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a  b  s  t  r  a  c  t

The  regioselectivity  in  the  hydroformylation  reaction  catalyzed  by an  unmodified  Rh  catalyst  has  been
investigated  for  a number  of �-methylsubstituted  alk-1-enes  (3-methylbut-1-ene  MB1,  3-methylpent-1-
ene  MP1,  3,4-dimethylpent-1-ene  DMP1, and 3,4,4-trimethylpent-1-ene  TMP1) experimentally  (at  20 ◦C
and  100  atm  CO/H2 total  pressure)  and  theoretically  at the B3P86/6-31G*  level  with  Rh  described  by  effec-
tive core  potentials  in  the  LanL2DZ  valence  basis  set.  For  all substrates  the  formation  of  the linear  aldehyde
(L) with  respect  to the branched  one  (B)  in  a prevailing  amount  has  been  observed  (L/B >  62/38);  the  L  iso-
mer was  formed  as the  almost  exclusive  product  in  the  case  of  TMP1 (L/B =  95/5). 2H NMR  investigations  of
crude reaction  mixtures,  coming  from  analogous  deuterioformylation  experiments  interrupted  at  partial
substrate  conversion,  showed  that in the  case  of  TMP1 only  the  branched  alkyl-rhodium  intermediate,
precursor  of  the  branched  aldehyde,  via  �-hydride  elimination  mainly  generates  terminal  deuterated
olefins  and,  to  a lesser  extent,  internal  ones.  The  reversibility  of  the branched  alkyl-Rh  intermediates
accounts  for  the  high  regioselectivity  in  favor  of  the  linear  aldehyde.  Computational  studies  confirm  the
importance  of  the  alkyl-Rh  transition  state  (TS)  stability  to  reproduce  the  experimental  regioselectiv-
ity,  or  even  to  predict  it, when  the reaction  is  nonreversible  (i.e.  for MB1, MP1, and  DMP1). In the  case
of  TMP1, the  free  energy  profiles  for further  reaction  steps  along  branched  and  linear  pathways  have
been  examined  to  elucidate  the  origin  of reaction  reversibility.  The  TS for  the  alkyl  migratory  insertion
onto  the  CO  coordinated  to rhodium,  higher  than  that  for  the  alkyl-Rh  intermediate  formation,  explains
the  reason  why  in deuterioformylation  experiments  at partial  conversion  the  monodeuterated  terminal
olefin  TMP1-1-d1 is  obtained.  This  occurs  for  one  out  of two  most  populated  reactant  conformers  of TMP1,
although  for  the  Curtin–Hammett  principle  reactant  populations  are  not  particularly  important.  For  the
other, the  reaction  proceeds  to the  branched  aldehyde.  Only  for  a less  populated  reactant  conformer
the  internal  olefin  is  obtained.  Conversely,  along  the  linear  pathway  the  CO  addition  and  alkyl  migra-
tory  insertion  steps  occur,  respectively,  in a practically  spontaneous  way  and  with  very low  TS  in any

case. Agostic  interactions  (using  the  QTAIM  theory)  and  kinetic  isotope  effects  have  been  evaluated  and
discussed.  The  examination  of further  reaction  steps  for DMP1 allowed  us  to demonstrate  that  the  reac-
tion  is nonreversible  for  that  substrate,  despite  the  similarity  between  DMP1 and  TMP1.  The  tert-butyl
group  exerts  its  steric  hindrance  mainly  on  the  very  first  branched  reaction  steps,  favoring  an  alkyl-Rh
TS  arrangement  lower  in  free  energy  than  the  alkyl-Rh  migratory  insertion  onto  the  coordinated  CO.  In

al  ret
part the  branched  materi

. Introduction
Under rhodium-catalyzed hydroformylation conditions, the
lkene insertion into the Rh H bond, which gives rise to the
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urns  to the  reactant  complex,  thus  enriching  the linear  fraction.
© 2011 Elsevier B.V. All rights reserved.

alkyl-metal intermediates along the pathway to the linear, L, or
branched, B, product aldehydes (Scheme 1), can be a reversible or
nonreversible step, primarily depending on the temperature and
the substrate nature.

We  found that at 100 ◦C �-hydride elimination occurs for vari-
ous vinyl substrates such as ethyl vinyl ether, 1-hexene, allyl ethyl
ether, styrene and other aromatic substrates. While for aliphatic

vinyl [1] and allyl alkenes [1–3] �-hydride elimination involves
both the linear and branched alkyl intermediates, for the aro-
matic substrates (styrene) it occurs primarily for the branched ones
[4–9]. By contrast, at low temperature (<25 ◦C), these substrates do
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Scheme 1. Regioselectivity in the hydroformylation reaction of a terminal olefin. * Reversibility depending on the temperature and the substrate nature.

Table  1
Regioselectivity values for the hydroformylation of �-methylsubstituted alk-1-enes under 20 ◦C and 100 atm CO/H2 (1:1), at partial (20%) and complete substrate conversion.

R

CH3

R

CH3

R

CH3

OOCO/H2

T = 20°C
Rh4(CO)12

+

1 LB
benzene

.

1 R L:B (20% conv.) L:B (complete conversion)

Experimental data Experimental data Computational resultsa

�E �G

MB1 Me  63:37 62:38 62:38 62:38
MP1 Et 67:33 66:34 62:38 66:34
DMP i-Pr 74:26 72:28 58:42 68:32
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TMP1 t-Bu 96:4 

B3P86/6-31G*/Lanl2DZ L:B ratios based on either potential (�E) or free (�G) ener

ot give �-hydride elimination and thus the alkyl formation is a
onreversible step determining the regioselectivity of the process.

n order to establish whether the alkyl formation is a reversible
tep at low temperature also for vinyl substrates bearing a bulky
ubstituent in � position with respect to the double bond, some 3-
lkyl substituted alk-1-enes (see Table 1 for their definition) were
ydroformylated by us. Four different R moieties were taken into
ccount: they are in turn the methyl (Me), ethyl (Et), iso-propyl (iPr),
nd tert-butyl (tBu) groups, leading respectively to 3-methylbut-
-ene (MB1), 3-methylpent-1-ene (MP1), 3,4-dimethylpent-1-ene
DMP1), and 3,4,4-trimethylpent-1-ene (TMP1).1

Deuterioformylation runs carried out under the same hydro-
ormylation conditions, at partial substrate conversion, were
xploited to elucidate the chemical behavior of the 1-alkenes taken
nto account. In particular, deuterioformylations at partial substrate
onversion of the substrate bring out significant information on the
ossible reaction reversibility in the alkyl formation, as previously
emarked in the literature also by other authors for the hydro-
ormylation of a variety of substrates employing different catalytic
recursors [10–12].

