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ABSTRACT: Density functional theory has been used to = ReR, _ (Z*'?f? R Z B
investigate the reactions of 1,5 enynes with alcohols in the R‘Jsgﬁﬁﬁg;ma" Bn
presence of a gold catalyst. We have compared the mechanism ro” | o R R

of the alcohol addition reaction for the enyne with that of the
enyne where the carbon at position 3 is replaced with silicon. Re Ry,

We find that different intermediates are present in both cases, ‘SQ‘ 2 T AL e :
and in the case of the silicon analogue, the intermediate that we R,;{ ) R?Jﬂc:uigpsl:ﬁng Ry

find from the calculations is different from any that have
previously been proposed in the literature. For the silicon
analogue we have been able to rationalize the observed effects of alcohol concentration and nucleophilicity on the product
distribution. For the carbon-based enyne we have shown why different products are observed depending on the substitution at
position 3 of the enyne. Overall, we have provided for the first time a consistent explanation and rationalization of several
different experiments that have been previously published in the literature. Our mechanism will assist in predicting the outcome

of experimental reactions involving different alcohols, reagent concentrations, and substitution patterns of the 1,5 enynes.

1. INTRODUCTION

It is well established that Au(I) catalysts are capable of
activating enynes' toward reaction with alcohols.”® For
example, Toste et al. showed that 1,5 enyne I reacts with
MeOH in the presence of Au(I) to give methoxycyclization
product IL* Kozmin et al. subsequently reported that the
intramolecular hydroxycyclization of 1,5 enynes with tethered
nucleophiles by Au(I) (or Au(Ill)) takes place in a similar
manner.” Another interesting type of methoxycyclization
product (IV) was found by Gagosz et al. via the Au(I)-
catalyzed reaction of MeOH with the 1,5 enynes III having
substituent(s) at C6.° The intermediate V was proposed to be
responsible for the formation of both the products II and IV;
the attack of methanol at C° gives II, while that at o gives IV
(see Scheme 1).*

In contrast, replacing the carbon tether at the 3 position with
a silicon atom” results in a change in the reaction mechanism.
Park and Lee observed that Au(I)-catalyzed reaction of 1,5
enyne VI with PrOH (1 equiv) affords alkenylsilane VIL® At
the same time, Toste et al. investigated a similar reaction in the
presence of a higher concentration of alcohols (3 equiv) and
found that, depending on the nature of heteronucleophiles,
different products are formed; when the heteronucleophile is
PhOH, product IX is formed, and when the heteronucleophile
is MeOH, product X is formed.” Several reaction mechanisms
and intermediates (XI,XII) have been proposed to account for
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the formation of products IX (or VII) and X. Echavarren
suggested that the formation of products may occur through
the nucleophilic attack of ROH to either Si or C° of bicyclic
intermediate XII. Alternatively, either the ring expansion of XII
or the 6-endo mode attack of the pendant alkene of substrate—
gold complex® could generate intermediate XII. This
intermediate (XII) can then be trapped by a ROH in either
Si or C° to give the corresponding products.”®® Another likely
possibility for the formation of IX (or VII) is rearrangement of
XII to the silyl cation XIII and then trapping of ROH by the Si
cation (Scheme 2).” These observations prompted us to
theoretically explore the reaction mechanism of gold-catalyzed
alcohol addition to 1,5 enynes. Ongoing research is principally
aimed at understanding how replacing the carbon tether at the
3-position with a silicon atom affects the mechanism of alcohol
addition to 1,5 enynes. Accordingly, we need to find which
intermediate(s) is formed during the course of the alcohol
addition reactions in the presence of a Au(I) catalyst. The
dependency of the regioselectivity of the nucleophilic attack on
the nature of ROH and substrate will be evaluated in this study.
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2. COMPUTATIONAL DETAIL

