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Abstract: The reaction of phosphonium alkylidenes [(H2IMes)RUCl;=CHPR;]*[A]” (R = C¢H11, A = OTf
or B(CeFs)s, 1-Cy; R = i-C3H7, A = CIB(CeFs)z or OTf, 1-/Pr) with 1 equiv of ethylene at —78 °C, in the
presence of 2—3 equiv of a trapping olefin substrate, yields intermediates relevant to olefin metathesis
catalytic cycles. Dimethyl cyclopent-3-ene-1,1-dicarboxylate gives solutions of a substituted ruthenacy-
clobutane 3 of relevance to ring closing metathesis catalysis. *H and *C NMR data are fully consistent
with its assignment as a ruthenacyclobutane, but *Jcc values of 23 Hz for the C4H,—Cp bond and 8.5 Hz
for the C,H—C; bond point to an unsymmetrical structure in which the latter bond is more activated than
the former. In contrast, trapping with acenaphthylene leads to an olefin carbene complex (6) in which the
putative ruthenacyclobutane has opened; this species was also fully characterized by NMR spectroscopy
and compared to related species reported previously.

Introduction terization of olefin-carbene complexésput an alternative

Olefin metathesis as catalyzed by ruthenium-based mediatorsOPtion for circumvention of this issue was provided by the

developed by GrubBsand other is one of today's most discovery of a relgted family of catalysts,® in which a 14
versatile chemical reactions, with applications in diverse areas €/€ctron phosphonium alkylidene serves as the catalyst precursor

of chemistry® Although there is a relatively sophisticated to metathesis. One metathesis event provides access to the
understanding of the mechanism by which these Cata|ystsunsaturated intermediates relevant to the Grubbs catalyst

operaté: details concerning the actual structures of key inter- SYStéms, and the phosphine is effectively sequestered in the
mediates in the catalytic cycle are still emerging. It is important Viny!Phosphonium byproduct, allowing for direct observation

to determine these details accurately as they inform further ©f for example, the parent ruthenacyclobutaBer{termediate
catalyst designs aimed at providing more active, longer lived via stoichiometric reactions df with ethylene.
and more selective catalysts.

N I\ ‘s [

Of particular interest are the structures of unsaturated etefin Q/ NN ~Q Mes—NxzN~Mes
carben&®and ruthenacyclobutahmtermediates. Until recently, Cl - ;5‘-0'
direct observation of these species has been hampered by the CI'RU:CU@ o
fact that they are generated in the presence of excess PR PR3 A
produced_ in the initiation step of the procéddse of weaker, 1-Cy: R = CgHyy, A = OTY, B(CoFo)e 5
more labile donors such as pyridfneas allowed for charac- 1-Pr: R = iso-CgH;, A = OTY, CIB(C4Fs)3

@ fSS_W""b' P.i Grubbs, R. H.; Ziller, J. W Am. Chem. Sod996 118 While this breakthrough provided important insights into the

(2) () Kingsbury, J. S.; Harrity, J. P. A.; Bonitatebus, P. J., Jr.; Hoveyda, A. structure of this family of intermediates, it is desirable to obtain
H. J. Am. Chem. Sod999 121, 791. (b) Wakamatsu, H.; Blechert, S.

Angew. Chem., Int. ER002 41, 794. (¢) Grela, K.; Harutyunyan, S.;  Structuraland spectroscopic dataonsubstituted ruthenacycloltitanes
Michrowska, A.Angew. Chem., Int. EQ002 41, 4038. (d) Conrad, J. C.; i i i i

Parnas. H1 F1: Snelgrove, J. L Fogg. D.EAM. Chem. So@005 137, of.more direct relevanpe to produc.tlve metathe5|§ react!ons. To
11882. (e) Bieniek, M.; Bujok, R.; Cabaj, M.; Lugan, N.; Lavigne, G.;  this end, we have studied the reactions of cataly/sigh olefins

Arlt, D.; Grela, K.J. Am. Chem. So2006 128 13652. H H ; Homi
(3) Grubbs, R. H., EdHandbook of Metathesishiley-VCH: Weinheim, germane to the ring closing metathesis (RCM) reactfomith

Germany, 2003. a view toward generating and characterizing more complex

(4) (a) Sanford, M. S.; Love, J. A.; Grubbs, R. H. Am. Chem. SoQ001, o i i i i i ;i
123 6543. (b) Sanford, M. S.- Ulman, M. Grubbs, R. 8. Am. Chem. metathesis intermediates. The efficient generation of substituted
Soc.2001, 123 749.

(5) Anderson, D. R.; Hickstein, D. D.; O’Leary, D. J.; Grubbs, R.JHAm. (8) Sanford, M. S.; Love, J. A.; Grubbs, R. Brganometallic2001, 20, 5314.
Chem. Soc2006 128 8386. (9) (a) Romero, P. E.; Piers, W. E.; McDonald, Ragew. Chem., Int. Ed.

(6) Tallarico, J. A.; Bonitatebus, P. J., Jr.; Snapper, MJ.LAm. Chem. Soc. 2004 43, 6161. (b) Dubberley, S. R.; Romero, P. E.; Piers, W. E.;
1997 119, 7157. McDonald, R.; Parvez, Minorg. Chim. Acta2006 359, 2658.

(7) (a) Romero, P. E.; Piers, W. H. Am. Chem. So@005 127, 5032. (b) (10) (a) Villemin, D.Tetrahedron Lett198Q 21, 1715. (b) Fu, G. C.; Grubbs,
Romero, P. E.; Piers, W. B. Am. Chem. So@007, 129, 1698. (c) Wenzel, R. H.J. Am. Chem. S0d.992, 114 5426. (c) Fu, G. C.; Grubbs, R. H.
A. G.; Grubbs, R. HJ. Am. Chem. So006 128 16048. Am. Chem. Sod 992 114 7324.
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ruthenacyclobutanes of direct relevance to RCM required the

introduction of an even more rapidly initiating species than our
previously reported tricyclohexylphosphonium alkyliddn€y.
Such a compound was found in the i86-propyl-substituted
derivative 1-Pr.