From a computational view-point, in the absence of �-hydride
limination, the regioselectivity of the reaction can be evaluated on
he basis of the potential or free energy of the isomeric alkyl forma-
ion, provided all the possible conformers are taken into account,
nd compared with the regioselectivity of aldehyde formation [13].
onversely, when the reaction is reversible, the subsequent reac-
ion steps need to be examined with theoretical calculations at the
ree energy level [14] (refer to the Computational Details section for

 description of employed methods) to investigate and eventually
ationalize the origin of reversibility. Kinetic isotope effects (KIE)
15] have also been evaluated as well as the agostic interaction in

he alkyl-tricarbonyl intermediates in terms of the QTAIM theory
16].

1 Apart the first substrate (MB1), the others bear a chiral group. Both enantiomers
indicated using a plain or a primed name) need to be computed to consider the
ttack onto either face of the double bond as well as that the chiral substrates are
sed in racemic form in the experiments.
95:5 53:47 85:15

2. Results and discussion

2.1. Hydroformylation

Hydroformylation of the alk-1-enes (Table 1) was  carried out
in benzene both at partial and complete substrate conversion in
a stainless-steel autoclave with Rh4(CO)12 as catalyst precursor, at
room temperature, under 100 atm total pressure (CO/H2 = 1:1). The
composition of the reaction mixtures was evaluated by GC analysis,
using n-decane as the internal standard.

In the case of the simplest olefins (MB1 and MP1) a slight L-
regioselectivity occurs, the L:B molar ratio varying from 62:38 to
66:34 both at partial and total substrate conversion. A larger preva-
lence of the L isomer (L:B = 72:28) was observed in the case of DMP1
bearing an iPr group at C3. The regioselectivity turns out to be
almost exclusively in favor of the L-regioisomer with TMP1, a sub-
strate characterized by the presence of a t-butyl group in � position
with respect to the double bond.

2.2. Deuterioformylation

In order to establish if the Rh-alkyl formation is or not a
reversible step of the reaction, deuterioformylation experiments
with the above substrates were carried out. The same approach
had been previously employed with the same purpose by Casey
and Petrovich [10] and Nozaki et al. [12] among the authors here
cited. In the case of TMP1, the runs were carried out at both partial
and total conversion, at 20 ◦C under 100 atm of CO and D2 (1/1) at
constant pressure. The reaction was  stopped after about 40 min  at
20% substrate conversion into aldehydes. The reaction mixture was
also examined after 3 h at complete substrate conversion.

At the two selected conversion degrees (20% and total conver-
sion), samples of the reaction mixtures, containing unconverted
olefins and products, were directly analyzed without any han-
dling or treatment. The regioselectivity was  high and, as in the

hydroformylation, in favor of the linear aldehyde. Inspection of the
2H NMR  spectra allowed rapid and complete identification of all
deuterated species present in solution. The 2H NMR  resonances
were assigned by comparison with the analogous signals present
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Table  2
1H NMR  chemical shifts (�, ppm) of species arising from hydroformylation of TMP1

at partial substrate conversion.

CH3
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CH3
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CH3
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H

H

H

ω

δ

αβ

γ

.

Proton type Signal ı (ppm)

C6H6
a CDCl3b

� 2 Multiplets 1.9 and 1.75 2.4 and 2.28
� Multiplet 1.62 1.82
� Multiplet 0.81 1.1
�  Doublet 0.55 0.84
�  Singlet 0.7 0.8
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a Reaction solvent.
b After removal of benzene.

n the 1H NMR  spectra (solvent C6D6) of the corresponding hydro-
ormylation mixtures (the chemical shifts obtained are reported in
able 2).

It is worth noting that the values in benzene as a solvent are
uite different from the values obtained in CDCl3. In particular, the
hemical shifts of the L isomer for the CH2 in � position with respect
o the formyl group are 0.81 in benzene and 1.1 ppm in CDCl3.

In the 2H NMR  spectrum relative to deuterioformylation experi-
ents at 20% conversion (Fig. 1 and Table 3), the two  signals at 9.32

nd 0.80 ppm are due to the deuterium atom of the formyl group
nto L-1,3-d2 and L-1-d1 aldehydes and to the deuterium atom on
he carbon in �-position into L-1,3-d2 one, respectively. The inten-
ity of the formyl group signal is higher than that of the deuterium
n �-position with a ratio of 1:0.65 (vide infra for a discussion).

The sample also shows a significant resonance at 4.93 ppm
hich can be assigned to a deuterium atom bonded to the termi-
al carbon atom of the unconverted olefin TMP1-1-d1. In addition,
hile the signal at 1.49 ppm is likely due to a deuterium atom

onded to the terminal carbon atom of 3,4,4-trimethylpent-2-ene
TMP2-1-d1), the signal at 1.602 ppm can be assigned to the deu-
erium atom CHDCDO in � position to the carbonyl group arising
rom deuterioformylation of the substrate monodeuterated in ter-

inal position TMP1-1-d1 (L-1,2,3-d3).
The GC–MS spectra, in addition to the unconverted substrate,

how the presence of isomerised olefins. No traces of hydrogena-

ion products were observed.

