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ABSTRACT: The detailed mechanism of the hydroacylation of f-amido—aldehyde, 2,2-dimethyl-3-morpholino-3-oxopropanal,
with 1—octyne using [Rh(cis-Kz-P,P-DPEPhos)(acetone)z] [BAr",]-based catalysts is described [Arf = (CF;),C4H3]. A rich mechanis-
tic landscape of competing and interconnected hydroacylation and cyclotrimerization processes is revealed. An acyl-hydride com-
plex, arising from oxidative addition of aldehyde, is the persistent resting state during hydroacylation, and quaternary substitution at
the f-amido—aldehyde strongly disfavours decarbonylation. Initial rate, KIE and labelling studies suggest that the migratory inser-
tion is turnover-limiting as well as selectivity determining (linear/branched products). When the concentration of free aldehyde
approaches zero at the later stages of catalysis alkyne cyclotrimerization becomes competitive, to form tri—substituted hexylarenes.
At this point the remaining acyl hydride turns over in hydroacylation and the free alkyne is now effectively in excess, and the rest-
ing state moves to a metallacyclopentadiene and eventually to a dormant a—pyran—bound catalyst complex. Cyclotrimerization thus
only becomes competitive when there is no aldehyde present in solution, and as aldehyde binds so strongly to form acyl-hydride
when this happens will directly correlate to catalyst loading: with low loadings allowing for free aldehyde to be present for longer,
and thus higher selectivites to be obtained. Reducing the catalyst loading from 20 mol% to 0.5 mol% thus leads to a selectivity in-
crease from 96% to ~100%. An optimized hydroacylation reaction is described that delivers gram scale of product, at essentially
quantitative levels, using no excess of either reagent, at very low catalyst loadings, using minimal solvent, with virtually no
workup.

1. Introduction. Hydroacylation (HA) is a C—C bond forming As well as the identity of the aldehyde and olefin playing a
reaction between an aldehyde and an alkyne or alkene to form significant role in promoting productive hydroacylation over
an enone or ketone respectively (Scheme 1A), via an atom reductive decarbonylation,18 mechanistic studies have also

efficient, sequential, C—H activation and C—C coupling.'” The

development of intermolecular hydroacylation is particularly Scheme 1. Intermolecular Hydroacylation

attractive, due to the availability of an enormous variety of

potential coupling partners. Although significant focus has 0 . [eat] JCJ)\/\ 0 -

been placed upon methodologies using non-tethered alde- R1JI\H * Rz/ — = RUNTRZ T RUY

hydes, promoted by Ru,3'7 Ni,8'9 Co'™"" and Rh-based cata- '

lysts,'”"® systems that provide the broadest substrate scope

utilise tethered-aldehydes, including, PR,,"” alkene,”® NR,,*""* RP O RN O HO O MeS O MeS O

OH”?" and SR groups,”®”* in combination with Rh-chelated 1J\(U\

phosphine catalysts (Scheme 1B). The generally proposed H H i n R R? H

mechanism for these reactions involves oxidative addition of

the aldehyde to give an acyl-hydride, followed by co-

ordination and migratory insertion of the alkyne/alkene, and 9 ™ 0 2/" e

finally reductive elimination to form the enone/ketone L = 1*”\ M ,_R—~ R1’U\ ’th 1JL AR

1 =R M M] RY "[M]

(Scheme 1C).”?* A competitive process to productive hy- RTH a b R e

droacylation occurs by bifurcation of the reaction pathway at acyl-hydride 1 e dt‘ M)

the acyl-hydride intermediate. This intermediate can undergo o RI—H 0

reversible decarbonylation, followed by irreversible reductive C\[M]/H d, s R1TNAR2

elimination to form a Rh-carbonyl complex and an alkane [M]=R2 L [M]_?O (or branched

(Scheme 1C). Attenuating this process is central to the deliv- Pt R inacive isomer)

ery of robust, scalable and broadly applicable catalyst systems, E/ _a. oxidative addition; b. co-ordination; ¢. migratory
. . . . . . 2 insertion; d. reductive elimination; e. decarbonylation

as thll353ss31(§1e-react10n can cause irreversible catalyst deactiva-

tion. ™

shown that the choice of phosphine ligand has a significant
impact in determining the course of the reaction.’®* Two par-
ticular ligand classes that have been used to address this issue
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are the small bite angle ligands*'** R,PXPR, (R = e.g., ‘Bu, o-
C¢H,OMe; X = CH,, NMe,)***** and the hemilabile ligand
DPEPhos.***"** Rh-complexes of small bite angle ligands
have been shown to be highly active catalysts for the reactions
of p-S-aldehydes with simple alkenes, alkynes and internal
alkenes. Mechanistic studies have indicated that, despite the

Scheme 2. Small bite-angle, DPEPhos and S-amido—
aldehyde systems
A: Small bite angle p-S-aldehyde

B: Rh-DPEphos -S-aldehyde

« Low catalyst loadings (0.1-5 mol%) « Stable catalyst
« Fast catalysis at low temperatures  « No, or very slow, decarbonylation
« Broad scope, i.e. internal alkenes « Well-defined intermediates

« Excess alkene/alkyne (~1.5 equivs) « High catalyst loadings (5-10 mol%)
« Complications from decarbonylation « Limited scope

« Limited insight into intermediates « Slow

C: This work; Rh—-DPEphos #-amino-aldehyde

« No decarbonylation « Gram-scale hydroacylation
o O ; G
« Detailed mechanistic insight
H e« Low catalyst loadings (0.1 mol%)
« fFamino-aldehdye: versatile functional group
« No substrate excess

