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Abstract: Electronic effects on rhodium-catalyzed hydroformylation of 1-hexene with electronically dissym-
metric DIPHOS derivatives [3,5-(G)>CeH3].2PCH,CH,PPh = [DIPHOS—(3,5-CR,H)] (1), [2-(CF3)CeH42-
PCH,CH,PPh = [DIPHOS—(2-CF3,H)] (2), [3,5-(CF)2CsHs]-PCH.CHP[2-(CHs)CsHal» = [DIPHOS—(3,5-
CFR;,2-CHs)] (3), and [2-(CR)CgH4].PCH,.CHoP[2-(CHs)CsH4l2 = [DIPHOS—(2-CF;,2-CHg)] (4) were
investigated. Two apicalequatorial chelate isomers were observed for model (diphosphine)@0Oinplexes

of dissymmetric diphosphineis-4. In each case, the equatorial phosphine of the major isomerg@®%) had
electron-withdrawing aryl substituents. These dissymmetric DIPHOS derivatives were used to test the hypothesis
that an electron-withdrawing substituent on an equatorial phosphine increases the hydroformylation n:i ratio
while an electron-withdrawing substituent on an apical phosphine decreases the n:i ratio. In agreement with
the predictions of this hypothesis, hydroformylation with the dissymmetric diphosphine ligand DBPHOS

(3,5-CRks,H) (1), gave an n:i ratio of 4.2:1, higher than either of the symmetric ligands DIPHOS, 2.6:1, and
DIPHOS-(3,5-Ck), 1.3:1. Similar observations were made for hydroformylations Ritf4.

The rhodium-phosphine-catalyzed hydroformylation reac-
tion! first reported by Wilkinsof in the late 1960s and
implemented by Union Carbidén the late 1970s, remains one

variety of diphosphite and diphosphine ligands that give high

n:i regioselectivity’ Buchwald and Wink have obtained high
regioselectivities in hydroformylation of functionalized alkenes

of the most important homogeneously catalyzed processes.using rhodium diphosphite systems. While a wide variety of
Rhodium-phosphine catalysts operate at lower temperature andphosphine and phosphite ligands have been screened, no detailed
pressure than earlier cobalt-based catalysts and afford theunderstanding of how phosphorus ligands control regioselectivity

opportunity to maximize regioselectivity with ancillary phos-

phine ligand variations. The development of highly regioselec-

or enantioselectivity has emerged.
Wilkinson’s dissociative hydroformylation mechanism (Scheme

tive catalyst systems continues to be a primary research aim.1) suggests that aldehyde regioselectivity is determined in the
Recently developed phosphorus chelates which give high hydride addition step that converts a five-coordinate H(alkene)-

regioselectivity for high linear aldehydes include Texas-
Eastman’s 2,2bis[(diphenylphosphino)methyl]-1;biphenyl
(BISBI) ligand* and Union Carbide’s diphosphite chelates.

Rh(CO)L;, into either a primary or secondary four-coordinate
(alky)Rh(CO)L.. Monodentate phosphine ligands can occupy
two equatorial or one equatorial and one apical site of the key

Stanley has developed a unique binuclear rhodium catalyst thatfive-coordinate H(alkene)Rh(CO)lintermediate. For = PPh,

gives high rates and selectivityvan Leeuwen has reported a
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Brown’s NMR studies showed an 85:15 diequatorial:apical
equatorial mixture of isomers of (PRERh(CO}H which are
in rapid equilibrium at room temperatute.

Several years ago, on the basis of Brown’s findings, we set
out to test the hypothesis that very different regioselectivities
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might be obtained from diequatorial diphosphine rhodium
complexes and from apicakquatorial diphosphine rhodium
complexes. The mode of chelation could be controlled by
employing chelating diphosphines with varying natural bite
anglest! A strong correlation was found between regioselectivity
for n-aldehyde formation and natural bite an¢d€helates such
as BISBI with wide natural bite angles gave a much higher
percentn-aldehyde 8, = 113, n:i = 66) than diphosphines

such as 1,2-bis(diphenylphosphino)ethane (DIPHOS) with nar-

row bite anglesf, = 85°, n:i = 2.6)1314Deuterioformylation

Casey et al.

R H
DIPHOS
Figure 1. Effect of equatorial and apical electron-withdrawing groups
to give a net additive increase in n:i selectivity shown in the box. For
withdrawing substituents on the apical phosphine decreases the n:i
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&
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on n:i selectivity. For BISBI, the effect of electron-withdrawing groups
on each of the two equatorial phosphines increases the n:i selectivity
DIPHQOS, the effect of electron-withdrawing groups on the equatorial
phosphine increases the n:i selectivity, but the effect of electron-
selectivity to a greater degree; the resulting net decrease in n:i selectivity
is shown in the box.

of symmetrically substituted diphosphines with different che-
lation modes and varied the electronic environment at the
arylphosphino group.

We found that the added electron-withdrawing aryl substit-
uents of BISBH+(3,5-Ck;) and T-BDCP-(3,5-Ck) ligand,
coordinated diequatorially on model five-coordinate metal
complexes, led to amcreasein the linear to branched (n:i)
ratio. From the BISB+(3,5-CR) and T-BDCP-(3,5-CR) data,

studies established that the predominant products were derivedye were able to deduce that electron-withdrawing aryl substit-

from irreversible addition of a rhodium hydride to a complexed
alkene to give a rhodium alkyl intermediate that is committed
to aldehyde formatiof?

O PAr, H <H
O PAr, I
ArP PAr,

BISBI T-BDCP

CFy

R R

DIPHOS CFs

Ar,P

uents in the equatorial position increased the n:i selectivity.
However, the DIPHOS(3,5-CFR) ligand, which coordinates in

an apicat-equatorial mode, showeddecreasen the n:i ratio
with electron-withdrawing aryl substituents. If electron-
withdrawing aryl substituents in the equatorial position increase
n:i selectivity, then in order to obtain a decrease in n:i selectivity
for the apicatequatorial chelated DIPHGS3,5-CFR), the
electron-withdrawing aryl substituents in the apical position must
act to decrease n:i selectivity. Our hypothesis then is that an

The correlation between regioselectivity and chelation mode electron-withdrawing substituent on an equatorial phosphine
suggests that diequatorial diphosphines such as BISBI andincreases the n:i ratio while an electron-withdrawing substituent
apical-equatorial chelating diphosphines such as DIPHOS have on an apical phosphine decreases the n:i ratio (Figure 1).

significantly different steric and/or electronic properties. We first

A risky prediction of our hypothesis is that using the

considered the steric differences between diequatorial anddissymmetric DIPHOS derivative [3,5-(€ECsH3],PCHCH,-
apical-equatorial chelates as a possible explanation for regio- ppp, = [DIPHOS—(3,5-CR,H)] could lead to greater n:i
selectivity. Molecular mechanics calculations were employed selectivity than either of the related symmetric DIPHOS
to explore whether selectivity arose from steric differences gerivatives [DIPHOS (3,5-CR) or DIPHOS]. This chelate is
between the transition states leading to the primary and gesigned to have an electron-withdrawing phosphine in the

secondary alkylrhodium intermediat®sUnfortunately these
models predicted highen:i regioselectivity for DIPHOS
(predicted 35:1, observed 2.6:1) than for BISBI (predicted

equatorial position and an electron-donating phosphine in the
apical position. Here we report the synthesis and characterization
of [DIPHOS—(3,5-Ck,H)] and several other dissymmetric