The formation of deuterated olefins under deuterioformylation
onditions can be reasonably explained taking into account the
eversible formation of the tertiary alkyl-metal intermediate as

ig. 1. 2H NMR  spectrum (46 MHz, 25 ◦C, C6D6 as external standard) of the crude
eaction mixture obtained by deuterioformylation of TMP1 at 20% substrate conver-
ion.
talysis A: Chemical 356 (2012) 1– 13 3

well as the isotopic effect that favors the Rh-H elimination with
respect to the Rh-D one [15c].

As reported in Scheme 2, in the light of the generally accepted
mechanism of the hydroformylation reaction, the branched alkyl-
rhodium intermediate (b) gives, via �-hydride elimination, the
complex between the deuterated olefins TMP1-1-d1 and Rh-H.
Exchange of labeled olefins with unlabeled TMP1 gives the non-
deuterated �2

H–TMP1 complex and the free deuterated terminal
olefins. The same alkyl can also undergo �-elimination to give the
internal olefin TMP2-1-d1. It is known that the �-hydride elimi-
nation is controlled by a kinetic isotope effect [15c], which means
that elimination of Rh-H is faster than that of Rh-D; this effect could
account for the observed accumulation of deuterated species in the
unconverted substrate.

Only in part the branched alkyl gives, via the normal hydro-
formylation steps, a small amount (5%) of the branched aldehyde.
Conversely, no �-elimination occurs for the linear alkyl (l) (no ter-
minal olefin deuterated at C2 of the double bond was observed),
while it completely evolves into the corresponding L aldehyde.

The �2
H–TMP1 complex brings about the monodeuterated alde-

hyde without D in �-position (L-1-d1) (Scheme 2 and Table 3). This
accounts for the intensity of the CDO signal higher than that of the
D in �-position.

Deuterioformylation of DMP1 was  also carried out under the
same experimental conditions adopted for TMP1. A regioselectiv-
ity ratio (L/B) of 72/28 was  observed, such as a value similar to
that found for hydroformylation. 2H NMR  spectrum of a sample of
the crude reaction mixture recovered at 20% substrate conversion
shows the presence of the signal due to CDO and the resonances
for CHD of the linear aldehyde and CH2D of the branched isomer
respectively. No traces of terminal or internal olefin deuterated in
terminal position have been observed. An accurate analysis of GC
and GC–MS showed the presence of a small amount (less than 5%)
of isomerized olefins.

It is noteworthy that for the simplest substrates, i.e. MB1 and
MP1, �-hydride elimination does not occur and only two  signals
for the linear aldehyde and two signals for the branched one were
observed in 2H NMR  spectra.

In order to explain the observed linear regioselectivity, the elec-
tronic effect of the R group could be taken in account, the +I
influence of the t-butyl group being stronger than those of i-Pr
and Me.  Nevertheless, the steric hindrance is mainly responsi-
ble for the �-elimination. In particular the bulky t-butyl group in
TMP1, depending on its arrangement, can hamper the evolution of
the branched alkyl to the corresponding branched aldehyde and
favor �-hydride elimination. For the other branched alkyls, the
steric effect exerted by a sec-alkyl group bonded to the vinyl group
accounts for the prevalence of the linear isomer with respect to the
branched one, the steric hindrance being not enough to determine
�-hydride elimination. Thus, with TMP1, unlike what observed for
all vinyl olefins previously investigated [1–3], �-hydride elimina-
tion at room temperature occurs, and exclusively for the branched
alkyl intermediate.

2.3. Theoretical investigations on ˇ-hydride elimination

Theoretical regioselectivities computed under the hypothesis
of nonreversibility reproduce the experimental ratios at complete
conversion (Table 1) exactly for MB1 and almost exactly for MP1
when the potential energy-based values, also reported in Table 1
(fifth column), are used, as earlier found for other substrates [13]
as well. When Et is replaced with either an i-Pr (DMP1) or a t-

Bu (TMP1) group, theoretical ratio underestimates with respect to
the experimental values turn out to be increasingly more evident
(58:42 vs. 72:28 and 53:47 vs. 95:5) unlike for the other substrates.
Interestingly enough, when free energy-based values [14], also
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Scheme 2. Regioselectivity in the deuterioformylation reaction of TMP1 .

Scheme 3. Mechanism of hydroformylation proposed by Wilkinson et al. [35] for a terminal olefin.
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Table  3
2H NMR  chemical shifts (ı, ppm)a of deuterated species arising from deuterioformylation of TMP1 at partial substrate conversion.

H CDO

L-1-d1
SPECIES

D
D

D CDO D CDO D CDO

D

TMP1-1-d1 TMP2-1-d1 L-1,3-d2 L-1,3-d2 L-1,2,3-d3

δ 4.93 1.49 0.80 9.32 1.60
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the Curtin–Hammet principle [20]. Conversely, in this case, neither
Reac2 (the reactant intermediate corresponding to the B2 alkyl-

F
m

Referred to C6D6 as external standard; 46 MHz, C6H6, 25 ◦C.

eported in Table 1 (last column), are used, theoretical results for
he alkyl-Rh TS exactly reproduce the experimental ratios for MB1
nd MP1, while for DMP1 the calculated ratio (68:32) turns out to
e in quite good agreement with the experiment. Actually, even for
MP1 the regioselectivity evaluated employing free energy-based
esults (L:B = 85:15) is satisfactory, being just slightly underesti-
ated with respect to the experimental value (L:B = 95:5). Anyway,

he experimental evidence of �-hydride elimination in the case
f TMP1 prompted us to theoretically investigate the subsequent
eaction steps (Scheme 3) to elucidate and possibly rationalize the
rigin of reaction reversibility. To this end, all the stationary points
eed to be located on the potential energy surface and their free
nergies need to be computed because of the change in the num-
er of species along the reaction pathways. Primarily the fourth CO
pproaching path that played a critical role in 1,1-diphenylethene
17,18], and the TS for the alkyl migratory insertion onto the coor-
inated CO, have been considered. Although along the branched
rofiles for the addition of the fourth CO group to the alkyl-Rh
ricarbonyl intermediates there are remarkably high barriers (see
ig. 2 and Section 2.3.2), unlike for the linear profiles [19] discussed

elow, the alkyl migratory insertion TS are higher in any case than
he CO addition ones. Therefore, in what follows, the CO addition

ig. 2. Free energy profile along one of the branched pathways for TMP1 (0-B2). The �-e
arkers.
TS are disregarded when comparing the TS relative free energies,
but not when the reaction profiles are plotted.