N
()(\\)Me Me

acyl-hydride intermediate (Scheme 2A) undergoing rapid re-
ductive decarbonylation, if the reaction with alkene/alkyne is
conducted at appropriately high concentrations, or the resting
state is moved away from the acyl-hydride, productive turno-
ver and low catalyst loadings can be achieved, even with chal-
lenging substrates, as these ligands have been proposed to
promote oxidative addition'” and reductive elimination.**®
Nevertheless, a small excess of alkyne or alkene is required
for full conversion (1.3—1.5 equivalents), a requirement that
reduces the overall efficiency. Rh-DPEPhos-based catalysts
promote the reaction of f—S-aldehydes with alkynes/activated
alkenes due to the attenuation of decarbonylation, by the stabi-
lization of a 6—coordinate acyl-hydride intermediate by a
hemilabile® Rh---O interaction. While this removes the cis—
coordination site necessary for decarbonylation,”®* it also
results in slow turnover, due to the requirement of a 5-
coordinate intermediate for both olefin binding and reductive
elimination.”* This limits the substrate scope and results in
the requirement of high catalyst loadings for desirable reaction
times. Nevertheless, important mechanistic insight arises from
these systems, such as the isolation of an intermediate that
precedes reductive elimination (Scheme 2B).*

While both systems offer benefits neither provide a universal
solution, and to develop hydroacylation reactions that could be
applied beyond small scale organic synthesis — in areas such as
polymer, biological and process chemistries — systems that
combine catalyst stability and activity are highly desirable.
We considered an approach in which the role of the chelating
aldehyde in alkyne hydroacylation was explicitly considered.
Ideally the aldehyde should: (i) offer chelating assistance to
aid C-H activation, (ii) not be too strongly bound, encourag-
ing alkyne coordination and subsequent reductive elimination,
(iii) have an o—quaternary centre that would disfavor decar-
bonylation, and therefore reductive decarbonylation, due to
weaker resulting M—CR; bonds,” (iv) deliver a product that
does not inhibit turnover by binding strongly.

We settled on f-amido-aldehydes as a good starting point,
(Figure 2C) and such 1,3-dicarbonyl motifs, and related p-
ester and f-keto-aldehydes, indeed proved to be excellent hy-
droacylation substrates. Their significant synthetic utility in
the construction of hydroacylation adducts, that are themselves
powerful synthetic building blocks, has recently been reported
by us, and modification of the catalyst identity also allows for
control of linear or branched products.”’ We also briefly re-
ported the isolation and solid-state structure of an intermediate
in the f-amido-aldehydes/alkyne hydroacylation using a mod-
erately active {Rh(Xantphos)} —based catalyst, [Rh(meert
».0p—Xantphos)(H)(COC {(CH,),} CO-{NC,H;0})][BAr',],
(Ar" = 3,5-(CF;),C¢H;). We also noted a coproduct of a tri—
substituted arene that results from a competitive alkyne trimer-
ization in this particular system (Scheme 3).

Scheme 3. Xantphos f-amido-acyl-hydride intermediate,
hydroacylation and alkyne cyclotrimerization products.
[BArF4]_ anions are not shown.
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In this contribution we explore, in detail, the mechanism of
hydroacylation of f-amido—aldehydes with l-octyne using
{Rh(DPEPhos)} —based catalysts. Through this, we reveal a
rich mechanistic landscape of competing hydroacylation and
cyclotrimerization reactions; the understanding of which al-
lows for the optimization of productive hydroacylation to es-
sentially quantitative levels, using no excess of either reagent,
at very low catalyst loadings, and on gram-scale of product.

2. Results and discussion

2.1 Initial catalysis screening Our pre-catalyst of choice for
mechanistic studies is the Rh(I)-complex [Rh(CiS-KZ-P,p-
DPEPhos)(acetone),][BAr',] 1,°**7 which has labile acetone
ligands and can be generated in-situ by hydrogenation of
[Rh(cis—k’-p p-DPEPhos)(nbd)][BAr"] (nbd = norbornadiene).
A catalyst with a weakly bound xylene ligand also works well
(see Section 2.10). The reaction between S-amido—aldehyde,
2,2-dimethyl-3-morpholino-3-oxopropanal, 2a (0.75 M) and 1-
octyne (6) (0.98 M), is catalyzed by 1 (5 mol%, 2 hour, 25 °C)
in acetone-ds and results in >98% NMR yield of enones 7a/7b
(15:1, linear:branched) and a 10% NMR yield of cyclotrimeri-
zation products 8a/8b (2:1, 1,2,4-trihexyl benzene: 1,3,5-
trihexyl benzene) (Scheme 4). This result demonstrates that
pre-catalyst 1 is an effective catalyst and that the conditions
deployed are appropriate for more detailed mechanistic study.

Scheme 4. Hydroacylation between aldehyde, 2a, and 1-
octyne (6).
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Scheme 5. Synthesis of acyl-hydrides 3a and 3b and reductive decarbonylation. [BAr",|” anions are not shown.
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2.2 Speciation and stability studies. The synthesis and sta-
bility of intermediate acyl-hydride complexes. Reaction of
complex 1 with one equivalent of aldehyde 2a in acetone—d,
resulted in the formation, on time of mixing, of the acyl-
hydride complex [Rh(mer-K3-P’qu-
DPEPhos)(H)(COC {(CHs),} CO-{NC,H;0})][BAr";], 3a, in
quantitative yield by NMR spectroscopy. An immediate colour
change from red to light yellow occurred signalling the for-
mation of a Rh(III) complex, which was characterized by
NMR spectroscopy and ESI-MS (ESI-MS = ElectroSpray
Ionization Mass Spectrometry) (Scheme 5).

