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O-Directed free radical hydrostannation of the b-cyclopropyl propargyl alcohol 57 with stannanes and
cat. Et3B in THF/H2O or PhMe/MeOH failed to deliver any of the expected products of a-stannylvinyl
cation capture. Instead only a-stannyl-b-cyclopropylvinyl radical intermediates were detected, which
underwent fast H-atom abstraction and/or cyclopropane ring-opening as a result of eliminative b-scis-
sion. A second alkynol probe 23 was also studied in this O-directed free radical hydrostannation process.
It gave rise to an a:b stannyl radical addition regiochemistry that changed markedly in favor of the a-
adduct (26) when the reaction was conducted at high stannane concentrations. This outcome confirmed
that OeSn coordinative control must be responsible for the strong a-regiochemical preference of
hydrostannations run at higher stannane concentrations, since a non-coordinative, electronically-
controlled, stannyl radical addition would always give rise to a fixed and identical ratio of a:b-
regioisomers. The formation of 27 further confirmed the exclusively free radical nature of these reactions.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The Ph3SnH/cat. Et3B/O2 variant of the O-directed hydro-
stannation [1e3] of propargyloxy alkyl acetylenes is a reaction of
outstanding utility for the highly stereocontrolled creation of (Z)-
trisubstituted alkenes of general structure 4, when allied with IeSn
exchange [4] and typical Pd(0)-catalyzed cross coupling procedures
such as the Baldwin/Lee variant [5e7] of the Stille cross-coupling,
the Suzuki reaction [4], the Negishi and Sonogashira cross
r Ltd. This is an open access articl
couplings [4], and Pd-catalyzed carbonylation [4] (Scheme 1).
The high fidelity of this alkyne hydrostannation process has now

been demonstrated in many highly complex settings including in
our (þ)-pumiliotoxin B [8], (�)-(3R)-inthomycin C [6] and
(þ)-acutiphycin [7] total synthesis ventures.

Given the superb performance of this room temperature (rt)
hydrostannation process, there has been substantive interest in
understanding the key events that control its impeccably high (Z)-
stereoselectivity and its remarkable a-regioselectivity, which al-
ways positions the tin substituent proximal to the original prop-
argyloxy group (Scheme 1) [1,9]. One particularly important finding
has been that the reaction must be conducted at quite high sub-
strate concentrations with excess Ph3SnH in order to observe very
e under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Scheme 1. The Hale-Manaviazar O-directed free radical hydrostannation route to
stereodefined trisubstituted alkenes [1e4].

Scheme 2. The mechanism [1,9] of the room temperature (rt) O-directed free radical
hydrostannation with Ph3SnH/cat. Et3B, which hereafter will be referred to as mech-
anism 1. It evolved out of an earlier highly insightful mechanistic proposal by Taddei
and Nativi [11] for the high temperature neat Bu3SnH/AIBN variant of this reaction.
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high levels of stereo- and regiocontrol. While occasionally b-
regioisomeric adducts are very rarely encountered in these pro-
cesses, these are generally only ever observed as very minor
products at quite low stannane concentrations [2], and when they
are met, they usually always possess an alkene geometry where the
b-Sn substituent is positioned syn with respect to the original
propargyloxy group, presumably because of the profound O-
directing effect that operates in these reactions [1].

With regard to the mechanism [1,9] of the rt O-directed
hydrostannation with Ph3SnH/cat. Et3B/O2 (Scheme 2, mechanism
1), and contrary to all suggestions otherwise [10], such reactions are
entirely free radical in their nature [1,9], proceeding by way of an O-
coordinated triphenylstannyl radical 6which preferentially adds to
the a-carbon of the acetylene due to its extremely close proximity
to the internally coordinated Ph3Sn. radical.

It is thought that the initial O-coordination event [11] between
the Ph3SnH and the propargyloxy substituent not only serves to
weaken the SneH bond of 5, it also helps to facilitate formation of
the O-complexed Sn-radical 6, while also electronically stabilizing
that radical, and magnifying steric crowding around the central Sn
atom, to give it much greater persistence in solution than would
otherwise be found for the corresponding uncomplexed Ph3Sn.

radical. It is entirely possible that the OeSn complexation within 6
synergistically enhances both the nucleophilicity and electrophi-
licity of this radical, to help promote its addition to the a-acetylenic
carbon to give 7, in a phenomenon that we have recently termed
“Internal Ligand Enhanced Radicalophilicity” [1], which we consider
to be electronically analogous to a captodative effect.

Following internal Sn-radical addition [1,2,9,11], a rapidly
inverting pair of a-stannylvinyl radicals (Z)-7 and (E)-7 is thought
to form, in which the (Z)-invertomer is usually energetically
preferred, due to it experiencing much greater hyperconjugative
stabilization [1,9,12e14] from the b-Sn-substituent than its (E)-
stannylvinyl radical counterpart (E)-7. The (Z)-7 radical also does
not suffer from the high A [1,3] strain that is typically present in (E)-
7. These two effects also likely operate in the transition states for H-
atom abstraction from the Ph3SnH, which will be far less sterically
encumbered andmore favourable for (Z)-7 than theywill be for (E)-
7, with the result that the (Z)-configured vinylstannanes (Z)-2 al-
ways emerge as the predominant products.

Although an O-coordinated b-addition can potentially lead to
(Z)-8 being formed, attainment of this transition state will gener-
ally be far less favorable than attainment of the transition state for
a-addition, due to the b-acetylenic carbon being much further
removed from the O-coordinated Sn radical than its a-carbon
counterpart. Once formed, the (Z)-8 b-adducts may potentially
experiencemore persistent OeSn through-space interactions, post-
addition, than their (Z)-7 a-stannylated counterparts, and this in-
ternal semi-coordination might just be sufficient to electronically
weaken the vinylic CeSn bonds in these intermediates, to help
promote their rapid b-scission back into 6. Naturally, such an event
would tend to greatly favor formation of the (Z)-7 a-adducts and
their so-derived products (Z)-2 due to these adducts now lacking
this OeSn coordinative interaction.

In support of such mechanistic thinking have been a large
number of X-ray crystallographic analyses [1,9] of a-vinylstannanes
of general structure (Z)-2 where R¼H, which have each revealed
that there is no significant internal OeSn coordinative interaction
between the allylic-OH and the Sn atom. As well as this, X-ray
crystallographic studies of the (Z)-configured vinyl triarylstannanes
10 [15],11 [16] and 12 [17] have each revealed that there is a strong
internal O-coordinative interaction between the allylic-OH group
and the central Sn atom in these b-adducts, and it is only to be
expected that the presence of an additional alkyl group on the b-



Scheme 4. Alabugin and coworkers' [12] tandem radical cyclization route to the
naphthylstannane 21 from the diyne 15 and the computational chemistry calculations
that support this mechanism for the conversion of 15 into 21.

Scheme 5. The fact that the a:b-addition regiochemistry varies with changing Ph3SnH
concentration at rt, and that a vinyl radical cyclization product 27 is formed, confirms
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carbon atom might enhance such an interaction, by virtue of the
alkyl group sterically butressing the Ph3Sn substituent towards the
allylic OH.

Other evidence in support of the OeSn coordinative model
[1,9,11,12,14] of a-regiocontrol comes from the Alabugin team's DFT
and NBO (natural bond orbital) calculations [12] on the
propargylically-oxygenated aryl acetylene 13 (Scheme 3) which
have indicated that the intermolecular nO/s*SneC OeSn radical
complexation event is highly favourable and exothermic to the tune
ofDE¼�2.5 kcalmol�1; nO/nSn OeSn radical complexation is also
highly beneficial (DE¼�3.8 kcalmol�1). Alabugin and coworkers'
calculations [12] further reveal that when the O-coordinated Sn-
radical adds to the a-acetylenic carbon of 13, the process is spon-
taneous and strongly exergonic (DE¼�16.4 kcalmol�1), it having
only a quite low activation energy barrier of Ea ¼ þ4.2 kcal mol�1.

According to the Hammond postulate, high exothermicity for a
chemical process is generally indicative of an early reactant-like
transition state, which, in this instance, would only help to
further confirm that OeSn coordination is playing a very substan-
tive role in helping to direct the triphenylstannyl radical to the a-
position. Significantly, Alabugin's calculations [12] do not show any
marked OeSn coordinative interaction persisting within the (Z)-a-
stannylvinyl radical adduct 14, which is illuminatory, since this
would be predicted to be destabilizing, if it did occur. Alabugin's
observations [12] thus completely align with our own X-ray crys-
tallographic studies [1,9a] on a range of vinyl triphenylstannanes of
general structure (Z)-2.

Prior to this highly informative molecular modeling of 2015 by
the Alabugin team [12,13], and their accompanying tandem radical
cyclization studies (Scheme 4) [12], the strongest experimental
support for an entirely free radical, predominantly O-directed,
mechanism for these reactions (mechanism 1) [1,2,9] came from
our own 2005 rt work [9] on the free radical hydrostannation of
alkynol 23 [9a] (Scheme 5), which gave rise to the b-stannylvinyl
radical cyclization product 27, alongside the a-vinylstannane 26, in
product ratios that varied significantly with changing Ph3SnH
concentration.

Now with regard to those experimental findings on 23, because
quite dramatic changes were seen in the a:b-addition ratio when
the alkynol 23 was hydrostannated at different stannane concen-
trations (see Scheme 5), this provided very strong experimental

support for alkyne ground state polarity and electronic control not
being the primary determinants of regiochemical outcome in these rt
additions, for if such electronic factors were solely governing pro-
ceedings, then the regiochemistry of hydrostannation would never
change as the stannane concentration changed. Instead, the ratio of
Scheme 3. Alabugin and coworkers' computational calculations for the O-directed a-
mode of stannyl radical addition [12].

that an O-directed free radical hydrostannation mechanism must be operating in these
reactions.
26:27 would always remain fixed and constant.
It is clear, therefore, from our 2005 work [9a], which has been

augmented here (see the Results and Discussion section), that
higher stannane concentrations very strongly promote OeSn
complexation, and the operation of O-coordinative regiocontrol, and
this event very markedly favors formation of the a-addition product
26, while much lower stannane and substrate concentrations start to
strongly promote the mechanistic transition towards the non-
coordinative, intermolecular mode of tin radical addition (Scheme 6,
mechanism 2) which, at rt, ultimately favors a predominance of the
b-cyclization product 27 due to this mechanism operating exclu-
sively under electronic control.

Further evidence for mechanism 1 being the primary avenue of
hydrostannation has also come from an elegant competition
experiment devised by the Alabugin group [12], where a 1:1



Scheme 6. The electronically-controlled, non-O-directed, mechanism of free radical
hydrostannation (mechanism 2). This is the mechanism that is currently favored by
some [18] to explain the strong a-regiochemical preference of these hydrostannation
reactions. The reference 10 team [10d] also initially advocated mechanism 2 to explain
the a-selectivity that they had observed in these reactions. However, this mechanistic
explanation was later rejected by them in favor of their stannylvinyl cation mechanistic
hypothesis (mechanism 3) (see Scheme 8) [10a]. Critically, our prior 2005 work on the
probe 23 [9] very clearly demonstrated that mechanism 2 could only significantly
influence the regiochemical outcome of these rt stannyl radical additions at very low
effective stannane and substrate concentrations. Indeed, under the normal rt high
stannane concentration conditions that we typically employ for these a-regioselective
(Z)-selective hydrostannations, mechanism 2 appears to have little real influence [1,9].
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mixture of the two acetylenes 28 and 29 was submitted to high
temperature free radical hydrostannation with Bu3SnH/cat AIBN in
PhMe-d8 at 110 �C; a set of conditions that led to the
propargylically-oxygenated acetylene 28 reacting selectively and
with total exclusivity (Scheme 7). This result confirmed our earlier
O-directed postulate that: “H-atom abstraction occurs more readily
from the stannane of complex 5 (see Scheme 2 herein) than from
Ph3SnH itself” [9a].

A near identical outcome was observed by Curran and McFad-
den [18] in a later experiment run with Bu3SnH, catalytic AIBN and
Scheme 7. Alabugin and coworkers' confirmation of the higher reactivity of a
propargylically-oxygenated disubstituted acetylene in a direct comparative free radical
hydrostannation reaction conducted in the presence of a non-oxygenated disubsti-
tuted alkyne. Following their DFT/NBO studies on this reaction, and a consideration of
their own [12], Taddei's [11], and our prior work [9], Alabugin et al. concluded that an
O-directed mechanism (mechanism 1) must be operating in these reactions [12].
a 1:1 mixture of (but-2-ynyloxy)(tert-butyl)-dimethylsilane and
hex-3-yne in C6D6 at 80 �C. However, in their particular case, the
enhanced reactivity and exclusive a-regiocontrol observed for the
propargyloxy acetylene (93:7) were attributed to an electronically-
controlled, intermolecular, stannyl radical addition of the type
depicted in mechanism 2 (Scheme 6) [18], despite this being
significantly at odds with a large body of prior evidence, gathered
by ourselves [9a] and Alabugin [12], which all favored the operation
of mechanism 1.