Gaussian 09" was used to fully optimize all the structures reported in
this paper at the B3LYP level of density functional theory (DFT)."!
The effective core potential of Hay and Wadt with a double-£ valence
basis set (LANL2DZ)"? was chosen to describe Au. The 6-31G(d)
basis set was used for other atoms.'> A polarization function of & =
1.050 was also added to Au.'* This basis set combination will be
referred to as BS1. Frequency calculations were carried out at the same
level of theory as for structural optimization (see Supporting
Information). IRC'® calculations were used to confirm the
connectivity between transition structures and minima. Because recent
studies have established that M06 predicts the activation energies
more accurately than B3LYP,'” we carried out single-point energy
calculations for all the structures with a larger basis set (BSZ) at the
MO6 level. BS2 utilizes the quadruple-¢ valence def2-QZVP'® basis set
on Au and the 6-311+G(2d,p) basis set on other atoms. The solvation
energies were calculated using BS2 on gas-phase optimized geometries
with the CPCM solvation model'? using dichloromethane as solvent.
To estimate the corresponding Gibbs free energies, AG, the entropy
corrections were calculated at the B3LYP/BSI level, adjusted by the
method proposed by Okuno® and finally added to the M06/BS2 total
energies. We have used the potential and Gibbs free energies obtained
from the MO06/BS2//B3LYP/BS1 calculations in dichloromethane
throughout the paper unless otherwise stated. The partial atomic
charges were calculated on the basis of natural bond orbital (NBO)
analyses.”' In this study, PMe; was used as a model for phosphine
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or 2_Si. In all the energy profiles the energy of the adduct is
used as a reference point.

3.1. Nucleophilic Addition of the Pendant Olefin on
the Alkyne Activated by Au(l) in 2_C. The nucleophilic
attack of the pendant alkene onto the alkyne coordinated to
AuPMe;" in 2_C through transition structure 1TS_C (AG* =
15.0 keal mol™") leads to the formation of bicyclic intermediate
3_C (Figure la). The reaction of 2 C — 3_C is calculated to
be —3.1 kcal mol™" exergonic. In supporting this result, other
theoretical studies also showed the easy formation of bicyclic
intermediates from 1,5 enynes.**

It is of interest to note that 3_C, through the electron flow
mechanism shown in Figure 1a, is capable of evolving to Au(I)-
allene complex 4_C with a reaction Gibbs energy of —1.8 kcal
mol™! by passing transition structure 2TS_C (AG* = 15.8 keal
mol™"). This result is not surprising, con51der1ng that Horino
and Toste proposed just one intermediate to account for
cycloisomerization reactions of both 1,5-enyne and 1,4-enallene
substrates.”> The Gibbs activation barrier for the conversion of
4_C to 3_C is about 2.6 kcal/mol higher than that of 2 _C to
3 C explalmng why the cycloisomerization of 14- enallenes
requires slightly higher temperature than that of 1,5-enynes.”’

3.2. Nucleophilic Addition of the Pendant Olefin on
the Alkyne Activated by Au(l) in 2_Si. Our calculations
show that the intramolecular reaction of the pendant alkene
with the Au-bound alkyne in 2 Si leads to formation of a
different intermediate (Figure 1b). The IRC calculations
confirm that transition structure 1TS_Si with a Gibbs activation

dx.doi.org/10.1021/ja308038z | J. Am. Chem. Soc. 2012, 134, 16882—16890



Journal of the American Chemical Society

15.0(12.7) Aul

215 C
12.7(8.9)

. 3.1 (-83) s g4
Aul . -49(-54) > F
2C o ,TC 4

" Aul
AuL Aul ac

(a)

LSi 2
o \I/

L Aul
. -~ PO s
Vi 3si / 1 12.8(9.8) 2T8_Si

L Aul 11.5(7.7)
9.7(4.2)
apERER

9.4(7.0)

.I-Si--/

-2
0.0 (0.0) 22(:25)

i
Aul
= 4 si

(b)

Figure 1. Energy profile calculated for nucleophilic addition of the
pendant olefin on the alkyne activated by Au(I) in (a) 2 C and (b)
2 Si. The relative Gibbs and potential energies (in parentheses)
obtained from the M06/BS2//B3LYP/BS1 calculations are given in
keal mol™.