In the *'P{'"H} NMR spectrum of complex 3a a single envi-
ronment at & 25.2 [J(RhP) = 127 Hz] is observed, indicating
identical phosphorus environments bound to a Rh(III) centre.”
In the hydride region of the '"H NMR spectrum, a doublet of
triplets is observed at 6 —14.6 [J(RhH) = 27.5; J(PH) = 9.5
Hz]. A single methyl environment (relative integral 6 H) is
observed for the quaternary centre on the aldehyde. In the
BC{'H} NMR spectrum, the acyl-carbon is observed as a dou-
blet of triplets at & 224.0 [J(RhC) = 37.0; J(PC) = 6.0 Hz].
These data are consistent with an acyl-hydride located cis to
both phosphines and a mer-k’ arrangement of the DPEPhos
ligand. These spectral features are similar to that of
{Rh(Xantphos)} —complex A (Scheme 3) which was shown
by single—crystal X-ray crystallography to adopt a mer-
Xantphos arrangement, with the hydride trans to a coordinated
amide oxygen and cis to the acyl-group. This assignment is
also consistent with the structure of the previously reported
complex [Rh(mer-1<3-P’0,P-
DPEPhos)(H)(COCH,CH,SMe)][closo-CB, H¢Clg].**

Using an aldehyde with a tertiary, rather than a quaternary,
center, 2-methyl-3-morpholino-3-oxopropanal 2b, resulted in
the formation of the analogous complex [Rh(mer-K3-p’0,P-
DPEPhos)(H)(COC {(CH;)(H)} CO{NC,H;0})][BAr',]  3b.
The resulting NMR data shows the formation of an acyl-
hydride, but as there is no longer a mirror plane in the Rh-
cation, the *'P{'"H} NMR spectrum now shows as a tightly—
coupled ABX doublet of doublets with a large trans *'P—"'P
coupling:”> & 31.3 [J(PP) = 319; J(RhP) = 129 Hz] and & 22.9
[J(PP) = 319; J(RhP) = 129 Hz]. In the hydride region of the
'H NMR spectrum, an apparent doublet of triplets at & —14.9
[J(RhH) = 29.0; J(PH) = 9.0 Hz] is observed. Similarly an

I\Q Ph,

Phy

3a (no reaction) it

3b (3 days)
acetone, 55 °C

o)
#* J\/Me
O—Rh-CzZ0 + N

| oS

P 5

4

apparent doublet of triplets is observed in the C{'H} NMR at
6 220.3 [J(RhC) = 37.0; J(PC) = 5.5 Hz], which is assigned as
the acyl-carbon.

Both complexes 3a and 3b are stable for at least 24 hours in
acetone-ds (0.2 M) as measured by *'P{'H} NMR spectrosco-
py. However, when heated to 55 °C complex 3b gradually
evolved to give the product of reductive decarbonylation
[Rh(mer-i*-p o, -DPEPhos)(CO)][BAr',], 4, alongside free 1-
morpholinopropan-1-one, 5. The *'P{'H} NMR spectrum of 4
shows a doublet at § 35 [J(RhP) = 124 Hz], while the 'H NMR
spectrum demonstrates an absence of signals in the hydride
region. Complex 4 was also characterized by ESI-MS (m/z =
669.07) and IR spectroscopy v(CO) = 2017 cm ' (thin film,
CD,Cl,). The closely related complex [Rh(mer-KS-P,O‘P-
XantPhos)(CO)][BF,] has been previously reported, character-
ized by X-ray crystallography, and shows very similar spec-
troscopic data to 4 [*'P{'H} & 37, J(RhP) = 122 Hz; v(CO) =
2014 cm '] [Rh(cis-k’-p p-DPEPhos)(CO)(EtSMe)][closo-
CB,1H¢Cl¢] also results from reductive decarbonylation of the
corresponding acylthioether, but in this case the thioether
product binds strongly with the metal center unlike amide 5.*"
*7 The increased rate of reductive decarbonylation for aldehyde
2b compared to aldehyde 2a demonstrates the postive effect of
an a-quaternary center on the stability of intermediate acyl-
hydrides, i.e. 3a.

2.3 Monitoring Catalysis: Kinetics, resting states, competi-
tive late—stage alkyne cyclization and initial rates. An alde-
hyde that does not undergo reductive decarbonylation provides
a rare opportunity to study the mechanism of hydroacylation
in the absence of this potentially deleterious process.””**
Reaction between aldehyde 2a (0.75 M) and 1-octyne (6, 1.3
equivalents, 0.98 M) with 1 (5 mol%, 0.0375M) in acetone-d,
at 25 °C was monitored by 'H NMR spectroscopy using the
[BAr',] anion as an internal reference (Figure 1). 1-octyne (6)
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(0.9 M) compared to 1-octyne (6, 0.75M). No trihexyl ben-
zenes products 8a/8b were detected and the resting state re-
mained as the acyl-hydride 3a until complete consumption of
1-octyne (6).
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Figure 1. Reaction profile (first 55 minutes) as measured by 'H
NMR spectroscopy. Left axis: A = aldehyde 2a, O = 1- octyne
(6), M = enones 7a and 7b, e = trihexyl benzenes 8. Dotted green
line = first order model for the consumption of 1-octyne (6); Right
axis: & = acyl-hydride, 3a.

is consumed by a first order process over three half-lives [k,
=5.57 (£ 0.04) x 10" s7'], and after 1h a >98% "H NMR yield
of enones 7a/7b (15:1, linear:branched) and a 4% NMR yield
of arene cyclotrimerization products 8a/8b (2:1, 1,2,4-trihexyl
benzene: 1,3,5-trihexyl benzene) was measured, based upon
respective starting materials. During the first 37 minutes of
catalysis, the acyl-hydride 3a was the only organometallic
species observed, as determined by *'P{'H} NMR spectrosco-
py and the distinctive hydride signal at  —14.6 in the '"H NMR
spectrum. The concentration of aldehyde 3a remains steady
over this time (~0.037 M), indicating that reductive decar-
bonylation does not occur during productive hydroacylation,
and that this is the resting state during this period. At ~94%
production of the enones 7a/7b, no free aldehyde is observed
and the concentration of acyl-hydride 3a begins to reduce to-
ward zero. This is a pseudo-first order process [k, = 3.8 (£
0.1) x 10~ s '] and occurs at the same absolute rate as contin-
ued hydroacylation.>

