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Abstract

The [4+2]-cycloaddition reaction of the (dimesitysphino)cyclopentadiengsa,b with N-
phenylmaleimide gave the norbornene derivafvdts reduction with LiAIH produced theN-
phenylpyrrolidino-annulated systefi. Treatment with Piers’ borane gave the respeddii
FLP 12 as the major product, which cleaved dihydrogeneundild conditions to yield the
phosphonium/hydrido borate produtd. Reaction of the phosphino-norbornet® with two
molar equiv. of Piers’ borane [HB{E:),] followed by exposure to dihydrogen eventually gav
the HB(GFs)2 adductl5. This served as a catalyst for the hydrogenatfaa series of chalcone
derivatives. The system requires a pre-activati@miogd before becoming active for the

conjugated enone hydrogenation.



1. Introduction

Frustrated Lewis Pairs (FLPs) are comprised of ¢oations of Lewis acids and bases that are
effectively hindered from strong mutual adduct fatimn that would annihilate their specific
chemical features. [1] This is mostly achieved bpachment of bulky substituents at the core
atoms of the pair, although geometric factors iecdr intramolecular situations have equally
well been used, [2] as have electronic variatiBisFLPs often show chemical features that had
usually been associated typically with transitiortah chemistry. The frequently observed
heterolytic splitting reaction of dihydrogen is @minent example. [4] It has been used in many
cases as the basis for the development of metldatalytic hydrogenation processes. In the
very beginning this was done with a very limitethstwate scope; initially reducing bulky imines
to the respective amines. [4,5,6] Polar electroh-ri-systems such as enamines or silyl enol
ethers followed, [6] but by now an increasing vigrief catalytic hydrogenation reactions of
different types of organic substrates has been riegho including various heterocycles,
unfunctionalized alkynes and even ketones. [7] Adspnt there have only surprisingly few
examples of FLP hydrogenation reactions.#funsaturated carbonyl compounds been reported.
Sooset al. had described the single example of the FLP catdlyydrogenation of the internal
carbon-carbon double bond of (+)-carvone by a gpextalyst [mesityl-B(gFs). / DABCO],

[8] The slow reaction went to completion within Gt 4 bar H with 20 mol% of the catalyst

mixture.
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Scheme 1. FLP catalyzed enone hydrogenation reactions treniiterature.

Our group had reported that a few aryl substitwi@ojugated ynones were hydrogenated at the
FLP catalystBuCH=C(GFs)B(CsFs). / DABCO under more forcing conditions (5 mol% g¢at.



10 bar H, 80°C, 2 d) to give the respective enones. Theallsubsequently be further reduced

under similar conditions to give the correspondiaturated ketone products (see Scheme 1). [9]

We had previously prepared a variety of intramdicphosphane/borane frustrated Lewis pairs
(P/B FLPs) by means of hydroboration reactions gigtiers’ borane [HB(6s)2], [10] among

them the vicinal non-interacting P/B Fl4Pat the norbornane framework (see Scheme 2). {2a] |
was an active dihydrogen splitting reagent, bub alsowed a great variety of other typical FLP
reactions, among them specific CO reduction cheynéstd the formation of a persistent FLPNO

nitroxide radical upon treatment with nitric oxi(O). [11]
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Scheme 2. The previously reported synthesis of the AP

Compound4 was synthesized by a procedure involving a nodaeenmetalation step [12]

followed by phosphination and hydroboration. We énaow tried to develop a different entry
into suchtrans-2,3-P/B FLP systems at derivatized norbornane li@woés by using Diels-Alder

reactions starting from the dimesitylphosphino-opentadienyl isomer precursors. This has
eventually resulted in the development of a spedifnctionalized example of this norbornane
derived P/B FLP type that showed very special gatafeatures, namely it turned out to be an
active catalyst for the hydrogenation of chalcorawétives and related compounds under mild

reaction conditions. This development will be méhll and discussed in this account.

2. Results and discussion
2.1 [4+2]Cycloaddition reactions with the (dimesgkosphinyl)cyclopentadiene isomers

(Dimesitylphosphino)cyclopentadiené) (was prepared in analogy to methods previously
worked out by our group. [13] Cyclopentadienyllithi was reacted with MgRCl in THF
at -78 °C. As it turned out that the resulting proicb could not easily be isolated pure from that



reaction mixture we decided to circumvent this peobby a pair of additional reaction steps,
initiated by deprotonation of the P-substituted lagentadiene by treatment with-BuLi
(at -78 °C). This gave the respective P-functiaaalilithium cyclopentadienid&, which was

easily purified and which we isolated as a soli@®%o yield (see Scheme 3).
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Scheme 3. Synthesis of the phosphanylnorbornene derivaive
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Figure 1. A view of the molecular structure of the lithiumeRP-Cp compounds (dme).
Thermal ellipsoids are set at 15% probability. Steleé bond lengths (A) and angles (°): P1-C1 =
1.798(3), P1-C11 = 1.852(3), P1-C21 = 1.851(3);@A2 = 1.971(5), Li1-035 = 1.959(6), C1-
P1-C11 = 101.6(2), C1-P1-C21 = 113.1(2), C21-P1-€104.8(2).