Results

Complex 1-/Pr was prepared by the same sequence of
reactions as employed fot-Cy, starting from the ;-

Scheme 2
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h, it is the dominant ruthenium-containing product in the system;
3 never comprises more than 560% of the solution. This

substituted analogue of the Grubbs generation 2 catalystobservation suggests that the parent, unsubstituted ruthenacy-

(Scheme 1). Conversion to the carbide complextés)(Cl),-
(PPrR)RU=C was accomplished smoothly using Heppert's
methodology:! Protonation of the carbide using gaseous HCI
in CH.CI, triggered formation of the phosphonium alkylidene
1-Pr—Cl in which the chloride counteranion coordinates to the
Ru center to form the zwitterionic trichloride, analogous to the
tricyclohexylphosphonium alkylidene recently reported by
Johnson et & These five-coordinate complexes are character-
ized by a somewhat largeidyp coupling constant for the
alkylidene proton (51 Hz forl‘Pr—Cl) than is typically
observed in the four-coordinate complexes (3% Hz)?
Complex1-/Pr—Cl was also characterized by X-ray crystal-
lography; full details are given in the Supporting Information.
The Ru-Cl distance for the chloride trans to the NHC ligand
(Cnte—RU—Clyans= 165.04(93) is 2.4619(9) A, more than 0.1
A longer than the distances 0f2.33 A observed for the
chlorides cis to the NHC donor. Zwitteriadb'Pr—Cl is more
thermally stable than the 14 electron analogues where the anio
is weakly coordinating and is conveniently stored in this form
prior to activation with, for example, B@Es)s'® (see below).
Compoundsl rapidly catalyze the RCM of diethyl diallyl-
malonate at temperatures abov&P? At —60 °C, the catalytic
reaction is slowed, but phosphonium alkylidehCy reacts
slowly with an excess of the diolefin substrate to produce a
mixture of products, including [fC=CHPCy] *[A] ~ (charac-
terized by3P NMR spectroscopy the parent, unsubstituted
metallacyclobutane?, and a new complex assigned as the
ruthenacyclobutane necessarily involved in this RCM reaction,
3 (Et instead of Me). However, even under these conditions,
the RCM reaction turns over, producing ethylene and cyclo-
pentene product, and the proportion2fises until, after~10

(11) Carlson, R. G.; Gile, M. A.; Heppert, J. A.; Mason, M. H.; Powell, D. R;
Vander Velde, D.; Vilain, J. MJ. Am. Chem. So002 124, 1580.

(12) Macnaughtan, M. L.; Johnson, M. J. A.; Kampf, J. WAm. Chem. Soc.
2007, 129, 7708.

(13) Piers, W. EAdv. Organomet. Chen005 52, 1.
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clobutane, is more thermodynamically stable than substituted
derivatives and that the presence of free ethylene is detrimental
to the generation and stabilization of such compounds.

To minimize the amount of free ethylene in the system, we
developed a route t8 that begins from theroductof RCM
(dimethyl cyclopent-3-ene-1,1-dicarboxylate); here we use the
dimethyl ester to simpliffH NMR spectra. The chemistry is
summarized in Scheme 2. The success of the experiment relies
on the fact that, at-78 °C, the RCM product exhibits low
reactivity with compoundg; for R = Cy, there is no reaction
at room temperature, while for R iPr, there is a slow reaction
to yield as yet uncharacterized products which effectively stops
at low temperatures. Therefore, it is possible to mix the RCM
product cyclopentene with-Cy or 1-Pr (generated from-Pr—

Cl and B(GFs)3) prior to the introduction of 1 equiv of ethylene.
The ethylene reacts with compoundsto form the vinyl
trialkylphosphonium salt and, presumably, the 14 electron
uthenium methylidend, which is not observedf Intermediate

| is then rapidly trapped by either ethylene to gi2eor
cyclopentene to yiel8. For1-Cy, formation of the two products

is competitive, despite the excess of the RCM product, sug-
gesting that the rate of the initial reaction of ethylene Gy

is comparable to the conversion boto 2/3. 1-Pr reacts with
ethylene at qualitatively much faster rates tia@Gy, probably
because of the less sterically bulky phosphonium alkylidéne;
therefore, use of this faster initiator in this experiment results
in a 90% NMR yield of3, the remaining 10% comprising mainly

(14) (a) We failed to detect a phosphonium-substituted ruthenacyclobutane
intermediate. Given that the vinyl trialkylphosphonium salts appear to be
inert as metathesis substrates, it seems likely that dissociation of this olefin
from the putative ruthenacyclobutane to givés facile. Consistent with
this is the observation of small amounts of what we currently assign to be
a dimer ofl and1-Pr in addition to2 in the reaction usind-'Pr in Scheme
2. This assignment is based on observations concerning chemical decom-
position pathways for compoundt4® and the observation of minor
alkylidene proton resonances in thé NMR spectra of3. (b) Leitao, E.

M.; Piers, W. E. Unpublished results.
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m reproduced in the g4 and GH; doublets” and the 8.5 Hz
Mes ~ NYN&MES coupling can thus be assigned to the most substitut&y ond.
e —/R N H The analogous values for the all-carbon bicyclo[3.2.0]heptane
" P have been calculated by Krivditto be 31 and 27 Hz (the latter
H e B\—Z—cone value is for the more substituted CC bond), so the 8.5 Hz
3 CO,Me 23 Hz coupling is very small in comparison to the all-carbon bicyclic
85Hz 23 Hz ring system; indeed, this is a very low coupling for any C
h g 6.5 Hz single bon('JIl.g Interestingly, the average of these twp coupling
CH CHz K_( Cp constants is close to the 15 Hz value observed in the sym-

M metrically activated parent ruthenacyclobutane complédcy
values were also extracted from this labeling experiment: 167
1450 ppm 875  ppm 240  ppm Hz for CuH, 163 Hz for the GH, CH bonds, and 157 Hz for

Figure 1. 3C{'H} NMR resonances for {H, CyH, and G of 3-13C; CeH (Cf 165 Hz for GH, a.'nd 155 Hz for GH in 2). These
(25%); the singlet at 87.2 ppm B-13C; since GH; is 99% 13C labeled coupling constants are quite large compared to those observed

and G is only 25% enriched. in, for example, cyclobutane (134 H2put comparable to those
observed in parent comple® (155-164 Hz). The large

2 plus small amounts of what we assign to be a dimdrarfid magnitude of these coupling constants is likely a consequence

1-Pri4 (vide infra). of the kite-shaped geometry of the ruthenacyclobutane arising

The development of this protocol for the generation of highly from the G-C—Ru agostié! interactions present in these
enriched solutions oB has allowed us to comprehensively systems. In any case, given their similarity to tig; couplings
characterize this species at60 °C by NMR spectroscopy. observed in ruthenium carbene olefin complexésC—H