25:1, observed 66:1), contrary to our observations. These p|pHOS derivatives as well as their chelation mode in model
estimates of steric effects incorrectly suggested that DIPHOS (giphosphine)Ir(COH complexes. It was determined that

should be more selective than BISBI, which is in fact the
opposite of the trend observed.

hydroformylation n:i selectivity with these derivatives is indeed
greater than either of their related symmetric DIPHOS deriva-

Since steric arguments failed to give a satisfactory explanationtjyes, supporting our hypothesis.

for the much higher n:i aldehyde ratios observed, next we
focused on investigating electronic effettdVe tested a series

(11) Casey, C. P.; Whiteker, G. Tsr. J. Chem199Q 30, 299.
(12) Casey, C. P.; Whiteker, G. T.; Melville, M. G.; Petrovich, L. M.;
Gavney, J. A., Jr.; Powell, D. R.. Am. Chem. S0d.992 114, 5535.

Results

Synthesis of Electronically Dissymmetric DIPHOS De-
rivatives. Electronically dissymmetric DIPHOS derivatives

(13) van Leeuwen also observed an increase in linear aldehyde regio-containing both an electron-donating aryl substituent (H or

selectivity with increasing bite angfé.In a series of bidentate chelating

phosphines containing xanthene-like ligand backbones, the bite angle was

varied from 102 to 131°, with minimal change in the steric or electronic
properties of the ligand. The resulting n:i ratio increased from 6.7 to 80.5
in the hydroformylation of 1-octene at 8C.

(14) Earlier we reported a 2.1:1 n:i ratio for DIPH®Swhich is the

ratio seen early in the reaction. For consistency, we are now reporting ratios

obtained after 126250 turnovers (2650% conversion) for all ligands.
(15) Casey, C. P.; Petrovich, L. M. Am. Chem. S0d.995 117, 6007.
(16) Casey, C. P.; Paulsen, E. L.; Beuttenmueller, E. W.; Proft, B. R.;

Petrovich, L. M.; Matter, B. A.; Powell, D. Rl. Am. Chem. Sod.997,

119 11817.

0-CHj3) and an electron-withdrawing aryl substituecstQF; or
bis-m-(CFs),] were synthesized by the base-catalyzed addition

of a secondary arylphosphitfeo a diarylvinylphosphin® in
moderate yields (1:661%) (Scheme 2, Figure 2). The reaction

of electron-rich arylphosphines with electron-poor vinylphos-
phines gave the desired ligands. In some cases, the reverse

(17) (a) Clark, P. W.; Mulraney, B. J. Organomet. Chen1981, 217,
51. (b) Chatt, J.; Hussain, W.; Leigh, G. J.; Ali, H. M.; Pickett, C. J.; Rankin,
D. A. J. Chem. Soc., Dalton Tran$985 1131.
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combination failed. For example, (2-6FH4).PH and (GHs).P-
(CH=CHy) did not give DIPHOS-(2-CFK;,H) (2).

Synthesis of Iridium Complexes as Models of Catalytic
Species.The nature of the catalytic rhodium hydride alkene
intermediate is important in understanding aldehyde regio-
selectivity. Insertion of the rhodium hydride into the terminal
or internal alkene carberhydrogen bond is the regioselectivity-
determining step for aldehyde formation. However, this catalytic
rhodium hydride alkene intermediate has never been directly
observed due to rapid hydride insertion to give a rhodium alkyl
species. The similar chelating diphosphine rhodium dicarbonyl

J. Am. Chem. Soc., Vol. 121, No. 1, 1989

of (diphosphine)Ir(COH: one diequatorial isomeeé and two
apical-equatorial isomersag-1, ae-2) The parent diphosphine
DIPHOS has a calculated natural bite angle of 84t&us
making apicat-equatorial &€ chelation strongly preferred.

Ar, | A ll-l T Ar,
M2 | ..CO 2 | .co P
P—M P—M" C—ML"
| ~co | ~co |\pj
PAr, PAr, Co Ar';
ae-1 ae-2 ee

The two apicat-equatorial isomersge-landae-2 undergo
rapid interconversion by a series of Berry pseudorotations,
giving averaged NMR signals at room temperafiiréhe NMR
spectra for the individual isomers can be observed at low
temperature, where interconversion is slow on the NMR time
scale.3P chemical shifts of the isomers can be assigned by
comparison of shifts in dissymmetric complexes with the
corresponding shifts for the symmetric complexes, while
selectively hydride coupledP spectra can be used to determine
the site of phosphine binding (Table 1). Apical bound phos-
phines show a large-FH coupling constant to the apical hydride
in the range of 96110 Hz. The equatorial PH coupling is
usually around—15 Hz which can result irf!P resonance
broadening for equatorial bound phosphines (Table 1).

[DIPHOS—(3,5-CR3,H)]Ir(CO) 2H (5). The'H and3P NMR
spectra ob at —94 °C revealed the presence of two isomers in
a 94:6 ratio (Figure 3). The major isomer hd#P NMR
resonances dt 38.7 and 31.6 ppm and a hydride resonance in
the 'TH NMR spectrum aty —11.21 (dd,Jpp = 91.5, —14.5
Hz). The minor isomer ha#tP resonances at 36.7 and 34.0

hydride where the alkene is replaced by a carbonyl is a suitablePP™M and a hydride resonancedat-11.12 (dd Jwp = 100,—15
model; however, it was not employed because in many casesHz)- The observation of one large trafig coupling and one
such complexes are unstable relative to loss of hydrogen angSmall cisJup coupling established that each isomer had apical

dimer formationt® Therefore, diphosphine iridium dicarbonyl

equatorial diphosphine coordination. In the hydride-coupied

hydride complexes were used to determine the diphosphineNMR spectrum of the major isomer, the resonancé &1.6

chelate geometry in a five-coordinate metal complex. Iridium
is a good model for rhodium complexes because it has similar
coordination geometries and iridium bond lengths are only
1—2% longer than related rhodium bond lengths.

(Diphosphine)lr(COH complexes were prepared from diphos-
phines2—4 (Scheme 3). The NaBthddition to (diphosphine)-
Ir(CO)I complexes gave the trihydridefac-(diphosphine)lr-
(CO)Hs. Subsequent photolysis under CO gave the desired
(diphosphine)Ir(COH complexes?

Scheme 3
~~ H H
NBuIHCOM, ——m (PrrnCO NaBH,/EtOH Pudoi v IIr CO
I{ —
ta 22 “InF PN CH,Cl, P“I~H ~co L]*co
P

An alternative method was necessary for (DIPHOS-3,5-
CFR3,H)Ir(CO)H (5). The (DIPHOS-3,5-CEH)Ir(CO)I complex
which is normally precipitated out with the addition of ethanol

had a large coupling to a trans hydridigg = 87 Hz). In the
hydride-couplecd®P NMR spectrum of the minor isomer, the
resonance ai 36.7 also had a large coupling to a trans hydride
(JHP =87 HZ).

