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1. Introduction
<= —PPh gLNMe @/LPR
2 PAr, - PAr, 2
Fe Fe

Since its discovery in 1951, ferrocene has beennagmnibe Fe
most important structural motifs in ligand architees due to its > —prh, &2 (N
high thermal stability, conformational rigidity anglanar DPPF PPEA Josiphos
chirality." Ferrocene-based phosphine ligands are of fundaiment

importance in transition metal-catalyzed organi@ct®ns’ PR'2

Achiral ferrocene phosphine such as 1,1’-bis @/LNfPR
(diphenylphosphino) ferrocene (DPPFhas been successfully FeR,P Fe A T2
applied in transition-metal catalyzed coupling tEats! V) o
Moreover, chiral ferrocene-based phosphine ligdrade become Walphos Bophoz

indispensable and powerful tools for chemists inlidgawith
asymmetric transformatiods.Some of them, such as Josiphos Fig. 1. Representative ferrocene-based phosphine ligands.

ar!d . ) N,N-dimethyl-1-[2- Recently,N-tosylhydrazones which are readily prepared from
(diphenylphosphino)ferrocenyl]ethylamine (PPEAhave found carbonyl compounds have been used as a sourceeofafe
their industrial application in the production dfiggmaceuticals generation of diazo compounds and carbéheBhey have
and agrochemlcgls. _Selected examples of chiral aa:hiral emerged as a new type of cross-coupling partner@() bond
ferrocene phosphine ligands are shown in Figurehgs& chiral 5 mation including their reactions with aryl haligé

ferrocene phosphine ligands are all prepared fxghkdimethyl- arylsulfonated?  alkynes®  H-phosphonate¥, ~ azoles®
1-ferrocenylethylamine (Ugi's amirfes a chiral precursor. arylboronic acidg® benzylic halided’*®

Despite their wide application, synthesis of ferrec@hosphine

ligands often requires sensitive reagents, tediyughetic routes Inspired by our previous work? in this paper we have
and resolution steps. Therefore, inexpensive and readily Synthesized 1-substituted and 1,1'-disubstitutedoéene-based
available starting materials, as well as short stithsteps are Phosphine oxides from readily available ferrocenyl

most desirable in designing new ferrocene-based ppios ~ ketone/aldehyde  derived  tosylhydrazones and secpnda
ligands. phosphine oxides without using sensitive reagentsebVver, the

OCorresponding author. Tel.: +86 471 4994406; f®6 471 4994406; e-mail: haozhang@imu.edu.cn
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ferrocene-based phosphine oxides can be readilectanl to the
corresponding ferrocene-based phosphine throughuctied
treatmerf®?* and as useful ligands for transition metal comggex

2. Results and discussion

Initially, tosylhydrazonela and diphenylphosphine oxidza
were chosen as the model substrates to screen shedaetion
conditions (Table 1). To our delight, CuCl was fouagpromote
the reaction betweela and2a in dioxane with KCO; as base at
reflux temperature for 12 h to produce diphenyl (1-
ferrocenylethyl) phosphine oxida in 61% vyield (Table 1, entry
1). *H, *P and®C NMR spectra of3a was consistent with
literature reported After screening several kind of Cu catalysts,
Cul was found to be the most efficient comparedtbe@is (Table
1, entries 1-5). Various bases, such a€®, CsCO;, NaCO;,
KOH, LiO'Bu and KOBu were tested. }CO, gave the highest
yield of 3a (Table 1, entries 5-10). Changing the solvent unde
identical condition resulted in the decreased feionaof 3a
(Table 1, entries 11-15). When the amount of dighedrosphine
oxide was increase@a’s yield dramatically decreased (Table 1,
entry 16). This outcome was also observed whenethetion was
carried out at lower reaction temperature of@QTable 1, entry
17). In the control experiment, no prod@etwas detected under
metal-free condition (Table 1, entry 18). Thus, thgtimized
condition was obtained as the following: 10 mol %Qifl, 3
equivalent of KCOs, in dioxane and reflux under argon (Table 1,
entry 5).