barrier of 12.8 kcal mol™ never leads to the bicyclic
intermediate 3 Si and instead is connected to intermediate
4_Si. We noticed from computational searching that 3_Si is
not a local minimum. All attempts to locate this intermediate
led to 4_Si. In such a case, one can say that 2_Si is only able to
undergo a [3,3] isomerization and not a cycloisomerization
reaction. This is opposite to what we obtained for 2_C; in the
case of 2 C, the [3,3] isomerization reaction (formation of
4_C) cannot occur directly and must certainly be preceded by a
cycloisomerization reaction. This discrepancy could be due to
the high polarity of Si—C* bond in 3_Si; we optimized 3_Si by
fixing the bond length of C*—C* at 1.590 A and found that this
fixed structure lies 9.7 kcal mol™ above 2 Si. The NBO
calculations show that the Si—C? bond in the partially
optimized 3 _Si is strongly polarized toward the C? atom
(73.8% at C%), while the C°~C? bond in 3_C is predominantly
covalent in character. The polarization of Si—C? toward C?
causes the Si—C” & orbital to strongly interact with the C*—C*
o* orbital. This interaction pushes electron density away from
C*, promoting the electron flow mechanism shown in 3_Si in

Figure 1b and consequently does not allow the intermediate
3 _Si to be located as a local minimum.

We also found that 4_Si gains a significant stability through
the z-interaction between Si and the pendant alkene. The
contribution of this z-interaction to the stability of the silyl
cation 4 Si is estimated to be nearly 6.6 kcal mol™". This
estimation was obtained by optimization of a structure (4’_Si)
in which the C°~C' bond of 4 Si is rotated by 120°. The
rotation results in lengthening of the Au—C? bond by 0.082 A

3.286", \ 2.076

b
: Au |
Si-ch-c? 122.8 o

[2.379

4'_Si

Figure 2. Optimized structures with selected structural parameters
(bond lengths in A) for 4 Si and 4’ Si.

as well as shortening of the Au—Si and Si—C" bonds by 0.567
and 0.072 A, respectively (Figure 2). This rotation is also
accompanied by a widening of the Si—C’—C* bond angle by
29.9°. From these results one can propose two bonding

Scheme 3
R R=alyl R
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AN 4 ‘I/
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AuL AuL
a b

extremes for these two intermediates, silyl cation a and 1-
silaallene b in Scheme 3. The bond length changes discussed
above suggest that the participation of resonance form b in
4'_Si is significant. In contrast, the interaction of the pendant
alkene with Si in 4_Si polarizes the weak Si—C’ 7 bond toward
C’, thus considerably increasing the contribution of the a
resonance form to 4_Si.

According to our calculations, the cyclic intermediate XII, as
introduced in the Introduction section, is not located as a
stationary point on the potential energy surface (PES). In such
a case, only the silyl cation intermediate (4_Si) should be
responsible for the formation of products IX and X. Below, we
will show how this silyl cation intermediate interacts with ROH
to generate corresponding products.

3.3. Regioselective Nucleophilic Attack of ROH into
4_Si. The reaction of ROH with 4 Si may split into two
different pathways: either through the nucleophilic attack of
ROH at Si followed by proton transfer from the OH group to
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Figure 3. Energy profile calculated for regioselective nucleophilic addition of methanol to intermediate 4_Si. The relative Gibbs and potential
energies (in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations are given in kcal mol ™.

C" (pathway I) or through nucleophilic attack of ROH at C°
and subsequent proton transfer (pathway II) (Figure 3). Recent
theoretical studies have demonstrated that Au(I)-catalyzed
alcohol addition reactions at least require two ROH
molecules.” One of them acts as a nucleophile and the other
as a proton shuttle. To follow this strategy in this study, we
consider the H-bonded adduct of two ROH molecules as a
model nucleophile for trapping the intermediates.*®

3.3.1. Regioselective Nucleophilic attack of MeOH into
4_Si (Pathways | and ll). As presented in Figure 3, methanol
can attack onto Si through transition structure 3TS_Si giving
intermediate 5_Si in an exergonic process (AG = —10.8 kcal
mol™"). The z-interaction between Si and the pendant alkene is
disrupted during the nucleophilic attack step; the distances
between Si and C=C midpoint are calculated to be 2.386,
2.526,and 4.216 Ain 4_Si, 3TS_Si, and §_Si, respectively. The
proton transfer in 5_Si occurs by hydrogen migration from O'
to O? and then from O to C" (Figure 3). The Gibbs activation
barrier and exergonicity for this step are computed to be 4.5
and 28.7 kcal mol™, respectively. Our calculations predict that
the nucleophilic attack of MeOH into Si should be slower than
the proton transfer.