Concomitant with the disappearance of acyl-hydride 3a and
complete consumption of free aldehyde 2a, is continued 1-
octyne (6) consumption by cyclotrimerization to afford trihex-
ylbenzene products 8 (Figure 1, filled orange circles). This is a
relatively slow process so that after 2 hours only a 10% 'H
NMR yield is observed, alongside remaining 1-octyne (6).
Hydroacylation thus initially outcompetes cyclotrimerization,
the latter only becoming productive when all free aldehyde is
consumed. When this occurs, the resting state changes from
acyl-hydride 3a to one that is characterized by multiple signals
between ~& 24-23 in the *'P{'"H} NMR spectrum, and no hy-
dride signal present in the 'H NMR spectrum. This new resting
state is explored in more detail later (Section 2.6). The effect
of aldehyde and alkyne concentration on the catalytic selec-
tivity was probed by a reaction with an excess of aldehyde 2a

[Pre-catalyst (1)] (102 M)

[Product (7a/7b)] (10-" M)

Figure 2. Initial Rate plots for hydroacylation. A: Aldehdye (2a),
([1-octyne (6)] = 0.18 M, [1] = 0.01 M); B: 1—octyne (6), ([alde-
hyde (2a)] = 0.20 M, [1] = 0.01 M); C: Catalyst (1), ([1-octyne
(6)] = 0.18 M, [aldehyde (2a)] = 0.20 M); D: Product 7a/7b var-
ied: ([l-octyne (6)] = 0.18 M, [aldehyde (2a)] = 0.20 M, [1] =
0.01 M).

The kinetics of the early-stage hydroacylation catalysis were
probed by the initial rates method, monitoring the rate of
enones 7a/7b formation using 'H NMR spectroscopy. Figure 2
shows the resulting rate/concentration plots, which demon-
strate that catalysis is zero order in aldehyde 2a, first order in
1-octyne (6), and first order in pre-catalyst 1; the latter obser-
vation discounting a dimer—-monomer catalyst equilibrium.”®>®
There was no product inhibition even with 40 equivalents of
enones 7a/7b relative to 1. This is in contrast to Rh-small-bite
angle catalysts, such as [Rh{'Bu,PCH,P(o-
C6H4OMe)2}(C(,HSF)][BArF4], which show product inhibition
and a product bound-resting state.”” Together, these observa-
tions show that oxidative addition of the aldehyde is fast and
strongly favours the Rh(IIl) acyl-hydride resting state 3a.
From 3a, alkyne coordination is followed by hydride insertion
and reductive elimination, a sequence in which the rate deter-
mining step is contained. Product binding is not competitive.

Scheme 6. A. Reaction of 3a with aldehyde (2¢); B. Reac-
tion of complex 3a with acetonitrile and aldehyde (2a).
*[BAr",]” anions are not shown.
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16 Although following zero-order kinetics in catalysis, the revers-
17 ibility of aldehyde oxidative addition was probed under stoi-
18 chiometric conditions by the addition of 1 equivalent of cyclo-
19 pentyl f-amido aldehyde, 2¢, to acyl-hydride 3a; which result-
20 ed in an equilibrium mixture of 3a and the new acyl-hydride
2 [Rh(mer-k’ -P‘O,P-DPEPhos)(H)(COC {C4Hg} CO{NC,H;0})]

3¢ (Koq = 0.75) on tlme of mixing (Scheme 6A). Complex 3¢
22 was characterized by '"H NMR spectroscopy which shows a
23 new hydride signal similar to acyl-hydride 3a, and a *'P{'H}
24 NMR spectrum in which a doublet § 26.6 [J(RhP) = 129 Hz] is
25 observed. This result indicates that oxidative addition of alde-
26 hyde is fast and reversible on the reaction timescale. Con-
27 sistent with this reversibility, addition of 20 equivalents of
28 MeCN to acyl-hydride 3a resulted in a golden—yellow solution
29 of an equilibrium mixture of 3a and two new complexes in a
30 2.8:1.0:2.5 ratio respectively, as measured by *'P{'H} NMR
31 spectroscopy (Scheme 6B and Supporting Materials). One of

these new complexes is characterized as Rh(III) [Rh(cis-k” e
32 DPEPhos)(H)(MeCN)(COC {(CHs),} CO {NC,HyO})][BAr4],
33 9, in which the hemilabile DPEPhos ligand has moved to cis—
34 KZ—P,P coordination mode and the hydride is located trans to
35 MeCN. A similar structure has been crystallographically char-
36 acterized for [Rh(cis-ip p-
37 DPEPhos)(H)(COCH,CH,SMe)(MeCN)][closo-CB,HsClg] Al
38 The third component of the mixture is the Rh(I) complex
39 [Rh(cis-k-p p-DPEPhos)(MeCN),][BAr',], 10. Free aldehyde,
40 2a, is also observed, consistent with the formation of 10. Ad-
41 dition of aldehyde 2a (20 equivalents) to this mixture gave a
42 3.9:1:0 mixture of 3a:9:10, demonstrating a system at equilib-
43 rium.
44 Scheme 7. Product bound complex and reactivity with al-
45 dehyde. [BArF 4] anions are not shown.
46
47 e ? Hex

a (4 eq. Pt N 2a(1eq.)