Tablel
Optimization of reaction conditiohs

ol
Q/QNNHTS |C|> pn  catalyst, base @L F{//\ Ph
Fe toRR, solvent é o
S
1a 2a 3a

entry laa ?r?]t;!)f)t (e%isi\?_) solvent yé(:/ic)ib
1 1:1.2 CuCl(10%) KCOs(3)  dioxane 61
2 1:1.2 CuCl(10%) K:COs(3)  dioxane 56
3 1:1.2 CuBr(10%) KCO3)  dioxane 35
4 1:1.2  SIMesCuCl(10%) K,COs(3) dioxane 0
5 112 Cul (10%) K2CO3(3) dioxane 83
6 1:1.2 Cul(10%) CGE£0Os3) dioxane 44
7 1:1.2 Cul(10%) NZO;(3)  dioxane 7
8 1:1.2 Cul(10%) KOH(3) dioxane 24
9 1:1.2 Cul(10%) LiGBu(3) dioxane 20
10 1:1.2 Cul(10%) K@u(3) dioxane 0
1 112 Cul(10%) KCOs3) DME 30
12 112 Cul(10%) KCOs3)  DMF 15
13 112 Cul(10%) KCOs(3) DCE 35
14 112 Cul(10%) KCOs(3) THF 28
15 1:1.2 Cul(10%) KCOs(3) toluene 31
16 1:2 Cul(10%) KCO;(3)  dioxane 19
17 1:1.2 Cul(10%) KCOs(3)  dioxane 56
18 1:1.2 — KCOs(3) dioxane 0

#Reactions were carried out with 0.25 mmollafand 0.30 mmol o2a
in the presence of catalyst and base under argnasghere at reflux
temperature for 12 RYield of isolated productSIMes = 1,3-bis(2,4,6-
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trimethylphenyl)-2-imidazolidinylidené’The reaction temperature was
90°C.

Table2

Reaction of various ferrocenyl ketone-derividetosylhydrazones witHH-
phosphorus oxides attphosphonate®

R 0
A
@gNNHTs . QR, Cul(10mol%), K,CO4(3.0eq) Q/LR\Rz
Fe H_P\R Fe Rs
@ 3 dioxane, reflux,12h @
1 2 3
o] 0 0
1 11 ]
P\© P P\©
Fe @ Fe Fe @
3a, 83% 3b, 54% 3¢, 71%

r

Fe @ Fe @
3d, 71% 3e, 27% 3f, 76%
0] 0] (o]
I ] I
P P P
Fe Fe Fe
39, 80% 3h, 59% 3i, 79%
[0) 0] [0)
1] 11 1
P P l?
Fe i Fe i Fe O}
3j, 80% 3k, 59% 31, 84%
0] [0)
11 1 1
Fr ; O
Fe 0) Fe o] Fe C>
3m, 45% 3n, 73% 30,71%

P g P
o oeio e
Fe 0 Fe 0 Fe C>
3p, 56% 3q, 63% 3r, 69%
9 9 9
Fe 0} Fe Fe F
F
3s, 49% 3t, 94% 3u, 62%
o o
1 11
P\©\ p P
Fe o Fe
SN
3v, 81% 3w,19%

#Reactions were carried out with 0.25 mmollafg and 0.30 mmol oRa-h
in the presence of 10 mol% of Cul and 3.0 equia#nK,CO; at reflux



temperature under argon atmosphere for £2viield of isolated product after
chromatography.

With this optimized reaction condition in hand, theope of
the reaction was studied using a set of tosylhydrezb andH-
phosphorus oxides oH-phosphonate® (Table 2). Various
ferrocenyl ketones or aldehyde derived tosylhydnasowere
investigated. Steric hindrance of ferrocenyl ketodeamatically R o R

. . . . 1 R 1
decreased production yield3afe). Electron-withdrawing group - Lt HROC
(-F) on phenyl ring oH-phosphorus oxide decreased the reaction 27 R . KoCOs, Cul —

efficiency to some exten8(), while electron-donating groups (- @\FNNHTS dioxane, reflux,18h ©\|/PLR3 ©\|/ R