There are two possible pathways (Ila and IIb) for the
approach of MeOH toward C°. In pathway Ila, MeOH attacks

Scheme 4

pathway IiV‘ROH

ROH

AulL

at C° from the same side of the Au catalyst, whereas in pathway
IIb it attacks from the opposite side of the catalyst (Scheme 4).

The attack via pathway Ila passes through transition structure
STS Si with an overall activation barrier of 14.2 kcal mol™
giving intermediate 7_Si (Figure 3). In comparison, the attack
via pathway IIb occurs in a barrierless fashion and leads to the
formation of 9_Si. This suggests that the nucleophilic attack via
pathway IIa is much more energy consuming than that via
pathway IIb. This is because a smaller orbital overlap is
predicted to exist between C? and Si in STS Si; C?
asymmetrically approaches Si in STS Si as evidenced by a
much larger angle for H2—C?-Si than for H'—=C%—Si (Scheme
5). In contrast, during the approach of methanol to C° via
pathway IIb, C? starts interacting with Si in a symmetric

dx.doi.org/10.1021/ja308038z | J. Am. Chem. Soc. 2012, 134, 16882—16890
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fashion, giving a maximum overlap between the C° and Si p
orbitals.

Both intermediates 7_Si and 9_Si are noticeably less stable
than §_Si (Figure 3), indicating that the nucleophilic attack of
MeOH to C° is thermodynamically less favorable than that of
Si. 7_Si can directly undergo proton-transfer reaction via
6TS_Si with a low activation barrier of 3.6 kcal mol™. This
reaction which leads to the formation of the corresponding
product is calculated to be exergonic by 28.0 kcal mol™. In
contrast, our calculations show that it is impossible for 9_Si to
undergo the proton-transfer reaction due to a greater distance
of the pendant methanol from C’; the MeO*H--C" distances in
9 _Si and 7_Si are 6.093 and 2.187 A, respectively (Figure 4).
In such a case, 9 Si needs to isomerize to 7_Si before the
proton-transfer reaction. The isomerization of 9 Si to 7_Si
occurs via transition structure 7TS_Si with a global activation
barrier of 13.1. This suggests that the isomerization is the rate-
limiting step for pathway Ila. However, we found that the
isomerization step can be omitted from the PES if at least two

more methanol molecules are bonded to the pendant methanol
of 9 Si. The newly formed intermediate, 10 Si, can now
undergo the proton transfer via 8TS_Si without isomerization
with an overall activation barrier of 9.3 kcal mol™" (Figure 3);
the MeO*H---C" distance in 10_Si is calculated to be 2.274 A
(Figure 4), a distance which is short enough in order for direct
proton transfer to occur.

It appears from Figure 3 that the transition structure 3TS_Si
lies 1.8 kcal mol™" higher than 8TS_Si and 4.5 kcal/mol lower
than 7TS_Si. These results suggest that the nucleophilic attack
of alcohols at C* is energetically more favorable than that at Si if
the necessary condition for the formation of a suitable
intermediate such as 10 Si is satisfied; otherwise the
nucleophilic attack occurs at Si. We believe that the formation
of such an intermediate, 10 Si, is most likely if the
concentration of alcohol is high enough. This claim could
exglain the experimental findings of Park and Lee® and Toste et

1” (Scheme 2). It can be inferred from these two works that
the nucleophilic attack of alcohols in Park and Lee’s experiment
occurs at Si, while that for Toste’s experiment occurs at C%;
Park and Lee used a 1:1 mixture of the alcohol and the enyne
substrate, while Toste et al. used a 3:1 mixture.