22 [0.04 M] aceztgrlec-ds, EET:\B ’ '\gﬂei\' a(;;stgrg” 3a
?? !
52 Addition of 4 equivalents of enone 7a to complex 1 and pre-
53 cipitation from pentane allowed characterization of product-
54 bound Rh(I) complex [Rh(cis-k’-pp-DPEPhos)(7a)][BAr',],
55 11, as a dark—red oil, using 'H and *'P{'H} NMR spectroscopy
56 and ESI-MS (Scheme 7). At 298K broad peaks were observed
57 in the >'P{'H} NMR spectrum, which at 190 K resolve into a
58 sharper doublet of doublets at & 33.0 [J(RhP) = 160; J(PP) =
59
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50 Hz] and 6 25.0 [J(RhP) = 190; J(PP) = 50 Hz]. We suggest
this fluxional process is due to a ring-flip of the DPEPhos.”
The '"H NMR spectrum confirmed enone coordination (Sup-
porting Materials). Addition of 1 equivalent of aldehyde 2a in
acetone—dg to 11 resulted in an immediate color change to
light yellow, and the formation of the acyl-hydride complex 3a
by *'P{'"H} NMR spectroscopy. This demonstrates that oxida-
tive addition of aldehyde to the product-bound complex is fast
and essentially quantitative, consistent with no product inhibi-
tion and the observed acyl-hydride resting state in catalysis.

2.4 Labelling studies and KIE. Kinetic isotope effect (KIE)
studies by initial rates on parallel samples, using deuterated
aldehyde 2a-d; demonstrated a significant KIE of 1.5 (= 0.1)
(Scheme 8A). A KIE close to unity has been reported for an
alkyne hydroacylation where reductive bond formation is
turnover-limiting.** KIEs of between 1.4 and 1.7 have been
reported for hydroacylation systems where the turnover-
limiting step is proposed to be either hydride insertion, or is
reductive bond formation preceded by reversible hydride in-
sertion into an alkene (an equilibrium isotope effect® %) **3"%
In reactions where oxidative cleavage of the aldehyde C-H
bond

Scheme 8. Labelling Studies and KIE, A. aldehyde-d,; (2a-
d;); B. 1-octyne-d, (6-d;).

A O O D
0 o
(\N Z Hex
N dsmoy O Me_ Me H
o\) Me Me =
acetone-dg, 25 °C, +
2a-d, [0.20 M] 7c:7d (18:1) o o
+
Hex KIE = 1.5 (£ 0.1) N Hex
// O(\ Me Me|
6[0.18 M] 7d D7 H
B. g DO O O H
(\NJS(KH 1 (5 mol%) (N HEx
4, Me Me
O\) Me Me acetone-dg, 25 °C, O\) D
2a[0.20 M] 7e:7F (13:1)

+
P Hex KIE=1.1 (i 0.1) O @ Hex
/ (\N | e
Me Me
O\) 7t H” "D

is proposed to be the turnover-limiting step, larger KIE’s of
2.4 to 2.9 have been measured.'”"***% The measured KIE [1.5
(= 0.1)] is also consistent with those reported for hydride in-
sertions into alkenes/alkynes at group 9 metals.*"*> A KIE of
1.1 (£ 0.1) was measured when deuterated 1-octyne 6-d; was
used (Scheme 8B) and suggests that C-H activation of the
alkyne is not the irreversible rate determining step. Such C-H
activation processes have been implicated in the related Ru-
catalysed hydroamidation of alkynes, which occur via a vi-
nyldiene intermediate and show KIEs of 1.5-2.3.° Based on
these observations, hydride insertion is proposed to be turno-
ver-limiting, rather than reductive bond formation, which
would be expected to have a KIE close to 1 in the absence of
equilibrium isotope effects. We consider such an equilibrium
unliléfly, as reversible hydride insertion involving alkynes is
rare.

D
6-d,[0.18 M]

These labelling studies also show that deuterium is incorpo-
rated into the enone products (7¢-7f) with a stereochemistry
consistent with syn—migratory insertion of the hydride into the
alkyne. The regiochemistry of the branched products was

5
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found to be selective for one or the other isomer, depending on
the use of 2a-d; or 6-d;, and were assigned from selective nOe
experiments (Supporting Materials). This selective deuterium
incorporation suggests that competitive scrambling of the gem
positions, through a metallocyclopropene intermediate, is not
occurring; unlike the hydroacylation reactions of 2-
(methylthio)benzaldehyde with alkynes catalyzed by
{Rh(DPEPhos)}” * or {Rh(‘Pr,P(NMe)P'Pr,)}"** based cata-
lysts.

2.5 Proposed mechanism of hydroacylation and the role of
catalyst loading. A mechanism consistent with all the collect-
ed data is shown in Scheme 9. Initial reaction of aldehyde 2a
with the bis-acetone pre-catalyst 1 forms the acyl-hydride
complex 3a. Reaction with alkyne (step b), and a change in
coordination geometry for the DPEPhos ligand from i« to «°,
gives intermediate I which undergoes turnover-limiting migra-
tory insertion (step ¢) to form an alkenyl intermediate (IT). We
propose this step is also selectivity determining with regard to

Scheme 9. Proposed hydroacylation mechanism. [BArF,|
anions are not shown. Only linear pathway shown. TLS =
Turnover Limiting Step.
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linear/branched isomers. Subsequent reductive bond formation
forms enone-bound complex 11 (step d), which is rapidly dis-
placed by additional aldehyde to return 3a (step a): the ob-
served resting state throughout the reaction until all the alde-
hyde has been consumed. This strong binding of aldehyde
means that at the late stages of hydroacylation all the aldehyde
will be bound to the metal centre. When this happens is deter-
mined by the relative concentration of catalyst, i.e. at 5 mol%
this will occur after 95% of the aldehyde has been consumed.
We return to this observation later in the discussion of overall
selectivity between hydroacylation and cyclotrimerization.

