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ABSTRACT: We describe the synthesis and characterization of
four 1',7*-2,2-dimethylpent-4-en-1-yl complexes of stoichiometry
M(CH,CMe,CH,CH=CH,)(diene), where M is Rh or Ir, and
the diene is dibenzo[a,e]cyclooctatetraene (DBCOT), 1,5-cyclo-
octadiene (COD), or norbornadiene (NBD). All these compounds
have four-coordinate square-planar structures. We also prepared a
binuclear complex [Ir(CH,CMe,CH,CH=CH,)-
(DBCOT)],(C 4 Hy6), in which the iridium centers are five- . .
coordinate owing to the presence of a bridging diolefin ligand. In No Alkyl Group Mlgratlon!

all five complexes, the C=C bond of the pentenyl ligand reversibly

decomplexes in solution so that the two faces of the olefin are exchanged; for Rh(CH,CMe,CH,CH=CH,)(DBCOT) (2), the
activation parameters for olefin decomplexation are AH* = 19 + 1 kcal'mol™ and AS* = 8 + 4 cal-mol™ K. Spin saturation
transfer studies show that the decomplexation preserves the broken symmetry of the DBCOT ligand, which suggests that the olefin
decomplexation in 2 most likely occurs by means of a C—H o-complex, or, less likely, a T-shaped intermediate which is too short-
lived for the alkyl group to migrate to the vacant coordination site. When this Rh compound is heated in solution, a C—H bond on
the y-carbon of the pentenyl ligand is activated to form a substituted 77°-allyl complex Rh(i7*-anti-CH,=CHCHCMe,)(DBCOT),
which subsequently isomerizes in solution to form the more stable Rh(#*-syn-CH,=CHCHCMe,)(DBCOT).

B INTRODUCTION pent-4-en-1-yl)(diene), studies of their dynamic processes in
solution, and their transformations on being heated. Although
these compounds are not sufficiently thermally stable to be
useful as CVD precursors, the results provide deeper
understanding of the nature of metal complexes of a relatively
little-studied ligand class: chelating pentenyl groups.

Films of noble metals grown by chemical vapor deposition
(CVD)"” often suffer from high surface roughness," which is
the result of poor nucleation (due to low surface reactivity)
combined with autocatalytic growth on the nuclei that do form
(owing to the highly catalytic nature of noble metals)** High
surface roughness can potentially be avoided by employing a

precursor whose ligands can more easily eliminate on the bare B RESULTS

substrate,”® and that also can temporarily poison the noble Synthesis of M(CH,CMe,CH,CH=CH,)(diene) Com-

metal surface and reduFe its react?vity. plexes. Treatment of the rhodium(I) starting material
We recently synthesized a platinum(II) pentenyl complex, [RhCl(diene)], with 1 equiv of (2,2-dimethylpent-4-en-1-

. . 1 2 . .
Egi_t;lé(l\’][ ,’7CHZ é’lfflgéhgflpenﬁj ‘L—en};}ll.—gf_lt) P EFIHEH}I; Pt yD)lithium” or the corresponding Grignard reagent’ in THF
wherf thisezcomzpomg o Lzlsze,d V;s ICCVS plrelcflrsorls nuecleaa?ic();; affords a series of monomeric complexes of stoichiometry
¢ Rh(CH,CMe,CH,CH=CH,)(di ds 1-3, i
occurs readily and the resulting Pt films are highly smooth.™ whi(ch tile dieezne iz 1,5-cycl oz))c(t aélei:r?z) ((c:oorrg))o u(rllibsenzo[; el]lf
. . . . ) ) )
In solution, this compound readily undergoes decomplexation cyclooctatetraene (DBCOT), or norbornadiene (NBD),

of aAC=C bond from th? metal .center‘ to forn} 2 }‘;ghly respectively (Scheme 1). The lithium reagent is preferred
reactive pseudo-three-coordinate platinum intermediate,”” and

it is likely that this olefin decomplexation process is responsible
for the low barrier of nucleation seen for Pt- Received: December 22, 2020
(CH,CMe,CH,CH=CH,), under CVD conditions. Published: March 8, 2021

In an effort to extend these findings, we became interested in
preparing pentenyl complexes of other noble metals. Here we
report the synthesis and characterization of rhodium(I) and
iridium(I) complexes of stoichiometry M(1",7%-2,2-dimethyl-
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Scheme 1. Synthesis of M(CH,CMe,CH,CH=CH,)(diene) Complexes

[M(diene)Cl], + Mu

Et,0

1 M = Rh, diene = COD

2 M = Rh, diene = DBCOT
3 M = Rh, diene = NBD

4 M = Ir, diene = COD

5 M =Ir, diene = DBCOT

||\;M%

[I(DBCOT)CI], + MMgBr

in presence of Cq4Hyg

over the Grignard reagent because its synthesis from the
corresponding pentenyl bromide is accompanied by the
formation of smaller amounts of the pentenyl homocoupling
product 4,4,7,7-tetramethyldeca-1,5-diene.

The reaction of the iridium(I) reagent [IrCI(COD)], with
(2,2-dimethylpent-4-en-1-yl)lithium gives the analogous com-
plex Ir(CH,CMe,CH,CH=CH,)(COD) (4). In contrast,
Ir(CH,CMe,CH,CH=CH,)(DBCOT) cannot be synthe-
sized by treating [IrCI(DBCOT)], with the lithium reagent
in THF; because of the low solubility’® of [IrCI(DBCOT)],,
the lithium reagent reacts with THF instead. Treatment of
[IrCI(DBCOT)], with the lithium reagent in pentane, a
solvent with which the lithium reagent does not react, gives a
mixture of brown and white solids, with an overall formula of
Ir(CH,CMe,CH,CH=CH, ) (DBCOT)-0.57C,H,, (5). We
suggest that the brown solid is the 4-coordinate Ir-
(CH,CMe,CH,CH=CH,)(DBCOT), whereas the white
solid is the S5-coordinate olefin adduct Ir-
(CH,CMe,CH,CH=CH,)(DBCOT)(CH,=CHCH,CMe,),
in which the bound 4,4-dimethylpent-1-ene ligand is generated
during the synthesis by reaction of some of the pentenyl
groups with adventitious water. The suggested identifications
of these compounds are supported by the 'H NMR and mass
spectra of § (Supporting Information (SI) Figures $3.20 and
$3.25), and the isolation of a related 5-coordinate olefin adduct
that is also colorless (see below).

Efforts to synthesize Ir(CH,CMe,CH,CH=CH,)-
(DBCOT) from the 2,2-dimethylpent-4-en-1-yl Grignard
reagent resulted in the isolation of colorless crystals of the
five-coordinate iridium species [Ir(CH,CMe,CH,CH=CH,)-
(DBCOT)],(C4Hy6) (8'). This compound is the 2:1 adduct
of Ir(CH,CMe,CH,CH=CH,)(DBCOT) with 4,4,7,7-tetra-
methyldeca-1,9-diene, in which C,H,4 is the homo coupling
product of the pentenyl group; as mentioned above, this diene
is generated during the synthesis of the Grignard reagent from
the pentenyl bromide. As will be seen from the crystal structure
below, each of the C=C bonds in 4,4,7,7-tetramethyldeca-1,9-
diene coordinates to a different iridium center. Our
observations are consistent with the behavior of other iridium
DBCOT complexes, which tend to bind olefins to form five-
coordinate species.'’

