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/Abstract: The kinetics of the racemization of aromatic 1,3-
disubstituted allenes catalyzed by gold phosphine com-
plexes has been investigated. The rate of gold-catalyzed
allene racemization displayed first-order dependence on
allene, and catalyst concentration and kinetic analysis of
gold-catalyzed allene racemization as a function of allene
and phosphine electron-donor ability established the accu-
mulation of electron density on the phosphine atom and
the depletion of electron density on the terminal allenyl
carbon atoms in the rate-limiting transition state for racemi-

zation. These and other observations were in accord with
a mechanism for allene racemization involving rapid and re-
versible inter- and intramolecular allene exchange followed
by turnover-limiting, unimolecular conversion of a chiral
gold n*allene complex to an achiral n'-allylic cation inter-
mediate through a bent and twisted n'-allene transition
state. With respect to proper ligand selection, these studies
reveal that both electron-poor phosphine ligands and polar
solvents facilitate racemization.

/

Introduction

Owing in part to recent development of efficient routes to
chiral, nonracemic allenes™ the transition-metal-catalyzed
functionalization of allenes has received considerable recent at-
tention.””™ Cationic gold(l) complexes have proven particularly
effective as catalysts for the functionalization of allenes, in-
cluding the cycloaddition of eneallenes and dieneallenes™ and
the hydrofunctionalization of allenes with carbon and hetero-
atom nucleophiles.”! Much of the interest in this latter family
of transformations stems from the potential for chirality trans-
fer from axially chiral, nonracemic allenes.””” However, the ste-
reospecificity of these transformations is often compromised
by competitive gold(l)-catalyzed racemization of the allene.®
In other cases, gold(l)-catalyzed allene racemization has been
exploited to realize the stereoconvergent enantioselective hy-
drofunctionalization of chiral racemic allenes and propargylic
acetates."”

Although the gold(l)-catalyzed racemization of axially chiral
allenes is well documented and is generally assumed to occur
through formation of achiral gold n'-allylic cation intermedi-
ates,”" there is neither direct experimental evidence to sup-
port this contention, nor is there experimental data regarding
the energetics of allene racemization. For example, variable-
temperature NMR spectroscopy analysis of the gold(l) 7-4,5-
nonadiene complex {(L)Au[n?-n-Pr(H)C=C=C(H)n-Pr]} "SbF,~ [L=
P(tBu),0-binaphthyl (1a)] established a lower limit of AG",53>
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17.4 kcalmol™ for allene stereomutation, but the onset of in-
termolecular allene exchange precluded a more exact determi-
nation."? Rather, our understanding of the mechanism and en-
ergetics of gold-catalyzed allene racemization is derived pri-
marily from computational studies.®®™ Toward the develop-
ment of an experimentally grounded understanding of the en-
ergetics and mechanism of gold-catalyzed allene racemization,
we have studied the kinetics of the racemization of axially
chiral 1,3-disubstituted aryl allenes catalyzed by gold(l) phos-
phine complexes, with a focus on the electronic structure of
the rate-limiting transition state. Herein we report the results
of this study.

Results
Kinetics of catalytic racemization

Toward an experimentally grounded understanding of the
mechanism of gold-catalyzed allene racemization, we targeted
axially chiral 1,3-disubstituted aryl allenes and gold(l) (aryl)-
phosphine complexes with an eye toward evaluating the ef-
fects of allene and catalyst electron density while minimizing
complications associated with steric perturbation of intermedi-
ates and transition states. In an initial experiment, a solution of
enantiomerically enriched (R)-1-(4-bromophenyl)-1,2-butadiene
[(R-2a, 97% ee] (73mm) and a catalytic 1:1 mixture of
(Ph;P)AuCl and AgOTf (1.4 mm; 2 mol%) in ethylbenzene was
stirred at 25°C and monitored periodically by HPLC equipped
with chiral stationary phase (Table 1). A plot of In [ee (R)-2a]
versus time was linear to approximately three half-lives with
a pseudo-first-order rate constant of k.,,=4.5(+0.1)x10*s™'
(Figure 1, Table 1, entry 1), which established the first-order de-
pendence of the rate on [(R)-2a].">' Neither AgOTf nor
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(L)AUCI (5 mol %)
AgOTf (5 mol %)
solvent, 25 °C

Table 1. Pseudo-first-order (k) and second-order (k) rate constants for the gold-
catalyzed racemization of aryl allenes (73 mm) at 25°C.

