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New Enantiomerically Pure Alkylimido Molybdenum-Based
Alkylidene Complexes. Synthesis, Characterization, and Activity as
Chiral Olefin Metathesis Catalysts
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Molybdenum olefin metathesis catalysts that contain aliphatic 1-phenylcyclohexylimido (NPhCy) and
2-phenyl-2-adamantylimido (NPhAd) groups ai@+Biphen or R)-Trip ligands (Biphen= 3,3-di-tert-
butyl-5,5,6,6-tetramethyl-1,tbiphenyl-2,2-diolate; Trip = 3,3-bis(2,4,6-triisopropylphenyl)-2'bi-
naphtholate) have been prepared. Their catalytic activity and enantioselectivity in desymmetrization
reactions such as ring-closing metathesis of amines and lactams and ring-opening/cross-metathesis of
substituted norborneols with styrene were compared to the results obtained with the only known alkylimido
catalyst, Mo(NAd)(CHCMgPh)[(S)-Biphen]. The activities and enantioselectivities provided by these
new chiral complexes vary significantly, but in virtually all instances explored were not superior to the
adamantylimido analogues.

Introduction Scheme 1. Chiral Mo Complexes Bearing Aryl- and
Adamantylimido Ligands
The first isolable (symmetric) olefin metathesis catalysts of
the type Mo(NR)(CHR(OR"),! that contain analkylimido
(adamantylimido) ligand, as opposed to arylimido ligand, Rj R,

s 0 py

were synthesized in 1993Adamantylimido complexes have I

been used for olefin cross-metathesiing-opening polymer- Mer- %;Mo\ ' Me
ization (ROMP)* and living polymerization of substituted Mé Me
acetylene$. In the last several years, we have designed and . 1-Bu
. . . . I Me'

synthesized chiral, enantiomerically pure Mo-based imido 1a
alkylidene complexes that promote a variety of olefin metathesis Me
reactions such as asymmetric ring-closing metathesis (ARCM) R, =i-Pr, Me, Cl R=2,4,6-(i-PryCeHy)
and asymmetric ring-opening/cross-metathesis (AROM/CM)
with a high enantioselectivity(90% eef The majority of these
catalysts are four- or five-coordinate species that bedimido
functionalities and a chiral diolate (Scheme 1). In 2003, we N
disclosed the synthesis and selected enantioselective processesgye: - O‘..Nlllo\ ot
catalyzed by the first enantiomerically pure alkylimido catalyst, M o e €
Mo(NAd)(CHCMePh)[(9-Biphen] (Ad= 1-adamantyl; Bipheh -Bu
= 3,3-di-tert-butyl-5,3,6,8-tetramethyl-1,tbiphenyl-2,2-di-

2a
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Scheme 2. Synthesis of Chiral Mo-Based Complexes 7a
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Table 1. Crystal Data and Structure Refinement for

and 7b Complex 7a
empirical formula GeHsgMONO,
w"“ fw 753.88
N CIMg temperature 100(2) K
P Nay,MoO,,, TMSCI " C"«_lJR/N Ph e Me\( """" wavelength 0.71073 A
5 N EeNDVE o | Na 4 O P é\ cryst syst orthorhombic
O \te Me space group P2(1)2(1)2(1)

unit cell dimens

3 equiv TfOH,
DME,
Mere- Et,0, 78 °C \éc’lume
Me density (calcd)
Eﬂ/m absorp coeff
Me Ph F(000)
cnantiomerically pure N

jw cryst size

bis(potassium) diol ;
o L pom ) TR e oMo 6 range for data collection
THF, E,0 0" | “Norr ind
b index ranges
o HON o “Me 6 no. of reflns collected
Y\VHI p no. of indep refins
Me' oy

completeness t6 = 29.57

absorp corr

max. and min. transmn

refinement method

no. of data/restraints/
params

goodness-of-fit orfF2

final Rindices | > 20(1)]

Rindices (all data)

absolute struct param

largest diff peak and hole

7b R=24,6-(-PrsCeH,)3

Results and Discussion

Synthesis of Alkylimido Mo-Based Olefin Metathesis
Catalysts. New imido groups were chosen on the basis of the
requirement that an imido group be sufficiently bulky to prevent
bimolecular decomposition of at least the initial neopentylidene
or neophylidene. Therefore, we judged that the imido group
should contain a quaternary carbon bound to the imido nitrogen.

a=12.9341(10) Ap. = 90°
b=16.5919(16) Ag = 90°
c=19.2463(18) Ay = 90°
4130.3(6) A
4
1.212 Mg/fn
0.354 mnt
1600
0.15¢< 0.05 x 0.04 mn?
1.90 to 2957
-17<h=<17,0=k=<23,0=<1=<26
93372
11 59H(int) = 0.0647]
100.0%
semiempirical from equivalents
0.9860 and 0.9489
full-matrix least-squaresfn
11 592/0/463

1.095
R1=0.0365, wR2= 0.0828
RE 0.0416, wR2= 0.0856
—-0.01(2)
1.443 and.315e A3

(121 Hz).'™H NMR spectra of a sample dfa in tolueneés
remain unchanged in the rangeB0 to 100°C; there is no
evidence for any significant amount of th@ati isomer in this

Two imido groups that fulfill these requirements, and can be
readily prepared, are 1l-phenylcyclohexylimido (NPhCy) and
2-phenyl-2-adamantylimido (NPhAd). We employed phenyl
groups in the hope that catalysts that contain these imido groups,

would be more crystalline and therefore could be isolated more

readily. We selectedy-Biphen and R)-Trip ligands (Biphef™

= 3,3-di-tert-butyl-5,3,6,8-tetramethyl-1,tbiphenyl-2,2-di-
olate; Trig~ = 3,3-bis(2,4,6-triisopropylphenyl)-2'zbinaph-
tholate) from the pool of available chiral chelating diolates since
these ligands have been utilized successfully in previous
asymmetric metathesis studfés.