The structural assignments of isom&esand5b were made
by comparison of chemical shifts with analogous symmetric
DIPHOS iridium complexes (Figure 3, Table 1). For the major
isomer, the) 31.6 chemical shift of the apical phosphorus trans
to hydride Oyp = 87 Hz) is the same as the31.6 Jup = 85
Hz) chemical shift of the apical phosphorus of (DIPHOS)Ir-
(COpH and the 6 38.7 chemical shift of its equatorial
phosphorus cis to hydridel{p = 9.5 Hz) is similar to thed
39.2 (br s) of the equatorial phosphine of (DIPHOS-3,%)CF
Ir(CO).H. This establishes the structure of the major isomer as
5a with the electron-withdrawing PArgroup in an equatorial
position. Similarly, for the minor isomer, th& 36.7 chemical

(20) We agree with van Leeuwen’s suggesiféfithat equilibration of
isomers such age-landae-2does not occur via a Berry pseudorotation

remained soluble, and therefore could not be separated frominvolving pivoting about the equatorial phosphine; such a pseudorotation

unreacted starting materials. Therefore, the dicarbonyl complex
was synthesized directly by reaction with Ir(acac)(gO)der
1 atm of 1:1 CO:H.

Coordination Geometry of (Diphosphine)lr(CO),H Com-
plexes.These model compounds are particularly important in
understanding the mode of chelation for dissymmetric com-

would proceed through an unstable intermediate with both an unfavorable
equatorial hydride and a small bite angle chelate spanning equatorial sites.
However, a series of Berry pseudorotations involving succesive pivoting
about CO, H, and CO avoids diequatorial diphosphines and appears likely,
even though it requires an intermediate with an equatorial hydride ligand.
We cannot exclude a one-step Meakin mechaffisrfor phosphine
interchange. The transition state for Berry pseudorotation is a square-based
pyramid that we believe would be more stable than the transition state for

plexes. For a dissymmetric diphosphine, there are three isomersa Meakin mechansm which resembles an edge-protonated tetrahedron. (a)

(18) For example, attempts to synthesize (T-BDCP)RhgEQgd to
[(T-BDCP)RhL(u-CO).12

(19) (a) Fisher, B. J.; Eisenberg, Rrganometallics1983 2, 764. (b)
Fisher, B. J.; Eisenberg, Rhorg. Chem.1984 23, 3216.

Buisman, G. J. H.; van der Veen, L. A.; Kamer, P. C. J.; van Leeuwen, P.
W. N. M. Organometallics1997, 16, 5681-5687. (b) CastellanesPzaez,

A.; Castillon, S.; Claver, C.; van Leeuwen, P. W. N. M.; de Lange, W. G.
J. Organometallics1998 17, 2543-2552. (c) Meakin, P.; Muetterties, E.
L.; Jesson, J. Rl. Am. Chem. S0d.972 94, 5271.
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Table 1. Low-Temperaturé!P (Selectively Hydride Coupled) ar#l Hydride NMR Chemical Shifts for (Diphosphine)lr(Cs) Complexes

major major minor minor major minor
diphosphine equatorial P apical P equatorial P apical P hydride hydride
Symmetrié
DIPHOS 33.6 31.6 —-11.20
(t,J=12) (dd,J=85,—10) (dd,J=192,—-13)
DIPHOS-(3,5-CR) 39.2 37.4 —-10.97
(brs) (br d,J=103) (ddJ=101,—-14)
DIPHOS—(2-CHs) 26.9 25.4 —-11.38
(brs) (brd,J=183) (dd,J=98,—-16)
DIPHOS-(2-CR) 37.6 33.0 —-11.41
(brs) (brd,J=104) (dd,J=105,-14)
Unsymmetric
DIPHOS-(3,5-CR,H) (5) 38.7 31.6 34.0 36.7 —-11.21 -11.12
(t,J=9.5) (dd,J=287,9) (brs) (brdJ=87) (dd,J=91.5,-14.5) (dd,J=100,—14)
3,5-Ck H H 3,5-Ck
DIPHOS-(2-CFRs,H) (6) 40.5 34.0 31.2 334 —10.69 —-11.70
(s) (d,J=92) (s) (brdJ=104) (dd,J=94,-13.5) (dd,J=108,—14)
2-CR H H 2-CR
DIPHOS-(3,5-CR,2-CHs) (8) 36.1 24.3 26.0 38.8 —-11.67 —10.56
(brs) (dd,J=84,11) (brs) (dJ=93) (dd,J=94,-14) (dd,J=100,—14)
3,5-CR 2-CH; 2-CHg 3,5-CR
DIPHOS—(2-CF;,2-CHs) (9) 39.2 26.2 27.5 34. -11.22 —11.45
(brs) (d,J=198) (brs) (dJ=101) (dd,J=98,—-15) (dd,J=111,-17)
2-CR 2-CHs 2-CHs 2-CR

aFor complete characterization see ref 16.

387(, J=95Hz)  OF; 34,0 (br. 5)
FyC 1121 (dd, dyp 11,12 {dd, Jyp = 100, -15 H2)
FoC j o =91S-145H) "
| -90°C |
p—irC0 —— @——P—IrQ‘co
&/ | ~co 94:6 | ~co
F,C P\© P CF,
@ 36.7 (br d, J= 87 Hz)
31.6 (dd, J = 87, 9 Hz) FC
CF;,CF:‘
5a 5b

Figure 3. [DIPHOS—(3,5-CFk,H)]JIr(CO),H (5) is an equilibrium
mixture of two isomers.

shift of the apical phosphorus trans to hydridgs(= 87 Hz) is
similar to thed 37.4 Jup = 103 Hz) chemical shift of the apical
phosphorus of (DIPHOS-3,5-Gf(CO),H and thed 34.0 (br

s) chemical shift of its equatorial phosphorus cis to hydride is
similar to thed 33.6 (d, Jup = 12 Hz) of the equatorial
phosphine of (DIPHOS)Ir(CQH. This establishes the structure
of the minor isomer aSb with the electron-withdrawing PAr
group in an apical position.

The electron-withdrawing substituted diarylphosphine prefers
the equatorial position as shown in the major isorfar A
similar bias toward coordination of phosphines with electron-
withdrawing groups in the equatorial position was responsible
for an increase in the ratio of diequatorial to apiecaguatorial
isomers for T-BDCP-(3,5-CF;) (aeee = 10:90) relative to
T-BDCP (@eee = 63:37)® Hoffmann’s molecular orbital
analysis of ligand electronic site preferences in five-coordinate
d® ML s complexed! also supports these observations, suggesting
that weaker-donor ligands should prefer the equatorial position
while strongew-donor ligands should prefer the apical position.

At room temperatureba and5b undergo rapid interconver-

brating mixture of5a and5b, the observed coupling constants
are the weighted average of the coupling constants of the two
isomers and can be used to compute the mole fractidbaof
and5b present:

(Jpy at 25°C) = y54(Jpy in 5aat —94°C) +
¥sp(Jpy iN Bb at—94°C) (1)

For the PPhgroup, thet+75 Hz room-temperature coupling
constant for the equilibrating mixture &a and 5b, the 91.5
Hz for the low-temperaturdpy of 5a, and the—14 Hz for the
low-temperaturepy of 5b were inserted into eq 1 to give mole
fractionsysa = 0.844 ands, = 0.156%2 Similarly, the coupling
constants for the PArgroup provided an independent measure-
ment ofys, = 0.825 andys, = 0.175 when the average room-
temperature coupling constant of the Rgroup (+5.5 Hz) and
the low-temperature coupling constants %er(—14.5 Hz) and
5b (100 Hz) were inserted into eq??.The average of these
two independent measurements corresponds-to-a ratta of
5b of 83:17 at room temperaturdG° = 0.94 kcal mot?). At
—94 °C, this ratio was 94:6XG° = 0.97 kcal mot?) (Table
2).