Conformer names are 0, 1, 2 if the H2CCH3 value (Fig. 3) is
roughly trans (t), gauche+ (g), gauche− (g′). Both enantiomers have
been considered for chiral substrates (four reactant intermediate
structures are reported in Fig. S1 of Electronic Supporting Informa-
tion (ESI)).

In one of the branched pathway profiles for TMP1 (Fig. 2), the
migratory insertion of the alkyl onto the coordinated CO leads
to a CO insertion TS higher than the alkyl-Rh TS (13.24 and
10.88 kcal/mol, respectively). Therefore the reaction proceeds to
the left, via �-hydride elimination, returning to the initial reactant
intermediate (Reac Int), which corresponds to the monodeuterated
terminal olefin TMP1-1-d1 found in the deuterioformylation exper-
iment at partial conversion. This occurs for one of the most stable
reactant complexes (named Reac0) taken as zero. The conformer
stability for intermediates should be a minor detail provided their
interconversion barriers are lower than the reaction TS according to
Rh(CO)3 intermediate) nor the corresponding alkyl-Rh TS could
be located despite several attempts making use of constrained

limination TS leading to the internal olefin is drawn with dotted lines and empty
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regioselectivity as before explaining the further increase in the lin-
ear fraction, and in part produces the branched aldehyde.
ig. 3. Structures of the stationary points along the branched pathway for 0-B2 in F
lso  reported.

ptimizations [19]. Interestingly, following the reaction pathway
ackwards starting from the B2 alkyl-Rh(CO)3 intermediate, the B0
lkyl-Rh TS was obtained yielding Reac0, i.e. the most stable reac-
ant intermediate. This means also that when the B0 alkyl-Rh TS
s reached there are at least two competing branched pathways
eading to either the B0 or B2 alkyl-Rh(CO)3 intermediate. This is
he reason why in the legend of Fig. 2 the involved conformer has
een indicated as 0-B2. In this case the internal olefin cannot be
btained, again via �-hydride elimination, because the TS for its
ormation, also displayed in Fig. 2 (dotted line) for comparison, is
igher (13.66 kcal/mol) and thus less favorable than both alkyl-
h and CO insertion TS. Stationary-point structures through the

O-insertion TS are displayed in Fig. 3.

Interestingly enough, �-hydride elimination to yield the inter-
al olefin occurs along the B′0 pathway for one of the reactant
omplex considered (Reac′0).
Their relative free energies (kcal/mol) and the TS imaginary frequencies (cm−1) are

The hydroformylation reaction for TMP1 is actually non-
reversible for Reac0 along the B0 pathway producing the
corresponding aldehyde, as occurs along the linear pathways for
all reactant complexes (one of the linear profiles is displayed in
Fig. 42: once the rate-limiting step, i.e. the alkyl-Rh TS, is crossed,
the reaction proceeds by formation of products).

Thus, from a computational view-point, the branched alkyl in
part produces again the starting olefin that reacts with the same
2 All the TS and intermediates along the profile are displayed for clarity, although
for  Curtin–Hammett systems “theoretical calculation of the relevant transition-state
energies may  avoid the task of considering ground-state isomer interconversion and
populations entirely” [20c].
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Fig. 4. Free energy profile along the L0 linear pathway for one of the TMP1 reactant
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ntermediates. The CO addition TS cannot be located because, in the presence of CO,
inear tricarbonyl intermediates directly evolve to tetracarbonyl intermediates.

.3.1. Kinetic isotope effects
Despite the analogy found in the experimental runs between

ydro- and deuterioformylations, the kinetic isotope effects (KIE)
ave been taken into account. In this case, KIE is given by:

IE = kH

kD

here kH and kD are the reaction rate constants, computed via the
yring–Polanyi equation [21]:

 =
(

kBT

h

)
e−�G /= /RT

here k is the reaction rate constant, kB the Boltzmann constant, T
he absolute temperature, h the Planck’s constant, �G /= the Gibbs
ree energy of activation, and R the gas constant.

To this aim, the free energies of all TS leading to the inter-
ediates in Scheme 2 have been computed with the proper

eplacements of D to H: the differences are made with respect to
he lowest free energy reactant intermediates taken as zero.3

When the isotopic substitution is in the chemical bond that is
roken, i.e. in Rh-D as for the Rh-alkyl TS, the primary isotope effect

s large (1.69 ≤ KIE ≤ 1.71 (for L regioisomers)), as expected. Con-
ersely, the secondary kinetic isotope effect (SKIE), observed when

 is contained in the alkyl part, not involved in bond breaking or
orming events, is much smaller ranging from 0.36 (for L regioiso-

ers) to 0.40. The velocity for the release of Rh-D is more than four
imes slower than that for the release of Rh-H, as pointed out in
ection 3.