The DBCOT compounds 2 and § are nonvolatile solids,
whereas the COD and NBD compounds 1, 3, and 4 are
thermally sensitive low melting oils. The latter are volatile and
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distill under vacuum (10 mTorr) with gentle heating (35 °C),
but the distillation yields are poor because some decom-
position occurs. Compound §’ is unstable at room temper-
ature: it dissociates to $ and free 4,4,7,7-tetramethyldeca-1,9-
diene.

Crystal Structure of the M(CH,CMe,CH,CH=CH,)-
(diene) Complexes. Crystal data for the rhodium DBCOT
complex 2, the iridium COD complex 4, and the binuclear
iridium DBCOT compound §’ are given in SI Table S2.1, and
bond distances and angles are summarized in Table 1. All

Table 1. Selected Bond Distances for the 7',5>-2,2-
Dimethylpent-4-en-1-yl Complexes of Rhodium and Iridium

2 4 5’ CyHy in 5

C=C /A 1.368(2) 1.382(6) 1.403(4) 1.384(4)
M-C, /A 2.0767(15)  2.089(4)  2.119(3)
M—Cgein” /A 2.3312(14) 2.229(4) 2.207(3) 2.347(3)
M—Coe’ /A 22592(15)  2.197(4)  2.220(3) 2263(3)
C=Cgenc /A  1415(2) 1.399(5)  1.444(4)°
C=Cu..” /A  1.387(2) 1.398(5)  1.399(4)
M—Ciene” /A 2.1220(14) 2.142(3) 2.147(3)¢

2.1416(14) 2.159(3) 2.154(3)°
M—Cyene” /A 2.2561(14) 2.200(4) 2.258(3)

22468(15)  2.183(4)  2.299(3)

“Methine carbon. “Methylene carbon. “cis to alkyl. “trans to alkyl.
“Equatorial C=C bond.

C=C bond distances are similar to or longer than the
1.366(3) A distance seen for Pt(CH,CMe,CH,CH=CH,),,’
suggesting that the C=C bonds are relatively weakly
coordinated to their respective metal centers.

Compounds 2 and 4 are monomeric square-planar four-
coordinate complexes (Figures 1 and 2). Consistent with the
strong trans influence of alkyl groups,'" for the diene ligand the
M-—C distances trans to the alkyl group are longer than those
trans to the pentenyl C=C bond. For the same reason, in the
diene ligand the C=C bond distances trans to the alkyl group
are shorter than those trans to the pentenyl C=C bond (Table
1).

As seen in the platinum analog Pt(CH,CMe,CH,CH=
CH,),, the rings formed by the pentenyl groups in 2 and 4
adopt chair conformations, in which the C=C bond vector of
the pentenyl ligand is significantly tilted away from being

https://dx.doi.org/10.1021/acs.organomet.0c00798
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Figure 1. Molecular structure of (dibenzo[a,e]cyclooctatetraene)-
(n*,7*2,2-dimethylpent-4-en-1-yl)rhodium(I) (2). Ellipsoids are
drawn at the 35% probability level, except for hydrogen atoms,
which are represented by arbitrarily sized spheres.

Figure 2. Molecular structure of (1,5-cyclooctadiene)(r',7*-2,2-
dimethylpent-4-en-1-yl)iridium(I) (4). Ellipsoids are drawn at the
35% probability level, except for hydrogen atoms, which are
represented by arbitrarily sized spheres.

perpendicular to the square plane. Notably, the DBCOT C=C
bonds in 2 are parallel to one another due to its steric rigidity,
whereas the COD C=C bonds in 4 are slightly tilted: the
COD C=C bond trans to the alkyl group is twisted slightly
toward being parallel to the pentenyl C=C bond, presumably
to reduce steric clashing, as seen for the cis C=C bonds in
Pt(CH,CMe,CH,CH=CH,),.’

Unlike 2 and 4, compound §’ is a dimer bridged by 4,4,7,7-
tetramethyldeca-1,9-diene, the pentenyl bromide homocou-
pling product that is generated during the synthesis of the
Grignard reagent used to make S’. The ligands around the
iridium center are best viewed in terms of a trigonal
bipyramidal coordination geometry, in which the pentenyl
and DBCOT groups bridge between axial and equatorial sites
(the alkyl end of the pentenyl group being axial), and one end
of the 4,4,7,7-tetramethyldeca-1,9-diene occupies an equatorial
site (Figure 3).

The six olefinic carbon atoms in the three equatorial sites are
essentially coplanar with one another, whereas the axial C=C
bond vector is parallel to this plane. To achieve this geometry,
the ring formed by the pentenyl group adopts a boat
conformation, instead of the chair conformation seen for the
compounds above and for some related four-coordinate
compounds.”'” A trigonal bipyramidal geometry with similar
orientations of the C=C bonds has also been seen in one
other five-coordinate complex in which four olefins coordinate
to the iridium center;'’ in contrast, IrCI(COD), adopts a
square pyramidal geometry.'*

Structure and Bonding of the M(CH,CMe,CH,CH=
CH,)(diene) Complexes in Solution. Overall, the NMR
data suggest that 1—5 are unimolecular in solution, and adopt
square planar structures like those seen in the solid state for 2
and 4. The 'H and *C NMR resonances in 1—5 have been
assigned based on the peak patterns and coupling constants,
NOESY NMR data, and comparisons with the 'H and "*C
NMR spectra of the related platinum compound Pt-
(CH,CMe,CH,CH=CH,),.” For all five compounds, there
are four different olefinic CH resonances due to the
coordinated diene (Figure 4); the fact that these groups are
all chemically inequivalent clearly shows that in solution the
pentenyl groups are coordinated to the metal center in an 7',7*
fashion (Table 2).” This conclusion is also supported by the

Figure 3. Molecular structure of bis{(dibenzo[a,e]cyclooctatetraene)(',7>-2,2-dimethylpent-4-en-1-yl)iridium(I) } (u-4,4,7,7-tetramethyldeca-1,9-
diene) (5'). Ellipsoids are drawn at the 35% probability level, except for hydrogen atoms, which are represented by arbitrarily sized spheres.
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Figure 4. '"H NMR spectrum of (dibenzo[a,e]cyclooctatetraene)-
(n*,7*2,2-dimethylpent-4-en-1-yl)rhodium(I) (2). Four different
olefinic DBCOT resonances are observed due to the symmetry-
breaking caused by chelation of the pentenyl ligand. The chemical
shifts and coupling patterns of the protons on the pentenyl group are
consistent with the structure in the solid state.

diminished *J;;; coupling constants seen for the —CH=CH,
unit of the pentenyl ligand, compared to those seen for free
olefins.

As shown by the crystal structure discussed earlier, the ring
formed by the pentenyl ligand in the Rh DBCOT complex 2
adopts a chair conformation (Figure 1). A 1D NOESY study
shows that this conformation persists in solution: when the
olefinic methine proton on the pentenyl chain is irradiated for
500 ms, a sizable NOE can be observed for the axial methyl
resonance (SI Figure S3.10). If the pentenyl chain were to
adopt a boat conformation, no NOE should be expected.

In the '"H NMR spectrum of 2, the Jp,c coupling constants
to the olefinic DBCOT carbons that are cis to the alkyl group
(16.5 and 11.4 Hz) are significantly larger (Table 2) than those
to the olefinic DBCOT carbons that are trans to the alkyl (5.8
and S.1 Hz). Similar differences in the Jg,c coupling constants
are also observed in the Rh COD complex 1 and the Rh NBD
complex 3. All these observations are consistent with the
observation that the Rh—C bond distances to the olefinic
DBCOT carbon atoms in 2 are different owing to the differing
trans influence'' abilities of the alkyl and olefin ends of the
pentenyl ligand (see above).