The sequence leading to the Mo(NR)(CHGb)(diolate*)
catalysts (R= NPhCy, NPhAd; diolate*= (S-Biphen, R)-
Trip) is the one that has been employed for all imido alkylidene
compounds. As illustrated in Scheme 2, 1-phenylcyclohexyl
amine3, easily prepared in two steps from 1-phenylcyclohex-
anol? and sodium molybdate react to produce the bis(imido)-
dichloride complex (>98% conv, 9CC, 24 h); the product is
isolated as a 1,2-dimethoxyethane adduct, which is typical of
bis(imido) dichloride complexes of this type. Alkylation yields
the dineophyl bisimido compleX, which upon treatment with
3 equiv of triflic acid in cold diethyl ether in the presence of
DME is converted into6, which is then converted into Mo-
(NR)(CHCMePh)(diolate*) complexegaand7b. Contrary to
our expectations/a and 7b are highly soluble in all common

solvents, but can be isolated as crystalline solids from concen-

trated pentane solutions at20 to —30 °C.

In the 500 MHZ'H NMR spectrum of compoundain C¢De
the alkylidene resonance at 10.7 ppm can be attributedyma
alkylidene on the basis of the value for the CH coupling constant

(8) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.; DiMare,
M.; O'Regan, M.J. Am. Chem. S0d.990Q 112 3875-3886.

(9) Jirgensos, A.; Kauss, V.; Kalvinsh, I.; Gold, M. R.; Danysz, W.;
Parsons, C. G.; Quack, &ur. J. Med. Chem200Q 35, 555-565.

temperature interval.

An X-ray crystallographic analysis ofa (Table 1) shows it
to have the expected structure (Figure 2). Structural parameters
for 7a lie within the range of values observed for similar
molybdenum complexes. The M& (1) bond distance (1.889-
(2) A) and Mo—C(1)-C(2) bond angle (144.51(19) are
comparable to the analogous distance and angBaifl.867-
(4) A and 149.3(3). The Mo(1)-N(1) distance (1.7185(18)
A) is also approximately the same asda (1.709(3) A).

Chiral complex7b is obtained as a THF adduct, which is
typical of complexes that contain binaphtholate ligafd3nly
one alkylidene resonance is observed intHeNMR spectrum
of 7b (at 14.0 ppm, 22°C), while the alkylidene carbon
resonance in th€C NMR spectrum is found at 308 ppric
= 145 Hz); the large value falcy suggests that the alkylidene
ligand is in theanti configuration with the alkyl substituent
pointing away from the imido group. The spectrum does not
change upon heating a toluedgsample of7b to 100 °C.
However, when the solution is cooled+@0 °C, two alkylidene
resonances are observed (Figure 2). We propose that these two
resonances correspond to the diastereomeric THF adducts. It is
not clear which resonance corresponds to which Mo complex
diastereomer and what the precise identity of each diastereomer
(i.e., the stereochemistry of THF binding) is. The intensities of
the alkylidene resonances suggest that the two species are
approximately equal energetically &f70 °C. In Figure 2 we
show THF binding to the two CNO facesans to one of the
binaphtholate oxygens. Addition of 10 equiv of THF yields the
same variable-temperatutel NMR spectra between 10 and
—70 °C. This finding suggests that the two diastereomers
interconvertwithout dissociation of THF by a mechanism that
is unclear at the present time. A good possibility is successive
“turnstile” operations in which three ligands rotate with respect
to the other two. Mo compleXb is analogous t@b (Scheme
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Figure 1. Thermal ellipsoid drawing of the structure 7d. Selected
distances (A) and angles (deg): Mbl(1) = 1.7185(18), Me-

C(1) = 1.889(2), Mo-O(1) = 2.0070(15), Me-O(2) = 2.0140-
(16), O(1)-Mo—0(2) = 129.45(6), N(1yMo—C(1) = 105.97(9),
Mo—C(1)—C(2) = 144.51(16), Me-N(1)—C(50) = 167.18(15).
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Figure 2. Variable-temperaturtH NMR spectrum of a sample of
7hin tolueneds. Two alkylidene resonancesaf70 °C correspond
to the two diastereomers of tlamti THF adduct.

1);192b also is exclusively aanti alkylidene THF adductiH,,
= 13.8 ppm in toluenels, Jcy = 145 Hz). In stark contrast to
the new alkylidenerb, however, cooling the sample &b to

—70°C does not lead to splitting of the alkylidene resonafice.
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Scheme 3. Synthesis of Mo Bisimido Complexes 9 and 10
and Chiral Mo-Based Complexes 11a and 11b

S

Na,MoO,,, TMSCI N

— T, I Ph
Et,N, DME
3 Cl“'I)AO\N
Ph
NH,
8
[NagMoO, TMSCI a @

N,
" EQNTHF \Nllo_ N

G’/ |
Cl 10

R =2,4,6-(i-Pr3CHy)5

11a 11b
alkylidene H (C¢Dg) = 10.7 ppm alkylidene H (C¢Dg) = 14.0 ppm
alkylidene C (C¢Dg) = 274 ppm alkylidene C (C¢Dg) =310 ppm
(Jen =121 Hz) (Jeu = 145Hz)

(imido) dichloride complexes 9( and 10, Scheme 3) are
synthesized as described previously. Howev@rdoes not
contain coordinated dimethoxyethane. The yields of Mo-
(NPhAd)CI, are atypically low (26-40%), and the reaction is
not easily reproduced. We ascribe the absence of DME to the
significant steric bulk of the imido ligand. If the same reaction
is performed in THF, a five-coordinate complex is obtained in
which one molecule of THF is bound in the coordination sphere
(10 in Scheme 3).