Metallaring'H NMR signals for3 were observed at 9.36 (8), coupling constants do not appear to be a useful metric for
6.07, 5.90 (diastereotopic.8y), and —2.15 (GH) ppm and distinguishing these two limiting structures.
are indicative of a ruthenacyclobutane structure (cf. 6.644,C The skewed @to C, coupling constants i@ imply a stronger

and—2.64, GH, ppm for2).”2°An HMQC experiment located  activation of the GH—C;; bond than the less substituteght—
the corresponding’C signals of GH, CoHz, and GH at 144.8, ¢, hond?2 |t suggests that electronic effects are more important
87.2, and 23.7 ppm, respectively (cf. 94.0 and 2.1 ppr2)ét® than steric factors in dictating the strength of the Cagostic
This experiment also confirmed that the 6.07 and 5.90 ppm interactions within ruthenacyclobutanes prone to metathesis
resonances are due to thghG group since both show a cross-  activity. Consistent with these data, we have been unable to
peak to the same carbon at 87.2 ppm. detect dynamic exchange on the NMR time scale betweéh C
Although most of the key chemical shifts 8fare similar to and G as might be expected on the basis of the observed
those of2, both H, and G, of the methine carbon i8 are shifted behavior of2, where GH, and GH, exchange rapidly on the
significantly downfield in théH and*3C NMR spectra (by 2.72  NMR time scalgac Furthermore, the diastereotopic, @
and 50.8 ppm, respectively) in comparisort&ome downfield  protons in 3 also do not undergo exchange under these
shifting is expected upon substitutiéhfor example, in the  conditions. If3 was predisposed to cleave via patin Scheme
a-methyl-substituted ruthenacyclobutane derived fio@y and 3, these two exchange processes would be expected to be rapid
propene, the (H resonances appear at 7.76 ppm (proton) and anq observable; the lack of exchange on the NMR time scale
120.2 ppm (carbon): Nevertheless, the magnitude of the gygqgests that cleavage via patis favored oveb. In support
perturbations for ¢H in ruthenacyclobutan@suggests thatthey  of this notion, reaction of3 with 2 equiv of PMg at low

arise from more than simply substitution and that thi€ temperature results in rapid formation of the Grubbs-type

CpH bond is more activated than thel;—CsH bond, rendering  rythenium carbene comple#?3 (Scheme 3) in essentially

CqH more carbene-like. quantitative NMR vyield (98% against an internal standafd);
This notion is supported by the observed one b&@-13C no trace of the PMgstabilized methylidene complex expected

coupling constants i, which were determined by preparing  yia trapping of the cleavage product arising from phttvas
13C4-3, labeled selectively in the three metallaring carbons getected. A characteristic resonance at 17.74 ppm for the H
(Figure 1). This sample was generated according to Scheme 2proton exhibits @Jup of 3.5 Hz, suggesting alignment of the
using ethylene-1,23C, (99%) and dimethyl cyclopent-3-ene-

1,1-dicarboxylate-3,4%C; (25% *C enriched in the 3,4 posi- (17) The2lcc between thex carbons is unresolved in these spectra.

tions; see Supporting Information for the synthesis from (18) Krivdin, L. B. Magn. Reson. Chen2003 41, 885.
(19) (a) Wray, V.; Hansen, P. E. (Webb, C. A., EA)n. Rep. NMR Spectrosc.

1
acetylenel,2-13Cy). 1981, 32, 789. (b) Wray, V.Prog. Nucl. Magn. Reson. Spectrod@79
Most informative is the @ resonance at 23.7 ppm, which 13, 177. (c) Even in cyclopropane, where the-C bonds have high
. p-character, the coupling constant is 12.4 Hz: Hesse, M.; Meier, H.; Zeeh,
appears as a doublet of doublets, wiflac values of 8.5 and B. Spectroscopic Methods in Organic ChemistBeorg Thieme Verlag:
23 Hz (cf. 15 Hz for 2).” Both coupling constants are New York, 1997.

(20) (a) Hansen, P. B2rog. Nucl. Magn. Reson. Spectro§®81, 14, 175. (b)
Kalinowski, H.O.; Berger, S.; Braun, £arbon-13 NMR Spectroscaopy

(15) The factors influencing the rate of initiation in compouridare poorly Wiley: Chichester, U.K., 1988.
understood, but the steric bulk of the PfRoiety appears to strongly affect (21) Harvey, B. G.; Mayne, C. L.; Arif, A. M.; Ernst, R. 0. Am. Chem. Soc.
the rate of reaction of the phosphonium alkylidenes with olefins. Preliminary 2005 127, 16426.
calculations suggest that the barrier to rotation of the phosphonium (22) Some computational studies support this finding: (a) Adlhart, C.; Chen,
alkylidene about the RaC double bond is quite sensitive to the bulk of P.J. Am. Chem. So@004 126, 3496. (b) Cavallo, LJ. Am. Chem. Soc.
the PR unit. 2002 124, 8965.

(16) (a) Wallace, K. C.; Liu, A. H.; Dewan, J. C.; Schrock, RJRAm. Chem. (23) For related PMgderivatives of Grubbs catalysts, see: Bolton, S. L.;
S0c.1988 110 4964. (b) Gilliom, L. R.; Grubbs, R. Hl. Am. Chem. Soc. Williams, J. E.; Sponsler, M. BOrganometallic2007, 26, 2485.
1986 108 733. (c) Jennings, P. W.; Johnson, L.Chem. Re. 1994 94, (24) Related species have recently been detected but not thoroughly character-
2241. ized: P'Pool, S. J.; Schanz, H.<J. Am. Chem. So2007, 129 14200.

J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008 4487



ARTICLES van der Eide et al.