Compounds was characterized by NMR spectroscopy in THFsBlution fP: & -39.5; 'Li: &
-6.7]. [14] Crystallization from 1,2-dimethoxyettangave the6(dme) adduct that was
characterized by X-ray diffraction. The X-ray clsstructure analysis shows the five-membered
ring of the functionalized cyclopentadienide theattires a rather uniform set of five carbon-
lithium contacts (2.240(5) — 2.270(6) A). CarboomatC1 has the MeB-substituent bonded to
it. The coordination geometry at phosphorus isodist trigonal-pyramidal}{P1°““ = 319.5°).

The lithium atom has one dme molecu{®,0-bonded to it (see Figure 1).

The purified lithium MegP-Cp compound® was then protonated by treatment with HCI in ether
at -94 °C to give the reasonably pure Mresubstituted cyclopentadiengs and5b (6:4). They
were characterized by NMR spectroscopy from thetumix F*P: § -36.7 (major),5 -36.9
(minor), see the Supporting Information for furthetails]. Low temperature crystallization
from pentane gave single crystals of the major exdsa that were suited for its characterization
by X-ray diffraction. It shows the MgB-substituent{P1°““ = 319.9°) attached to the terminal
carbon atom of the conjugated diene moiety at the-rhembered carbocycle. The adjacent

carbon atom C5 is saturated and bears the paydsbben atoms (see Figure 2).
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Figure 2. A projection of the molecular structure of the arafsHs-PMes isomer5a. Thermal

ellipsoids are set at 15% probability. Selecteddblemgths (A) and angles (°): P1-C1 = 1.803(3),
P1-C11 = 1.845(3), P1-C21 = 1.849(3), C1-C2 = 1(816C1-C5 = 1.484(4), C2-C3 = 1.463(4),



C3-C4 = 1.388(5), C4-C5 = 1.420(4), C1-P1-C11 =.9@), C1-P1-C21 = 101.5(2), C11-P1-
C21 = 107.5(2).

It was a natural choice to try reacting &&5b equilibrium mixture with ethylene in an attempt
to improve the synthesis of the norbornenylphosptg&and, consequently, of the FI4? The
5a/5b mixture reacted with ethylene under forcing cands (50 bar ethylene, 80 °C, 16 d in
toluene) to eventually give the prodi{see Scheme 3). However, we so far could only teola
it after workup, involving column chromatographig, a meager yield of 18% as a viscous oil.
The isolated compour@icontained a ca 12% unidentified impurity, as jutiffem the*’P NMR

spectrum (for further details see the Supportirigrmation).

Since the reaction of tHs&/5b mixture with ethylene did not provide an improverhabove our
previous norbornene based FLP synthesis, we tutnedhvestigating [4+2]-cycloaddition
reactions with functionalized olefins. [15] In eamdse did we employ freshly prepared solutions
of the 5a/5b equilibrium mixture in toluene and we reacted ithwa variety of typical “Diels-
Alder dienophiles” having electron-withdrawing stitients attached at their olefinic C-C
double bonds. Here we will briefly describe thecomte of reactions with fumarate and maleate
esters, an analogous example withns1,4-diphenylbut-2-ene-1,4-dione is mentioned ig th

Supporting Information.
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Scheme 4. Diels Alder reactions of compoun8svith fumarate or maleate.

The reaction of théba/5b mixture with dimethylmaleate required 23 h at 1G0to go to

completion on a preparative scale. The [4+2]cydllv@mtl 7 was isolated in 40% vyield after



chromatography. The X-ray crystal structure analysvealed thexgexcorientation of the pair
of methylester substituents at carbon atoms C5 @fdat the newly formed norbornene
framework of 7 (see Figure 3). The bulky Mg#%substituent is attached at the olefinic
norbornene carbon atom C2. Consequently, compdustiows the NMR resonances of an
inequivalent pair of methylester groups in additi@nthe typical resonances of the Mes
substituent {P: & -38.1] and the characteristic NMR resonances @fnibrbornene core (see the

Supporting Information for details).
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Figure 3. A view of the molecular structure of the [4+2]cyathition product7 (with
unsystematical atom numbering scheme). Thermaiseliils are set at 30% probability. Selected
bond lengths (A) and angles (°): P1-C2 = 1.79894),C21 = 1.838(2), P1-C31 = 1.844(2), C2-
C3 =1.342(2), C2-P1-C21 = 111.1(1), C2-P1-C31 £.9Q), C21-P1-C31 = 106.9(1), C2-C1-
C6-C10 = -163.2(1), C3-C4-C5-C8 = 171.1(TP1°““ = 320.0.