R1/\©\
H R2

racemic

Entry R' R? Allene L Solvent Cat. kg, x10* Kiac

[mm] [s7'] M 's7]
1 Me Ph (R)-2b  PPh; toluene 0.61 14.2+0.2 2.344+0.03
2 Me Ph (R)-2b  PPh; PhEt 0.61 248+0.1 4.10+0.02
3 Me Ph (R-2b  PPh; toluene 0.60 10.2+0.2 1.72+0.03
4 Me Ph (R)-2b  PPh; toluene 0.61 2542 41+£0.3
5 Me Ph (R-2b  PPh, CH.Cl 065 >547 >85
6 Me Ph (R-2b PPh, CH.Cl, 060  >730 >120
7 Me Br (R)-2 PPh; PhEt 0.72 45+0.1 0.62+0.02
8 Me Br (R)-2 PPh; PhEt 1.4 7.940.1 0.55+0.01
9 Me Br (R)-2 PPh; PhEt 1.4 11.1+£04 0.78+0.03
10 Me Br (R)-2 PPh; PhEt 29 17.24+0.5 0.59+0.02
1 Me CO,Me (R)-2 PPh; PhEt 10 56+0.2 0.056 £+ 0.002
12 Me CN (R)-2 PPh; PhEt 12 2.8+0.1 0.023 £0.001
13 Me NO, (R)-2 PPh; PhEt 21 2340.1 0.011 £0.001
14 Me Ph (R)- 2b P1 toluene 0.57 4.174+0.03 0.7440.01
15 Me CO,Me (R)-2 P1 toluene 19 36+04 0.019+£0.002
16 Me CN (R)-2 P1 toluene 11 0.83+0.02 7.4+02x1073
17 Me NO, (R)-2 P1 toluene 19 0.16+0.06 83+03x107*
18 Me Ph (R)- 2b P2 toluene 0.31 3.5740.01 1.174+0.01
19 Me Ph (R)-2b P3 toluene 0.56 17.0+0.9 3.0+0.2
20 Me Ph (R-2b P4 toluene 0.94 166+8 17.7+0.9
21 Me Ph (R-2b P5 toluene 0.24 410480 170430
22 Ph H (R)-3 PPh; toluene 1.3 16.6£0.4 1.26 £0.03
23 Ph  Br (R)- 3b PPh; toluene 1.2 3.08+0.05 0.252+0.04
24 Ph  CF, (R)-3 PPh; toluene 14 22+2 0.15+0.01
25 Ph  Ph (R-3d PPh, CH,Cl 060  55+&1 9.30+£0.2

[a] Allene enantiopurity is as follows:
89% ee, 2e=90% ee, 3a=98% ee, 3b=75% ee, 3¢=87% ee. [b] Reaction contained
tetrabutylammonium triflate (0.40 mm). [c] AgNTf, employed as silver source.

2a=95% ee, 2b=95% ee, 2c¢=91% ee, 2d=

tBu
P—tBu

P1

|

3

X = OMe (P2)
X = Me (P3)

X =F (P4)

X = CF; (P5)

(Ph;P)AuCI alone catalyzed the racemization of (R)-2a, consis-

tent with (Ph;P)AuOTf as the active catalyst.""”
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Figure 1. Pseudo-first-order plot for the racemization of (R)-2a (73 mm, 97 %
ee) catalyzed by a 1:1 mixture of (Ph;P)AuCl and AgOTf (1.4 mm) in ethylben-

zene at 25°C.
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To determine the rate dependence of allene race-
mization on catalyst concentration, pseudo-first-order
rate constants for the racemization of (R)-2a cata-
lyzed by (Ph;P)AuCl/AgOTf were determined as
a function of catalyst concentration from 0.72 to
2.9 mm (Table 1, entries 1-4). A plot of k,, versus cat-
alyst concentration was linear (Figure 2) and a plot of
log(k,ys) versus log[catalyst] was linear with a slope of
1.0+£0.2 (Figure ST in the Supporting Information),
which together established the first-order depend-
ence of the rate on catalyst concentration and overall
the second-order rate law for gold-catalyzed racemi-
zation: rate =k, [(R)-2al[(Ph;P)AuOTf], where k., =
0.64(+£0.02) M~'s™' (AG™ =17.7(40.1) kcal mol~").l'* ¥

Three sets of experiments were performed to eval-
uate the effect of allene electron density on the rate
of gold-catalyzed racemization. In one set of experi-
ments, pseudo-first-order rate constants were deter-
mined for racemization of the para substituted 1-
aryl-1,2-butadienes (R)-2a, (R)-2b, (R)-2¢, (R)-2d, and
(R)-2e catalyzed by (Ph;P)AuCl/AgOTf in ethylben-
zene at 25°C (Table 1, entries 1-8). A plot of log(k...)
versus the Hammett ¢ parameter gave a reaction
constant of p™ =—2.7+0.2 (Figure 3). In a second set
of experiments, Hammett analysis of the racemization
of para substituted 1-aryl-1,2-butadienes catalyzed
(P1)AuCl/AgOTf produced a reaction constant of p™
=-2.8+04 (Table 1, entries 9-12; Figure S2 in the
Supporting Information). In a third set of experi-
ments, Hammett analysis of the racemization of the
para substituted 1-aryl-3-phenylpropadienes (R)-
Ph(H)C=C=C(H)(p-C¢H,R) [R=H (3a), Br (3b), CF; (3 ¢)]
catalyzed by (Ph;P)AuCl/AgOTf produced a reaction
constant of p* =-1.4940.01 (Table 1, entries 13-15;
Figure 4), which was approximately half the magni-
tude of that for racemization of 1-aryl-1,2-butadienes
catalyzed by (Ph;P)AuCl/AgOTf.