Additional (Diphosphine)Ir(CO),H Complexes. The re-
maining three complexes, [DIPHG%2-CFR;,H)]Ir(CO).H (6),
[DIPHOS—(3,5-CFR;,2-CH)]Ir(CO).H (8), and [DIPHOS-(2-
CF3,2-CHy)]Ir(CO),H (9), were characterized similarly to
complex5 above. Selectively hydride-couplétP spectra were
used to determine the site of phosphine binding, &Hel
chemical shifts of the isomers were assigned by comparison of

sion and average resonances are observed in the NMR spectrashifts in dissymmetric complexes with the corresponding shifts
The hydride resonances average to give a doublet of doubletsfor the symmetric complexes (Table 1). Ratios of isomers at

atd —11.2 with average coupling constants of 75 and 5.5 Hz
to the two different phosphines. TE¥ NMR spectrum shows
averaged signals &t 39.6 (d,Jpp = 9 Hz) and 32.5 (dJpp =
9 Hz) which were assigned to the averaged FAsonance and
the averaged PRhiesonance, respectively.

The Jpy coupling constants of individual isomebs and5b
should be nearly temperature independent. In a rapidly equili-

(21) Rossi, A. R.; Hoffmann, Rnorg. Chem.1975 14, 365.

low temperature were obtained by integration and ratios at room
temperature by eq 1 (Table 226

(22) There are two possible solutions to each equation because the sign
of Jrt is unknown. The solution of eq 1 givea = 0.844 for+75 Hz or
xa = —0.578 for—75 Hz. The reasonable solution withD ya < 1 is
picked.

(23) In this case both solutions are reasonghles 0.825 orya = 0.921.
The solution most similar tpa = 0.844, obtained in the previous calculation,
was selected.
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Table 2. Isomer Ratios for Complexés—8 at Low Temperature and Room Temperature

major hydride at minor hydride at low temp hydride at room temp
diphosphine low temp low temp isomer ratio room temp isomer ratio
DIPHOS-(3,5-CR,H) (5) -11.21 -11.12 94:6 -11.20 83:17
(dd,J=191.5,-14.5) (dd,J=100,—-14) (dd,J=75,5.5)
DIPHOS-(2-CFs,H) (6) —10.69 —-11.70 67:33 —-11.18 65:35*
(dd,J =94,-13.5) (dd,J=108,—-14) (dd,J =57, 31)
DIPHOS-(3,5-CF;,2-CH3) @) —11.67 —10.56 96:4 —11.58 88:1%
(dd,J=94,-14) (dd,J=100,—14) (dd,J=82,0)
DIPHOS-(2-CF;,2-CH3) ©) —-11.22 —-11.45 60:40 —-11.39 68:3%°
(dd,J =98,—-15) (dd,J=111,-17) (dd,J =62, 27)

Table 3. Regiochemistry of Hydroformylation of 1-Hexene with Rhodium Diphosphine Catalysts

Ir complex ratio aldehyde regiochemistry turnover
diphosphine ae-lae-2 n:i® % n rate
Symmetric Chelates
DIPHOS 100:0 2.6:1#0.1 719+ 0.3 3.5+0.1
DIPHOS-(3,5-CR) 100:0 1.3:1+£0.1 56.9+ 0.9 43+0.1
DIPHOS-(2-CHg) 100:0 3.0:1+0.1 75.2+ 0.5 4.0+£0.2
DIPHOS-(2-CF) 100:0 2.6:1+0.1 721+ 0.3 0.40+ 0.01
Dissymmetric Chelates
DIPHOS-(3,5-Ck,H) (1) 83:17 4.2:1+0.1 80.8+ 0.3 25+0.1
DIPHOS-(2-CRs,H) (2) 65:35 2.9:1+ 0.1 741+ 0.5 3.8£0.2
DIPHOS—(3,5-CR,2-CHs) (3) 88:12 3.3:1+ 0.1 76.9+ 0.6 47+0.1
DIPHOS-(2-CF;,2-CH;) (4) 68:32 3.8:1+0.1 79.1+ 0.2 2.7+0.1

aRatio of ae-1ae-2isomers of (diphosphine)lr(C@y at room temperaturé.Moles of heptanal:moles of 2-methylhexarfal.urnover rate=
[moles of aldehydelx [moles of Rhj* h™.

In summary, all the (diphosphine)ir(Cg)) complexes are a
mixture of two equilibrating isomers. For the key [DIPHOS
(3,5-CR3,H)]Ir(CO),H complex 6) and for [DIPHOS-(3,5-
CFs,2-CHp)]Ir(CO)2H (8), which both have 3,5-GFsubstituted
arenes, the major isomers have the electron-withdrawing
substituted phosphine in the equatorial position, with isomer
ratios of 94:6 and 96:4, respectively. In the case of the
o-trifluoromethyl-substituted  arylphosphine  complexes,
[DIPHOS—(2-CFs,H)]Ir(CO).H (6) and [DIPHOS-(2-CF3,2-
CHa)]JIr(CO),H (9), with only one trifluoromethyl group per aryl,
the preference for the isomers with the electron-withdrawing
substituted phosphine in the equatorial position was less, with
isomer ratios of 67:33 and 60:40, respectively. Steric effects
are apparently insignificant, and the isomer preference is dictated
by the number of electron-withdrawing trifluoromethyl substit- Figure 4. ORTEP drawing of the X-ray crystal structure of [DIPHOS
uents. In all cases, the major isomer has the electron-withdraw-(2-CFH)lIN(CO)H (6D).
ing substituted phosphine in the equatorial position and the better
donor phosphine in the apical position. This is the preferred

lengths were observed for equatoriat RPh (2.310(2) A) and

orientation to test our hypothesis. for a_pical Ir—P[CeH33,5-(CI_-‘3)2]2 (2_.3_31(2) A). Although the
X-ray Structure Determination of [DIPHOS —(2-CFs,H)]- hydride was not located directly, it is expectgd to occupy the
Ir(CO) 2H (6). Recrystallization of [DIPHOS (2-CFs,H)]lr- other apical site. The angles between the apical phosphine and

the equatorial carbonyls are 100[C(1)—Ir(1)—P(2)] and 94.3

(CO)H (6) from pentane gave pale yellow plates, suitable for TyEs b '
[C(2)—Ir(1)—P(2)], indicating the carbonyls are bent slightly

X-ray structure determinatiotf.The X-ray crystal structure of /1
6 shows that the minor isoméb selectively crystallized from ~ toward the hydride ligand. , ,

the 2:1 mixture of6a6b in solution. 6b has a trigonal Catalytic Hydroformylation of 1-Hexene. As in our earlier
bipyramidal structure, with the DIPHOS2-CR,H) ligand studies, hydroformylation of 1-hexene was carried out in
chelated in an apicalequatorial fashion, with bite angle P€nzene solution at 38 under 6 atm of 1:1 WCO using 0.2