Crabtree et al. has previously pointed out that DBCOT is a
better z-acceptor than COD, and thus binds more strongly to
rhodium and iridium.'® A similar trend is observed here: the
Jrnc coupling constant to the olefinic diene carbon atoms
decreases in the order of DBCOT > COD > NBD, indicating

that the metal-diene bonding strength increases in the same
order. Likewise, the Jg,c coupling constant to the a-CH, and
olefinic carbon atoms of the pentenyl ligand increase in the
order of 2 < 1 < 3 (Table 2), indicating that the dienes can be
arranged on a trans influence series as DBCOT > COD >
NBD.

Compound §, as isolated, contains ~0.57 equiv of 4,4-
dimethyl-1-pentene and traces of its isomer (E)-4,4-dimethyl-
2-pentene. The "H chemical shifts for the olefinic protons in
4,4-dimethyl-1-pentene (5 S5.62 for methine and 4.85 for
methylene) in the presence of § are slightly shielded from
those of pure 4,4-dimethyl-1-pentene (§ 5.79 for methine and
5.02 for methylene).”* Because resonances due to only one
organoiridium species are observed, the 4,4-dimethyl-1-
pentene ligand must be rapidly associating and dissociating
from $ in solution.

Olefin Decomplexation of the 2,2-Dimethlpent-4-en-
1-yl Ligand. We have previously shown that the C=C double
bonds in Pt(CH,CMe,CH,CH=CH,), are weakly coordinat-
ing, and decomplex reversibly from the Pt center at rates that
are on the NMR time scale at room temperature.” The olefin
decomplexation occurs by means of a “face-exchange”
process'>'® in which Pt becomes bound to the other face of
the olefin; this same process causes the exchange of the axial
and equatorial resonances of the pentenyl ring. The olefin face
exchange (or “alkene flipping”)'” phenomenon is also
observed for the Rh DBCOT complex 2: when a solution of
1 in toluene-dg is warmed from room temperature, all the
NMR resonances broaden except those for the terminal vinyl
protons in the pentenyl ligand, which have no exchange
partner (Figure 5).

Such olefin face exchange processes are also seen for the
other M(CH,CMe,CH,CH=CH,)(diene) complexes, as
indicated by the presence of cross peaks in the HSQC NMR
spectra, and EXSY peaks in the NOESY spectra (see SI Section
3). Here, we will focus on the olefin decomplexation process in
2, due to its well-defined composition and higher thermal
stability.

We carried out the SST experiment betwThe rate of olefin
face exchange in 2 was determined from simulations of the
variable temperature 'H NMR line shapes of the diastereotopic
methyl groups in the pentenyl ligand (note that the rate of

Table 2. Selected 'H and *C NMR Data for the 7',5>-2,2-Dimethylpent-4-en-1-yl Complexes of Rhodium and Iridium

1 2
'H § (a-CH,) 1.43, 1.11 1.79, 0.67
'H § (—CH=)“ 5.74 5.94

'H § (=CH,)" 3.64, 3.50 3.73, 3.62
"H 3,3y (olefinic)?/Hz 16, 8.6 15.9, 8.6
BC § (a-CH,) 60.13 65.22

13C Yne (@-CH,)/Hz 212 19.4

BC § (—CH=) 1122 11843

BC § (=CH,) 86.03 93.11

BC Yrne (—CH=)/Hz 7.9 7.3

BC Yrue (=CH,)/Hz 52 4.0

13C § (diene CH)? 85.20, 82.09 84.89, 82.70
13C § (diene CH)® 91.37, 86.03 96.31, 93.31
3C Yene (diene CH)/Hz" 14.8, 11.1 165, 11.4
BC Yrnc (diene CH)/Hz® 55,52 5.8, 5.1

“In pentenyl group. “cis to alkyl. “trans to alkyl.

3 4 5
1.16, 0.80 1.94. 1.74 1.76, 1.43
5.28 5.19 5.47
3.28, 3.30 3.50, 3.18 3.37,3.31
15.8,9.2 14.9, 8.9 14.0, 8.8
63.46 63.41 68.33
24.0
106.47 99.20 103.6
80.41 77.93 83.75
8.0
5.6
66.28, 64.13 75.86, 74.99 79.48, 77.20
77.69, 72.59 76.60, 73.11 75.28, 72.88
127, 9.9
5.7, 4.8

https://dx.doi.org/10.1021/acs.organomet.0c00798
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Figure 5. (a) VT-'"H NMR spectrum of 2 in toluene-dg. All resonances except the vinyl resonances on the pentenyl chain (labeled with “*”) are
broadened due to exchange. Allylrhodium species 6a and 6b are formed at higher temperatures. (b) Eyring plot of the rate of olefin decomplexation
of 2 in toluene-dg; (c) Superimposed spectra of the DBCOT resonance of 2 as a function of presaturation time. The spectra were collected with
presaturation times that increased in increments of 0.02 s, with the longest presaturation time being 1 s.

olefin decomplexation is twice the rate of methyl exchange). A
fit of 11 rates between 31 and 79 °C to the Eyring equation
gives activation parameters of AH* = 19 + 1 kcal mol™' and
AS* = 8 + 4 cal mol™-K™" for olefin decomplexation (Figure
5). These activation paramaters are almost identical to those of
AH¥* =19 + 1 kcal mol™" and AS* = 10 + 3 cal mol™-K~! seen
for Pt(CH,CMe,CH,CH=CH,),.> The positive entropy of
activation is consistent with a mechanism in which the metal-
olefin bond is broken without concomitant association of
solvent molecules.'®'® As we have discussed elsewhere,® the
resulting intermediate is either a three-coordinate 14 e~ species
(if the olefin simply dissociates)”*”*" or a four-coordinate 16
e~ C—H o-complex (if the metal-olefin bond is broken but
replaced with an agostic interaction).'””*** To distinguish
these mechanisms, we carried out a spin saturation transfer
(SST) experiment involving the olefinic DBCOT resonances
of 2. As we showed above, all four olefinic protons on DBCOT
in 2 have unique chemical shifts in the room temperature 'H
NMR spectrum. If the vinyl group on the pentenyl ligand
completely dissociates to form a true three-coordinate Rh'
complex,”* and if this intermediate is either Y-shaped, or T-
shaped but the Y-shape is energetically accessible, then all four
DBCOT olefinic DBCOT resonances should exchange with
one another at a rate comparable to the rate of olefin
decomplexation.een 10 and 40 °C; higher temperatures were
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not possible because 2 starts to decompose rapidly above 40
°C. Upon irradiation of an olefinic DBCOT resonance trans to
the alkyl group (6 ~ 4.5), only the other DBCOT resonance
trans to the alkyl group shows a decrease in intensity due to
SST. The intensities of the resonance cis to the alkyl group
show no change within experimental error (Figure 5). In
addition, the measured rates from the SST experiment were in
reasonable agreement with those obtained from line shape
fitting (Table 3), after taking into account the effect of nuclear
Overhauser effects (NOEs) on the intensities seen in the SST
study, and the relatively large error in rates determined by line
shape analysis when the exchange rate is slow.