Scheme 3 Still other olefin substrates give well-defined olefin carbene
L Mes'N,:\N\Mes L complexeé_6 when employed as in Scheme 2 For example,
nl “Cl g ;r..m b F‘l .Cl when1-Cy is treated with 1 equiv of ethylene in the presence
y o "\Hy = el u WH, = il?'}‘” 9y of acenaphthylene, a produ@, is generated ir-90% NMR
H“ﬂ?ﬁ\ﬁ H";/gé Hm-H ‘k L yield with *H and 3C NMR data consistent with an olefin
* Hy CO,Me Hg CO,Me o HB@'@ cOMe carbene formulation as opposed to a ruthenacyclobutane (Scheme
COzMe s CO:Me cozmz 4). Specifically, a sharp singlet at 18.13 ppm in #heNMR
no exchange rapid exchange spectrum, accompanied by a resonance at 317.3 ppm in the
2PMe; | -60°C 13C{1H} NMR trace, is diagnostic for a ruthenium alkylidene
>< moiety. Also identifiable are the resonances for a coordinated
\ vinyl group, the data assigned by 2D correlation spectroscopy
L L (COSY, HMQC) as shown in the Scheme. Unfortunately,
| .ClH HOl- | MeO,C, CO.Me although extensive NMR data @were collected, it is not stable
C'/RIUW 4 H/= RIU\CI * above temperatures 6f20 °C and could not be isolated for
PMe; [ ™CO,Me PMe; solid state structural characterization.
COzMe While the acenaphthylene has clearly undergone ring open-

ing,2® the data do not allow for assignment of the precise
geometry of6. On the basis of literature precedéstthe
possible isomers are shown in the scheme: two diastereomeric
side-bound isomers related by the face of the vinylic olefin group
presented to the ruthenium centeis{chlorides), and a bottom-
bound isomer in which the chlorides remain trans disposed (here
coordination of the opposite face gives this isomer’'s enanti-
omer). In the reaction of Grubbs’ generation 2 catalyst with
divinyl benzene, an exchanging mixture of side-bouaid;
chloride diastereomers was observed in solution, and one was
characterized by X-ray crystallograghfanalogous to the top
side-bound isomer depicted in Scheme 4). Conversely, Snapper
apprehended a bottom-bound olefin carbene complexby

carbene ligar® with the L—Ru—PMe; vector as opposed to
the CHRu—ClI vector as is common in Grubbs-type catalysts.
ObservedCs symmetry in thetH NMR spectrum of4 down to
—60 °C supports this assignment, which is likely due to the
smaller size of PMgrelative to PCy. In any case, thé*C and

1H resonances for the terminal vinyl group indicate it is dangling
with no interaction with the Ru center.

We have also used the methodology in Scheme 2 to trap
“LCI ,Ru=CH," (1) with other olefins. The generation of another
ruthenacyclobutane related3@roceeds smoothly with a related
cyclopentene featuring 1,1-disubstitution. For example, com-
pound 5 was formed from1-Pr and cyclopent-3-ene-1,1-

diacetyl. reacting Grubbs generation 1 catalyst with a strained tricyclic
— M cyclobutene substrafe.
Mes—N Y/N\Mes MeS’NﬁJ/NaMes PCys
~Cl RUS=CH, |E' A
[CIB(CsFs)3l © @ CI// I C|/H|U_C or
PrsR / Cl
- Ph
\=Ru‘ ~F

a” /L Me—
n o

Mes—N“—~N—Mes

Thus, precedent exists for both types of isomers6lnve
observe only one isomer in solution at all temperatures, with
no temperature dependence of theNMR spectrum in ranges
whereb6 is stable. A comparison dH and3C NMR data for
'6 and the Grubbs side-bound isomers shows that the alkylidene
y proton and carbon resonances 60(18.13 and 317.3 ppm) are
downfield of those observed in the side-bound species, which
resonate at 16.34 and 16.17 and 300.3 and 296.9 ppm,
respectively> We observe no NOE correlations between the
vinyl protons in6 and the mesityl methyl or aryl protons of the

When less reactive olefirf§,such as cyclohexendert-butyl
ethylene, and 1,1-difluoroethylene, were employed as trapping
olefins, ruthenacyclobutane products were not observed; here
only 2 and the dimer formed via trapping bhby 1-Prl4 were
formed. Although dimerll has not been comprehensivel
characterized, the NMR data obtained are consistent with this
formulation (see Experimental Section); further studies on these
types of dimers are ongoirfg.Trapping ofl by ethylene or
1-Pr is thus more rapid than its trapping with less reactive olefin . . . A
substrates. At the other end of the olefin reactivity spectrum, NH_C ligand, as m|gh_t be e_xpected ina S|_de-b_ound structure.
cyclooctene and norbornene undergo facile ROMP reaction with While these observations circumstantially implicate a bottom-

1-Cy and 1-Pr, even at low temperatures and cannot be used bound strucgljre fos, n th? absence of mp;e dﬁf'nr']t'\ée data, ‘
as trapping olefins in this protocol. we are unable to assign its geometry with a high degree o

certainty; nonetheless, it represents another example of the

(25) A Karplus-type relationship between the-Ru—C—H dihedral ancBJpy family of olefin carbene intermediates relevant to these catalyst
in Grubbs-type ruthenium carbenes has been noted: (a) Lehman, S. E"S stems
Jr.; Wagener, K. BOrganometallics2005 24, 1477. (b) Nguyen, S. T.; Y '
Grubbs, R. H.; Ziller, J. WJ. Am. Chem. S0d.993 115, 9858-9859. (c) .
Wu, Z.; Nguyen, S. T.; Grubbs, R. H.; Ziller, J. W. Am. Chem. Soc. Conclusions
1995 117, 5503-5511. .
(26) Chatterjee, A. K.; Choi, T.-L.; Sanders, D. P.; Grubbs, RJ.HAm. Chem. In summary, we have developed a route from phosphonium
Soc.2003 125 11360. ; ;
(27) Deactivation of ruthenium-based olefin metathesis catalysts via dimerization alky“deneSl to the 14 electron ruthenium carbene complex
has been previously observed: (a) Amoroso, D.; Yap, G. P. A.; Fogg, D.
E. Organometallics2002 21, 3335. (b) Drouin, S. D.; Monfette, S.; (28) Note that only 1 equiv of the acenaphthylene substrate opens; we do not
Amoroso, D.; Yap, G. P. A., Fogg, D. Brganometallic005 24, 4721. observe ROMP of this substrate under any conditions explored.