To evaluate the effect of phosphine electron-donor
ability on the rate of gold-catalyzed allene racemiza-

tion, pseudo-first-order rate constants were determined for the

racemization of (R)-2b catalyzed by a 1:1 mixture of AgOTf

1.8
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Figure 2. Catalyst concentration dependence for the racemization of (R)-2a
(73 mMm, 97 % ee) catalyzed by a 1:1 mixture of (Ph;P)AuCl and AgOTf in eth-

ylbenzene at 25°C.

12246

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

1.0
0.5 1
0.0 1
0.5 1
1.0 1

krac (M_1 8_1)

1.5 1

2.0 1

25 T T T T T T
-04-0.2 0.0 0.2 04 06 08 1.0
G+

Figure 3. Plot of log(k,,.) versus the Hammett o+ parameter for the racemi-

zation of (R)-2a, (R)-2b, (R)-2¢, (R)-2d, and (R)-2 e catalyzed by a 1:1 mixture
of (PhsP)AuCl and AgOTf in ethylbenzene at 25°C (o+ =—2.7+0.2).
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Figure 4. Plot of log(k,,]) versus the Hammett o+ parameter for the racemi-
zation of (R)-3a, (R)-3b, and (R)-3 ¢ catalyzed by (Ph;P)AuCl/AgOTf
(o+=—149+0.01).

and the para substituted triarylphosphine gold complexes [(4-
X-CgH,4);PJAuCl [X=H, OMe (P2), Me (P3), F (P4), and CF; (P5)]
(Table 1, entries 5 and 16-19). The second-order rate constant
for the racemization of (R)-2b (73 mm) increased by three
orders of magnitude as the electron-donor ability of the phos-
phine decreased from X=0Me (P2) to X=CF; (P5). The corre-
sponding plot of log(k,,) versus the Hammett o parameter
provided a reasonable fit (R*=0.9) with a reaction constant of
p=25+0.5 (Figure 5).

25

2.0

1.5 1

Iog (krac M_1 S_1)

0.5 Q
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-0.5 T T T T
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o

Figure 5. Plot of log(k,,.) versus the Hammett o parameter for the racemiza-
tion of (R)-2b catalyzed by [(4-C4H,X);PJAuCl (X=H, Me, OMe, Me, F, CF;)
and AgOTf in solvent at 25°C (0=2.5+0.5).
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Several experiments were performed to probe the effect of
the counterion and reaction medium on the rate of allene ra-
cemization. For example, the second-order rate constants for
the racemization of (R)-2b catalyzed by (Ph;P)AuCl/AgNTf, was
not significantly different from k,,. for the racemization of (R)-
2b catalyzed by (Ph;P)AuCI/AgOTf in (Table 1, entries 20 and
21). Conversely, racemization of (R)-2b catalyzed by
(Ph;P)AuCI/AgOTf in toluene that contained tetrabutylammoni-
um trifluoromethanesulfonate (40 mm) was approximately
two-times faster than in the absence of excess triflate (Table 1,
entries 21 and 22). That the rate enhancement caused by
excess triflate was due to the concomitant increase in solvent
polarity was suggested by the pronounced dependence of the
rate of allene racemization on solvent polarity (Table 1, en-
tries 5, 21, 23, and 24). For example, whereas the second-order
rate constants for the racemization of (R)-2b catalyzed by
(Ph;P)AUCI/AgOTf at 25°C in ethylbenzene (¢=2.41) differed
by less than a factor of two from k,,. for racemization in tolu-
ene (¢=2.38), the second-order rate constants for the racemi-
zation (R)-2b in chlorobenzene (¢=5.62) or 1,2-dichloroethane
(e=10.36) were >36- and >50-times faster, respectively, than
was k. for the racemization of (R)-2b in toluene. Similarly, ra-
cemization of the 1,3-diarylpropadiene (R)-3a catalyzed by
(Ph;P)AuCI/AgOTf in chlorobenzene was approximately nine-
times faster than was racemization of (R)-3a in toluene
(Table 1, entries 13 and 25).

Gold allene complexes

Although a small number of cationic gold(l) m-allene com-
plexes have been isolated or generated in situ,">'® complexes
that contain an aryl allene are not among these. We, therefore,
sought to gain an understanding of the electronic structure
and behavior of gold 1-aryl-1,2-butadiene complexes germane
to the present study. We have previously noted the difficulties
associated with the characterization of gold w-complexes con-
taining a triphenylphosphine ligand owing to the poor thermal
stability, sluggish ionization, and facile ligand exchange of
these complexes."® We, therefore, targeted complexes contain-
ing the o-biphenylphosphine ligand P1 and, to this end, the
gold m-allene complexes {(P1)Aulr’-Me(H)=C=C(H)Arl}"SbFs"
[Ar=4-C¢H,Br (4a), 4-C,H,Ph (4b), 4-C,H,NO, (4c)] were gener-
ated by treatment of the corresponding allene with a 1:1 mix-
ture of (P1)AuCl and AgSbF, at —80°C in CD,Cl, and were
characterized by NMR spectroscopy without isolation
(Scheme 1).

