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ABSTRACT: Ynamides are fascinating small molecules with complementary reactivities

0=0

under radical, ionic, and metal-catalyzed conditions. We report herein synthetic and DFT +
investigations of palladium-catalyzed ligand-controlled regiodivergent hydrometalation HMR;

reactions of ynamides. Germylated and stannylated enamides are obtained with excellent q_? L, i L, Q_P
o,E- or f,E-selectivities and a broad functional group tolerance. Such a regiodivergent Rl — . @ o
3
o,E

palladium-catalyzed process is unique in ynamide chemistry and allows for the

MR;
M= Ge, Sn B E

elaboration of metalated enamides that are useful building blocks for cross-coupling
reactions or heterocyclic chemistry. DFT calculations fully support the experimental data
and demonstrate the crucial roles of the trans-geometry of the [H-Pd(L)-Ge] complex, as well as of the steric requirements of the
phosphine ligand. In addition, these calculations support the prevalence of a hydro-palladation pathway over a metal palladation of

the 7 system of the ynamide.

B INTRODUCTION

Vinyltin' and vinylsilane* compounds exhibit intrinsic
reactivities in electrophilic substitution reactions and metal-
mediated cross-coupling reactions, which have been central to
the elaboration of complex molecular architectures. Although
in the same column of the periodic table, organogermanium
compounds’ have been less studied than organotin and
organosilicon derivatives in spite of their interesting chemical
properties, their reactivity profiles, and their absence of
toxicity.* ® Replacement of carbon by silicon or germanium
in a given small molecule leads to a “silicon or germanium
switch” that confers an increased lipophilicity that can improve
biological activities of hydrophobic pharmacophores, as shown
in the case of a retinoic acid receptor ligand” or an estrogen
receptor ligand.® This beneficial increase in hydrophobicity was
mainly attributed to the difference in covalent radius of the
central atom.

Carbon—germanium bonds are usually formed via radical
additions of germyl radicals to alkenes or alkynes,’
germylmetalation of alkynes or enones,'’ ruthenium- or
iridium-catalyzed germylative coupling of terminal alkynes,''
palladium-catalyzed germylation of aryl (pseudo) halides,"
Lewis acid-catalyzed hydrogermylation,” or visible-light-
initiated manganese-catalyzed hydrogermylation,'* or more
generally using Fe-,'® Rh-,'® Ru-,'” Pd-"® or Pt—lgcatalyzed
hydrogermylation reactions of alkenes or alkynes.”” Although
hydrogermylation reactions of alkynes have been studied since
the late 1950s,”' control over regio- and stereoselectivity
remains challenging in most cases, thus limiting access to regio-
and stereodefined vinylgermanes.”~** E/Z Stereoselectivity has
been mainly controlled by the nature of the metal and/or the
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reaction conditions. Regioselectivity has been reported to be
moderate when not biased by specific reaction conditions or by
inherent functionalities that play the role of directing groups.
Important breakthroughs by the Fiirstner group recently
provided two efficient ruthenium-based catalytic systems for
the regio-, chemo-, and stereoselective trans-hydrogermylation
of propargylic alcohols. A protic functional group proved to be
essential for coordination with the metal, and depending on
the ruthenium catalyst used, [Cp*Ru(MeCN),;]PF¢ or
(Cp*RuCl),, the regioselectivity of the hydrogermylation
could be inverted (proximal/distal = 24:76 to 86:14).'""*

Nitrogen-substituted alkynes are versatile building blocks
whose reactivities have been studied over the past two
decades.”*** If ynamides could be hydrometalated with
complete control over regio- and stereoselectivity, stereo-
defined metalated enamides would be accessible and could be
further functionalized using typical enamide or vinylmetal
reactions.

P-Regioselectivity has been observed in radical silylzincatio-
n,”** hydrosilylation reactions using Lewis acid catalysis,”*” Rh
catalysis,”* or Cu catalysis,”* and silylzincation using
(Me,PhSi),Zn or [(Me3Si)3]ZZn,26d as well as in hydro-
germylation using radical germylzincation conditions (Scheme
1a).”” On the other hand, a-regioselectivities were obtained in
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Scheme 1. State of the Art for Ynamide Hydrometalation (a,b), Current Challenge (c), and Reaction Design for Ligand-
Controlled Palladium-Catalyzed Regiodivergent Hydrogermylation of Ynamides (d)
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the palladium- or molybdenum-catalyzed** hydro-
stannylation of ynamides (Scheme 1b), except in the case of
camphorsultam-derived ynamides for which a slight preference
for f-regioselectivity was reported.”®