4488 J. AM. CHEM. SOC. = VOL. 130, NO. 13, 2008
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Scheme 4

Mes/N o N—Mes
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involving stoichiometric reaction with ethylene. Intermedibte Synthesis of (HIMes)(Cl)sRu=CHP'Pr3-CHCly, 1/Pr—CI. (H»-
is extremely reactive and may be trapped by various olefins to IMes)(Cly(PPr)Ru=C (0.300 g, 0.461 mmol) was put in a 50 mL
generate stable ruthenacyclobutanes or ruthenium olefin carbendlask. Dichloromethane (20 mL) was condensed onto the pale yellow
complexes germane to ring opening and/or ring closing me- solid at—78 °C. To dissolve a_II of_ the carbide, the flask was \_Ngrmed
tathesis reactions as catalyzed by Grubbs generation 2 catalys}? '°0M temperature, after which it was cooled-{88 °C again, giving
platforms. Examples of both types of intermediates were alight yellow .SOIUUOH' ApOUt 150 mL~€10—3.5 equiv) of anhydrous

. . . . HCI gas was introduced into the flask-a#8 °C through the vacuum
characterized in detail using low-temperature NMR spectro- line. This resulted in a red/brown solution, which turned a greenish
scopy. The daFa for rUthenacy?IObUtmgges'[ that the €C . yellow color when the reaction mixture was allowed to warm to room
bonds of the ring are differentially activated by the ruthenium {emperature. Afte3 h of stirring, all the volatiles were removed in
center, with the more substituted-C bond being the most  yacuo, leaving a green waxy residue. Sonication in pentane yielded a
weakened in the ground state structure of the compound. Thisgreen powder, which was recrystallized by dissolving it in,CHand
is the opposite to what one would expect for an intermediate carefully layering it with two volumes of pentane, affording large
crucial in the ring closing metathesis of such substrates, but greenish brown/orange prisms (suitable for X-ray diffraction) of the
the influence of external olefin on such a product-forming title compound: yield 0.288 g (0.373 mmol, 80.9%) NMR (CD-

reaction remains to be studied.

Experimental Section

General procedures and synthetic details concerning the preparatiorrDara CHy), 1.19 (d
of labeled substrates and starting materials are given in the Supporting

Information.

Synthesis of (HIMes)(Cl)»(P'Prs)Ru=C. (HzIMes)(Cly(PPr)Ru=
CHPh (0.740 g, 1.02 mmol) and Feist's dimethyl ester (0.184 g, 1.08
mmol) were placed in a 50 mL flask. Dichloromethane (20 mL) was
condensed onto the solids a{78 °C, after which the mixture was
warmed to room temperature and stirred for 18 h. During this time,
the color went from dark red to light orange/brown. The volatiles were

removed under reduced pressure, and the dimethyl fumarate byproducPl'4 (s, CHCH), 24.3 (d,

was sublimed away in vacuo at ca. 30. The residue was washed

three times with 20 mL of pentane. The product was purified by passing

Cly, 399.6 MHz, 295 K) 19.71 (d,2Jup = 51 Hz, 1H, Re=CH), 7.01
(s, 4H, Mes 1), 3.99 (br, 4H, €1,CH,), 3.21 (d septeJsp = 15 Hz,
8Jun = 7 Hz, 3H,'Pr CH), 2.47 (br, 12H,0rtho CHs), 2.34 (s, 6H,
d,s\]Hp =16 HZ,SJHH =7 Hz, 18H,iPI’ CH3), H
NMR (CD:Cl,, 399.6 MHz, 227 K)6 19.62 (d,2J4p = 50 Hz, 1H,
Ru=CH), 7.03 (s, 2H, Mes 8), 6.97 (s, 2H, Mes @), 4.04-3.83
(m, 4H, CH,CHy), 3.11 (m, 3H/Pr CH), 2.51 (s, 6Hortho CHs), 2.33
(s, 3H, para CHg), 2.30 (s, 6H,0ortho CHs), 2.29 (s, 3Hpara CHs),
1.13 (dd,334p = 16 Hz,3Juy = 7 Hz, 18H,'Pr CHy); 13C{H} NMR
(CDCly, 100.5 MHz, 227 K)5 274.4 (br, Re=CH), 201.7 (d,3Jcp ~
2—3 Hz, RuC(N),), 138.95, 138.87, 138.3, 137.3, 137.2, 134.6 (all s,
Mes quaternary C), 129.7, 129.1 (both s, M#4), 51.9 (s,CH.CH,),
Jep = 37 Hz,'PrCH), 21.1 (s, Megara
CHj3), 20.9 (s, Megara CHj3), 20.2 (s, Mertho CHg), 18.2 (s, Mes
ortho CH3), 17.6 (d,2Jcp = 3 Hz, 'Pr CHg); 3'P{*H} NMR (CDCls,

it through a plug of silica (eluent 50:50 EtOAc/hexanes, material loaded 1618 MHz, 295 K)o 42.3 (s), (227 K)o 40.0 (s). Anal. Calcd for

in CH.Cly), from which it elutes as a yellow band. The volatiles were
removed in vacuo, and the solid was washed with two 20 mL portions
of pentane, after which it was dried in vacuo and isolated: yield 0.540
g (0.830 mmol, 81.7%):H NMR (CD.Cl,, 300.1 MHz, 300 K)) 6.98

(s, 2H, Mes @), 6.83 (s, 2H, Mes 8), 4.21-4.03 (m, 4H, G,CH,),

2.58 (d septet?dyp = 11 Hz,3Jun = 7 Hz, 3H,'Pr CH), 2.48 (12 H,
overlapping inequivalent Mesrtho CHg), 2.29 (s, 3H, Mepara CHg),

2.23 (s, 3H, Megara CHs), 1.06 (dd,*Jse = 14 Hz, 334y = 7 Hz,
18H,'Pr CHs); 3C{*H} NMR (CD.Cly, 75.5 MHz, 300 K)o 479.6 (s,
Ru=C), 212.6 (d2Jcp= 83 Hz, Ru-C(N)y), 139.1, 139.0, 138.7, 138.0,

Cs:HsoClsNPRu: C, 49.78; H, 6.53; N, 3.63. Found: C, 49.75; H,
6.29; N, 3.54.

Generation of [(H2IMes)(Cl) ,Ru=CHP'Pr3] [CIB(C ¢Fs)3] ~, 1-Pr.
(H2Mes)(ClsRU=CHPPr3:CH,Cl, (21 mg, 27umol) was dissolved
in 0.6 mL of CD,Cl,, cooled to—35 °C in the glove box freezer, and
added to a cooled vial containing Bff)s (17 mg, 33umol). Upon
reaction, the color changed from green/brown to light orange/brown.
The title compound is only present as the monomer, independent of
temperature:*H NMR (CD,Cl,, 399.6 MHz, 285 K)d 17.77 (d,2Jup
= 35 Hz, 1H, Ra=CH), 7.09 (s, 4H, Mes 8), 4.23 (s, 4H, Ei,CH,),

135.3 (all s, Mes quaternary C, 2 of them overlapped), 129.7, 129.6 2.61 (d septet?Jyp = 11 Hz, 3y = 7 Hz, 3H,'Pr CH), 2.36 (ps s,

(both s, Me<CH), 52.4 (br d4Jcp ~ 2 Hz, CH,CH,), 51.6 (br, CHCH)),
22.1 (d,2Jcp = 20 Hz,'PrCH), 21.4 (s,para CHs), 21.2 (s,para CHs),
20.3 (s,ortho CH3), 19.4 (s,'Pr CH3), 18.9 (s,ortho CHy); 3P{'H}
NMR (CD,Cl,, 121.5 MHz, 300 K) 44.8 (s). Anal. Calcd for GHa7-
ClILN;PRu: C, 57.22; H, 7.28; N, 4.31. Found: C, 57.21; H, 7.17; N,
4.09.

