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Abstract: Hydride abstraction from CsMes(CO),Re(12--PhC=CCH,Ph) (1) gave a 3:1 mixture of 53-propargyl
complex [CsMes(CO).Re(n3-PhCH—C=CPh)][BF,] (5) and 5?-1-metalla(methylene)cyclopropene complex
[CsMes(CO).Re(172-PhC—C=CHPh)][BF4] (6). Observation of the »2-isomer requires 1,3-diaryl substitution
and is favored by electron-donating substituents on the Cg-aryl ring. Interconversion of #3-propargyl and
n?-1-metalla(methylene)cyclopropene complexes is very rapid and results in coalescence of Cp* *H NMR
resonances at about —50 °C. Protonation of the alkynyl carbene complex CsMes(CO),Re=C(Ph)C=CPh
(22) gave a third isomer, the #3-benzyl complex { CsMes(CO).Re[7%(a,1,2)-endo,syn-CsHsCH(C=CCsHs)]} -
[BF4] (23) along with small amounts of the isomeric complexes 5 and 6. While 5 and 6 are in rapid equilibrium,
there is no equilibration of the 73-benzyl isomer 23 with 5 and 6.

Introduction Scheme 1

n3-Propargyl complexes are the triple bond analogues of Me;P
synthetically importang3-allyl complexes. Werner prepared an
excalkylidene#-propargyl complex in 1985,and Krivykh
prepared the first unsubstituted-propargyl complex in 1991
(Scheme 1%.The chemistry ofy*-propargyl complexes has been
extended to many eafy and laté transition metals, and the
use of these complexes in synthesis is expanéling.

We developed efficient syntheses mp¥-propargyl rhenium
complexes, both by hydride abstraction from alkyne compfexes
and by protonation of propargyl alcohol complexes (a route
pioneered by KrivykP) (Scheme 2). RelategP-allyl complexes
preferentially undergo nucleophilic addition at a terminal
carbon!® In contrast, nucleophiles normally attack the central
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nance contributof;the allenyl resonance contributor is useful
in explaining the nucleophilic attack to giy@-allene complexes.
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In attempting to extend the range g¥-propargyl rhenium
complexes, we initially experienced difficulty synthesizing aryl-
substitutedr®-propargyl complexes because of their thermal
instability. Here, we report that 1,3-diaryl-substituted-
propargyl rhenium complexes can be synthesized at low
temperature, but surprisingly, they are in equilibrium with a
second isomer, an-1-metalla(methylene)cyclopropene com-
plex. The unprecedented equilibrationsgfpropargyl and;?-
1-metalla(methylene)cyclopropene complexes is rapid and,
therefore, needs to be considered in explaining the regio-
selectivity of nucleophilic additions tg*-propargyl complexes.

A second potential route to diaryl-substituted-propargyl
rhenium complexes involves protonation of alkynyl carbene
complexes; however, this route led to the predominate formation
of a third isomer, any3-benzyl complex.

Results

Precursors of 1,3-Diaryl n3-Propargyl Complexes.When
we initiated this work, there was only one reported group 6 or
7 aryl-substitutedy3-propargyl complex3 The two best methods
for the synthesis of cationig®-propargyl rhenium complexes
are abstraction of a propargylic hydrogen from alkyne complexes
and protonation of propargyl alcohol complexes. We have
applied both to the synthesis of 1,3-dian#propargyl com-
plexes. The precursor for hydride abstractioglVi€s(CO),Re-
(PhG=CCH,Ph) (1), was prepared by reaction of the corre-
sponding alkyne with gMesRe(CO}(THF) (2). The propargyl
alcohol precursor, €Mes(COxLRe(PhG=CCH(OH)Ph) Baand
b), was prepared as a 1.1:1 mixture of diastereomers by LikIBEt
reduction of the corresponding ketone complex\i€(CO),-
Re[PhG=CC(O)Ph] @), which in turn was prepared from the
alkynyl ketone an@.14

Hydride Abstraction from C sMes(CO),Re(PhC=CCH,Ph)

(1) and Protonation of CsMes(CO),Re(PhC=CCHOHPh)
(3). Addition of PRC™BF,~ to a yellow solution of 1,3-
diphenylpropyne complex at 0 °C in CD,Cl, led to the
immediate formation of a deep green solution. ThHeNMR
spectrum at-78 °C revealed a 3:1 ratio of isomers with Cp*
resonances a@t2.07 and 2.15. In a separate reaction, 85% IHBF
Et:O was added to a Ctl, solution of3a:3b at —78 °C. The
IH NMR spectrum of the resulting green solution takenr-#@8
°C showed a 3:1 ratio of the same two compounds.

The H and 13C NMR spectra of the major isomer are
consistent with its formulation as thg*-propargyl complex
[CsMes(CORRe@3-PhCH-C=CPh)][BF] (5) (Scheme 3). A
singlet até 5.83 in thelH NMR spectrum was assigned to the
proton on G. The low temperaturé3C NMR spectrum was
crucial in validating the;3-complexation, with the € C,, and
Cs resonances at 59.3, 67.5, and 85.2, respectively (Scheme
4). Relatedn3-propargyl rhenium complexéshave similar
characteristic chemical shifts: §@les(CO)Re(3-CH,—C=
CH)][BF4] at § 32.0, 64.2, 65.3; [eMes(CO)Re(3-CH,—C=
CC(CHg)3)][PFg] at 0 30.0, 60.5, 94.2; and [fMes(CO)Re;°-
CH;CH—C=CCH;|[PF¢] at 6 48.1, 59.8, 77.0. TheJcn

(12) (a) Casey, C. P.; Nash, J.R.; Yi, C. S.; Selmeczy, A. D.; Chung, S.; Powell,
D. R.; Hayashi, R. KJ. Am. Chem. S0d.998 120, 722. (b) Cheng, Y.-
C.; Chen, Y.-K.; Huang, T.-M.; Yu, C.-l.; Lee, G.-H.; Wang, Y.; Chen,
J.-T. Organometallics1998 17, 2953.

