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ABSTRACT: We report intermolecular transition metal frustrated Lewis pairs (FLPs) based on ziremogexide and
phosphine moieties that exhibit a broad range of small molecule activation chemistrgstipagviously been the preserve of

only intramolecular pairs. Reactions with,BCOp, THF, and PhCCH are reported. By contrast with previous intramolecular
examples, these systems allow facile access to a variety of steric and electronic characténistiosvas acidic and Lewis
basic components, with the three-step syntheses of 10 new intermolecular transttbri-LPs being reported. Systematic
variation to the phosphine Lewis base is used to unravel steric considenaitbrtfie surprising conclusion that phosptine
with relatively small Tolman steric parameters not only give highly reactive BuPsre often seen to have the highest
selectivity for the desired product. DOSY NMR spectroscopic studies on these systems relieéiréd time the nature of the
Lewis acid/ Lewis base interactions in transition metal FLPs of this type.

1. INTRODUCTION catalytic hydrogenation reactions. Intermolecular main

Frustrated Lewis pairs (FLPs) have proved to be a powerful9r0UP FLP systems are ubiquitous despite the obvious

new concept in small molecule activation and catalysis. By €Ntropic disadvantages of this approach. =
controlling the steric and electronic architecture of certain We, and others, have extended FLP chemistry to transition
combinations of Lewis acids and bases to preclude themetals in the hope that combining the powerful small molecule
formation of a classical Lewis adduct, a high latent activation chemistry of FLPs with the well-known suite of

reactivity is imparted on the systélrr‘[his donoracceptor catalytically relevant reactions of transition metals could lead to

ability is reminiscent of transition metal chemistry, and the Y&t more new Chem'St&M“Ch_ of our initial focus has been on
ability of main group FLP systems to mimic reactivity intramolecular systems in which tliieorinated borane fragment
normally associated with transition metals has been one ofiS replaced by an electrophilic group 4 metalloceRgure 1

the remarkable features of this area. Initial investigations A-C). The chemistry of these cationic zirconocene
focused on the use of phosphiberane FLPs and their Phosphinoaryloxide complexes in general mirrors main group
ability to heterolytically cleave dihydrogen and facilitate systems (activation of #1 COz, THF), but also demonstrates

hydrogenation reactior‘?s,in addition to the binding and  reactivity that is either unique or rarely observed in main group

activation of carbon dioxide (C@S Subsequently, it was systems, such as—-Cl and G-F bond cleavage, and catalytic

shown that main group FLPs are also able to mediate adehydrocoupling of amine-borantl. Other related  intra-

wider range of transformations, such as 1,2-addition to molecular zirconocene-phosphine systems have also been reported
4 . : : by Erker et al. Figure 1 D and E). These compounds are

allgr;ﬁzeagglggﬁorrl]n%foir;:taenrl_ngr?g ?r}]/tilalfni?gilsér main group accessed through 1,1- or 1,2-carbozirconation reactions ofeslkyn

FLPs based on diverse Lewis acid and base groups has nowp the zirconium(lV) cation [CpZrCHg|[B(CeFs)4]. As with our

been reporte878 These pairs are able to mediate the intramolecular systems, these Zr/P pairs react with

heterolytic cleavage of 1 COp and isocyanate sequestration
and deprotonation or 1,2 addition to terminal alkynes. Recent
reports have a]Iso shown the utility of main group FLPs in
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Figure 1. Intramolecular Zr/P FLPs developed by our group

(A-C) and Erker et al. (D, E). In all cases, the [6/6)4]
counterion is omitted for clarity.

bearing Cp ligands was accessed through preparation of
[Cp2zr(Me)OMes] ¢OMes = 2,4,6-trimethylphenoxide) by

a modified literature procedur]é4. Subsequent methyl abstrac-
tion using [CPB][B(CeF5)4] in a noncoordinating (PhCI)
solvent gave [CgZrOMes][B(CsFs)4] (1) in 94% vyield. The
Cp* analogue was synthesized by an alternative route, as
protonolysis of a methyl group from €@ZrMe2 by 2,4,6-
trimethylphenol (MesOH) was found to be extremely sluggish
(60% vyield after >10 days, 2T, hexane). [CfpZrOMes][B-
(CeFs)4] (2) was therefore accessed by initial methyl
abstraction from CpZrMe2 using [CPR][B(CeF5)4] prior to
protonolysis of the remaining methyl group using MesOH

(Scheme R This modiication df orded the desired complex in
85% vyield over two steps in minutes.

a multitude of small molecules (CO, CO, H, N O PhC(H)O,
-222ByN C 0, s Mes, and
PhN S 0)?
In stark contrast to the wide, varied and selective reactivity

of these intramolecular FLPs, transformations mediated by

intermolecular Zr/P FLPs are extremely limited. There are only

two examples reported to date with the substrates employed©rzZMe:

limited to relatively reactive molecules containing highly

polarized C O or NO bonds (example iﬁ;chemel).13 This
very narrow reactivity is doubly disappointing in that

Scheme 1. Reactivity of an Intermolecular Zr/P FLP with
N20

0O N

N»O Tl
[CP*ZrOMe]* + BuP —————= Cp*Zr N PtBu,
E PhBr, 12 h OMe

intermolecular systemsff@r the potential for more faciléne-
tuning of electronic and steric parameters, for example, by using
the wide range of commercially available phosphines, compared
to the synthetically more challenging intramolecular analogues.

Scheme 3. Synthesis of Zr(IV) Cations 1 afid 2
[CPhSIIB(CF skl

PhCI
<1 min, 20 °C
- MeCPhg

MesOH

CpyZrMe CpaZr(Me)OMes [Cp2ZrOMes][B(CsFs)4]

1-94%

2 Hexane

30 min, 20 °C
- CHy

MesOH

Hexans
<1 min, 20 °C
-CHy

[CPh3][B(CgFs)al

PhCI
<1 min, 20 °C
- MeCPh,

[Cp*2ZrMe][B(CsFs)sl

[Cp*5ZrOMes][B(CeF sl
2-85%

Isolated yields are shown where applicable.

The molecular structure of Zr(IV) cations 1 and 2 are shown
in Figure 2 Complex 1 is stabilized by solvent coordination
(chlorobenzene) in the solid state causing a slight bending of
the Zr-O1-Mes bond angle (153.2(3) This is contrary to
species 2, which exhibits an essentially linear-Z¥1-Mes
angle (176.7(2) indicative of multiple Z+O bonding.
Solvent coordination in 2 is presumably precluded by the
additional steric bulk fiorded by the Cpligand. In 2, unlike
in previously structurally characterized examples of cationic
Zr— aryloxide complexes, there is no evidence of an agostic

Certainly, an intermolecular system faces a more severeinteraction between thertho-alkyl group and the electron

entropic challenge compared to its intramolecular analogue in
bringing together three molecules. But the literature
concerning main group FLPs is dominated by intermolecular

deficient zirconiumt>

2.2. Reaction with Phosphines: Generation of Frus-trated
Lewis Pairs (FLPs). Taking our inspiration from maimgroup

systems, suggesting this should not be a fundamental impasseystems and our previous intramolecular examples, initial

Removal of the 1,2-aryl tether in our existing complexes
(A-C) is an obvious way to design an intermolecular
zirconocene aryloxidephosphine FLP which could unlock
this greater freedom in terms of tuning the steric and electronic
properties of both the Lewis acidic electrophilic transition
metal center and Lewis basgcheme 2

2. RESULTS AND DISCUSSION

2.1. Synthesis of Cationic Zirconocene Aryloxide
Lewis Acids. The required cationic Zr(IV) fragments shown
in Scheme 2vere synthesized via two routes. The complex

Scheme 2. Removal of the Aryl Tether to Give an
Intermolecular FLP

[B(CgFs)al
/o _ [(CpRQ)ZrOAr][B(CGFs).,] + PR3
v
|
(CpRZr-==rene- PR
R=MeorH R=MeorH

Intramolecular Intermolecular

attempts to generate an FLP system from 1 and 2 were made by
addition of the bulky phosphinéElms. However, this always

Figure 2. Molecular structure df and 2 as determined by single
crystal X-ray difraction. Thermal ellipsoids are drawn at the 50%
probability level. Hydrogens, [B@Fs)4]~ counterion, and PhCI
solvent of crystallization are omitted for clari§elected bond lengths
(A) and angles (deg): 1: Z+D1 1.935(2), ZriCl1 2.6630(8),
Zrl- CI1-C11 120.7(1), Zr3O1-Mes 153.2(2), CpZr-Cp
130.2(6). 2: Zr£O1 1.937(2), OtMes 1.368(4), ZrtO1-Mes
176.7(2), Cp— Zr-Cp* 138.7(6).