The reaction oba/5b with dimethylfumarate was carried out at 60 °C K23We isolated a
single [4+2]cycloaddition diastereoisomer from thaction in 24% yield. From both the detailed
NMR study and the X-ray crystal structure analyfs details including the depicted structure
see the Supporting Information) it was identifiedtheende2,exo3-diester derivativéa. The
Mes,P-substituent at carbon atom C5 gives risePaNMR feature af -39.1.



The reaction of thé&a/5b mixture with ditert-butylfumarate took the analogous course. From
the reaction (80 °C, 21 h) we isolated gireduct8b. in 57% yield as a single diastereoisomer.
Its structure was secured by X-ray diffraction @ndetailed NMR analysis (see the Supporting
Information for details).

We tried to use the [4+2]cycloaddition produétand8a,b as precursors for the preparation of
respective P/B FLPs by means of their reaction Wigrs’ borane, but in all these (and a few
related cases that are stated in the Supportirayrivaition) we could not observe clean product
formation. Apparently, the ester functionalitie®yed to be not compatible with the attempted
synthetic scheme. Even the bulleyt-butylesters were not sufficiently inert. Therefonee had

to search for another way of developing a succefgfi2]cycloaddition derived pathway to the

anticipated new norbornane derived P/B FLP systeamiswe found that starting from the Diels-

Alder reactions of theba/5b equilibrium mixture of (dimesitylphosphino)cyclopentadiene

isomers withN-phenylmaleimide.

2.2 Norbornane based P/B FLP systems derived flmrbd/5b Diels-Alder reaction withN-

phenylmaleimide

The reaction of théa/5b mixture with N-phenylmaleimide [16] was carried out at 50 °C in
toluene (18 h reaction time). Workup involving ngstallization from toluene/pentane at -30 °C
gave the crystalline [4+2]cycloaddition prod@cin 54% vyield. It was characterized by C,H,N-
elemental analysis, by spectroscopy and by X-rdfradiion. The X-ray crystal structure
analysis (see Figure 4) shows the newly formed arodne core that has the bulky yes
substituent attached to one olefinic carbon atpRIf““ = 316.6°). The section originating from
the maleimide building block has contributed thér pd sp-hybridized carbon atoms of the
bicyclic framework; the imido functionality is fodnn the bisexcorientation. Its nitrogen atom
N1 is planar-tricoordinate}iN1°““ = 360.0°). The plane of the attached phenyl stlesit is
rotated out of conjugation with the imidesystem (angle between the C8-N1-C9 and the phenyl
plane: 75°).
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Figure 4. Molecular structure of the [4+2]cycloaddition pumtl9 of the 5a/5b mixture with N-
phenylmaleimide (with unsystematical atom numbesogeme). Thermal ellipsoids are set at
30% probability. Selected bond lengths (A) and esg(®): P1-C2 = 1.815(2), P1-C21 =
1.855(2), P1-C31 = 1.848(2), C2-C3 = 1.340(2), NIt& 1.435(2), C2-P1-C21 = 97.8(1), C2-
P1-C31 = 111.6(1), C31-P1-C21 = 107.2(1), C2-C1€g86= 178.7(2), C3-C4-C5-C9 =
-179.6(2), C9-N1-C11-C12 = -75.7(2).



Compound9 is chiral. Consequently, itfH/**C NMR spectra show the signals of pairs of
diastereotopic mesityl substituents at phosphatesmonitored the typical NMR features of the
norbornene core [e.gH (6-H): & 5.38]. The pair obxoattached carbonyl groups showed up in
the *C NMR spectrum of compour@ at$ 175.9 ands 175.3, respectively, and ti& NMR
resonance was located®t38.3. Compoun® was cleanly reduced to the norbornene annulated
pyrrolidine derivativelO by treatment with lithium aluminum hydride. [17}dduct 10 was
isolated in 51% yield. The X-ray crystal structamalysis showed thexoannulated saturated
five-membered heterocycle. Its nitrogen atom iselto planar-tricoordinat®& N1°°© = 355.2°)
and it is int-conjugation with the attached phenyl substitudit-C11: 1.377(4) A, C8-N1-C11-
C12 = 8.1(5)°). The coordination geometry at phasps is trigonal-pyramidal S{P1°“¢ =
317.6°, P1-C2 1.810(3) A) (see Figure 5).
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Figure 5. Molecular structure of compourid (with unsystematical atom numbering scheme).
Thermal ellipsoids are set at 15% probability. Stle bond lengths (A) and angles (°): P1-C2 =
1.810(3), P1-C21 = 1.848(3), P1-C31 = 1.847(3),G32= 1.335(4), N1-C11 = 1.377(4), C2-P1-

C21 =98.8(2), C2-P1-C31 = 111.9(2), C31-P1-C21D%.00(2), C2-C1-C6-C8 = 174.8(2), C3-

C4-C5-C9 =179.1(2), C8-N1-C11-C12 = 8.1(5).