(13) Carfagna, C.; Deeth, R. J.; Green, M.; Mahon, M. F.; Mclnnes, J. M.;
Pellegrini, S.; Woolhouse, C. B. Chem. Soc., Dalton Tran$995 3975.

(14) This two step procedure was required, since the reactichwith the
propargyl alcohol gave intractable mixtures or very low yields.
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coupling constant 165 Hz irb is consistent with the $p
hybridization of the G carbon in other3-propargyl complexés
and is inidicative of the strong contribution from afallenyl

resonance forrf.

The minor isomer displayed a high-frequency CH resonance
ato 10.1 and'®C NMR resonances of the;C;, and G carbons
ato 141.4, 108.7, and 239.7, which were consistent with the
n?-1-metalla(methylene)cyclopropene complexNies(CO),-
Re(?-PhC—C=CHPNh)][BF] (6). In particular, the 239.7 shift
of C; provides evidence for a2-1-metallacyclopropene; very
high-frequency chemical shifts are seen for the carbene-like
carbon of related 1-metallacyclopropenes. In the less resonance
stabilized 1-metallacylopropened@es(CO)Re(>-PhCCHPh)]-
[BF4] (7), the carbene carbon appeard &80.3%%in the neutral
1-metalla(methylene)cyclopropengHz[P(OCHs)s] sMo(E-72-
PhC—C=CHPh) @), the carbene carbon appears)a253.5.

n?-1-Metalla(methylene)cyclopropene complexes are isomers
of n3-propargyl compounds in which only two carbons are
bonded to the metal center. Several examples of groyp 6
1-metalla(methylene)cyclopropene transition metals are known.
Green reported that deprotonation of the cationig-alkyne
complex { CsHs[P(OCHg)s].Mo(7?-PhG=CCH,Ph)][BF4] (9)
produced a 7:3 ratio oE:Z isomers of8 (Scheme 5). The
product mixture displayed fluxion&P NMR behavior T =
—74 °C), involving rotation of they? fragment which rapidly

(15) Casey, C. P.; Brady, J. T.; Boller, T. M.; Weinhold, F.; Hayashi, R1.K.
Am. Chem. Sod 998 120, 12500.

(16) Feher, F. J.; Green, M.; Rodrigues, R.JAChem. Soc., Chem. Commun.
1987 1206. Green refers toj2-1-metalla(methylene)cyclopropene as
n3(3e)-allenyl complexes.
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interchanges the environments of the phosphite ligand® in
Templeton reportéd the deprotonation of a cationig-alkyne
tungsten complex to form the neutrg@1-metalla(methylene)-
cyclopropene (dppe)(MBICS,)(CO)W[;2-(CH;0)C—C—=CHPh]
(20), which equilibrated to a mixture of two isomers via rotation
of the p?ligand.

Variable temperature 360 MH# NMR spectroscopy of the
mixture of 5 and 6 in CD,Cl, showed rapid equilibration of
these isomeric rhenium complexes. At@, a single sharp Cp*
resonance was seen@®.12. This fluxionality requires a rapid
and reversible movement of;@ and out of the coordination
sphere of the metal. A+100 °C,!8 interconversion ob and6
was slow enough that NOE transfer to the Cp* signai 2t07
was observed upon selective irradiation of the methine proton
of 5 at 6 5.83; this established that the methine hydrogen was
in the endo position. At temperatures above90 °C, inter-
conversion of5 and 6 was fast enough that irradiation of the
methine resonance & resulted in saturation transfer to the
vinylic CH of 52isomer6 at 6 10.1.

The rapid interconversion & and6 makes it impossible to
determine the kinetic ratio of isomers formed either from hydride
abstraction or from protonation of the mixture of alcohol
diastereomers.

Substituent Effects on the Equilibria between 1,3-Diaryl
n3-Propargyl Complexes andp?-1-Metalla(methylene)cyclo-
propenes. In an effort to obtain equilibrium mixtures that
favored either they3-propargyl orn?-1-metalla(methylene)-

cyclopropene, we investigated the effect of substituents on each

of the aryl rings. Protonation of the 1:1 mixture pfCF—
CeHa-substituted alcohol complexes;Mes(COLRe[(p-CRs—
CeH4)C=CCH(OH)Ph] @1a andb) with 85% HBFR-Et0 in
CD,Cl, at —78 °C gave an~50:1 ratio ofy3-propargyl (L2):
n?-1-metalla(methylene)cycloproperks| complexes. The key
features of theH and 13C NMR spectra of [GMes(CO)Re-
(73-PhCH-C=CCgH4-p-CR3)][BF 4] (12) are the signature CH
signal ato 5.98 and resonances for,3C,, and G at 6 60.1
(M = 167 Hz), 70.2, and 83.6.

Evidence for steric crowding around the; @enter of
n3-propargyl complexes came from low temperatttieNMR
studies of12. The 'H NMR spectrum of12 displayed five
different phenyl CH resonances@6.59, 7.21, 7.29, 7.49, and
7.79, indicating asymmetry of the phenyl group due to restricted
rotation about the &-Cipso bond. At—80 °C, selective irradia-
tion of the 3-CHPh resonance at 5.98 produced an NOE
enhancement at the Cp* signal@®.08, indicating theende
orientation of the irradiated hydrogen. THE NMR spectrum

(17) Gamble, A. S.; Birdwhistell, K. R.; Templeton, J. .. Am. Chem. Soc.
199Q 112 1818.