A current major challenge in ynamide chemistry is the
flexible control of regioselectivity during the addition of a
functional group across the 7 system, which is intrinsically
biased due to the strong polarization of the alkyne leading to
the formation of a carbon-functional group bond preferentially
in the a position.”” Different strategies have been studied to
redirect the formation of such bonds to the f position of
ynamides based on ring-strain, chelation to the nitrogen
electron-withdrawing substituent of the alkyne, base-mediated
addition, and radical-initiated reactions.””*° We report herein a
complementary strategy for such control in ynamide chemistry
by showing that the regioselectivity of palladium-catalyzed
hydrogermylation reactions of ynamides can be ligand-
controlled (Scheme 1c). Only rare precedents of ligand-
controlled regiodivergency are known for other types of metal-
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catalyzed reactions of ynamides, such as the rhodium-catalyzed
hydroformylation®** or the gold-catalyzed synthesis of
indoles.*” Depending on the steric requirements of the
phosphine ligand, excellent a- or p-regioselectivities and
perfect stereoselectivities (E/Z > 99:1) are obtained in this
ligand-controlled regiodivergent hydrogermylation (Scheme
1d). DFT investigations of this reaction of ynamides shed light
on the observed inversion of regioselectivity and point to the
crucial interplay between the steric requirements of the ligands
and the geometry of the [H-Pd-GeR;] complex in the
competing transition states.

Bl RESULTS AND DISCUSSION

Screening of Reaction Conditions. Studies of the
regiodivergency in palladium-catalyzed hydrogermylation
reactions of ynamides were initiated with model compound
la. Using Pd(PPh,), as a standard Pd(0) complex (conditions
A1), stereoselective cis-hydrogermylation takes place, yielding
exclusively E-enamides 3a and 4a in an 80:20 ratio (Table 1).
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Table 1. Screening of Reaction Conditions
L
PhsGe,
(o) H-GePh 3
Ph—=—N__ | * 3 = O [CCDC 1992926]
2a (1 equiv) N“(
Lo
Conditions A1-3 solvent
orB1-3orC temperature pE-da
GePh;  PhsGe Ph  GePh, Ph
— o] = 0o = o] ) U H
PH N—( . PH N-( + N-( + PhsGé N—(
o Lo o Lo
GePhs
a,E-3a B,E-4a a,Z-5a B,Z-6a _ o [CCDC 1992925]
: — N
Ligand ‘(
o
Conditions' (base) Sol., Temp. 3a 4a 5a 6a N\ / &/o
a1 PA(PPho), THF 0 20 - - CFs  o,E-3r
(5 mol%) 20 °C
Pd(OAC), DPEphos THF i
AZ (4 mol%) (1.1 mol%) 20°c 21 9 T T e
MeO
[Cp*RuCl], CH,Cl, L
A3 (25 mol%) 20°c 90 10
g1 Pd(OAc) Cy-DPEphos THF 7 o8 - - __P%PMs reepe 2000304]
(1 mol%) (1.1 mol%) 60 °C N_(
PMe(t-Bu)y*HBF, QO
Pd(dba), 5 THF
B2 (1 mol%) Y c 7%
g Cs,CO; (10 mol%)  60°C oZ-5q
Cp*Ru(MeCN)3]PFs  PMe(t-Bu CH,CI
B3P ES F,’nop/f,) alPFe @ m,()|%) & 20 SC 2 o271 73 - - Figure 1. X-ray structures of §,E-4a, ,E-3r, and @,Z-5q.
. THF . . . . o
C  EtsB(1equiv) . 50 50 were clearly identified using extensive NMR characterization
20 °C Y g

“Reaction conditions: ynamide la (1 equiv), HGePh, 2a (1 equiv).
Products ratios were measured by "H NMR “Incomplete conversion
after 16 h.

Ligand screening showed that it was possible to improve this
ratio up to 91:9 in favor of 3a using DPEphos as ligand
(conditions A2). Gratifyingly, switching from DPEphos to Cy-
DPEphos completely reversed the regioselectivity in favor of
the f,E-isomer 4a (conditions B1). Further ligand screening
led us to improve the f-selectivity up to 7:93 in favor of 4a
using P(#-Bu),Me, an electron-rich and bulky monophosphine
ligand (conditions B2).