Now although our hydrostannation work [9] on the probe 23
(Scheme 5) provided very strong and convincing experimental
support for the O-directed mechanism 1 strongly dominating the
hydrostannation outcome at higher stannane concentrations
[1,9,14] (Scheme 2), and the electronically-controlled addition
mechanism 2 only playing a minor role in these reactions, still,
another electronically-controlled mechanistic thesis (Scheme 8)
was advanced [10] over the period 2013e2014 (mechanism 3), by a
team who claimed to have gathered strong experimental support
for the intermediacy of stannylvinyl cation intermediates in these
hydrostannation reactions. These had specifically been invoked [10]
to explain the extraordinarily high regio- and stereochemical con-
trol that typically manifests itself. However, as we shall soon see, all
of the experimental evidence that this team has so far proffered
[10], to support their new mechanistic position, has not actually
supported it at all. Rather, it has universally opposed their new
theory. A fact that will soon become apparent from a detailed
reading of the current paper. A paper that has been written to
counter [14] a recent reinstatement of mechanism 3 by a 2019 re-
view article on hydrostannation [19].

So, by way of necessary background to the main topic of this
paper, namely, the full and hopefully final refutal [1,12,14,18] of
mechanism 3 [10,19], we will now describe the new mechanistic
proposals of the reference 10 team (mechanism 3) [10] in some
considerable detail, and then go on to discuss the numerous
Scheme 8. The experimentally unsupported stannylvinyl cation mechanism [10a,b,c]
for explaining the regiochemical and stereochemical outcome of the free radical
hydrostannation of propargylically-oxygenated alkyl and aryl acetylenes. We will
heretoforth refer to this as mechanism 3.
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discrepancies that now render this mechanism untenable.
Now in this newly advanced mechanism 3 (Scheme 8) [10], it

has been suggested that the a�vinylstannane products (Z)-35 need
not actually arise through an O-directed stannyl radical addition
mechanism of the type that is presented in Scheme 2 (mechanism
1). Rather, it was indicated that the (Z)-35 products could equally
well arise through a non-regiocontrolled, non-O-directed, tin
radical addition to either acetylenic carbon of 31, which would
afford a pair of a- and b-stannylvinyl radicals 33a and 33b. It was
then postulated that both radicals would spontaneously undergo
rapid and irreversible single electron transfer (SET) to the small
amounts of O2 that would be present in the reaction medium to
produce a pair of stannylvinyl cations 34a and 34b that, presum-
ably, would be intimately associated with superoxide ion in the
form of two solvated ion pairs, although this was never actually
specified by the reference 10 team [10].

Significantly, though, further discussion did take place on the
fate of the lone cations 34a and 34b. Specifically, it was argued [10]
that the less stable of these two stannylvinyl cations (i.e. 34b)
would spontaneously undergo a rapid and instantaneous 1,2-
stannyl shift to give the more stable a-stannylvinyl cation 34a
exclusively. It was then further proposed that the positive charge
present on the vinylic carbon of 34a would subsequently be sta-
bilized by a dynamic, reversible, partial bonding interaction with
the adjacent tin substituent, and that formation of this partially
bridged stannylium ion 34a would help to explain the final (Z)-
stereoselectivity observed, if an invertive pseudo-SN2 reduction
was invoked at the more electrophilic dþ carbon of the partially
bridged form of 34a, in a pathway where the tin hydride was
serving as a net ionic H� donor. Although never actually specified in
these very precise terms, it is clear that this is what was actually
intended, however, since an invertive hydride attack was suggested
to occur on 34a to obtain the (Z)-vinylstannane (Z)-35 exclusively.

The above team then further postulated that a new uncoordi-
nated stannylium R3Snþ ion (36) would consequentially be created
which, presumably, would be stabilized by its ionic interactionwith
the negatively charged superoxide anion. However, no specific
comment was made on this point. Instead, readers were left to
decide for themselves about whether a discrete solvated contact
ion pair might actually be forming from these two reactive entities,
but one thing is abundantly clear from the ensuing discussion: the
resulting cation/anion partnership did not additively combine to
form a stannylperoxy radical, R3SneOeO., as one might naturally
expect.

Instead, the superoxide ion was suggested to preferentially
engage in a second SET that would return O2 and a new R3Sn.

radical 37, which would then instigate a fresh round of alkyne
hydrostannation in the manner indicated in Scheme 8, until all of
the starting alkyne 31 had been consumed.

So, conceptually, with their 2013 proposal [10], the mechanism
3 team had put forward a new, much lengthier, hybrid radical/ionic
mechanism for alkyne hydrostannation in which O2 was serving as
a redox catalyst, in an overall process that they categorized as being
a “redox shuffle”.

Now although there are many implausible steps within this
mechanistic scheme [10], there are some aspects of mechanism 3
that deserve special comment due to them being particularly
troubling. The main shortcomings [1] are listed below.

One item that is most disconcerting [1] is the proposed role [10]
of O2 in this mechanistic process, which demands a new mode of
chemical reactivity for vinylic radicals towards O2; a reactivity
pattern that is at total variance with how vinyl radicals normally
react with O2 [20e23], and one that has no prior literature prece-
dent of any sort, as far as we can tell.

Thus, it has been established that vinylic radicals normally add
to triplet O2 to form vinylperoxy radicals (even at 4 K), as opposed
to engaging in single electron transfer (SET) to give vinyl cations
and superoxide ion, and this long recognized fact has been unam-
biguously demonstrated spectroscopically on many occasions by
the groups of Carpenter [20], Lodder [21], von Sonntag [22] and
Tokumaru [23]. Moreover, the Lodder team [21] have even proven
that the trapping of vinylic radicals with O2 occurs rapidly and
irreversibly in MeCN with a rate constant k of about
2.3� 109M�1 s�1 at 20 �C, which is extremely fast and just one
order of magnitude slower than the diffusion-controlled limit. As
well as this, once formed, vinylperoxy radicals always generally
undergo internal 3-exo-trig cyclization, which then initiates the
process of oxidative cleavage of the alkene into two carbonyl
products via the Carpenter mechanism [1,20e23]. Thus, the way in
which vinyl radicals react with O2 is extremely well documented in
the literature, and is at total variance with the SET process that has
been formulated by the mechanism 3 team [10] for generating the
hypothetical stannylvinyl cation 34a from the pair of stannylvinyl
radicals 33a and 33b in Scheme 8.

Moreover, trialkyltin and triaryltin radicals are very well known
to add irreversibly to O2 to produce stannylperoxy radical adducts
[1] which have even been formally characterized by ESR spectros-
copy [24]. So, once again, this longstanding fact very strongly op-
poses all suggestions by the mechanism 3 team that O2 can play a
purely catalytic role in these free radical hydrostannation reactions.

Mechanism 3 [10] also fails to satisfactorily explainwhy the a:b-
product regiochemistry (26:27) should change as the stannane
concentration increases, when the alkynol 23 is hydrostannated
with Ph3SnH/cat. Et3B/O2 in PhMe at rt (Scheme 5). This is due to
mechanism 3 always operating exclusively under electronic control
and its main mechanistic thesis requiring the less stable b-stan-
nylvinyl cation to always spontaneously rearrange to the more
stable a-regioisomer with high rapidity, thus necessitating only one
product ever being observed. In the case of alkynol 23, this would
be the vinylstannane 26 exclusively, but this is not what is actually
observed, as is clearly evident from an inspection of Scheme 5.

Mechanism 3 [10] is also incompatible with formation of the
radical cyclization product 27 during free radical hydrostannation
of the alkynol 23 (Scheme 5). The fact that 27 can only plausibly
arise through an irreversible 5-exo-trig tandem radical cyclization/
H-atom abstraction mechanism of the type summarized in Scheme
5 further calls into question the validity of mechanism 3 [1,14].

Long established rate constant data also raises concerns about
whether a b-stannylvinyl cation is a genuine intermediate in
Scheme 5mechanistic pathway. In this regard, the rate of SET of the
stannylvinyl radicals 24 and 25 to O2 would have to occur more
rapidly than the radical cyclization of 25 to give 27 which would
potentially have an estimated k of ca. 3.14e3.32� 108 sec�1, based
upon Newcomb's data for an analogous vinyl radical cyclization
(see footnote 25) [25].

Therefore, for us to see the vinylstannane product 26 emerge as
the major product of the hydrostannation of 23 (Scheme 5) at high
stannane concentrations alongside 27, the k for the required ionic
reduction of the hypothetical stannylvinyl cation intermediate by
Ph3SnHwould probably have to bemuch greater than this tentative
3.32� 108M�1 s�1 k value. However, Ph3SnH is well known to be a
rather poor ionic reductant for carbocations (see Scheme 9) [26]
which renders the reference 10 assertions most unlikely.

In this regard, Mayr and coworkers [27] have specifically com-
mented upon vinyl cations such as 38 having a very similar reac-
tivity profile to diarylcarbenium ions like the (MeOC6H4)(Ph)C(H)þ

cation 39 in their reactions with nucleophiles. Now this general
observation is potentially of great mechanistic significance, since
Mayr and Basso [26a] have specifically shown that the
(MeOC6H4)(Ph)C(H)þ cation only reacts rather slowly with Ph3SnH



Scheme 9. According to Mayr and coworkers (2017) [26,27] the diaryl carbenium ion
39 has a very similar reactivity profile to the vinyl cation 38 towards nucleophiles. As a
result, the k of 3.26� 104M�1 s�1 at 20 �C provides a very good estimate of the likely
rate constant for ionic reduction of a typical vinyl cation such as 38 [26] or a stan-
nylvinyl cation (Scheme 8).

Scheme 10. The second set of discrepant DFT calculations from the reference 10 team
[10a] for the free radical hydrostannation of (R,S)-5,5,5-trifluoropent-3-yn-2-ol (41)
with Me3SnH.

Scheme 11. The reference 10d claim that polar solvents markedly accelerate the cat.
Et3B/O2 initiated hydrostannation of alkyne 47. Clearly the above data [1] does not
vigorously experimentally support an ionic reaction. Instead the data are much more
aligned with mechanism 1 [1,2,9,12,14].
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in CH2Cl2 at �70 �C (k¼ 4.98� 103M�1 s�1). Moreover, Mayr et al.
[26b] have further reported that the aforementioned ionic reduc-
tion has a k of 3.26� 104M�1 s�1 at 20 �C (Scheme 9), which
compares very favourably with their calculated value of
3.51� 104M�1 s�1 at 20 �C [26b].

The above k is far slower than the anticipated rate of cyclization
of the stannylvinyl radical 25 upon its own terminal trisubstituted
alkene (Scheme 5), which would potentially have a kcyclisation rate
constant well in excess of the 3.32� 108M�1 s�1

figure that we
have conservatively estimated for the vinyl radical cyclization
shown in footnote 25, due to the stannylvinyl radical 25 producing
an even more stabilized secondary radical upon 5-exo-trig ring-
closure.

Mayr's ionic reduction k value of 3.26� 104M�1 s�1 at 20 �C
[26b] is obviously far smaller than the k for H-atom abstraction
from Bu3SnH by a typical vinylic radical at rt, which has now
accurately been determined to be between 3.2� 108M�1 s�1 and
3.7� 108M�1 s�1 through laser flash photolysis by Ingold [28] and
Galli [29]. Ph3SnH is also known to be an even better H-atom donor
than Bu3SnH in H-atom abstraction reactions involving carbon-
centred free radicals (e.g. t-Bu.), with its k values typically being
at least 4 times greater than the corresponding Bu3SnH rate con-
stant according to past literature [30].

So, given that the rate constant for ionic reduction of the hy-
pothesized stannylvinyl cation by Ph3SnH would probably need to
be significantly greater than 3.32� 108M�1 s�1, for us to observe a
mixture enriched in 26 and 27 (Scheme 5), the Mayr-Basso [26]
diarylcarbenium ionic reduction rate constant data with Ph3SnH
(Scheme 9) does make mechanism 3 seem most unlikely.

Now apart from all of these experimental facts, which very
strongly rule against mechanism 3 [10], there are two further un-
justified claims that have been made by the mechanism 3 team
with regard to their newly proposed controvertingmechanism [10].
These are that mechanism 3 has been strongly experimentally
supported: 1) by rt DFT calculations [10a] (see Schemes 8 and 10)
and 2) by the 2.7e4.4-fold polar solvent rate acceleration effect
that they claim to have observed for the hydrostannation of 47 in
THF, THF/H2O, acetone, and DMF relative to non-polar C6H6
(Scheme 11) [10c].

However, if we first of all examine the DFT calculations that
accompany mechanism 3 in Scheme 8. It was reported by the
mechanism 3 team [10a] that when R¼H and R1, R2, and R3 are all
Me groups, and C6H6 is the reaction solvent, the O2-mediated
transitions of 33a to 34a and 33b to 34b are associated with DE
(energy difference) values of þ47.27 kcal mol�1
and þ45.2 kcal mol�1, respectively, at 25 �C (see Scheme 8), How-
ever, both of these values are far too large and endergonic to allow
such proposed electron transfers to O2 to ever proceed at 25 �C,
particularly if one further factors in the activation energy barriers
(EA) that would also need to be surmounted for 33a and 33b to
successfully transit into 34a and 34b, respectively, unless, of course,
one assumes that quantum mechanical (QM) electron tunneling is
occurring. Yet, no experimental evidence has ever been presented
by the mechanism 3 team for this possibility, nor has tunneling
even beenmentioned or discussed in any of their papers where this
mechanism has been presented. Instead, it is simply stated [10a]
that: “The vinyl radical oxidation mechanism accounts for all aspects
of selectivity in the addition and presents barriers that are well within
reach on the reaction surface”. Thus, it is clear that the DE values
ofþ47.27 kcal mol�1 andþ45.2 kcal mol�1 that were reported [10a]
were actually considered to be viable and readily surmountable
barriers, despite them being anything but viable or conducive to a
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successful forward reaction at 25 �C via mechanism 3.
A further discrepancy with the reference 10a DFT calculations

concerns the transition of 33a into 34a being þ2.1 kcal mol�1

higher in energy than the corresponding transition for 33b into
34b, when 34a is supposedly less inductively destabilized accord-
ing to this team's discussion in their paper. Such abberant data
certainly does not lend much confidence to the claimed sponta-
neity of the b-to a-stannylvinyl cationic migration that has been
propounded in Scheme 8 [10a].