Table3

Reaction of various 1,1'-ferrocenyl di-ketone-dedv N-
tosylhydrazones4a-e with H-phosphorus oxides and ethyl
phenylphosphinafe

(o]

R e

Pl R, Ts
+

CHa,, -OCH;) on phenyl ring ofH-phosphorus oxides increased R; R, o R, RbRa
production yields, generating produgt and 3v in 94%, 81% 4 5 6
yields. Bis(3,5-dimethylphenyl)phosphine oxide tedc with
ferrocenyl ketones derived tosylhydrazones to giraducts3g— 0 o
3k in moderate to good vyields, while bis(2,6- @LO ©: \ﬁ’@
dimethylphenyl)phosphine oxide led to low yieldw) due to Fe @ Fe @
steric hindrance. Moreover, ethyl phenylphosphimateliethyl @? Qﬁ\(@
phosphonate could also be used as substrates tjegera ° ?
corresponding products3i(3s) in 49-84% vyields. Finally, the 5a, 65% 5b, 54%
molecular structure oBu (Figure 2) and3w (Figure 3) were

i i o
unambiguously confirmed through X-ray crystallodrap © F,?@ © FL@

5c, 42% 5d, 27%
F

=0 0 TF0
F@?r@ s P@E?T@ .

5e, 59% 5f, 66%

- : 9
Fe LO Fe OW
Fig. 2. Molecular structure o8u with thermal ellipsoids drawn at the 30% <:> c/? ~ @27 ~

probability level, and hydrogen atoms are omitteddiarity. Selected bond

lengths (A) and angles (deg): P1-O1 = 1.484(3)- €18 = 1.797(4), P1- 59, 55% 5h, 27%
C11 = 1.833(4), P1 - C12 = 1.810(4), C9 -C11 = 4(8} C9 - C11-P1 = o
109.0(3), C12-P1-C11 = 104.9(2), 01-P1-C11 = 11388 C18-P1-C12 = @/Lry
105.55(17), C18-P1-C11 = 109.39(18). Fe Q
i }pj/©
. _ /!
‘\ € o 0

5i, 27%

#Reactions were carried out with 0.15 mmo#tafe and 0.36 mmol o2a-f in
the presence of 20 mol% of Cul and 6.0 equivaldnKgCO; at reflux
temperature under argon atmosphere for 18 h.

Single crystals suitable for X-ray diffraction meaemment
were obtained by slow diffusion of hexane into a emated
dichloromethane solution of compounds. Crystalsahpound
3u were twinned and contain two independent molecules of
enantiomers. The ORTEP representation of the stmeighows
that the planes of the cyclopentadienyl rings &reat parallel to
each other (tilt angles are 2.8f(and 4.4°R) for the two
Fig. 3. Molecular structure 08w with thermal ellipsoids drawn at the 30% independent molecules 8ti, 4.9° for3w,). Carbon atom linked

probability level, and hydrogen atoms are omitteddiarity. Selected bond O the Cp ring is almost coplanar with the substduCp ring.
lengths () and angles (deg): P1-O1 = 1.4924(13); 19 = 1.8560(17), bBulkier d!phenylphosphlnyl moiety is located fanttavay from
P1- C10 = 1.8523(17), P1 - C11 =1.8394(17), C9 -€10617(2); C9 - C10- the Cp ring. This phenyl ring is almost orthogot@alanother

P1 = 107.16(12), C11-P1-C10 = 105.87(8), 01-P1-€107.61(8), C11-p1- Phenyl ring, the dihedral angles between them are°@},
C19 = 108.11(7), C10-P1-C19 = 114.46(8). 69.9°R) for 3u and 83.5° for3w. The phosphorus oxygen

distance is 1.484(3%5( and 1.492(3)R) for the two independent
molecules of3u and 1.492(3) iBw, typical for a P-O double
bond. The bond length of C-P 8w (1.839(17)-1.856(17) A) is
longer than that of the corresponding C-P bond9@(#4)-1.833(4)
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A) (9 and (1.794(4)-1.826(4) A)Rj in 3u, which is well 1 L1 71 50:50
explained by the increased steric hindranceodho methyl 2 L2 76 50-50
substituted phenyl groups around PBwn The shortest distance '
between the corresponding atoms H18 and O1 is 2422 Pw, 3 L3 32 50:50
which is smaller than the sum of the van der Waadd of these 4 L4 22 50:50
elements (272 pnf). The bond angles around phosphorus are 5 L5 75 4555
107.9(2)-114.0(18)°g) and 106.1(17)-114.2(16)RY for 3u and