The NMR characteristics af1la and 11b are analogous to
those of7a and 7b, respectively; that islla exists predomi-
nantly as ssynalkylidene, while the alkylidene ifi1b is anti.
However, the'H NMR spectrum ofl1b (6H, = 14.06 ppm),
like that of 2b (Scheme 1), does not change upon cooling to
—80°C (tolueneds). As a result, it is not known with certainty
whether compound 1b exists as a mixture of diastereomeric
THF adducts, as witfb, and interconversion is too facile for
the alkylidene resonances to be resolved &0 °C, or whether
only one diastereomeric adduct is present.

Asymmetric Olefin Metathesis Reactions.Initial studies,
involving representative substrates, indicate that the new alky-
limido complexes can effectively promote enantioselective olefin
metathesis reactions. The results of these are summarized in
Tables 2-6. We have previously demonstrated that complex
2a exhibits a different profile of reactivity and selectivity than

Therefore, either only one diastereomer is present under theseanalogous arylimido complexes when applied to certain classes
conditions or two are present whose interconversion is too facile of metathesis substrates. One of the reactions in w2écis a

for their alkylidene resonances to be resolved.

Chiral Mo complexeslla and 11b (Scheme 3) were also
synthesized. The requisite 2-phenyl-2-adamantylam@&)ds(
prepared in a three-step sequence from 2-adamantahBie.

(10) Tsang, W. C. P. Ph.D. Thesis, Massachusetts Institute of Technology,
2003.

(11) Kalir, A.; Balderman, DOrg. Synth.1981, 60, 104-108.

significantly better catalyst (versus arylimido complexes) is
tandem asymmetric ring-opening metathesis/cross-metathesis
(AROM/CM) of norbornene derivatives with monosubstituted
olefins. The results for the AROM/CM reaction betwesm
7-(benzyloxy)bicyclo[2.2.1]hept-2-end 2) and styren¥ are

(12) La, D. S,; Sattely, E. S.; Ford, J. G.; Schrock, R. R.; Hoveyda, A.
H. J. Am. Chem. So@001 123 7767 7778.
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Table 2. Mo-Catalyzed AROM/CM Reactions
OBn

OBn OBn
5 mol % Mo complc‘\/\é/\/ Ph Ph\/\é/\/ Ph
C‘ 7 v
t ,40 h, CsD
i styrene Pe 3 14
chiral temp
entry complex (°C) vyield (%)13 vyield (%)14> ee (%)13

1 2a 25 56 36 91
2 7a 25 36 42 80
3 1l1a 25 <22 <2 n.d.
4 2b 25 64 24 968
5 7b 75 61 14 98
6 11b 75 57 14 o8

aOnly ROMP of norbornyl substrate was observéidolated yields of
purified productsDetermined by chiral GLC analysigOpposite config-
uration.

Table 3. Mo-Catalyzed ARCM Reactions of Cyclic
Amide 15

0 f AN Me
N
N 5 mol % chiral Mo complex o 7
Me, CeDg /<
Me Me AN
15 16
chiral temp
entry complex (°C) time (h) yield (%} ee (%Y
1 2a 25 60 84 83
2 7a 25 20 96 82
3 1lla 25 60 86 79
4 2b 65 48 97 97
5 7b 65 20 <2 n.d.
6 11b 65 20 <2 n.d.

alsolated yields of purified product8Determined by chiral GLC
analysis.‘Opposite configuration.

Table 4. Mo-Catalyzed ARCM Reactions of Cyclic

A||de 17
fz
)‘

N 5 mol % chiral Mo complex
Me Me CeDg

17

chiral
entry complex temp{C) time(h) vyield (%} ee (%}

1 2a 25 44 62 >98
2 7a 25 44 69 >98
3 1la 257 20 23 n.d.
4 2b 0 48 37 n.d.
5 7b 70 48 <5° n.d.
6 11b 70 48 20 n.d.

alsolated yields of purified product8Determined by chiral GLC
analysis cYield based ortH NMR analysis.

listed in Table 2. Mo complexe®&a and 7a efficiently convert
the starting materials int@3 and 14. However, the yields of
the desired producti@) are low to moderate in spite of the fact
that only 1 equiv of styrene is used. The formation of a
significant quantity ofl4 suggests that the catalysts are too
reactive, which thereby leads to impaired selectivity8rThe
enantioselectivities in entries 1 and 2 are high, but not
outstanding. In contrasgb, 7b, and11b provide a much higher
ratio of 13 to 14 product ratios and high enantiomeric purities
for 13. (It is not surprising to find that the other enantiomer of
13is observed since thd}-Trip ligand is present in catalysts

Pilyugina et al.