2.6 Competitive Cyclotrimerization of 1-Octyne. Resting
states, initial rate studies and the formation of a coordinat-
ed pyran-complex. Cyclotrimerization of 1-octyne (6) to form
trihexyl benzenes 8a/8b becomes competitive at the later stag-
es of hydroacylation catalysis, when no free aldehyde remains.
To study this process in more detail, 1-octyne (6) [0.20 M],
was reacted with catalyst 1 (5 mol%, 0.01 M) in acetone at 25
°C. This slowly (12 hrs) gave a 66% 'H NMR yield of tri-n-
hexylbenzene products 8a and 8b in a 2:1 ratio (Scheme 10).

Complex 1 is immediately consumed at the start of catalysis,
and after 5 minutes the organometallic complexes observed by
*'P{'"H} NMR spectroscopy are very similar to those seen in
hydroacylation after aldehyde 3a is consumed (Section 2.2).
These are assigned to isomers of the Rh(IID)-
metallacyclopentadiene®”** complex [Rh(mer-K3-P’qu-
DPEPhos)(L)((CH)»(C¢H3)),][BAr",] 12a (L = l-octyne).
Over time (12 hrs) these resonances decreased in intensity
with concomitant increase in the concentration of a new spe-
cies, characterized as the Rh(I)-pyran complex [Rh(cistz-P,p-
DPEPhos)(n° 1°-2,2-methyl-4,6-n-hexyl-a-pyran)][BAr"4], 13.

Scheme 10. Cyclotrimerization of 1-octyne (6) with bis-
acetone complex (1) and observed resting states. [BAr",|
anions are not shown.

A.

Tom BT Q Q
acetone, 25 °C

6[0.20 M] 8a:8b (2:1)

B.

12a (L = 1-octyne) 13
12h >

Cyclometallated complexes 12 were characterized in-situ at
the beginning of catalysis (5 mins). In the *'P{'H} NMR spec-
trum a set of three overlapping broad doublets are observed: &
23.9 [J(RhP) = 125 Hz], § 23.1 [J(RhP) = 130 Hz] and & 22.9
[J(RhP) = 135 Hz]. In the "H NMR spectrum, multiple signals
are observed between & 5.61 and & 5.15 assigned to alkenyl
groups, while ESI-MS shows a cation containing two 1-
octyne (6) fragments (m/z = 861.29) as the dominant cationic
species. These data are consistent with multiple isomers of a
Rh(III)-metallacyclopentadiene complex which each have
equivalent phosphine environments, but differ in the substitu-
tion pattern of the dienyl-fragment. 'H/'H COSY NMR exper-
iments suggest 2,4—, 3,4— and 3,5-hexyl isomers are present.
An additional weakly bound ligand at the Rh(III)-centre is
suggested, which is likely 1—octyne (6) at early stages of ca-
talysis based on the kinetics observed (vide infra), i.e. 12a.
Addition of MeCN (2 equivalents) at this early stage of cataly-
sis results in the three sets of broad signals in *'P{'H} NMR
spectrum sharpening but not otherwise changing significantly.
This suggests that MeCN simply replaces another weakly
bound ligand (i.e. 1l-octyne) to give [Rh(mer-K3-P,0’P-
DPEPhos)(NCMe)((CH),(C(C¢Hy3)),][BAT,], 12¢.

The a-pyran complex 13 that is observed after 12 hours was
isolated as a non-crystallisable oil using the [AI(OC(CF3)3)4]
anion,” and characterized by 'H, "°C, *'P NMR spectroscopy
and ESI-MS (m/z = 919.32). These data suggest a single Rh(I)
species with inequivalent phosphines, i.e. 5C'P) 20.8 [J(RhP)
=209; J(PP) = 31 Hz], § 17.6 [J(RhP) =169; J(PP) = 31 Hz].
Detailed NMR spectroscopic analysis (see Supporting Materi-
als) demonstrates that a-pyran is bound to the metal center.”
a-Pyran coordinated complexes have been previously report-
ed,”" and the catalytic hetero—cyclotrimerization of diynes with
ketones,”™ or aryl ethynyl ethers with ketones,” to give a-
pyrans is known.
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Figure 3. Initial Rates plot for the cyclotrimerization of 1-octyne
(6) using catalyst 1 (0.01 M).

The kinetics of early stage cyclotrimerization were interrogat-
ed by initial rates (Figure 3), in a temporal regime where no
pyran-bound complex 13 is observed. Variation of the concen-
tration of 1-octyne (6) shows a change in order: at lower con-
centrations [<0.15 M] first order behaviour is observed, which
switches to zero order at higher concentrations [>0.15 M].
When combined with the observation of a metallacyclopenta-
diene, e.g. 12a, as the resting state under the early stages of
reaction, this allows a mechanism to be proposed (Scheme
11). At higher concentrations of alkyne, initial oxidative cou-
pling of two equivalents of 1-octyne (6) with pre-catalyst 1 is
followed by quasi-irreversible binding (i.e. saturation kinetics
are observed) of a further equivalent of 1-octyne (6) to give
metallacyclopentadiene 12a. A subsequent turnover—limiting
arene forming process gives the arene-bound complexes of
8a/8b, complex 14. Rapid displacement of the arene from the
metal center by l-octyne (6) then restores the metallacyclo-
pentadiene 12a. Substituted arenes are labile ligands when
partnered with the {Rh(DPEPhos)} " fragment,”*”” presumably
due to the combined electronic and steric effects” of the wide-
bite angle DPEPhos.” At lower concentration of 1-ocytne (6)
binding of the acetone solvent becomes competitive to form
metallacyclopentadiene 12b (L = acetone) and first order be-
haviour is observed. Metallacyclopentadiene complexes such
as 12 are well established as intermediates in alkyne cyclot-
rimerzation reactions.”**"*’

During this catalysis a competitive [4+2] hetero—
cyclotrimerization reaction between 1-octyne (6) and acetone
solvent occurs to afford the a—pyran complex 13, exclusively
as the 4,6-hexyl-isomer. Selectivity at this step suggests a
kinetic preference for the 2,4— and 3,5— isomers of metallacy-
clopentadiene 12b reacting with acetone. The so-formed o—
pyran ligand binds relatively strongly and therefore becomes
the resting state of, and slows, cyclotrimerization catalysis.