105.9(8)-114.5(8)° for3w, similar to the ones (104.8(13)- 6 L6 8 46:54
113.2(13)°) reported for [1-(1-naphthalenyl)ethydliphenyl- 7 L7 trace —

phOSphine OXIdé4 8 L8 24 50:50

Inspired by these results, we delightfully foundtthepduct5a  *Reaction conditionsta (0.25 mmol), 2a (0.30 mmol), Cul (10mol %),
was generated in 65% yield through the reaction df-1 ligand (12 mol %), KCO; (3.0 e_quw.) in dlo_xane under argon at _reflux
ferrocenyl  di-ketone-derived N-tosylhydrazone 4a  with temperature for 12 Rlsolated yield® Determined by HPLC analysis.
diphenylphosphine oxide by extending reaction time. chiral ligands:
Interestingly, byproduds were produced at the same time &ad

was isolated in 31% vyield (Table 3). The reactiospliiyed the OY(j\(o
similar steric and electron effect with the reduetoupling of %lN N N|j

ferrocenyl ketone derived tosylhydrazoriesvith H-phosphorus
oxides and ethyl phenylphosphin&téTable 3).

(S,5)-L1

Furthermore, 1-substituted ferrocenyl phosphingsnd7 and
1,1'-bis-substituted ferrocenyl phosphines ligar@l were
produced in good yield by reduction of (P=0) bondsipghos
type ligand8 were synthesized in moderate yi¢hdoughortho-
lithiation of Cp ring of7 followed by reaction with P®CI or
Cy,PCI (Scheme 1).

o
7 ph _Ph _Ph
©/L R EtsN, SiHCl P<pn 1) *BuLi, THF, -78°C Plpn
Fe —_—
3a

“Ph
—— > fe PR:

Fe
toluene, reflux, 12h @ 2)R,PCI, -78°C to rt @

7, 96% 8a, R=Ph, 20%
8b, R=Cy,14%

o] 0—
p<Ph pch
Ph  EtsN, SIHCI; Ph

Fe —— > Fe
@\rﬁ:gﬁ toluene, reflux, 12h @\rp:i: (RSp)L7 (RR)-L8
O .
3. Conclusions
5a 9, 90%
Scheme 1. Synthesis of 1-substituted, 1,2- disubstituted Bi¢disubstituted In summary, Cu-catalyzed reductive coupling of deenyl
ferroceny! phosphine ligands. ketone tosylhydrazones andH-phosphorus oxides orH-

For further application of this approach to chifatrocenyl ~ Phosphonates was shown to be a practical and effimiethod
phosphine ligands, we examined various types ofitligands for the synthesis of ferrocene-based phosphlnend,igqln
to induce enantioselectivity (Table 4). Tridentelbiral oxazoline ~Moderate to good yields. 1-substituted, 1,2- andf'-his-
pyridine ligandL 1, gave 71% yield of racemfa (entry 1). No sqbstltuted ferrocenyl phosphlne Illgands. coullo! b&ioed .from
improvement was observed with bidentate oxazolinantig. 2 this procedure, which is of operational smphcﬂydafuncﬂonal
and spiral bidentate oxazoline ligah® (entry 2 and entry 3). 9roup tolerance. Research on synthesis of chiraiodenyl
Monodentate phosphoramidite ligand like TADDOL-dedve Phosphine —oxides throughenantioselective Cu-catalyzed
phosphoamidite L4 was also examined and showed noreductive coupling reaction is under way.
enantioselectivity (entry 4). Although, the enargiestivity
increased a little to 45:55 er with a yield of 78%en axial
chiral diphosphine §)-BINAP (L5) was added (entry 5). Other 4.1.General Experimental Methods:
axial chiral diphosphine like synphok®) did not afford better
result (entry 6). Planar chiral diphosphine Josiplic7) and P- All reactions were carried out in oven dried glasswarder
stereogenic  diphosphine L§) had low catalytic and argon unless otherwise specified. All NMR experimentse
enantioselective activity (entry 7 and entry 8)e Thason for low carried out on a Bruker AVANCE 500MHz nuclear magnetic
enantioselectivity was probably the high reactiomperature, resonance spectrometer using CHai DMSO4s as the solvent
since the diazo Compounds were generated in sitn fro with tetramethylsilane as the internal standaf’fLﬂ’ G\IMR with