For comparison, Ru-catalyzed stereoselective trans-hydro-
metalation conditions reported by the Fiirstner group”b’23
were evaluated. These conditions were previously shown to
produce trans-addition products in the reactions of propargylic
alcohols. However, in the case of ynamide substrate 1a, Z-5a
and Z-6a (arising from a trans-hydrogermylation) were not
observed under conditions A3 ([Cp*RuCl],, dichloromethane,
20 °C) nor under conditions B3 ([Cp*Ru(MeCN),]PF,,
dichloromethane, 20 °C). Only E-3a and E-4a were obtained
with variable a/f ratios (A3: 90:10, B3: 27:73). A similar
trend was observed with triethylgermane, but with slightly
lower regioselectivity. Although the trend in a:f selectivity was
comparable to that reported by Fiirstner, the reversal of E/Z
stereoselectivity indicates that the hydrogermylation proceeds
through a different mechanism for ynamides. Finally, we found
that enamides Z-Sa and Z-6a could be obtained in a 50:50
ratio using radical reaction conditions with triethylborane as
radical initiator (C).”**" Structures of all four stereoisomers
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and X-ray diffraction studies (Figure 1).*"**

These studies indicate that ligand sterics play indeed a
crucial role during these Pd-catalyzed hydrogermylation of
ynamides, as was hypothesized at the outset of these
investigations. Indeed, a relatively small monophosphine
ligated to palladium(0) (as in conditions Al with triphenyl-
phosphine or in conditions A2 with the PP(0O)*” ligand arising
from the mono-oxidation of DPEphos) leads to an a-selective
reaction (@/f up to 91:9). On the other hand, a bulky and
electron-rich monophospine ligand (as in conditions B1 with a
bulky PP(O) ligand or in conditions B2 with P(t-Bu),Me)
allows for a f-selective reaction, up to a/f = 7:93.

Scope and Limitations. Having established reaction
conditions allowing for a regioselectivity switch, we turned
our attention to the scope and limitations of the palladium-
catalyzed hydrogermylation of ynamides (Schemes 2 and 3).
Three sets of conditions were tested, one a-selective
(conditions A2) and two J-selective (conditions Bl and
B2), on 25 different ynamides.

The nature of the electron withdrawing group connected to
the nitrogen atom of the ynamides was first evaluated (Scheme
2), with motifs such as oxazolidinones (1a, 1f), azetidinone
(1b), 2-pyrrolidinone (1c), methyl carbamates (1d, 1m),** 3-
carbomethoxyindole (1e),> 1,1-dioxo-isothiazolidine (1g),
and sulfonamides (1h—1). It was rapidly observed that the
nature of this substituent could enhance or reduce the
selectivity imposed by the ligands under conditions A2, B1I,
and B2. In all cases, E/Z selectivities were always >99:1.

2-Oxazolidinone (1a) confers a good balance to ynamides,
and high yields and regioselectivities were observed in both A2
(a-selective, 91:9) or B2 (f-selective, 7:93) conditions.
Increased steric demand on the oxazolidinone motif impacts
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Scheme 2. Variation of the Nitrogen Motif”
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A2:0:100 (78% 4k)
B1: 0:100 (85% 4k)
B2: 0:100 (88% 4k)

9Reaction performed at 60 °C.
“Formation of another product 7m was observed (A2: 57%, B1: 15%,
B2: 30%), see Scheme 4 for details.

only a-selectivity in conditions A2 as can be seen for ynamides
If (a/f = 77:23, 3f/4f).

Lactams lead to good a-selectivity under conditions A2
whereas a moderate f-selectivity was obtained under
conditions B1 or B2. Indeed, with azetidinone, formation of
3b is strongly favored in A2 conditions (a/f = 96:4, 3b/4b).
In contrast, the f-selectivity is only modest under conditions
B1 and B2, with at best a/f = 32:68 (3b/4b). Increase of the
ring size to 2-pyrrolidinone slightly decreases a-selectivity in
conditions A2 (3c) along with an improved f-selectivity in
conditions B1 or B2 (4c).

With the dimethyl carbamate 1d, which can be considered as
the open form of oxazolidinone 1la, the a-selectivity drops to
62:38 (3d/4d) while the fS-selectivity increases up to 4:96
(3d/44).