resulted in an uncharactenzable mixture of roducts including examE)Ie the values @ for the separate components are 8.6

appreciable amounts of [MBU3][B(CeFs)a] (PP NMR & = x 1079 m” s (2) and 19.5¢ 10 mzs (PEB), but upon
59.1 ppm) which precluded further clean reactivity. By comblnatlon these shift to 8:010 *°m? s™ (2) and 16.5
contrast, addition of an equimolar amount of a less basic andig™0 n? 7% (PEg, (b)). This suggests again that a dynami

less sterically hindered phosphine (BQg), PES (b), PPl equilibrium may be present with encounter complexes forming
(c), PMesg (d), and P(@F5)3 (e)) to 1 and 2 in chlorobenzene and separating in solution. In this case, however, the increased
solution resulted in clean conversion to new species. steric bulk of the Cpligands means that a classical metal

In this case®P NMR spectroscopy is a useful probe for the phosphine bond cannot form; therefore, the dynamic
nature of the ZP interaction, formation a ZP bond resulting in equilibrium must arise from other weaker secondary

a large dowfield shift (Table ). In the case of 1, it interactions perhaps between the ancillary ligands. In
conclusion, the DOSY study does indicate some degree of
Table 1.3 NMR Chemical Shifts of Phosphineseaand preorganization of the FLP prior to further reactions.
Lewis Pair Species ta& Correlated with the Relevant 2.3. Reactivity of Pairs with Dihydrogen (D2). The
Tolman Steric Parameter)( heteroI?/tic cleavage of His perhaps the most typical
example of small molecule activation mediated by FLPs
PR3 31p NMR,8/ppm zr/P 3P NMR,8/ppm 6/ and was a logical starting point here. For expefimental
PCys (a) 8.8 la 23.8 170 expedience, B was used in place of Hto allow more
PER (b) -19.2 1b 8.1 132 precise monitoring b§H NMR spectroscopy.
PPH3 (c) -5.0 1lc 212 145 When PhCI solutions ofa-e were pressurized with 1 bap D
PMes; (d) -36.5 d -36.5 212 no reaction was observeSdgheme % This is consistent with
P(CeFs)3 (€) -75.5 le -75.5 184

Scheme 4. Reactivity of FLP Systems-&aand 2ae with
was found that upon addition of P& YE®S, and PPB, a ZrP lbarD

interaction was formed witha, 1b, and1c all exhibiting large 1 bar Dy

dowrfield shifts in t_hei|31P NMR resonances, when compared ~ [Op2rOMeslB(CeFskl /PR ™ [CpoZr(D)OMes] + [D-PRAIB(CeFs)d
to the free phosphine. The systems containing the gore DUIKY i e me s T i <30

PMes and P(GFs)3, 1d andle show no change in th

NMR chemical shift, suggestive of the absence of 8PZr (Cp*ZrOMes]B(CoFs)al / P]%ﬁn— [Cp*,Zr(D)OMes] + [D-PRI[B(CeFs)i]
interaction. In contrast, none of the systems with the z.r-cy 2br=Et2cR=Ph, e R=Cyor Et

bulkier Cpr complex 2 2a—e) show evidence of a ZP 2d R=Mes. 2R = GaFs

interaction in solution. This pattern is in good agreement
with the Tolman steric parameters of the phosphines as

shown inTable 11° only the less bulky phosphines (with previous work where intramolecular 2 FLP systems
the less bulky zirconocenk) possess a ZP interaction. bearing the Cp ligand set showed no reaction withukider
The less basic nature of tiieoroaryl substituted phosphine  similar conditions. Previous work has indicated the necessity
is also likely to be aimportant electronic consideration. for at least one Cpligand to achieve heterolytic hydrogen
A DOSY (Diffusion-Ordered SpectroscopY) NMR study was cleavage, attributed to the more electron rich ligand facilitating
undertaken to detect potential secondary interactions presentransient binding of bl to the Zr metal center and allowing
between the Lewis acid and Lewis base, but also to further deprotonation of this now more acidic species by the internal

explore the nature of the interaction presenflanc. A similar phosphine base. Consistent with this previous observatn,
study has been carried out on main group/BfsFs)3 (R =By and2b both showed an instantaneous reactions with 1 bar D
and Mes) FLPs cditming secondary interactions apresent In the case oRa a new species is observed %{P NMR
between thdluorines on the B(6F5)3 and the protons on RR’ spectroscopy J = 33.7 ppm, Ypp = 67 Hz) displaying a
Our study shows that ida—c the interaction observed Eg}p characteristic 1:1:1 spllttlng pattern indicative of the formation
NMR spectroscopy is in fact dynamic and not a persisteAPZr of a P-D bond. The ’H NMR spectrum cairms  this
bond. For example, under our conditions assignment, with a doubleb = 4.25 ppm,1Jpp = 67 Hz)
(0.06 mol dm”, ds- PhBr)i 1 was found to possess dfdsion corresponding to the phosphonium deuteron and a sharp
codficient D) of 6.0 10 m st and for PE$ (b) a value of singlet ® = 5.96 ppm) assigned as the —-deuteride.
D=195x 109 m?s 1 Upon combination oflL with 1 Treatment of2b with 1 bar @ results in a similar dovfield

equiv of PEg to form1b, the values oD obtained for the two  shift in the 3P NMR spectrum to give a 1:1:1 triplet again

components were found to be %30 0m2 gt (1) and 7.3 symptomatic of a D bond § = 21.1 ppm,lJpD = 67 Hz).
1071% m? 1 (PEB). The smaller dfusion coficients in both ~ Species2c—e display no reactivity under the same conditions,
with the lower basicity of these aryl-substituted phosphines

cases indicate an interaction in solution consistent Wltﬁ]ﬂﬁe being our working hypothesis for this observation.

NMR spectrum, however if the interaction was a persistent Zr ;
P bondp the values of D for the two componerﬁ)ts should beclégvgneatig]g}oao [:E)iroté%léf;gbg:g(érr\]aenlssrglu?ifor'[]heofhygro\g,gvzr;
equal. The nature of the interaction is therefore dynamic, with 9 ) ' . .
the equilibrium positioned toward thound pair.” Similar ~ Pressurized with Band cooled to-35 °C, at which point no
observations were made in the casd@find1c (data in the evidence for a ZD2 complex was evident. Thedadings
Supporting Informatio) suggest a mechanism akin to that proposed by computational
For FLP systemdd-e and2a-e, data obtained from DOSY  studies carried out on main-group FLP systems, in particular
experiments again shows the two components possessmgPtBung(Cer)g In this case, it is proposed that preorganiza-
smaller dffusion coéficients when in combination than when tion of the FLP occurs prior to activation of the.Hhis is
measured separatellyiures S15S31). Taking2b as an corroborated by our DOSY data discussed above which



indicates the presence of transient encounter complexes in
solution.

2.4. Reactivity of Pairs with Carbon Dioxide (CO2). A
range of main group and transition metal-based FLPs have

shown the ability to sequester 60°78 The pairsla—e and
2a-e were treated with C®by pressurizing chlorobenzene
solutions of the species with 1 bar £QJpon pressurizing
with COp, systemsla and1b showed quantitative conversion
to new species assigned as thexG@tivation product b)?lP

NMR spectroscopy (D = 27.9 ppm, 40 = 28.0 ppm).
Compound1lc was found to yield two new species upon

treatment with 1 bar COwith >'P NMR chemical shifts of 5.4
and 19.9 ppm, however tHeC NMR spectrum showed no  Figure 3. Molecular structure 6fas determined by single crystal
evidence of the carbonyl carbohd and1e were found to be  X-ray diffraction. Thermal ellipsoids are drawn at the 50%
inactive in the activation of C&(Scheme h probability level. Hydrogens and the [Bff5)4]  counterion are
omitted for clarity. Selected bond lengths (A) and angles (deg):

Scheme 5. Reactivity of FLP Systems-@and 2ae with Zr1-01 1.962(2), Zr+02 2.184(2), O2C30 1.278(4), O3C30
1.220(4), C36P1 1.865(3), O2C30-03 129.5(3), O3C30-P1

1 bar CQ 112.7(2), 0O2C30-P1 117.8(2), Zrt01-C21 174.5(2),
i PR, [B(C4Fs)i] Zr1-02-C30 129.1(2).
1 bar CO, o)