(18) The addition of 20 vol % polar solvent mixture CREICDCIF, (2:1)
[Siegel, J. S.; Anet, F. A. LJ. Org. Chem1988 53, 2629] to a CRCl,
solution of 1314 allowed NOESY1D gradient experiments at low tem-
perature. A negative NOE peak was observed in the Cp* resona268p
in magnitude compared to the inverted CH signal.

Table 1. Electronic Effects?® on n3-Propargyl/
n?-1-Metalla(methylene)cyclopropene Equilibrium Ratio, Measured
at =75 °Cin CDzClz

ninp? Cy-ring Cs-ring 7 7?
5:6 H H 75 25
12:13 H p-CRs 98 2
15:16 p-CHs p-CHs 9 91
1819 p-CHs H 50 50
20:21 mm-CF; H 50 50

of 12 exhibited five inequivalent phenyl CH resonancesjat
122.87, 128.97, 129.19, 129.32, and 129.58.

Protonation of the 1:1 mixture of ghi-olyl-substituted alcohol
complexes eMes(CO)Re[({-CH3CsH4) BC=1CICHOH(GH4—
p-CHs)] (14aandb) with 85% HBREt,0 in CD,Cl, at —78
°C gave an~1:10 ratio ofn3-propargyl complex 15): #>1-
metalla(methylene)cyclopropenégj. The use of triple'C-
labeled material firmly established the spectral assignments of
the n2-1-metalla(methylene)cyclopropenes[@es(CO)LRe[;%-
(p-CHy—CgH4)*C—13C="3CH(CeHs—p-CHy)][BF 4] (16). At
—90°C, the key features of thé1 and*C NMR spectra ofl6
are a predominant Cp* resonanc&&.09 and a high frequency
doublet for the CH at 9.99 (Jcy = 159 Hz). The'*C labels
provide excellent evidence for thg?-1-metalla(methylene)-
cyclopropene bonding motif, with resonances far C,, and
Czatd 141.8 (d,XJcc = 85 Hz), 107.1 (ddWcc = 85, 61 Hz),
and 233.8 (d}cc = 62 Hz).

Because of the use of triplé*C-labeled material, the
small amount of propargyl isomer {&les(CO)Ref;3-(p-
CH3—CgH4)1PCH—13C=13C(CsH4—p-CH3)][BF 4] (15) was also
discernible in the'®C NMR spectrum; resonances for, s,
and G were observed at 59.8 (dd,’Jcc = 65 Hz,2Jcc = 8
Hz), 66.4 (dd,3Jcc = 110, 65 Hz), and 85.4 (ddJcc = 110
Hz, 2Jcc = 8 Hz), respectively.

The equilibrium ratio of they® and#? products was strongly
dependent on the nature of the electron-donating or -withdrawing
nature of substituents on the aromatic rings (Table 1).

Activation Barrier for Interconversion of #53-Propargyl
and n2-1-Metalla(methylene)cyclopropene Complexes-or
a quantitative!3C NMR investigation of the unique fluxional
process that interconvents-propargyl and;?-1-metalla(meth-
ylene)cyclopropene complexes, we chose to study a system with
a 1:1 ratio of isomers and we usé¥C labeling at G to en-
hance sensitivity. Protonation of sKles(CO);Re[;?>-PhG=
CI3CH(OH)(GsH4-p-CH3)] (17a and b) with HBF4-Et,O at
—78 °C gave n3-propargyl complex{ CsMes(CO),Re[;3-(p-
CH3—CgH4)®CH—C=CPh}[BF4] (18) and zn?-1-metalla-
(methylene)cyclopropene complex g{@es(CO)%Re(?-PhC—
C=13CH(C¢Hs—p-CH3)][BF 4] (19). The temperature depend-
ence of the!3C label resonances was measured over the range
from —75 °C to —30 °C. Line broadening simulation of the
13C spectra allowed measurement of the rates of interconversion
of isomers. An Eyring plot gave activation parameters for the
isomerization processAH* = 10.8 kcal mof?, AS = —0.5
eu, with AG* = 10.3 kcal mot?! at —45 °C.

Protonation of Alkynyl Carbene Complexes as a Route
to p3-Propargyl Complexes.Recently, we reported the syn-
thesis of rhenium alkynyl carbene complexes and their [1,3]
metal shift and dimerization reactiofsProtonation at either
the carbene carbéhor the remote alkynyl carbon of these

J. AM. CHEM. SOC. = VOL. 124, NO. 44, 2002 13217
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Scheme 6
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complexes offered a potential route to diaryl-substitutée
propargyl complexes. Addition of HBFELO to a black CCl,
solution of alkynyl carbene complexies(COpRe=C(Ph)G=
CPh @2) at —78 °C immediately produced a red solutioid

Figure 1. X-ray crystal structure ofi3-benzyl complexX CsMes(CO)Re-
[73(e,1,2)-endgsynCsDsCH(C=CCsHs)]} [BF4] (23-0B). The molecular
structure is drawn with 30% thermal probability ellipsoids, with hydrogens

NMR spectroscopy at 78 °C showed the formation of a single

. . . . . omitted for clarity.
major product (different from eithéror 6) containing a singlet

at 0 2.66, a doublet ab 4.76, and an asymmetric aromatic Scheme 7

region. Thel3C NMR spectrum revealed an intact acetylene ﬁ ﬁ _Q
unit, signifying the absence of alkyne coordination to rhenium. e A e |[a®

On the basis of these spectral features, this third isomg#-of Lo ee "co &
propargyl was assigned as titebenzyl complexX CsMes(CO),- H =—pp
Ref¥(a,1,2)endasynCsHsCH(C=CCsHs)]} [BF4] (23) (Scheme OH 25 H 2 not seen

6).
To test our proposegl-benzyl structure fo23, we prepared

a deuterium-labeled alkynyl carbene compleiMés(CO)y,Re=
C(Ph)G=CGCsDs (22-0d5A), to allow unobscured viewing of the
NMR resonances of theS-benzyl functionality in23-dsA.
Addition of HBF4-Et,O to a CDCl; solution of22-0sA at —78
°C and warming to 0C gave compleX3-0sA in 90% yield
by IH NMR spectroscopy. The-benzyl unit gave rise to

aromatic resonances @#.76, 7.33 (2H), 7.65, and 7.83. Upon

cooling 23-dsA to —75 °C, 'H NMR signals for 10% of a 3:1

mixture of 5-ds/6-ds decoalesced and were readily detected.