3-Carbomethoxyindole-derived ynamide le, a vinyloguous
carbamate, leads to an a-selectivity of 86:14 (3e/4e) in

111re

Scheme 3. Variation of the Terminal Position and Metal”
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“H NMR a:f ratio (3:4), isolated yields of the major isomer in
brackets. ”Some degradation was observed “Reaction incomplete
after 24 h; conversion indicated in brackets. “Reaction performed at
60 °C. “Reaction performed at 90 °C.

conditions A2, while f-selective conditions are not effective
(a/B = 53:47, 3e/4e) under conditions B2.

Cyclic and acyclic sulfonamides were next evaluated. 1,1-
Dioxo-isothiazolidine-derived ynamide 1g proved to be a good
substrate with high a- or P-regioselectivities under the
appropriate conditions: a/f = 84:16 (3g/4g) under conditions
A2, that switches to a/f = 0:100 under conditions B2.

On the other hand, the five non-cyclic analogs 1h—1lead to a
P-selective hydrogermylation, under all reaction conditions
(A2, B1, or B2). The ,E-isomers 3h and 3i could still be
observed as minor products (a/f 25:75 and 17:83,
respectively) when the nitrogen atom is substituted by a
methyl group. With increased steric bulk of this substituent, as
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Scheme 4. Proposed Mechanism (a) and Control Experiments (b)

a) Proposed mechanism and experimental support for a hydropalladation pathway
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with N-cyclopropyl 1j, N-benzyl 1Kk, or the highly demanding
11, only the f,E-isomers 4th are detected (a/f = 0:100).

Finally, the reactivity of ynamide 1m possessing two -
systems was evaluated. Only the hydrogermylation of the
alkynyl motif was observed at a higher temperature (60 °C).
Three different products were obtained: the expected a- and f-
isomers (3m and 4m) and a third product, 7m, arising from
the a-selective mechanism (see Scheme 4 and discussion
below).

Under conditions A2, an a-selectivity comparable to the
oxazolidinone case (1a) was observed (a/f = 90:10, 3m+7m/
4m). The highest degree of f-selectivity was obtained with
conditions B1, with a/f = 25:75 (3m+7m/4m).

The scope with regards to the substituent of the 7z-system of
the ynamides was then evaluated, keeping constant the
nitrogen substituent as the oxazolidinone (Scheme 3). Once
again, an inversion of a- to f-selective palladium-catalyzed
hydrogermylation was observed with all carbon-based sub-
stituents, when switching from conditions A to conditions B.

Aryl substituents were first considered. Compared to
ynamide la (Scheme 3), an electron-donating group such as
4-Me (1n) or OMe (lo—q) on the aromatic ring favors the a-
selectivity (a/f up to 96:4, 3n/4n) in condition A2, while the
P-selectivity remains high in conditions B2 (a/f up to 8:92).
In contrast, an electron-withdrawing substituent such as 4-CF,
(1r), 3-F (1s), or 3-Cl (1t) greatly improves the f-selectivity in
conditions B2 (a/f up to 3:97, 3r/4r). A slight erosion of a-
selectivity was noticed for this class of substrates (@/f up to
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80:20, 3s/4s). It should be noted that a 4-bromophenyl
substituent was not tolerated in this palladium-catalyzed
reaction as competitive carbon—bromine bond reduction was
observed, in a more complex reaction mixture. Alkyl
substituents on the ynamides were next evaluated. Excellent
a-selectivities were observed under conditions Al (a/f up to
99:1, 3v/4v), and good f-selectivities were obtained under
conditions B2 (a/f up to 16:84, 3u/4u). Vinyl-substituted
ynamide 1w was also studied, which raises the question of the
chemoselectivity of the hydrogermylation. Only cis-addition of
triphenylgermanium hydride across the alkynyl z-system was
observed, leading to enamides 3w and 4w.

Tri(isopropyl)silyl-substituted ynamide 1x is the only
heterosubstituted ynamide that was screened during these
studies. The bulkiness of this substituent leads to an a-selective
hydrogermylation under conditions A2 and also B2, with
limited conversions (27 and 26%, respectively). Conditions
Al, implying a less bulky phosphine, were much more efficient
and delivered the @,E-isomer 3x in 90% isolated yield and an
a/p ratio of 92:8. In contrast, the absence of a substituent at
the f-position (1y) makes this reaction fully f-regioselective in
conditions B2. The p,E-isomer 4y was obtained in 93%
isolated yield and an a/f ratio of 0:100.