Table 5. Mo-Catalyzed ARCM Reactions of Amide 19

0 J/ N\ Me
)\N . o) N
Me 5 mol % chiral Mo complex j/
Me, Me
7—)_% C¢Dg Me
Me
19 20
chiral
entry  complex tempC) time (h) yield (%¥  ee (%¥
1 2a 25 24 84 96
2 7a 25 24 84 96
3 11a 25 24 69 94
4 2b 70 48 33 n.d.
5 7b 70 48 34 n.d.
6 11b 70 48 <2¢ n.d.

alsolated yields of purified product8Determined by chiral GLC
analysisfYield determined byH NMR analysis.

Table 6. Mo-Catalyzed ARCM Reactions of Amide 21

7 AN Me
] N
N % chi O
BnO)—_ 5 mol % chiral Mo complex j/
Me}—_)_>: C¢Dg BnO Me
Me
21 22
chiral
entry  complex tempC) time (h) yield (%}  ee (%P
1 la 25 48 90 96
2 7a 25 48 86 94
3 1l1a 25 48 81 83
4 1b 80 60 66 84
5 7b 80 60 15 n.d.
6 11b 80 60 42 90

a|solated yields of purified product8Determined by chiral GLC
analysis tYield determined byH NMR analysis.Opposite configuration.

2b, 7b, and11b.) Reactions performed in the presencerbf
or 11b (but not 2b) must be run at 75°C; at 22 °C
transformations do not proceed ¥®8% conversion. It should
be noted thatlla does not yield anyl3 or 14; instead12
apparently is polymerized in a ROMP process. At present, we
cannot explain the drastic difference in the reactivityld&in
this circumstance relative to other catalysts we examined.
We recently reported the enantioselective synthesis of cyclic
amides and amines through Mo-catalyzed ring-closing metath-
esis!® Certain compounds studied in this project proved to be
challenging substrates for ARCM reactions in the presence of
arylimido catalysts. The results of ARCM of lactarhS and
17in the presence of the six catalysts are listed in Tables 3 and
4. Lactamsl5 and17 exhibit notably different reactivity profiles
under the conditions of the ARCM reaction. Compoutfal
undergoes olefin metathesis efficiently at®2in the presence
of 2a, 7a, and11a Complex7a provides>98% conversion
(22 °C, 20 h), while reactions that involv#a and11arequire
longer reaction times. All three reactions yidlf with similar
modest enantioselectivities. Cataly3ts and 11b do not lead
to conversion ofL5 to the desired ARCM products even if the
mixture is heated to 65C for 20 h. Reactions involvingb,
however, affordl6 in high yield and with 97% ee when the
transformation is performed at 6& for 48 h.
Catalytic ARCM of cyclic amidel7 (Table 4), on the other
hand, turns out to be challenging for all catalysts ex@aznd

(13) Sattely, E. S.; Cortez, G. A.; Moebius, D. C.; Schrock, R. R.;
Hoveyda, A. H.J. Am. Chem. So005 127, 8526-8533.
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7a, which providel8 in good yields and excellent enantiose- Experimental Section

lectivities. It is worth noting that cataly4tlaexhibits drastically ) ) )
diminished reactivity toward7. We presume that the decreased General ProceduresAI_l reactions were conducte_d in oven-dried
reactivity is a consequence of the steric bulk of the 2-phenyl- (&t 135°C) and flame-dried glassware under an inert atmosphere
2-adamantylimido ligand, which prevents an olefin from OT dry nitrogen employmg standard Schlenk and glovebox tech-
interacting efficiently with the Mo center. The remaining niques. Toluene, diethyl ether, and THF were degassed and passed

catalysts give moderate and low yields of the desired product, through a column of activated alumina. DME was distilled from

: . . d sodium/benzophenone under nitrogen atmosphleRentane was
predominantly converting7 into a dimer formed through cross- washed with HSQ, and water, dried over CagCldegassed, and
metathesis of the 1-pentene fragment of the molecule. Thes i .

- - ; X €hen passed through a column of activated alumina. Deuturated
results are not especially surprising since formation of the pon-ane and toluene were dried over GaEhemical shifts irtH

corresponding dimer instead of the bicyclic compousgchas and?3C NMR spectra are reported in ppm from tetramethylsilane
been observed before in the catalytic ARCM b7 in the with the solvent as an internal standard. Elemental analyses were
presence of arylimido complexes. We expected that higher performed by H. Kolbe Analytical Laboratories, Meim an der
temperatures or conditions that allow ethylene to escape theRuhr, Germany.
reaction mixture would improve the yield of the desired product.  1-Phenylicyclohexylamine (PhCyN)} 2-phenyl-2-adamanty-
However, experiments showed that the yield1& does not lamine (PhAdNH),!! 2a and2b,1° substrated 2,12 15, 17, 19, and
depend on the temperature of the reaction mixture or on the 21,12 and diolates §-Biphenky'” and R)-TripK,!8 were prepared
volume of the reaction vess#. according to literature procedures. Compouhdsl4, 16, 18, 20,
Two additional substrated @ and21) were explored (Tables ~ and22were isolated, purified, and analyzed according to published
5 and 6, respectively). These last two substrates differ only in Procedured®1s
the nature of the protecting group on the nitrogen atom. Mo-  Mo(NPhCy).Cl;(dme) (4). PhCyNH (20.0 g, 0.11 mol), Na
catalyzed ARCM of the unprotected amine is not successful. M0Ox (11.3 g, 0.06 mol), EN (38 mL, 0.27 mol), and trimethylsilyl
In the case ofl9, catalysts in entries-43 afford heterocycle  chloride (76 mL, 0.6 mol) were dissolved in 300 mL of dry DME.
20 in high yields and enantioselectivities. Similar to the 1he mixture became bright yellow after being stirred at@ofor
examples discussed above, chiral complesa exhibits a 18 h. The. soI|d§ were flltergd off and the solvent was removed
relatively lower reactivity under identical conditions compared oM the filtratein vacuoto give a yellow powder. The powder
to catalysts2a and 7a. Complexes2b and 7b require higher was triturated with 100 mL of pentane, isolated via filtration, and