The results obtained for the monodeuterated TS are plotted in
ig. 5 as compared to those of the species containing only H atoms.
rom Fig. 5 it appears evident that the trend of hydroformylation
nd deuterioformylation is very similar. Of course, in the case of
ydroformylation, the Rh-alkyl TS and the �-hydride elimination
S to return to the terminal olefin (i.e. the initial reactant interme-
iate) coincide, and thus they are displayed twice, perfectly aligned,
n the plots. The TS for the release of D from the catalyst to the
ubstrate is higher than that for the release of H from the substrate
o the catalyst, as well known and noticed above. The different

3 Reference free energies for Reac(H) and Reac(D) intermediates are −766.738577
nd −766.741097 Eh , respectively. The free energy for CO is −113.560714 Eh .
talysis A: Chemical 356 (2012) 1– 13 7

behavior between branched and linear paths is striking. The
linear conformers cannot give the internal olefin, and the TS
for the migratory insertion of the alkyl onto the coordinate CO
has a free energy comparable with that of the reactant inter-
mediate (Fig. 5d). Concerning the branched conformers, only
B0 yields the aldehyde (Fig. 5c) as the linear ones, whereas
B′0 (Fig. 5b) �-eliminates producing the internal olefin, and
B2 (Fig. 5a and Fig. 2) �-eliminates producing the terminal
olefin.

2.3.2. Agostic interaction
The high barriers for the addition of the fourth CO group to the

alkyl-Rh tricarbonyl intermediates along the branched profiles are
due to the large stabilization of branched tricarbonyl intermediates
when an agostic interaction is established between Rh and one of
the nearby hydrogens. Examples of such interactions are shown in
Fig. 6 for the B2 alkyl-Rh(CO)3 intermediates deriving respectively
from TMP1 and DMP1. In the latter case, due to the H3CCHiso
torsion, three conformers, named B2g, B2t, and B2g′ are located.
B2g′ does not present however any agostic interaction because
Hiso is farther apart from Rh (3.16 Å). The separations between Rh
and the H in � are also displayed in each conformer, because they
are important for the �-hydride elimination reaction to give the
internal olefin.

Besides from geometrical parameters, reported in Table 4 (typ-
ically the distance between the metal (M)  and the hydrogen is
1.8–2.3 Å and the M H C angle is 90–140◦), this kind of interaction
can be put forward from the existence of bond (BCP) and ring (RCP)
critical points in Bader’s topological analysis of the electron distri-
bution [16]. The critical points involving Rh and the delocalization
indeces for the atoms bonded to Rh are reported in Tables 5 and 6.
The graphical output obtained with AIMAll for tBu B′0 is displayed
in Fig. S2 of ESI. From a perusal of Tables 4–6 it is evident that the
agostic interactions (even those just outside the aforementioned
distance limit) are confirmed by QTAIM that finds BCP and RCP with
a significant density and delocalization index in all cases reported
but iso B2g′ and iso B′2g′ (Figs. S3b,d–S4 of ESI), where the iPr H
(Hiso) points toward Rh instead of one of those belonging to its
methyl groups (Fig. S5 of ESI).

It is noteworthy, however, that the behavior of this kind of sys-
tems is very similar at least concerning the agostic interaction.
Furthermore, as already remarked, the approach of the fourth CO
that might be hampered by a strong agostic interaction, shows
lower TS than the alkyl migratory insertion onto the coordinated
CO in any case.

2.3.3. Comparison between the hydroformylation behavior of
TMP1 (tBu) and DMP1 (iso)

The free energy based L:B regioselectivity ratios computed for
TMP1 and DMP1 under the hypothesis of nonreversibility (85:15
and 68:32, respectively) are significantly different, despite the
similarity between the two substrates. The trivial reason for the
computed ratios is that in the case of DMP1 there are 18 lin-
ear and 18 branched alkyl-Rh TS, whereas for TMP1 there are
6 linear and just 5 branched alkyl-Rh TS. The branched alkyl-
Rh TS corresponding to the tBu-B2 alkyl-Rh(CO)3 intermediate
was not reachable from the tBu-B2 alkyl-Rh(CO)3 intermediate,
because invariably the TS optimization produced the tBu-B0 alkyl-
Rh TS. Conversely, in an analogous run for DMP1, even the critical
B2g′ alkyl-Rh TS and the relevant reactant intermediate have

been obtained (Fig. 7). It is obvious that such structures are not
attainable for TMP1, ought to the steric hindrance of the tBu
group.

In order to clarify matters, the subsequent reaction steps have
been investigated also for DMP1 with a large computational effort
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Table  4
Geometrical parameters for some branched tricarbonyl intermediates of TMP1 (tBu) and DMP1 (iso).

tBu B2 iso B2g iso B2t iso B2g′ tBu B′0 iso B′0t iso B′0g iso B′2g′ iso B0g′

Rh·  · ·Ha (Å) 2.4397 2.2909 2.3087 3.8769 2.1618 2.1945 2.4391 3.5000 2.5710
Rh·  · ·H· · ·C (deg) 112.56 131.87 122.70 106.07 133.46 128.46 123.92 92.54 113.39

Fig. 5. TS free energies for a number of monodeuterated TMP1 species (solid markers) in comparison to those of the corresponding non-deuterated species (empty markers):
(a)  B2D vs. B2; (b) B′0D vs. B′0; (c) B0D vs. B0; and (d) LD vs. L (all linear conformers show a very similar behavior); the lowest free energy reactant intermediates are taken
as  zero.

Fig. 6. Agostic interactions in branched tricarbonyl intermediates obtained for TMP1 (B2) and DMP1 (B2g and B2t). The separation between Rh and the H at the � carbon is
also  displayed. Distances in Å.
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Table  5
Electron density of bond (3, −1) and ring (3, +1) critical points for some branched tricarbonyl intermediates of TMP1 (tBu) and DMP1 (iso).