3.3.2. Regioselective Nucleophilic Attack of PhOH into
4_Si. We performed additional calculations using PhOH as a
nucleophile to compare reactivity of PhOH with MeOH in
trapping the silyl cation 4_Si. A very similar reaction energy
profile was obtained for the reaction of PhOH with 4 Si
(Figure S). As mentioned above (Scheme 2), the reaction of 1,5
enyne VI with PhOH in the presence of Au(I) afforded
alkenylsilane IX as the sole reaction product. Consistent with
the experimental observations, we found that the nucleophilic
attack of PhOH at Si (pathway I) is energetically more
favorable than that of C* (pathway II); 3TS_Si_Ph lies below
all the stationary points along pathway II (Figure S). The
reason for this can be explained in terms of the lower
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Figure 4. Optimized structures with selected structural parameters (bond lengths in A) for 7_Si, 9_Si, 10_Si, and 9_Si_Ph. Hydrogen atoms

(except for those on alcohols) have been omitted for clarity.
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Figure 5. Energy profile calculated for regioselective nucleophilic addition of phenol to intermediate 4_Si. The relative Gibbs and potential energies
(in parentheses) obtained from the M06/BS2//B3LYP/BS1 calculations are given in kcal mol ™.

nucleophilicity of PhOH as compared to MeOH. Indeed, the
lower nucleophilicity of PhOH makes the conversion to
9_Si_Ph much more endergonic than that to 9_Si, causing
the overall activation barrier for pathway II to increase. The
lower nucleophilicity of PhOH is reflected in the longer C°~O
bond in 9 Si Ph than in 9 Si; the C°*~O bond distance is
calculated to be 1.646 and 1.588 A in 9 Si Ph and 9 _Si,
respectively (Figure 4).

3.4. Regioselective Nucleophilic Attack of MeOH into
3_C. As stated in the Introduction section, the attack of
methanol on the bicyclic intermediate 3_C can take place at
cither C/ (pathway III) or C° (pathway IV). This step is
calculated to be a rate-limiting step for both these pathways

Scheme 6

ROH ROH

H
pathway IIIb\

€

H
]

!

pathway llla

(Figure 6). Two alternative pathways are also possible for the
attack of methanol at C/ (Scheme 6): the stereoselective
nucleophilic attack from the same side of the Au catalyst
(pathway Ila) and from the opposite side of the Au catalyst
(pathway IIIb). The stereoselective pathway I1Ib is calculated to
be energetically more favorable than pathway IIla; transition
structure 3TS_C is lower in energy than 4TS _C (Figure 6).
The preference for pathway IIIb can be related to a greater

Scheme 7

Pathway 1llb

Pathway [lla

orbital overlap between G and O and between C/ and C* in
3TS_C (Scheme 7). The greater overlap is reflected in shorter
C/—0 (2.134 A) and /—C” (1.980 A) distances in 3TS_C; the
/-0 and C/~C* distances in transition structure 4TS_C are
calculated to be 2.346 and 2.231 A, respectively (Figure 7).
Overcoming transition structure 3TS_C, intermediate 4 C is
formed. This intermediate is not capable of undergoing the
proton transfer and needs to isomerize to 5_C in order for the
pendant methanol to become closer to the C” atom. 5_C can
now convert to the corresponding product in a very exergonic
fashion via a transition structure in which the pendant methanol
acts as a proton shuttle. This transition structure (STS_C) lies
6.6 kcal mol ™" above 5_C, suggesting that the proton transfer is
an easy process.

In pathway IV, the activation barrier for methanol attack at
C® via transition structure 6TS C is found to be 15.6 kcal
mol~! (Figure 6). This attack results in intermediate 7 C.*°
The isomerization of 7_C to 8_C, which brings the pendant
methanol into the vicinity of C’, takes place with an activation
barrier of 5.2 kcal mol™". 8_C can then undergo the proton
transfer with an activation energy as low as 4.3 kcal mol™’ to
produce the corresponding product.
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@ enyne I with methanol leads to the formation of methoxycyc-
lization product IT (Scheme 1). However, as demonstrated by
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product is finally formed. Transition structure 6TS_C lies 2.8

