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Overriding the Alkynophilicity of Gold: Catalytic Pathways from
Higher Energy Au(I)-Substrate Complexes and Reactant
Deactivation via Unproductive Complexation in the Gold (I)-
Catalyzed Propargyl Claisen Rearrangement

Dinesh V. Vidhani, John W. Cran, Marie E. Krafft* and Igor V. Alabugin*

Computational and experimental analysis of unusual substituent effects in the Au-catalyzed propargyl Claisen rearrangement
revealed new features important for the future development of Au(I) catalysis. Despite the higher stability of Au-alkyne
complexes, they do not always correspond to the catalytically active compounds. Instead, the product emanates from the higher
energy Au(I)-oxygen complex reacting via a low barrier cation-accelerated oxonia Claisen pathway. Additionally, both intra and
intermolecular competition from other Lewis bases present in the system, for the Au(l) catalyst, can lead to unproductive
stabilization of the substrate/catalyst complex, explaining hitherto unresolved substituents effects.

Introduction

Gold-catalyzed cycloisomerizations and rearrangements
of m-rich substrates find multiple applications in organic
synthesis." The common guiding principle in the design of
Au-catalyzed organic reactions relies on the well-precedented
“alkynophilicity” of gold.?> Coordination at the triple bond
increases alkyne electrophilicity and provides the rational
foundation for the development of new Au-mediated reactions
of alkynes. However, successful optimization of such
catalytic processes in the presence of other functionalities
relies on our knowledge of the low energy mechanistic
pathways opened by catalyst/substrate interactions and on the
understanding of how these pathways are influenced by the
choice of reaction conditions and substituents.

Recently, Toste et al. reported an intriguing finding that
both electron donors and electron acceptors at C4 (entries 1, 3
and 4, Table 1) slow down the Claisen rearrangement of
propargylic vinyl ethers compared to the substrate with the
unsubstituted phenyl ring (entry 2, Table 1).?

Table 1. Experimental investigation of the gold(I)-catalyzed
propargyl Claisen rearrangement performed by the Toste group.

~ Y

o 1) 1D/(D: &fzgpAu)so]BFA N o

X R 2) NaBH, /MeOH p
Entry X R % Conv.  Time
1 OMe n-C4Hg 89 12h
2 H A N"oTBS 89 0.5h
3 CF3 CHs 86 19h
4 Br n-CsHq 96 6.5h

Considering the “alkynophilic” properties of Au(l), the
above processes are expected to originate from the
nucleophilic attack of the vinyl ether on the Au(I)-coordinated
alkyne. However, in our experimental study of the allenyl
vinyl ether Claisen rearrangement, we observed products
emanating from the coordination of Au (I) cations to the vinyl
ether (VE) moiety in the presence of an allene moiety.*
Considering the similarities between the allenyl vinyl ether
rearrangement and the propargyl Claisen rearrangement
reported by the Toste group, we undertook a mechanistic
study into the nature of these Au-catalyzed processes.

Results and Discussion

Our experimental design kept substituents at the terminal
alkyne atom constant while varying donor and acceptor
groups at the carbinol carbon as in the Toste’s study. Despite
the differences in the accelerating effects of the Ph;PAuSbF
and [(Ph;PAu);0]BF, catalysts used in the two studies, we
observed the same unusual trend in which both electron
donors and acceptors slowed down the reaction (Table 2).

Table 2. Experimental substituent effects in the PhsPAuSbFs-
catalyzed propargyl Claisen rearrangement.

o 1) 0.05% PhyPAUShFg
CH,Cl,, 1t, 5 min HO,
N
X 0.05M Hexyl ) NaBH, /MeOH Hexyl
Substrate X % Conv." Allene
1 OMe 21 7
2 Me 28 8
3 H 100 9
4 Cl 60 10
5 CF; 5 1
6 CN Trace” 12

“Conversion in 5 minutes."100% conversion could only be achieved
with 5% catalyst.

To understand the origin of this anomalous trend, we
applied DFT calculations to the Au-catalyzed and uncatalyzed
rearrangement of these substrates (see Computational
Methods). The uncatalyzed rearrangement was taken as the
reference point. Comparison of B3LYP/LANL2DZ and
B3LYP/6-31G(d,p) results for the non-catalyzed reaction (SI
section) found that the difference between the two basis sets
is small and suggested that the B3ALYP/LANL2DZ level is
suitable for the further computational study.