CP tBu B2 iso B2g iso B2t iso B2g′ tBu B′0 iso B′0t iso B′0g iso B′2g′ iso B0g′

C2-Rh 0.1023 0.0999 0.1035 0.1020 0.0996 0.1011 0.0991 0.1041 0.0990
C4-Rh 0.1252 0.1277 0.1243 0.1277 0.1279 0.1266 0.1291 0.1271 0.1294
C6-Rh 0.1401 0.1388 0.1406 0.1403 0.1421 0.1411 0.1410 0.1432 0.1371
C8-Rh 0.1408 0.1401 0.1410 0.1399 0.1357 0.1382 0.1368 0.1374 0.1403
Ha-Rh 0.0204 0.0262 0.0252 – 0.0336 0.0314 0.0203 – 0.0162
C2-Rh-Ha-C21-C20-C14 0.0124 0.0108 0.0126 – 0.0122 0.0126 0.0170 – 0.0154

Table 6
Delocalization index (DI(A,B)) of bonded atoms to Rh for some branched tricarbonyl intermediates of TMP1 (tBu) and DMP1 (iso).

CP tBu B2 iso B2g iso B2t iso B2g′ tBu B′0 iso B′0t iso B′0g iso B′2g′ iso B0g′

C2-Rh 0.7876 0.7772 0.7946 0.7712 0.7617 0.7696 0.7536 0.7767 0.7528
C4-Rh 1.0429 1.0636 1.0346 1.0699 1.0695 1.0583 1.0824 1.0652 1.0857
C6-Rh 1.1058 1.0733 1.1048 1.0993 1.1086 1.1081 1.0864 1.1364 1.0593
C8-Rh 1.1073 1.0941 1.1194 1.0979 1.0542 1.1082 1.0575 1.0919 1.0818
Ha-Rh 0.0878 0.1227 0.1071 – 0.1496 0.1374 0.0941 – 0.0721

yl-Rh
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Fig. 7. Reac2g′ intermediate (left) and B2g′ alk

ue to the number of steps and of conformers.4 The relative free
nergy results for DMP1 are reported in Table 7, limited to the most
mportant TS5 relevant to reversibility. Analogous results for TMP1
re reported in Table 8 for comparison.

In order to highlight the different behavior of 0-B2 and B2g′

ranched pathways for TMP1 and DMP1, respectively, the B2g′

ree energy profile for DMP1 is shown in Fig. 8. In this case, both

he Alkyl-Rh TS and the �-elim TS to yield the internal olefin are
igher than the CO-ins TS. Therefore the branched pathway is

4 As mentioned above, there are 18 linear and 18 branched structures for each
tationary point. A few constrained runs followed by a relaxed TS optimization are
ecessary for each TS. To locate the lowest free energy CO insertion TS the three
quatorial CO groups need to be taken into account in turn also computing their
ibrational frequencies.
5 For CO insertion TS, only the lowest free energy ones are reported. Concerning

he  reductive elimination to produce the aldehyde, only the B0 conformers have
een reported because the free energy of that species in TMP1 was  higher than the
SinsCO one and close enough to the alkyl-Rh TS one.
 TS (right) obtained for DMP1 . Distances in Å.

nonreversible and the branched aldehyde is produced opposite to
what occurs for 0-B2 TMP1.

The L0g′ free energy profile for DMP1, displayed in Fig. 9, closely
resembles that for L0 TMP1 shown in Fig. 4. Interested readers can
find the DMP1 structures in ESI (Figs. S6–S8).

From a perusal of Tables 7 and 8, it is indeed evident that
all linear conformers proceed to give the aldehyde products. An
analogous outcome is obtained for all the branched DMP1 con-
formers. The branched TMP1 conformers (Table 8) produce the
branched aldehyde with the exception of B′0 and B2 whose reac-
tion is reversible: B′0 undergoes �-hydride elimination to give the
internal olefin, whereas B2 undergoes �-hydride elimination to
return to the terminal olefin complex with the catalyst (see also
Figs. 2 and 5), i.e. to the starting material. This reacts again going
through the linear and branched paths with the original regiose-
lectivity, therefore increasing the linear fraction. This explains the

different behavior of DMP1 and TMP1.

Solvent (benzene) effects had been considered for TMP1 [19]
exploiting either the continuum solvent in the IEF-PCM framework
[22] or the coordinating effect of a single solvent molecule. A
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Table  7
Relative free energiesa (kcal/mol) for a number of TS along the branched and linear pathways for the hydroformylation of DMP1 . Their imaginary frequencies (cm−1) are also
reported in parenthesis.

Conformer Alkyl-Rh TS CO-ins TS Elim TSb �-elim TSc (internal)

B2g 18.76 (716 i) 10.68 (214i) 12.63 (667i)
B2g′ 13.02 (730 i) 7.71 (220i) 6.97 (723i) 8.70 (652i)
B2t  15.79 (737 i) 9.90 (204i) 13.68 (657i)
B0g  10.27 (685 i) 5.88 (219i) 7.53 (711i) 12.63 (667i)
B0g′ 9.92 (698 i) 3.22 (226i) 4.80 (716i) 8.70 (652i)
B0t  10.77 (722 i) 6.48 (228i) 8.06 (715i) 13.68 (657i)
B1g 14.20 (701 i) 9.33 (184i)
B1g′ 14.04 (711 i) 7.41 (218i)
B1t  12.02 (708 i) 5.89 (185i)
B′2g 11.44 (743 i) 5.81 (244i) 7.58 (649i)
B′2g′ 11.40 (711 i) 6.78 (222i) 8.96 (632i)
B′2t 12.22 (710 i) 5.84 (201i) 8.79 (645i)
B′0g 9.79 (695 i) 3.17 (215i) 7.58 (649i)
B′0g′ 13.62 (700 i) 7.59 (199i) 8.96 (632i)
B′0t 14.08 (727 i) –d 8.79 (645i)
B′1g 15.65 (701 i) 6.89 (192i)
B′1g′ 19.08 (708 i) 10.99 (177i)
B′1t 15.82 (707 i) 8.82 (196i)