[Cp2ZrOMes][B(CeFs)a] // PRy 64" /%0 L . .
iaTi= By, IR =B Ao R=p; 20 SrEna 1 min Cra2l < character. This is further reinforced by the only slightly
1d R = Mes, 1e R = C¢Fs Q longer C36-02 bond length (1.278(4) A) when compared

L to the C36-:03 double bond (1.220(4) A).
B)R=Cy (4)R=Et 2.5. Reactivity of Pairs with Tetrahydrofuran (THF).
Treatment of chlorobenzene solutionslaf-c with an excess of
i PR, [B(CsFs)] THF results in an immediate color change from orange to yellow
1 bar CO, o and concomitant dissociation of the bound phosphine to yield

[Cp*3ZrOMes][B(CgFs)y] / PRy ——————— = | . 7 4,0 .
28R =Cy, 2b R =1, 26 R = ph, 20 C: PhCl. <1 min Cp zZr\O ; what is proposed to be [@0r(THF)OMes][B(GsF5)4]. 1a reacts
2d R=Mes; 20 Ri= Gy ; further to give gquantitative conversion Tawithin 16h (31P NMR

0 = 38.4 ppm),1b undergoes a somewhat more rapid reaction to
yield a species with a similatP NMR shift elP NMRd = 31.5
ppm) after 30 min assigned asI& shows no reaction at room
2a and 2b also react rapidly and quantitatively with 1 bar temperature; however, upon heating to 80 for 6h full
CO2 giving rise to new species observed in #® NMR conversion tdd is observed bf’ P NMR spectroscopyq = 23.4
spectrum ad = 24.9 ppm (5) and= 24.1 ppm (6). As with ppm). As with B and CQ, 1d and1e show no further reaction
1c-e, 2c gives a mixture of products when treated witlp,CO With THF despite heating at 8C for 16 h Gcheme §
with no carbonyl peak visible in tHeC NMR spectrum, and
2d and 2e display no reactivitgtheme % It surprised us to ~ Scheme 6. Reactivity of FLP Systems-éand 2ae with

some extent that the cleanest results were obtained véth th THF
relatively nonbulky alkyl phosphines a and b, even in the cases -

(5)R=Cy (B)R=Et

under the reaction conditions. The monik&ooperative G =
(T)R=Cy (8)R=Et (9)R=Ph

where a Z£P interaction is observedd and1b); this echoes (\ Pieared
more recent results with main group FLPs where a truly (cp,zromesiB(CsFs)il # PRy +— P PR,
“frustrated system has been shown to be unnecessary so longiar=cy, R=Et 1cR=Ph, 1a.20°C, - szz’\o
as the Lewis acid and base can act in a cooperative fashion'®=Mes. 1eR=CFs jb- 25 Mg p

(

Lewis Pair§ would seem to be increasingly appropriate. This

also corroborates the DOSY study bmand1b, which found r B(CeFed
that the Z+P interaction is dynamic and a small amount of TaE (\
. . . [Cp*,ZrOMes][B(CgFs)) /| PRy —————————= 2 PRy
unbound Zr and PRare present in solution. It is thoughtto be o o o 0 oeropn 2a_20§‘gc'mday5 oozt
these species that react to form the desired products. 2d R = Mes, 2e R = CgF5 ' 2b-20 "8’, 3 days OQ
. . . . C - °C,

Crystallization under 1 bar CQllows isolation of X-ray L J

quality crystals of 6 in low (<5%) isolated yie]ta.The (1) R=Cy (1R =Et (12)R=Ph

molecular structure of 6 is shownHngure 3

The solid state structure of 6 shows a slight lengthening of
the Zrt-02 bond length in comparison with 2 (1.962(2)A vs  To further probe the mechanism of this reaction, postulated
1.937(2)A) indicative of a slight loss of the multiple bon  intermediate [CpZr(THF)OMes][B(GsF5)4] (1-THF) has
character due to coordination of an additional ligand at the peen synthesized and isolated by reaction of 1 with THF, the
electron décient Zr center. As expected, C30 appears to be molecular structure of which is shownFigure 4
tending toward s?pin character with values of 112.7{2and In comparison to 11-THF shows a greater degree of
117.8(2Y for the O3-C30-P1 and O2C30-P1 angles, bending of the Zr1O1-Mes bond (139.8(8)vs 153.2(2)) in
respectively, but a sigiicantly larger angle (129.5(3) addition to a lengthening of the 201 bond (1.972(1) A vs
between O2C30-03 indicates that C30 retains some sp 1.935(2) A) due to the coordination of a more donating



appears to be locked in conformation, with free rotation about
the Zrt-0O1-Mes axis precluded by the additional steric bulk.

This is evidenced by theH NMR spectra for the two species,
wherein 1-THF is seen to possess two equivabetito-CH3
groups & = 1.84 ppm (broad)), however, in 2-THF, these
become inequivalend(= 1.79 and 1.88 ppm).

The solid-state structure of 2-THF also shows a
significant bending of the ZrlO1-Mes bond when
compared to 2 (153.6(1) vs 176.7(2)). This is
Figure 4. Molecular structures of 1-THF as determhify single apcqmpanied by an extension of the Dl b-on-d upon
crystal X-ray difraction. Thermal ellipsoids are drawn at the 50% bmd'n.g Qf THF (1'937.(.2) to 1'984(1.) A) again indicating
probability level. Disorder around the THF ligahydrogens, and the  that binding of an additional donor ligand to the Zr center

[B(C6Fs5)4] ~ counterion are omitted for clarity. Selected btenjths reduces the multiple bond character of the-01 bond.
(A) and angles (deg): ZFD1 1.972(1), Zrt02 2.206(1), Zrt Analogous to compountla, specieareacts Wlthl an excess
O1-Mes 139.8(8), 01Zr1-02 96.82(5). of THF at room temperature to yiel® in 10 days?( P NMR

0 = 36.8 ppm). Compoungb again reacts sigficantly faster,
. . proceeding to a >99% conversionltbin 3 days flp NMR &
ligand in the THF compared to chlorobenzene, thus further= 302 ppm). Compoungc shows no reactivity with THF at
reducing the multiple bond character between the Zr andrgom temperature, but upon heating to 80 complete

the aryloxide Ilgand_. ) conversion tal2 is observed within 12 h3%P NMRd = 21.9

Subsequent reaction of 1-THF with kR = Cy, Et, Ph,  ppm) As with the system bearing the Cp ligand set, the
Mes, GsFs) results in reactivity identical to that shown in  analgous Cp species2d and 2e show no reaction with THF
Scheme 6 We can therefore propose that the reaction even at elevated temperature (&), 24h). This general trend
mechanism consists of an initial complexation of THF to the of the ring opening of cyclic ethers proceeding less rapidly
Louis acidc avconocene cerler, Which acivates e THF wih 2a-e hantare s proposed to be a serect wih Cp

h IR . ’ indering the attack of the incomin osphine nucleophile.
This mec_h_anlsrrnns V.Ve” Wlt.h.the observed_ trend O.f the more 2.6. Fgeactivity of Pairs with Algkypnes.pThe reactiolrjl of
nucleophilic phosphines giving more rapid reaction §PEt ¢ pg yith terminal alkynes can proceed via one of two
PCys > PPI3 > PMes > P(GsF5)3). Reaction of 1-THF with  mechanisms, with the majority of main-group FLP systems
PES being sigrficantly more rapid than with P@ys thought going via a 1,2-addition reaction with the nature of the
to be a purely stericffect, with PE§ having a cone angle of  resulting isomer generally controlled by steric facfors.
132 compared to 170for PCy. This mechanism is also  However, in previous work with Zr/P FLPs, it has been shown
consistent with works by Stephan et al. and Jordan et al.,that a deprotonation reaction may also take place yielding a

which describe the ring opening of Zr bound THF by zirconium acetylide and phosphonium spectsheme Yt
phosphines and amines and independently conclude that the Y pnosp P eme ).

regction proceed_s_ by a Lewis acid activz%tion of th@®ond Scheme 7. Reactivity of FLP Systems-éand 2a&e with
prior to nucleophilic attack at treecarbon® Phenylacetylene (PhCCH)

Similar, but overall less rapid reactivity is observed \&ith

[CpR,Zr(CCPh)OMes] + [H-PR][B(CeFs)sl

e. Upon addition of excess THF to chlorobenzene solutions of Ph—=—H o B
2a-e an immediate color change from red to yellow is %M _ R=H, R = Mes
observed indicating formation of a Zr-THF adduct as observed s , ouesia(cara 1 PR Repoinaien P M
for la-e. 2-THF was isolated and characterized by the addition R=H 1,.2-Addition
of THF to a chlorobenzene solution of 2, and the molecular |j2R=Ev108=0 |
structure is shown iffigure 5 An interesting structural feature 1eR'= CeFs 20°C, PhCl PR, [B(CeFs)il
of 2-THF is that, unlike its Cp analogue, the aryloxide ligand == H N