This result suggests that pentenyl ligands undergo face
exchange/alkene flipping by means of an intermediate in which
the M-alkene interaction decomplexes but is replaced with an

Table 3. Temperature-Dependent Rate of “Alkene Flipping”
in 2 in Toluene-dg

T/ °C Exchange rate (SST) /s™* Exchange rate (line shape) /s™*
11 0.93
21 1.7
31 3.2 2.0
36 4.5 4.0
40 6.2 6.5

https://dx.doi.org/10.1021/acs.organomet.0c00798
Organometallics 2021, 40, 714—724
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agostic interaction in a concerted fashion. If a three-coordinate
intermediate is formed, it must have a T-shape and be
stereochemically rigid; that is, unable to convert into a Y
shape.zs’26 Olefin decomplexation in Pt(CH,CMe,CH,CH=
CH,), presumably follows a similar mechanism (Scheme 2).?

Scheme 2. Possible Mechanism for Olefin Decomplexation
of 2 in C,Dyg

The mechanism of olefin decomplexation in 2 is different
from that seen in (CsR;),Zr(OCMe,CH,CH,CH=CH,)"
and analogous complexes, in which the olefin decomplexation
is accompanied by migration of the #'-ligand to the vacant
coordination site.'>"¢

Thermolysis of 2 in Solution. When a solution of 2 is
gradually warmed from room temperature to 80 °C over ~4 h,
it slowly isomerizes and generates two new soluble organo-
rhodium species (Figure 6). Unlike Pt(CH,CMe,CH,CH=
CH,),, which generates a large amount of black solid when
heated,” for 2, no solid is formed.

1 o,
H NMR (500 MHz, C,D, ,20°C) C,OH « [l
:
]
C,DH
6a & 6b e
.
LT A SN T I - T Y| e Bl i TH N P T
6b
7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 2.5 2.0 1.5 1.0
f1 (ppm)

Figure 6. "H NMR spectrum of the products of the thermolysis of 2.
The resonances of 2 are labeled with asterisks, and the resonances of
the allyl protons of 6a and 6b are highlighted in red.

The two new rhodium complexes, Rh(n*-anti-CH,=
CHCHCMe,)(DBCOT) (6a) and Rh(n*-syn-CH,=
CHCHCMe,)(DBCOT) (6b), contain tert-butylallyl groups;
these groups are probably formed by oxidative addition of the
allylic C—H bond in 2 to form a rhodium(III) allyl hydride
intermediate, followed by reductive elimination of the hydride
ligand with the a-CH, carbon. Of the two compounds, 6a is
initially formed, whereas 6b becomes the major product at
longer times and higher temperatures. Thus, 6a is the kinetic
product and 6b is the thermodynamic product of the
isomerization; 6b is more stable thermodynamically because
it is less sterically crowded. Most likely the isomerization
involves an 7°-#'-#> mechanism.”’~*’

In the solid-state structure of 2, both y-CH, protons are
pointing away from metal center and they cannot participate in
C—H activation in this conformation. The formation of 6a as
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the kinetic product suggests that the pentenyl chain twists to a
boat conformation before C—H activation occurs (Scheme 3).

Scheme 3. Decomposition Mechanism of 2 in C,Dy

I —

__H

thermodynamic

chair Tnformation L product
KA ﬁ | H
6a
boat conformation kinetic
product
oxidative reductive
addition elimination

Ny Y

s aal

Rh(lll) intermediate

The thermolysis of 2 differs from that of the related
platinum(IT) compound Pt(CH,CMe,CH,CH=CH,)," in
two principal ways. First, thermolysis of 2 is much faster
than that of Pt(CH,CMe,CH,CH=CH,),: ~ 30% of 2
decomposes within 3 h at 80 °C, whereas ~30% of
Pt(CH,CMe,CH,CH=CH,), decomposes only after 12
days of heating at 90 °C. Second, thermolysis of 2 occurs
exclusively by activating an allylic (i.e., ¥) C—H bond, whereas
both allylic and olefinic C—H bonds are activated during the
thermolysis of Pt(CH,CMe,CH,CH= CH,),.* One possi-
bility is that, in 2, there is a low barrier for formation of the o-
complex of the y-C—H bond, so that the rate limiting step is
not the formation of the o-complex, as it is in Pt-
(CH,CMe,CH,CH=CH,),,* but instead is the oxidative
addition step. If this is the case, then the weakest’> C—H bond
in 2 will be selectively activated. Alternatively, the differences
between 2 and Pt(CH,CMe,CH,CH=CH,), may reflect
electronic factors involving the energies and spatial distribu-
tions of the valence orbitals that the metal uses in the C—H
bond activation processes, or the differences may reflect
interligand steric factors that affect the energy required for the
pentenyl chain to twist into the boat conformation necessary
for allylic C—H activation to occur.

Concluding Remarks. We have made three new four-
coordinate rhodium(I) complexes of stoichiometry Rh(n"*
2,2-dimethylpent-4-en-1-yl)(diene), where diene = 1,5-cyclo-
octadiene (COD, 1), dibenzo[a,e]cyclooctatetraene (DBCOT,
2), or norbornadiene (NBD, 3), as well as the analogous
iridium complexes with COD (4) and DBCOT (5), although,
as isolated, the latter contained 0.57 equiv of bound 4,4-
dimethyl-1-pentene. Also isolated was the adduct of the
iridium DBCOT complex with 4,4,7,7-tetramethyldeca-1,9-
diene (5’). In all these compounds, the pentenyl ligand
chelates to the metal center by means of a sigma-alkyl bond at
one end of the chain, and a pi-olefin bond at the other.

The C=C bonds of the pentenyl ligand in compounds 1—4
(and presumably in § also) are weakly coordinating and
reversibly decomplex in solution on the NMR time scale.
Activation parameters of AH* = 19 + 1 kcal mol™' and AS* =
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8 + 4 cal mol™"“K™" for olefin decomplexation were measured
for 2. SST studies show that the olefin decomplexation in 2
does not involve the formation of a Y-shaped three-coordinate
intermediate. Overall, the olefin decomplexation of 2 most
likely occurs by means of a C—H o-complex, or, less likely, a T-
shaped intermediate which is too short-lived for the alkyl group
to migrate to the vacant coordination site.

When heated, 1 decomposes to form the allylic compounds
Rh(#*-anti-CH,=CHCHCMe,)(DBCOT) (6a) and Rh(#*-
syn-CH,=CHCHCMe;)(DBCOT) (6b). The decomposition
occurs by activation of an allylic C—H bond to form a Rh™
allyl hydride species. Subsequent reductive elimination of the
hydride ligand with the a-CH, carbon generates 6a, which
then isomerizes by a #>-#'-#* mechanism to form the more
thermodynamically stable isomer 6b.

B EXPERIMENTAL SECTION

All experiments were carried out in vacuum or under argon using
standard Schlenk techniques. Solvents (pentane, diethyl ether, THF)
were distilled under nitrogen from sodium/benzophenone immedi-
ately before use. 4-Bis(trimethylsilyl)benzene (Sigma-Aldrich) was
obtained from commercial sources. Benzene-ds and toluene-dg
(Cambridge Isotope Laboratories) were distilled under argon from
sodium/benzophenone. The compounds [RhCI(COD)],,>" [RhCI-
(NBD)],,** [RhCI(DBCOT)],,** [IrCI(COD)],,** [IrCl-
(DBCOT)],,** (2,2-dimethylpent-4-en-1-yl)magnesium bromide,’
and (2,2-dimethylpent-4-en-1-yl)lithium’ were prepared by literature
procedures.