L2g  16.07 (698i) 5.67 (240i)
L2g′ 12.08 (688i) 1.52 (252i)
L2t  14.88 (664i) 2.86 (253i)
L0g  10.15 (694i) 0.91 (273i)
L0g′ 9.49 (659i) 0.91 (272i) 3.42 (726i)
L0t  9.98 (682i) 1.14 (263i)
L1g 11.65 (645i) 4.20 (264i)
L1g′ 11.89 (660i) 4.04 (270i)
L1t  10.80 (681i) 5.38 (258i)
L′2g 10.42 (678i) 8.09 (241i)
L′2g′ 10.24 (681i) 8.22 (241i)
L′2t 10.79 (666i) 2.54 (272i)
L′0g 9.69 (643i) 1.54 (274i)
L′0g′ 11.52 (651i) 1.46 (262i)
L′0t 11.97 (654i) 1.46 (274i)
L′1g 13.37 (620i) 2.48 (274i)
L′1g′ 16.01 (664i) 3.06 (266i)
L′1t 14.04 (657i) 3.09 (264i)

a Reference free energies are: Reac Int = −727.307455Eh, Reac Int + CO = −840.868169Eh, Reac Int + CO + H2 = −842.080705Eh.
b Reductive elimination TS to produce aldehyde intermediates have been computed just for critical cases, when possibly competitive with relatively low alkyl-Rh TS.
c While B1 and B′1 cannot �-eliminate as such because their H3 is on the opposite side with respect to Rh, B2 and B0 yield the same internal olefin, in analogy to B′2 and
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′0, because their H3 move (from gauche− and t) to a syn position with respect to R
rst  C.
d The relaxed TS optimizations invariably return to a tetracarbonyl intermediate 

egligible effect on structure and free energies was observed in
he case of PCM, as expected, due to the small difference between
enzene (ε = 2.247) and vacuum dielectric constants. On the other

and, in the supermolecule approach, the TS free energy gap
emained unaltered upon inclusion of a benzene molecule that did
ot affect the mutual position of the various TS.

able 8
elative free energiesa (kcal/mol) for a number of TS along the branched and linear pathw
eported in parenthesis.

Conformer Alkyl-Rh TS CO-ins TS 

0-B2 10.88 (689i) 13.24 (212i) 

B0  10.88 (689i) 8.16 (209i) 

B1  15.02 (702i) 9.47 (179i) 

B′2 11.69 (720i) 7.41 (227i) 

B′0 14.52 (697i) 9.91 (190i) 

B′1 18.53 (721i) 11.70 (173i) 

L2 17.61 (684i) 2.73 (277i) 

L0  9.80 (682i) 1.36 (265i) 

L1  12.41 (645i) 4.41 (265i) 

L′2 10.90 (679i) 1.20 (277i) 

L′0 13.03 (651i) 2.14 (262i) 

L′1 17.98 (554i) 4.48 (273i) 

a Reference free energies are: Reac Int = −766.738577Eh, Reac Int + CO = −880.299291Eh
b While B1 and B′1 cannot �-eliminate as such because their H3 is on the opposite side

′0, because their H3 move (from gauche− and t) to a syn position with respect to Rh. Lin
rst  C.
ear isomers cannot give the internal olefin via �-elimination, because Rh is on the

ure with a rotated methyl group.

3. Experimental

Benzene was dried over molecular sieves and distilled under

nitrogen. Rh4(CO)12 was  from Strem products. The starting olefins
(3-methylbut-1-ene and 3-methylpent-1-ene) were commercially
available. NMR  spectra were recorded on a Varian Gemini 200 MHz

ays for the hydroformylation of TMP1 . Their imaginary frequencies (cm−1) are also

Elim TS �-elim TSb (internal)

10.56 (737i) 13.66 (680i)
9.66 (710i) 13.72 (685i)
7.60 (735i) –
6.83 (705i) 9.48 (630i)
8.32 (706i) 9.48 (630i)
14.02 (719i) –

6.16 (714i) –
3.31 (718i) –
6.02 (716i) –
2.76 (720i) –
4.21 (719i) –
5.72 (725i) –

, Reac Int + CO + H2 = −881.511827Eh.
 with respect to Rh, B2 and B0 yield the same internal olefin, in analogy to B′2 and
ear isomers cannot give the internal olefin via �-elimination, because Rh is on the
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Fig. 8. Free energy profile along the B2g′ branched pathway for DMP1 corresponding to the 0-B2 for TMP1 . The �-elimination TS leading to the internal olefin is drawn with
dotted lines and empty markers.
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Fig. 9. Free energy profile along the L0g′ linear pathw

nd on a Varian Gemini 300 MHz  using benzene-d6 as solvent. GC
nalysis was carried out on a Perkin Elmer 8600 gas chromatograph,
sing a BP1 column (15 m × 0.32 mm × 0.25 �m),  using helium as
arrier gas.

.1. Hydroformylation or deuterioformylation of
,4,4-trimethylpent-1-ene (TMP1): general procedure
A solution of 3,4,4-trimethylpent-1-ene (2.78 mmol) and
h4(CO)12 (Rh/substrate = 1/1000) in benzene (5 ml)  was  intro-
uced by suction into an evacuated 25 ml  stainless steel autoclave.
arbon monoxide was introduced, the autoclave was then rocked
r one of the DMP1 reactant intermediates (Reac0g′).

and hydrogen or deuterium was  rapidly introduced up to 100 atm
total pressure (CO/H2(D2) = 1:1). When the gas absorption reached
the value corresponding to the fixed conversion, the reaction mix-
ture was siphoned out. The degree of conversion was measured by
GLC, using n-decane as the internal standard.