A b o

2e R' = CgFs OQ

(13)R=H,R'=Ph
(18)R=Me, R = Ph

In the case of lajpon addition of phenylacetylene
(PhCCH), clean deprotonation is observed to yield [HffCy
[B(CeFs)a] (3P NMR = 33.1 ppmJpH = 420 Hz,) and a
zirconium acetylide complex. Surprisingly, compoutshows a
change in selectivity, and when treated with PhCCH it undergoes
a slow reaction (20C, PhCl, 16 h) to yield a mixture of the two
isomers of the 1,2-addition product (1:8). Separation of the

. . . isomers proved impossible due to their near identical solubility in
Figure 5. Molecular' structure of 2-THF as getermntap single a range of solvents. Reaction b with PhCCH rapidly (20°C,
crystal X-ray dffraction. Hydrogens, [B(§F5)4] counterion, and ) i - 31 1
solvent of crystallization are omitted for clari§elected bond lengths ~ PhCI, <1 min) yields the 1,2-addition prodd& (""P{"H} NMR
(A) and angles (deg): Z+D1 1.984(1), Zr+02 2.282(1), O2 0 = 20.1 ppm) with only the Zr/Rans isomer isolated. This was
Zr1-01 95.49(5), ZrtO1-Mes 153.6(1). identified by comparison of the




1H NMR spectra to the crystallographically characterized
analoguel4 vide infra. In both cases, the alkenyl proton

exhibits a%JpH coupling of 45 Hz indicating an identical

electronically similar, but have sidimantly diferent steric
parameters, with cone angles of 194nd 212,
respectively. This could be responsible for the switch in

geometry around the double bond. A further change in "€activity from 1,2-addition (Rttolyl)s, Erker et al.) to

selectivity is observed witid with the favored reaction

pathway reverting back to deprotonation, such that upon

treatment oftd with PhCCH immediate formation of [H-
PMesg][B(CeF5)4] is detected bflP NMR spectroscopy (
31p NMR & = —27.5 ppm,LJpH = 478 Hz). Complexle
exhibits no reaction with PhCCH. The paka-e exhibit a
broadly similar trend in reactivity; however, bdhand2b
yield a mixture of deprotonation and 1,2-addition products
in ratios of 2:1 and 3:2, respectively. Again the system
containing PP# 2c, reacts cleanly and rapidly with PCCH
to generate only the 1,2-addition produbt (31P{1H}
NMR & = 17.4 ppm), the molecular structure of which is
shown inFigure 6 As is observed withd andle 2d forms
only the deprotonation product, [H-PM#8(CesFs)4], and
2edoes not react upon addition of PhCCH.

Figure 6. Molecular structure @# as determined by single crystal X-
ray diffraction. Thermal ellipsoids are shown at the 50%babdity

level, and irrelevant hydrogens, [BfF5)4] counterion, and disorder
around the Cprings are omitted for clarity. Inset is a repréagon
of the C C bond geometry. Selected bond lengthsa@dg angles
(deg): Zr+O1 1.971(2), ZrtC30 2.327(3), C36C31 1.360(3),
P1-C31 1.815(3), O4Zr1-C30 100.29(8), ZrtO1-Mes 173.1(2),
Zr1-C30-C31 143.3(2), C36C31-Ph 125.8(2), PhC31P1
116.9(2), P+C31-C30 117.3(2).

The molecular structure of4 (Figure § reveals the
trans-Zr/P conformation with the Ph moiety of PhCCH
geminal to PP# This conformer is assumed to be preferred
as it reduces steric clashes between the bulkyli@ands
with the phenyl rings of both PBhand PhCCH. C31
appears to be possess a greater degree Zof:h;practer
when compared to C30 as evidenced by the larg
Zr1-C30-C31 angle (143.3(2), this could again be
attributed to the steric strain enforced by the interaction
between the Ph group and the bulk aryloxide ligand on Zr.

deprotonation (PMes vide supra).

3. CONCLUSION

We have synthesized a range of intermolecular zirconium/
phosphine FLPs derived from zirconocene cations and tertiary
phosphines of varying steric and electronic properties. A
DOSY NMR spectroscopic study on these systems has shown
the nature of the Lewis acid/Lewis base interactions present in
all cases. These pairs show for tfist time the ability of
intermolecular FLPs containing a transition metal fragment as
the Lewis acid to react in an analogous fashion to their

intramolecular counterpar%&. These new systems are shown
to mediate the activation of a range of small molecules (D

COz, THF, phenylacetylene) with the reactivity toward these
substrates highly dependent on the steric and electronic nature
of the phosphine employed, a factor which had remained
previously unexplored with transition metal FLPs. It has been
found that the phosphine must be offfsient basicity to
promote such reactions; in all cases, systems using the weakly

basic P(GF5)3 (Leand2€) show no reactivity toward the small

molecules studied. Given ficient Lewis basicity, high steric
bulk in the phosphine used is surprisingly unimportant; indeed,

the least bulky phosphine used here,3PBives the cleanest
results. In addition, the base used has a draméftecteon
selectivity, as evidenced by the switch in reaction mode with
phenylacetylene from 1,2-addition to deprotonation when the

less bulky PP# (1c and2¢) is replaced with the sigicantly

more bulky PMes (1d and2d). These results show that the use
of intramolecular systems is not a prerequisite for transition
metal FLPs and open many other possibilities for the design of
intermolecular transition metal frustrated or cooperative Lewis
pairs.

4. EXPERIMENTAL SECTION
4.1. General Considerations. Unless otherwise stated, all
manipulations were undertaken under an atmospherargon or

nitrogen using standard glovebox (M-Braup €©0.1 ppm, HO < 0.1
ppm) and Schlenk line techniques and all glasswames oven and

vacuum-dried prior to use. @prCl2, Cp*2ZrCloMeLi (1.6 M in
Et20), PCw, PEg, PPHs, PMeg, and P(@Fs)3 were purchased from

Sigma-Aldrich and used as received. [GJB(CeF5)4] was
purchased from Acros Organics and used as receiedl6-
Trimethyphenol (MesOH) was purchased from Sigma-iéldrand
dried prior to use by stirring a hexane solutioreroCatp before
removal of the solvent in vacuo and sublimation €5 2 x 10~

Torr). Phenylacetylene was purchased from Sigmai&id and

epurified by distillation before use. Reagent gasesdbd CQ) were

dried prior to use by passing through-a8 °C trap. CpZrMe2 and
Cp*2ZrMe2 were synthesized according to literature protoa%ls
Common laboratory solvents @&, DCM, hexane, THF) were

These two competing reaction pathways have previouslypurified using a Grubbs type pfication systent’ Nonstandard
been observed by Erker et al., the main group FLP systensolvents (chlorobenzene, pentane) were purchaseh fSigma-

PtBung(Cer)g reacting with a terminal alkyne to give the
deprotonation product, whereas BM&(CsFs5)3 (PAr3 = P-
tolyl)a or P{Php[2,5-bis(trfluoromethyl)phenyl]}) cleanly

yields the 1,2-addition produé . This reactivity can generally
be attributed to electronic factors with the more basic

Aldrich and distilled from Cablprior to use.

NMR spectra were recorded using JEOL ECP-300 (300 MHz),
Varian-400 (400 MHz), and Varian NMRS500 (500 MHz)
spectrometers. Deuterated solvents were obtained from Sigma-

Aldrich (de-benzeneds-THF, andd2-DCM) or Apollo Scientfic
(ds-PhBr) and distilled from Cai prior to use. Spectra of air

phosphines favoring deprotonation; however, there may alsosensitive compounds were recorded using NMR tittes with J.

be a steric ffect as R{-tolyl)3 and PMes are considered to be

Young valves.



X-ray diffraction experiments were carried out at 100 K on a added to a chlorobenzene (0.5 mL) solution o8 IR = Cy (7.1

Bruker APEX Il difractometer using Mo & radiation § =
0.71073 A). For further details, see thepporting Information
Mass spectrometry experiments were carried out &yJthiversity
of Bristol Mass Spectrometry Service on a Brukettiaics micrO
TOF Il with a TOF analyzer. All samples were rurpiedried PhCI.

