us&d.

Conclusion

In summary, two newN-(alkyl)-N'-(2,6-diisopropylphenyl)
heterocyclic carbenes were synthesized. These NHC ligands
revealed a different reactivity toward Grubbs complexes than
the hitherto reported imidazolinylidenes: (i) facile bis(NHC)
coordination was found; (ii) both NHCs on the bis(NHC)
complexes can be exchanged with a phosphine, thereupon
regenerating the Grubbs first-generation complex. The exchange
of one NHC in5b for PCy; allowed the isolation of a new
mono(NHC) complex3b, which displays fair olefin metathesis
activity with a higher initiation rate than the benchmark catalyst
2b. On the other hand, the rather low stability of mono(NHC)
complex3a, together with the low ratio present in the reaction
mixture, prevented its isolation.

These observations confirm that small changes inN-
substitution pattern of NHC ligands significantly alter the
catalytic activity of the corresponding olefin metathesis catalysts.

Experimental Section

All reactions and manipulations involving organometallic com-
pounds were conducted in oven-dried glassware under an argon
atmosphere using standard Schlenk techniques. Solvents were dried
with appropriate drying agents and distilled prior to ud¢, 1°C,
and3P NMR measurements were performed with a Varian Unity-
300 spectrometer.

[RuCl,(=CHPh)(IMePrH ;),], 5a.A 0.5 M solution of KHMDS
in toluene (2.06 mL, 1.03 mmol) was added telMePr][CI] (0.290
g, 1.03 mmol) in 5 mL of dry toluene. The mixture was stirred for
10 min. Complex2a (0.37 g, 0.450 mmol) was added, and the
reaction mixture was stirred for 2 h. The solvent was evaporated,
followed by addition of 50 mL of diethyl ether. The resulting

(21) Herrmann, W. A.; Koher, C.Angew. Chem1997 109 2258
Angew. Chem., Int. EA.997, 36, 2162.

(22) Boehme, C.; Frenking, G®rganometallics1998 17, 5801.

(23) Hu, X.; Castro-Rodriguez, |.; Olsen, K.; Meyer, ®rganometallics
2004 23, 755.

(24) Baba, E.; Cundari, T. R.; Firkin, Inorg. Chim. Acta2005 358
2867.

(25) Cavallo, L.; Correa, A.; Costabile, C.; JacobsenJHOrganomet.
Chem.2005 690, 5407.

(26) Termaten, A. T.; Schakel, M.; Ehlers, A. W.; Lutz, M.; Spek, A.
L.; Lammertsma, KChem—Eur. J.2003 9, 3577.

(27) Nemcsok, D.; Wichmann, K.; Frenking, Grganometallic2004
23, 3640.

(28) Jacobsen, H.; Correa, A.; Costabile, C.; Cavalla].lOrganomet.
Chem.2006 in press.

(29) Sissner, M.; Plenio, HChem. Commur2005 5417.

(30) Straub, B. FAngew. Chem2005 117, 6129;Angew. Chem., Int.
Ed. 2005 44, 5974.

(31) Adlhart, C.; Chen, FAngew. Chen002 114 4668 Angew. Chem.,
Int. Ed.2002 41, 4484.

(32) Suresh, C. H.; Koga, NDrganometallics2004 23, 76.

(33) Correa, A.; Cavallo, LJ. Am. Chem. So@006 128 13352.
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suspension was filtered to remove salts. The volume of the green29.6, 28.6, 27.9, 27.4, 27.0, 26.1, 25.8, 25.0, 24.5, 24.0, 23.5, 23.3,

filtrate was reduced to~10 mL and stored in the refrigerator

overnight. The bis(NHC) complex precipitated as green crystals,

which were filtered and washed with hexane (5 mL). Yield: 0.23
0, 69%.1H NMR (CDCl): ¢ 19.01 (s, 1H, RecCHPh), 7.45 (m,
2H, arylH), 7.34 (m, 2H, aryH), 7.24 (m, 4H, aryH), 7.13 (m,
3H, arylH), 3.95 (m, 4H, Gi(CHs)y), 3.66 (m, 4H, NE1,CH:N),
3.47 (m, 4H, NG1,CH,N), 3.11 (br s, 3H, NE&i3), 2.12 (br s, 2H,
NCHg3), 1.60 (m, 6H, CH(El3),), 1.25-1.15 (several peaks, 18H,
CH(CHg)2), 0.07 (app s, 1H, Kosid- 3C NMR (CDCh): 6 309.5
(Ru=CHPh), 218.9 (s, MeBNAr), 216.3 (s, MelNCNAr), 151.4
(i-CgHs), 148.5 (ArC), 148.4 (ArC), 138.2 (ArC), 137.3 (ArC),
129.7 (ArC), 129.2 (ArC), 128.9 (ArC), 128.0 (ArC), 124.6 (Ar-

C), 123.6 (ArC), 54.7 (MeNCHCH,NAr), 53.9 (MeNCHCH,-
NAr), 51.9 (MeNCH,CH;NAr), 51.4 (MeNCH,CH,NAr), 37.6
(CH3N), 29.3, 27.9, 27.6, 26.6, 23.1. Anal. Calcd (%) faetds4Na-
Cl,Ru (750.87): C62.39,H 7.25, N 7.46. Found: C 62.03, H 7.77,
N 7.05.