The 3'P NMR spectra of phosphine complexes 4a-4c at
—45°C each displayed a single sharp resonance in the range
expected for cationic (P1)Au m-complexes (0=64.6—
66.7).%777"1 Cooling these solutions to —80°C led to no signifi-
cant broadening of these resonances, which indicates that
complexes 4a-4c either exist predominantly as a single regio-
and diastereomer in solution and/or that intramolecular wt-face
exchange is rapid on the NMR time scale. We have previously
shown that the cis and trans isomers of the 4,5-nonadiene
complex {(P1)Au[n*n-Pr(H)C=C=C(H)n-Pr]}*SbF¢~ (1b) differ in
energy by <0.5kcalmol™ and interconvert rapidly (AG*=

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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AgSbFg
CD,Cl,
Me
®
Pl-Av—(
Ar
trans-4 cis-4 cis-4' trans-4'

Ar = CgH4Ph (a), CgH,Br (b), CsH4NO, (€)

Scheme 1. Synthesis and potential isomers of gold mt-allene complexes 4.

9.7 kcalmol™") via intramolecular n-face exchange,? which
suggests that complexes 4 exist as rapidly interconverting mix-
tures of cis and trans diastereomers and C1=C2- and C2=C3-
bound regioisomers (Scheme 1). In the 'H NMR spectra of 4b,
the C1 allenyl proton resonance was shifted upfield [A6(H1)=
—0.34] while the C3 allene proton resonance was shifted
downfield [A6(H3)=0.21] relative to free allene. Comparison
of these data to the spectra of known [(P1)Au(mt-allene)]* com-
plexes? suggests that the allene ligand of 4b binds to gold
preferentially through the C1=C2 bond (Scheme 1). Similar,
albeit attenuated, perturbation of allene chemical shifts were
observed for complex 4a [A6(H1)=-0.24, AS(H3)=0.10].
Conversely, for complex 4 c containing the more electron-defi-
cient p-nitrophenyl-substituted allene, the C1 allenyl proton
resonance was shifted slightly downfield [A6(H1)=0.08] while
the C3 allene proton resonance was shifted upfield [A6(H3)=
—1.01] relative to free allene suggesting preferential binding of
the allene to gold via the C2=C3 bond (Scheme 1).

The electronic dependence of vinyl arene binding affinities
has been utilized to evaluate the relative contributions of o-
donation and m-backbonding to the metal—alkene bond, and
hence the electrophilicity of unsaturated metal frag-
ments.['”?2 We sought to evaluate the electronic structure of
the Au—(m-allene) interaction in complexes 4 employing an
analogous approach. To this end, we determined equilibrium
constants for the displacement of triflate from (P1)AuOTf with
allenes (R)-2a, (R)-2b, and (R)-2c at —40°C (Scheme 2). A plot
of log(K,,) versus the Hammett ¢ parameter produced a reac-
tion constant of p=—1.4+0.1 (Figure 6), which reveals the de-
pletion of electron density from the allene upon complexation
to gold. However, because the population of the C1=C2 regio-
isomer decreases with the decreasing electron-donor ability of
the 1-aryl group and because the binding affinity of the C2=C3
regioisomer is presumably not significantly affected by the
electronic nature of the C1 aryl group, the reaction constant of
p=—14+0.1 represents the lower limit (numerically most
positive) of the extent of electron depletion from the C1 allene
carbon upon complexation to the (P1)Au* fragment. Support-
ing this contention, we previously determined a reaction con-
stant of p=—3.440.2 for the equilibrium binding affinities of
substituted vinyl arenes to the (P1)Au™.""”!
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Scheme 2. Equilibrium binding affinities of allenes 2a-2c to the (P1)Au*
fragment relative to triflate anion.
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Figure 6. Plot of K, versus the Hammett o parameter for the equilibrium
displacement of OTf~ from (P1)AuOTf with 1-aryl-1,2-butadienes 2a, 2b, and
2cin CD,Cl, at —40°C (p=—-1.4+0.1).

To determine the energetics of intermolecular allene ex-
change with gold (t-1-aryl-1,2-butadiene) complexes 4, we de-
termined pseudo-first-order rate constants for the intermolecu-
lar exchange of allene 2a with complex 4a (33 mm) as a func-
tion of [2a] from 4.0 to 24 mm at —40°C employing 'H NMR
spin-saturation transfer techniques.?® A plot of ki, versus [2a]
was linear with a significant nonzero intercept, which estab-
lished the two-term rate law for intermolecular allene ex-
change: rate=k,[4a]+k,[4a][2a], where k,=0.94(£0.01)s"
(AGT=13.5kcalmol™) and k,=13.0(£05)m 's™' (AG"=
12.3 kcalmol™'; Figure S3 in the Supporting Information).