4. Computational details
The Rh-carbonyl hydride [H Rh(CO)3], produced by the unmod-
ified catalytic precursor [Rh4(CO)12] under mild hydroformylation
conditions, is the catalytic active species used to study the reaction
regioselectivity (L:B, Scheme 1). Since the reaction occurs at rt, a
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onsistent comparison between theoretical and experimental val-
es can be performed, as we demonstrated in our first study on the
ydroformylation regioselectivity [13a] for a series of eight mono-
ubstituted olefins plus ethene and dimethylethene. Because for
onreversible reactions the olefin insertion into the Rh H bond
urned out to be the step determining the regioselectivity,6 in
he computational strategy employed, the L:B regioisomeric ratio
as theoretically evaluated exploiting the free energy differences

hat can be approximated by the potential energy differences, of
ranched and linear alkyl-rhodium transition states, using the for-
ula:

 : B = kL : kB =
∑

e−�G /=
L

/RT :
∑

e−�G /=
B

/RT ≈
∑

e−�E /=
L

/RT

:
∑

e−�E /=
B

/RT (1)

here k is the reaction rate, �G /= and �E /= are the relative TS
ree energies and potential energies with respect to the most stable
S. Zero-point vibrational energies and thermal corrections were
omputed in the rigid rotor-harmonic oscillator approximation to
btain the free energies [23] at 298.15 K. The summations run over
ll the possible branched and linear alkyl-Rh TS structures.

Density functional theory (DFT) calculations have been carried
ut with the Gaussian 03 suite of codes [24], using for C, O, and H the
ecke gradient-corrected three-parameter hybrid exchange and
erdew 86 gradient-corrected correlation functionals, i.e. B3P86
25,26], and the 6-31G* basis set [27]. Effective core potentials
implicitly including some relativistic effects for the electrons near
he nucleus), coupled to the LanL2DZ valence basis set, have been
sed for Rh [28].

Due to the conformational flexibility of 1-alkenes, a variety of
eactant complexes with H-Rh(CO)3 must be considered to explore
he reaction mechanism. For alkyl-Rh TS all rotamers need to be
aken into account although only those within ∼5 kcal/mol of the

ost favorable one are included into Eq. (1) to evaluate the regios-
lectivity [13]. Branched and linear pathways must be followed
or each conformer when subsequent reaction steps are exam-
ned, because it is difficult to model build from scratch likely TS
tructures. Several constrained optimizations in the TS region are
ecessary that are eventually relaxed employing TS optimizations.

n few cases however it was impossible to obtain the sought TS
tructures despite a number of trials, because TS optimizations lead
o rotational TS of nearby intermediates.

QTAIM calculations have been carried out with AIMAll [29].
tructures and normal modes have been visualized using Molden
30].

. Conclusions

It is well documented [7] that the olefin structure plays an
mportant role in the reaction regioselectivity. The branched iso-

er  is remarkably more favored when vinyl aromatic substrates,
uch as vinylpyrrole, vinylstyrene, or vinylpyridine, are taken into
ccount. The branched isomer also prevails in the hydroformyla-
ion of vinyl allyl ethers. In the case of the alkyl vinyl and alkyl allyl
ubstrates both regioisomers are formed in a very similar amount.

In order to evaluate how the steric hindrance due to a sec-alkyl
roup bonded to the vinyl group can affect the �-regioselectivity of
he reaction, the hydroformylation of four substrates (3-methylbut-

-ene (MB1), 3-methylpent-1-ene (MP1), 3,4-dimethylpent-1-ene
DMP1), and 3,4,4-trimethylpent-1-ene (TMP1)), characterized by
n increasing steric hindrance of the group bonded to the vinyl

6 That step can determine also the diastereoselectivity as in vinyl olefins contain-
ng chiral alkoxy or alkyl groups [13b].
talysis A: Chemical 356 (2012) 1– 13

group was  carried out. In all cases the linear isomer prevails with
respect to the branched one in the 2:1 ratio or more. An anoma-
lous behavior is found for TMP1 (R = tBu), where the linear isomer
largely prevails (L:B = 95:5). A profound examination of the reaction
course via deuterioformylation experiments (carried out at partial
substrate conversion as well) showed that the alkyl-rhodium for-
mation resulted to be irreversible for all substrates except for the
bulkier one (TMP1). In that particular case, a significant amount of
�-elimination was observed but only for the branched alkyl isomer.
This fact explains the high selectivity in favor of the linear aldehyde
because, while the linear alkyl proceeds toward the aldehyde, the
branched alkyl primarily undergoes �-elimination and only in a
very limited amount is transformed into the related aldehyde. It
should be noted that the 2H NMR  analysis of the crude deuteri-
oformylation reaction mixture is a direct and simple method to
investigate the different nature and fate of the alkyl–metal inter-
mediates [3,7,8,31–34].

Theoretical calculations on the regioselectivity of the
alkyl–metal intermediates formation show a good agreement
with regioselectivity values experimentally determined on the
aldehyde. Only in the case of TMP1, the theoretical values of
regioselectivity (L:B = 85:15), calculated under the hypothesis
of nonreversibility, are slightly underestimated with respect to
the experimental values (L:B = 95:5). Interestingly, the careful
analysis of the branched pathway put forward a free energy
transition state (TS) for the migratory insertion of the alkyl onto
the Rh-coordinated CO higher than the alkyl-Rh formation TS thus
preventing the branched aldehyde formation. In such a case, the
reaction moves backwards, producing again the initial olefin com-
plex (corresponding to the monodeuterated TMP1-1-d1 species
obtained in deuterioformylation experiments at partial substrate
conversion) and enriching the linear fraction that invariably
proceeds to aldehyde. An analogous analysis carried out for DMP1
puts forward a nonreversible mechanism for every conformer and
points out that the steric hindrance of the tBu group hampers
the attainment of the B2 alkyl-Rh TS for TMP1 favoring the initial
olefin complex formation for that conformer.

Therefore, although the steric hindrance was  expected to influ-
ence the reaction, it was  however difficult to understand how
and where from the experiment. While deuterioformylation runs
are useful to show that �-hydride elimination occurs, only the
theoretical inspection explains at which step of the reaction this
happens.

This investigation clearly illustrates how important (perhaps
fundamental) is to tackle regioselectivity issues in hydroformy-
lation reactions using different and complementary approaches,
such as deuterioformylations and theoretical calculations, because
together they permit a better understanding and a proper inter-
pretation of the mechanism of this significant reaction which
despite over 60 years old becomes more and more beautiful and
intriguing.
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