. driedin vacug yield 30.8 g (0.05 mol, 85%)H NMR (CgDg) 0
temperatures in order to convei9 to 21, although even after ;oo (d,Jun = 7.5 Hz, 4H), 7.28 (tJws = 7.5 Hz, 4H), 7.11 (t,

48 h, the yields of product are relatively low. Catalydb is Jun = 7.5 Hz, 2H), 3.34 (s, 6H), 3.19 (s, 4H), 2.21 (m, 4H), 2.07
inactive toward catalytic ARCM of amid&9. Heterocycle22 (M, 4H), 1.85 (m,’4H), 158 (b'r s, 2H),’ 137 m. 4H)’, 1.14 (m,
(Table 6) is somewhat easier to obtain ti2h Complexea 2H). Anal. Calcd for GgHaMoO,CILN,: C, 55.73; H, 6.68; N,
and 7a provide 22 in good yield and with high enantioselec- 4 64: CI, 11.75. Found: C, 55.61: H, 6.64: N, 4.63: CI, 11.80.
tivities. However, Mo complexe$1a 2b, and11b, even at 80 Mo(NPhCy),(CH,CMe,Ph), (5).A suspension of Mo(NPhCyl-

°C, show lower conversions and more moderate enantioselec-gme) (9.5 g, 0.15 mol) in 100 mL of diethyl ether was cooled to
tivities. With catalyst7b only a 15% conversion was realized —7g°C. A solution of PhACMgCH,MgCl (0.31 mol) in 50 mL of
over the course of 36 h and the starting material was isolated ether was added dropwise. The mixture was stirreg 8 °C for
from the reaction mixture. 3 h and then at room temperature for 12 h. The solvent was removed
in vacug and the solid residue was dissolved in 50 mL of toluene.
1,4-Dioxane (4 mL) was added, the mixture was stirred for 1 h,
and the white precipitate was removed by filtration. The solvents
were removed from the filtratén vacuq and the solids were
triturated with pentane overnight. The product was filtered off, and
the pentane washes were reduced to 10 mL and lef3&t°C for

Conclusions

Chiral complexega, 7b, 11a and11b have been prepared
and, along with2b, compared with the only previously known

alkyllmldq catalyst ga)in r|ng-clpsmg and (lng-openlng/cross- 12 h. The crystallized material was collected and combined with
metathesis reactions of a yarlety of .a'mldes and a prOteCththe solid obtained from trituration to give 9.2 g of a bright yellow
no_rbqrneol. Cor_npleﬁa p_rowdes reactivity and enantlose_lec- crystalline product (0.013 mol, 81%)H NMR (CeDe) & 7.34—
tivity in all reactions that is approximately equal or superior to 7 59 (m, gH), 7.227.17 (m, 8H), 7.1£7.05 (m, 4H), 1.85 (m,

2a Catalysts containing theRj-Trip ligand @b, 7b, and11b) 12H), 1.76 (s, 4H), 1.52 (m, 4H), 1.42 (s, 12H), 1.22 (m, 4H).
are generally less reactive, but provide products in moderate toanal. Calcd for GHsgMoN,: C, 74.55: H, 7.96; N, 3.95. Found:
high yields and enantioselectivities at higher temperatures. c, 74.46: H, 7.94: N, 3.87.

Complexes containing 2-phenyl-2-adamantylimido grodgs( Mo(NPhCy)(CHCMe ,Ph)(OTf) (DME) (6). Mo(NCyPh)(CH,-

and 11b) exhibit diminished reactivity, probably as a conse- CMe,Ph), (5.2 g, 7.3 mmol) was dissolved in 200 mL of ether,
quence of the size of the imido substituent. These results suggesand 5 mL of DME was added. The mixture was cooled-&8 °C,

that activities and enantioselectivities are not comparable for and a solution of TfOH (3.3 g, 21.9 mmol) in 15 mL of ether was
all alkylimido ligands explored. Aside from steric factors, it is added slowly. The mixture was stirred-a¥8 °C for 1 h and then
not known to what these differences can be ascribed. It is warmed to room temperature and stirred for 2 h. Solvents were
important now to generate catalysts from dipyrrolyl precuﬂéors removedn vacug and the resulting brown oil was dissolved in 15
in order to attempt to understand more about the role of mL of toluene. Addition of an equal volume of pentane caused a
solventl® especially in reactions that employ binaphtholates, a

variation that has been largely unexplored to date. (16) For notable effects of solvents on enantioselectivity of Mo-catalyzed
enantioselective olefin metathesis reactions, see: Teng, X.; Cefalo, D. R.;
Schrock, R. R.; Hoveyda, A. Hl. Am. Chem. SoQ002 124, 10779~

(14) The conditions were as follows: (a) 22, 20 mL vessel, 2 mL 10784.