CompoundlO shows the NMR signals of the phenyl group at ggra The pair of endocyclic N-
CH,-groups gives rise to four well-separafétiNMR features. The 7-H/H’ protons show up as
an AX system and we observe the olefinic 6-H NMghal ats 5.54. CompoundO shows &'P
NMR resonance a-37.1.

10



We next treated the pyrrolidino-norbornene derxafi0 with Piers’ borane. The reaction was
carried out in al0 : HB(CsFs), ratio of 1:1. The mixture was kept at 40 °C for HL9n
dichloromethane. The NMR analysis revealed thegmes of a mixture of four components. The
HB(CsFs)2 hydroboration product2 was the major component (64%) followed by its HE®
amine adducl3 (23%), and then there was the simple Lewis phias a very minor component
(3%) plus unreacted starting matetifll (ca. 10%, as judged from tfi#® NMR spectrum of the
mixture). The major product2 shows &P NMR resonance & -24.3 and a broayB NMR
signal atd 75. Its*°F NMR spectrum features a setain,p-CsFs fluorine signals with a large
A619Fm,p chemical shift separation of 11 ppm which is typiéer a Lewis acidic planar-
tricoordinate R-B(@Fs), situation. [18] The minor componeh8 shows two sets dfF NMR
signals as expected, one with a largé"°Fn,, chemical shift separation (11.5 ppm,
tricoordinate -B(GFs)2) and one with a small oneA@lgFm,p = 6.5 ppm, N-coordinated
HB(CsFs),]. The latter one shows 8B NMR resonance in the tetracoordinate boron raatge
o -7.6 (for further details concerning the chardztgion of the compound$2 and 13 see the

Supporting Information).

Compoundl? turned out to be difficult to isolate pure. Singe wanted to use it for metal-free
dihydrogen splitting purposes anyway, we decideditectly react it with dihydrogen from the
mixture. For this purpose we pre-reacted the phaspldO with one molar equivalent of
HB(CsFs): (r.t., 20 h, in dichloromethane) and then expdbedresulting mixture of products to
dihydrogen (2 bar K pressure, r.t.,, 18 h). Layering with heptane (l4dentually gave the
crystalline product4 which we isolated in 64% vyield (see Scheme 5).

Single crystals 014 suited for the X-ray crystal structure analysisevebtained by slow solvent
evaporation from a solution in dichloromethane. f@ecular structure shows the pyrrolidine-
annulated bicyclo[2.2.1]heptane framework. The onarhne carbon atom C2 bears the bulky -
P(H)Mes phosphonium moietyendcattached; the -B(H)(Fs). borate type group is,
consequently, found in thexo-position at carbon atom C3 (see Figure 6). Boghghosphorus
atom P1 YP1°°C = 344.1°) and the boron atom BERI1®“® = 336.9°) show distorted
pseudotetrahedral coordination geometries. We tiatethe amine nitrogen atom N1 shows a
non-planar geometrypIN1°““ = 348.9°), as expected. The phenyl substitueattached at N1
(C8-N1-C11-C16 = 19.0(6)°, the angle between theN@8C9 and phenyl planes is ca. 30°).

11
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Figure 6. Molecular structure of the dihydrogen splittingpguct14. Thermal ellipsoids are set
at 15% probability. Selected bond lengths (A) angles (°): P1-C2 = 1.808(4), P1-C21 =
1.815(4), P1-C31 = 1.806(4), B1-C3 = 1.664(6), B1tG 1.653(6), B1-C51 = 1.645(6), C2-C3
= 1.571(5), N1-C11 = 1.386(6), C2-P1-C21 = 119.9(31-P1-C2 = 113.6(2), C31-P1-C21 =
110.6(2), C41-B1-C3 = 113.0(3), C51-B1-C3 = 111)8(H1-B1-C41 = 112.1(3), C8-N1-C11-
C16 = 19.0(6), C6-C1-C2-P1 = 57.1(4), B1-C3-C4-CA59.5(3).

In solution (CRCl,) compoundl4 shows the typicalH NMR phosphonium [P]-H resonance at
§ 7.31with a largeJey = 468 Hz coupling constant = 7.5 Hz,*'P NMR signal a6 -9.1].
[19] We did not observe thé'B]-H signal in the'H NMR spectrum, but in thé'B NMR
spectrum compound4 featured a doublet & -19.6 with a typical'Jsy = 76 Hz coupling
constant. [20] In addition compouridt shows the typical NMR resonances of the tricyclic
framework and the substituents at nitrogen, phosghand boron (e.g’F NMR: two separate
sets ofo,p,m-CqFs signals of the pair of diastereotopigFe groups on boron with typically small
borate type chemical shift differencesﬁﬁflgFm,p= 2.4 ] 2.7 ppm; see the Supporting Information

about further details of the spectroscopic chareetion of compound4).