Melting points were determined on a Thomas-Hoover Uni-Melt
apparatus in sealed capillaries under argon. The 'H and '*C NMR
data were recorded on a Bruker Avance III HD spectrometer
equipped with a S mm BBFO CryoProbe at 11.74 T. Chemical shifts
are reported in & units (positive shifts to higher frequency) relative to
TMS ('H, "*C). X-ray crystallographic data were collected by the staff
of the G. L. Clark X-ray Laboratory at the University of Illinois.
Microanalyses were performed by the University of Illinois Micro-
analytical Laboratory. For some samples, it was necessary to add a
combustion aid (a mixture of silver vanadate, silver tungstate, and
cobaltic oxide) to avoid incomplete combustion.

(1,5-Cyclooctadiene)(y',7-2,2-dimethylpent-4-en-1-yl)-
rhodium(l), (1). To a solution of [RhCI(COD)], (34 mg, 0.069
mmol) in THF (10 mL) at —80 °C was added a solution of (2,2-
dimethylpent-4-en-1-yD)lithium (16 mg, 0.15 mmol) in pentane (S
mL). The mixture was warmed to —20 °C and was stirred this
temperature for 1 h, over which time the solution color changed from
yellow to orange. The pentane was removed under vacuum at —20
°C, the cooling bath was removed, and THF was removed under
vacuum rapidly enough that the sample remained cold. The resulting
dark oil was cooled to —80 °C, and extracted with pentane (10 mL).
The extract was filtered and evaporated to dryness to give the product
as an orange oil. Yield (measured by NMR using 1,4-bis-
(trimethylsilyl)benzene as an integration standard): 13 mg (31%).
Satisfactory microanalytical data could not be obtained owing to the
low melting point and sensitivity of the compound toward air, water
and heat. MS (EI, m/e). Calcd for C;sH,Rh: 308.3. Found: 308.3. '"H
NMR (500 MHz, C(Dy, 20 °C): § 5.74 (m, 1 H, —CH=), 4.77 (m,
1 H, CH of COD), 439 (m, 1 H, CH of COD), 409 (m, 1 H,
CH(COD)), 3.64 (d, 1 H, ¥y = 8.6 Hz, ¥y = 1.5 Hz, = CH,), 3.50
(m, 1 H, CH of COD), 3.50 (d, 1 H, ¥y = 16 Hz, =CH,), 2.30—
2.20 (m, 2 H, CH, of COD cis to —CH=CH, and equatorial y-
CH,), 2.13—1.92 (m, 4 H, CH, of COD), 1.88 (m, 1 H, CH, of COD
trans to —CH=CH,), 1.78 (m, 2 H, CH, of COD cis to —CH=
CH,), 1.73 (dd, 1 H, ¥Juy ~ *Juu ~ 11 Hz, 1H, y-CH,, axial), 1.43 (d,
YJqu = 10.3 Hz, 1H, axial Rh-CH,), 1.39 (s, 3H, axial f-Me), 1.20 (s,
3 H, equatorial f-Me), 1.11 (dd, *J;y; = 10.3 Hz, *Ji;; = 3.0 Hz, 1 H,
equatorial Rh-CH,). C{'H} NMR (126 MHz, C(Dg, 20 °C): §
11220 (d, Jpe = 7.9 Hz, —CH=), 93.26 (d, Jusc = 5.6 Hz, CH of
COD cis to —CH=CH,), 91.37 (d, Jpsc = 5.5 Hz, CH of COD cis
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to —CH=CH,), 86.03 (d, Jusc = 5.2 Hz, =CH,), 85.20 (d, Janc =
14.8 Hz, CH of COD trans to —CH=CH,), 82.09 (d, Jgsc = 11.1
Hz, —CH of COD trans to CH=CH,), 60.13 (d, Jpnc = 21.2 Hz,
Rh—CH,), 53.03 (d, Janc = 2.0 Hz, 5-C), 51.11 (d, Jguc = 1.1 Hz, -
CH,), 33.90 (d, Janc = 1.0 Hz, CH, of COD trans to —CH=CH,),
34.29 (d, Jrne = 1.3 Hz, equatorial f-Me), 31.16 (s, CH, of COD cis
to —CH=CH,), 30.82 (s, axial f-Me), 30.4S (s, CH, of COD trans
to —CH=CH,), 29.90 (s, CH, of COD cis to —CH=CH,).
(Dibenzola,elcyclooctatetraene)(r' 17%-2,2-dimethylpent-4-
en-1-yl)rhodium(l), (2). To a suspension of [RhCI(DBCOT)],
(260 mg, 0.75 mmol) in THF (20 mL) at —80 °C was added a
solution of (2,2-dimethylpent-4-en-1-yl)lithium (94 mg, 0.91 mmol)
in pentane (S mL). The mixture was stirred for 30 min at —80 °C,
then warmed to —20 °C and was stirred this temperature for 4 h. The
pentane was removed under vacuum at —20 °C, and the THF was
removed at 0 °C. The residue was extracted with pentane (4 X 40
mL), and the extracts were filtered, combined, and evaporated to
dryness. The resulting orange solid was dissolved in diethyl ether (50
mL), and the resulting solution was concentrated to ~5 mL and kept
at =20 °C to afford the product as orange crystals. Yield: 0.123 g
(40%). Anal. Calcd for C,3H,Rh: C, 68.3; H, 6.23. Found: C, 68.0;
H, 6.40. Mp. 145—147 °C (dec). "H NMR (500 MHz, C¢Dy, 20 °C):
§7.02 (m, 1 H, aromatic CH), 6.96 (d, 1 H, [, = 6.9 Hz, aromatic
CH), 692 (d, 1 H, *Jyy = 7.0 Hz, aromatic CH), 6.86 (m, 1 H,
aromatic CH), 6.82—6.72 (m, 4 H, aromatic CH), 5.94 (m, 1 H,

CH=), 5.34 (dd, *Jgy = 8.1 Hz, Jguu = 2.6 Hz, 1 H, =CH— of
DBCOT, cis to alkyl), 5.12 (d, *;; = 8.9 Hz, 1 H, =CH— of
DBCOT, trans to alkyl), 4.82 (d, *Jy = 7.8 Hz, 1 H, =CH— of
DBCOT, cis to alkyl), 448 (d, *Jyg = 89 Hz, 1 H, =CH— of
DBCOT, trans to alkyl), 3.73 (d, 1 H, 3y = 15.9 Hz, =CH,), 3.62
(d, 1 H, ¥y = 8.6 Hz, Jpuy = 1.4 Hz, =CH,), 2.12 (m, 1 H,