4.2. Synthesis of Zr Lewis acids. Cp2Zr(Me)OMes.
CpeZr(Me)-OMes was prepared by a miiedl literature procedurjé

CpzZrMe2 (630 mg, 2.5 mmol) was dissolved in hexane (30,rahji

a solution of 2,4,6-trimethylphenol (323 mg, 2.5 afjmin hexane (10
mL) was added dropwise. ffiervescence was observed, and the
resulting solution was stirred for 1 h. The solvergs removed in
vacuo to yield a white solid. Recrystallizationrfrdhexanes at78 °C
gaye a white crystalline solid (725 mg, 78%).

H NMR (300 MHz, CCI2) 6 0.31 (3H, s, CH), 2.01 (6H, s,
ortho-CH3), 2.19 (3H, spara-CHg), 6.09 (10H, s, Cp), 6.73 (2H,
s, aryl-H).

[Cp2ZrOMes][B(CsF5)4] (1). In a glovebox, a chlorobenzene (1 mL)
solution of [CPR][B(C&F5)4] (198 mg, 0.2 mmol) was added dropwise to

a stirred chlorobenzene (1 mL) solution of2ZgMe)-OMes (80 mg, 0.2
mmol). The orange solution was allowed to stir for B tefore isolating
the product via precipitation into a large volumg (&L) of rapidly stirred
hexane. The resulting yellow powder was washed witltgoe (3x 5 mL)
ang dried in vacuo (204 mg, 94%).
H NMR (300 MHz, GDs) 6 1.74 (6H, sprtho-CH3), 2.19 (3H, s,

para-CH3), 5.49 (10H, s, Cp) 6.76 (2H, s, Ad). "C NMR (125
MHz, CgDg) & 17.1 (s,ortho-CHg), 20.5 (s,para-CHg), 117.5 (s, Cp),
128.77 (sprtho-C), 130.0 (smeta-C), 130.3 (spara-C), 131.9 (sjpso-
C). ESI-MS (+ve detection) 355.0628/z [Cp2ZrOMes]". Elem. Anal.
Calcd (%): C, 49.87; H, 2.04. Found (%): C, 49.67; 1832

[Cp*2ZrOMes][B(CsF5)4] (2). In a glovebox, a chlorobenzene (1
mL) solution of [CPR][B(CeF5)4] (94 mg, 0.1 mmol) was added

dropwise to a stirred chlorobenzene solution ofZZpMep to give an
orange solution. Upon dropwise addition of a chemzene solution
of 2,4,6-trimethylphenol (14 mg, 0.1 mmol)ffervescence was
observed accompanied by a color change from orémgkeep red.
After the dfervescence had ceased (5 min), the product waatesol
via precipitation into a large volume (25 mL) ofpidly stirred
hexane. The resulting dark red powder was washtdpentane (X

5 mL) and dried in vacuo (100 mg, 85%). Crystal® afuitable for
analysis by single crystal X-rayffiiaction were obtained by layering
a chlorobenzene solution with pentane (3 days).

4 NMR (300 MHz,ds-PhCl) 6 1.63 (30H, s, Cf), 1,72 (6H, s,
ortho-CH3), 2.20 (3H, spara-CH3), 6.79 (2H, s, ArH). ~“C NMR
(125 MHz,ds-PhCI) 8 13.9 (s, Cp-CH3), 21.0 (s,ortho-CHg3),
23.6 (s,para-CH3), 132.9 (s, ArCH), 137.1 (sijpso-C). Other

mg, 0.025 mmol), Et (3.0 mg, 0.025 mmol), Ph (6.7 mg .02
mmol), Mes (9.9 mg, 0.025 mmol) 65 (14.0 mg, 0.025 mmol)).
Upon addition, no change in color NMR chemical shift was
observed. For reaction of the FLP with substrates, the prodsct wa

not isolated, but instead used in situ.
4.4. DOSY Study of 1la—e and 2a-e. Samples ofla—e and

2a-e and separate control samples pR1land PR (R = Cy, Et,
Ph, Mes, @Fs) were made as detailed above, but dissolvettin
PhBr. In the case of, 2, PR3 (R = Cy, Et, Ph, Mes)la-d, and

2a-d, 14 DOSY NMR spectroscopy experiments were carried out
using 15 increments and dfdision delay of 100 ms. Fdr, 2¢,

and P(GFs)3, the analogous experiment was carried out using
F DOSY NMR spectroscopy due to the lack of protons on the
P(GsF5)3. The results of the study can be found Rigures
S15-S31 All data was analyzed using DOSY-Toolbtk
4.5. Reaction of Pairs with D2. Reactivity of [Cp2ZrOMes][B-

(C6F5)4]//PR3 (1a—e). In a glovebox1 (30 mg, 0.028 mmol) and an
equimolar amount of the corresponding phosphingé2@ mmol, a=
PCy3 (8.1 mg), b = PBt (3.4 mg), ¢ = PPh(7.6 mg), d = PMes
(11.3 mg), e = P(6F5)3 (15.4 mg)) were weighed out and dissolved
in PhCI (0.7 mL) before transferring to an NMR tuiteed with a J.
Young valve. Following removal from the glovebolketsample was
subjected to a freezpump-thaw degassing cycle prior tofiteng

with 1 bar D. In all cases, no change in tl NMR spectra was
observed following addition of ®

Reactivity of [Cp*2ZrOMes][B(CesFs5)4)//PR3 (2a-¢). In a glovebox,
2 (30 mg, 0.026 mmol) and an equimolar amount of the
corresponding phosphine (0.026 mmol, a = #Cy1 mg), b = PEt
(3.0 mg), ¢c = PPh(6.7 mg), d = PMes(9.9 mg), e = P(6F5)3 (14.0
mg)) were weighed out and dissolved in PhCI (0.7) rbefore
transferring to an NMR tubfitted with a J. Young valve. Following
removal from the glovebox, the sample was subjetted freeze
pump-thaw degassing cycle prior tofitktng with 1 bar D. In the
case of2a and 2b, an instantaneous color change from red to pale
yellow was observed Collected spectral data iaildet below

2a + D2. P NMR (121 MHz, PhCIP 33.6 (1:1:1 trlplet JPD_
68 Hz, [DPCyg] ) H NMR (46 MHz, PhCI)d 4.22 (d, JPD 68
Hz, [DPCy] )35 .98 (s, Zr-D).

2b + D2. NMR (121 MHz, PhCI)% 21.2 (1:1:1 triplet,
1JPD 68 Hz, [DPEB] ) 2H NMR (46 MHz, PhCI)d 4.40 (v.
broad, [DPCy] ) 5.98 (s, Zr-D).

4.6. Reaction of Pairs with CO2. Reactivity of [Cp2ZrOMes][B-
(CeFs5)4)//PR3 (1a-€). In a glovebox,1 (30 mg, 0.028 mmol) and an
equimolar amount of the corresponding phosphine (Ond28l, a = PCy

aryl carbons were obscured by PhCI peaks. ESI-MS (+ve (8.1 mg), b = PE£(3.4 mg), c = PPi(7.6 mg), d = PMes(11.3 mg), &

detection) 495.220#/z [Cp* 2ZrOMes] Elem. Anal. Calcd (%):
C, 54.14; H, 3.51. Found (%): C, 54.47; H, 3.80.
4.3. Generation of FLPs. [Cp2ZrOMes][B(CeFs5)4] // PR3 (1a-€).
In a glovebox, a chlorobenzene (0.5 mL) solutiod ¢80 mg, 0.029
mmol) was added to a chlorobenzene (0.5 mL) solutioPRs (R =
Cy (8.1 mg, 0.029 mmol), Et (3.4 mg, 0.029 mmol),(P.6 mg 0.029
mmol), Mes (11.3 mg, 0.029 mmol)6Es (15.4 mg, 0.029 mmol)).
Upon addition, a color change (orange to yellow} whserved for R
= Cy, Et, and Ph, indicative of the presence of-aZinteraction.
For reaction of the FLP with substrates, the product was not
isolated, but instead used in situ.

R = Cy. 31P NMR (121 MHz, PhCIp 24.3 (s, Zr-PCy). NB: PCy
6=28.8.

R= Et. °1P NMR (121 MHz, PhCIp 8.1 (s, Zr-PE4). NB: PEB 3
=-19.2.

R = Ph. 31p NMR (121 MHz, PhCIp 21.2 (s, ZIPPlg). NB: PPhy
6 =-5.0. 3

R = Mes. 3%P NMR (121 MHz, PhCIP -36.5 (s, PMeg). NB:

-36.5.PMesd=

R = CeFs. 3P NMR (121 MHz, PhCIp -75.5 (s, P(GFs)3). NB:
P(C6Fs)3® = ~75.5.