Discussion
Catalyzed and uncatalyzed allene racemization

1,3-Dialkyl allenes racemize thermally in the absence of cata-
lysts via an allyl diradical intermediate with energy barriers of
approximately 46 kcalmol™',”® and this process is often accel-
erated by photosensitizers.”™ In addition to gold(l) com-
plexes,” a small number of transition-metal complexes race-
mize allenes. Claessen reported the racemization of simple al-
lenes by organocuprates and suggested a mechanism involv-
ing radical anion intermediates.”” Bickvall and Horvath report-
ed the Pd"-catalyzed racemization of allenes in the presence of

]

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@‘* ChemPubSoc
x Europe

LiBr, which was proposed to occur by reversible addition of
bromide to the central carbon atom of the allene to generate
an equilibrating mixture of o- and m-allyl palladium com-
plexes.® Morken® and Molander®® have documented the
Pd’-catalyzed racemization of allenes although no mechanisms
were proposed. Cramer®" and Willis®® have reported the rho-
dium-catalyzed racemization of allenes, which Cramer pro-
posed to occur via allene hydro-metallation, isomerization
through a rhodium-allyl species, and subsequent elimination.
In addition to these catalytic processes, planar n'-allylic cation
intermediates have been invoked to account for the stereomu-
tation of chiral iron,® platinum,®¥ and silver® allene com-
plexes. Bergman reported the stoichiometric stereoinversion
and racemization of 1,3-disubstituted allenes by a zirconocene
imido complex that was proposed to occur through stereospe-
cific [2+2] cycloaddition followed by racemization of the
resulting azazirconacyclobutane.>®

Mechanism of gold-catalyzed allene racemization

All our experimental observations and available information re-
garding the racemization of axially chiral aryl allenes catalyzed
by gold phosphine complexes are consistent with a mechanism
involving rapid and reversible interconversion of the enantio-,
diastereo-, and regioisomeric gold n*allene complexes 1 fol-
lowed by turnover-limiting, unimolecular conversion of cis-l to
the achiral n'-allylic cation intermediate cis,cis-ll via the bent
and twisted n'-allene transition state cis,cis-TS1 (Scheme 3). Al-
though our experimental data do not distinguish between the
potential diastereomers of n'-allylic cation Il and transition
state TS1, computational analysis of gold(l) n'-1,3-disubstituted
allylic cations®™ and experimental®’*® and computational®”
analysis of 1,3-disubstituted allylic cations all point to preferen-
tial formation of n'-allylic cation cis,cis-Il owing to the unfavor-
able steric interactions associated with endo substituents on
an allylic cation. Similar steric interactions in the transition
state presumably disfavor trans,trans-TS1 and cis,trans-TS1 rel-
ative to cis,cis-TS1, which in turn implicates cis-l as the reactive
n? allene complex (Scheme 3). Owing to the significant conju-
gative stabilization of a planar allylic cation relative to the per-
pendicular conformation,®® estimated to be approximately
15 kcalmol™ in the case of the 1-phenyl-3-methyl allylic
cation,® allylic cation cis,cis-Il likely represents a local mini-
mum on the reaction coordinate.

The energy barriers for intermolecular m-ligand exchange of
cationic (triphenylphosphine)gold mt-alkyne complexes of (AG™
~9 kcalmol ™)' and m-allene complex 4a (AG*=12.3 kcal
mol™") are significantly lower than are the energy barriers for
catalytic allene racemization (AG™=17.0-21.6 kcal mol™"). Simi-
larly, we have shown that the cis and trans isomers of the 4,5-
nonadiene complex AG* differ in energy by <0.5kcalmol™
and interconvert rapidly (AG™ = < 10 kcalmol™") via intramolec-
ular m-face exchange.” The variable-temperature NMR behav-
ior of allene complexes 4 was likewise in accord with rapid in-
terconversion of the potential m-allene regio- and diastereo-
mers via intramolecular mt-face exchange. For these reasons,
we can confidently rule out mechanisms for allene racemiza-
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Scheme 3. Proposed mechanism for the gold-catalyzed racemization of
aromatic allenes.

tion involving turnover-limiting intermolecular or intramolecu-
lar allene exchange. Although K., for the displacement of trif-
late anion from (P1)AuOTf by 1-aryl-1,2-butadienes at —40°C
was nearly thermoneutral, the large allene/triflate ratio em-
ployed under catalytic conditions and the absence of any in-
hibitory effect of triflate anion on the rate of racemization en-
sures that gold n’-allene complexes | represent the predomi-
nant species present under catalytic conditions.

Although the rate of gold-catalyzed racemization of (R)-2b
increased in the presence of excess triflate, we can safely rule
out a mechanism for allene racemization involving rate-limiting
attack of triflate ion at the C2 allene carbon atom of a gold n’-
allene complex, as has been invoked for Pd"-catalyzed allene
racemization.”® In particular, the negative reaction constants
for the racemization of 1-aryl-1,2-butadienes (0" =—2.7-—2.8)
and 1-phenyl-3-aryl-1,2-propadienes (p*=—1.5) established
the depletion of electron density from the terminal allene
carbon atoms in the transition state for racemization relative
to the ground state n-allene complex. A mechanism involving
nucleophilic attack at the C2 allene carbon of an n’allene
complex would lead to the accumulation of electron density
on allene in the transition state for racemization relative to the
ground state, which is opposite the effect observed experi-
mentally. Rather, the observed dependence of the rate of
allene racemization on triflate concentration can be attributed
to the concomitant increase in solvent polarity, which had
a pronounced affect on reaction rate (see below).