Table 3. Computed activation and reaction energies (kcal/mol) for the
uncatalyzed Claisen rearrangement of aryl substituted propargyl vinyl
ethers at the BALYP/LANL2DZ and B3LYP/6-31G(d,p) levels.

o Ea, Ea, NICS,
AT kcal/mol kcal/mol® ppm?
N (LANL2DZ)
15 Ph TS1y4 22.3 23.4 -18.9
16 PhNH, TS2yw; 21.4 22.6 -17.6
17 PhNO, TS3no2 22.0 23.4 -19.2

“B3LYP/6-31G(d,p) level
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The energies of the twist-boat and the twist-chair
transition states are similar. Their geometries suggest
concerted weakly asynchronous pathways similar to the
uncatalyzed Claisen rearrangement of allyl vinyl ethers. The
negative NICS values® in the geometric center of the forming
rings confirm the aromatic nature of these transition states
(Table 3).

Analysis of the Au-catalyzed reactions included three
alternative mechanisms A-C based on the three Au-
coordinating sites of the substrates® (Scheme 1Error!
Reference source not found.). The computed complexation
energies suggested an interesting coordinating preference:
vinyl ether>oxygen>alkyne.”

Cyclization-Mediated Rearrangement (6-endo-dig)

o [ by o{”\ 0 2 )\
Ar /\\\ — Ar )\+/\ —
[Aug 8au 1Au] [ s1aul

A -36.9kcalmol TS,

11 Cation-Accelerated Oxonia Claisen Rearrangement
r 1%

@ ®
[Au] O X [Au] \% AUl
— Y H —
Ar A A XN
B-413kcalimol Tsg ) Ar

u Re@arrangement via Activation of Vinyl Ether

5 - Lot
59 P o {,\é.[Au] (Au-
" /\

L e Ar
C -48.1 kcal/mol TSc

Scheme 1. Three mechanistic alternatives A-C for the Au(I)-
catalyzed propargyl Claisen rearrangement and B3LYP/6-31G(d,p)
binding energies for the three complexes.

A. Cyclization-mediated rearrangement and a “conce-
aled” TS. The cyclization-mediated pathway® was originally
considered for the [(PhsPau);O]BF,-catalyzed propargyl

Claisen® and propargyl ester’ rearrangements by Toste and

View Article Online

In concurrence with the earlier computational findings of
the Toste group,”'¢ we found only a single TS along this path
and even an extensive IRC search could not locate a
stationary point for the six-membered intermediate. The NICS
and the HOMA'"? calculations for the three substrates showed
moderately aromatic and asynchronous transition states
(Table 4). Trends in the gas phase and solvent calculations
were similar (Table 4).

Several TS features are unusual and correspond to a
stepwise process occurring via a six-membered intermediate
instead of a concerted process. In particular, the C3-O4 bond
cleavage (1.47->1.54 A) (Figure 1Error! Reference source
not found.) was noticeably less pronounced in comparison to
that in the uncatalyzed rearrangement (1.49->2.03 A)."

136 ‘v—“

{2310 1,560 2340

1370, 1,370 ¢
1.360 e 2 1. 1(00‘;)" %

s
1,536 | 4 2 290 1541

T’;ﬁ lzm ( __J:risuu fz‘)u r o.rj:,—\ﬁ e ’*10
l' _\ |

AP AP~ A~
-i,— I ‘~1;-f | 1
TSanH2) TSawm) TSamo2)

Figure 1. B3LYP/LANL2DZ TSs for the gold(I)-catalyzed
cyclization-mediated Claisen-rearrangements of the three aryl-
substituted propargy! vinyl ethers.