While 5-ds and6-ds are in rapid equilibrium, no equilibration

with 773-benzyl isomer23-dsA was seen, even upon warming

to 25 °C. This labeling experiment also established that

benzyl compleX3-dsA is predominantly formed by protonation

of the carbene carbon @2-dsA and coordination of the 4Els
ring.

Single crystals of a different isotoponi&3-dsB were obtained
by slow diffusion of pentane into a GBI, solution of{ CsMes-
(COXRe[;3(0,1,2)-endasynCsDsCH(C=CCsHs)]} [BF4] (23-
dsB), obtained from low temperature HBFaddition to
CsMes(CORRe=C(CsDs5)C=CCsHs (22-d5B). While the struc-

ture was highly disordered, the trihapto coordination of the
benzyl of23-dsB was confirmed with the three carbons within

bonding distance to rhenium (Figure?2t).
Monoaryl-Substituted 53-Propargyl Complexes.The ob-

servation of the equilibrium between diaryl-substitutg#

propargyl complexes and the correspondingl-metalla-

e — e R€- -Re..
Hoc““ | "co e Llco A
H 2, — CH3 = CHa H. = CHg

27 28 Ph 12 not seen
for alkyl-substituted;3-propargyl complexes. This prompted us
to investigate the synthesis of both 1-phenyl- and 3-phenyl-
substituteds®-propargyl complexes. Interestingly, earlier at-
tempts to prepare such aryl-substituted complexes had been
unsuccessful. A wide variety of simple alkyl and aryl groups at
the G carbon of thep®-propargyl ligand are known for early
and late transition metals. However, examples of aromatic
substitution in group 6 and 7 metal complexes are limited.
Hydride abstraction from §Mes(CO)Re@;2-CH;C=CCgHs)
(24) with PheCTBAr' 4~ (BAr';=B[CsH3(3,5-CR)]4) in CD.Cl;
at 0 °C cleanly gave the desired 3-phenyl-substitutgd
propargyl complex [gMes(CO)Re@73-CH,C=CCeHs)][BAr'4]
(25-BAr'y) (Scheme 7). Doublets were observed &.53 and
0 4.65 in the'H NMR spectrum with the characteristic geminal
coupling 10.4 Hz, a signature of the coordinated,Gfoup.
The 3-phenyl3-propargyl complex [EMes(CO)Re(;3-CH,.C=
CGCsHs)][BF 4] (25-BF,) was also generated by protonation of
then?-propargyl alcohol complex ¥es(CO)Re(;>-HOCH,C=
CGCsHs) (26) with 85% HBFREO at —78 °C in CH,Cl,. 25-
BF, was isolated in 53% yield but decomposed over hours in
CH,CI;, at 0°C and rapidly as a solid at room temperature. We

(methylene)cyclopropene is unusual and had not been observeq, ot understand why phenyl-substitutgdpropargyl com-

(19) (a) Casey, C. P.; Kraft, S.; Powell, D. R. Am. Chem. So002 124,
2584-2594. (b) Casey, C. P.; Kraft, S.; Powell, D. Rrganometallics
2001, 20, 2651. (c) Casey, C. P.; Kraft, S.; Powell, D. R.Am. Chem.
Soc.200Q 122 3771. (d) Casey, C. P.; Kraft, S.; Kavana, Mrgano-
metallics2001, 20, 3795.

(20) For examples of metal carbene protonations, see: (a) Casey, C. P.

Czerwinski, C. J.; Powell, D. R.; Hayashi, R. K&.Am. Chem. S0d997,
119 5750. (b) Casey, C. P.; Vosejpka, P. C.; Askham, F1.FAm. Chem.
Soc.199Q 112, 3713. (c) Klein, D. P.; Bergman, R. G@. Am. Chem. Soc.
1989 111, 3079. (d) Hill, A. F.; Roper, W. R.; Waters, J. M.; Wright, A.
H. J. Am. Chem. Sod983 105 5939. (e) Clark, G. R.; Roper, W. R.;
Wright, A. H. J. Organomet. Chenl984 273 C17.

(21) Highly idealized phenyl and Cp* units were required for refinement. See

Supporting Information for bond distance tables.
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plexes are less stable than their alkyl-substituted analogues.
No evidence for thej%-isomer of25 was observed: thé&H

NMR spectrum contained a single Cp* resonance and no

CH,=C resonances between5.5-6.52% and the'3C NMR

spectrum exhibited no ReC resonance.