Electronic structure of the rate-limiting transition state

All of our experimental observations are in accord with a transi-
tion state for allene racemization (cis,cis-TS1) that resembles
a bent and twisted n'-allene complex with diminished electron
density on the terminal allene carbon atoms and increased
electron density on the phosphine ligand relative to the
ground state n’-allene complex. In addition to the negative re-
action constants for gold-catalyzed racemization of 1-aryl-1,2-
butadienes (0" =-2.7-—2.8) and 1-phenyl-3-aryl-1,2-propa-
dienes (0" =-1.5), the large positive reaction constant (o=
2.5) for the racemization of (R)-2b catalyzed by p-substituted
triarylphosphine complexes (L)AuOTf (L=PPh,, P2-P5) estab-

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

lished the accumulation of electron density on the phospho-
rous atom in the transition state for racemization relative to
the ground state n*-allene complex. Together, these data es-
tablish the net transfer of electron density from the allene to
the (L)Au moiety in the conversion of ground state to the tran-
sition state for racemization.

The diminished reaction constant for racemization of 1-
phenyl-3-arylpropadienes (o* =—1.5) relative to 1-aryl-1,2-bu-
tadienes (o™ =-2.7-—2.8) established the lower electron
demand of the aryl-bound allene carbon atom in the transition
state for racemization of 1-phenyl-3-arylpropadienes relative to
1-aryl-1,2-butadienes. This observation suggests that distribu-
tion of positive charge between the terminal allene carbon
atoms in transition state TS1 is varied and depends on the rel-
ative electron-releasing abilities of the allene C1 and C3 sub-
stituents. It is worth noting that the second-order rate con-
stants (k) for racemization of (R)-3b and (R)-2a, both of
which contain a terminal p-bromphenyl substituent, differed
by only approximately 20% despite the superior electron-
donor properties of the phenyl group of (R)-3b relative to the
methyl group of (R)-2a. This observation points to steric desta-
bilization of transition state TS1 by the terminal phenyl group
of (R)-3b relative to the terminal methyl substituent of (R)-2a.

The reaction constants determined for the gold-catalyzed
racemization of 1-aryl-1,2-butadienes and 1,3-diaryl-1,2-propa-
dienes are less negative than those determined for the hydro-
chlorination of 1-aryl-1,2-propadienes (o+=—4.20“" and 1-
aryl-1,3-butadienes (o™ =—2.98)¥ in glacial acetic acid and for
the solvolysis of 1,3-diaryl-3-chloro-1-propenes (o™ = —3.1)*" in
60% aqueous acetone, particularly considering the nonpolar
reaction medium employed for gold-catalyzed allene racemiza-
tion. These comparisons suggest that significant positive
charge resides on the allene ligand of the ground state n*
allene complex for allene racemization. Indeed, the negative
reaction constant (0o=-—1.4) determined for the equilibrium
binding affinities of 1-aryl-1,2-butadienes to the (P1)Au™ frag-
ment established depletion of electron density from the C1
atom of bound allene relative to free allene. Furthermore, our
previous determination of a reaction constant of p=—3.4 for
binding of p-substituted vinyl arenes to the (P1)Au* fragment
suggests the reaction constant o= —1.4 significantly under es-
timates the extent of electron depletion from the allene upon
binding to gold.'”!

The observations noted in the preceding paragraph point to
the central role of m-activation in gold-catalyzed allene racemi-
zation, a contention that is further supported by the large pos-
itive reaction constant (0=2.5) for the racemization of (R)-2b
catalyzed by p-substituted triarylphosphine gold complexes. In
this regard, it is worth noting that we have previously docu-
mented the markedly greater electrophilicity of the twelve-
electron (P1)Au® fragment relative to cationic Ag,*® Pd"?"
and Pt"?? complexes through analysis of vinyl arene relative
binding affinities."” Therefore, to the extent that allene racemi-
zation reactivity tracks with the electrophilicity of the metal
complex, these data provide a rationale for the high reactivity
of cationic gold(l) complexes relative to related late transition
metal complexes as allene racemization catalysts.
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Analysis of solvent effects provides further insight into the
distribution of charge in the transition state for allene racemi-
zation. Because racemization occurs without the creation or
consumption of charge, the strong dependence of the rate of
racemization of 1-aryl-1,2-butadienes on solvent polarity (in
particular the >50-fold increase in reaction rate for racemiza-
tion of (R)-2b in 1,2-dichloroethane relative to toluene) points
to the localization of positive charge in the transition state rel-
ative to the ground state.*? More specifically, these observa-
tions suggest that in the ground state n*allene complex, posi-
tive charge is dispersed across the gold atom and phosphine
and allene ligands and becomes localized on the C1 allene ter-
minus in the transition state for racemization. In support of the
former contention, computational analysis of gold m-com-
plexes {(Ph;P)Au[n?*-H,C=C(H)-4-C¢H,Mel}* and [(Ph;P)Au(n?-
MeC=CMe)]* indicates more than 60% of the positive charge
resides on the phosphine and mi-ligands.” The significantly at-
tenuated effect of solvent polarity on the rate of racemization
of 1-phenyl-1,2-propadienes relative to 1-aryl-1,2-butadienes
points to greater delocalization of positive charge in the transi-
tion state for racemization of 1-phenyl-1,2-propadienes relative
to 1-aryl-1,2-butadienes. This conclusion is in accord with the
attenuated reaction constant for the (Ph;P)AuOTf-catalyzed
racemization of 1-phenyl-1,2-propadienes (p*=—1.5) relative
to 1-aryl-1,2-butadienes (p*=-2.7), which established more
equal distribution of positive charge between the C1 and C3
allene carbon atoms in the transition state for racemization of
1-phenyl-1,2-propadienes relative to 1-aryl-1,2-butadienes.