reaction volume; (b) 70C, 20 mL vessel, 2 mL reaction volume; (c) 70 (17) Alexander, J. B.; La, D. S.; Cefalo, D. R.; Hoveyda, A. H.; Schrock,
°C, 200 mL vessel, 2 mL reaction volume. R. R.J. Am. Chem. S0d.998 120, 4041-4042.
(15) Hock, A. S.; Schrock, R. R.; Hoveyda, A. . Am. Chem. Soc. (18) Gribkov, D. V.; Hultzsch, K. C.; Hampel, Ehem=—Eur. J.2003

2006 128 16373-16375. 9, 4797-4810.
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precipitate to form, which was filtered off. The solution volume

Pilyugina et al.

were filtered off, and the solvent was removiadvacuoto give a

was reduced to 1 mL, and ether was layered on top. The mixture yellow solid. The solid was triturated with pentane to give a pale

was left at—30 °C overnight, and the white crystalline material
was filtered off. Two more crops were collected in a similar manner
to give 2.9 g of white crystals (3.7 mmol, 51%) NMR (C¢Ds)
0 13.96 (s, 1H), 7.57 (d, 2HJ4n = 8.5 Hz), 7.51 (d, 2HJun =
8.5 Hz), 7.28— 7.00 (m, 6H), 3.32 (s, 4H), 2.68 (m, 2H), 2.46 (s,
6H), 2.12 (m, 2H), 1.84 (s, 6H), 1.59.14 (m, 6H). Anal. Calcd
for CogHa7FsM0OS,NOg: C, 42.59; H, 4.72; N, 1.77. Found: C,
42.68; H, 4.79; N, 1.77.

Mo(NPhCy)(CHCMe,Ph)[(S)-Biphen] (7a).(9-BiphenH, (99.3
mg, 0.28 mmol) was dissolved in 10 mL of THF, and the solution
was cooled to—35 °C. Benzyl potassium (74.2 mg, 0.57 mmol)

yellow powder; yield 4.6 g (0.07 mmol, 97%}H NMR (C¢Dg) 6
7.40 (br s, 4H), 7.30 (br s, 6H), 3.80 (s, 4H), 2.86 (s, 4H), 1.99 (s,
2H), 1.68-1.57 (m, 18H), 1.32 (s, 4H). Anal. Calcd forsglse
CI,MoN,O: C, 62.70; H, 6.72; N, 4.06; Cl, 10.28. Found: C, 62.86;
H, 6.65; N, 4.14; Cl, 10.34.

Mo(NPhAd),(CH,CMe,Ph),. Procedure A. Mo(NPhAd)Cl,
(3.0 g, 4.8 mmol) was dissolved in 100 mL of ether, and the solution
was cooled to—-78 °C. A solution of PhMgCCH,MgCl in ether
(10.2 mmol) was added dropwise to the reaction mixture. The
mixture was stirred at-78 °C for 30 min and then stirred at room
temperature overnight. The solution was diluted with 10 mL of

was added, and the mixture was stirred for 1 h. The mixture was 1,4-dioxane and stirred for 1 h. The solids were filtered off, and

added to a solution of Mo(NPhCy)(CHCRN)(OTf(dme)
(240 mg, 0.28 mmol) in 20 mL of ether that had been cooled to
—35 °C, and the mixture was stirred for 5 h. The solvent was
removedin vacug and the resulting solid was extracted with 50
mL of pentane. The white precipitate was filtered off, and the
resulting yellow-orange solution was taken to dryniessacuoto
give an orange powder (180 mg, 0.22 mmol, 79%H NMR
(CsDg) 0 10.95 (s, 1H), 7.41 (m, 1H), 7.39 (m, 2H), 7.37 (m, 2H),
7.22-7.19 (m, 2H), 7.13 (br s, 1H), 7.6&.04 (m, 1H), 7.06-
6.95 (m, 3H), 2.27 (m, 1H), 2.18 (m, 1H), 2.09 (s, 3H), 2.07 (s,
3H), 1.75 (s, 3H), 1.71 (s, 3H), 1.68 (s, 3H), 1.62 (m, 2H), 1.59 (s,
9H), 1.55-1.49 (m, 4H), 1.45 (s, 9H), 1.16 (s, 3H), 1.03 (m, 2H);
13C NMR (GgDe¢) 6 273.6 (d,Jcy = 119.8 Hz). Anal. Calcd for
CyeHs0MONO,: C, 73.28; H, 7.89; N, 1.86. Found: C, 73.20; H,
8.05; N, 1.84.

Mo(NPhCy)(CHCMe,Ph)[(R)-Trip](thf) (7b). (R)-TripK; (214
mg, 0.25 mmol) was dissolved in 10 mL of THF. The solution
was cooled to-35°C and added to a cold solution of Mo(NPhCy)-
(CHCMe&Ph)(OTf)(dme) (200 mg, 0.25 mmol) in 15 mL of THF.
The mixture was stirred for 5 h, and the solvent was remared
vacuo. The solid was extracted with 50 mL of pentane, and the
white precipitate was filtered off. The resulting yellow solution was
taken to dryness to give a yellow powder (294 mg, 0.24 mmol,
99%): H NMR (C¢Dg) 0 14.02 (s, 1H), 7.73 (s, 1H), 7.77.61
(m, 3H), 7.58 (s, 1H), 7.49 (m, 1H), 7.46 (s, 1H), 7.37 (m, 1H),
7.24-7.17 (m, 3H), 7.13 (br s, 1H), 7.3%6.58 (m, 13H), 3.53 (M,
2H), 3.25 (septetlyy = 7 Hz, 1H), 3.07 (septeflyy = 7 Hz, 1H),
2.95 (septetJuy = 7 Hz, 1H), 2.78 (septedyy = 7 Hz, 1H), 2.56
(br d, Juny = 8 Hz, 1H), 2.32 (br dJuy = 8 Hz), 2.14 (br s, 4H),
1.85 (d,Jun = 6.6 Hz, 6H), 1.77 (s, 3H), 1.64 (br s, 1H), 1.51 (d,
Jun = 6.6 Hz, 6H), 1.42 (dJun = 6.9 Hz, 6H), 1.37 (dJuny = 6.9
Hz, 12H), 1.34-1.20 (m, 3H), 1.24 (s, 3H), 1.17 (duy = 6.9 Hz,
6H), 1.08-1.04 (m, 4H), 0.69 (br s, 4H}3C NMR (CgDs, ppm)o
308.6 (dJcy = 145 Hz). Anal. Calcd for gHgsMONO3: C, 78.61;