The unusual reaction path, where the second “concealed”
transition state'* is buried in the PES continuum, combines
the characteristics of a stepwise and a concerted pathway.'
Although the IRC calculations did not locate the second
transition state, the RMS gradient revealed the presence of a
shallow inflection (Figure 2) corresponding to the concealed
transition state of the Grob-type fragmentation. Moreover, the
NICS values showed the maximum aromaticity (-16.5 ppm)
as the system progresses from the TS towards this inflection
in a region where the calculated geometries are reminiscent of
the cyclic intermediate and the 2™ TS.

coworkers. The process is sensitive to reaction conditions: the 19 gpergy TS e
trapped cyclic products were absent when the reaction was _ =t S
performed in wet CH,Cl, but the formation of dihydropyran £ L o
derivatives was observed in wet dioxane.'® Our experiments = _
with Et;PauCl/AgBF, also did not detect the trapped cyclic = a":'fxm'gzl‘éry .
products in the presence of MeOH or -BuOH in CH,Cl, (See = N e
sn." 7 wd
Reactant
Table 4. BSLYP/LANL2DZ activation and reaction energies for the -18 eacan Product |
. -4 -2 o 2 a (-]
gold(I)-catalyzed propargyl Claisen rearrangements Intrinsic Reaction Coopdinate
o7 1 TS 0.003
. Enel’gy : .
A')}\\ E2 E AH® AG® AE® NICS® HOMA™ | | —— N LT
MesPAu = 4 5 N z
é M Concealed-TS"| gooz =
6.0 2,
Ph (7.3% 78 54 84 267 -129 0.57 E < _
PANH, 29 81 52 87 339 -128 057 S | e
2z @71 = : ' e T : RMS. gradient .
PhNO, 58 69 53 8.9 -24.3 -13.2 0.57 1o | Reactant Product| B
(6.8) - 2 0 2 a 5

“B3LYP/LANL2DZ optimized ~geometries. "M05-2X optimized
geometries. ‘GIAO/B3LYP/6-311+G(d, p). “Energies in parenthesis
include the solvation (CH,Cl;) correction.

Intrinsic Reaction Coordinate

Figure 2. B3ALYP/LANL2DZ IRC results for the gold(I)-coordinated
substrate 15 (path A).
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The calculated geometries also reveal the source of
selective stabilization for these “concealed” species: the Au
cation changes its binding mode from a relatively weak -
coordination at the alkyne to the much tighter 6-bonding at
the developing negative charge at C2 (the C2-Au distance
change: 2.245 -2.121 A).

The absence of a discernible six-membered intermediate is
consistent with our experimental findings whereas the
important role of gold as this reaction stage suggests that
slight modification in the nature of the catalyst (e.g., the
change from a mononuclear Au complex in our studies to the
multinuclear Au catalyst used in the work of Toste) or solvent
may indeed be sufficient for creating and trapping the cyclic
intermediate.

Although the calculated effect of substituents was
relatively small (Table 4 and Figure 1 in SI), the trend
indicated that, in contrast to the experimental substituent
effects in Tables 1 and 2, donors should accelerate the
reaction if it chooses to follow this path. Thus, we proceeded
further down the list of possible mechanismsError!
Reference source not found..

B. Cation-accelerated oxonia Claisen rearrangement.
Although cationic and anionic acceleration is well-
documented for Claisen'® and the oxy-Cope rearrangements,'”
this process depends on coordination of Au(I), a soft Lewis
acid, at oxygen instead of the polarizable m-bases. However,
the calculated complexation energies suggest that
coordination of the Au(I) catalyst to oxygen is favorable (vide
infra). This observation is consistent with our experimental
NMR ligand exchange studies where we observed the
preferential coordination of Ph;PAuSbF¢ to the ethyl vinyl
ether in presence of 1-hexyne'® and with the preferential
coordination of Au(I) to the vinyl ether in presence of alkyne
observed in the gas-phase study of Roithova et al.Error!
Bookmark not defined.

Although most bond distances display moderate changes,
the C3-04 and C1-C6 bonds are much more elongated in the
oxonia path than in the uncatalyzed and cyclization-mediated
rearrangements (Figure 3).

N . .
\ ~ =
Y \\ 1.348 1.374 » ¢ ‘3531372
0\;3_4&-;_5 g\’*’—y L2727
> '

2613 2289

: ; 2407
e, | 2508 3 S {
% 2 ot y 1,378 1.246
wﬂ-& 1.249 ¥
Y

' TSg(NH2) TSpw) TSg(no2)
Figure 3. B3LYP/LANL2DZ TSs for the Au(l)-catalyzed cation
accelerated oxonia Claisen-rearrangements

The IRC calculations showed a smooth potential energy
surface indicative of a highly asynchronous but concerted
pathway (Figure 4).