12



We have also exposed the HBEg), hydroboration mixture (see Scheme 5) to dideuteriu
under analogous conditions. Workup gave the coomdipg zwitterionic D-
phosphonium/deuterio-borate prodddtD,, which we isolated in 24% as a colorless soligl. It
’H NMR spectrum showed the broad [P]-D doubles &.32 with a'Jsp coupling constant of
72 Hz and a broad unstructured [B]-D signab &6 (the spectrum is depicted in the Supporting

Information).

The reaction of the pyrrolidine-annulated dimegitygsphino-norbornen&0 with two molar
equivalents of Piers’ borane [HB{ks),] proceeded more selectively. In an experiment unde
direct NMR control without workup we obtained corapd 13 as by far the major product. It
shows a pair of'B NMR signals § 75 (broad, tricoordinate (Es).B-Nor; & -7.6 (N-
B(H)(CeFs)2)] and a*'P NMR feature atd -25.9 (for further details see the Supporting
Information). Compoundl3 is rather sensitive and we could not isolate itpure form.
Therefore, we only generated iit situ on a preparative scale and exposed it directly to
dihydrogen atmosphere (2 bar, r.t.). After a fewmunes reaction time at -80 °C colorless crystals
of compoundl5 began to form (see Scheme 6). The crystalline N}&sFs). / phosphonium /
hydridoborate product was isolated in 59% vyieldvds characterized by spectroscopy and by X-

ray diffraction.

HB(CeFs)2 'I'(D) '}B(C6F5)2
H
Mes,P 2HBCoFo)2 (o, ,),m / (cer)zgﬂ@N
] \ AN ‘ “Ph
N~pp PMes Ph H> (2 bar) @ PMes,
H 2 D !
(Do) H(D)
10 13 15/15-D,

Scheme 6. Formation of the FLP derivativd8 and15.

The X-ray crystal structure analysis X shows the HB(gFs). equivalent that is attached at the
pyrrolidine nitrogen atom N1. It is oriented towdhe excface of the adjacent norbornane core
framework. That has the -B(H){Es). unit bonded at the distal end at carbon atom GBaexco

position and the -P(H)Mesinit at C2 in thendgorientation (see Figure 7).

The'H NMR spectrum of the zwitterioh5 shows the typical [P]JH signal atd 7.05 with the
typical “Jpy = 477 Hz coupling constant'®: § -6.9). The H-[B] unit shows a doublet in tH&B
NMR spectrum ab -19.8 with'Jgy = 81 Hz. The analogous reaction of the in situegated

13



compound13 with D, gave the respective produt®-D, (see the Supporting Information for

details of the characterization of compout8snd15-D,).

61
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Figure 7. A view of the molecular structure of the phosphomilhydridoborate compourib.
Thermal ellipsoids are set at 15% probability. Onhe ipso-carbon atoms of the ¢&
substituents on boron and the mesityl groups asgarus are shown for clarity. Selected bond
lengths (A) and angles (°): P1-C2 = 1.825(3), P1-€21.812(3), P1-C31 = 1.808(3), C3-B1 =
1.640(4), B1-C41 = 1.646(4), B1-C51 = 1.647(3),C2= 1.589(4), N1-B2 = 1.672(4), N1-C11
= 1.497(4), C21-P1-C2 = 118.7(2), C31-P1-C2 = 1(¥,9C31-P1-C21 = 112.1(2), C3-B1-C41
= 110.7(2), C3-B1-C51 = 114.6(2), C41-B1-C51 = 0(8), C6-C1-C2-P1 = -64.9(3), B1-C3-
C4-C5 = 160.8(2).

2.3 Catalytic hydrogenation

We tried to employ both the zwitterionic; lctivation productd4 and 15 as catalysts for the
hydrogenation of the typical “FLP-hydrogenation stltes”N-tert-butyl acetophenone imine
and the enamine pyrrolidinocyclohexene. [5,6a] Haeveboth were not hydrogenated under the
typical conditions in the presence of 10 mol%1ldfor 15. In contrast, the conjugated enone
chalcone 16a) was hydrogenated to the respective saturatech&éfta at r.t. (2 bar, 1 h) with
10-20 mol% of the catalysic (see Scheme 7, see the Supporting Informatiomidtails). The

respective reaction withfyave the produd7a-D,.
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15 (20 mol%) 0

)
}Ph Hj (2 bar) [D,] (D)H;_z—Ph
= t,1h H
PH ! PR H(D)

16a 17a [17a-D,]

Scheme 7. Catalytic hydrogenation of chalconksg) using catalysi5.