Next, we set out to prepare the first example of;gpBenyl-
substituted;3-propargyl complex by hydride abstraction from

(22) In a related allene complex, the terminal £Hunit was observed ai
5.48 and 6.52, witR) ~ 0 Hz: Casey, C. P.; Brady, J. Drganometallics
199§ 17, 4620.
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the 1-phenyl-2-butyne complexkes(CO)Re(2-CsHsCH,C=
CCHg) (27). While hydride abstraction from a rhenium 2-pen-

tyne complex showed only a 2.5:1 preference for abstraction

from the Et group over the Me grodpye anticipated greater
selectivity favoring abstraction of a benzylic hydride from a
1-phenyl-2-butyne rhenium complex. Addition of EHBF,~

to a CD.Cl, solution of 27 at —78 °C led to regioselective

abstraction of a secondary benzylic hydride and formation of a

single new species, the 1-phenyl-substitujégbropargyl com-
plex [CsMes(CO)Re(3-PhCH—C=CCH;)][BF 4] (28) (Scheme
7). ThelH NMR spectrum at-10 °C showed a doublet at
2.79 and a quartet @ 5.38, with a long rangéJ-coupling of
2.2 Hz, consistent with a 1-phenyl-substitutgépropargyl
complex. The*C NMR spectrum with resonances fog, s,
and G at o 55.6, 57.6, and 79.5 provided further support for
the formulation of28. Decomposition oR8 occurred above 0
°C. n3-Propargyl complexes bearing an aromatic group at C
were unknown prior to the work reported here.

No abstraction of a methyl hydrogen frad7 to produce an
isomericy-propargyl complex was observed, consistent with
the expected higher reactivity of benzylic hydrogens. No
evidence for formation of thg2-isomer was observed B or
13C NMR spectroscopy at-80 °C.

Discussion

Numerousr3-propargyl complexes have been reported, but
the isomericy?-1-metalla(methylene)cyclopropene has never
been seen in equilibrium with agf-propargyl complexy?-1-
Metalla(methylene)cyclopropene complexes are limited to Mo
or W compounds derived from deprotonation p#alkyne
precursorg®17.23.24yt the isomerigz®-propargyl complexes are
not seen in these systems.

In the course of investigating phenyl-substitutgepropargyl
complexes, we discovered that 1,3-diaryl-substitujégbro-
pargyl complexes such as {Kles(COxRe@3-PhCH-C=
CPh)][BF4] (5) were in equilibrium with the corresponding-
1-metalla(methylene)cyclopropene complexfes(CO)Re-
(73-PhC—C=CHPNh)][BF4] (6). Aryl substitutions at both Cand
Cs are apparently required for observation ofigal-metalla-

Scheme 8

Scheme 9

—C1~=C3—R C,—C
H ~cF 3 s H\c Z 2—Cs<p H\ti Z Co— \
R, |
R, R,
n3-propargy! 17-1-metalla(methylene)- n2-allene

cyclopropene

Cs site of thep?-isomer is the most electrophilic center in either
then3- or then?isomer, and stabilization by electron donors is
crucial in perturbing the equilibrium. The second most electro-
philic carbon is G of the n2-isomer, which is in conjugation
with the carbene-like €position, with electron donors at;C
favoring then?-isomer to a lesser extent than donors at the C
site.

We have observed similar stabilization of the electron
deficient carbene center of rhenium diphenyl 1-metallacyclo-
propene complexés.Isomeric rhenium diaryl 1-metallacyclo-
propene complexes equilibrate rapidly by a [1,2]-hydrogen shift.
Protonation of the asymmetrig-alkyne complex @Mes(CO),-
Re@?-PhG=CTol) (29) with HBF4Et,O at —78 °C followed
by warming to—40 °C gave a kinetic 2.3:1 ratio of the two
isomeric 1-metallacyclopropene complexesNigs(CO)xRe (%
PhCHCTol)][BR] (30)/[CsMes(CO)Re@>-PhCCHTOol)][BF]
(31). Upon warming to 25C, equilibration occurred to give a
4.5:1 mixture of30/31. The favored isomer at equilibrium has
the more electron-donating tolyl group at the carbene center
(Scheme 8).

Steric effects at € also play a role in determining the
equilibrium betweem3- andn?-isomers. Two major structural
changes occur in going from ay¥- to anzn?isomer (Scheme

(methylene)cyclopropene, since phenyl substitution at only the 9). First, the sterically bulky @iPh unit moves away from the

C; or C3 position gave only the3-propargyl isomer. What steric
or electronic factors might determine whethengrl-metalla-

sterically large GMes(CO)Re group in going to thg2-isomer.
Second, the @R plane in theyS-isomer, which is roughly

(methylene)cyclopropene will be stable enough to be observed?orthogonal to the ReC,;—C,—Cs plane (R—C,—C,—Cs torsion

Electronic factors affect the equilibrium betwegh andn,?-
isomers. Replacement of the phenyl group gto€ 6 by an
electron-withdrawingp-CFR;—CgH4 group in13 led to a large
decrease in the percentagepéfisomer from 25% fob to <2%
for 13. Replacement of the phenyl group at 6f 6 by an
electron-donating tolyl group i9 led to a moderate increase
in the percentage of?-isomer from 25% foi6 to 50% for19.
Addition of a second tolyl group to43n 19 led to a still larger
increase in the amount @f-isomer from 50% forl9 to 90%
for 16. Thus, electron donors at@reatly favor they?-isomer,
and electron donors at;@vor then?-isomer to a smaller extent.

We attribute this electronic preference for formation of the
n?-isomer to stabilization of the electrophilic carbene center at
Cs of then?-isomer by an electron-donating aromatic ring. The

(23) Collins, M. A.; Feng, S. G.; White, P. A.; Templeton, J.JLAmM. Chem.
So0c.1992 114, 3771.

(24) Frohnapfel, D. S.; Enriquez, A. E.; Templeton, JOrganometallic200Q
19, 221.

angle 90—100°), must rotate about 90to become nearly
coplanar in they%-isomer. In they3-isomer, G is bonded to Re
and there is an acute R€,—C; angle (65-75° in X-ray
structure3s28.16.2y But, in thenyisomer, G is not bonded to
Re and there is an obtuse R€,—C; angle (135148 in
relatedn?-allene X-ray structuré$).