equatorial y-CH,), 1.72 (dd, 1 H, %y ~ ¥Jyu ~ 11 Hz, 1H, axial y-
CH,), 1.67 (d, *Juy = 10.2 Hz, 1H, axial Rh-CH,), 1.33 (s, 3H, axial
f-Me), 1.14 (s, 3 H, equatorial f-Me), 0.79 (dd, *Jyyy = 10.2 Hz, ¥y
= 2.8 Hz, 1 H, equatorial Rh-CH,). *C{'H} NMR (126 MHz, C;Ds,
20 °C): & 145.83 (d, Jupu = 1.6 Hz, ipso-C), 14526 (s, ipso-C),
144.24 (s, ipso-C), 144.04 (s, ipso-C), 126.21 (s, aromatic CH),
126.17 (s, aromatic CH), 126.12 (s, aromatic CH), 126.09 (s,
aromatic CH), 125.98 (s, aromatic CH), 125.90 (s, aromatic CH),
125.81 (s, aromatic CH), 125.69 (d, Jpny = 2.6 Hz, aromatic CH),
118.43 (d, Jac = 7.3 Hz, —CH=), 96.31 (d, Jsc = 5.8 Hz, =CH—
of DBCOT cis to —CH=CH,), 93.31 (d, Janc = S.1 Hz, =CH— of
DBCOT cis to —CH=CH,), 93.11 (d, Jgxnc = 4.0 Hz, =CH,),
84.89 (d, Janc = 16.5 Hz, =CH— of DBCOT trans to —CH=
CH,), 82.70 (d, Jguc = 11.4 Hz, =CH— of DBCOT trans to CH=
CH,), 65.22 (d, Janc = 19.4 Hz, Rh—CH,), 53.89 (d, Jguc = 2.1 Hz, -
C), 50.54 (s, y-CH,), 32.99 (d, Janc = 1.3 Hz, equatorial f-Me), 30.72
(s, axial f-Me).
(Bicyclo[2.2.1]hepta-2,5-diene)(;',%-2,2-dimethylpent-4-
en-1-yl)rhodium(l), (3). This compound was prepared from
[RhCI(NBD)], (0.022 g, 0.096 mmol) according to the procedure
for synthesizing 2. The product was obtained as an orange oil. Yield
(measured by NMR using 1,4-bis(trimethylsilyl)benzene as an
integration standard): 9.6 mg (34%). Satisfactory microanalytical
data could not be obtained owing to the low melting point and
sensitivity of the compound toward air, water and heat. '"H NMR
(500 MHz, C¢Dg, 20 °C): 6 5.28 (m, 1 H, —CH=), 4.57 (“q", “T" =
4 Hz, 1 H, =CH— of NBD, cis to alkyl), 4.13 (m, 1 H, =CH— of
NBD, trans to alkyl), 4.06 (“q”, “J” = 2 Hz, 1 H, =CH— of NBD, cis
to alkyl), 3.99 (s with a shoulder, 1 H, =CH— of NBD, trans to
alkyl), 3.60 (br s, 1 H, bridge head CH of NBD), 3.28 (d, 1 H, ¥J;y; =
9.2 Hz, =CH,), 3.26 (br s, 1 H, bridge head CH of NBD), 3.03 (d, 1
H, ¥y = 15.8 Hz, =CH,), 2.47 (m, 2 H, equatorial y-CH,), 1.58
(dd, 1 H, gy ~ Juu ~ 11.7 Hz, 1H, axial y-CH,), 1.46 (dt, 1 H,
i = 7.8 Hz, 3Jyp; = 1.5 Hz, CH, of NBD), 1.39 (s, 3H, axial f-Me),
1.35 (dt, 1 H, *Jyyyy = 7.8 Hz, ¥Jyy = 1.3 Hz, CH, of NBD), 1.21 (s, 3
H, equatorial #-Me), 1.16 (d, *Jyz;; = 11.5 Hz, 1H, axial Rh-CH,), 0.80
(dd, ¥y = 11.2 Hz, ¥Jyy = 2.2 Hz, 1 H, equatorial Rh-CH,).*C{'H}
NMR (126 MHz, C(Dy, 20 °C): § 10647 (d, Janc = 8.0 Hz, —
CH=), 80.41 (d, Jguc = 5.6 Hz, =CH,), 77.69 (d, Jgnc = 5.7 Hz, CH
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of NBD cis to —CH=CH,), 72.59 (d, Jxnc = 4.8 Hz, CH of NBD cis
to —CH=CH,), 69.56 (d, Jpnc = 12.7 Hz, CH of NBD trans to —
CH=CH,), 66.28 (d, Jgnc = 4.4 Hz, CH, of NBD), 64.13 (d, Jguc =
9.9 Hz, — CH of NBD trans to —CH=CH,), 63.46 (d, Jguc = 24.0
Hz, Rh—CH,), 55.18 (d, Jgnc = 1.1 Hz, -C), 52.96 (s, bridge head
CH of NBD), 51.31 (d, Jauc = 0.8 Hz, y-CH,), 50.35 (d, Janc = 2.6
Hz, bridge head CH of NBD), 33.38 (s, equatorial -Me), 30.30 (s,
axial -Me).
(1,5-Cyclooctadiene)(y',;%-2,2-dimethylpent-4-en-1-yl)-
iridium(l), (4). To a solution of [IrCI(COD)], (0.033 g, 0.049
mmol) in THF (10 mL) at —80 °C was added dropwise a solution of
(2,2-dimethylpent-4-en-1-yl)lithium (0.012 g 0.049 mmol) in
pentane (S mL). The mixture was stirred at —80 °C for 30 min
and warmed to —20 °C for 3 h, over which time the solution color
changed from yellow to red. The pentane was removed under vacuum
at —20 °C, and the THF was removed under vacuum at room
temperature. The resulting dark oil was extracted with pentane (10
mL). The extract was filtered and evaporated to dryness to give the
product as a red-orange oil. Yield (measured by NMR using 1,4-
bis(trimethylsilyl)benzene as an integration standard): 24 mg (61%).
Mp. < —10 °C. Satisfactory microanalytical data could not be
obtained owing to the low melting point and sensitivity of the
compound toward air, water and heat. HRMS (EI, m/e). Calcd for
C,H,Ir: 398.15853. Found: 398.15781. 'H NMR (400 MHz, C¢D,,
20 °C): 6 5.19 (m, 1 H, —CH=), 4.29 (m, 1 H, CH of COD trans
to CH=CH,), 4.06 (m, 1 H, CH of COD trans to CH=CH,), 3.78
(m, 1 H, CH of COD cis to CH=CH,), 3.50 (d, 1 H, 3y = 8.9 Hz,
=CH,), 3.18 (d, 1 H, ¥,y = 14.9 Hz, =CH,), 3.00 (m, 1 H, CH of
COD cis to —CH=CH,), 2.54 (ddd, ¥z = 11.8 Hz, 3J;33; = 4.5 Hz,
Jau = 2.6 Hz, 1 H, equatorial y-CH,), 1.57-2.15 (m, 8 H, CH, of
COD), 1.94 (dd, ¥y = 12.6 Hz,*Jyy = 2.6 Hz, 1 H, equatorial Ir-
CH,), 1.74 (d, ¥Juy = 12.4 Hz, 1H, axial Ir-CH,), 1.61 (dd, ¥y =
11.3 Hz, *Jyy = 11.3 Hz, 1 H, axial -CH,), 1.29 (s, 3 H, f-Me), 1.33
(s, 3 H, f-Me). *C{'H} NMR (101 MHz, C(D, 20 °C): § 99.20 (s,
—CH=), 77.93 (s, =CH,), 76.60 (s, CH of COD cis to —CH=
CH,), 75.86 (s, CH of COD trans to —CH=CH,), 74.99 (s, CH of
COD trans to —CH=CH,), 73.11 (s, —CH of COD cis to CH=
CH,), 63.41 (s, Ir—CH,), 55.47 (s, #-C), 52.93 (s, y-CH,), 34.29 (s,
B-Me), 32.44 (s, CH, of COD trans to —CH=CH,), 32.24 (s, CH,
of COD cis to —CH=CH,), 31.96 (s, CH, of COD trans to —
CH=CH,), 30.31 (s, f-Me), 30.20 (s, CH, of COD cis to —CH=
CH,).
(Dibenzo[a,elcyclooctatetraene)(’,5?-2,2-dimethylpent-4-
en-1-yl)iridium(1)-0.57(4,4-dimethyl-1-pentene), (5). To a sus-
pension of [IrCI(DBCOT)], (0.161 g 0.37 mmol) in pentane (20
mL) at 20 °C was added a solution of (2,2-dimethylpent-4-en-1-yl)
lithium (43 mg, 0.40 mmol) in pentane (S mL). The mixture was
stirred for 48 h at 20 °C, then filtered to give a red solution. The
pentane was removed under vacuum at 20 °C to give a mixture of
brown and white solids. Yield: 45 mg (11%). Anal. Calcd for
Cy3H,(Ir-0.57C,H,,: C, 59.0; H, 6.05. Found: C, 58.9; H, 6.08.
HRMS (EI, m/e). Calcd for C,3H,Ir: 494.1587S. Found: 494.15853.
"H NMR (500 MHz, C(Dy, 20 °C) for 5: § 6.98 (m, 3 H, aromatic
CH), 6.89 (m, 1 H, aromatic CH), 6.78—6.67 (m, 4 H, aromatic
CH), 547 (m, 1 H, —CH=), 4.99 (d, 4y = 7.9 Hz, 1 H, =CH—
of DBCOT), 491 (d, *Jyy = 7.9 Hz, 1 H, =CH— of DBCOT), 4.89
(d, gy = 8.3 Hz, 1 H, =CH— of DBCOT), 3.92 (d, *Jqy = 8.3 Hz,
1 H, = CH— of DBCOT, trans to alkyl), 3.37 (d, *J;;; = 8.8 Hz, 1 H,
=CH,), 3.31 (d, ¥Jguq = 14.0 Hz, 1 H, =CH,), 2.38 (ddd, *Juy =
11.9 Hz, iy = 4.6 Hz, “;yp; = 2.4 Hz, 1 H, equatorial y-CH,), 1.76
(d, *Juu = 12.5 Hz, 1 H, axial I-CH,), 1.66 (dd, >y ~ *Juu ~ 11 Hg,
1H, axial y-CH,), 143 (dd, ¥y = 12.5 Hz, iy = 2.4 Hz, 1 H,
equatorial Ir-CH,), 1.24 (s, 3 H, axial -Me), 1.22 (s, 3 H, equatorial
B-Me). BC{'H} NMR (126 MHz, C¢Dy, 20 °C) for 5: § 146.07 (s,
ipso-C), 145.80 (s, ipso-C), 145.78 (s, ipso-C), 126.21 (s, aromatic
CH), 126.17 (s, aromatic CH), 126.04 (s, aromatic CH), 126.01 (s,
aromatic CH), 125.87 (s, aromatic CH), 125.83 (s, aromatic CH),
125.62 (s, aromatic CH), 125.60 (s, aromatic CH), 103.6 (br,
pentenyl —CH=), 83.75 (br, =CH,), 79.48 (s, =CH— of
DBCOT), 77.20 (s, =CH— of DBCOT), 75.28 (s, = CH— of
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DBCOT), 72.88 (s, =CH— of DBCOT), 68.33 (br, Ir—CH,), 55.86
(s, B-C), 51.81 (s, y-CH,), 34.10 (s, equatorial f-Me), 30.44 (s, axial
f-Me). Also present in the spectrum are resonances due to ~0.5 equiv
of unbound 4,4-dimethyl-1-pentene and ~0.07 equiv of unbound 4,4-
dimethyl-2-pentene: 'H NMR (500 MHz, C¢D;, 20 °C) for 4,4-
dimethyl-1-pentene: § 5.62 (m, 1 H, —CH=), 4.81—4.89 (m, 2 H,
=CH,), 1.88 (d, 2 H, allylic CH,), 0.86 (s, 9H, Me). 'H NMR (500
MHz, C¢D, 20 °C) for 4,4-dimethyl-2-pentene: & 5.32 (dq, *Jyy =
15.5 Hz, 6.3 Hz, 2 H, =CH—), 1.60 (dd, *Jyy = 6.3 Hz, ¥y = 1.5
Hz, 3 H, allylic Me), 1.00 (s, 9H, Me); one of the olefinic CH
resonances overlaps with a resonance due to S.