A close inspection of this reaction revealed thaxhibited an unexpected effect. We observed
that adding an excess of chalcoféa) to the pale yellow solution of compoud8 resulted in
the formation of a deep red solution within a perad ca. 30 min. Application of dihydrogen
then resulted in a hydrogenation reaction to dieWe also treated compoufd with chalcone
but found no color change. Addition of HBE#s), resulted in the formation of a red solution;
subsequent exposure tg tthen resulted in hydrogenation and formatiorlafWe carried out a
number of control experiments (see the Supportimigrination for details) but could not
elucidate the very nature of the actual hydrogenattatalyst in these systems. In these
experiments we found that B{&)s served as an activating co-catalyst in these enone
hydrogenation reactions, even better than the HBjeoriginally present. Therefore, we carried
out the catalytic hydrogenations of a variety ofrees with 20 mol% of the catalyss combined
with 5 mol% of the co-catalyst B¢Es)s [r.t., 2 bar of dihydrogen]. In all cases a prévetion
period of the respective catalyst/co-catalyst/sabst mixture of 30 min in the absence of
dihydrogen was allowed. The reactions were perfdrmezDg and the progress of the catalytic
hydrogenations was directly followed B NMR spectroscopy. Most catalytic hydrogenation
reactions of the substraté6a-l shown in Scheme 8 proceeded rather cleanly andriuestly
gave a complete conversion to the respective hyhatipn productd7a-l after some time
(some with minor impurities), but the reaction sat@ried markedly between substrates. This is
shown in Table 1 which gives e.g. the times neddedchieve 50% conversion under these

typical catalytic hydrogenation processes.
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Scheme 8. Substrates employed in the hydrogenation reacwih the pre-activated FLP
catalyst derived from5/B(CgFs)s. Achieved conversions are given in parenthesegtsmined

by 'H-NMR spectroscopy.

The results listed in Table 1 show that 1568(CgFs); derived system is one of the few presently
known metal-free FLP catalysts for the hydrogematibthesen,f-unsaturated ketone substrates.
[8,9] The overall observations made are consistétit the assumption that hydride transfer
from the active catalyst is probably the decisitepsn these processes. Consequently, there are
electronic features in addition to some steric tram#ts that become apparent from the data
compiled in Table 1. Chalcone itself and chalcahes bear electron withdrawing substituents at
their aryl groups are the most active substratlEeti®&n donating substituents at the aryl groups
lead to reduced hydrogenation rates, as is theepeesof the electron-donating, bulkgu-
substituent at the C=C double bond. (+)-Carvoneliesh the first enone that was hydrogenated

at an FLP catalyst, [8] it is also reduced at oystem with moderate reaction rates.
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Vinylferrocene is a reactive substrate that showsugorisingly high reactivity under our
conditions. [21]

Table 1. Reaction times necessary for achieving a) 50% ar&@0% product conversion for the
catalytic hydrogenation reactions of the chalcoares related AICH=CHCOAF substrated6a-
k at thel5 (20 mol%) / B(GFs)s (5 mol%) catalyst at r.t. (2 bar,Hn CsDs solution)?

L X _ _ complete’
Ar Ar t[min] 50% t [min] 80% )
[min]
16a Ph Ph 40 80 n. 4.
169 CICgH4 Ph 30 83 180
16¢ Napht Ph 40 g7 115
16b FaCCsH4 Ph 47 110 205
16h CICgH, CICgH4 30 148 195
16f (CH,0,)CeH3 Ph 190 302 1210
16d HsCOGsH4 Ph 195 270 370
16e Ph HCOGsH,4 1340 2920 n. d.
16k ‘Bu Ph 1190 1675 2630
16j Vinylferrocene 88 155 215
16i (+)-Carvone 210 766 1200

a: After a catalyst pre-formation time of 30 mintire absence of #4conversion determined by
'H NMR spectroscopy, b: interpolated, ¢: time aftéich complete conversion was confirmed,
d: not determined

3. Conclusions

We had previously shown that the norbornane basaegpound4 is a very active P/B frustrated
Lewis pair. It undergoes interesting FLP reacticer®ong them some unusual reactions with
carbon monoxide, and it is an active dihydrogeiittspgl reagent. Unfortunately, the systéns

not convenient to synthesize, so we looked for lsrraative. We actually could prepare the
direct starting material fof, namely the phosphanyl norborneéhdy the Diels-Alder route as

planned, but only in a very low yield. After someasch a solution seemed to be the use of the
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easily available Diels-Alder adduct of the phospharcyclopentadienes2 with N-
phenylphthalimide. Its subsequent conversion ewadytuesulted in the formation of the active
FLP systemd?2 and13 and their dihydrogen splitting productd and15. Our study revealed
that the reactivity of these systems was quiteetgffit from that oft and its dihydrogen splitting

product.