85.19(5) [P(2)-Ir(1)—P(1)] (Figure 4). Similar ¥-P bond mol % 1:1 Rh(COy(acac):diphosphine catalyst. The production
of heptanal and 2-methylhexanal was monitored by gas chro-

(54()) Eg?aﬁon 1 for g%’gg‘egi dﬂ:Et5371H|_|Z = red94 '1435)5+H(X652(—14 |:-L|(Z))é matography utilizing toluene as an internal standard. The results
9,‘4’*2)_“': 0ot orgn = L 2= 26 —135 Hz)F (ren)( of the studies are summarized in Table 3. The turnover rate
(25) Equation 1 fo8: £82 Hz= ya(94 Hz) + (1 — xa)(—14 Hz), %A and n:i ratios are reported after 12P50 turnovers (2650%
= 0-8898%%;\ = —0.630; and 0 Hz= ya(—14 Hz) + (1 — xA)(100 Hz), conversion).
xa = 0.877.
(26) Equation 1 fol9: £62 Hz = (98 Hz)+ (1 — xa)(—17 Hz),a : :
= 0.687 orya = —0.391; and+27 Hz = ya(—15 Hz) + (1 — xa)(111 Discussion
Hz), xa = 0.667 Orya = 1.095. ; P P i
(27) The DIPHOS-(2-CF;, H) ligand was further characterized by the The key glssymme.t.nc qlphOSphmi.“%anthlPHhaS’S h
synthesis and X-ray crystal structure determination of the [DIPH@S CRs,H) (1) shows an n:i ratio of 4.2:1, higher than either of the

CFs, H)JFe(CO} (7) complex. See the Supporting Information. symmetric ligands DIPHOS, 2.6:1, and DIPHO8,5-CR),
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1.3:1. This observation of a significant synergistic effect with
electronically dissymmetric ligands supports our hypothesis that
electron-withdrawing groups in the equatorial position modestly
increase n:i regioselectivity but electron-withdrawing groups in
the apical position greatly decrease regioselectivity.

The increase in n:i selectivity for the dissymmetric diphos-
phine DIPHOS-(3,5-CR;,H) (1) is attributed to the presence
of an electron-withdrawing phosphine in an equatorial position

which enhances n:i selectivity and the absence of an electron-

withdrawing phosphine in the apical position which would have
decreased n:i selectivity. The major isomer (83%) of the iridium
model compound [DIPHOS(3,5-Ck,H)]Ir(CO).H (5) had the

electron-withdrawing phosphine in the equatorial position. While
it is unknown whether the two catalytic rhodium isomers react
at similar rates, the small difference in rates for the symmetric

Casey et al.

selectivity of rhodium-catalyzed hydroborations with pyrazole-
containing ferrocenylphosphine ligan#sThe combination of
electron-withdrawing 3,5-(GJj» groups on the arylphosophine
and electron donor groups on the pyrazole ring gave the highest
enantioselectivity (98.5% ee for hydroboration of styrene). The
opposite combination of GFgroups on the pyrazole ring and
electron donop-methoxy groups on the diarylphosphine gave
the lowest enantioselectivity (5% ee). RajanBabu and Casaln-
uovo have used electronically unsymmetrical bis-3,4-diarylphos-
phinite ligands based on arp-fructofuranoside for asymmetric
hydrocyanatiorf® The highest enantioselectivities for hydro-
cyanation to give naproxen nitrile (95% ee) were obtained with
a dissymmetric bisdiarylphosphinite having a relatively electron-
rich PP and an electron-poor [3,5-(gkCsH3)].P. Takaya
reported that the electronically dissymmetric phosphine

diphosphines suggests that the two isomers of the dissymmetricphosphite ligand (BINAPHOS) gave unusually high enantio-

chelate probably react at comparable réfes.

The turnover rate for hydroformylation with(2.5 turnovers
h=1) is slightly less than the rates with either of the symmetric
diphosphines DIPHOS (3.5 turnoversthand DIPHOS-(3,5-
CR) (4.3 turnovers hl). While the rate differences are small,
we believe it is significant that the dissymmetric diphosphine

has a rate outside the range of the related symmetric diphos-

phines.

The other three dissymmetric ligands-4 also achieve n:i
ratios higher than the related symmetric complexes. DIPHOS
(2-CR3,H) (2) gives an n:i ratio of 2.9:1, higher than either
DIPHOS at 2.6:1 or DIPHOS(2-CR;) also at 2.6:1. Perhaps
the smaller increase in selectivity is due to a more similar isomer
ratio of 65:35. DIPHOS(3,5-CF;,2-CHg) (3) gives an n:i ratio
of 3.3:1, higher than either DIPHG&2-CHs) at 3.0:1 or
DIPHOS—-(3,5-CR) at 1.3:1. And finally, DIPHOS (2-CF,2-
CHs) (4) also gives an increased n:i ratio of 3.8:1 compared to
its symmetric counterparts, DIPHEG$2-CH;) at 3.0:1 and

DIPHOS-(2-CF;) at 2.6:1.
SO
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Figure 5. Electronically dissymmetric ligands and catalysts.

Enhanced product selectivity and more rapid rates for
electronically dissymmetric ligands have been observed previ-
ously (Figure 5). Togni studied electronic effects on enantio-

(28) If it is assumed that the ratio of [DIPHG$3,5-Ck, H)]Rh(CO)-
(alkene)H isomers is the same as the 83:17 ratio of isomers of iridium
complex5, and that both isomers react at the same rate, the n:i ratio derived

selectivity in hydroformylatior$* This ligand which has an
electron-withdrawing phosphite ligand and an electron-donating
phosphine gave 94% ee in the rhodium-catalyzed hydroformy-
lation of styrene.

Grubbs found opposite electronic effects for halide and
phosphine ligands on ruthenium metathesis catalysts. The fastest
rates were observed for ruthenium olefin metathesis catalysts
(PRs)2X2,Ru=CHR containing sterically large electron-donating
phosphines (PGy> PPr; > PCy,Ph > PPrPh > PPh) and
small electron withdrawing halide ligands (€I Br > 1).32 It
was suggested that the large electron-donating phosphines more
readily dissociate to open a coordination site and that the
electron-withdrawing halogens stabilize alkene binding.

Conclusions

DIPHOS—(3,5-Ck,H) (1) shows a n:i ratio higher than either
of the symmetric ligands DIPHOS or DIPHG®3,5-CR),
supporting our hypothesis that creating an electronically dis-
symmetric environment about our hydroformylation catalysts
enhances linear aldehyde selectivity. An electron-withdrawing
substituent on an equatorial phosphine increases the n:i ratio
while an electron-withdrawing substituent on an apical phos-
phine decreases the n:i ratio. Therefore, the best DIPHOS
catalysts place an electron-withdrawing substituted phosphine
in the equatorial position and an electron-donating substituted
phosphine in the apical position.