Similar problems also exist with the calculations that the
mechanism 3 team have performed on (R,S)-5,5,5-trifluoropent-3-
yn-2-ol (41) with Me3SnH (Scheme 10) [10a], which were intended
to provide mechanistic insights into the O-directed free radical
hydrostannation that had been conducted on this substrate with
Bu3SnH/AIBN in C6H6 at 80 �C [10a]. This is a reaction that gives rise
to a sharply contrasting contra-regioselectivity to that observed
with propargyloxy alkyl acetylenes (see footnote 31) [31].

With regard to the calculations of Scheme 10, the observed
outcome was yet again rationalized with a modified ionic stan-
nylvinyl cation mechanism [10a]. As previously, it was once more
asserted that a non-regioselective stannyl radical addition was
occurring to the alkyne of 41, and that the resultant pair of stan-
nylvinyl radicals 42a and 42bwould then undergo an O2-mediated
SET to give a pair of stannylvinyl cations 43a and 43b, which again
would instantly equilibrate, in this instance, to the less inductively
destabilized, partially bridged, stannylvinyl cation 43b exclusively.
An ionic reduction with the tin hydride would then give the
product (Z)-44. As previously, an identical SET role was postulated
for the superoxide counter anion in helping to fashion the new
stannyl radical 46 from the stannyl cation 45 that was suggested to
be liberated during the ionic reduction step.

Unfortunately, a very close inspection of the DFT calculations
that have been performed on 41 in C6H6 at 25 �C once more reveals
very serious problems and discrepancies with the DE values that
have been reported [10a], which again claim a lower relative energy
(DE ¼ þ64.8 kcal mol�1) for the more inductively destabilized
cation 43a over its more stable cationic alternative 43b
(DE ¼ þ68.7 kcal mol�1) following O2-mediated SET of the two
stannylvinyl radicals 42a and 42b. Again these two values look to
be in error, but nonetheless, we have to state this here as part of our
renewed refutal [1] of this mechanism, now that this recent 2019
review article [19] has reinstated the stannylvinyl cation mecha-
nistic theory [10].

Additionally, the extremely high energy barriers that would
need to be surmounted for both of these radical oxidations to
proceed would once more preclude either of them from ever
occurring at rt or at 80 �C in C6H6.

Now before we depart fully from our analysis of the DFT calcu-
lations that have accompanied the newly proposed mechanism 3
[10a], we must draw attention to the ionic tin hydride reduction
steps that appeared in Fig. 2 of the 2013 Angewandte Chemie paper
[10a].

Specifically, it was reported that the proposed ionic reduction of
the stannylvinyl cations 34a and 34b with Me3SnH (Scheme 8)
presented energy barriers of þ9.1 kcal mol�1 and þ12.8 kcal mol�1,
respectively [10a]. However, readers were not given any firm
indication of what were the final energies of the reduced products
in this particular calculation. This omission does, of course, render
these calculations of limited value. However, if we add the energies
that are reported to the minimum DE values of þ47.27 kcal mol�1

and þ45.2 kcal mol�1 that are quoted for stannylvinyl cation for-
mation from 34a and 34b (Scheme 8) (which, it must be noted, are
not the overall energy barriers that actually need to be surmounted
to achieve these two transitions), it will be appreciated that simply
to arrive at the claimed transition state for ionic nucleophilic
reduction of 34a and 34b with Me3SnH, would require a minimum
energy input of þ56.37 kcal mol�1 and þ58.0 kcal mol�1, respec-
tively, to be expended in each case, for the reactions to proceed.
Again, these energy estimates look far too high and prohibitive to
allow such processes to proceed readily at rt or 80 �C.

Clearly, when examined carefully with a more circumspect eye,
the mechanism 3 team's DFT calculations [10a] do not lend any
genuine support to their mechanistic claims for how the acetylenes
31 (R¼H, R1¼ R2¼Me) (Scheme 8) and 41 (Scheme 10) are
reacting with tin hydrides under free radical initiated conditions,
contrary to suggestions otherwise. Indeed the claim [10a] that this
new ionic pathway “..presents barriers that are well within reach on
the reaction surface” is just not credible. Rather, the DE values that
are reported [10a] actually very strongly rule against the stannyl-
vinyl cation mechanistic hypothesis [10].

However, as we have already indicated, we are now of the
opinion [1] that these calculations have been erroneously per-
formed. The modeling conclusions of the mechanism 3 team are
also at variance with the later 2015 modeling that was done by
Alabugin and coworkers [12], which led to a diametrically opposite
set of conclusions and interpretations regarding the mechanism.

Now, as for the added experimental claim [10d] that a “pro-
nounced” polar solvent rate acceleration effect had been observed
for the sub-stoichiometric Et3B initiated hydrostannation reactions
that had been performed on the alkyne 47 (Scheme 11), once more,
this assertion does not stand up to careful examination [1].

In fact the published data [10d] did not provide any of the
requisite experimental support needed to validate the proposed
ionic mechanistic pathway of Scheme 8 [10a,b]. Thus, the 2.7e4.4-
fold increases in reaction rate that were recorded, compared with
the reaction rate in C6H6 [10a], were all far too miniscule [1] to be
considered highly supportive of the ionic mechanism shown in
Scheme 8 [10]. Instead the data exclusively points to a purely free
radical mechanism operating in these reactions, of the type pro-
posed in Scheme 2 [1,2,9,12,14]. Indeed, when dry THF is used as the
reaction solvent for rate comparison [10d], as opposed to C6H6,
Scheme 11 actually shows that there is a very pronounced decrease
in reaction rate, or a near identical rate in solvents of massively
increased polarity. Thus, the magnitudes of the claimed polar sol-
vent rate accelerations cannot be considered to be supportive of
mechanism 3.

And while we are on the topic of how reaction solvent can affect
outcome, we must draw attention to the mechanism 3 team's own
hydrostannation work on the alkyne 47 in THF/H2O (Scheme 11)
[10d], which afforded the (Z)-vinylstannane 48 exclusively in 75%
yield, without the accompaniment of ketone or enol b-elimination
products such as 51, 52 or 53 (Scheme 12). Naturally, these enol 50-
derived products would likely have arisen (Scheme 12) had the
ionic mechanism of Scheme 8 [10] been genuinely operating. Yet,
nomentionwas ever made of having encountered such products by
the mechanism 3 team [10d].

Additionally, our own added report [1] that not a single arylated
tetrasubstituted vinylstannane has ever been encountered in any
O-directed free radical hydrostannation conducted in C6H6 or PhMe
further opposes [1] the stannylvinyl cation intermediates of
mechanism 3 [10], since vinyl cations normally undergo Friedel-
Crafts alkylation when they are generated in aromatic solvents
such as C6H6 (see footnote 32 and the references therein) [32].
Moreover, the vast majority of O-directed hydrostannations that
have been performed have primarily been conducted in C6H6 or
PhMe [1]. The lack of enol ether products from propargyl alcohol
substrates [1], and allenylstannane products from primary and
secondary alkyl acetylene substrates further argues against the
stannylvinyl cationic mechanism of reference 10 [10]. These col-
lective findings had clearly not been considered by the mechanism



Scheme 12. Of considerable significance is the fact that reference 10d team [10d] did
not observe any of the expected products of H2O trapping of their hypothesized
stannylvinyl cation 49when the hydrostannation of 47was conducted in aqueous THF;
only product 48 in 75% yield (Scheme 11).
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3 team, when their new mechanistic thesis was put forward [10],
nor had the prior O-directed hydrostannylative radical cyclization
work of ourselves (Scheme 5) [9] and Oshima [33], which once
more definitively pointed to such processes being entirely free
radical in their nature.

Finally, the experimentally unsupported mechanism 3 [10] vi-
olates the Principle of Least Nuclear Motion [1,34], which requires
reactions to mechanistically proceed by the least circuitous path
available; the one that involvesminimal atomic displacement, since
this will likely be the one with the lowest activation energy. In this
instance, the least circuitous reaction paths to products would
involve mechanisms 1 and 2, with mechanism 1 dominating at
higher stannane concentrations. It would certainly not be mecha-
nism 3, since the latter pathway featuresmanymore intermediates,
compulsory rearrangements and overall atomic movements than
does mechanism 1, and there are also considerably more changes
required in the electronic configurations of all the participating
reactants. Thus mechanism 3 inherently goes against Rice and
Teller's longstanding Principle [34], which itself developed out of
Muller's Principle of Least Molecular Deformation [35], which
mechanism 3 also violates.
2. Results and discussion. New evidence for an entirely free
radical reaction mechanism (mechanism 1) for the O-directed
hydrostannation of alkyl and aryl acetylenes with Ph3SnH and
Bu3SnH and cat. Et3B/O2

Now despite a very strong body of mechanistic evidence already
having been gathered, which all very clearly opposes hydro-
stannation mechanism 3 [1,9,12e14,18], still this mechanism [10]
remains unwithdrawn by its primary proposers [10], despite
several detailed literature criticisms having appeared over the
period 2015e2020 [1,12,14,18], each highlighting a range of
different issues and problems which invalidate it. To further exac-
erbate the present situation, some members of the community
have continued to widely promulgate mechanism 3, despite the
various objections that have been made, with one team having
recently represented it as the currently accepted mechanism for
these alkyne hydrostannation reactions in a 2019 review article
that they coauthored [19]; a review which totally failed to mention
mechanism 1 [1e3,9,11,12,14,15]. This is despite mechanism 1
having recently been reinstated [1] as the most likely mechanism
for this reaction in a 2019 Chemical Record article [1] which
appeared a full 3 calendar months before the aforementioned ACS
Catalysis review article [19] was even submitted to that journal.

Given the apparent lack of acceptance by some [10,18,19] of the
O-directed mechanism that was proposed by us [2,9,11] for these
entirely free radical hydrostannations in 2005 (mechanism 1,
Scheme 2), and the continued propagation of the non-O-directed
ionic mechanism 3 [19], despite our 2019 refutal [1], we recently
resolved to reinvestigate our 2005 mechanistic work on the acet-
ylenic alcohol 23 (vide infra Scheme 5) with a view to helping us
reconfirm its general validity, and to further augment it, for the
purpose of unambiguously ruling out mechanisms 2 [18] and 3 [10]
as the primary determinants of hydrostannation reaction outcome,
under the normal high stannane concentration conditions that we
and others typically use to effect these reactions. Success in this
endeavor would help to counter all suggestions that mechanism 1
was not playing a dominant role in these rt processes. This light
touch reinvestigation has now duly been done, and our new results
are presented in Scheme 13.

Naturally, they reconfirm our original mechanistic thinking of
2005, inasmuch as they show a dramatic 9-fold shift in product ratio
towards the a-addition product 26 as we move from low to high
stannane concentration. This unambiguously demonstrates that it
must be the O-directed, entirely free radical, mechanism 1 that is
gaining the upper-hand, over the competing non-directed,
electronically-controlled, stannyl radical addition/H-atom abstrac-
tion pathway (mechanism 2) at higher stannane concentrations,
and that mechanism 3 plays no role at all in the proceedings.
Indeed, our rt data is very clear-cut, confirming that mechanism 2
can only ever start to gain hegemony over mechanism 1, when the
stannane and substrate concentration are both very low, and when
it does finally gain control, mechanism 2 does seemingly favor the
b-product not the a. Significantly, as well, the product conversions
and yields are always typically rather low when these reactions are
conducted at low stannane and substrate concentration, with the
starting alkynol 23 always generally being returned in significant
quantity under such circumstances. Our new results thus strongly
reaffirm mechanism 1 as the primary arbiter of reaction outcome
[1,2,9,11,12] in these hydrostannations, not the electronically-
controlled mechanism 2 [18] which, although it does operate, it
does so only to a very minor degree under the normal operational
circumstances of these reactions, which have the stannane usually
present in significant excess, in order to obtain a high product yield
and high a-regioselectivity.

Our latest results also show here, for the first time, the profound
effect that operating at low temperature can have on the regio-
chemical outcome of free radical hydrostannations with the probe
23. In this aspect, we have recently observed that if one runs these
reactions at temperatures of between �5 and �10 �C, this signifi-
cantly reinforces the observed a-regiocontrol of these Ph3Sn radical
additions to 23, possibly because this promotes OeSn complexation
further, and/or it slows the overall rate of 5-exo-trig radical cycli-
zation relative to the reverse b-stannyl radical elimination of 25 to
give 54.

Indeed, if one works at a quite high stannane concentration in
PhMe at �5 to �10 �C, one sees a very pronounced shift in the a:b
product ratio, to 9.6:1, which now represents a 12-fold change in
regiochemistry from the corresponding 20 �C reaction run at
0.025M with just 1 equiv of Ph3SnH, which gave rise to an a:b
product ratio of 1:2. Clearly, both of these regiochemical variations
are only really compatible with an O-coordinative mechanism
(mechanism 1, Scheme 2) starting to strongly dominate outcome at
higher stannane concentrations and lower reaction temperatures.