Scheme 11. Proposed mechanism of cyclotrimerization of
1-octyne (6). [BArF4]_ anions are not shown. L = solvent
(acetone)

Journal of the American Chemical Society
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2.7 Moving between catalytic cycles. The efficacy of the
isolated a-pyran complex 13 in hydroacylation was investigat-
ed using similar conditions as for catalyst 1 ([aldehyde 3a] =
0.75 M, [l-octyne (6)] = 1.5 M, [catalyst 13] = 0.038 M) and
monitored by 'H NMR spectroscopy. The reaction was con-
siderably slower (despite a higher concentration of alkyne),
taking 3 hours to achieve full consumption of aldehyde, at
which point cyclotrimerization began. Monitoring the rhodi-
um-speciation by 'H NMR spectroscopy revealed a slow con-
version of the pyran-bound complex 13 to the acyl hydride 3a,
with no other rhodium complexes being observed (See Sup-
porting Materials). This suggests that the o—pyran ligand is
relatively strongly bound to the Rh(I) center.

The movement from the cyclotrimerization cycle to hydroac-
ylation was confirmed by the addition of aldehyde 2a to the
pre-formed metallacyclopentadiene 12a (in the presence of
excess alkyne). This resulted in the slow formation of acyl-
hydride 3a, presumably via slow cyclotrimerization to form
tri-n-hexyl-benzene complex 14, which then rapidly reacts
with aldehyde. Enone-bound complex 11 can also enter into
the cyclotrimerization manifold, as shown by reaction with 1-
octyne (6) (20 equivalents, 0.20 M, acetone—d,) that forms a
mixture of 11 and 12a which after 25 minutes is fully convert-
ed to a mixture of metallacyclopentadiene 12 and a-pyran
complex 13 with concomitant formation of tri-n-hexyl-
benzene.

2.8 Summary of the overall mechanism. Scheme 12 presents
an overview of the various processes occurring when pre-
catalyst 1 is combined with aldehyde 2a and alkyne 6. The
resting state of hydroacylation (cycle A) is acyl-hydride 3a,
due to strong aldehyde binding (zero order kinetics), and the
rate determining step is proposed to be hydride insertion.
When the concentration of free aldehyde approaches zero,
cyclotrimerization (cycle B) becomes competitive. At this
point, when the remaining acyl hydride 3a turns over in hy-
droacylation there is no aldehyde left to reform it, and with
free alkyne now effectively in excess, the resting state moves
to the metallacyclopentadiene, e.g. 12a, likely via enone—
bound complex 11. Addition of aldehyde 2a moves the resting
state back to acyl-hydride 3a, albeit slowly as the pathways
from metallacyclopentadiene 12 or a—pyran complex 13 are
sluggish. Consistent with this, recharging experiments show
productive catalysis occurs, but now an induction period was

7
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observed (Supporting Materials) during which the resting state

moves from 12/13 to 3a.

Scheme 12. Overall mechanistic landscape. [BArF 4] anions are not shown.
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2.9 Role of relative concentrations of aldehyde, alkyne and
catalyst in determining selectivity. These observations show
that movement between the two catalytic regimes of hydroac-
ylation and cyclotrimerization is rather straightforward and is
biased by relative rates of reaction and concentration of sub-
strates. Interested in developing a process selective for hy-
droacylation (i.e., no cyclotrimerization) the optimization of
conditions was studied — armed with the detailed knowledge
of the catalytic cycles operating. The late stages of hydroac-
ylation were modelled by addition of one equivalent of 1-
octyne (6) to acyl hydride 3a. After 3h a 33% yield of enones
7a/7b and a 54% yield of tri-n-hexyl-benzenes 8 were meas-
ured by 'H NMR spectroscopy (Figure 4, A). In the *'P{'H}
NMR spectrum a mixture of bis-acetone complex 1, acyl hy-
dride 3a and a-pyran-complex 13 were present in the relative
ratio of 1:2:1 respectively. Performing the same reaction with
an added equivalent of aldheyde 2a, a 97% yield of enones
7a/7Tb was observed, with only traces of cyclotrimerization
detected (Figure 4, B); the only complex observed by *'P{'H}
NMR spectroscopy was acyl-hydride 3a. The important con-
clusions that arise from this are: (i) cyclotrimerization only
becomes competitive when there is no aldehyde present in
solution; (7i) as aldehyde binds so strongly to form acyl-
hydride 3a (recall zero-order kinetics) the point where this
happens will directly correlate to catalyst loading, with low
loadings allowing for free aldehyde to be present for longer.
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Figure 4. Reaction profile as measured by 'H NMR spectroscopy,
A. 0 equivalents of aldehyde 2a; B. 1 equivalent of aldehyde: B
= enones 7a and 7b, e = trihexyl-benzenes 8.

A study of relative concentrations and catalyst loadings was
then performed (Table 1). With an excess of 1-octyne (6), a
selectivity for hydroacylation of 92% was determined (Entry
1). An excess of aldehyde gave a selectivity of 100% for hy-
droacylation (Entry 2), but a reduction in overall atom econo-
my. At a more favourable 1:1 aldehyde to alkyne ratio and a
catalyst loading of 20 mol% a selectivity to 96% was meas-
ured, with a hydroacylation yield of 96% (Entry 3). This is
because at 80% enone (7) formation all remaining aldehyde is
bound to the metal center as acyl-hydride 3a. As this turns
over, cyclotrimerization with the remaining free 1-octyne (6)

8
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becomes competetive, and selectivity drops. Reducing the
catalyst loading should move this tipping point later. At 2.5
mol% loading of 1 a selectivity of 99% is thus measured (En-
try 4), while at 0.5 mol% essentially 100% selectivity (Entry
5) is achieved using equimolar amounts of starting materials.
This is a remarkable result, as the highest selectivity, and max-
imum atom-economy of products from reagents, comes from
the lowest catalyst loading and no excess of either substrate.