In conditions A2, the hydrogermylation was essentially non-
regioselective, and an a/f ratio of 45:55 (3y/4y) was obtained.
At first glance, this result might seem disappointing; however it
should be noted that palladium-catalyzed hydrogermylation
reactions of terminal alkynes almost exclusively lead to the f-
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Scheme S. DFT Calculations of Hydropalladation and
Germylpalladation Mechanisms with Simplified Ligands
(PH;, GeH;)
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regioselectivity, almost exclusively.'*“"*>? In this regard,

obtaining 45% of the a-isomer in conditions A2 (Pd(OAc),
1 mol% and DPEphos 1.1 mol%) is worth noting and further
demonstrates the crucial role of ligand on the course of this
reaction.

The ligand-controlled regiodivergency observed during the
palladium-catalyzed hydrogermylation of ynamides is not
limited to triphenylgermanium hydride, as the triethyl and
tributyl analogues demonstrated the same trend. Indeed,
hydrogermylation of ynamide la using conditions A2 leads
to a-germylated enamides 3aa and 3ab with good selectivities
(a/p = 71:29 + 1) while conditions B2 lead to the f-
regioisomer (ar/f up to 20:80). Importantly, we observed that
this methodology is also applicable to the regiodivergent
hydrostannylation of ynamides, a transformation that has been
central to the construction of more complex scaffolds through
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Scheme 6. DFT Calculations of Hydropalladation and
Germylpalladation with a PPh; Ligand

Ligand: PPh;

Pd-alkyne complex
AG = 0 kcal/mol
Hydropalladation | Germylpalladation

£ %
TS1: o product : TS3: o product
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TS4: B product
AGg* = 18.0 keal/mol
AAGH = 9.9 kcal/mol

TS2: B product .
AGg* = 8.1 keal/mol :
AAGH = 1.0 keal/mol

Stille-type cross-couplings.”** ™ As discussed in the introduc-
tion, this transformation is reported to always be a-selective,
especially with oxazolidinone-derived ynamides.”*"

Under these newly developed conditions, excellent yields
and selectivities are obtained during the hydrostannylation of
ynamide la for both the a-isomer (3ac, 72%, a/f = 95:5,
conditions Al) and the f-isomer (4ac, 82%, a/f = $:95,
conditions B2), thus allowing further functionalization, such as
cross-coupling reactions, at either the a- or B-position of the
stannylated enamide.’® Finally, it should be mentioned that
unambiguous proof of the structures of the a- or f-germylated
enamides were obtained through X-ray crystallographic studies
of compounds 3r, 4a, and 5q (Figure 1).>"**

Proposed Mechanism. The palladium-catalyzed hydro-
germylation of ynamide is proposed to start by an oxidative
addition of triphenylgermanium hydride 2a to palladium(0)
complex I, leading to the palladium(II) complex II (Scheme
4a). The latter can coordinate to ynamide 1, leading to
intermediates IIla or IIIb, which can then undergo a
hydropalladation step to IVa or IVb. With oxazolidinone-
containing ynamides, a preference for formation of inter-
mediate IVa is observed when PPh; or DPEphos is used as
ligand (conditions Al or A2). Conversely, use of bulkier
ligands such as Cy-DPEphos or P(t-Bu),Me (conditions B1 or
B2) can override this inherent selectivity, leading to
preferential formation of intermediate IVb. Final reductive
elimination delivers the @,E-isomer 3 or the f3,E-isomer 4.
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Scheme 7. DFT Calculations of Hydrogermylation with P(¢t-
Bu),Me and PMe, Ligands

Ligand: P(t-Bu),Me Ligand: PMe;

Pd-alkyne complex
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As mentioned earlier, the hydrogermylation of ynamide 1m
afforded an unexpected product 7m (Scheme 4a), the structure
of which was assigned by extensive NMR investigations (see
Supporting Information). Cyclized product 7m provides some
clues about the mechanism at play during the palladium-
catalyzed hydrogermylation of ynamides. Indeed, whether a
hydropalladation or a germylpalladation of the z-system is
operative is a matter of debate. Although Oshima proposed a
germylpalladation step as early as 1987,'** we believe that a
hydropalladation is favored, which would explain the formation
of 7m through successive migratory insertion of the carbon—
palladium bond of IVa into the terminal alkene, followed by
reductive elimination of VI

Control experiments were also conducted on the hydro-
germylation of ynamide 1a by triphenylgermanium hydride 2a,
by varying the nature of the palladium complex (Pd(II) or

111rcn

Scheme 8. Two-Step Synthesis of Germylated
Isoquinolinones from Ynamide 1z
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\
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Pd(0)) and the nature of the ligand (and its loading) (Scheme
4b). Under conditions A2 (entry 1), Pd(OAc), and DPEphos
(1:1.1) react in situ to generate a Pd(0) complex with the
DPEphos mono-oxide (DPEphos(0))** ligand which can be
considered a hemi-labile bidentate ligand.”