Given these results, it is very tempting to speculate that lower



Scheme 13. Our rt studies [9] with the probe 23 have revealed that high stannane
concentrations greatly promote OeSn coordinative control and formation of the a-
addition product 26 via mechanism 1. By way of contrast, working at low stannane
concentrations, starts to significantly favor the non-coordinative, electronically-
controlled, radical addition process (mechanism 2) [9,18]. The latter slightly favors the
b-adducts 27 and 55. Significantly, working at 0 �C or below, synergistically promotes
OeSn coordinative control and the formation of even greater quantities of a-26 via
mechanism 1. Significant variations in the Ph3SnH concentration at �5 to �10 �C also
dramatically change the observed a:b regioselectivity. Such findings imply that
mechanism 2 [18] is not ordinarily contributing significantly to outcome. Our obser-
vation of the radical cyclization product 27 [9] also demonstrates that mechanism 3
[10] cannot be operating at all.
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reaction temperatures might be enhancing internal OeSn coordi-
nationwithin the b-stannylvinyl radical adduct 25, which would be
expected to promote the reverse elimination reaction very signifi-
cantly. Following b-scission, the newly liberated, internally O-co-
ordinated, Sn radical 54 would now be perfectly positioned to
undergo a-selective Sn-radical addition preferentially, due to its
closer proximity to the a-acetylenic carbon atom, and because of
the lack of destabilizing internal O-coordination in the resulting a-
stannylvinyl radical adduct (Z)-24 [1,9,12,14]. Naturally, this would
likely confer much greater longevity on (Z)-24 in solution, to enable
H-atom abstraction to occur more readily, to give 26. Whatever
effects are at play here, they are clearly very interesting, and add yet
another layer of complexity to the truly fascinating mechanistic
workings of these reactions.

Another important point that wewould like tomake is that even
if one operates at low temperatures of between �5 and�10 �C, one
can still see a marked change in a:b-selectivity as the stannane
concentration changes from high to low, and once more, such an
observation is wholly incompatible with an electronically-
controlled addition mechanism 2 [18] exclusively dominating
outcome, where no change in product regiochemistry would ever
be expected under such circumstances. The same would be true for
mechanism 3 [10].

Clearly, this newly-discovered effect of working at lower reac-
tion temperatures to help prevent 5-exo-trig radical cyclization
could be of considerable synthetic value, and it will be of great
interest to examine how operating at much higher temperatures at
low stannane concentrations will affect the outcome, to see if this
could promote tandem radical cyclization in acceptable yields.
However, such a study is well beyond the scope of the present
mechanistic investigation, which is primarily concerned with re-
examining how stannane concentration mechanistically affects
these hydrostannations, including at lower reaction temperatures.
One item of special note in the above experiments is how they
indirectly confirm the reversibility of the stannyl radical addition
step in these O-directed hydrostannations, since ordinarily one
would only expect to see very tiny amounts of the stannylated b-
adducts in most hydrostannation reactions run at rt with Ph3SnH/
cat. Et3B and O2 in PhMe at high stannane concentrations. Thus, the
very fact that we are able to successfully trap out these b-adducts in
varying amounts with the probe 23, over a range of stannane
concentrations, shows that under normal circumstances (where
the stannane is present in significant excess) b-stannylvinyl radicals
of general structure (Z)-8 (Scheme 2) are ordinarily eliminating
very rapidly, with a rate constant that is far in excess of
k¼ 3.14e3.32� 108 sec�1 (vide infra). The latter is the corrected
estimate of the rate constant for a typical 5-exo-trig cyclization
involving a vinylic radical (see footnote 25 herein) and slightly re-
duces Newcomb's very valuable, originally published [25], value
which used the k of an aryl radical H-atom abstraction from Bu3SnH
(k¼ 7.8� 108M�1 s�1 at 25e30 �C) [25b] to make its original esti-
mate, as opposed to Ingold [28] and Galli's [29] lower k de-
terminations of 3.2e3.7� 108M�1 s�1 at rt for a similar vinyl
radical H-atom abstraction; values which are now widely felt to be
accurate by many in the field.

Concurrent with these efforts, we further resolved to test
mechanism 3with the small molecule probe 57 (Scheme 14), which
was carefully designed to allow for the effective nucleophilic cap-
ture of the alleged stannylvinyl cation 58 (R¼ Ph, Bu) by a set of
nucleophiles (e.g. H2O or MeOH) with a known propensity to react
rapidly with highly stabilized a-cyclopropyl vinyl cations when
present in significant excess.

Significantly, the probe 57 would also potentially allow the
postulated a-stannylvinyl radical intermediate 64 (R¼ Ph, Bu)
[1,2,9,14] (Scheme 15) to be readily detected, by offering it a facile b-
scission pathway to follow, particularly at elevated temperatures. A
pathway that would homolytically cleave the cyclopropane ring to
give the stannylhomoallenyl radical 65 (R¼ Ph, Bu), which could
then H-atom abstract from the stannane to produce 66 (R¼ Ph, Bu)
alongside 67. It was expected that the cyclopropane ring in 64
would cleave with particular facility in dilute solution at temper-
atures not far above 60 �C, given the previous literature reports of
Crandall [36], Malacria [37] and Baines [38] in the a-cyclo-
propylvinyl radical ring-opening area, two of which [36,37] had
previously confirmed that such ring-cleavages generally occur with
great facility, when they are mediated by Bu3SnH at 80 �C [36,37].

Probe 57 (Schemes 14 and 15) could also give very precise in-
formation onwhether the alleged SET (i.e. the conversion of 64 into
58) was actually proceeding as rapidly and instantaneously as the
mechanism 3 team were seemingly suggesting which, based upon
the mechanism that they had formulated in Scheme 8, would need



Scheme 14. Our proposal for intercepting the stannylvinyl cation 58.

Scheme 15. A priori, on the working assumption that mechanism 1 was operative, we
envisioned that the free radical hydrostannation of 57 would follow two main path-
ways whose relative dominance would be determined by stannane concentration and
reaction temperature.

Scheme 16. Two potential eliminative pathways that could be followed if stannylvinyl
cation ion pair 58 was indeed a genuine intermediate in these reactions. The occur-
rence of a Stang-Muller elimination [39] would of course constantly regenerate the
starting alkyne 57 until all of the tin hydride had been repetitively sacrificed, and
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to occur at a rate faster than H-atom atom transfer from a stannane
to a quite reactive vinylic radical, or the 5-exo-trig cyclization of a
vinyl radical upon an alkene (i.e. k¼ 3.14e3.32� 108M�1 s�1) [25]
(based upon our work on 23), or the rate of formation of the
stannylhomoallenyl radical 65, for mechanism 3 to hold true.

Moreover, if that very same irreversible single electron transfer
event from the stannylvinyl radical 64 to the O2 was indeed pro-
ceeding more rapidly than H-atom abstraction from the Ph3SnH, as
the mechanism 3 team have suggested [10], then this would
inevitably mean that after the stannylvinyl cation 58 (R¼ Ph) had

formed, it would have no other choice but to react more rapidly with
potent nucleophiles such as H2O or MeOH, present in excess, rather
than undergo a much slower ionic reduction by the Ph3SnH (k approx.
3.26� 104M�1 s�1 at 20 �C). [26] As a result, it would give rise to
products such as 61, 62 and 59, or failing this, it would have to
eliminate rapidly either by an E1 pathway, to give the b-cyclo-
propyl-stannylallene 68 (or its protodestannylated variant 69), or it
would alternatively have to undergo a Stang-Muller elimination
[39] to return the starting alkyne 57 (Scheme 16).

In fact, we reasoned that if the cation 58 was indeed a genuine
reaction intermediate [10] in the chemical pathway to vinyl-
stannane 67, it would almost certainly react very rapidly with
added external nucleophiles such as H2O (or MeOH), due to this

cation being quite long-lived and triply stabilized by: a) the ester
carbonyl; b) the b-(R)3Sn substituent; and c) the a-cyclopropane
ring.

We also envisaged that the above nucleophilic trappings would
proceed by three main pathways (Scheme 14). In path A, the in-
ternal ester C]O would attack the vinyl cation to give a six-
membered enol lactone (63) following hydrolytic cleavage of the
resulting positively charged oxonium ion. In path B, an external
solvent nucleophile would attack the vinyl cation to give either 59
or the enol 60 which, in the latter case, would then rapidly b-
eliminate to give the stannyl enone 62 or afford the proto-
destannylated aldol product 61. A third option, would be for the
excess H2O or MeOH that was present to attack the (R)3Sn sub-
stituent to bring about a Stang-Muller eliminative cleavage [39]
(Scheme 16), which would naturally return the starting acetylene
57 in copious amounts, which would, of course, lead to little, real,
overall reaction progression. In fact, such nucleophile-induced
eliminative cleavages have long been documented for b-stannyl-
vinyl cations by Stang and coworkers [39] and such behaviour is
usually the norm for super-stable bis-silyl vinyl cations that are
exposed to nucleophiles, according to Muller and coworkers [39c].
A priori, it would thus be expected that the stannylvinyl cation 58
would behave in analogous fashion, if it was indeed a genuine and
rapidly formed intermediate in these reactions [10].

With regard to the feasibility of achieving a direct a-cyclopropyl
vinyl cation trapping with H2O, the classic work of Bergman [40]
and Hanack [41] was uppermost in our minds, for it had collectively
would lead to little reaction progression.



Scheme 18. Bergman's and Sherrod's work [40] on the solvolysis of vinyl iodide 70
with AgOAc/AcOH, which showed that the cyclopropane ring is so highly stabilizing to
the intermediary vinyl cation 72 that the cyclopropane ring itself shows very little
tendency to engage in ring-opening.

H.A. Watson et al. / Tetrahedron 76 (2020) 131061 11
shown that despite a-cyclopropyl vinyl cations benefitting from
significant charge stabilization, as a result of hyperconjugationwith
the cyclopropane ring, such intermediates always still retain a very
strong ability to react rapidly and efficiently with externally added
nucleophiles such as H2O or acetate ion (Schemes 17 and 18),
virtually exclusively at the vinylic carbon bearing the positive
charge. In this respect, the major products (>97%) of such cyclo-
propyl vinyl cation trapping reactions with nucleophiles such as
H2O, or acetate anion, are always the non-rearranged vinyl cyclo-
propane derivatives, accompanied by very small amounts of 1,2-
rearranged cyclobutane derivatives (<1.8%) [40].

Of special significance, however, is the finding that a-cyclopropyl
vinyl cations such as 72 show a very strong reluctance to undergo
nucleophilic ring cleavage of their cyclopropane rings, even at elevated
reaction temperatures. This because of the very high degree of
charge stabilization within such systems. As a result,
nucleophilically-captured allenes, where the cyclopropane ring has
undergone nucleophilic ring-opening, never usually comprise more
than 1.8% of a typical a-cyclopropyl cation reaction mixture, even
under forcing circumstances [40].

It will thus be clear that ordinarily the nucleophilic ring-cleavage
of a-cyclopropyl vinyl cations is a highly disfavored process, even with
negatively charged nucleophiles, and it would likely be even more
unfavorable with uncharged neutral nucleophiles such as tin hydrides
or H2O.

Consequentially, if the probe 57was subjected to O-directed free
radical hydrostannation in aqueous THF, one could say, fairly
confidently, that if one was to exclusively observe the reduced
allenyltin derivative 66 in a substantive yield alongside the vinyl-
stannane 67 (Scheme 19), without encountering H2O-captured
products such as 84, (Schemes 19 and 20), then simple ionic
reductive cleavage of the a-stannylvinyl cation 58 was probably not
the primary source of 66, because the pseudo-SN1 and SN2 reactions
that would each lead to 66 would both be highly unfavorable
processes (see Schemes 19 and 20). Moreover, even if they did
occur, they would still only ever lead to 66 and 84 being formed
simultaneously in very tiny quantities, and if one also did not
observe the stannyl enone 62 nor the aldol 61 nor the lactone 63
(Scheme 14) in the resulting reaction mixtures, alongside alcohol
84, then one couldmost definitely rule out the claimed intermediacy
of the hypothesized stannylvinyl cation 58 (R¼ Ph, Bu) [10].
Scheme 17. a-Cyclopropylvinyl iodides rapidly undergo solvolysis at their vinylic
carbon due to the vinylic carbocation being highly stabilized by the cyclopropane ring
[40,41]. So powerful is this electron-donating stabilizing effect that the cyclopropane
ring shows very little tendency to undergo nucleophilic ring-opening by the H2O. The
cyclopropane ring also appears to hyperconjugatively accelerate the departure of the
Ag-coordinated iodide in a truly breathtaking way, as demonstrated by the attempted
solvolysis of vinyl iodide 70 under identical conditions.
One could also expect nucleophilic trapping of the cation 58
with H2O to occur far more rapidly than the competing ionic
reduction with Ph3SnH, on the basis of Lodder's [21] and Mayr's
[26,27] rate constant data for typical vinyl cation trappings with
H2Owhich have indicated that these typically proceed quite rapidly
with k values of 1.3� 107e2.3� 107M�1 s�1, which is significantly
faster than the rate of ionic reduction of the vinyl cation equivalent
39 (Scheme 9) with Ph3SnH, which has a k of 3.26� 104M�1 s�1 in
CH2Cl2 at 20 �C [26b].

One could thus safely conclude that, if they were formed
exclusively, 66 and 67 must have originated from a common
stannylvinyl radical precursor 64 (as shown in Scheme 15), which
must have undergone competitive H-atom abstraction from the
stannane alongside radical-induced b-scission of the cyclopropane
ring followed by H-atom transfer.

Accordingly, we set out to investigate the hydrostannation of
alkynol 57 with Ph3SnH and Bu3SnH under various initiating re-
gimes, in a host of different solvents, over a range of different re-
action temperatures (Scheme 21).