Both energy and geometry of the highly polarized
dissociative TS are profoundly influenced by the substituents
(Table 5). In particular, the degree of asynchronicity is lower
for the Ph, PhCF;, PhCN and PhNO, substituents (higher
HOMA and NICS values, Table 5). The effect of the electron
donating NH, group on the developing cationic center is even
more pronounced than in path A and leads to a highly
fragmented but noticeably stabilized TS.

View Article Online

Since our results for paths A and B could not explain the
unusually slow reaction for the electron donating substituents,
we considered the final mechanism via Au(I)-coordination at
the vinyl ether m-system.

s
N M
E\'\erg % -5
-5 = |
=5 10 S Maximum o
2 s aromaticity .
& closeto TS - -1
& 20 13
25 . . 15
2 Reactant o Product -
3 R
-8 -6 -4 2 0 2 4 5 8 10
Intrinsic Reaction Coordinate
Ts
0 -
e\’gy
. En F o004 =
£ 10 1 No — : 5
2 intermediate - -
5 :
E 20
= Rirs
25 4 el I ey
5o | Reactant e e Product o -
3
8 6 4 2 0 2 4 6 8 10

Intrinsic Reaction Coordinate

Figure 4. B3LYP/LANL2DZ IRC calculations for the gold(I)-
coordinated substrate 15 (path B).

Table S. Computed activation and reaction energies for the Au(I)-
catalyzed cation-accelerated oxonia Claisen rearrangement of aryl
substituted propargyl vinyl ethers at the BALYP/LANL2DZ level.

MesPAu, @
0T

ES AH® AG® AE® NICS® HOMA
Ar/\

Ar = PhNH; 4.9 3.7 58 -226 -126 0.23
Ar=PhOMe 6.8 6.1 50 -239 -14.0 0.52
Ar=Ph 8.8 7.3 89 -239 -156 0.74
Ar = PhCF; 8.4 6.9 9.7 -239 -156 0.75
Ar =PhCN 8.8 74 100 -253 -157 0.75
Ar = PhNO, 9.0 74 106 -26.2 -15.7 0.83

“Values calculated at the B3LYP/LANL2DZ level and expressed in
keal/mol. *Values calculated using GIAO/B3LYP/6-311+G(d,p) level

C. Au(I)-coordination at the vinyl ether. The calculated
transition states for this path display highly advanced C3-O4
bond cleavage with the concomitant cationic character
accumulation at C3 which is even more pronounced than for
the cation-accelerated oxonia Claisen rearrangement (Figure

1255 47 |2»7 1. zm] aml
> Ly 1 474
Toos z7xs hise
AL N 2025 2002 —
: 4 —
J 1’&9"277 Y - ‘ /I 357 . 270 1Y
il 133 -_._/|,156'-Z73
- r —',f" f/
- z
.-O/ Pl
: TScavm2) TScay TScoz)

Figure 5. B3LYP/LANL2DZ TSs for the gold(I)-catalyzed Claisen-
rearrangements emanating from a Au(I)-VE complex.

As a result, a strong accelerating effect of the donating
substituents is observed. Acceptors have a moderate
decelerating influence. However, all calculated barriers
remain significantly higher than for the previously discussed

3
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alternatives (Table 6). The calculated NICS values suggest
that the electron donating substituents at the carbinol carbon
stabilize the “fragmented-TS” while electron-withdrawing
substituents force the TS to adopt a more symmetric geometry
to avoid the build-up of positive charge on the carbinol
carbon.

Table 6. Computed activation and reaction energies for the Au(I)-

catalyzed Claisen rearrangement of aryl substituted propargyl vinyl
ethers emanating from a Au(I)-VE complex (B3LYP/LANL2DZ).
+

3
g'o /\'l,,AuPMea

EX AH® AG™ AE® NICSP
Ar %

Ar = PhNH; 251 237 250 -156  -8.1
Ar=PhOMe 265 247 262 -168 -8.8

Ar =Ph 28.7 269 278 -17.2 -9.9
Ar = PhCl 285 268 279 -176 -10.2
Ar= PhCN 202 274 285 -182 -10.9

Ar = PhNO, 298 285 277 -19.0 -11.7
All energies are in kcal/mol. “Calculated at B3LYP/LANL2DZ level.
bCalculated at GIAO/B3LYP/6-311+G(d,p) level