Higher or lower loading of DPEphos proved to be
detrimental for the reactivity or selectivity. [Pd(0)DPEphos-
(O)] was confirmed to be a catalytically active complex thanks
to control experiment with an independently prepared
DPEphos(O) ligand and Pd,(dba); (1:1) (entry 2). The
exact same selectivity as in entry 1 was obtained (a,E-3a/f,E-
4a = 91:9). On the other hand, the combination of Pd,(dba),
and DPEphos (1:1) generates an inactive complex for this
reaction (entry 3). For conditions B2 (entries 4—7), similar
conversions and selectivities were observed with a Pd(0)/P(t-
Bu),Me ratio from 1:4 to 1:1, meaning that the active catalytic
system is likely the monoligated palladium complex [Pd(0)P(t-
Bu),Me]. In both conditions, we assume that the regio-
selectivity of the hydropalladation is controlled by the ligand,
and more especially by the substitution of the phosphorus by
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phenyl (A1, A2) or bulky alkyl groups (B1, B2). Finally, it
should be noted that no conversion was observed in the
absence of palladium catalyst, even after 31 days at 20 °C
(entry 8).

DFT Calculations. Density functional theory (DFT)
calculations were performed to explore the role of the ligand
and its effect on selectivity. The selectivity-determining and
rate-determining step involving migratory insertion was
computed in model systems and with full ligands. All
optimizations were performed with B3LYP-D3/6-31G(d)-
LANL2DZ(Pd), and energies reported are for B3LYP-D3/6-
311+G(d,p)-SDD(Pd),SMD(THF) single-point calculations
on the optimized geometries. Oxazolidinone-containing
substrate 1a was used for the calculations below.

The addition of Ge—H across the alkyne could proceed via
two distinct mechanistic pathways: hydropalladation, followed
by reductive elimination to form the C—Ge bond, or
germylpalladation, followed by reductive elimination to form
the C—H bond. Using a model system wherein the P and Ge
ligands are simplified to PH; and GeH; we analyzed the
possibility of these two mechanisms (Scheme S). It was
determined that the transition state barrier toward formation
of the a product via a hydropalladation pathway was 6.0 kcal/
mol (pathway a); the transition state barrier toward formation
of the f3 product was 8.0 kcal/mol (pathway b).

In the transition state for the formation of the a product, the
atoms of the oxazolidinone are in the same plane as the four
atoms involved in the transition state of the migratory insertion
reaction (C—N—C—C dihedral angle of 4°). The p orbital of
the N is thus not aligned with the forming C—H ¢ bond. This
suggests a preference during the transition state for
conjugation of the N 7 system with the fully formed 7 system
of the C=C, and the C=0 bond of the oxazolidinone, as
opposed to the partially formed C—H ¢ bond. In addition, a
lack of interaction between these orbitals is in accord with the
hydricity of the reacting H. In the case of the f transition state,
the C—N—C—C dihedral angle increases to 48°, leading to a
greater degree of interaction between the N lone pair and the
forming C—Pd ¢ bond.

Analogous calculations were performed with substrate 1h,
which contains a sulfonamide group instead of an oxazolidi-
none. For this substrate, also using PH; and GeH; as ligands, a
reversal of selectivity was observed—the f product was
preferred by 0.9 kcal/mol. In the case of the f transition
state, the S—N—C—C dihedral angle was even larger, 76°,
leading to greater alignment of the p orbital of N and the
forming C—Pd ¢ bond.

The preference for formation of the B product is in
agreement with experimental data, where the f product is
observed as the major product with all ligands that were
evaluated (Scheme 2, ynamides 1h, a/f = 25:75 under
conditions A2; ynamides 1h—1, a/f = 0:100 under conditions
B1 or B2). These data suggest that the difference in preference
for formation of the @ or B product in the cases of the
oxazolidinone substrate (1a) and sulfonamide substrate (1h)
may be due to a difference in the extent of resonance of the N
lone pair with the alkyne vs the C=0O or S=O bond.