Initially, we examined the room temperature free radical
hydrostannation of probe 57 in dry THF at approximately 1M
substrate concentration using a significant excess of Ph3SnH (4
equiv) under our standard Et3B (0.1 equiv)/O2 initiating protocol
(Scheme 21 Entry 1). The reaction proceeded very cleanly to deliver
a single hydrostannation product 67 (R¼ Ph) in 77% yield with no
evidence of any ring-opened a-stannylallene 66 (R¼ Ph). Such an
observation is fully aligned with the prior work of Crandall et al.



Scheme 19. If the hypothetical stannylvinyl cation 58 was to form, it would show little
tendency to undergo pseudo-SN1 ring-cleavage, due to the resulting primary carbo-
cation 83 being extremely unstable. In this aspect, the only means of stabilizing 83
would be through homoallenyl delocalization, which would always return 58. Addi-
tionally, if 83 was to serve as a precursor of 66, it would probably co-eliminate Hþ to
give a triene, and it would also require alcohol 84 to form competitively, alongside 66,
in a reaction conducted in THF/H2O, due to the H2O being present in much greater
excess than the Ph3SnH, and the H2O being more nucleophilic towards carbocations
according to Lodder [21] and Mayr et al. [26].

Scheme 20. The equally unfeasible pseudo-SN2 ionic reductive ring-opening pathway
to the allenylstannane 66. Such a-cyclopropylvinyl cation ring-openings do not occur
readily, and if nucleophilic hydride reduction of hypothetical 58 did occur as shown
with Ph3SnH, it would also have to occur competitively with attack by the excess H2O
present and co-produce 84. Thus, if 84 was not also observed alongside 66, one could
effectively rule out an ionic nucleophilic reduction mechanism [10] as the primary
source of 66.

Scheme 21. Our hydrostannation studies with the alkynol probe 57 which prove
unambiguously that the stannylvinyl cation 58 is not involved in the reaction pathway
to the products 66 and 67, and which further confirm that mechanism 3 is inoperative.
These outcomes, when considered alongside the concentration dependent outcomes
that were observed with alkynol 23, further support mechanism 1 as the primary
determinant of outcome.
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[36] who had previously found that when the vinyl iodide 85 was
added to neat Bu3SnH at rt, it gave the reduced vinylcyclopropane
88 alongside a barely detectable amount of the ring-opened allene
89 (88:89¼ 99:1) (Scheme 22). However, this ratio shifted quite
dramatically towards the allene 89 at higher reaction temperatures
and lower stannane concentrations. Malacria and Fensterbank [37]
likewise found that the a-cyclopropylvinyl radical ring-opening of
90 was strongly favored by low Bu3SnH concentrations and high
reaction temperature (Scheme 22), and so our work also aligns with
their observations as well.

Given our findings in Entry 1, and our awareness of how a-

cyclopropylvinyl radicals typically undergo radical-induced ring-
opening to the corresponding homoallenyl radicals at elevated



Scheme 22. Crandall [36] and Malacria's [37] prior experimental findings on a-
cyclopropylvinyl radical ring-opening, which is generally promoted by generating the
radical at low stannane concentrations and high temperatures (80 �C).

Scheme 23. Guo and coworkers' ONIUM calculations [42] of the energies involved in
the transition of the a-cyclopropylvinyl radical 92 into the homoallenyl radical 93 at
298 K. A significant activation energy barrier Ea of þ10.7 kcal mol�1 has to be over-
ridden for ring-opening to occur. However, after this has been surmounted, the overall
transition is exergonic to the tune of �4.3 kcal mol�1.
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temperature (80 �C) and high dilution, we next examined the
hydrostannation of 57 in THF at reflux (66 �C) under conditions of
high substrate and high Ph3SnH concentration (Scheme 21, Entry
2), and also at much lower stannane and substrate concentration
(Scheme 21, Entry 3). As one might expect from Crandall [36] and
Malacria's [37] work, Scheme 21 Entry 2 conditions gave rise pri-
marily to the vinylstannane 67, but most encouragingly, they also
led to a small amount of the ring-opened stannylallene 66 (R¼ Ph);
the 67:66 ratio was 14.6:1. Both products could nicely be separated
from one another in 75% and 6% yield, respectively, following SiO2
flash chromatography.

Strikingly, however, when we used the elevated temperature
conditions of Entry 3 for the hydrostannation of 57, but now
employed much less Ph3SnH (2 equiv) at a much higher dilution,
we saw the ratio of 67:66 shift very dramatically in favor of the
ring-opened a-stannylallene product (67:66¼1:1.9), without any
diminution of the overall product yield (85% yield of 67 and 66),
and significantly, the allenylstannane derivative 66 could itself now
be isolated in 54% yield.

The fact that 66 could suddenly now be obtained in quite high
yield demonstrated very clearly that it could not possibly be arising
from nucleophilic ring-cleavage of the cyclopropane ring in the
stannylvinyl cation 58 by the tin hydride, because Sherrod and
Bergman's [40] work had previously shown that a-cyclopropyl vi-
nyl cations do not readily ring-open even when highly charged
nucleophiles such as acetate anion are used, and such ring-opened
products, when they are formed, are only ever observed as very
minor constituents of the final reaction mixtures so obtained (<1.8%
yield) (see Scheme 18).

Also, if a nucleophilic/ionic hydride “SN2” reduction mechanism
was genuinely producing 66, then onewould certainly not expect it
to be formed in a 50% higher yield when the concentration of
nucleophilic hydride in the reaction medium was significantly
reduced; this would simply not be credible.

Our observation that lower quantities of the radical-quenching
Ph3SnH reagent, and concurrent heating of the reactants to 66 �C
(the reflux temperature of THF), quite dramatically shifts the
product ratio in favor of the cyclopropane ring-cleaved product 66
(Scheme 21, Entry 3) further aligns with the prior observations of
Malacria and Fensterbank [37] (Scheme 22), and quite convincingly
demonstrates that it is an entirely free radical induced ring-
opening that is operating here that has a modest activation en-
ergy barrier needing to be thermally overridden before the radical
ring-opening event can proceed readily.

In this regard, our observations agree fully with the high level
2007 computational chemistry calculations performed by Guo et al.
[42] for the conversion of 92 into 93 (Scheme 23), which revealed
that an activation barrier of approximately þ10.7 kcal mol�1 needs
to be overridden for the a-cyclopropyl vinyl radical 92 to be con-
verted into the homoallenyl radical 93. However, when this barrier
is actually surmounted, the overall transition of 92 into 93 is quite
exergonic and facile to the tune of �4.3 kcalmol�1. Naturally, given
that the activation energy barrier for the reverse cyclization of 93
into 92 is significantly endergonic (þ15 kcal mol�1), it is little
surprise to find that the re-cyclization is significantly disfavored.

Having shown that radical-induced ring-opening of the stan-
nylvinyl radical 64 to give 65 could indeed be achieved at 66 �C in
dry THF at reflux (Scheme 21, Entries 1e3), and that the stannyl
homoallenyl radical 65 readily underwent H-atom abstraction to
give 66, we next confirmed that 66 was indeed arising via an
entirely free radical mechanistic pathway. We did this by exam-
ining the hydrostannation of 57 in aqueous THF under a variety of
conditions (Scheme 21, Entries 4e12).

Conducting the reaction in THF:H2O (11:1) under conditions
otherwise identical to Entry 1 very quickly demonstrated that the
incorporation of 8% added H2O had little effect on the reaction
outcome when 4 equiv of Ph3SnH was used at rt (Scheme 21, Entry
4).

A similar result was obtained when THF:H2O (4:1) was
employed as the reaction solvent, and the amount of H2O was
increased to 20% of the reaction volume (Scheme 21, Entry 5). In
both cases, a near identical yield of the product vinylstannane 67
(R¼ Ph) was obtained exclusively in 75e83% yield. Importantly, as
well, we did not observe any major rate acceleration as a result of
adding highly polar H2O to the reaction medium; certainly not a
rate acceleration of the magnitude that would lend strong support
to the ionic mechanism 3 that has been proposed [10]. This stands
in sharp contrast to the testimony of the mechanism 3 team [10d].

Likewise when we performed the hydrostannation of 57 with 4
equiv of Ph3SnH in THF:H2O (4:1) at 80 �C (Scheme 21, Entry 6), we
saw a very similar outcome to that seen in dry THF, under identical
circumstances. In this regard, a 15:1 mixture of 67:66was obtained
enriched in the vinylstannane 67 which was an outcome virtually
the same as that seen in dry THF alone (67:66¼14.6:1) (Scheme 21,
Entry 2). Tellingly, and despite the presence of the competitor H2O
nucleophile in the reactionmedium, yet again, we could only detect
67 and 66, and pointedly, none of the nucleophilically ring-cleaved
stannylallenyl primary alcohol product 84 was ever encountered.

Had an ionic/nucleophilic reduction pathway been
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mechanistically responsible for generating the reduced allenyl-
stannane 66 from the hypothetical stannylvinyl cation 58, it is
inconceivable that none of the ring-cleaved alcohol 84 would also
not have been competitively formed under such circumstances, if
one assumes, of course, that a normally unfavorable nucleophilic
cyclopropane ring-opening was genuinely competitive, as would
have to be claimed by the mechanism 3 team [10] (vide infra).

This conspicuous fact, plus the added observation that the other
much more likely products of nucleophilic H2O trapping of the
alleged stannylvinyl cation 58, namely, the stannyl enone 62, the
aldol 61, and the lactone 63 were each not seen in any of our crude
reaction mixtures, even when the H2O was present in excess
(Scheme 21, Entries 7e12), unambiguously rules out a stannylvinyl
cationic intermediate in this reaction pathway. These clear-cut
observations once more explicitly demonstrate that the stannyl-
vinyl radical (Z)-64 must be the authentic and true progenitor of
the products 67 and 66.

Now although the presence of up to 20% H2O in the THF did not
adversely affect this hydrostannation reaction (the reaction out-
comes typically being very similar to those in dry THF), we did
notice that the product yields markedly diminished as the H2O
content of the reaction mixture started to rise significantly, despite
each of these reactions still looking as though they were complete
by TLC analysis (Scheme 21, Entries 7e9).

If we now progress our discussion, and focus specifically on
Scheme 21, Entry 10, it can again be seen that the alkyne 57 was
converted into the hydrostannylated products 67 and 66 in very
good yield (86%, ratio of 67:66¼ 9.2:1) in THF/H2O (4:1) at 0.2M
substrate concentration using 2 equiv of Ph3SnH at rt for 7 h. The
high overall product yield obtained from this reaction, despite a
greatly reduced amount of stannane being used, again weighs
heavily against the formation of a stannylvinyl cation intermediate
in this reaction, since such an a-stannylvinyl cation would almost
certainly undergo significant facile Stang-Muller elimination back
to the starting acetylene [39] if a strong nucleophile such as H2O
was present in such excess [39]. Yet, virtually none of the starting
alkynol 57 remained after 7 h at rt.

The same is true for the rt hydrostannation conducted with a
much greater quantity of Ph3SnH (4 equiv) in THF/H2O (4:1) at 1M
substrate concentration (Scheme 21, Entry 5), where complete
product conversion occurred, with no starting acetylene 57
remaining at reaction end (see TLC in the ESI). Now if Stang-Muller
elimination [39] was occurring (Scheme 16), as one might legiti-
mately expect if a stannylvinyl cationwas genuinely involved in the
reaction pathway, one would expect to see little reaction progres-
sion, and the starting alkyne 57would always be returned; even if a
massive excess of stannane was used, simply because such an
eliminative pathway would constantly keep recurring until all of
the excess stannane had been converted into Ph3SnOH. However, in
Entry 5, we see the vinylstannane 67 (R¼ Ph) being formed in high
yield (83%) with no starting material remaining.

Now when the hydrostannation of 57 was performed at lower
Ph3SnH concentration (2 equiv), in a mixture of THF/H2O (4:1) at
elevated temperature (50 �C) for 7 h (Scheme 21, Entry 11), the
proportion of stannylallene 66 increased significantly; with a 1.3:1
ratio of 67:66 now being formed in a combined overall yield of 77%.
As found by Crandall [36] and Malacria et al. [37] in the a-cyclo-
propylvinyl radical ring-opening reactions shown in Scheme 22,
working at higher dilutions and higher reaction temperatures with
lower quantities of stannane quite profoundly affected the reaction
outcome. Thus, in the presence of less stannane, the intermediary
stannylvinyl radical 64 now had a much longer lifetime in the re-
action mixture, and at elevated temperatures it was thus able to
channel significantly down the path of radical ring-opening.
However, because the Ph3SnH was still present in significant
excess, stannylvinyl radical H-atom abstraction from the stannane
competed significantly at 50 �C. Nonetheless, heating at a much
higher reaction temperature (80 �C) with an identical quantity of
Ph3SnH (2 equiv) (Scheme 21, Entry 12) did start to promote more
of the radical-induced b-scission event, as one might expect from
Guo's theoretical analysis [42] of the ring-opening of the a-cyclo-
propylvinyl radical (92) into its ring-opened homo-allenyl radical
93, since this extra energy input allows the activation energy bar-
rier to be more readily surmounted for the transition of radical 64
into its stannyl homoallenyl radical counterpart 65.

To further confirm these outcomes with Ph3SnH/cat. Et3B in
THF/H2O (Scheme 21, Entries 4e12), we also duly examined the O-
directed free radical hydrostannations of 57 in PhMe/MeOH and
PhMe/EtOH (Scheme 21, Entries 13, and 14). In the former case, the
outcome essentially mirrored that of Entry 1 including for the
product yield, while for Entry 14 we saw a greatly increased
amount of the reduced ring-opened stannylallene being formed, in
much lower overall product yield. It would appear that the pres-
ence of EtOH in these reactions has a detrimental effect on reaction
performance, which is a point worth noting for the future.