Experimental Section

General Procedures.See the Supporting Information. Ir(acac)-
(CO)2,33 Rh(CO)g(acac)?“ (2-C|‘bCeH4)2PH,16 [3,5-(CF3)2C5H3]2P(CH=
CH,),*8 and (2-CRCsH4),P(CH=CH,)'® were prepared as reported.
Analyzed mixtures of 1:1 CO:Hwere obtained from Matheson Gas
Products or Liquid Carbonic.

[3,5-(CF3)2CeH3),PCH,CH,P(C¢Hs),, DIPHOS—(3,5-CF;,H) (1).
Following a procedure similar to that used for 1-(diphenylphosphino)-
2-bism-fluorophenyl)phosphinoethariea mixture of (GHs).PH (1.26
mL, 7.22 mmol), [3,5-(CE).CsH3]2 P(CH=CH) (3.50 g, 7.22 mmol),

(29) (a) Schnyder, A.; Hintermann, L.; Togni, Angew. Chem., Int.
Ed. Engl. 1995 34, 931. (b) Schnyder, A.; Togni, A.; Wiesli, U.
Organometallics1997, 16, 255.

(30) RajanBabu, T. V.; Casalnuovo, A. L.Am. Chem. S0od996 118

6325.
(31) (a) Horiuchi, T.; Ohta, T.; Nozaki, K.; Takaya, H. Chem. Soc.,

from each of these rhodium isomers can be calculated. The 2.6:1 ratio seenChem. Commuril996 155. (b) Sakai, N.; Mano, S.; Nozaki, K.; Takaya,
for DIPHOS was assumed to be perturbed to 1.3:1 by both equatorial and H. J. Am. Chem. Sod.993 115, 7033.

apical phosphine substitution for DIPHO®,5-CF). The ratio for DIPHOS

(32) Dias, E. L.; Nguyen, S. T.; Grubbs, R. H.Am. Chem. S0d.997,

was assumed to be perturbed by either an equatorial or an apical phosphine.19, 3887.

substitution for the two different isomers of DIPHO®&,5-CF,H) (1). The

n:i ratio for the major isomer of [DIPHOS(3,5-CF;,H)]Rh(CO)(alkene)H
which has the electron-withdrawing aryl groups on the equatorial phosphine
was calculated to be 4.9 and the n:i ratio for the minor isomer with the
electron-withdrawing aryl groups on the apical phosphine was calculated
to be 0.7.

(33) Roberto, D.; Cariati, E.; Psaro, R.; Ugo,®ganometallics1994
12, 4227.

(34) Varshavskii, Y. S.; Cherkasova, T. Buss. J. Inorg. Chenl967,
12, 899.

(35) Kapoor, P. N.; Pathak, D. D.; Gaur, G; Kutty, Nl. Organomet.
Chem.1984 276, 167.
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and KOt-Bu (0.3 g, 2.7 mmol) in THF (10 mL) was refluxed for 4 h.

J. Am. Chem. Soc., Vol. 121, No. 1, 1989

2.65-2.45 (CHCH,), —11.20 (dd,Jup = 75, 5.5 Hz, IrH);13C{ H}

Solvent was evaporated, and the resulting brown residue was recrystalNMR (CD.Cl,, 125.7 MHz)6 181.77 (ddJcr = 30, 6 Hz, CO), 139.75

lized twice from EtOH to givel (2.35 g, 49%) as a light cream solid:
mp 75-78 °C: H NMR (CD,Cl,, 300 MHz) 6 7.90 (br s, para Ar),
7.79 (br d,J = 6 Hz, ortho Ar), 7.33-7.31 (m, Ph), 2.362.04 (m,
CH,CHy); 3C{*H} NMR (CD,Cly, 125.7 MHz)6 141.94 (d,Jcp =
21.5 Hz, ipso), 137.94 (dlcr = 14 Hz, ips¢), 133.11 (br dJep =
21.4 Hz, ortho Ar), 132.92 (dlcp = 18.6 Hz, ortho Ph), 132.29 (qd,
Jor = 33.2 Hz,Jep = 5.9 Hz, CCF), 129.9 (d,Jcp = 6.8 Hz, meta
Ph), 129.38 (s, para Ph), 123.83 (br m, para Ar), 123.534g+= 273
Hz, CR), 24.24 (t,Jcp = 16.6 Hz, CH), 24.05 (t,Jcp = 15.6 Hz,
CHy'); 31P{*H} NMR (CD,Cl,, 121 MHz) 6 —9.58 (d,Jpp = 39 Hz,
PAr,), —13.00 (d,Jep = 39 Hz, PPh); **F{*H} NMR (CD.Cl,, 282
MHz) 6 —63.2 (s); HRMS (EI) calcd (obsd) forsgHoF1.P, 670.0849
(670.0846).

(2-CF3C6H4)2PCH2CH 2P(C6H 5)2, D|PHOS_(2-CF3,H) (2) A solu-
tion of (2-CRCgHa4)P(CH=CH,) (9.0 g, 25.8 mmol), (¢Hs).PH (4.6
mL, 26.4 mmol), and KG-Bu (0.2 g, 1.8 mmol) in THF (20 mL) was
refluxed for 2 h. Solvent was evaporated, and the resulting brown
residue was recrystallized from EtOH to gi2€3.3 g, 23%) as a pale
yellow powder: mp 133135°C;H NMR (CD.Cl,, 300 MHz)d 7.9—

7.3 (m, Ar), 2.07 (m, CHCHy); 3C{*H} NMR (CD,Cl,, 125.7 MHz)

0 138.52 (d,Jcp = 14.7 Hz, ipso), 136.68 (dlcp = 32.2 Hz, ipsY),
134.3 (qd Jer = 30.3 Hz,Jcp = 24.5 Hz,CCF), 133.69 (s, Ar), 133.05
(d, Jcp = 18.6 Hz, ortho Ph), 132.10 (s, Ar), 129.38 (s, Ar), 129.14 (s,
para Ph), 128.85 (dicp = 6.8 Hz, meta Ph), 127.09 (s, Ar), 124.68 (q,
Jcr = 273 Hz, CF), 24.86 (t,Jcp = 17.6 Hz, CH), 24.33 (ddJcp =
18.6, 14.7 Hz, CHl); 3*P{*H} NMR (CD.Cl,, 121 MHz)$ —12.3 (d,
Jrp = 33 Hz, PPB), —22.8 (dsept,]pp: 33 Hz,Jpr = 50 Hz, PA@),
9F{1H} NMR (CD.Cly, 282 MHz)6 —57.1 (d,Jrp = 50 Hz); EI mass
spectrumm/z (%) 534 (74) [Mf], 550 (7) [MO'], 405 (100).