Table 1. Optimization of selectivity between hydroacyla-
tion and cyclotrimerization

2 7a
K a acgtso?g:ds o . o . | :
//Hex 7a:7b (15:1) (\N%{Hex Hex < Hex
6 o\) Me Me
7b
[2a] [6] 1 7a/7Tb  8a/8a @ ro/\d
El‘ltry (M) (M) (mol%) (%)a,b (%)b’b 7:8 ( A))
1 0.75 0.98 5.0 >08 9 92
2 0.9 0.75 5.0 >98 0 100
3 0.75 0.75 20 96 4 96
4 0.75 0.75 2.5 >98 1 99
5 0.75 0.75 0.5 >08 0 100

“'H NMR yield based on limiting reagent; "using 1,2,4,5-
teteachloro-3-nitobenzene as an internal standard; “'H NMR
yield based on available alkyne, “% yield of 7a/7b compared to
8a/8b.

2.10 Developing a highly selective hydroacylation reaction
on scale. With such a robust, selective and efficient hydroac-
ylation system in hand the opportunity to scale up to gram-
quantities presented an exciting possibility. To do this, the
pyrrolidine aldehyde 2¢ was used as a coupling partner, as it is
a solid at room temperature (unlike liquid 2a) making han-
dling on scale easier (see Supporting Materials for the synthe-
sis of 2¢ on a decagram scale in 63% overall yield). The pre-
viously  reported  catalyst precursor  [Rh(mer-k’-pp-
DPEPhos)(o-xylene)][BAr',] 16 was used.”® This has the ad-
vantage over 1 that it does not require hydrogenation before
use in catalysis, is bench stable (> 6 months), and the labile
arene ligand allows for rapid and quantitative reaction with
aldehyde to form acyl-hydrides, e.g 3a (Supporting Materials).
A design of experiments methodology was used for optimiza-
tion of the catalysis, in which temperature and concentration
were varied. Each reaction was run on a 0.5 g scale, using a
1:1 ratio of aldehyde 2¢, 1-octyne (6) and 0.5 mol% 16. Reac-
tion progress was monitored by gas chromatography. Over the
concentration/temperature range tested (1.20 to 3.46 M and 10
to 31.5 °C) yields of >98% and selectivity of 100% were
measured in all cases, demonstrating the efficacy of the cata-
lyst. For all scenarios a pseudo first—order rate law was ob-
tained for the first two half-lives of the reaction (cf Figure 1),
showing that the gross kinetics of the reactions are unchanged
despite the change in conditions (Supporting Materials).

Conditions of highest temperature and concentration where
thus chosen so to minimise reaction time (30 °C, 3.3 M), and
these were then employed for the synthesis of 17a/17b on
large scale (5 g). The reaction was measured to be complete by

Journal of the American Chemical Society

GC after 3 hours. Simple precipitation of the catalyst from the
reaction by addition of heptane followed by filtration through
a plug of silica (workup conditions not optimized) resulted in a
97% isolated yield of 17a/17b (11:1) with >98% NMR purity.
As this Rh—catalyzed hydroacylation is an atom—efficient cata-
lytic process, when coupled with the high concentrations of
substrates used (and thus minimal acetone solvent, ~ 4 g) it
results in an exceptionally efficient reaction for the large—scale
reaction, as described in Scheme 13.

Scheme 13. Large scale reaction

o o
L3, B, fm crbeor
N H _ Me Me
~Rh
Cl Me Me P/
&g 16(05m0|%

Hex acetone, 17a:17b (11:1
// (11:1)
6 5 g scale Me Me

97% isolated yield 17b
100% H.A. selectivity

The Process Mass Intensity (PMI)84 is the ratio of the total
input mass in a process (including catalysts and solvents)
compared to the mass of isolated product. A desirable PMI is
one that approaches 1; a special case which would use no sol-
vent or catalyst and would also be 100% atom-efficient. The
hydroacylation process described approaches many of these
desirable attributes, including a 1:1 ratio of aldehyde to al-
kyne, low catalyst loadings, and high yields/selectivity that
allow for simple purification that avoids column chromatog-
raphy. This is in addition to the modest temperature and short
reaction times. For these conditions we estimate a PMI = 30.
This metric can be compared with an equivalent hydroacyla-
tion process reported for similar substrates and catalysts, for
which we estimate to have a PMI = 330, an order of magni-
tude difference,’’ as these procedures use lower substrate con-
centrations, have lower isolated yields and require column
chromatography. Our conditions were also tested at lower
catalyst loadings (0.1 mol%) under otherwise identical condi-
tions but on a smaller scale (0.5 g), and afforded a 91% isolat-
ed yield of enones 17 after 24 h, further demonstrating the
stability of the catalytic system.

3. Conclusions. The drive for perfect selectivity in catalytic
processes leads to attendant increases in overall processes
efficiencies, and reduced materials and energy costs. As indus-
trial chemical separations account for 10-15% of global ener-
gy demand® such considerations are becoming increasingly
important. In this regard the hydroacylation reaction represents
an ideal target for further optimization as it is, in principle,
already a 100% atom efficient process. We demonstrate that
through correct substrate choice and detailed mechanistic stud-
ies, a process that is essentially 100% selective for hydroacyla-
tion can be developed that requires no excess of either reagent,
operates best at low absolute catalyst loadings, uses minimal
solvent, needs virtually no workup and delivers gram scales of
product. This encourages the future development of hydroac-
ylation as a cross—coupling technique for the production of
fine and commodity chemicals and intermediates.
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