Steric crowding at € of n3-propargyl complexes has been
shown to lead to kinetic (and probably thermodynamic)
destabilizatiorf. For example, protonation of s®les(CO),Re-

(25) (a) Stang, P. J.; Crittel, C. M.; Arif, A. MOrganometallicsl993 12, 4799.
(b) Wakatsuki, Y.; Yamazaki, Y.; Maruyama, H.; Shimizu, Chem.
Commun.1991 261.

(26) (a) Lentz, D.; Willemsen, SOrganometallics1999 18, 3962. (b) Werner,
H.; Lass, R. W.; Gevert, O.; Wolf, Drganometallics1997, 16, 4077. (c)
Esteruelas, M. A.; Lahoz, F. J.; Martin, M.; Onate, E.; Oro, L. A.
Organometalllcsl997 16, 4572. (d) Lee, L.; Wu I.-Y.; Lin, Y. -C.; Lee,
G.-H.; Wang, Y.Organometallics1994 13 2521. (e) Pu J.; Peng, T. S.;
Arif, A M.; Gladysz, J. A.Organometallics1992 11, 3232. (f) Franck-
Neumann, M.; Neff, D.; Nouali, H.; Martina, D.; de Cian, 8ynlett1994
657. (g) Feher, F. J.; Gergens, D. D.; Ziller, J. @tganometallics1993
12, 2810.
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Casey et al.

(7?-CH3C=CCH(CH)OH) (32) at —78 °C produced a 4:1
mixture of the anti/sym3-propargyl complexes [§es(CO)-
Re(;3-CH;C=CCHCH)][BF4] (33-anti and 33-syr), which
differ in the orientation of the methyl group either away or
toward the Cp* ligand. Upon warming the solution abev20

°C, the less stabl@3-synisomer decomposed, while the more
stable 33-anti isomer remained and was isolated at room

temperature. Another case of steric destabilization was observed

for the bulky gem-dimethy}3-propargyl complex [@Mes(CO)-
Re(;3-HC=CC(CH),][BF4] (34), which decomposed above

—20°C, presumably because of the unfavorable steric interac-

tion of theendemethyl group with the Cp* fragment.

Evidence for steric crowding at the;@Ar site in the 1,3-
diaryl n3-propargyl complexes came from low temperattiie
NMR spectroscopy of thp-CF;—CgHg-substituted;3-propargy!
complex12, which showed five different CH phenyl resonances
for the phenyl group at £ This asymmetry of the phenyl group
at G, is due to restricted rotation about the-€Ci,s, bond. We
do not fully understand the origin of the steric interactions
responsible for hindered phenyl rotation, but the hindered
rotation strongly suggests a sterically congested site.

In summary, the combination of steric destabilization of the
n3-isomer by the large {1Ph unit and electronic stabilization
of the n%isomer by electron-donating aryl units at the C
position (and also at the ;Qoosition) is responsible for the
observation ofy?-1-metalla(methylene)cyclopropenes only in
the presence of aryl substitution at both &d G.

Not only is the observation of an equilibrium betwegh
propargyl andn?-1-metalla(methylene)cyclopropene isomers

unprecedented, the rapid nature of this fluxional process, which

involves simple, reversible-bond complexation, is striking.
Othern?—° processes (such as allylic-E1 activation of iron-

alkene complexes to givg3-allyl iron hydride intermediates
proposed for iron carbonyl catalyzed alkene isomerizafjon

are known but involve more complicated mechanisms than the

simple, reversibler-bond complexation observed here. In the
deprotonation of a molybdenum bis(alkyne) complex, Green
proposed formation of ap?-1-metalla(methylene)cyclopropene

complex as an unobserved intermediate, which rearranges t

an n'-allenyl intermediate, followed by formation of a more
stable n3-propargyl compleX? In light of the observations
reported here, a simple diregt—»3 isomerization should be
considered as an alternative to Green’s propageeh!—z,°
process.

Attempted entry into mixtures of>—»° isomers via pro-
tonation of alkynyl carbene comple®2 instead produced
predominantly a third isomer, ag-benzyl complex23. The
n-benzyl complex results from protonation at the carbene
carbon G and complexation of the aryl ring. A 16e intermediate
that partitions between aryl complexation to yiefétbenzyl
complex 23 and alkyne coordination to yielg?-propargyl
complex5 can explain the formation of two types of products.
A possible variation on the mechanism involves initial proton-
ation at rhenium to give a metal hydride, followed by hydride

(27) (a) Long, G. T.; Weitz, EJ. Am. Chem. So@00Q 122 1431. (b) Galindo,
A.; Mealli, C.; Cuya, J.; Miguel, D.; Riera, V.; Rez-Martinez, J. A,;
Bois, C.; Jeannin, YOrganometallicsl996 15, 2735. (c) Chang, S.; White,
P. S.; Brookhart, MOrganometallicsL993 12, 3636. (d) Barnhart, T. M;
Fenske, R. F.; McMahon, R. lhorg. Chem1992 31, 2679. (e) Barnhart,
T. M.; McMahon, R. JJ. Am. Chem. S0d.992 114, 5434. (f) Krivykh,
V. V.; Gusev, O. V.; Rybinskaya, M. . Organomet. Chen1989 362
351. (g) Casey, C. P.; Cyr, C. R. Am. Chem. S0d.973 95, 2248.
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Scheme 10

migration to the carbene carbon to give the 16e intermediate;
however, no rhenium hydride species was observed by low

temperature®H NMR spectroscopy. The small percentage of

n?—nisomers in the mixture could be formed by a combination
of remote protonation at thes@arbon to produce the?-allenyl
isomer and @ carbene protonation, followed by alkyne com-
plexation to yield they3-propargyl complex, with immediate
equilibration for both pathways. The high selectivity ot
benzyl formation is attributed to a kinetic preference for
protonation at the carbene center and a kinetic preference for
complexation of the aryl ring versus complexation of the alkyne.
The rapid nature of they3—»? equilibration needs to be
considered in interpreting the regioselectivity of nucleophilic
additions top3-propargyl systems (Scheme 10). Previously, we
had observed kinetic additions of phosphines and other nucleo-
philes to the center carbon g#-propargyl rhenium complexes
to give metallacyclobutenés® At higher temperature, re-
arrangements tg?-allene orp?-alkyne products were observed.
These rearrangements are the result of reversible additions of
phosphines and amines to the central carbon, followed by
irreversible terminal addition to givg2-allene or#2-alkyne
products. The question now arises as to whethen;thalene
or ?-alkyne products might arise from nucleophilic attack on
the n2-isomer rather than just thg3-isomer, as previously

0)
assumed.