(Dibenzo[a,elcyclooctatetraene)(r’,;?-2,2-dimethylpent-4-
en-1-yl)iridium(1)-0.5(4,4,7,7-tetramethyldeca-1,9-diene), (5').
To a suspension of [IrCI(DBCOT)], (0.20 g, 0.41 mmol) in diethyl
ether (20 mL) at —80 °C was added a solution of (2,2-dimethylpent-
4-en-1-yl)magnesium bromide (1.2 mL of a 0.36 M solution in diethyl
ether, 0.43 mmol). The mixture was warmed to 20 °C and stirred for
48 h. The solvent was evaporated, and the residue was extracted with
pentane (2 X 10 mL). The extracts were combined, quenched by
addition of 1 drop of water, and dried over MgSO, for 12 h. The dark
red pentane solution was filtered, the solvent was removed under
vacuum, and the red residue was recrystallized from diethyl ether (ca.
1 mL) at —20 °C to give colorless crystals, which were characterized
crystallographically. The crystals melt at room temperature and turn
into a red oil, due to decomposition to form S and free 4,4,7,7-
tetramethyldeca-1,9-diene.

X-ray Crystallographic Analysis. The following details were
common to all of the crystal structure determinations; for details
about individual compounds, see the SI. Crystals mounted on glass
fibers with Krytox oil were transferred onto the diffractometer and
kept at —173 °C in a cold nitrogen gas stream. Intensity data were
collected on Bruker Apex II diffractometer equipped with a CCD
detector or Bruker D8 Venture kappa diffractometer equipped with a
Photon 100 CMOS detector. An Ius microfocus source provided the
Mo Ka radiation (1 = 0.71073 A) that was monochromated with
multilayer mirrors. Standard peak search and indexing procedures
gave rough cell dimensions. The collection, cell refinement and
integration of intensity data were carried out with the APEX3
software.”® The measured intensities were reduced to structure factor
amplitudes and their estimated standard deviations by correction for
background, scan speed, and Lorentz and polarization effects. No
corrections for crystal decay were necessary. Systematically absent
reflections were deleted and symmetry equivalent reflections were
averaged to yield the set of unique data.

The initial model was obtained by direct methods (SHELXS),*
and refined by full-matrix least-squares methods (SHELXL).*®
Absorption corrections were conducted by face-indexed or multiscan
methods (SADABS).>” Data collection and final refinement
parameters are given in SI Table S2.1. A final analysis of variance
between observed and calculated structure factors showed no
apparent errors.

Kinetics of Olefin Face Exchange from Variable-Temper-
ature NMR Simulations. Simulations of variable temperature 'H
NMR line shapes (to determine the olefin face exchange rates) were
performed with the program WINDNMR.*® The two methyl proton
resonances were chosen for line shape simulations. '"H NMR spectra
were collected in toluene-dg at 11 temperatures between 31 and 79
°C.