H, 7.97; N, 1.19. Found: C, 78.47; H, 8.09; N, 1.14.

Mo(NPhAd),Cl; (9). PhAdNH, (5.0 g, 0.22 mol) was dissolved
in 150 mL of DME, and NagMoO, (2.3 g, 0.011 mol), EN (6.1
mL, 0.044 mol), and MsSiCl (13.9 mL, 0.11 mol) were added.
The mixture was stirred at 61 for 18 h. The solids were filtered
off, and the solvent was removexd vacuoto give a yellow oil.
Treatment of the oil with pentane gave a white powder, which was
removed by filtration. The resulting yellow solution was reduced
to 20 mL and cooled te-30 °C. The yellow product was filtered
off 48 h later; yield 3.0 g (0.05 mol, 44%)*H NMR (C¢Dg) 0
7.44 (d, 2HJyy = 7.5 Hz), 7.25 (t, 2HJ4y = 8 Hz), 7.13 (t, 1H,
Jun = 8 Hz), 2.66 (s, 2H), 2.61 (d, 2Hl,y = 13 Hz), 1.89 (s,
1H), 1.71 (d, 2HJun = 12.5 Hz), 1.63-1.54 (m, 7H). Anal. Calcd
for C3oH3gClbMoN,: C, 62.24; H, 6.20; N, 4.54. Found: C, 62.14;
H, 6.16; N, 4.38.

Mo(NPhAd),Cl,(thf) (10). PhAdNH, (3.2 g, 0.14 mol) was
dissolved in 100 mL of THF, and NisloO, (1.4 g, 0.07 mol), EN
(3.9 mL, 0.28 mol), and trimethylchlorosilane (8.8 mL, 0.69 mol)
were added. The mixture was stirred at°€for 48 h. The solids

the solvents were removed from the filtrate to give a brown oil.
The oil was dissolved in 10 mL of pentane. This solution was cooled
to —30°C, and two crops of bright yellow crystals were collected;
yield 1.7 g (2.0 mmol, 42%):*H NMR (CsDg) 6 7.44 (d,Ipn =

7.5 Hz, 4H), 7.33 (d?Jyn = 7.5 Hz, 4H), 7.24 (m, 8H), 7.10 (m,
4H), 2.62 (s, 4H), 2.48 (d, 2Hy = 12 Hz), 1.82 (d, 4HJpn =

12 Hz), 1.78 (s, 2H), 1.661.58 (m, 22H), 1.26 (s, 12H). Anal.
Calcd for GoHesNoMo: C, 76.82; H, 7.93; N, 3.45. Found: C,
76.88; H, 8.02; N, 3.54.

Procedure B. Mo(NPhAd)Cl,(thf) (4.4 g, 6.4 mmol) was
dissolved in 50 mL of ether, and the solution was cooled to
—78°C. A solution of PhMgCCH,MgCl in ether (11.8 mmol) was
added dropwise to the reaction mixture. The mixture was stirred at
—78 °C for 30 min, then stirred at room temperature overnight.
The solvents were removed vacuqg and the resulting solid was
extracted with toluene. The white precipitate was filtered off, and
the toluene was removed vacuoto give a yellow solid. The solid
was triturated with pentane and isolated via filtration. The filtrate
was reduced to 5 min vacuoand the solution cooled te-30 °C
overnight. A crop of yellow solid was collected and combined with
the triturated powder to give 2.7 g of the product (3.3 mmol, 52%).
The spectral data and elemental analysis results of this material
match the data obtained for the product synthesized via method A.

Mo(NPhAd)(CHCMe ,Ph)(OTf)2(DME). Mo(NPhAd)(CH,-
CMeyPh), (1.0 g, 1.2 mmol) was dissolved in 50 mL of ether, and
2 mL of DME was added. The mixture was cooled+85 °C, and
a cold solution of freshly distilled TfOH (0.56 g, 3.7 mmol) in 10
mL of ether was added to it slowly. The mixture was stirred for 5
h. The solvents were removeéal vacug and the resulting brown
oil was extracted with toluene. The solids were filtered off, and
the toluene solution was reduced to 5 mL. The white solid was
filtered after 48 h at-30 °C; yield 461 mg (0.55 mmol, 54%)*H
NMR (C¢Dg) 6 15.65 (s, 0.6 H), 14.89 (s, 0.4H), 14.11 (s, 1H),
7.54 (d, 2HJuy = 7 Hz), 7.477.18 (m, 8H), 7.14-6.88 (m, 12H),
3.32 (s, 4H), 3.12 (s, 3.6H), 3.32.34 (m, 10H), 2.28 (s, 6H),
2.20-1.96 (m, 4H), 1.86 (s, 6H), 1.821.22 (m, 24H), 1.64 (s, 2.4
H). Anal. Calcd for GH41FsMONOsS;: C, 45.66; H, 4.91; N, 1.66.
Found: C, 45.32; H, 5.02; N, 1.78.