18H, ortho andpara CHs), 0.99 (dd 2Jup = 16 Hz,3Jyy = 7 Hz, 18H,
Pr CHs); *H NMR (CD.Cl,, 399.6 MHz, 213 K) 17.72 (d,2J4p = 35
Hz, 1H, Ru=CH), 7.12 (br s, 2H, Mes H), 7.00 (br s, 2H, Mes B),
4.20 (app s, 4H, B,CH,), 2.56 (d septeflyp = 11 Hz,3J4y = 7 Hz,
3H,'Pr CH), 2.39 (br, 6H, Me®rtho CHy), 2.32 (app s, 6H, overlapping
inequivalent Megara CHs), 2.22 (br, 6H, Meortho CHs), 0.91 (dd,
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8Jwp = 17 Hz,%3uy = 7 Hz, 18H,'Pr CHg); 3C{*H} NMR (CD,Cl,,
100.5 MHz, 285 K)o 260.1 (br, Re=CH), 187.4 (d,%Jcp = 2 Hz,
Ru-C(N),), 141.1, 138.6 (both s, Mes quaternary C), 134.7 (br, Mes
guaternary C), 130.7 (s, M&H), 53.1 (s,CH.CH,), 21.3 (s, Mepara
CHg), 21.2 (d,"Jcp = 39 Hz,'Pr CH), 19.2 (br, Mesortho CHg), 17.7
(d, 2cp = 3 Hz,'Pr CH3); C{'H} NMR (CD.Cl,, 100.5 MHz, 213
K) 6 262.3 (br, Re=CH), 186.4 (d,%Jcp = 2 Hz, RuC(N)), 139.1,
137.1, 136.1, 132.0 (all br, Mes quaternary C), 130.6 (br, €3,
129.4 (br, MesCH), 52.6 (br,CH,CH), 52.2 (br, CHCH,), 21.0 (br,
Mes CHg), 20.2 (d,*Jcp = 39 Hz,'Pr CH), 19.9 (br, MesCHg), 17.7
(br, MesCHs), 17.2 (d,2Jcp = 2 Hz,'Pr CHy). Note: due to HIMes

pentane ring, vicinal to f), —2.15 (m, 1H, H); **C{H.} NMR (CD-

Clp, 100.5 MHz, 213 K)d 213.5 (s, R&(N),), 171.9, 169.7 (both s,
C=0), 144.8 (br sCqiH, Yoy = 167 Hz,'Jcc = 8.5 Hz), 139.2, 138.9,
137.5, 137.34, 137.30, 137.2, 132.4, 132.2 (all s, Mes quaternary C),
128.98, 128.96 (both s, Me&SH), 128.9 (app s, 2 overlapping Mes
CH), 87.2 (5,Cu2, {Jcn = 163, 163 Hz,YJcc = 23 Hz), 68.9 (s, &
CCC=0), 53.3 (s,CH;00C), 52.9 (sCH3;00C), 52.6 (sCH.CH,),

51.8 (s, CHCHy,), 39.8 (s, cyclopentan€H, attached to ¢), 26.1 (s,
cyclopentaneCH; attached to §), 23.7 (s,Cg, 3Jcn = 157 Hz), 21.0,
20.9, 19.2, 19.09, 19.05, 19.0 (all s, M&Hs). Notes regarding
assignments itH 3: Signals at 6.07 and 5.90 ppm were assigned based

fluxional behavior at 213 K, many resonances are broadened and noton the magnitude of NOESY interactions (mixing tirre0.4 s). H; at
all Mes quaternary carbons could be located. In addition, some of the —2.15 ppm has a stronger NOESY interaction with the peak at 5.90
Mes quaternary carbons may overlap with the anion resonances.ppm than with that at 6.07 ppm. In addition, the peak at 1.69 ppm

However, most diagnostics in th&C spectra at both temperatures are
the HIMes carbene resonanceal87 ppm. In these complexes, this
indicates a four-coordinate ruthenium complex with an empty coordina-
tion site opposite the #Mes ligand.®'P{*H} NMR (CD.Cl,, 161.8
MHz, 285 K): ¢ 61.0 (s).

Generation of 3 from 1-Cy. In a typical experiment, [(HMes)-
(CI)2RU=CHPCy]OTf (14 mg, 15umol) and dimethyl cyclopent-3-
ene-1,1-dicarboxylate (10 mg, 24nol) were dissolved in 0.6 mL of
CD.Cl, in an NMR tube. The tube was placed in a dry ice/acetone

(assigned by COSY to a cyclopentane Ghtinal to Hs) has a NOESY
interaction with the 6.07 ppm peak, which lends support to its
assignment as the ruthenacycléll€ anti to Hg. In the COSY, H
couples to peaks at 2.31 and 2.04 ppm, andcblples to peaks at
1.81 and 1.69 ppm. These four peaks all appear as doublets of doublets
in the 'H NMR spectrum and are assigned to the cyclopentang CH
groups.

Generation of (H:IMes)(Cl),(PMe;)Ru=C(H)CH ,C(CO.Me),CH.C-
(H)=CHz_, 4. In a J-Young tube3 was generated using a procedure

bath and 1 equiv of ethene was added through the septum. The tubesjmilar to that described above. However, in this case, the tube

was quickly shaken and re-inserted into the cold bath. After ca. 20 h
of standing at-78 °C, the sample was inserted into the NMR probe
precooled to 223 K, and multinuclear NMR spectroscopy was per-
formed. Typically, the ratid-Cy/3/2 was 25:38:38, that is, &2 ratio

of ca. 1:1. This ratio did not change much while the sample was in the
probe for several hours. Among several experiments3:thetio varied
from 1:1 to 2:1. See below for a superior procedure starting fréPRr,

in which full NMR data for3 are given.