In the sulfonamide substrate, a greater degree of donation of
the N lone pair to the 7 system of the reacting alkyne leads to a
greater preference for the formation of the C—Pd bond at the
carbon. Conversely, a lesser degree of conjugation of the N
lone pair with the 7z system of the alkyne leads to the
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oxazolidinone acting as a better inductively withdrawing group
than a resonance-donor.

Investigation of the germylpalladation pathway for the
oxazolidinone substrate revealed transition states that were
significantly higher in energy: 23.2 and 17.8 kcal/mol for the a
and f products, respectively (Scheme 5, pathways c and d).
These calculations show that the most favorable reaction
pathway proceeds via hydropalladation, with preferential
formation of the a product.

Analysis of the dihedral angle between the reacting atoms of
the transition states revealed differing patterns for hydro-
palladation and germylpalladation.

In the transition states of the hydropalladation pathway, the
forming Pd—C and C—H bonds are all in the same plane, with
only a 1—3° dihedral angle between the Pd—C—C—H bonds
(Scheme S). Conversely, in the transition states for the
germylpalladation pathway, the planes of the forming Pd—C
bond and C—Ge bond are at a 46—63° angle to each other
(Pd—C—C—Ge dihedral angle).

This distortion of the dihedral angle is required in order for
the Pd to adopt the angle required for the migratory insertion
step of these reactions (approximately 75° in all cases
calculated) with respect to the alkyne, where the Pd—Ge
bond is significantly longer than the Pd—H bond in the
hydropalladation pathway (2.6 vs 1.6 A). In addition to the
high-energy transition states, the products of the germylpalla-
dation reaction were also significantly higher in energy than
those of hydropalladation. These trends held in the case of the
PPh; and GePh; ligands as well, as discussed below.

Calculations of the transition states leading to the two pairs
of regioisomers, with PPh; (Scheme 6) and P(t+Bu),Me
(Scheme 7) as ligand, revealed a preference for the reaction
with the PPh; ligand to form the a product and the reaction
with P(#-Bu),Me as ligand to form the §§ product, which was
consistent with experimental results.

When PPh; was used as the ligand (Scheme 6), the
transition state barrier to the & product was 7.2 kcal/mol
(TS1), compared to the 8.1 kcal/mol barrier to the ff product
(TS2). These results were consistent with the selectivity
observed in the reaction with simplified ligands PH; and GeH,
(Scheme 5). In addition, they were in good agreement with the
experimental a:f ratio of 80:20 (Table 1, conditions Al). In
both cases, the migratory insertion reaction was highly
exergonic (a: —26.5 kcal/mol, f: —25.7 kcal/mol). The high
transition state barriers toward germylpalladation also reflected
the aforementioned results. Computational studies of the
reductive elimination step revealed a low transition state
barrier (for the a isomer, AG = —19.7 kcal/mol; AGF =68
kcal/mol), indicating that the reductive elimination is not the
rate-determining step.

Throughout the course of these calculations, it became
evident that the transition states wherein the phosphine ligand
is trans to the transferring H are lower in energy than those
where the germyl ligand is trans. This effect was further
analyzed by calculating the energies of the reactions with a
simplified acetylene substrate, which would decouple the
effects of the substituents appended to the alkyne from the
inherent preference of the trans ligand. When using PPh; as
ligand, it was determined that positioning the phosphine ligand
trans to the H was favorable by 3.0 kcal/mol in the transition
state. The analogous difference in energies for the P(t-Bu),Me
ligand was 2.3 kcal/mol.
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With P(t-Bu),Me as ligand, the experimentally observed
major product was the f product (Table 1, conditions B2),
which was consistent with computational results (Scheme 7).
The energy of the transition state to form the f-product (TS1)
was 1.8 kcal/mol lower in energy than the transition state for
the a-product (TS2), which was in good agreement with the
experimental selectivity (7:93 a:f). The energies of the
migratory insertion products were —24.6 and —23.5 kcal/mol
for the @ and S products, respectively. The f-TS structure can
adopt the preferred geometry in which the phosphine ligand is
trans to the H undergoing migratory insertion. Upon
calculating the transition state leading to the minor product
a, however, we observed a preference for the phosphine ligand
to be positioned trans to the reacting alkyne, and the germyl
ligand to be trans to the transferring hydride, which was in
contrast to all other optimized transition state structures.