We used the new systems for catalytic hydrogenaifachalcone derivatives. At the beginning
of our study we found a puzzlingly poor reproduldpiin our FLP induced hydrogenation
reactions. Conversions seemed to vary substantighout apparent reason. This resulted in the
observation of the appearance of some deeply ablaseyet unknown species during the pre-
generation phase of the actual hydrogenation ctatythe presence of the respective enone
substrate but in the absence of additional dihyeimodror most systems a 30 min pre-reaction
time was optimal; shorter or longer times resuitetkss active catalysts. We tried hard but were
not able to elucidate the very nature of the actiaalyst systems so far, and also the specific
role of the B(GFs)3 co-catalyst remained in the dark beyond speculatide found that related
boranes [HB(@Fs), or EtB(GFs), [10b] could also serve as co-catalysts, but mdykésss
effectively. It should be noted that except (+)voae it is the mentioned family of chalcone
derivatives and a few selected additional compouthddé seem to play a specific role as
substrates in the FLP reduction of conjugated enoméeheir saturated ketone derivatives. That
was nota priori easy to interpret in view of an assumed generdtitly borate attack at the
enone electrophile, but our observations of a pbsgarticipation of these enones in the actual
generation of the active catalyst species mighhe,gdly direct us toward a future understanding
of the actual catalyst composition in these proegssd, consequently, in a design of general

active FLP catalysts for the hydrogenatiormpff-unsaturated carbonyl compounds.

4. Experimental

4.1 General

All syntheses involving air- and moisture-sensito@nmpounds were carried out with standard
Schlenk-type glassware or in a glove box undertanosphere of argon. Solvents were dried and
stored under argon. NMR scale gas reactions wereedaut in J-Young NMR tubes. Elemental

analyses were performed onEéementar Vario El Il IR spectra were recorded onvarian
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2100 FT-IR (Excalibur Series). Melting points wetgained with a DSC Q20'A Instruments

B(CsFs)3 was obtained from Boulder Scientific Co.

4.2 Syntheses

See the Supporting Information for spectroscopia @& the newly prepared compounds and the

experimental details on compouriland8.

4.2.1 Synthesis of compoud{il 3]

A solution of dimesitylchlorophosphane (3.126 g,260mmol) in THF (50 mL), was cooled
to -78 °C and subsequently a solution of cyclopdietay! lithium (0.739 g, 10.26 mmol) in THF
(50 mL) was added dropwise over a period of 2 he Tésulting pale yellow solution was
allowed to warm to room temperature and the solwa®t removed in vacuo. After storage of the
residue at -30 °C overnight, it was suspended luretee (50 mL) and filtered through a plug of
Celite. The obtained yellow solution was cooleda® °C and n-butyl lithium (1.6 M in hexanes,
6.5 mL, 10.4 mmol) was added dropwise. After stgrfor 10 min at -78 °C the reaction mixture
was allowed to warm to room temperature, leadinth&precipitation of a yellow solid. The
suspension was concentrated in vacuo to approxdynafemL, pentane (50 mL) was added and
the suspension cooled to -30 °C. After 6 d theoyelprecipitate was collected on a glass frit,
washed with pentane (3 x 10 mL) and dried in va€mmpound6 (2.016 g, 5.92 mmol, 60%)
was obtained as a pale yellow solid. Ar@alc. for GsHqeliP: C, 81.16; H, 7.70. Found: C,
80.76; H, 7.63

4.2.2 Synthesis of compousd

A solution of compound (0.657 g, 1.93 mmol) in THF (20 mL) was cooled2d °C and HCI
(2 M in EtO, 1.0 mL, 2.0 mmol) was added in one portion. Aftiirring for 5 min at -94 °C the
reaction mixture was allowed to warm to room terapge and the solvent was removied
vacua The residue was then re-suspended and dried agapentane (20 mL) and then
dichloromethane (20 mL), respectively. After sugpeg in pentane (20 mL) it was filtered
through a plug of Celite and the solvent remoire¢acuo Compounds (0.520 g, 1.55 mmol,
80%) was obtained as a yellow powder, which coetifi3% {'P-NMR) of a side product.
Anal. Calc. forC,3H»7P: C, 82.60; H, 8.14. Found: C, 82.24; H, 8.20.
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4.2.3 Synthesis of compound

Compound5 (0.3004 g, 0.90 mmol) was dissolved in toluenen(§ and dimethyl maleate
(0.155 g, 1.08 mmol) was added. After heating t0 A0 for 23 h the solvent was removied
vacuoand a brown oily residue was obtained. NMR-analgéithe crude product suggested full
conversion. The crude product was purified by caluchromatography (silica; 30 x 2.5 cm,
n-pentane : ethylacetate = 5:1) and compodn@®.173 g, 0.36 mmol, 40%;:R= 0.79) was
obtained as a colorless solid. Anal. Calc. fegH3s04P: C, 72.78; H, 7.37. Found: C, 72.70; H,
7.11.