tosylhydrazone in the presence of base and thexomalition. 85% HPO, as the external standard). Chemical shift valégs (
were given in parts per million. HRMS data were olgdion a

4, Experimental section

Table4 . .
Asymmetric Cu-catalyzed reductive coupling reaction Bruker .QTOF mass mass S.peCtromete.r' The meltlngtspwgre
o determined on an X-4 binocular microscope meltinginp
10 mol% Cul " ph
NNHTs Q ppy 12 mol% chiral igand R apparatus and uncorrected. HPLC analyses were pedoom a
Fe B P LC-20A instrument using Chiralpak® AD-H columns (0.46c
-3 dioxane, reflux,12h & Diameter x 25cm Length). THF, DCE, dioxane, tolueD®F
1a 2 s and DME were dried according to literature techniques

entry ligand yield (%) erF




4.2.General Procedure for
Coupling of Ferrocenyl Ketone-derived N-tosylhydmaas with
H-phosphorus Oxides and H-phosphonates:

0.30 mmolH-phosphorus oxide dd-phosphonate, 0.25 mmol
N-Tosylhydrazone, 0.025mmol of Cul and 0.75 mmgCRg,
were charged into 25 mL oven-dried flasks, and bbe#fwith
Argon three times. 3 mL freshly distilled 1,4-dioeawas then
injected into the flask, which were heated up tousefior 12 h.
The solvent was eliminated under vacuum pump and @riam

5

Copper-catalyzed  Reductive69.46 (sCp), 68.49 (sCp’), 67.98 (sCp), 67.50 (sCp), 66.84

(s, Cp), 40.80 (d,Jc.p = 65.4 Hz, CHCH,CH,CH,), 32.30 (s,
CHCH,CH,CH,), 22.92 (d,Jop = 4.6 Hz, CHCHCH,CHy),
14.46 (s, CHCKLCH,CH,); *'P{*"H} NMR (202 MHz, CDC}) &
33.94. HRMS (ESI-TOF) m/z: [M] calcd for GgH,;FeOP
442.1149; Found: 442.1142.

4.2.4. (2-Methyl-1-ferrocenylpropyl)diphenylphosphi oxide
(3d). Yellow solid, 78.7 mg (71% yield); mp 211 — 202 R
(petroleum ether/ethyl acetate 1:2) = 014. NMR (500 MHz,

water and dichloromethane was added and the layerse we€DCl) 6 7.80 — 7.67 (m, 2H, P(®)y), 7.59 — 7.51 (m, 2H,

separated. The aqueous phase was extracted three tiith
dichloromethane. The combined organic phase wasl dner

P(OPh), 7.51 — 7.37 (m, 4H, P(®), 7.37 — 7.29 (m, 2H,
P(OPh,), 4.15 — 4.11 (m, 1HZp), 4.11 — 4.08 (m, 1HCp), 4.05

NaSQO, The concentrated residue was purified by column-3.91 (m, 6HCp’ and Cp, 3.65 — 3.54 (m, 1HCp), 3.37 (d J-

chromatography over silica gel using petroleum rétleyl
acetate (1:3) as eluent to get the product.