Experimental Section

CsMes(CO),Re@>PhC=CCHPh) (1). A solution of GMes(CO)-
Re(THF) @)828(1.0 mmol) and 1,3-diphenylpropyne (1.0 g, 5.2 mmol)
in 5 mL of THF was stirred overnight. VVolatile material was evaporated
under vacuum, and the solid residue was chromatographed (silica gel,
5:1 hexanes/ED) to give 1 as a yellow powder (236 mg, 42%H
NMR (CDCl;, 300 MHz) 6 1.93 (s, GMes), 4.08 (d,J = 17.2 Hz,
CHH), 4.33 (d,J = 17.2 Hz, CHH), 7.1-7.4 (m, aromatic)*3C{'H}
NMR (CD.Cl, 90 MHz) 6 10.75 (GMes), 35.48 CH,), 80.43 C=C),
89.83 (G=C), 100.24 (CsMes), 126.49 (aromatic CHw), 126.77
(aromatic CHarg), 128.21, 128.79, 131.56 (aromatic fddortho), 129.97,
140.42 (aromatic (), 208.82 (CO), 209.77 (CO). ByH NMR
spectroscopy, the sample wa®95% pure in the Cp* region 1.9—

2.2 and >98% pure in the aromatic regiot 7.0-7.5. IR (THF)
1950.22, 1868.04. MS (ESI) Calcd (obsd) for/E,;0,ReNa*
591.1439 (591.1420).

(28) Casey, C. P.; Sakaba, H.; Hazin, P. N.; Powell, DJRAmM. Chem. Soc.
1991, 113 8165.

(29) (a) Carrol, F. A.Perspecties on Structure and Mechanism in Organic
Chemistry Brooks/Cole Publishing Co.: Pacific Grove, CA, 1998; sec.
6.6. (b) Hansch, C.; Leo, A.; Taft, R. WChem. Re. 1991, 91, 165. (c)
McDaniel, D. H.; Brown, H. CJ. Org. Chem1958 23, 420.
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[CsMes(CO),Re@*-PhCHC=CPh)][BF,] (5) and [CsMes(CO).Re-
(n>-PhCC=CHPh)][BF 4] (6). PhCBF; (21 mg, 0.064 mmol) was
added to a solution of (33 mg, 0.058 mmol) in CBCl, at 0°C to
give a 3:1 mixture ob/6, which was characterized spectroscopically.

For [GMes(CO)Re(;*-PhCH-C=CPh)][BF] (5): *H NMR (CD,Cl;,
360 MHz,—75°C) 6 2.07 (s, GMes), 5.83 (s, GZi—C=C), 6.578.12
(m, aromatic, obscured by EBH). 13C{*H} NMR (CD.Cl,, 90 MHz,
—75°C) 6 10.13 (GMes), 59.28 CHC=C), 67.46 (CHC=C), 85.24
(CHC=C), 105.79 CsMes), 118-132 (aromatic), 193.52 (CO), 199.36
(CO).

For [CsMes(CO)Re(;2-PhCG=CHPh)][BF] (6): H NMR (CD,Cl,,
360 MHz,—75°C) 6 2.15 (s, GMes), 6.56-8.21 (aromatic), 10.14 (s,
CH=CC).*C{*H} NMR (CD.Cl, 90 MHz,—75°C) 6 10.29 (GMes),
104.38 (CsMes), 108.68 (CH=CC), 118-132 (aromatic), 141.37
(CH=CC), 191.64 (CO), 195.96 (CO), 239.72 (Re).

CsMes(CO).Re(@?-Tol*CH(OH) **C=CTol) (14). Addition of
LiHBEts (0.5 mL, 1.0 M in THF, 0.5 mmol) to a red solution of
CsMes(CO)Re(>-Tol'3C(O)*C=*CTol) (37) (60 mg, 0.098 mmol)
in 10 mL of THF at 0°C gave a yellow solution. After the solution
was stirred for 30 min at room temperature, 1.0 mL of EtO}IH3:

For [CsMes(CO)Re;?-Tol**C3C=1CHTol)][BF4] (16): *H NMR
(CD.Cl,, 500 MHz,—90°C) 6 2.09 (s, GMes), 2.38 (s, CH), 2.53 (s,
CHs), 7.38 (d,2J = 7.8 Hz, Hnetg, 7.62 (br s, Hhety, 8.05 (br s, Hrno),
9.99 (d,%Jch = 159.4 Hz,'*CH=CC); *C{'H} NMR (CD.Cl,, 125
MHz, —90 °C) 6 10.30 (GMes), 104.12 CsMes), 107.06 (dddcc =
85.0, 61.0 Hz3CH=13C!3C), 141.81 (dNcc = 85.0,°CH=1CC),
233.81 (d,"Jcc = 61.9,3CH='3C**C); 'H NMR (CD,Cl,, 360 MHz,
—75°C) 8 2.08 (s, GMes), 2.36 (s, CH), 2.51 (s, CH), 7.36 (d,2J =
8.0 Hz, Hyetg, 7.63 (br, Hhety, 8.05 (br, Hyino), 10.01 (d,XJcn = 159.8
Hz, 13CH=13C'*C); 3C{*H} NMR (CD,Cl, 90 MHz,—75°C) § 10.19
(CsMeg)), 21.95 CH3), 22.89 CH3), 103.90 C5M€5), 106.81 (dd,l\]cc
= 84.20, 60.7 Hz13CH=13C!3C), 141.72 (d Xcc = 84.8 Hz,13CH=
13C13C), 233.54 (d}Ncc = 61.8 Hz,B°CH=3CC).