M
Mes—NxsN~Mes
A Cl

Ru*
Cl—,
Homd g X Hy

H 02

o H/

B COgMe
CO,Me

Generation of 3 from 1/Pr. In a glove box, dimethyl cyclopent-
3-ene-1,1-dicarboxylate (15 mg, @inol) was weighed into an NMR
tube and dissolved in 0.1 mL of GDl,. (HzMes)(ClsRu=CHP-
Pr;-CH.CI, (20 mg, 26umol) was weighed into a vial and dissolved
in 0.5 mL of CD,Cl,. B(CsFs)3 (15 mg, 29umol) was weighed into a
different vial. The vials and the NMR tube were cooled in the glove
box freezer {35 °C). The ruthenium trichloride compound was added
to the B(GFs)s and shaken to formi-Pr, which was cooled again in
the freezer. Then, quickly, the'Pr solution was added to the NMR

tube containing the RCM product, the tube was capped with a septum,

brought out of the glove box, and placed in a dry ice/acetone bath.

containing the solution ofi-Pr and dimethyl cyclopent-3-ene-1,1-
dicarboxylate was degassed by three fregagmp—thaw cycles, after
which 1 equiv of ethene was measured with a calibrated bulb and
transferred into the tube at196 °C. The tube was placed in-a78°C
bath, and the contents were allowed to thaw. Careful shaking of the
tube at—78 °C resulted in a coloration to red/purple, ald NMR
analysis indicated a 7:1 ratio &2. Then, again using a calibrated
bulb, 2 equiv of PMgwas measured and transferred into the tube at
—196 °C. The tube was placed in-a78 °C bath, and the contents
were allowed to thaw. After careful shaking of the tube-a&@8 °C, the
color changed from red/purple to dull orange in the course of several
minutes. The tube was inserted into the NMR probe precooletbd

°C, and multinuclear NMR experiments were performed. The spectra
indicated formation o in an NMR vyield of 98% from3: 'H NMR
(CD.Cly, 399.5 MHz, 213 KY 17.74 (dt3Jup = 3.5 Hz,3Juy = 5 Hz,

1H, Ru=CH), 6.92 (s, 2H, Mes 8), 6.85 (s, 2H, Mes @), 5.64 (m,

1H, CH)=CHy), 4.99-4.92 (m, 2H, inequivalent C(i4jCH>), 4.08-

3.89 (m, 4H, ®1,CH,), 3.58 (s, 6H, E1;00C), 2.48 (s, 6H, Meertho
CHj3), 2.31 (s, 6H, Me®rtho CH3), 2.22 (s, 3H, Mepara CH3), 2.19

(s, 3H, Mespara CH3), 2.11 (d,3Jun = 7 Hz, 2H, (H,C(H)=CH,),

1.76 (br, 2H, Re=C(H)CH,), 0.83 (d,2Jup = 10 Hz, 9H, P(E3)3);
31P{1H} NMR (CD.Cl, 161.7 MHz, 213 K) 11.9 (s);33C{*H} NMR
(CD.Cl,, 100.4 MHz, 213 K)6 303.3 (br, Re=CH), 219.7 (d,?Jcp =

70 Hz, RLC(N),), 171.0 (sC=0), 139.2, 139.1, 138.2, 137.51, 137.46,
136.9, 136.4 (all s, Mes quaternary C), 133.2(&1)=CH,), 132.7

(s, Mes quaternary C), 129.2 (s, M€#l), 129.1 (s, Me<CH), 118.7

(s, C(H=CH,), 57.3 (s, Re=C(H)CH,), 56.3 (s, 3=CCC=0), 52.4

One equivalent of ethene was added through the septum, and the tubds: CHsOOC), 51.5 (app SCH2CHy), 51.2 (d,"Jcp = 3 Hz, CHCHy),
was quickly shaken three times, which resulted in a fast color change 38-3 (s,CH2C(H)=CH_), 20.9 (s, Mesgpara CHs), 20.8 (s, Mesara

to red/purple. This procedure results in a reproduc@®eratio of 9:1
and with ca. 5% of the ruthenium in the form of the fRGHPPr3]*/
[Ru=CHj] dimer: *H NMR (CD,Cl,, 399.6 MHz, 213 K)) 9.36 (app
g, 1H,Hq, 3Jip = 7 Hz), 6.92 (s, 1H, Mes B), 6.89 (s, 1H, Mes 8),
6.87 (s, 1H, Mes @), 6.85 (s, 1H, Mes 8), 6.07 (m, 1H,H,",
overlapping with HC=CHP byproduct), 5.90 (app dd, 1Hy, 34z
= 9 Hz; 2 = —4.5 Hz), 4.26 (M, 4H, NE,CHN), 3.62 (s, 3H,
CH300C), 3.55 (s, 3H, 8500C), 2.46 (app s, 6H, overlapping
inequivalent Mes @), 2.40 (s, 3H, Mes 83), 2.39 (s, 3H, Mes 83),
2.31 (app dd, 1H, 8H in cyclopentane ring, vicinal to £, 2.26 (s,
3H, Mes (H3), 2.24 (s, 3H, Mes €3), 2.04 (app dd, 1H, CH in
cyclopentane ring, vicinal to H), 1.81 (app dd, 1H, BH in
cyclopentane ring, vicinal to ), 1.69 (app dd, 1H, CH in cyclo-
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CHs), 19.7 (s, Mesortho CH3), 18.1 (s, Mertho CHs), 11.2 (d,"Jcp
= 30 Hz, PCHj3)3).