[Cp*2ZrOMes][B(C6F5)4] // PR3 (2a—e€). In a glovebox, a
chlorobenzene (0.5 mL) solution of 2 (30 mg, 0.025 mmol) was

P(GsF5)3 (15.4 mg)) were weighed out and dissolved in PhCl (L)
before transferring to an NMR tubfitted with a J. Young valve.
Following removal from the glovebox, the sample was extbf to a

freeze-pump-thaw degassing cycle prior tdfittng with 1 bar CQ via a
—-78°C trap. In the cases @f 1b, and1lc, an immediate lightening of the

yellow color was observed. In all cases, isolation uriddear CQ was
attempted, but was not possible. As such all specttalwias obtained in
situ.

Compound 3. HNMR (500 MHz, PhCIp 1.60-1.81 (30H, m,
PCy3), 1.99 (6H, sprtho-CH3), 2.20 (3H, spara-CHz), 6.13 (10H, s,
Cp), 6.76 (2H, s, ArH). 3¢ NMR (125 MHz, PhCIp 17.7 (s ortho-
CHpg), 20.3 (s,para-CHg), 25 2 (s,para-C (PCw)), 26.4 (d, Jpc 12
Hz meta-C (PCy)), 26.9 (d, Jpc 4 Hz,meta-C (PCy)), 30.7 (d,

Jpc 33 Hz,ipso-C (PCw)), 114.7 (s, Cp), 123 3 (para-C),

124.6 (s, ortho-C), 160.4 (sjpso-C), 162.5 (d, ch 100 Hz,
C(O) O). NB: meta-C peak obscured by PhdilP NMR (121
MHz, PhCI)d 27.9 (s).

Compound 4. 1H NMR (500 MHz, PhCI®p 0.97 (9H, t, Ci4
(PE®)), 1.78 (6H, m, CH (PEB), 1.93 (6H, sortho-CHz), 2.21 (3H, s,
para-CHg), 6.09 (10H, s, Cp), 6.76 (2H, s, -An'l) 13c NMR (125
MHz, PhCI)d 5.3 (d,"Jpc= 5 Hz), 11.4 (d, Jpc 42 Hz), 17.3 (s,

ortho-CH ), 20. 3§spara CH), 114.9 (s, Cp), 123.3 (aaga C),

124.6 (sprtho-C), 160.3 (sipso-C), 162.4 (dJPc 112 Hz, C(O)



0). NB: meta-C peak obscured by PhCP NMR (121 MHz, PhCI)
0 27.6 (s).

Reactivity of [Cp*2ZrOMes][B(CesFs5)4]//PR3 (2a—€). In a glovebox,
2 (30 mg, 0.026 mmol) and an equimolar amount ofctireesponding
phosphine (0.026 mmol, a = P€¢7.1 mg), b = PEt(3.0 mg), c=
PP (6.7 mg), d = PMes (9.9 mg), e = P(6F5)3 (14 mg)) were
weighed out and dissolved in PhCI (0.7 mL) befoamsferring to an
NMR tubefitted with a J. Young valve. Following removal frahe
glovebox, the sample was subjected to a freepamp-thaw
degassing cycle prior tofiling with 1 bar CQ via a-78 °C trap. In
the cases oRa 2b, and2c, an immediate color chandeom red to
yellow was observed In all cases, isolation unddnat CQ was
attempted, but was only possible in the case ofdbia <5% vyield. As
such all spectral data was obtained in situ.

Compound 5. 1H NMR (500 MHz, PhCI)5 1.02 (9H, m, CH (PER)),
1.69 (30H, s, Cf), 1.87 (6H, m, CH (PE®), 1.94 (3H, sortho-CHg),
2.00 (3H, sprtho-CHg), 2.19 (3H, spara-CH3), 6.67(2H, s, Ar-H). 3¢
NMR (125 MHz, PhCI)d 11.7 (s, Cp), 18.7 and 19.8 (sprtho-CHg),
20.1 (s,para-CH3), 25.1 (s,para-C (PCw)), 26.5 (d,3Jpc = 12 Hgz,
meta-C (PCw)), 27.2 (d,2Jpc = 4 Hz,ortho-C (PCy)), 32.0 (d,1pc =
30 Hz,ipso-C (PCw)), 122.6 (s, Cp), 124.1

(s, para-C), 124.6 (sprtho-C), 156.4 (sipso-C), 161.6 (d,lJ =92

31 PC
Hz, C(O) O). NBmeta-C peak obscured by Ph®.NMR (121
MHz, PhCI):6 22.5 (s).

Compound 6. 1H NMR (500 MHz, PhCI)d 1.02 (9H, m, CH
(PE®)), 1.69 (30H, s, Cp), 1.87 (6H, m, CH (PEt), 1.94 (3H, s,
ortho-CHg), 2.00 (3H, sprtho-CHg), 2.19 (3H, spara-CHg), 6.67
(2H, s, Ar-H). 13C NMR (125 MHz, PhCIPp 5.4 (d,2Jpc = 5 Hz),
11.3 }s, Cp), 11.8 (d,lJPc: 42 Hz), 18.1 and 19.6 (sttho-CH3),

20.2 (s,para-CH ), 122.4 (s, Cf), 123.9 (spara-C), 124.6 (sprtho-
C), 156.2 (sipso-C), 161.6 (d,Jpc =108 Hz, C(OD). NB: meta-
C peak obscured by PHEP NMR (121 MHz, PhCI):6 27.9 (s).4.7.

Reaction of Pairs with THF. Reactivity of [Cp2ZrOMes][B-
(CeF5)4]//PR3 (1a—e). In a glovebox,1 (30 mg, 0.028 mmol) and an
equimolar amount of the corresponding phosphin@1®.mg, a=
PCy3 (8.1 mg), b = PEt(3.4 mg), ¢ = PPh(7.6 mg), d = PMes
(11.3 mg), e = P(6F5)3 (15.4 mg)) were weighed out and dissolved
in PhCI (0.7 mL) before transferring to an NMR tuiited with a J.
Young valve. The resulting solution was treatechwive drops of
THF, and a slight lightening of the yellow colorsalved. The’lp
NMR spectrum of the solution indicated full conversito free
phosphine in all cases caused by its displacemettido THF moiety.
When the reaction was deemed completg’%ﬁ/ NMR spectroscopy,
the product was isolated by precipitation into dhpistirred hexane,
washed with pentane ¢35 mL), and dried in vacuo.

Compound 7. Yield = 24 mg (60%).1H NMR (500 MHz,dg-THF)

5 1.80-2.04 (34H, m, PCy; B-CH2 andy-CHy), 2.10 (6H, sprtho-
CHyg), 2.21 (3H, spara-CHg), 2.28 (2H, mp-CHy), 4.12 (2H, t HH

=6 Hz, a-CHy), 6.23 (10H, s, Cp), 6.69 (2H, s, Ad). ~°C NMR
(125 MHz,ds-THF) & 16.3 (d,lJpc= 43 Hz,6-CHp), 18.2 (sortho-
CHg), 20.7 (d,2Jpc= 5 Hz,y-CHp), 20.8 (spara-CHg), 23.3 (spara-

C (PCya)), 27.5 (d.2Ipc = 12 Hz,meta-C (PCy)), 27.8 (d,JpC
= 4 Hz,ortho-C (PCyw)), 30.8 (d,l.]pc: 42 Hz,ipso-C (PCw)),
36.7 (d,2Jpc = 14 Hz, B-CH2), 73.3 (s,0-CHp), 113.7 (s, Cp),
125.6 (s,paé; -C), 127.6 (sportho-C), 129.7 (smeta-C), 162.0
(s, ipso-C). NMR (121 MHz, PhCIp 31.5 (s). ESI-MS (+ve
detection) 707.352@/z [M] *, 353.2962m/z [HO(CaHg)PCya] .

Compound 8. Yield = 23 mg (65%).1H NMR (500 MHz,dg-THF) &
1.31 (9H, m, (CH)PE®), 1.70 (2H, mB-CHy) andy-CHy), 2.09(6H, s,
ortho-CHg), 2.21 (3H, spara-CHg), 2.24 (2H, my-CHp), 2.27
(6H, m, (CH)PERB), 2.31 (2H, md-CHp), 4.10_(2H, t,"JHH = 6 Hz,
a-CHp), 6.23 (10H, s, Cp), 6.69 (2H, s,#A4). “C NMR (125 MHz,
dg-THF) & 5.62 (d,2Jpc = 5 Hz, (CHy)PE®), 12.1 (d,Jpc = 49 Hz,
SCHQ)PEtg), 18.2 (s,ortho-CHg), 18.9 (d,1Jpc = 45 Hz,5-CHp), 19.3 (d,

Jpc =5 Hz,y-CHp), 20.8 (spara-CHg), 36.2 (d,3Jpc= 14 Hz,3-CHy),
73.3 (s@-CH2), 113.7 (s, Cp), 125.6 (para-C), 127.6 gs,

ortho-C), 129.7 (smeta-C), 162.0 (s,ijpso-C). P NMR (121
MHz, PhCI) & 38.0 (s). ESI-MS (+ve detection) 545.2148z
M] ", 191.1536m/z [HO(C4Hg)PEG] .