4.2.1. Diphenyl(1-ferrocenylethyl)phosphine oxiga) ¢ Yellow

solid, 85.5 mg (83% vyield); mp 155 — f&B Rf (petroleum
ether/ethyl acetate 1:3) = 051 NMR (500 MHz, CDCJ) § 7.83

—7.71 (m, 2H, P(®hy), 7.58 — 7.39 (m, 6H, P(G,), 7.29 —
7.38 (m, 2H, P((Mhy,), 4.18 — 4.08 (m, 6HCp andCp’), 4.08 —
4.05 (m, 1H,Cp), 3.95 — 3.87 (m, 1HCp), 3.54 — 3.45 (m, 1H,
Cp), 3.45 - 3.32 (m, 1H, IGEH3), 1.60 (dd,\] H-P = 158,\] H-H —

7.2 Hz, 3H, CHEl,); *C{"H} NMR (126 MHz, CDC}) § 131.94
(d, Je.p = 93.7 Hz, P((9h,), 131.82 (dJcp = 8.6 Hz, P(OPhy),

131.50 (d,Jc.r = 2.6 Hz, P(OPh,), 131.35 (d,Jcr = 2.8 Hz,

P(OPh,), 131.29 (dJcp = 8.6 Hz, P(OPhy), 130.48 (dJcp =

95.6 Hz, P(OPhy), 128.33 (dJcp = 11.2 Hz, P(Q3h,), 127.79
(d, Jc_p =114 HZ, P(O’hz), 85.50 (S,Cp), 69.29 (d,\]c_p =1.8

Hz, Cp), 68.39 (s.Cp’), 67.53 (s,Cp), 67.38 (d,Jep = 1.3 Hz,

Cp), 67.17 (sCp), 35.61 (d,J.p = 66.4 Hz,CHCH,), 13.84 (d,
Jor = 1.5 Hz, CHCH,); *'P{*"H} NMR (202 MHz, CDC}) 5

33.86.

4.2.2. Diphenyl(1-ferrocenylpropyl)phosphine oxia@b)( Yellow

solid, 57.4 mg (54% vyield); mp 166 — P& R (petroleum
ether/ethyl acetate 1:3) = 061 NMR (500 MHz, CDCJ) & 7.86
— 7.70 (m, 2H, P(®h,), 7.55 — 7.36(m, 6H, P(B)y), 7.34 —
7.25 (m, 2H, P(Mhy), 4.12 — 4.08 (m, 5HCp’), 4.08 — 4.03 (m,
2H, Cp), 3.94 — 3.79 (m, 1HCp), 3.56 — 3.38 (M, 1HCp), 3.22
—3.03 (m, 1H, EICH,CH,), 2.29 — 2.04 (m, 2H, CHE,CH,),

1.15 (t,J yn = 7.4 Hz, 3H, CHCHKCH,); “*C{'H} NMR (126

MHz, CDCL) § 132.87 (dJe.r = 92.9 Hz, P(CPh,), 131.88 (d,
Jc_p =84 HZ, P(O?hz), 131.36 (d,Jc_p =21 HZ, P(O?hz),

131.28 (d,Jc.r = 8.6 Hz, P(OPh,), 131.16 (d,Jcr = 1.8 Hz,
P(OPhy), 130.41 (s, P(®h,), 128.19 (d,Jep = 11.1 Hz,
P(OPhy), 127.67 (d,Jep = 11.2 Hz, P(Ch,), 86.32 (s,Cp),

69.43 (s,Cp), 68.46 (sCp’), 67.93 (sCp), 67.49 (sCp), 66.81
(s, Cp), 42.48 (d,Jep = 65.2 Hz, CHCH,CH,), 23.42 (s,
CHCH,CH;), 14.69 (d,Jcp = 4.7 Hz, CHCHCH,); *'P{'H}

NMR (202 MHz, CDC}) & 33.76. HRMS (ESI-TOF) m/z: [M]
calcd for GsH,sFeOP 428.0992; Found: 428.0997.