keal mol™ below 3TS_C (F igure 6), implying that the pathway Figure 8. Relative Gibbs and potential energies (in parentheses) of
IV is energetically preferred over pathway III. This result is 3TS_Me, 3_Me, and 6TS_Me, in kcal mol™", obtained from the M06/
consistent with the experimental data that the reaction of 1,5 BS2//B3LYP/BS1 calculations.
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the same, that at G/ of 3_Me is 8.8 kcal mol™ lower in energy
than that of 3_C, indicating that the presence of two methyl
substituents in 3_Me renders the C/ atom more reactive toward
the nucleophilic attack. Indeed, those two methyl substituents
in 3_Me increase the electrophilicity of C, as evidenced by a
sufficient positive charge built-up at this atom; the partial NBO
charge on (' is calculated to be +0.084 and —0.351 in 3_Me
and 3_C, respectively. Our calculations show that the G'—C*
distance in 3_Me is 0.105 A longer than that in 3_C, while the
C*—C" distance in 3_Me is 0.019 A shorter than that in 3_C.
Based on these results, we believe that, in agreement with

Scheme 8

previous proposals,”>*” the structures of 3_C and 3_Me can be

described by a hybrid resonance between the two bonding
extremes: carbenoid ¢ and carbocation d (Scheme 8). Since the
stability of the tertiary carbocations is much greater than the
primary carbocations, the contribution of the carbocationic
form d to the structure of 3_Me is more significant. The
increased participation of resonance form d in the bicyclic
structure increases the electrophilic character of C/, making it
more susceptible to nucleophilic attack.

3.5. Summary of the Proposed Reaction Mechanisms.
From the results of the calculations, we can summarize the
mechanism for the Au(I)-catalyzed reaction of alcohols with
enynes as follows (Scheme 9). For the enynes having a silicon
atom at 3-position (Scheme 9a), the silyl cation int_Si is first

formed in the presence of a Au(I) catalyst. This intermediate
can then be trapped by the nucleophilic addition of an alcohol
at either Si giving P1_Si or C° giving P2_Si. Our calculations
suggest that the nucleophilic addition at Si is favored if the
concentration of alcohol is low enough or a ROH with a low
nucleophilicity, such as PhOH, is used, otherwise the
nucleophilic attack occurs at C°. In contrast, for the enynes
having a carbon atom at 3-position, the bicyclic intermediate
int_C is definitely formed first (Scheme 9b). This intermediate
is subsequently trapped by the nucleophilic attack of an alcohol
at either C° giving P1_C or C/ giving P2_C. The nucleophilic
attack occurs at C if the substituents on Cf are not hydrogen,
otherwise the attack takes place on C°.

4. CONCLUSION

In this work, we have been able to rationalize, using DFT
calculations, the different regioselectivities observed exper-
imentally for the Au(I)-catalyzed addition of alcohols to 1,5-
enynes. Specifically, our calculations support the notion that
nucleophilic attack of the pendant alkene onto the alkyne,
which is activated by coordination to Au(I), does not always
lead to the formation of a bicyclic intermediate. In this regard,
we find that the nature of the bond between atoms 3 and 4
plays a pivotal role in governing the structure of the ensuing
intermediate. When the bond between atoms 3 and 4 is more
jonic in character (i.e, with increasing negative charge on
position 4), then the reactive intermediate is formed via a [3,3]
isomerization process. In contrast, when the bond is more
covalent in nature, a bicyclic intermediate is formed by way of a
cycloisomerization reaction. In the context of this work, 1,5-
enynes containing a silicon at position 3 undergo an initial [3,3]
isomerization, affording a silyl cation and not a bicyclic species.
The differing regioselectivity of the Au(I)-catalyzed addition of
alcohols to 1,5-enynes is therefore attributed to the nature of
the intermediates. Different reactive intermediates have differ-
ent active sites toward the nucleophilic attack of ROH, thereby
generating different products.

Scheme 9

Iﬂl'r’) n
trangfer

in the presence of
a low concentration
af ROH
or an alcohol with . ROH

RoH low nucleophilicity T ] 3
the attack of ROH RQ% ./ v the attack of the ROH
at the Si atom Ry at the C atom
Aul
int_Si

(a)

the attack|of the ROH

he attack| of the ROH .
e Qe e at the C* afom if R = H

at the ¢ afom if R + H

ROH ROH
int_C
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