Before the simulations were performed, the experimental spectra
were phased and baseline-corrected using the NUTS software package
(Acorn NMR Inc.).*’ The rates of exchange as a function of
temperature were determined from visual comparisons of exper-
imental spectra with computed trial line shapes. At each temperature,
the exchange rate was the value that gave the best fit of the calculated
to observed line shape. For a two-site exchange, the WINDNMR
package parametrizes the “rate” of exchan%e as the sum of the forward
and backward rate constants (ky, + ky,)." For a first-order exchange
between two sites of unequal population, the actual rate constants are
given by k,, (i.e., leaving the a site) = (mole fraction of the b site)(k,,
+ ky,), and similarly for k. In the olefin decomplexation of 2, k,, =

https://dx.doi.org/10.1021/acs.organomet.0c00798
Organometallics 2021, 40, 714—724



Organometallics

pubs.acs.org/Organometallics

ky,. In addition, the rate of decomplexation is twice the rate of
converting one conformer to the other, because the transition state
can either generate the original conformer or the new conformer with
the same probablility. As a result, the rate of decomplexation k = 2k,
= kab + kba'

The natural line width (fwhm = 2.2 Hz) was measured from the
resonance for the axial methyl group at —13 °C, a temperature at
which the exchange is in the slow exchange limit. The natural line
width of the equatorial methyl resonance is hard to determine at this
temperature due to peak overlapping with small amount of diethyl
ether impurity, but subsequent peak fitting at higher temperature
suggests that the natural line width of equatorial methyl resonance is
smaller than the axial methyl resonance by 0.3 Hz (because the axial
methyl peak is broadened due to coupling to the axial a- and y-CH,
protons, see SI); as a result, the natural line width of equatorial methyl
resonance is set to 1.9 Hz. The rate measured from line shape analysis
is consistent with the value obtained from spin saturation transfer,
which justifies this setting.

The errors in the rate constants of ca. 20% were estimated on the
basis of subjective judgments of the sensitivities of the fits to changes
in the rate constants. The temperature of the NMR probe was
calibrated using a methanol temperature standard,*’ and the
estimated error in the temperature measurements was 1 K. Activation
parameters were determined by fitting the rates as a function of
temperature to the Eyring equation. Uncertainties in the activation
parameters were estimated from propagation of error formulas.**

Kinetics of Olefin Face Exchange from Spin Saturation
Transfer (SST) Experiments.43'44 The rate of olefin face exchange
in 2 was measured by monitoring the loss of intensity of the 'H NMR
resonance of one olefinic resonance of DBCOT of 2 trans to the alkyl
group as a function of the presaturation time of irradiation of the
other olefinic resonance of DBCOT trans to the alkyl group. The
intensity of the former resonance (which we label as site A) is given
by the following expression:***

A, — A Ly L A, — A
1(t) =4—A7_le[ a2 A: + A

where A| represents the baseline offset, A, is the lifetime of the
hydrogen nuclei in site A, A; is the spin—lattice relaxation rate of site
A, and A, is the intensity of the site A resonance at t = 0. The spin—
lattice relaxation rate A; was measured se;)arately. As discussed above,
the measured rate of “alkene flipping”'’ is twice the rate of olefin
decomplexation.

Thermolysis of 2. A NMR tube containing a solution of
Rh(CH,CMe,CH,CH=CH,)(DBCOT), 2, in toluene-d; was
warmed from room temperature to 80 °C over ~4 h. The solution
remains homogeneous: no solid precipitates from solution. The two
products of the thermolysis were characterized by their NMR spectra,
as follows.

(Dibenzola,elcyclooctatetraene)(n®-anti-(1-tert-butyl)-
propenyl)rhodium(l) (6a). 'H NMR (500 MHz, C,Dy, 20 °C): §
5.66 (dd, *Juy = 8.3 Hz, Jyuy = 1.0 Hz, 1 H, =CH— of DBCOT,
proximal to tert-butyl), 5.62 (dd, *Jyy = 8.3 Hz, Jypy = 3.1 Hz, L H, =
CH— of DBCOT, distal to tert-butyl), 5.61 (dd, *Jiz1; = 8.3 Hz, Jpus =
3.2 Hz, 1 H, =CH— of DBCOT, proximal to tert-butyl), 5.38 (dd,
3un = 8.3 Hz, Jyy = 1.0 Hz, 1 H, =CH— of DBCOT, distal to tert-
butyl), 492 (m, 1 H, allyl —CH=), 3.73 (d, 1H, *J,;; = 8.6 Hz, allyl
CH—-t-Bu), 3.40 (ddd, 1 H, ¥y = 8.4 Hz, JJuy ~ Janu ~ 0.9 Hz,
CH,), 2.49 (d, ¥y = 14.8 Hz, 1 H, =CH,), 0.97 (s, 9 H, tert-butyl
H). BC{'H} NMR (126 MHz, C,Ds, 20 °C): § 107.16 (d, Jgnc = 5.1
Hz, allyl —CH=), 87.40 (d, Jgnc = 8.2 Hz, allyl CH—t-Bu), 83.68 (d,
Jrnc = 13 Hz, distal to tert-butyl), 83.5 (overlapped with another peak,
= CH— of DBCOT, proximal to tert-butyl, identified on HSQC
spectrum), 80.72 (d, Jrnc = 8.5 Hz, distal to tert-butyl), 79.61 (d, Jrnc
= 9.0 Hz, =CH— of DBCOT, proximal to fert-butyl), 62.48 (d, Jrnc
= 4.0 Hz, =CH,), 33.09 (s, Me). Other resonances, including some
quaternary and aromatic resonances, cannot be identified due to peak
overlapping or low intensity. The chemical shifts and coupling
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patterns of the tert-butylallyl resonances are similar to those
previously reported for a tert-butylallyl phosphine complex.*®

(Dibenzola,elcyclooctatetraene)(i3-syn-(1-tert-butyl)-
propenyl)rhodium(l) (6b). '"H NMR (500 MHz, C,Dg, 20 °C): §
5.75 (ABX multiplet, 2H, proximal to tert-butyl), 5.40 (dd, ¥y = 8.3
Hz, Jpun = 2.9 Hz, 1 H, =CH— of DBCOT, distal to fert-butyl), 5.36
(dd, *Jyy = 8.3 Hz, Jpy = 1.9 Hz, 1 H, =CH— of DBCOT, distal to
tert-butyl), 5.30 (m, 1 H, allyl —CH=), 2.95 (d, 1H, *J;;; = 6.9 Hz,
=CH,), 2.58 (d, ¥y = 13.0 Hz, 1 H, allyl CH—t-Bu), 1.70 (m, 1 H,
=CH,), 1.05 (s, 9 H, tert-butyl H). *C{'"H} NMR (126 MHz, C,Ds,
20 °C): § 111.11 (d, Jpye = 5.6 Hz, allyl —CH=), 99.01 (d, Jpnc =
6.1 Hz, allyl CH—#-Bu), 85.40 (d, Jxnc = 12.8 Hz, distal to tert-butyl),
82.44 (d, Janc = 8.7 Hz, distal to tert-butyl), 80.32 (d, =CH— of
DBCOT, Jpic = 13.6 Hz, proximal to tert-butyl), 78.85 (d, Jnc = 9.7
Hz, =CH— of DBCOT, proximal to tert-butyl), 56.57 (d, Jgnc = 7.9
Hz, =CH,), 31.28 (s, Me). Other resonances, including some
quaternary carbon and aromatic resonances, were not identified due
to peak overlapping or low intensity.
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