4.2.4 Synthesis of compouad

N-phenylmaleimide (0.1033 g, 0.60 mmol) was addea ®olution of compoun8 (0.1998 g,
0.60 mmol) in toluene (2 mL) and the yellow solatikept at 50 °C for 18 h. After removal of
the solvenin vacuothe residue was re-dissolved in dichloromethanal(? and pentane (5 mL)
and the solvent removed again. The resulting yeolid was dissolved in toluene, pentane was
added and the solution cooled to -30 °C overnighe formed colorless crystals were separated
from the solution, washed with pentane and driemm@ound9 (0.166 g, 0.33 mmol, 54%) was
obtained as a colorless crystalline solid. Elemeaatalysis: Calc. for &H3sNO,P: C, 78.08; H,
6.75; N, 2.76. Found: C, 77.86; H, 6.61; N, 2.83.

4.2.5 Synthesis of compoui@
Lithium aluminum hydride (0.243 g, 6.4 mmol) waslad to compoun@® (0.325 g, 0.64 mmol)

in THF (5 mL) and the grey suspension stirred atrrdemperature overnight. After addition of
water (3 mL) the solvent was removiedvacuoand the residue suspended in dichloromethane
(20 mL). The solid was filtered off and the solvertthe supernatant solution was remowed
vacuo NMR-analysis of the brown residue suggested ftionaof a side product. Additional
lithium aluminum hydride (0.093 g, 2.5 mmol) waslad and suspended in THF (10 mL). After
heating to 60 °C for 25 h water (1 mL) was added at volatiles removedn vacuo The
residue was then suspended in dichloromethane (§0amd dried over sodium sulfate. After
filtration and removal of the solvent, compout@(0.159 g, 0.33 mmol, 51%) was obtained as a
pale yellow solid. Anal. Calc. for £H3gNP: C, 82.64; H, 7.99; N, 2.92. Found: C, 81.56; H,
8.24; N, 2.81.
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4.2.6In situgeneration of compouris8.

Compoundl0 (0.0240 g, 0.05 mmol) was dissolved in £ (~0.7 mL) and the solution added
to HB(GsFs)2 (0.0346 g, 0.10 mmol) which gave a bright yelloslution. Compoundl3 was
characterized by NMR spectroscopy (see the Sumgpiniformation).

4.2.7 Synthesis of compouid
In a J-Young NMR tube compoundi0 (0.048 g, 0.10 mmol) and HB{Es), (0.0346 g,

0.10 mmol) were dissolved in GO, (0.7 mL) and the yellow solution kept at room temgture

for 20 h. After NMR measurements, the solution wasled to -78 °C and the atmosphere
removed. Dihydrogen (2 bar) was applied and thepgamarmed to room temperature, leading
to a slow fading of the yellow color. The samplesvghaken at room temperature for 18 h and
then layered with approximately the same volumendfeptane. After 14 d the colorless,
microcrystalline solid was collected by filtratiand washed witm-pentane. Compound4
(0.053 g, 0.064 mmol, 64%) was obtained as a @dersolid. Anal. Calc. for &H4:BFioNP: C,
65.31; H, 4.99; N, 1.69. Found: C, 62.90; H, 41§71.64.

4.2.8 Synthesis of compouifs
Compoundl10 (0.0480 g, 0.10 mmol) and HB{E). (0.0692 g, 0.20 mmol) were dissolved in

CD,Cl, (~0.7 mL) and the yellow solution cooled to -8Q AGter removal of the atmosphere,
dihydrogen (2 bar) was applied. After several masutolorless crystals formed, which were
suitable for X-ray crystal structure analysis. Térystals were collected and washed with
pentane. Compourith (0.070 g, 0.060 mmol, 59%) was obtained as caerteystals.

4.3 Catalytic hydrogenation
General procedure: In a J-Young NMR tube subst(até0 mmol), catalyst precursd
(23.5 mg, 0.02 mmol) and B{Es)s (2.6 mg, 0.005 mmol) were dissolved iRDg (0.7 mL).

After 30 min the atmosphere was removed, dihydro@¢2tar) applied and the reaction

monitored by'H-NMR spectroscopy. Conversion was determined ftben'H-NMR spectra.
(see the Supporting Information for control expenms and spectroscopic data of hydrogenation
productsl7a-l)
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Supporting Infor mation

Contains experimental data and details about tharacterizationof the compounds by

spectroscopy and X-ray crystal structure analysis.
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The [4+2]-cycloaddition reaction of the (dimesitytsphino)cyclopentadiené&s,b with N-
phenylmaleimide gave the norbornene derivalivitss reduction with LiAIH produced the\-
phenylpyrrolidino-annulated systet. Treatment with Piers’ borane gave the respe@ige
FLP 12 as the major product, which cleaved dihydrogeneumdild conditions to yield the
phosphonium/hydrido borate produet. Reaction of the phosphino-norbornetewith two
molar equiv. of Piers’ borane [HB{E:s),] followed by exposure to dihydrogen eventually
gave the HB(GFs), adductl5. This served as a catalyst for the hydrogenatioa series of
chalcone derivatives. The system requires a pieadicin period before becoming active for

the conjugated enone hydrogenation.