[3,5-(CRs)2CeH 3] 2PCH2CH P (CsH 4-2-CHs),, DIPHOS—(3,5-CFs,2-
CH3) (3). A solution of (2-CHC¢H4).PH (2.3 g, 10.8 mmol), [3,5-
(CFs)2CeH3]2P(CH=CH,) (5.3 g, 10.9 mmol), and K&Bu (0.3 g, 2.7
mmol) in THF (20 mL) was refluxed for 4 h. Solvent was evaporated,
and the resulting brown residue was recrystallized twice from benzene:
MeOH to give3 (4.6 g, 61%) as white fine crystalline needles: mp
131-132°C; *H NMR (CD.Cl, 300 MHz) ¢ 7.89 (s, para, Ar), 7.79
(d, Jpuy = 6.3 Hz, ortho, Ar), 7.10 (m, 4H, tol), 2.36 (s, GK2.29 (m,
CH,CH,), 2.20 (m, CHCH,); *C{*H} NMR (CD,Cl,, 125.7 MHz)6
142.9 (d,Jcp = 26 Hz, ipso), 141.1 (dcp = 22.4 Hz, ips®), 136.1 (d,
Jep = 13.5 Hz, ortho Ar), 133.1 (dlcp = 18 Hz, ortho tol), 132.4 (qd,
Jce= 33 Hz,Jcp=5.4 HZ,CCF3), 131.2 (S), 130.7 (dJcpz 3.6 HZ),
129.2 (s), 126.6 (s), 123.9 (s, para tol), 123.6Xg,= 273 Hz, Ck),
24.5 (t,Jcp =16 HZ, Cl‘k), 22.8 (t,Jcp =15 HZ, Cl'y), 21.3 (d,-](;p
= 22 Hz, CH); 3*P{*H} NMR (CD.Cl,, 202 MHz)$ —9.7 (d,Jpp =
40 Hz, PAg), —33.9 [d,Jep = 40 Hz, PO-Tol),]; °F{*H} NMR (282
MHz, CD,Cl,) 6 —63.2 (s); El mass spectrumz (%) 698 (100) [M],
679 (14) [M — F']. Anal. Calcd for G,H24F1P2: C, 55.03; H, 3.46.
Found: C, 54.80; H, 3.53.

(2-CF3CgH4),PCH,CH,P(C¢H4-2-CHg),, DIPHOS—(2-CF3,2-CHs)

(4). A solution of (2-CHCgsH4)2PH (1.20 g, 5.6 mmol), (2-GEsHa)-P-
(CH=CH) (1.95 g, 5.6 mmol), and K@Bu (0.2 g, 1.8 mmol) in THF

(15 mL) was refluxed for 20 h. Solvent was evaporated, and the
resulting brown residue was recrystallized twice from EtOH and then
from EtOH:CHCI, to give4 (0.51 g, 16%) as a light cream solid: mp
178-181°C; *H NMR (CDCl,, 300 MHz)0 7.8-7.7 (m, 2H), 7.53

7.43 (m, 4H), 7.28-7.00 (m, 10H), 2.38 (s, C§}, 2.07 (t,J = 4.2 Hz,
CH,CHy); *3C{*H} NMR (CD,Clp, 125.7 MHz)6 142.78 (d,Jcp =
25.4 Hz, ipso); 136.80 (dcp = 16.6 Hz, ips; 133.64, 132.10, 131.40,
130.42,130.11, 129.34, 129.00, 128.93, 127.09, 126.42, 125.91, (Ar);
124.67 (q,Jcr = 275 Hz, Ck); 24.83 (t,Jcp = 16 Hz, CH); 23.46 (t,
Jep= 16 Hz, CH'); 21.33 (d,Jcp = 21, CH); 3*P{*H} NMR (CD,Cl,,

121 MHz)6 —21.1 (dseptJpp= 33 Hz,Jpr = 49 Hz P[2-(CE)CsHa)>),
—32.0 (d,J pp = 33 Hz, P[Z-(CH)CGH4)2]), lgF{lH} NMR (CD2C|2,
282.16 MHz)6 —57.1 (d,Jee = 50 Hz); HRMS (EI) calcd (obsd) for
CagH26FsP2 562.1414 (562.1416).

[DIPHOS —(3,5-CR;,H)]Ir(CO) 2H (5). Ir(CO),(acac) (2.9 mg, 8.4
umol) and DIPHOS (3,5-Ck,H) (1) (5.7 mg, 8.5umol) in CD,Cl,
were shaken in an NMR tube for 20 h under 1 atm of 1:1 CQd
give a solution ob: *H NMR (CD.Cl,, 500 MHz)6 8.2—6.9 (m, Ar),

(d, Jcp = 37 Hz, ipso), 134.34 (d]cp = 46 Hz, ips¢), 132.94 (br m),
132.7 (s), 132.57 (br dlcp = 13.7 Hz, ortho), 132.31 (dlcp = 11.8
Hz, orthd), 131.19 (s, para Ph), 129.38 (br m), 129.09Xsh= 10.6
Hz, meta Ph), 126.1 (s), 124.96 (br s, para Ar), 123.36{g= 273
Hz, CR), 32.46 (ddJcp = 34.2, 21.5 Hz, CH), 31.51 (ddJcp = 31.2,
16.6 Hz, CH'); 3'P{*H} NMR (CD.Cl,, 202 MHz)6 39.6 (d,Jpp= 9
Hz); 32.5 (d,Jpp= 9 Hz); 1%F{*H} NMR (282 MHz, CQCl,) 6 —63.2
(s); IR (CHCly) 1992 (rco), 1941 (co), 2067 ¢/ir—n) cm

IH NMR (CD,Cl,, 500 MHz,—94 °C) 6 8.2-6.9 (m, Ar), 2.6 7
2.37 (m, CHCH,), —11.21 (dd Jup = 91.5,—14.5 Hz, IrH,58), —11.12
(dd, Jup = 100, —14 Hz, IrH, 5b); the ratio of5a:5b IrH resonances
was 94:6;3P{H} NMR (CD,Cl,, 202 MHz,—90 °C) (5a) ¢ 38.7 (d,
Jrp= 6 Hz), 31.6 (dJpp= 6 Hz); (5b) 6 36.6 (br s), 34.1 (br s); the
ratio of 5a5b was 94:6;3P{*H decoupled, except for the hydride
regior} NMR (CD,Cl,, 202 MHz, —90 °C) (5a) 6 38.7 (t,Jpn = 9.5
Hz, Jpp= 9.5 Hz), 31.6 (ddJpr= 87 Hz,Jpp= 9 Hz); (6b) 6 36.7 (br
d, Jei= 87 Hz), 34.0 (br s).

[DIPHOS —(2-CF3,H)]Ir(CO) ,H (6). Following a procedure similar
to that used for (DIPHOS)Ir(C@H,*° a solution of NaBH (170 mg,
4.54 mmol) in ethanol (20 mL) was added to a solution of [DIPHOS
(2-CR3,H)]Ir(CO)I%¢ (400 mg, 0.454 mmol) in CkCl, (10 mL) After
1 h, silica gel (1 g) and KD (100uL) were added. The light yellow
solution was filtered and evaporated to give [DIPH&S-CR;,H)]Ir-
(CO)H:*" as a white solid. A suspension of the white solid in benzene
in a quartz photolysis cell was purged with CO, and photolyzed for 3
h at 36°C in a Rayonet photoreactor. Solvent was evaporated to give
6 as a yellow-orange oily solid that was then recrystallized from pentane
to give single crystals suitable for X-ray diffractiéhiH NMR (500
MHz, CD.Cl,) 6 8.15-7.40 (m, Ar), 2.75-2.40 (m, CHCH,), —11.18
(dd, Jup = 57, 31 Hz, IrH);3%P{H} NMR (202 MHz, CQCl,) 6 43.1
(br), 32.2 (br)*F{*H} NMR (282 MHz, CQCly) 6 —55.3 (s); IR (CH-
Cl) 2049 (1 ), 1980 pco), 1929 pco) cmL. Anal. Caled for GoHazFe-
IrO,P,: C, 45.98; H, 2.96. Found: C, 45.67; H, 3.07.