Generation of 5 from 1/Pr. The procedure foB was followed,
except 14 mg (92mol, 3.5 equiv) of cyclopent-3-ene-1,1-diacetyl was
used instead of dimethyl cyclopent-3-ene-1,1-dicarboxylate. Mixing of
1-Pr with the RCM product resulted in a light green solution, indicative
of coordination of the RCM product ta-Pr, probably through a
carbonyl oxygen. This was confirmed Bl (6 19.61, d,2Jup = 42
Hz, Ru=CH) and3'P{'H} (0 44.3, s) NMR spectroscopy at 213 K,
showing quantitative adduct formation. Nevertheless, addition of 1 equiv
of ethene at—78 °C and shaking resulted in the formation of the
substituted ruthenacyclobutane (red/purple solution), albeit somewhat
slower than with the diester RCM product. The ratio substituted/
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unsubstituted ruthenacyclobutane is ca. 6:1, with ca. 109 (RCM
product coordinated) and5% [Ru=CHPPr]*/[Ru=CH;,] dimer: H
NMR (CD.Cly, 399.6 MHz, 213 K)6 9.17 (app q, 1H, GH?), 6.94
(s, 1H, Mes &), 6.89 (s, 1H, Mes 8), 6.86 (s, 1H, Mes @), 6.85
(s, 1H, Mes ®), 6.07 (m, 1H, G.H?, overlapping with HC=CHP
byproduct), 5.92 (app dd, 1H,&H3), 4.26 (m, 4H, NG&,CH,N), 2.46
(app s, 6H, overlapping inequivalent Megl§), 2.40 (s, 3H, Mes 83),
2.38 (s, 3H, Mes 63), 2.32 (app dd, 1H, BH in cyclopentane ring,
vicinal to HY), 2.27 (s, 3H, Mes 83), 2.24 (s, 3H, Mes 63), 1.97 (s,
3H, CH;C=0), 1.95 (s, 3H, E;C=0), 1.81 (app dd, 1H, BH in
cyclopentane ring, vicinal to #, 1.65 (app dd, 1H, CH in cyclo-
pentane ring, vicinal to fJ, —2.40 (m, 1H, GH*). One cyclopentane
hydrogen not observed, overlapped by other sign&i6{'H} NMR
(CD.Cl,, 100.5 MHz, 213 K)d 213.5 (s, RE(N),), 205.5 (s,C=0),
143.9 (overlapped by #€=CHP byproductC,;H, located by HMQC),

139.1, 138.9, 137.6, 137.5, 137.33, 137.26, 132.5, 132.2 (all s, Mes

guaternary C), 129.0, 128.91, 128.86, 128.8 (all s, K&, 87.4 (s,
Cq2H2), 83.7 (s, 3=CCC=0), 52.6 (s,CH.CH,), 51.8 (s, CHCH,),
38.6 (s, cyclopentan€Hy), 27.1 (s,CH;C=0), 26.1 (s,CH;C=0),
24.4 (s, cyclopentan@Hs), 23.3 (s.CsH), 21.0, 20.9, 19.2, 19.10, 19.05,
19.0 (all s, MesCHy).

Trapping of | with Acenaphthalene To Form 6. [(H.IMes)-
(CN2RU=CHPCy]OTf (20 mg, 22umol) and acenaphthylene (5 mg,
33 umol) were dissolved in 0.6 mL of CICl, in an NMR tube. The

tube was placed in a dry ice/acetone bath, and 1 equiv of ethene was{
added through the septum. The tube was shaken and inserted in the

precooled (234 K) NMR probe. The reaction was allowed to go to
completion in the NMR probe, which took ca. 5 h. In the data section
below, Np denotes the naphthyl grouftd NMR (CD,Cly, 399.6 MHz,
234 K) 6 18.13 (s, 1H, RerCH), 8.20 (app d3Jun = 7 Hz, 1H, Np
CH), 7.77 (app d33us = 7 Hz, 1H, Np GH), 7.59 (app d3Jun = 7 Hz,

1H, Np CH), 7.34 (app t3Jun = 7 Hz, 1H, Np OH), 7.21 (s, 1H, Mes
CH), 7.16 (app t3Jun = 7 Hz, 1H, Np (&), 7.02 (s, 1H, Mes 8),
6.98 (s, 1H, Mes @), 6.92 (s, 1H, Mes 8), 6.19 (app d2Jun =7

Hz, 1H, Np ), 5.65 (app dd, 1H, thyi, 3Jncis = 9.1 Hz, 3Jhirans =
14.7 Hz), 5.54 (app dd, 1H,yshs 2Jcis = 2.8 Hz), 4.36-3.93 (m, 4H,
CH,CHy,), 3.61 (app dd, 1H, k), 2.86 (s, 3H, Mes #3), 2.70 (s, 3H,
Mes (Hs), 2.49 (s, 3H, Mes 83), 2.37 (s, 3H, Mes H3), 2.28 (s, 3H,
Mes (Hs), 1.81 (s, 3H, Mes 83); 1*C{*H} NMR (CD.Cl,, 100.5 MHz,

245 K) 6 317.3 (s, Re=CH), 210.5 (s, R€(N),), 149.7, 146.5, 140.6,
139.93, 139.89, 139.1, 138.8, 137.9, 137.8, 136.1, 133.89 (all s, aromatic
quaternary C), 133.86 (s, aroma@¢l), 131.0 (s, aromatic quaternary
C), 130.0, 129.9 (both s, aromatit), 129.3 (app s, two overlapping
MesCH), 129.2, 127.1, 126.3, 126.1, 119.8 (all s, arom@&tit), 100.3
(s, HLC=CH), 100.0 (s, HC=CH), 52.8 (sCH,CH,), 50.8 (S, CHCH,),
21.3, 21.2, 20.9, 20.5, 18.7, 17.7 (all s, MeHs).

Trapping of | with 1- 'Pr: Generation of Il. 1-'Pr was generated
as described before, and 0.5 equiv of ethene was introduced &t
°C. The tube was quickly shaken, affording an orange/brown solution,
and inserted in the precooled NMR probe. This generates ca. 60% of
dimer, 10-15% of 2, and 25-30% of 1/Pr remains. The dimer is
thermally unstable and decomposes aboe@@ °C. Partial characteriza-
tion by *H and 3P NMR spectroscopy was performed, but not all
resonances could be unequivocally assignétiINMR (CD.Cl,, 399.6
MHz, 213 K) 6 19.79 (d,2Jup = 43 Hz, 1H, Re=CH), 18.01 (s, 2H,
Ru=CHy,), 7.11 (s, 1H, Mes 8), 7.02 (br, overlapping MesHid), 7.00
(s, 1H, Mes @), 6.83 (s, 1H, Mes 8, overlapping with HHC=CHP
byproduct), 6.80 (s, 1H, Mes K overlapping with HHC=CHP
byproduct), 4.06-3.66 (m, 8H, ¢1,CH.), 2.50 (s, 3H, Mes H3), 2.41
(s, 3H, Mes ®3), 2.36 (s, 3H, Mes B3), 2.34 (s, 3H, Mes 83), 2.24
(s, 3H, Mes Ci3), 2.15 (s, 3H, Mes 83), 2.09 (s, 3H, Mes H3), 1.96
(s, 3H, Mes El3), 1.89 (s, 3H, Mes 63), 1.1 (br, 18H,Pr CHy); 31P-
H} NMR (CD.Cl,, 161.8 MHz, 213 K)d 43.4 (br).
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