4.2.3. Diphenyl(1-ferrocenylbutyl)phosphine oxi®e)( Yellow
solid, 78.3 mg (71% vyield); mp 161-1%2 R (petroleum
ether/ethyl acetate 1:2) = 061 NMR (500 MHz, CDCJ) § 7.81
—7.71 (m, 2H, P(Mhy), 7.54 — 7.36 (M, 6H, P(By), 7.35 —
7.28 (m, 2H, P(Mhy), 4.10 — 4.07 (m, 5HCp’), 4.07 — 4.04 (m,
2H, Cp), 3.91 - 3.84 (m, 1HCp), 3.49 - 3.42 (m, 1HCp), 3.26
— 3.16 (m, 1H, EICH,CH,CHj;), 2.21 - 1.92 (m, 2H,
CHCH,CH,CH,), 1.70 — 1.46 (m, 2H, CHGIEH,CHj), 0.92 (t,
Jun = 7.3 Hz, 3H, CHCHCH,CH,); “*C{*H} NMR (126 MHz,
CDCls) 6 132.84 (dJcp = 93.2 Hz, P((Phy), 131.93 (dJcp =
8.3 Hz, P(OPhy), 131.40 (dJcp = 2.0 Hz, P(OPhy), 131.30 (d,
Jop = 8.6 Hz, P(OPhy), 131.19 (d,Jcp = 2.0 Hz, P(Ophy),
130.76 (d,Jcp = 95.8 Hz, P(Q%hy), 128.20 (dJep = 11.2 Hz,
P(OPhy), 127.69 (d,Jcpr = 11.2 Hz, P((Bh,), 86.54 (s,Cp),

p = 15.0 Hz, 1H, @®CH(CH),), 2.75 — 2.56 (m, 1H,
CHCH(CHs),), 1.27 (d,Jup = 7.0 Hz, 3H, CHCH(E),), 1.10 (d,
Jup = 7.0 Hz, 3H, CHCH(E,),); *C{*H} NMR (126 MHz,

CDCly) & 134.78 (dJcp = 94.1 Hz, P(QBhy), 132.24 (dJc.p =

93.5 Hz, P(OPphy), 132.04 (dJep = 8.2 Hz, P(OPhy), 131.17 —
130.93 (m, P((Mhy), 128.24 (dJcp = 11.2 Hz, P(CBh,), 127.77
(d, Je.p = 11.1 Hz, P((h,), 85.09 (sCp), 70.12 (sCp), 68.75
(d, Jop = 4.4 Hz,Cp), 68.64 (s,Cp’), 67.34 (sCp’), 66.98 (s,
Cp)), 46.22 (d, Jop = 66.6 Hz, CHCH(CH),), 32.13 (s,
CHCH(CHj),), 23.00 (s, CHCHEH),), 21.45 (d,Jc.p = 9.8 Hz,

CHCH(CH,),); *'P{'H} NMR (202 MHz, CDCL) & 32.30.

HRMS (ESI-TOF) m/z: [M] calcd for GgHyFeOP 442.1149;
Found: 442.1135.

4.2.5. (2,2-Dimethyl-1-ferrocenylpropyl)diphenylphbise oxide
(3e). orange solid, 30.4 mg (27% vyield); mp217 — ZIL8R

(petroleum ether/ethyl acetate 1:2) = 048. NMR (500 MHz,

CDCly) & 7.91 — 7.76 (m, 2H, P(®),), 7.49 — 7.32 (m, 5H,
P(OPhy), 7.24 — 7.17 (m, 1H, P(®)y), 7.16 — 7.10 (m, 2H,
P(OPhy), 4.28 — 4.16 (m, 1HCp), 4.05 — 4.00 (m, 5HCp’),

3.99 — 3.96 (m, 1HCp), 3.82 — 3.73 (m, 1HZp), 3.67 — 3.57 (m,
1H, Cp), 3.04 (d,Ju.p = 9.8 Hz, 1H, GIC(CHy)s), 1.33 (s, 9H,
CHC(CH,),); *C{*H} NMR (126 MHz, CDC})  137.30 (dJc.r

= 88.8 Hz, P(COPh,), 134.54 (dJc.r = 98.0 Hz, P(Q%h,), 130.98
(d, Je.p = 8.3 Hz, P(OPhy), 130.70 (dJc.r = 2.7 Hz, P(OPhy),