Not too surprisingly, based upon our past workwith Bu3SnH and
cat. Et3B for the O-directed hydrostannation of propargyloxy alkyl
acetylenes, we found this particular reagent combination to be far
inferior for the room temperature O-directed free radical hydro-
stannation of 57 than Ph3SnH, with the yield of 67 (R¼ Bu) from the
Bu3SnH reaction plummeting, it being some 30% lower than that
obtained from the Ph3SnH mediated process, despite 4 equiv of
high quality tin hydride being used at 1M substrate concentration
in both cases (compare Scheme 21, Entries 1 and 15), and the
integrity of the Bu3SnH having been checked before it was used (see
the General Information description in Part B of our ESI).

Moreover, our added finding that the stannylvinyl radical
induced cyclopropane ring-cleavage product 66 (R¼ Bu) massively
predominated in the Bu3SnH mediated reactions at 80 �C, at higher
dilution (0.1M alkyne substrate concentration, 2 equiv Bu3SnH)
(Scheme 21, Entries 17e21), further powerfully illustrated themuch
poorer ability of Bu3SnH to serve as a H-atom donor towards a-
stannylvinyl radicals.

Indeed, the outcomes in Scheme 21 very clearly demonstrate
the vastly inferior performance of Bu3SnH in the O-directed free
radical hydrostannation reactions of alkyl acetylenes more gener-
ally, in stark contrast to various claims otherwise [10]. Only rarely
does one ever obtain a comparable yield for the two processes for
most substrates [1], and the vastly superior performance of
Ph3SnH/cat. Et3B in most such O-directed free radical hydro-
stannation reactions is why we originally recommended [2] its
preferential use over Bu3SnH/cat. Et3B in 2005 [2]. We have also
typically not found that operating at higher reaction temperatures
markedly improves reaction outcomes in more complex systems,
despite various claims that it does [10].

Another point to note from our studies on the probe 57 is how
the mode of initiation (either cat. Et3B/O2 or AIBN) makes little real
difference to the outcome in the Bu3SnH reactions at elevated
temperatures. The results of Scheme 21, Entries 17 and 21, partic-
ularly emphasize this point.

However, one interesting effect that did reveal itself in the
Bu3SnH hydrostannation reactions mediated at elevated tempera-
ture, was the marked effect that solvent could have on the rate of
stannylvinyl radical H-atom abstraction; with the presence of
highly polar H2O noticeably affecting the outcome in the THF/H2O
systems, it guiding the outcome more towards the vinylstannane
product 67 (R¼ Bu), unlike its less polar solvent counterparts THF,
C6H6, and PhMe (Scheme 21, Entries 17e21).

While this polar solvent effect might well reflect a possible
coordinative event between the Bu3SnH and the H2O causing a
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lengthening and weakening the SneH bond, to facilitate H-atom
abstraction by the stannylvinyl radicals, these differences of
outcome in the various solventsmight simply be a reflection of how
well the various solvents each solvate the respective transition
states for cyclopropylvinyl radical b-scission and H-atom abstrac-
tion. The profound effect that a change in solvent can have on
shifting the balance from competitive radical induced b-scission to
H-atom abstraction is now well documented in the radical field,
including by workers such as Walling [43] and Ingold [44] to name
but a few. However, the manifestation of these polar effects here is
really quite striking.

So, to finalize our discussion of our individual experimental
results with the probe 57, the tabulated data of Scheme 21 very
clearly shows that only two stannylated products ever emerge from
these hydrostannation reactions, and these are compounds 67 and
66, even when powerful external nucleophiles such as H2O or al-
cohols are present in the reactionmixture, in far greater excess than
the stannane.

Such an observation only satisfactorily aligns itself with the
intermediacy of a stannylated a-cyclopropylvinyl radical [36e38],
not an a-stannylated vinyl cation, and this outcome powerfully
reconfirms the entirely free radical mechanism of the dialkyl
acetylene hydrostannation reaction (mechanism 1) [1,2,9,11e15].

Although we are presently working towards elucidating the
relative contributions of the key frontier molecular orbital in-
teractions [45] that likely govern the cyclopropane ring-opening of
stannylvinyl radical (Z)-64, our current thinking has the low lying
Walsh 4e' (W4) LUMO of the cyclopropane strongly interacting
with the adjacent stannylvinyl radical SOMO to promote an anti-
bonding interaction within the C1eC2 bond of the cyclopropane,
which would clearly favor its cleavage at higher temperatures
(Scheme 24). Concurrently, we also envision that the high-energy
3e' (W2) HOMO of the cyclopropane will strongly interact with
the vinyl radical SOMO to initiate the process of C]C double bond
formation and creation of the new stannylallene 66. It could well be
that the same high lying 3e' (W2) HOMO of the cyclopropane is also
interacting with the vinylstannane p* LUMO, and once more,
Scheme 24. The possible key frontier molecular orbital interactions [45] that might be
helping to promote thermally mediated b�scissive cleavage of the cyclopropane ring
in the likely more populated Boltzmann conformer (Z)-64 at elevated temperature.
heating could be facilitating this destabilizing antibonding inter-
action. Yet again, this would be expected to lengthen and weaken
the C1eC2 cyclopropane bond, while also shortening and
strengthening the C2eC3 bond. Such frontier molecular orbital
interactions [45] could equally well be determining reactivity in
either a bent or a linear a-stannylvinyl radical.

While the above frontier orbital analysis is currently only
tentative, and not based upon any natural bond orbital (NBO)
modeling [12], it does potentially provide some insights into why
stannyl homoallenyl radical formation does proceed quite readily
from 64 when external heating is applied [42,46]. It also plausibly
rationalizes why higher reaction temperatures, lower stannane
concentrations, and the use of the much poorer H-atom donor
Bu3SnH, each strongly favor divergence down the cyclopropyl vinyl
radical b-scission path. Clearly external heating of the a-stannyl-
vinyl radical 64 provides the requisite activation energy needed to
induce the critical bond distortions and electronic transitions
needed to bring about successful cyclopropane ring-opening, while
lower stannane concentrations and use of the poorer H-atom donor
Bu3SnH help to increase the lifetime of the stannylvinyl radical 64
(R¼ Bu) in solution to help promote its b-scission.

By way of contrast, the stannylvinyl cation mechanism fails to
satisfactorily account for how lower substrate and tin hydride
concentrations and higher reaction temperatures could possibly be
favoring formation of the stannylallene 66 in entries 3 and 12, and
17e21 of Scheme 21, while a high stannane and substrate con-
centration massively favors formation of the vinylstannane product
67 in entries 2 and 15.

While our two-step, entirely free radical, mechanism does very
nicely explain this observation, due to a lower stannane and alkyne
concentration both greatly disfavoring H-atom abstraction by 64,
and the latter event promoting more vinyl radical b-scission at
higher reaction temperatures, the rival stannylvinyl cationic
mechanism involving 58 does not provide any truly convincing
explanation for why the ratio of 67:66 should change so dramati-
cally as the stannane and probe 57 concentration changes, nor the
quite dramatic effects of raising the reaction temperature!

Indeed, a comparison of entries 2 and 17 (Scheme 21) is really
quite striking in this regard where opposite product ratio extremes
are observed at 80 �C. Clearly, it is hard to imagine how the stan-
nylvinyl cationic mechanism [10] could ever plausibly explain such
concentration and temperature dependent effects so cogently.

Another powerful insight that has emerged from our study of
the hydrostannation of 57 concerns the great reluctance with
which the doubly branched sterically hindered (Z)-vinylstannane
systems of structure 67 (R¼ Bu or Ph) undergo (Z)- to (E)-vinyl-
stannane isomerization [1] under the reaction conditions that we
have employed, even at elevated temperatures. The fact that
cyclopropylcarbinyl radicals generally undergo rapid ring-opening
(Ea¼ 5.9 kcalmol�1 with a k¼ 9.4� 107 s�1 - 1.3� 108 s�1) [25]
once generated, yet no doubly-stannylated ring-opened products
are seen in our reactions, very strongly suggests that tin radical
addition is not occurring readily to such vinylstannane systems, at
least not at the olefinic carbon bearing the Sn, or if it is, eliminative
b-scission must be occurring before isomerizing central CeC bond
rotation can proceed in the initially formed adducts.

Likewise, it is not possible to rule out the possibility that tin
radical addition is occurring with much greater facility at the other
less hindered olefinic carbon adjacent to the cyclopropane, and that
we are simply not observing (Z)- to (E)-isomerization due to the
subsequent elimination being extremely fast [1], and there being a
significant steric repulsive barrier opposing the 180o CeC-bond
rotation needed to allow eliminative isomerization.
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3. A summary of our main conclusions

So, to conclude, one can summarize the main key point of our
present paper in the following highly simplified way. Basically, one
of the fundamental principles of the stannylvinyl cation mecha-
nistic theory (mechanism 3) [10] is that the postulated O2-medi-
ated single electron transfer (SET) from the stannylvinyl radical 64
to O2 must irreversibly be leading to the stannylvinyl cation 58 at a

rate faster than H-atom abstraction from the stannane by the
stannylvinyl radical (Z)-64.

Such a definitive tenet implies that the above SET is possibly
occurringwith a rate constant that is significantly greater than the k
of 3.2e3.7� 108mol�1 s�1 for the H-atom abstraction from Bu3SnH
by a typical vinylic radical at rt (although the k for Ph3SnH would
likely be at least 3e5 times greater, due to it being a far superior H-
atom donor towards carbon-centred free radicals more generally
[30]).

Now given that mechanism 3 [10] requires the postulated a-
stannyl-b-cyclopropylvinyl cation 58 (R¼ Ph) to form in its entirity,

before the a-stannyl-b-cyclopropylvinyl radical (Z)-64 (R¼ Ph) can
abstract a H-atom from the stannane, this will inevitably mean that
if it was genuinely being formed, the fully rearranged cation 58
would be more than capable of being readily trapped by the huge
excess (5e271 equiv) of H2O that would be present in the reaction
medium (see Scheme 21, Entries 4e12), before any ionic reduction
by the much lower quantity of Ph3SnH could possibly occur to give
67.

This is because the direct ionic nucleophilic reduction of 58 by the
Ph3SnH would simply not be able to satisfactorily compete with the
much faster rate of cation trapping by the H2O. This is due to the rate
constant for the H2O trapping of most typical vinyl cations typically
being very fast and lying between 1.3� 107M�1 s�1 and
2.9� 107M�1 s�1 at 20 �C according to Lodder [21] and Mayr [27]
(Scheme 9), which is significantly faster than the rate of ionic
reduction of the well-known vinyl cation surrogate (p-
MeOC6H4)(Ph)C(H)þ by Ph3SnH [26] which, according to Mayr and
coworkers [27], has essentially the same reactivity as a typical vinyl
cation (e.g. 38) towards a wide range of nucleophiles, and would
thus translate to a k¼ 3.26� 104M�1 s�1 in CH2Cl2 at 20 �C
(Scheme 9), which is much slower.

In light of the fact that the vinyl cation surrogate (p-
MeOC6H4)(Ph)C(H)þ reacts fairly slowly with Ph3SnH at 20 �C, it
should thus be immediately apparent that H2O-trapped products
will form far more readily than their ionically reduced counterparts
given the k values of Lodder [21] and Mayr [27] for the corre-
sponding trappings of the same carbenium ion 39 (Scheme 9) by
H2O, and related vinyl cations [21,27]. The same would thus likely
be true for the stannylvinyl cation 58, if it was a genuine interme-
diate in these hydrostannation reactions, and H2O was present in
far greater excess than the Ph3SnH, as it is in Scheme 21, Entries
4e12; and the alleged Ph3Snþ cationwas also able to withstand the
presence of the H2O, to continue the alleged O2-mediated catalytic
cycle of mechanism 3 [10].

If one continues further with this analysis, and one extrapolates
the aforementioned ionic reduction rate constant data to Bu3SnH,
which, according to Mayr et al. [26b] reacts approximately 354
times faster than Ph3SnH in the ionic reduction of the 4,40-bis(di-
methylamino)benzhydrylium ion, this would translate to an esti-
mated rate constant for the corresponding reduction of the (p-
MeOC6H4)(Ph)C(H)þ cation of k¼ 1.15� 107M�1 s�1 at 20 �C.
Assuming that this k value is similar to that for ionic reduction of
the stannylvinyl cation 58, this would again not allow ionic
reduction by Bu3SnH to successfully outpace the H2O trapping of 58
which, if it was more stable than the (p-MeOC6H4)(Ph)C(H)þ cation,
would actually react even more slowly with tin hydrides based
upon Mayr's data on the ionic reduction of the highly stabilized
4,40-bis(dimethylamino)-benzhydrylium ion with stannanes [26b].
So, Mayr's highly valuable data [26b], when considered alongside
our own experimental findings on the probe 57 in THF/H2O
(Scheme 21) [14], suggest very strongly that mechanism 3 cannot
be a viable mechanism for these O-directed free radical hydro-
stannation reactions.

Thus, the fact thatwe do not see any H2O trapped products such as
61, 62 or 84 in our reactionmixtures in Scheme 21 Entries 4e12 and
18e19 very clearly indicates that such highly stabilized stannylvinyl
cations are almost certainly not forming, and that the two observed
reduction products 67 and 66 (R¼ Ph, Bu) are solely arising through
an entirely free radical mechanism involving 64.