{CsMes(CO)zRe[n3(a,1,2)-endqsyn-CeH 5CH(CECC5D5)]} [BF4]
(23-dsA). Addition of 8 uL of HBF+EL,O to a black solution of
CsMes(CO)RRe=C(Ph)G=CGCsDs (22-05A)*°¢ (23 mg, 0.04 mmol) in
CD,Cl, at =78 °C gave a red solution, which changed to a green
solution upon warming to 6C. 23-dsA was characterized spectroscopi-
cally. *H NMR (CD.Cl,, 360 MHz, 0°C) 6 2.22 (s, GMes), 2.66 (s,

1) was added and volatile material was evaporated under vacuum. TheCH—CEC) 4.76 (br d3Jun = 5.8 Hz, H), 7.33 (m, H/Hs), 7.65 (dt
residual solid was dissolved in diethyl ether and chromatographed (silicasy 5 g I’-|z 43, < 1'5 Hz, H), 7 8?: (br’d,J _g 5,HZ H;)’ 15 1H}’

gel, 4:1 hexanes/ED) to give a 1.1:1mixture of two diastereomers of
14 (48 mg, 80%) as a yellow oil. BH NMR, the sample was 98%
pure in the Cp* regior) 1.9-2.2.
Major diastereomerH NMR (CD,Cl,, 300 MHz)6 1.91 (s, GMes),
2.31 (s, CH), 2.34 (s, CH), 6.08 (dq,"Jcn = 147.3 Hz,*Jun = 2Jcn
= 4.7 Hz, (HOH), 6.9-7.4 (aromatic);**C{*H} NMR (CD,Cl,, 90
MHz) 6 10.22 (GMes), 72.63 (dd,*Jcc = 60.2 Hz,2Jcc = 3.3 Hz,
BBCHC=1CTol), 84.9 (ddNcc = 99.8 Hz,2Jcc = 3.5 Hz,*CH3C=
BCTol), 93.3 (dd,}Jcc = 100.6 Hz}Jcc = 60.1 Hz,'3CHYC="'3CTol).
Minor diastereomertH NMR (CD.Cl,, 300 MHz) 6 1.98 (s, GMes),
2.34 (s, CH), 2.39 (s, CH), 5.80 (dm ey = 147.3 HZ,*Jun = 2cn
< 2 Hz, 1®CHOH), 6.9-7.4 (aromatic);*3C{'H} NMR (CD.Cl, 90
MHz) ¢ 10.41 (GMes), 71.94 (dd,%Jec = 59.7 Hz,2Jec = 2.3 Hz,
BCHC=CTol), 84.1 (ddNcc = 98.3 Hz,2Jcc = 2.5 Hz,*CH3C=
BCTol), 94.4 (dd,Ycc = 98.8 Hz,%Jcc = 58.2 Hz,1*CHBC=*CTol).
[CsMes(CO).Re(y3-Tol*CHBEC=*CTol)][BF 4] (15) and [CsMes-
(CO).Re(@?Tol*C13C='3CHTol)][BF 4] (16). Addition of 15 uL of
85% HBFR-Et,O to a dark yellow solution 014 (17 mg, 0.03 mmol)
in CD.Cl, at =78 °C gave a deep green solution of a 1:10 mixture of
15/16. The mixture of isomers was characterized spectroscopically.
For [GsMes(CO)Re(3-Tol**CHRC="CTol)][BF4] (15): *H NMR
(CD,Clp, 500 MHz, =90 °C) ¢ 2.02 (s, GMes), 5.71 (d,"Jcn = 167
Hz, CH); *C{*H} NMR (CD.Cl,, 125 MHz, —90 °C) 6 59.79 (dd,
Jec = 64.8 Hz,2Jcc = 7.8 Hz,BCHC=1%C), 66.40 (ddXJcc = 109.8,
64.8 Hz,3CH3C=1C), 85.42 (ddNcc = 109.8 Hz,2Jcc = 7.8 Hz,
BCHYC=1C).

NMR (CD,Cl, 90 MHz,—75°C) ¢ 10.48 (GMes), 35.06 CH—C=C),
76.30 prtho, C;), 86.86 C=CGCsDs), 91.55 (G=CC¢Ds), 103.21 {psq,
Cy), 105.53 CsMes), 121.94 {pso-CeDs), 128.38 (1:1:1 t1)cp = 24.8
Hz, Goino—D), 129.84 (G or Cs), 130.68 (G or Cs), 131.61 (1:1:1 ¢,
Uep = 24.5 Hz, Giag—D), 133.76 (G), 134.03 (@), 134.73 (1:1:1 t,
LJep = 20.30 Hz, Ga—D), 193.25 (CO), 193.47 (CO). Low temper-
ature'H NMR (CD.Cl,, —75 °C) for 5. ¢ 2.06 (s, GMes), 5.81 (s,
CH—C=C), 6.57 (dJ = 7.6 Hz, phenyl), 7.18 (t} = 7.1 Hz, phenyl),
7.46 (t,J = 7.6 Hz, phenyl), 8.15 (d) = 6.4 Hz, phenyl). Low
temperaturédH NMR (CD,Cl,, —75°C) for 6: 6 2.11 (s, GMes), 7.0~
7.9 (aromatic, obscured), 10.11 (s, €8).
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