Curtin-Hammett analysis of the three pathways. The
relative energies of the three transition states and products are
presented in Figure 6 relative to the energies of the isolated
reactants. Although the Au(I)-coordinated vinyl ether
complex has the lowest energy, the transition state energy is
the highest among the three mechanisms. On the other hand,
the cation-accelerated and the cyclization-mediated
rearrangement are much closer in energies. The absolute TS
energy is lower for the cation-accelerated Claisen
rearrangement due to greater stability of the Au(I)-oxygen
complex compared to the Au(I)-alkyne complex (Figure 6).

{00 =— 58 ¢
gl o P . A~ k{’
IR s
- oN i 3 d 7 -
8 S ! —
H ©/\ e /‘VJ 195 ‘-’f://:»(
e A L
369 ¥ | *’*‘“{ r b B
,.f,:(/ﬁ L | "‘(J;?' 481 }(—*«f
\,E ' 637 T 'S: 65.3

Rearrangement via
Au(l)-VE Complex

Charge-accelerated
Oxonia-Claisen

Cyclization-mediated

Figure 6. Curtin-Hammett analysis of the three mechanisms.
Energies for the three pathway are given relative to the two non-
interacting reagents.

The positive slope in the cation-accelerated rearrangement
(slope = 2.8) and the rearrangement via Au(I)-coordinated
vinyl ether (slope = 2.9) suggested a build-up of a positive
charge on the carbinol carbon while slight negative slope for
the cyclization mediated pathway (-1.0) indicated
development of negative charge on the carbinol carbon
(Figure 7).

View Article Online

25 Relative energies based on the most stable complex

04 o mmemmmmmmtTTT -

————— y=29x+209
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Figure 7. Correlation of Hammett substituent constants and the
activation barrier for the three mechanisms (activation energies
adjusted based on Curtin-Hammett correction). Red dashed line
correspond to Au(I)-VE mechanism, blue-dashed line correspond to
cyclization-mediated rearrangement and the solid green line
represents cation-accelerated oxonia Claisen rearrangement.

Interestingly, the two low energy pathways converge at the
electron withdrawing nitro substituent. A mechanistic shift
towards a less-asynchronous pathway is predicted to occur in
order to avoid the build-up of positive charge on the carbinol
carbon.

Thus, the Curtin-Hammett analysis suggests a concerted
cation-accelerated oxonia Claisen pathway via a “fragmented-
TS” to be the most favorable among the three mechanisms.
This pathway accounts for the failed attempts of trapping the
six-membered intermediate. However, neither this path nor
the two higher energy alternatives cannot fully account for the
experimentally observed substituent effects.

Non-bonding interactions. In order to find a reason for the
remaining discrepancy between the experimental and
computational trends, we investigated the possibility of
formation of Au-complexes with the “unproductive” Lewis
bases present in the substrates. Our hypothesis was that the
interaction of Au(I) with the lone-pairs of heteroatom or the
electron rich m-systems that do not take part in the reaction
will influence the rate of the rearrangement. To test this
hypothesis, we investigated the effect of additives on the
rearrangement of vinyl ether 3 with unsubstituted phenyl
group on the carbinol carbon (Scheme 2).

1) 0.05% PhyPAUSHF¢

o 0.05M DCM, rt, 5 min Ph— HO
2eq. Additive
Ph \\ Hon

5

Y ) NaBH, /MeOH Hexyl
Additive: Yield:

Aniline, Benzonitrile, Bibenzyl, 0%

1,3,5 Trimethoxy Benzene °
Anisole 17%

>—< >_ §< None, MeCN, THF,
0\ Chlorobenzene 100%
Scheme 2. Effect of additives on the rearrangement

For electron withdrawing substituents, the rate is affected by
the electronic effect exerted by these groups on the
rearrangement and by catalyst coordination at the
heteroatoms. Both effects are decelerating. For the effect of
electron donors, it may also include coordination at the
aromatic m-systems. Indeed, when a sterically demanding t-
Bu group was introduced at the aromatic moiety, the
conversion improved from 28 to 100%. Clearly, this
reactivity increase stems from the steric protection offered by
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the bulky substituent, preventing the unproductive cation-mt
interaction with the Au(I)-catalyst (Scheme 3).

o

1) 0.05% PhyPAUSHF

g 0.05MDCM, rt, 5min R HO R Conv.