Now it is important to note here that it will not actually matter
whether the k for stannylvinyl radical H-atom abstraction from
Bu3SnH will be larger or smaller than the estimated k of 1.3-2.9 x
107mol�1 s�1 for H2O trapping [21,27] by the putative stannylvinyl
cation 58, since according to the proposers of mechanism 3 [10], all

of the stannylvinyl radical 64will immediately be converted into the
stannylvinyl cation 58 before the intermediary stannylvinyl radical
64will ever have any opportunity to homolytically H-atom abstract
from the stannane.

Therefore, this key theoretical tenet and requirement of the
stannylvinyl cation mechanistic theory (mechanism 3), and the lack
of any observed H2O-trapped enol-derived side products such as 62
strongly rules against the intermediacy of a stannylvinyl cation in
these hydrostannation reactions. Evenmoreso, given that the alleged
stannylvinyl cation 58 would be triply stabilized and have a suffi-
cient lifetime to be even more readily captured by nucleophiles,
based upon Bergman and Sherrod's [40], and Muller and Stang's
collective results [39]. So, again, the lack of observed enol-derived
products in the aqueous THF hydrostannation runs, and the long
knownmuch faster rate of a stabilized vinyl cation trapping by H2O
[21,27], compared with the rate of ionic reduction of the vinyl
cation surrogate 39 (Scheme 9) by Ph3SnH [26], must inevitably
mean that 66 is arising purely from the stannylvinyl radical 64 by
the mechanism shown in Schemes 15 and 2 viz. via mechanism 1.

The added observation that we did not observe the nucleo-
philically ring-opened primary stannylallenyl alcohol 84 from the
direct SN2 attack of H2O on 58 (Scheme 20) or H2O attack on its
stannylhomoallenyl carbocation 83 (Scheme 19) in Scheme 21,
Entries 4e12, further argues against 66 arising from an analogous
ionic reduction of 58 by the stannane. Consequentially, this too
counts as good hard experimental evidence against mechanism 3.
The additional finding that we did not encounter any E1 elimina-
tion product 68 (Scheme 16) in our reaction mixtures further ar-
gues strongly against the possible formation of a ring-cleaved
stannylhomoallenyl cation 83 (Scheme 19). Stannylallene 68would
almost certainly have co-arisen had the primary carbocation 83
been the predominant source of 66 (Scheme 16).

The finding that all of our hydrostannations progressed to
completion in Scheme 21 at high stannane concentration further
rails against the operation of a Stang-Muller eliminative nucleo-
philic attack [39] by H2O on the hypothesized stannylvinyl cation
58 (Scheme 16), despite this long being known to be the preferred
mode of reaction of stannylvinyl cations with even quite weak
nucleophiles.

Thus, we believe that it is entirely reasonable for us to question
the very existence of this much publicized stannylvinyl cation in-
termediate [10] from the mechanism 3 team [10], and that we refer
to it as “the stannylvinyl cation that never was”, since so far, 7 years
on, not a single piece of corroborative experimental evidence has
ever been put forward by any team [10,19] to genuinely confirm its
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existence (Scheme 8) in such O-directed free radical hydro-
stannation reactions, and based upon the data that we presently
have at hand, we are in significant doubt about whether such evi-
dence will ever be produced in the future.

As well as this, in the THF/H2O reaction runs that we examined
(Scheme 21, Entries 18 and 19), it is mechanistically implausible
that the reduced stannylallene 66 could ever arise in such large
quantity (47e59% isolated yield) from pseudo-SN2 or SN1 cyclo-
propane ring-cleavages of the postulated stannylvinyl cation 58 by
Bu3SnH, without the co-formation of the primary stannylallenyl
alcohol 84 (R¼ Bu) (Scheme 21) in substantial quantity as well.

In this regard, Bergman and Sherrod's 1971 results [40] (see
Schemes 17 and 18) are quite unambiguous, for they have conclu-
sively shown that the ring-opening of a-cyclopropyl vinyl cations with
strong nucleophiles is generally a highly disfavored process. Indeed,
their classic mechanistic work [40] of 1971 definitively reveals that
nucleophiles always prefer to attack a-cyclopropylvinyl cations at
the vinylic carbon bearing the positive charge, and they do this
virtually exclusively.

As well as this, stannanes are well-known to be very poor ionic
hydride donors towards carbocations [27], due to the SneH s-
bonding orbital often being far too low in energy to be able to
readily donate its electrons into the requisite unoccupied vinyl
cationic p-orbital, which would be much higher in energy.

So, the above hydrostannation outcomes with the alkynol 57 in
THF/H2O (Scheme 21) very powerfully rule against the interme-
diacy of stannylvinyl cations in these hydrostannation reactions,
and when this new data is considered alongside our prior 2005
radical cyclization work on 23, and Alabugin's 2015 results, this
collective body of evidence very strongly points to mechanism 1
being the primary arbiter of hydrostannation outcome under the
room temperature, high stannane concentration, conditions that
are typically employed to mediate most such reactions with stan-
nanes and cat Et3B.

While our rt hydrostannation studies on the alkynol probe 23
(Schemes 5 and 13) have quite clearly demonstrated that mecha-

nism 2 [18] can operate in these reactions, at very low stannane and
substrate concentrations, such experimental conditions generally
give rise to very poor levels of a-regiocontrol. They also result in
rather disappointing product conversions and yields, in contrast to
what is typically observed when such Ph3SnH mediated hydro-
stannation reactions are run at much higher stannane concentra-
tions, which is our specific recommendaton whenever deploying
this reaction.

Yet another synthetically useful result that has emerged from
our new 2019e2020 hydrostannation studies on the probe 23 is our
finding that lower reaction temperatures significantly increase the
amount of a-stannylated product 26, relative to 27 and 55. Impor-
tantly, as well, under these circumstances, one is still able to record
a marked change in the a:b-product ratio if one varies the Ph3SnH
concentration, in full accord with our previous experimental find-
ings at rt.

Thus, our latest data on the alkynol 23 once more very strongly
rules against mechanism 2 [18] playing a significant controlling role
in the free radical hydrostannation of propargyloxy dialkyl acety-
lenes at quite high stannane concentrations.

The collective results reported here thus strongly align with the
operation of mechanism 1 [1,2,9,12,14] under the normal, high
stannane concentration, conditions that one typically employs in
these hydrostannation reactions. Future work from our laboratory
will examine further the effects of high and low temperature on
alkyne hydrostannation reactions run under free radical initiated
conditions, and hopefully this work will delineate further how
temperature can modulate both reaction outcome and mechanism.
4. Experimental section

The augmentation of our 2005 work [9] with probe 23:
4.1. (4S,5R,E)-5-(tert-butyldimethylsilyloxy)-4,6-dimethyloct-6-en-
2-yn-1-ol (23)

The following new experimental procedure is now considered
superior and far more convenient for the preparation of the alkynol
23 [9a] and it totally avoids the use of pyrophoric n-BuLi under
cryogenic conditions. It exploits our recently developed excellent
new Carreira [47] terminal alkyne hydroxymethylation procedure
which uses Zn(OTf)2/Et3N/TMEDA [48] in PhMe at 60 �C with solid
paraformaldehyde to accomplish this novel CeC bond-forming
process reliably in good yield. The new improved procedure for
securing 30 is as follows:

To a stirred solution of Zn(OTf)2 (16.42 g, 45.16mmol) (1.9 equiv)
in dry PhMe (100mL) under N2 was added freshly distilled dry Et3N
(6.63mL, 47.54mmol) (2 equiv) followed by TMEDA (7.13mL,
47.54mmol) (2 equiv) via syringe. The resulting suspension was
then stirred vigorously at rt for 2 h before a solution of known
alkyne 94 [9,49] (6 g, 23.77mmol; see footnote 49 for the structure
of 94)) dissolved in dry PhMe (15mL) was added via cannula. The
flask was further rinsed with a second portion of dry PhMe (5mL),
and the ensuing solution added via cannula. The resulting mixture
was then stirred for 20min before solid (HCHO)n (3.57 g,
118.85mmol, 5 equiv) was added in a single portion, after which
the reaction mixture was heated at 60 �C for 4 days. The reaction
was then quenched by diluting with EtOAc (300mL) and saturated
aqueous NH4Cl (150mL). The layers were then separated and the
aqueous layer further extracted with EtOAc (3� 100mL). The
combined organic layers were now dried over MgSO4, filtered, and
concentrated in vacuo. The crude residue was purified by SiO2 flash
chromatography with Petrol:EtOAc as the eluent (gradient elution
with 100:1 then 50:1 then 20:1 then 10:1) to afford the alkynol 23
(4.94 g, 74%) as a clear colorless oil. Its spectral properties matched
closely with those reported previously [9].

1H NMR of 23 (600.13MHz, CDCl3, 298 K) d 5.39 (q of sextets,1H,

J¼ 1.2 Hz, 6.6 Hz, eC(Me)¼ C(H)Me), 4.16 (d, 2H, J¼ 1.8 Hz,

HOCH2CC-), 3.77 (d, 1H, J¼ 7.8 Hz, -CH(OTBS)-), 2.53 (complex m,

1H, -CH(Me)-), 1.81 (br s, 1H, HOCH2CC-), 1.57 (dq, 3H, J¼ 1.2 Hz,

6.6 Hz, eC(Me)¼ C(H)Me), 1.53 (m, 3H, C(Me)¼ C(H)Me), 1.13 (d,

3H, J¼ 7.2 Hz, eCH(Me)-), 0.84 (s, 9H, t-Bu of OTBS), 0.004 (s, 3H,
Me of OTBS), �0.07 (s, 3H, Me of TBS) ppm. 13C NMR of 23
(150.9MHz, CDCl3, 298 K) d 136.3 (-C(Me)¼ C(H)Me), 121.8

(-C(Me)¼ C(H)Me), 88.7 (HOCH2CC-), 81.9 (-CH(OTBS), 79.8

(HOCH2CC-), 51.2 (HOCH2CC-), 31.5 (-CH(Me)-), 25.8 (3 xMe of t-Bu

of OTBS), 18.2 (Me3C of t-Bu of OTBS), 17.2 (-CH(Me)-), 12.9

(-C(Me)¼ C(H)Me), 11.1 (-C(Me)¼ C(H)Me), �4.8 and �5.2 (2 x Me
of OTBS) ppm.

(2Z,4S,5R, 6E)-5-(tert-Butyldimethylsilyloxy)-4,6-dimethyl-2-
(triphenylstannyl)octa-2,6-dien-1-ol (26),

(2Z,4R,5R, 6E)-5-(tert-butyldimethylsilyloxy)-4,6-dimethyl-3-
(triphenylstannyl)octa-2,6-dien-1-ol (55), and

(3R,4R, 5R)-4-(tert-butyldimethylsilyloxy)-5-ethyl-3,5-
dimethyl-2-(triphenylstannyl)cyclopent-1-enyl)methanol (27).

The hydrostannation of the alkynol probe 23 was run under the
following new conditions:
4.1.1. Ph3SnH (10 equiv), Et3B (0.1 equiv), PhMe (c of 23¼1M),
20 �C, 24 h

Inside a glove bag filled with dry N2, Ph3SnH (1.49 g, 4.24mmol)
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(10 equiv) was accurately weighed out into an open-necked round-
bottomed flask equipped with a magnetic stirring bar. Whilst still
inside the glove bag, and while maintaining the N2 atmosphere, the
reaction vessel was fitted with a closed 3-way tap with a Quickfit
male joint. The sealed flask was then removed from the N2-filled
glove bag and connected to a vacuum line with rubber hose via the
3-way tap, which was also fitted with an N2-filled balloon. It was
then sequentially evacuated and purged with N2 from the balloon
before the reaction flask was transferred to a hot-plate stirrer
located inside a fume-cupboard. The contents of the reaction flask
were then stirred under N2 while a solution of alkynol 23 (119.9mg,
0.424mmol) in dry PhMe (0.42mL) was added dropwise via can-
nula from a small septum-sealed pear-shaped flask fitted with an
N2 filled balloon. To this stirred slurry of the Ph3SnH and 23 at 20 �C
was then successively added Et3B (0.04mL, 1M solution in hexane,
0.04mmol) (0.1 equiv) dropwise over 5 s via syringe, followed by
air (5mL, from a syringe) 5min later. The reactants were then
stirred at 20 �C under N2 for 24 h, after which, the reaction mixture
was concentrated in vacuo. A tiny portion of the crude residue was
taken and dissolved in CDCl3 and submitted for 1H NMR spectros-
copy to ascertain the crude ratio of the products. In this instance,
this revealed that the a:b-addition ratio (26:27/55) was 6.8:1. The
remaining crude concentrated residue was then purified by
gradient elution SiO2 flash chromatography using initially 3:1 then
2:1 then 1:1 Petrol:CH2Cl2 to remove excess tin hydride, followed
by 50:1 to 40:1 Petrol:EtOAc to afford the a-vinylstannane product
26 (175.5mg, 65%) as a clear oil. Finally elution with 30:1 Petro-
l:EtOAc furnished the uncyclized b-vinylstannane 55 (25.4mg, 9%)
as a slightly impure clear oil.