H NMR (500 MHz, CDQCl,, —106°C) 6 8.87—7.15 (m, Ar), 3.6~
2.5 (CHCH,), —10.69 (dd,Jup = 94, —13.5 Hz, IrH,6a), —11.70
(dd, Jue = 108, —14 Hz, IrH, 6b); the ratio of6éa:6b IrH resonances
was 67:3373P{*H} NMR (202 MHz, CQCl,, —98 °C) (6a) ¢ 40.5
(s), 34.0 (s); 6b) 6 33.4 (s), 31.2 (s); the ratio @a:6b was 67:33;
31P{*H decoupled, except for the hydride regioNMR (CD,Cl,, 202
MHz, —98 °C) (6a) 0 40.5 (s), 34.0 (dJen = 92 Hz); 6b) 0 33.4 (d,
Jpr = 104 Hz), 31.2 (s).

[DIPHOS —(3,5-CF;,2-CH3)]Ir(CO) .H (8). A benzene solution of
[[DIPHOS—(3,5-CF,2-CHg)]Ir(CO)H3% (150 mg, 0.163 mmol) in a
quartz photolysis cell purged with CO was photolyzed for 30 min at
36 °C. Solvent was evaporated to gi8¢60 mg, 39%) as a pale yellow
solid: *H NMR (CD,Cl, 300 MHz) 6 8.20-7.15 (m, Ar), 2.76-2.37
(m, CH,CHy), 2.06 (s, CH), —11.58 (d,Jue = 82 Hz, IrH); 3*P{1H}
NMR (CD.Cl,, 121 MHz)¢ 37.7 (d,Jpp = 11 Hz), 26.2 (dJpp = 11
Hz); 13C{*H} NMR (CD.Cl,, 75 MHz) 6 182.1 (d,Jcp = 32 Hz, CO),
140.6 (d,Jcp = 6 Hz, ipso), 140.0 (ddJcp = 37, 2 Hz, ips®), 140-
123 (Ar), 123.4 (qJcr = 271 Hz, CR), 24.4 (d,Jcp = 26 Hz, CH),
23.3 (d,Jcp = 22 Hz, CH), 22.1 (d,Jcp = 7 Hz, CHy); °F{*H} NMR
(CD,Cly, 282 MHz)6 —63.2 (s); IR (CHCIy) 2028 @/ ), 1988 frco),
1938 ('co) cmL; El mass spectrumvz (%) 919 (0.6) [M— CO,H],
918 (1.8) [M — 2Me'], 888 (1.5) [M — CO,H,2M¢€], 214 (100)
[P(CeHa-2-CHa)2].

H NMR (500 MHz, CQCl,, —110°C) 6 8.7-6.9 (m, Ar); 3.2~
2.8 (m, CHCHy); 2.06 (s, CH, major isomer), 1.75 (s, GH major
isomer),—10.56 (dd Jue = 100,—14 Hz, IrH,8b), —11.67 (ddJup =
94,—14 Hz, IrH,84a); the ratio of8a:8b was 96:43P{*H} NMR (CD.-
Clp, 202 MHz,—106 °C) (8a) ¢ 36.1 (d,Jpp = 11 Hz), 24.3 (d Jpp—=
11 Hz); @b) 0 38.8 (br s), 26.0 (br s); the ratio &a8b was 96:4.
31P{'H decoupled, except for the hydride regioNMR (CD,Cl,, 202
MHz, —110°C) (8a) 6 36.1 (br s), 24.3 (ddJpy = 84 Hz,Jpp = 11
Hz); (8b) 38.8 (br d,Jpy = 93 Hz), 26.0 (br s).

(36) See the Supporting Information for synthesis and characterization.
(37) See the Supporting Information for characterization.
(38) See the Supporting Information for X-ray data.
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[DIPHOS —(2-CF3,2-CHj3)]Ir(CO) 2H (9). A benzene solution of
[DIPHOS—(2-CF;,2-CHp)]Ir(CO)H3®¢ (50 mg, 0.064 mmol) was pho-

tolyzed in a quartz photolysis cell purged with CO for 30 min at 36

°C. Solvent was evaporated to gi®e(20 mg, 38%) as a brown oil:
H NMR (CD.Cly, 500 MHz) ¢ 8.16-7.00 (m, Ar), 2.742.52 (m,
CH,CHy), 2.01 (s, CH), —11.39 (dd,Jup = 62, 27 Hz, IrH);3P{'H}
NMR (CD.Cly, 121 MHz) 6 42.6 (br s), 27.9 (br sP3C{*H} NMR
(CDCly, 125.7 MHz)6 184.1 (br s, CO), 140.7 (dcp = 5.9 Hz, ipso),
135.3 (d,Jcp = 6.5 Hz, ips0), 132.3 (d,Jcp = 6.3 Hz), 131.6 (dJcp
= 13 Hz), 130.9 (s), 130.7 (s), 129.0 (s) 128.7 (m), 126.28){6=
12.7 Hz), 124.5 (9Jcr = 275 Hz, Ck), 33.6 (m, CH), 33.3 (dd,Jcp
= 33, 20 Hz, CH'), 22.0 (d,Jcp = 7 Hz, CH); °F{*H} NMR (282
MHz, CD.Cly) 6 —55.5 (8); IR (CHCIy) 2049 ¢/i,—1), 1978 fco), 1926
(’Vco) cm L

H NMR (500 MHz, CBCl,, —98°C) 6 8.8—6.9 (m, Ar); 3.3-2.6
(m, CHCH,); 1.99 (s, CH, 9a), 1.85 (s, CH, 9b), 1.80 (s, CH', 9b),
1.75 (s, CH, 9a), —11.22 (dd,Jup = 98, —15 Hz,9a), —11.45 (dd,
Jup = 111,—17 Hz,9b); the ratio 0f9a:9b was 60:40. The observation

of more than one Cktesonance for each isomer may be due to hindered
rotation about P-Ar bonds which gives rise to multiple rotomers, some
with inequivalent CHgroups 3'P{*H decoupled, except for the hydride

regiort NMR (CDCl, 202 MHz,—98°C) (9a) 6 39.2 (br s), 26.2 (d,
Jpn = 98 Hz); @b) 6 34.9 (br d,Jpy = 101 Hz), 27.5 (br s).
Catalytic Hydroformylation of 1-Hexene. Hydroformylation reac-
tions were performed as described earlier in a 90-mL FiseRerter
bottle equipped with a star-head magnetic stir BaRh(CO}(acac)
(10 mg, 3umol) and a chelating diphosphine (8fol) were dissolved
in benzene (6.0 mL) under 70 psig of 1:1 CQR{H0.02% CO, 49.98%

Casey et al.

Hz) with toluene (0.20 mL, 1.9 mmol) added as an internal GC standard.
After 1 h of stirring at 36+ 2 ° C, 1-hexene (2.50 mL, 0.020 mmol)
was added. Samples containing heptanal and 2-methylhexanal were
analyzed by temperature-programmed gas chromatography on an
HP5890A chromatograph interfaced to a HP3390A integrator using
an HP-1 10 mx 0.53 mm methyl silicone capillary column.
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