Relationship between the n'-allene species involved in
stereomutation and n-face exchange

Variable temperature NMR analysis of aliphatic gold m-com-
plexes established facile intramolecular n-face exchange of the
allene ligand without stereomutation."? To account for this be-
havior, we invoked the involvement of chiral, n'-allene inter-
mediates or transition states lll in which gold is bound 45° rel-
ative to the allene axes, presumably interacting with both p-or-
bitals of the central carbon atom (Scheme 4). Similar chiral n'-
allene species have been invoked to account for m-face ex-
change in platinum® and iron®**! m-allene complexes and
gold n'-allene species have been evaluated computationally.®*!
Germane to the present study, analysis of the 4,5-nonadiene
complexes 1a and 1b revealed two discrete m-face exchange
pathways associated with two diastreomeric n'-allene inter-
mediates/transition states that lay well below the transition
state for allene stereomutation (AG*=>17.4 kcalmol "):"?
a lower energy process (AG™=8.8 kcalmol™) involving either
the trans,trans-lll or cis,cis-lll that interconverts the allenyl pro-
tons of the more stable n-allene stereoisomer (cis-5 or trans-5)
and a higher energy process (AG*=9.7 kcalmol™") involving
cis,trans-ll that interconverts the n-allene diastereomers cis-5
and trans-5 (Scheme 4).'? Because these two processes
together led to complete interconversion of all four allene
protons of both cis-5 and trans-5, we have no information
regarding the energetics of the third n'-allene diastereomer
(trans,trans-lll or cis,cis-1ll).
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Scheme 4. Pathways for n-face exchange for gold allene complex 5.

From the observations outlined in the preceding paragraph,
two scenarios emerge for the relationship between the chiral
n'-allene species Il involved in mi-face exchange without ste-
reomutation and transition state TS1 leading to allene stereo-
mutation (Figure 7). The first scenario is that both species exist
along the reaction coordinate for allene stereomutation with
facile m-face exchange occurring via intermediate cis,cis-lll
which is superimposed on slower stereomutation via transition
state cis,cis-TS1 (Figure 7).*? The second scenario is that
a single cis,cis-n'-allene species is present along the reaction
coordinate for allene stereomutation and there is no m-face ex-
change without stereomutation, that is, cis,cis-lll and cis,cis-TS1
are the same species (Figure 7). Implicit in this scenario is that
the stereochemical fidelity of the n'-allene species Ill is depen-
dent on stereochemical configuration and whereas n'-allene
species trans,trans-lll and cis,trans-lll maintain configurational
stability throughout mi-face exchange, cis,cis-n'-lll does not. Im-
plicit in both these scenarios is that cis,cis-lll is the highest
energy 1'-allene species involved m-face exchange, although
as noted above, our data do not distinguish between cis,cis-lll
and trans,trans-lll.

Of the two mechanistic scenarios outlined in the preceding
paragraph and depicted in Figure 7, we favor the former in-
volving two discrete n'-allene species along the reaction coor-
dinate for allene stereomutation. This contention is based on
the nominal effect that allene configuration has on the stabili-
ties of the chiral n)'- and n-allene complexes involved in the -
face exchange of 1b. Specifically, the two lowest energy chiral
n'-allene complexes, cis,trans-1ll and presumably trans,trans-lll,
differ in energy by <1 kcalmol™' and the n*allene diastereo-
mers cis-5 and trans-5 differ in energy by <0.5 kcalmol™".
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Figure 7. Reaction coordinate diagram for allene stereomutation via transi-
tion state cis,cis-TS1 with and without the intermediacy of the chiral
'-allene species cis,cis-ll.

These observations indicate that the cis or trans orientation of
the allene substituents have no significant effect on the stabili-
ty of the '~ and n’-allene species. It therefore appears unlikely
that the highest energy n'-allene diastereomer, presumably
cis,cis-lll, would be destabilized by >7.5 kcalmol™' relative to
cis,trans-lll.