Optimization of an @-TS structure with the phosphine ligand
trans to the H (TS3) revealed an energy 0.6 kcal/mol higher
than the a-TS structure with the germyl group trans (TS2).

Calculations were undertaken in order to analyze the effects
of electronics vs sterics on selectivity. First, electronic effects
were studied by forming a Hammett series to determine
whether a correlation exists between the electron-donating
nature of the phosphine ligand and the a:f selectivity.

The a and f transition states were calculated for the reaction
with phosphine ligands P(p-NO,Ph); and P(p-OHPh);. In
both of these cases, as with the PPh; ligand, there was a
preference for formation of the a product. The preference for
the a product vs the S product, for ligands P(p-NO,Ph);,
PPh;, and P(p-OHPh);, was 2.2, 1.0, and 1.4 kcal/mol,
respectively. These results suggest that electronic properties of
the phosphine ligand do not play the principal role in
determining selectivity.

Steric effects were analyzed by substituting the P(t-Bu),Me
ligand for a PMe; ligand, which would have similar electronic
properties but very different steric properties (Scheme 7). The
smaller size of the PMe; ligand would thus provide an insight
into the steric effects of the bulky t-Bu groups. Whereas use of
the P(+-Bu),Me ligand led to preferential formation of the
product, use of the PMe; ligand led to reversal of selectivity,
with a 3.4 kcal/mol preference for the a product (TS6). In
addition, with the steric hindrance imparted by the ¢-Bu groups
now removed, there was a significant preference for the
geometry where the phosphine is trans to the H (TS6),
compared to the Ge being trans (TSS). These steric factors are
further evidenced by the distortion of the Ge—Pd—P angle in
TS3 (109°), returning to an angle of 97° in TS6, which is more
akin to the angle in all other lower energy transition states.

In both of the two lowest-energy transition states with the
P(t-Bu),Me ligand, TS1 and TS2, the less bulky GePh; group
occupies the position closer to the more bulky oxazolidinone.
Conversely, in TS3, the bulky phosphine is near the bulkier
oxazolidinone, leading to unfavorable steric interactions. TSI is
preferable to TS2 due to the trans-arrangement between the
phosphine and H ligands, an arrangement which is unfavorable
in the case of formation of the a product (TS3) due to steric
interactions.

Taken together, the results of these calculations suggest that,
in the case of the bulkier P(t-Bu),Me ligand (Tolman cone
angle: 161°),*® unfavorable steric interactions between the
ligand and the ynamide play a key role in reversing selectivity.

In the case of the less bulky PPh; ligand (Tolman cone
angle: 145°),>® the selectivity mirrors that determined for the

case of the PH; and GeHj; ligands, where ligand-induced steric
hindrance is diminished. These smaller PPh; ligands can easily
adopt the geometry that is preferable both sterically and
electronically. In addition, due to the comparable size of the
PPh; and GePh; ligands, these two ligands can easily
interchange to create the most preferable geometry. Both the
a and f transition states can thus benefit from the favorable
orientation where the phosphine is trans to the H that
undergoes migratory insertion.

Synthesis of Germylated Heterocycles. To showcase
the synthetic potential of the ligand-controlled regiodivergent
palladium-catalyzed hydrogermylation of ynamides, the rapid
preparation of representative germylated heterocycles was
studied (Scheme 8). Ynamide 1z was converted into the a- and
p-germylated enamides 3z and 4z through conditions A2 (a/f
= 67:33) and B2 (a/f = 8:92), respectively. Bischler—
Napieralski reactions of 3z and 4z using DMAP and triflic
anhydride in dichloromethane®® delivered the desired germy-
lated isoquinolinones 8z (74%) and 9z (27%, unoptimized),
the structures of which have been confirmed by X-ray

crystallography.

B CONCLUSIONS

We have developed a ligand-controlled palladium-catalyzed
regiodivergent hydrometalation reaction of ynamides, yielding
selectively a,E- and f,E- metalated enamides depending on the
steric demand of the phosphine ligand. The influence of the
substituents of the ynamide was studied, revealing a striking
influence of the nature of the nitrogen electron-withdrawing
group of the ynamide. The synthetic relevance of a- and p-
germylated enamides was briefly demonstrated for the
synthesis of original germylated heterocycles. Experimental
evidence and DFT calculations support a hydropalladation
pathway and that the regioselectivity can be controlled by the
steric requirements of the phosphine ligands.
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