[RuCl,(=CHPh)(H2ICyPr) 5], 5b. Analogously, [BICyPr][CI]
(0.345 g, 0.989 mmol) was reacted during 10 min with a 0.5 M
solution of KHMDS in toluene (1.98 mL, 0.989 mmol) in 5 mL of
dry toluene. After addition of the Ru precurs@a (0.35 g, 0.426
mmol), the reaction mixture was stirred for an additional 2 h. The

22.7,21.0. Anal. Calcd (%) for £gH7oN4Cl,Ru (887.11): C 66.34,
H 7.95, N 6.32. Found: C 66.16, H 7.96, N 6.26.
[RUCl,(=CHPh)(H,ICyPr)(PCy3)], 3b. A solution of bis(NHC)
complex5b (0.250 g, 0.282 mmol) and tricyclohexylphosphine
(0.80 g, 2.853 mmol, 10 equiv) in toluene (10 mL) was stirred at
70°C for 1 h, during which time it turned red-brown from green.
Toluene was removed by evaporation in vacuo, and MeOH (15
mL) was added under vigorous stirring. The resulting suspension
was filtered, washed with more MeOH (3 5 mL), and dried to
give complex3db as a light pink powder. Yield: 0.14 g, 59%. (The
yield decreased considerably due to repeated washing with MeOH,
which was necessary to remove all RgyH NMR (CDCL): o
19.18 (s, 1H, RerCHPh), 7.84 (br s, 1Hp-C¢Hs), 7.36 (t, 1H,
p-CeHs), 7.04 (m, 2H), 6.94 (br s, 1H), 6.82 (m, 1H), 6.74 (m,
2H), 4.58 (m, 1H, N-®l), 3.85 (app s, 4H, NB,CHN), 3.27 (m,
2H, CH(CHs)y), 2.45 (d, 2H), 2.09 (m, 2H), 1.88 (m, 2H), 1.75,
1.55, 1.43, 1.23, 1.02 (remaining 49 protori. NMR (CDCE):
0 25.43.13C NMR (CDCk): 6 296.2 (broad signal, ReCHPh),
213.8 (d,Jpc = 76.0 Hz, CyNCNAr), 149.3, 146.5, 135.7, 130.4,
129.0, 128.0, 127.8, 127.6, 126.9, 126.6, 123.4, 122.6, 56C8I[N
52.4 (NCH), 42.3 (NCH), 34.7, 33.9, 31.4, 31.2, 29.3, 28.1, 26.5,
26.4, 26.6-25.1 (several peaks), 24.3, 23.7, 22.2. Anal. Calcd (%)

solution was filtered to remove residual salts and evaporated to for C46H7:N>CI,PRuU (855.04): C 64.62, H 8.37, N 3.28. Found:
dryness. Acetone was added, and the resulting suspension wa€ 64.05, H 8.36, N 3.22.

stirred until a finely ground green precipitate had formed, which
was filtered and dried thoroughly. Yield: 0.32 g, 84%l. NMR
(CDCl): 6 19.22 (s, 1H, ReeCHPh), 8.64 (br s, 1Hp-CgHs),
7.45 (t, 2H, arylH), 7.38 (m, 2H, aryH), 6.99 (s, 2H, aryH),
6.82 (s, 2H, aryH), 6.32 (br s, 2H, aryH), 4.03 (m, 2H), 3.89
(m, 2H), 3.76 (m, 1H), 3.47 (m, 4H), 3.14 (m, 1H), 2.84 (m, 2H),
2.32 (m, 1H), 1.620.57 (several peaks, 44H);0.43 (br m, 1H,
Hagostid- 1*C NMR (CDCE): ¢ 307.5 (Ra=CHPh), 216.1 (CyIQ-
NAr), 215.6 (CyNCNAr), 149.8 {-CgHs), 148.7 (ArC), 147.4 (Ar-
C), 146.7 (ArC), 146.0 (ArC), 139.4 (ArC), 137.4 (ArC), 131.1
(Ar-C), 130.0 (ArC), 128.0 (ArC), 127.4 (ArC), 126.9 (ArC),
125.9 (ArC), 123.9 (ArC), 123.4 (ArC), 57.5 (NCH), 56.4 (NCH),
53.2 (NCH), 53.0 (NCH), 43.2 (NCH), 42.1 (NCH), 32.1, 30.3,
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