Compound 9. Yield = 27 mg (68%)H NMR (500 MHz,dg-THF)
51.74 (2H, mB-CHy), 1.83 (2H, my-CHy), 2.01 (6H, sortho:CHg),
2.16 (3H, spara-CHg), 3.40 (2H, md-CH2), 4.08 (2H, t"JHH = 6
Hz,a-CHy), 6.13 (10H, s, Cp), 6.67 (2H, s, A#), 7.70-7.89 (15H,
m, PPh). 1°C NMR (125 MHz,dg-THF): & 17.8 (s,ortho-CHz), 20.4 (d,
2Jpc =5 Hz,y-CHg), 20.5 (spara-CHa), 22.6 (d,1Jpc = 51 Hz,5-CHy),
35.7 (d,3Jpc = 16 Hz,B-CHp), 72.7 (sa-CHp), 113.3 (s, Cp), 119.3 (d,
1Jpc = 86 Hz,ipso-C (PPH)), 125.6 (spara-C), 127.6 (s,
ortho-C), 129.6 (smeta-C), 131.2 (d,ngc = 13 Hz,meta-C (PPh)),
134.3 (d,20pc = 10 Hz,ortho-C (PPI®)), 135.9 (d,%Jpc = 3 Hz,para-C
(PPhg)), 161.6 (sjpso-C). 31P NMR (121 MHz, PhCIP 23.4 (s).
ESI-MS (+ve detection) 689.212é/z [M] " 335.1563m/z
[HO(C4Hsg)PPIg] ™.

Synthesis of [Cp2Zr(THF)OMes][B(CsF5)4] (1-THF). In a
glovebox, THF (0.25 mL) was added dropwise to a stirred chlorobea
(1 mL) solution of 3 (40 mg, 0.4 mmol), resulting in @lgw solution.
The product was isolated via precipitation into gdavolume (25 mL) of
rapidly stirred hexane. The resulting pale yellow gemwas washed with
pentane (3x 5 mL) and dried in vacuo (37 mg, 86%). Crystals of IFTH
suitable for analysis by single crystal X-rayfdaction were obtained by
layering a chlorobenzene solution with pentane ¢&da

14 NMR (500 MHz,ds5-PhBr) 6 1.69 (4H, br s, THF (C3,C4)),
1.84 (6H, sportho-CH3), 2.21 (3H, spara-CH3), 3.67 g4H, br s,
THF (C2, C5)), 6.03 (10H, s, Cp), 6.76 (2H, sr-A). Be NvR
(125 MHz,ds-PhBr) & 17.9 (s,ortho-CHg), 20.7 (s,para-CH3),
259 Sbr s, THF (C3, C4)), 77.8 (br s, THF (C2, CS)&, 116.4 (s,

P) 234 (sortho-CL, 129.8 (smeta-C) 160.9 (sjpso-C). NB:
All other peaks werebscured by the PhBr solvent.

Reactivity of [Cp*2ZrOMes][B(CsF5)4)//PR3 (2a—€). In a glovebox,

2 (20 mg, 0.02 mmol) and an equimolar amount of the spameding
phosphine (a = PGy4.7 mg), b = PEt(2.0 mg), ¢ = PPh(4.5 mg),

d = PMes (6.6 mg), e = P(6F5)3 (9.0 mg)) were weighed out and
dissolved in PhCI (0.7 mL) before transferring toNIMMR tubefitted
with a J. Young valve. The resulting solution weeated withfive
drops of THF and a slight lightening of the yell@olor observed.
The 3P NMR spectrum of the solution indicated full corsien to
free phosphine in all cases caused by its displenem%/ the THF
moiety. When the reaction was deemed complete NMR
spectroscopy, the product was isolated by pretipitanto rapidly
stirred hexane, washed with pentane @ mL), and dried in vacuo.

Compound 10. Yield = 13 mg, 51%1H NMR (500 MHz,dg-THF)
1.40-1.82 (30H, m, PCy), 1.91 (2H, m3-CHy), 2.31 (2H, m,3-CHy),
1.91 (30H, s, Cp), 2.04 (3H, sortho-CHg), 2.12 (3H, sortho-CHg),
2.18 (3H, spara-CHg), 2.31 (2H, my-CHy), 4.27 (2H, ma-CHy), 6.55
(1H, s, ArH), 6.64 (1H, s, ArH). 13C NMR (125 MHz,

*~Me), 16.3 (d.1Jpc = 43 Hz,5-CHy), 18.7 (sg-THF):511.8(s,Cp
para-CHg), 19.9 (s,ortho-CHg), 20.1 (d,ZJpc = 5 Hz,y-CHyp), 20.8 (s,
ortho-CH3), 26.4 (s, para-C(PCy)) 27.5 (d, 3Jpc = 13 Hz, meta-
C(PCw)), 27.8 (d2Jpc = 4 Hz,0rtho-C(PC)), 30.8 (d.1Jpc = 43 Hz,
ipso-C(PC)), 38.2 (d,2Jpc = 14 Hz,-CHy), 70.8 (sa-CH2), 121.3(s,
Cp*), 124.6 (spara-C), 125.9 and 1\%6.3 (srtho-C), 129.5 and

129.8 (smeta-C), 158.0 ipso-C). P NMR (121 MHz, PhCID

33.9 (s). ESI-MS (+ve detection) 847.508% [M]+.

Compound 11. Yield = 18 mg, 78%H NMR (500 MHz,dg-THF)
51.29 (9H, dt>JpH = 18 Hz,3JHH = 7 Hz, CH(PER)), 1.56 (2H, m,
5-CHg), 1.89 (2H, mB-CHg), 1.91 (30H, s, Cp), 2.04 (3H, sortho-CHa), 2.12 (3H, s,
ortho-CHg), 2.18 (3H, spara-CHg), 2.24-2.32
(8H, m,y-CHp and CH(PER®)), 4.27 (2H, ma-CHy), 6.55 (1H, s, ArH),
§.64 (1H, s, ArH). 13¢ NMR (125 MHz,dg-THF) 3 5.62.(d,

Jpc =5 Hz, CH (PERB)), 11.8 (s, Cp-Me), 12.1 (d,"Jpc = 49 Hz,
CH2(PERB)), 18.4 (d,2Jpc = 47 Hz,5-CHg), 18.7 (d,°JpC = 4 Hz,y-
CHy), 18.7 (spara-CHa3), 19.9 (sortho-CHg), 20.8 (sortho-CH3),
37.6 (d,3Jpc = 14 Hz,B-CHp), 70.8 (5,0-CH2), 121.3 (s, C}), 124.6 (s,
para-C), 125.9 aﬂd 126.3 (ertho-C), 129.5 and 129.8 (metaC),

158.0 (pso-C). P NMR (121 MHz, PhCIp 36.8 (s). ESI-MS (+ve
detection) 685.369n/z [M] ', 191.1540 [HO(GH8)PE®] .

Compound 12. Yield = 14 mg, 55%."H NMR (500 MHz, ds-
PhBr).% 1.78 (2H, m,8-CH2), 1.87 (30H, s, Cy), 1.91 (2H, mB-
CHy), 2.01 (3H, sprtho-CHg), 2.05 (3H, sprtho-CH3), 2.17 (3H, s,
para-CH3), 3.43 (2H, my-CHy), 4.21 (2H, ma-CH2), 6.53 (1H, s,



Ar-H), 6.63 (1H, s, AfH), 7.72-7.93 (15H, m, PPY). °c NMR

(125 MHz,ds-PhB)S 11.7 (s, Cp), 11.8 (d,19pc = 50 Hz,5-CH2),
%8.7 (spara-CHg), 19.9 (s,ortho-CI-?), 20.8 (sprtho-CHg), 22.9 (d,

Jpc =4 Hz,y-CH), 37.6 (d,"Jpc = 15 Hz,3-CH2), 70.7 (s,a-
CH2), 121.3 (s, Cp), 128.7 and 129.53(meta-C), 129.6 (d; JPH
= 38 Hz, ipso-C (PPH)) 131.5 (d,"Jpc = 11 Hz, meta-C
(PPhg?]), 134.7 ﬂ?,“\]pc: 4 Hz,para-C (PPIg)), 157.9 (sjpso-C)

Ortho-C peak for the triphenylphosphine is obsculed the
solvent. NMR (121 |\+/le, PhCld 22.2 (s). ESI-M§ (+ve
detection) 829.368/z [M] ', 335.1563n/z [HO(C4Hg)PPIg] .