Mo(NPhAd)(CHCMe ,Ph)[(S)-Biphen] (11a). (9-Biphenky
(136 mg, 0.31 mmol) was dissolved in 10 mL of ether, and the
solution was cooled te-35°C. The solution was added to a solution
of Mo(NPhAd)(CHCMePh)(OTf)(dme) (266 mg, 0.31 mmol) in
20 mL of ether that had been cooled+t85 °C. The solution was
stirred for 10 h. The solvent was removiedvacuq and the resulting
solid was extracted with 50 mL of pentane. The white precipitate
was filtered off, and the resulting orange solution was taken to
dryness to give an orange powder (210 mg, 0.26 mmol, 84%4):
NMR (CgDg) 0 10.72 (s, 1H), 7.49 (dJun = 7.2 Hz, 1H), 7.32 (d,
Jun = 7.2 Hz, 1H), 7.26 (s, 1H), 7.236.98 (m, 8H), 2.89 (br s,
1H), 2.54 (br s, 1H), 2.46 (br s, 1H), 2.22 (br s, 1H), 2.16 (s, 1H),
2.09 (s, 3H), 2.08 (s, 1H), 1.88 (br s, 1H), 1.85 (br s, 1H), 1.82 (br
s, 1H), 1.79 (br s, 1H), 1.77 (s, 3H), 1.75 (s, 1H), 1.70 (s, 1H),
1.62 (s, 6H), 1.59 (s, 6H), 1.53 (s, 18H), 1.33 (s, 1H), 1.26 (s, 1H);
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13C NMR (GgDg) 6 274.0 (d,Jcy = 121.0 Hz). Anal. Calcd for
CsoHesMONO,: C, 74.51; H, 7.88; N, 1.74. Found: C, 74.38; H,
8.08; N, 1.79.

Mo(NPhAd)(CHCMe ,Ph)[(R)-Trip](thf) (11b). (R)-TripK;
(181 mg, 0.23 mmol) was dissolved in 10 mL of THF, and the
solution was cooled te-35 °C. It was added to a solution of Mo-
(NPhAd)(CHCMegPh)(OTfp(dme) (198 mg, 0.23 mmol) in 10 mL
of THF that had been cooled t635 °C. The reaction was stirred
for 10 h at room temperature. The solvent was remawuedcug

and the resulting solid was extracted with 50 mL of pentane. The catalyst2b in CeDs (14.8 mg, 12.9x 103

white precipitate was filtered off, and the resulting orange solution

was taken to dryness to give an orange powder (261 mg, 0.22 mmol

98%): H NMR (Cg¢D¢) 6 14.06 (s, 1H), 7.70 (s, 1H), 7.69.62
(m, 4H), 7.59 (s, 1H), 7.527.37(m, 5H), 7.347.18 (m, 7H),
7.15-6.76 (m, 6H), 5.34 (br s, 4H), 3.66 (septéiy = 7 Hz, 1H),
3.52 (septet)yy = 7 Hz, 1H), 3.07 (m, 2H), 2.84 (m, 2H), 2.60 (s,
1H), 2.33-2.16 (m, 2H), 2.03 (m, 1H), 1.79 (br m, 4H), 1.46 (m,
4H), 1.32-1.21 (m, 30H), 1.16 (dJun = 7 Hz, 6H), 1.12 (dJun
=7 Hz, 6H), 1.03 (m, 2H), 0.69 (br s, 4H¥C NMR (CsDs, ppm)

0 310.4 (d,Jcq = 145.0 Hz). Anal. Calcd for §Hyo;MoNO3: C,
79.19; H, 7.96; N, 1.14. Found: C, 79.26; H, 8.09; N, 1.18.

A Representative Procedure for AROM/CM. Styrene (19.0
mg, 0.18 mmol) and compount? (36.6 mg, 0.18 mmol) were
dissolved in 1 mL of @Dg in a 20 mL vial, and 0.36 mL of 0.026
M solution of catalys7ain CsDg (7.2 mg, 9.5x 10-3 mmol) was
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added to the solution. The reaction mixture was stirred in a nitrogen-
filled glovebox at room temperature for 40 h, then reduced to 0.5
mL and separated on a silica gel column using a mixture of hexanes
and ether (10:1) as an eluent to give produ$20.6 mg, 0.068
mmol, 36%) andL4 (14.7 mg, 0.038 mmol, 42%) as colorless oils.
The spectral data for the products match the published results.

A Representative Procedure for ARCM.In a nitrogen-filled
glovebox lactaml5 (67.3 mg, 0.26 mmol) was dissolved in 1 mL
of CsDg in @ 20 mL vial, and 0.74 mL of a 0.017 M solution of
mmol) was added to
the mixture. The vial was sealed and taken out of the glovebox.
'The mixture was stirred at 68C for 48 h, then the solution was
reduced to 0.5 mL and separated on a silica gel column using ether
as an eluent to give 52.0 mg &6 as a colorless oil (0.25 mmol,
97%). The spectral data for the product match the published results.
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