The 600MHz 1H NMR data of 26 in CDCl3 matched up well with
our previously reported 500MHz 1H NMR spectral values in CDCl3
[9a]. The new confirmatory spectral data for 26 are as follows:

1H NMR data of 26 (600.13MHz, CDCl3, 298 K) d 7.68e7.56 (m,
6H, Ph), 7.39e7.32 (m, 9H, Ph), 6.41 (dt, 1H, J¼ 10.2 Hz, 1.2 Hz,
3J119Sne1H¼ 163.8 Hz, 3J117Sne1H¼ 156.6 Hz,

HOCH2C(SnPh3)¼ C(H)-), 5.18 (q quint, 1H, J¼ 1.2 Hz, 6.6 Hz,

eC(Me)¼ C(H)Me), 4.30 (dd, 2H, J¼ 1.2 Hz, 6.0 Hz,
3J119Sne1H¼ 54.0 Hz, 3J117Sne1H¼ 51.6 Hz, -CH2OH)), 3.70 (d, 1H,

J¼ 4.8 Hz, -CH(OTBS)-), 2.23 (complex m, 1H, eCH(Me)-), 1.46 (dt,

3H, J¼ 1.2 Hz, 6.6 Hz, -(Me)C]CH(Me)), 1.36 (t, 1H, J¼ 6.0 Hz,

-CH2OH), 0.92 (s, 3 H, -(Me)C]CH(Me)), 0.86 (s, 9H, t-Bu), 0.71 (d,

3H, J¼ 6.6 Hz, eCH(Me)-), �0.02 (s, 3H, TBS-Me), �0.12 (s, 3H, TBS-

Me) ppm.
The new spectral and physical data for previously uncharac-

terized 55: [a]D �16.5 (c 0.41, CH2Cl2); IR (neat) 3431 (br s), 3065
(m), 2955 (s), 2928 (s), 2855 (s), 1461 (m), 1430 (s), 1388 (m), 1267
(s), 1047(s), 874 (m), 838 (s) 780 (s), 733 (s), 701 (s), 455 (m). 1H
NMR data for 55 (600.13MHz, CDCl3, 298 K) d 7.59e7.47 (m, 6H, Ph),
7.39e7.30 (m, 9H, Ph), 6.45 (t, 1H, J¼ 6.6 Hz, 3J119Sne1H¼ 162.0 Hz,
3J117Sne1H¼ 154.8 Hz, -(Ph3Sn)C]C(H)CH2OH), 5.17 (qd, 1H,

J¼ 1.2 Hz, 6.6 Hz, MeC(H)]C(Me)-), 3.97 (d, 2H, J¼ 6.6 Hz,

-CH2OH), 3.67 (d, 1H, J¼ 9.6 Hz, -CH(OTBS)-), 2.70 (dq, J¼ 9.6 Hz,

7.2 Hz 1H, -(Me)CHCH(OTBS)-), 1.53 (t, 3H, J¼ 1.2 Hz, MeC(H)]

C(Me)-), 1.49 (dd, 3H, J¼ 1.2 Hz, 6.6 Hz, MeC(H)]C(Me)-), 1.16 (d,

3H, J¼ 6.6 Hz, -(Me)CHCH(OTBS)-), 0.73 (s, 9H, (t-Bu of TBS), �0.34

(s, 3H, TBS-Me), �0.43 (s, 3H, TBS-Me); 13C NMR data for 55
(150.9MHz, CDCl3, 298 K) d 147.1 (1J119Sne13C¼ 493.7 Hz,
1J117Sne13C¼ 472.0 Hz, -(Ph3Sn)C]C(H)CH2OH), 140.7
(1J119Sne13C¼ 511.7 Hz, 1J117Sne13C¼ 488.9 Hz, 3 x quaternary C of

Ph3Sn), 139.9 (2J119/117Sne13C¼ 26.4 Hz, -(Ph3Sn)C]C(H)CH2OH),

138.4 (MeC(H)]C(Me)-), 137.0 (3J119/117Sne13C¼ 38.2 Hz, Ph3Sn),
128.8 (4J119/117Sne13C¼ 11.2 Hz, 3 x para-C of Ph3Sn), 128.5
(2J119Sne13C¼ 50.9 Hz, 2J117Sne13C¼ 48.9 Hz, Ph3Sn), 122.3

(MeC(H)]C(Me)-), 81.5 (3J119/117Sne13C¼ 9.8 Hz, -CH(OTBS)-), 64.2

(3J119/117Sne13C¼ 44.5 Hz, -CH2OH), 50.5 (2J119/117Sne13C¼ 37.7 Hz,

-(Me)CHCH(OTBS)), 25.7 ((Me)3CSi(CH3)2-), 19.4 (3J119/

117Sne13C¼ 12.7 Hz, -(Me)CHCH(OTBS)-), 18.1 ((Me)3CSi(Me)2-),

12.9 (MeC(H)]C(Me)-), 10.4 (MeC(H)]C(Me)-),�5.0 and�5.4 (2 x

TBS-Me); TOF ES þ HRMS: [MþNa]þ Calcd. for
C34H46O2SiSnNa¼ 657.2194. Found¼ 657.2148.

4.1.2. Ph3SnH (1 equiv), Et3B (0.1 equiv), PhMe (c of 23¼ 0.025M),
20 �C, 24 h

Inside a glove bag filled with dry N2, Ph3SnH (0.22 g,
0.627mmol) (1 equiv) was accurately weighed out into an open-
necked round-bottomed flask equipped with a magnetic stirring
bar. The reaction vessel was fitted with a closed 3-way tap with a
Quickfit male joint while still inside the glove bag. The sealed flask
was then removed from the glove bag and connected to a vacuum
line and hose via its 3-way tap. The latter was also fittedwith an N2-
filled balloon. The flask was then sequentially evacuated and
purged with N2 from the balloon before being transferred to a hot-
plate stirrer located inside a fume-cupboard. The contents of the
reaction flaskwere then stirred under N2while a solution of alkynol
23 (177mg, 0.627mmol) in dry PhMe (25.1mL) was added drop-
wise via cannula from a small septum-sealed pear-shaped flask also
fitted with an N2-filled balloon. To this stirred mixture of the
Ph3SnH and 23 at 20 �C was then added Et3B (0.06mL, 1M solution
in hexane, 0.06mmol) (0.1 equiv) dropwise via syringe, followed by
air (5mL, from a syringe), 5min later. The reactants were then
stirred at 20 �C for 24 h, after which, the reaction mixture was
concentrated in vacuo and a 1H NMR spectrum was recorded of a
tiny portion of the crude residue in CDCl3, to ascertain the crude
ratio of products. In this particular instance, this revealed that the
a:b-addition ratio (26:27/55) was 1:2. The remaining crude
concentrated residue was then purified by gradient elution SiO2
flash chromatography using 3:1 then 2:1 then 1:1 Petrol:CH2Cl2 to
remove the excess tin residues, followed by 50:1 Petrol:EtOAc to
afford the cyclized b-vinylstannane product 27 (116mg, 29%) as a
clear oil. Further elution with 40:1 Petrol:EtOAc furnished the a-
vinylstannane 26 (84mg, 21%) as a clear oil and finally 30:1 then
20:1 then 10:1 petrol:EtOAc allowed the starting alkynol 23
(49.8mg, 28%) to be recovered as a clear oil. Because of the very
similar TLCmobility of the starting alkynol 23 and the uncyclized b-
vinylstannane 55, in this instance, we were unable to isolate it in
pure condition following SiO2 flash chromatographic purification.

New confirmatory spectral data for 27: 1H NMR (600.13MHz,
CDCl3, 298 K) d 7.63e7.51 (m, 6H, Ph), 7.38e7.29 (m, 9H, Ph), 4.09

(dd, 2H, J¼ 1.8 Hz, 6.0 Hz, -CH2OH), 3.76 (d, 1H, J¼ 5.4 Hz,

eCH(OTBS)-), 2.71 (m, 1H, -CH(Me)-), 1.45 (m, 2H, -CH2Me), 1.08 (t,

1H, J¼ 6.0 Hz, -CH2OH), 1.05 (s, 3H, -(Et)C(Me)-), 0.92 (d, 3H,

J¼ 7.2 Hz, eCH(Me)-), 0.90 (s, 9H, t-Bu of OTBS), 0.86 (t, 3H,

J¼ 7.2 Hz, eCH2Me), 0.05 (s, 3H, Me of OTBS), 0.03 (s, 3H, Me of
OTBS) ppm. This data matched extremely well with the previously
published 1H and 13C NMR spectra of 27 published in 2005 [9a].

4.1.3. Ph3SnH (10 equiv), Et3B (0.1 equiv), PhMe (c of 23¼1M), �5
to �10 �C, 3.5 h

Inside a glove bag filled with dry N2, Ph3SnH (0.52 g, 1.48mmol)
(10 equiv) was accurately weighed out into an open-necked round-
bottomed flask equipped with a magnetic stirring bar. Whilst still
inside the glove bag, and while maintaining the N2 atmosphere, the
reaction vessel was fitted with a closed 3-way tap with a Quickfit
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male joint. The sealed flask was then removed from the N2-filled
glove bag and connected to a vacuum line with rubber hose via the
3-way tap, which was also fitted with an N2-filled balloon. It was
then sequentially evacuated and purged with N2 from the balloon
before the reaction flask was transferred to a hot-plate stirrer
located inside a fume-cupboard. The contents of the reaction flask
were then stirred under N2 while a solution of alkynol 23 (41.8mg,
0.148mmol) in dry PhMe (0.15mL) was added dropwise via can-
nula from a small septum-sealed pear-shaped flask fitted with an
N2 filled balloon. To this stirred slurry of the Ph3SnH and 23 at �5
to �10 �C was then successively added Et3B (0.015mL, 1M solution
in hexane, 0.015mmol) (0.1 equiv) dropwise over 5 s via syringe,
followed by air (5mL, from a syringe) 5min later. The reactants
were then stirred at �5 to �10 �C under N2 for 3.5 h, after which,
the reaction mixture was concentrated in vacuo. A tiny portion of
the crude residue was taken and dissolved in CDCl3 and submitted
for 1H NMR spectroscopy to ascertain the crude ratio of the prod-
ucts. In this instance, this revealed that the a:b-addition ratio
(26:27/55) was 9.6:1. The remaining crude concentrated residue
was then purified by gradient elution SiO2 flash chromatography
using initially 3:1 then 2:1 then 1:1 Petrol:CH2Cl2 to remove excess
tin hydride, followed by 50:1 to 40:1 Petrol:EtOAc to afford the
〈-vinylstannane product 26 (47.8mg, 51%) as a clear oil.
4.1.4. Ph3SnH (1 equiv), Et3B (0.1 equiv), PhMe (c of
23¼ 0.025M), �5 to �10 �C, 3.5 h

Inside a glove bag filled with dry N2, Ph3SnH (0.10 g,
0.285mmol) (1 equiv) was accurately weighed out into an open-
necked round-bottomed flask equipped with a magnetic stirring
bar. The reaction vessel was fitted with a closed 3-way tap with a
Quickfit male joint while still inside the glove bag. The sealed flask
was then removed from the glove bag and connected to a vacuum
line and hose via its 3-way tap. The latter was also fittedwith an N2-
filled balloon. The flask was then sequentially evacuated and
purged with N2 from the balloon before being transferred to a hot-
plate stirrer located inside a fume-cupboard. The contents of the
reaction flaskwere then stirred under N2while a solution of alkynol
23 (80.5mg, 0.285mmol) in dry PhMe (11.4mL) was added drop-
wise via cannula from a small septum-sealed pear-shaped flask also
fitted with an N2-filled balloon. To this stirred mixture of the
Ph3SnH and 23 at �5 to �10 �C was then added Et3B (0.06mL, 1M
solution in hexane, 0.06mmol) (0.1 equiv) dropwise via syringe,
followed by air (5mL, from a syringe), 5min later. The reactants
were then stirred at�5 to�10 �C for 3.5 h, after which, the reaction
mixture was concentrated in vacuo and a 1H NMR spectrum was
recorded of a tiny portion of the crude residue in CDCl3, to ascertain
the crude ratio of products. In this particular instance, this revealed
that the a:b-addition ratio (26:27/55) was 1.9:1. The remaining
crude concentrated residue was then purified by gradient elution
SiO2 flash chromatography using 3:1 then 2:1 then 1:1 Pet-
rol:CH2Cl2 to remove the excess tin residues, followed by 50:1 to
40:1 Petrol:EtOAc to afford the a-vinylstannane product 26
(45.9mg, 25%) as a clear oil. Further eluction with 30:1 then 20:1
then 10:1 petrol:EtOAc allowed the starting alkynol 23 (36.5mg,
45%) to be recovered as a clear oil. Because of the very similar TLC
mobility of the starting alkynol 23 and the uncyclized b-vinyl-
stannane 55, in this instance, we were unable to isolate it in pure
condition following SiO2 flash chromatographic purification.
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evidence then available to support such a suggestion and, if anything, there
was actually a very good reason to think that it might not be significant. Since
that time, however, very powerful computational evidence has now been
gathered by Professor Igor V. Alabugin and his team at FSU to support the idea
that hyperconjugative delocalization (sSn-C/vinyl radical orbital) is
contributing very significantly to stabilizing such b-stannylvinyl radicals to
the tune of �26 to �27 kcal mol�1. We refer readers to references 12 and 13
herein for details of these new NBO (natural bond orbital) calculations that
have been performed by the Alabugin team, which now very strongly endorse
our original 2005 thinking, which had first come about as a result of our
experimental confirmation of the reversibility of these Ph3Sn� radical addi-
tions (in references 2 and 9a), which inevitably must involve orbital in-
teractions very similar to those involved in hyperconjugative stabilization. We
thank a reviewer of our manuscript for requiring us to further clarify our
original position on this matter, and we note that, in references 1 and 14, we
had already endorsed the idea of b-Sn-C hyperconjugative interactions sta-
bilizing the proposed stannylvinyl radicals (Z)-2 that had been invoked,
following Professor Alabugin's highly insightful computational work (refer-
ence 12) which, in our view, provided much needed mechanistic insights in
this regard.
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