Synthesis of [Cp*2Zr(THF)OMes]B(CgF5)4] (2-THF). In a
glovebox, THF (0.25 mL) was added dropwise to a stirred chlorpéee
(2 mL) solution of 2 (119 mg, 0.1 mmol), resulting iryellow solution.
The product was isolated via precipitation into @édavolume (25 mL) of
rapidly stirred hexane. The resulting pale yellow gemwas washed with
pentane (3 5 mL) and dried in vacuo (90 mg, 71%). Crystals of ZTH
suitable for analysis by single crystal X-rayfdaction were obtained by
layering a chlorobenzene solution with pentane ¢gda

TH NMR (500 MHz,ds-PhBr) 1.59 (4H, s, THF (C3,C4)), 1.61
(30H, s, Cp), 1.79 (3H, sprtho-CHa), 1.88 (3H, sprtho-CHz), 2.19
(3H, s,para-CH3), 3.55 (4H, s, THF (C2, C5)), 6.03 (1H, s,Ad),
6.77 (1H, s, ArH). °C NMR (125 MHz,d5-PhBr)3 10.2 (s, Cp-
Me), 17.0 (s,ortho-CHg), 18.3 (s,ortho-CH3), 20.1 (s,para-CHg),
25.0 (s, THF (C3, C4)), 67.9 (s, THF (C2, C5)), 1, Cg), 129.4
(s, meta-C), 154.8 (sjpso-C). NB: Remaining peaks ih°C NMR
are obscured by the PhBr solvent.

4.8. Reaction of Pairs with Phenylacetylene (PhCCH).
Reactivity of [Cp2ZrOMes][B(CeF5)4])//PR3 (la—e). In a
glovebox, 1 (30 mg, 0.028 mmol) and an equimolar amount of the
corresponding phosphine ((0.028 mmol, a = @1 mg), b = PEt
(3.4 mg), ¢ = PPh(7.6 mg), d = PMes(11.3 mg), e = P(§5)3
(15.4 mg)) were weighed out and dissolved in PIGCT (nL) before
transferring to an NMR tubétted with a J. Young valve. Excess
phenylacetylene (5 drops) was subsequently adaedinathe case of
la-d an instantaneous lightening of the yellow col@swbserved.
The progress of the reactions was monitored NMR

spectroscopy. Collected spectral data is detaidaib
la. Reaction complete in <1 min. Mixture of products could

not besuficiently separated to allow further characterizatiom
NMR (121 MHz, PhCI® 33.2 (d,lJpH = 430 Hz, H-PCy). ESI-
MS (+ve detection) 281.&/z [HPCw]+.
1b. Reaction complete in 16 h. Mixture of products could not

be sufficiently separated to allow further characterizatiorr
NMR (121 MHz, PhCI)d 25.5 (m,1b-PhCCH), 30.3 (m1b-
PhCCH). Proposed to be the two possible isomefdéthCCH.
ESI-MS (+ve detection) 57518/z [1b-PhCCH], 119.1 [HP@J’.

1c. The reaction was seen to be complete after <1 mincanmgound
13 was isolated in a glovebox by precipitation intoidpstirred hexane
(20 mL) and washed with pentaneX® mL) before drying in vacuo (27.3

mg, 69%).1H NMR (500 MHz,ds-PhBr)3 1.65 (6H, sprtho-CHg), 2.16
(3H, s,para-CHg), 5.74 (10H, s, Cp), 6.66 (2H, s, Ad), 7.04 (2H, d,
3JuH = 7 Hz, ortho-H (PhCCH)), 7.22 (2H, t3JuH = 7 Hz meta-H
(PhCCH)), 7.32 (1H, BIHH = 7 Hz,para-H (PhCCH)), 7.257.42 (9H,
m, meta/para-H (PP13)), 7.56

@, 3JHH = 7 Hz,para-H (PPIg)), 9.01 (1H, d3JpH = 45 Hz,a-H).

%C NMR (125 MHz,ds-PhBr)d 21.4 (s,ortho-CHs), 23.7 (spara-
CHa), 115.2 (s, Cp), 122.6 (para-C), 126.6 (sprtho-C), 132.5 fneta-
C), 135.1 (sipso-C (PhCCH)), 137.1 (d2Jpc = 10 Hz,meta-C
(PPHy)), 137.9 (d*Jpc = 3 Hz,para-C (PPI3)), 138.2 (d.XpH = 22 Hz,
C-PPhy), 163.2 (sjpso-C), 212.6 (d3JpH = 10 Hz, Zrc(H)). 31p
NMR (121 MHz,ds-PhBr) & 20.1 (s). NB: Remaining peaks Jﬂ’ch
NMR are obscured by the PhBr solvent. ESI-MS (+veectain)
719.2015m/z [M] .

Reactivity of [Cp*2ZrOMes][B(CsF5)4])//PR3 (2a—e). In a glovebox,
2 (20 mg, 0.017 mmol) and an equimolar amount of the
corresponding phosphine (0.017 mmol, a = #@7 mg), b = PEt
(2.0 mg), c = PPh(4.5 mg), d = PMes(6.6 mg), e = P(6F5)3 (9.0
mg)) were weighed out and dissolved in PhCI (0.7) rbefore
transferring to an NMR tubétted with a J. Young valve. Excess
phenylacetylene (5 drops) was subsequently addednahe case of

2a-d an instantaneous lightening of the yellow color was

observed. The progress of the reactions was monitore%IlFby

NMR spectroscopy. Collected spectral data is detailed below:

2a. Reaction complete in <1 min. Mixture of products cautd be
suficiently separated to allow further characterizat NMR (121
MHz, PhCI)d 20.1 (s2aPhCCH, 38%), 33.2 (&,JPH =450 Hz,
HPCy3, 62%). ESI-MS (+ve detection) 877z [2aPhCCH], 281.2
m/z [HPCys]".

2b. Reaction complete in <1 min. Mixture of products could
not besuficiently separated to allow further characterizatio®
NMR (121 MHz, PhCIY% 21.7 (d,lJpH =450 Hz, HPH, 46%),
26.0 (s,2b-PhCCH, 54%). ESI-MS (+ve detection) 715nlz
[2b-PhCCH], 119.1 [HPE}".

2c. The reaction was seen to be complete after <1 g
compoundl4 was isolated in a glovebox by precipitation irapidly
stirred hexane (20 mL) and washed with pentang BmL) before
drying in vacuo (24.0 mg, 92%). Crystals 1f suitable for analysis
by single crystal X-ray diraction were obtained by layering a PhCI

solution of14 with pentane (5 days}H NMR (500 MHz,ds-PhBr)&
1.59 (30H, s, Ch, 1.17 (3H, spara-CHg), 2.10 (3H, sprtho-CH3),
2.12 (3H, s,ortho-GHg), 6.40 (2H, s, ArH), 7.50-7.76 (15H, m,
PPtg), 8.36 (1H, d,”JpH = 45 Hz,a-H). ~°C NMR (125 MHz,ds-
PhBr)d 15.4 (s, Cp), 17.5 (spara-CHg), 22.9 and 23.6 (®rtho-
CHg3), 124.8 (Cp), 128.1 (s,para-C), 131.7 (s,ortho-C), 132.5 (s,
meta-C), 136.5 (d°JpH = 14 Hz,meta-C (PPh)), 137.6 d*py=
4 Hz, para-C (PPH3)), 158.9 {pso-C), 233.1 (d,”JpH = 10 Hz, Zr
C(H)). >P NMR (121 MHz,d5-PhBr) 8 17.4 (d,2JpH = 48 Hz, 14).
NB: Remaining peaks i°’C NMR are obscured by the PhBr solvent.
ESI-MS (+ve detection) 859.359&/z [M]+.

2d. Reaction comglete in <1 min. In situ analysis of the

reaction mixture by p NMR  spectroscopy showed clean
conversion to deprotonation products; however, the zirconium

acetylide complex could not be isolated cleaﬁ&P NMR (121
MHz, PhCI)5 28.7 (d,2JpH = 476 Hz, [H-PMesg]*, 100%).
2e. No reaction was evident NMR spectroscopy.
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