Comparison of experiment and computation

Notable among the computational analyses of gold-catalyzed
allene racemization are the DFT analyses of the stereomutation
of gold(l) 2,3-pentadiene complexes {(L)Au[r-Me(H)C=C=
C(H)Mel}* [L=PPh,,® PMe;” and related complexes.'? These
studies invoke mechanisms involving unimolecular isomeriza-
tion of the chiral n>allene complex A to the planar n/'-allylic
cation complex B via the bent and twisted n'-allene transition
state C with energy barriers of < 12 kcalmol™' (Figure 8). These
calculations predict that relative to ground state A,“® transition
state C displays more pronounced bending (C1-C2-C3=130-
140°) and twisting (Me-C1-C3-Me=50-65°) of the C=C=C
moiety with accumulation of positive charge on both terminal
allenyl carbon atoms and diminished charge on the gold atom
(Figure 8). Computational analysis of the 1,2,4-pentatriene
complex {(Me;P)Aulr-Me(H)C=C=C(H)CH=CH,]}* (6) predicts
that the conjugated vinyl group stabilizes both the bent n'-
allene species C and n'-allylic cation B relative to n*allene
complex A to the extent that allylic cation B becomes the
ground state, lying 1.0 kcalmol™' below A and 2.3 kcalmol™'
below C.¥!

The computationally predicted transition state for stereomu-
tation of gold(l) 2,3-pentadiene complexes appears consistent
with our experimental observations, in particular the depletion
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Figure 8. Computationally predicted reaction coordinate for the stereomuta-
tion of gold allene complexes {(L)Au[n-Me(H)C=C=C(H)Me]}* (L=PPh,®
PMe;"). Energy values in kcalmol ™.

of electron density on the terminal allene carbon atoms and
the accumulation of electron density of the (L)Au fragment rel-
ative to the ground state m*-allene complex. However, as we
have noted previously,® there appears to be a significant
discrepancy regarding the computationally predicted
(8-12 kcalmol™) and experimentally determined (AG* >
17.4 kcalmol™) energy barriers for stereomutation of a 1,3-di-
alkylallene. Similarly, comparison of the experimentally deter-
mined energy barrier for the racemization of (R)-2b in toluene
(AG*=16.9 kcalmol™') relative to the structures calculated for
the 1,2,4-pentatriene complex 6 suggests that computation
also over estimates the extent to which a conjugated group
stabilizes the bent n'-allene species and n'-allylic cation, with
the caveat that the phenyl group of (R)-2a might sterically de-
stabilize the transition state for allene stereomutation relative
to the vinyl group of 6. Also worth noting is that computation
gives no indication of the existence of two types of n'-allene
complexes. Computation does indeed predict that the bent
cis,trans- and trans,trans-n'-allene transition states collapse to
the corresponding n’-allene complexes without stereomuta-
tion, but also predicts that these transition states are higher in
energy than is the bent cis,cis-n'-allene transition state leading
to stereomutation.®*'?

Conclusions

We have analyzed the kinetics of the racemization of 1-aryl-
1,2-butadienes and 1-aryl-3-phenyl-propadienes catalyzed by
cationic gold(l) phosphine complexes. The results of this study
are consistent with a mechanism for racemization involving
rapid and reversible inter- and intramolecular allene exchange
followed by turnover-limiting, unimolecular conversion of
a chiral cis-n*-allene complex (cis-I) to an achiral cis,cis-n'-allylic
cation intermediate (cis,cis-ll) via a bent and twisted n'-allene
transition state (cis,cis-TS1). In a nonpolar solvent, such as tolu-
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tadiene [(R)-2c] catalyzed by (P1)AuCl/AgOTf. The free energy
of the former transformation is lowered by AAG™
> 2 kcalmol™" in the more polar solvent 1,2-dichloroethane.

Hammett analysis of the gold-catalyzed racemization of aryl
allenes as a function of both the allene and phosphine ligand
established the depletion of electron density on the terminal
allene carbon atoms and the accumulation of electron density
on the phosphorous atom in the transition state for stereomu-
tation relative to ground state n*allene complex. Comparison
of the effects of solvent polarity and allene electron density on
the rate of racemization of 1-aryl-1,2-butadienes and 1-aryl-3-
phenyl-propadienes indicates that in the former case, positive
charge is localized on the C1 allene position in the transition
state for stereomutation while in the latter case, positive
charge is more evenly distributed between the C1 and C3
allene positions in the transition state for stereomutation.
These data also point to the significant delocalization of posi-
tive charge onto the phosphine and allene ligands in the
ground state n*-allene complex. The depletion of electron den-
sity from the allene in the ground state n’-allene complex ap-
pears largely responsible for the high reactivity of cationic
gold(l) complexes as catalysts for allene racemization.

Our experimental observations regarding the effect of the
supporting ligand donor ability and solvent polarity on the
rates of gold(l)-catalyzed allene racemization provide additional
criteria to be considered in the proper selection of supporting
ligand and reaction medium for the gold(l)-catalyzed function-
alization of axially chiral allenes. However, as is the case with
allene racemization, the rate of nucleophilic addition to
a gold(l) m-allene complex likely increases with the decreasing
electron-donor ability of the supporting ligand and increasing
polarity of the solvent” For this reason, it appears unlikely
that a simple relationship exists between the electron-donor
ability of the ligand and solvent polarity and the extent of chir-
ality transfer, or conversely, the extent of allene racemization in
the gold(l)-catalyzed functionalization of axially chiral allenes.
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