Nhexyl 9 Me 28%

R 2) NaBH, /MeOH 18£8y 100m
3,13 Hexyl

Scheme 3. Steric effect on the cation—r interaction.

Computational Methods

All stationary point geometries in the uncatalyzed and gold(I)
catalyzed Claisen rearrangements were optimized using the
B3LYP functional’® with LANL2DZ basis set,20 as
implemented in the Gaussian03 package.”' The effect of
solvent (dichloromethane: CH,Cl,) on the reaction barriers
was evaluated using single point calculations with the PCM
model at the SCRF-B3LYP/LANL2DZ level on the gas-phase
geometries. Performance of B3LYP method in studies of Au-
catalyzed reactions has been tested extensively.?? Frequency
calculations confirmed that equilibrium geometries have all
positive frequencies whereas transition state (TS) geometries
had only one imaginary frequency (see SI). To test for the
concerted nature of these reactions, the aromaticity of the
selected TSs was examined using nucleus independent
chemical shift (NICS(0))*® and harmonic oscillator model of
aromaticity (HOMA) methods. The Nuclear Independent
Chemical Shift (NICS(0)) method introduced by Schleyer is
one of the most commonly used, convenient and informative
ways to study the aromaticity. It had been successfully
applied to a wvariety of unusual structures, reactive
intermediates and transition states and lent itself as a tool for

better understanding of the allenic Claisen rearrangements.23
The NICS(0) values for the Au(I)-containing species were
calculated by the NMR-GIAO procedure at the
B3LYP/LANL2DZ level. The B3LYP/6-311+G(d,p) level
was used to compute NICS(0) values for non-catalyzed TSs.
The HOMA, which is the geometry-based criteria of
aromaticity, was calculated using the transition state geometry
of the standard Claisen rearrangement of the allyl vinyl ether
as a reference point (See SI for the detailed calculations).
Intrinsic reaction coordinate (IRC) calculations were used to
search for intermediates and additional transition states.

Conclusions

In summary, the combination of experimental and
computational studies of the Au-catalyzed propargyl Claisen
rearrangement provided us with the new insights into the
fundamental factors controlling the efficiency of Au(l)
catalysis. Significantly, it was found that the product
emanates from the higher energy Au(I)-oxygen complex,
reacting via a low barrier cation-accelerated oxonia Claisen
pathway, rather than via the more stable Au(I)-VE complex.
Furthermore, calculations show that the “cyclization-
mediated” pathway originating from the Au(I)-alkyne
complex may be the kinetically competitive rearrangement
mechanism as well.

From mapping the reaction potential energy surface with
nucleus independent chemical shift, a predicted 2™ TS for the
cyclization-mediated pathway was found to be buried in the
PES continuum. Stabilization of the 2™ TS and related
intermediate by coordination to the Au-catalyst explains why
this TS, corresponding to the Grob-type fragmentation, is

View Article Online

concealed and the “cyclization-mediated” process avoids the
cyclization and follows instead an asynchronous concerted
pathway.

Finally, the decelerating effect of electron donor groups was
investigated through an experimental study of the effects of
additives. The origin of this reaction deceleration, not
predicted by computational study, was revealed to be the
result of unproductive coordination of Au(I) to either the
electron rich m-systems or the heteroatomic Lewis bases
which led to the stabilization of the starting materials.

These findings should help to shed light on other metal-
mediated alkyne reactions and aid the development of new
gold(I) catalyzed reactions.
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Computational and experimental analysis of unusual substitueiit
effects in the Au-catalyzed propargyl Claisen rearrangement revealed
new features important for the future development of Au(I) catalysis.
Despite the higher stability of Au-alkyne complexes, they do nat
always correspond to the catalytically active compounds. Instead, the
product emanates from the higher energy Au(I)-oxygen complex
reacting via a low barrier cation-accelerated oxonia Claisen pathway.
Additionally, both intra and intermolecular competition from othe1
Lewis bases present in the system, for the Au(l) catalyst, can lead tc
unproductive stabilization of the substrate/catalyst complex,
explaining hitherto unresolved substituents effects.
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