130.57 (d,\]c_p =85 HZ, P(O?hz), 129.96 (d,Jc_p =26 HZ,

P(OPhy,), 128.30 (dJc.p = 11.0 Hz, P(CRhy,), 127.19 (dJcp =

11.2 Hz, P(OPh,), 86.47 (s,Cp), 72.41 (d,Jcr = 3.3 Hz,Cp),

71.06 (d,Jc.p = 5.7 Hz,Cp), 69.51 (sCp’), 67.64 (sCp), 65.65
(s, Cp), 47.99 (d,Jc.r = 66.8 Hz,CHC(CHy)s), 35.96 (d,Jc.p =

1.3 Hz, CHC(CHs)3), 30.65 (dJc.p = 6.3 Hz CHCCH,),); *'P{*H}
NMR (202 MHz, CDCY) & 31.64; HRMS (ESI-TOF) m/z: [M]

calcd for G;H,sFeOP 456.1305; Found: 456.1302.

4.2.6. (Ferrocenylmethyl)diphenylphosphine oxig®.% Yellow
solid, 76.0 mg (76% vyield); mp 198 — @9 R (petroleum
ether/ethanol100:1) = 0.4 NMR (500 MHz, CDCJ) § 7.72 —
7.61 (m, 4H, P((Mhy), 7.54 — 7.47 (m, 2H, P(®),), 7.47 — 7.38
(m, 4H, P(OPhy), 4.14 — 4.04 (m, 5HCp’), 4.03 — 3.95 (M, 4H,
Cp), 3.42 (d,Jy.p = 12.7 Hz, 2H, E,P(O)Ph); “*C{'H} NMR
(126 MHz, CDC}) 6 132.29 (dJc.p = 97.8 Hz, P(CBh,), 131.67
(d, Jep = 2.7 Hz, P(OPhy), 131.18 (dJcp = 9.2 Hz, P(OPhy),
128.34 (dJc.r = 11.6 Hz, P(Q®hy), 77.67 (dJc.r = 2.6 Hz,Cp),
69.75 (d,Jep = 2.2 Hz,Cp), 68.81 (sCp’), 67.94 (sCp), 33.28
(d, Jep = 67.4 Hz,CH,P(O)Ph); *'P{'"H} NMR (202 MHz,
CDCL) 5 28.71.

4.2.7. Bis(3,5-dimethylphenyl)(1-ferrocenylethyl)gbitine oxide
(3g). Yellow solid, 107.4 mg (91% yield); mp 181 — 182 R
(petroleum ether/ethyl acetate 1:2) = 048.NMR (500 MHz,
CDCly) 6 7.44 — 7.30 (m, 2H, P(®),), 7.20 — 6.99 (m, 4H,
P(OPhy), 4.22 — 4.40 (m, 7THCp’ andCp), 3.93 (m, 1H,Cp),
3.52 (m, 1HCp), 3.39 — 3.22 (m, 1H, IBCH,), 2.35 (s, 6H, Ph-
CHy), 2.25 (s, 6H, Ph- By), 1.57 (ddJyp = 15.2,J44 = 6.2 Hz,
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3H, CHH,); *C{*H} NMR (126 MHz, CDC}) & 137.90 (dJc.p
=11.7 Hz, P(O%hy), 137.29 (dJc.» = 12.0 Hz, P(OYhy), 133.15
(d, Je.p = 1.9 Hz, P(OPhy), 132.95 (dJc.p = 2.2 Hz, P(OPhy),
131.69 (d,Jcp = 92.8 Hz, P(QPh,), 130.40 (dJcp = 95.2 Hz,
P(OPhy), 129.37 (dJc.r = 8.6 Hz, P(OPh,), 128.85 (dJcp =
8.5 Hz, P(OPh,), 85.93 (s,Cp), 69.79 (s,Cp), 69.48 (s,Cp),
68.37 (s,Cp’), 67.50 (sCp), 67.00 (sCp), 35.38 (d,Jc.r = 65.9
Hz, CHCH,), 21.26 (s, PIGH;), 21.12 (s, PGH;), 13.93 (s,
CHCH,); *P{*H} NMR (202 MHz, CDC}L) & 34.39; HRMS
(ESI-TOF) m/z: [M] calcd for GgHs,FeOP 470.1462; Found:
470.1460.

4.2.8. Bis(3,5-dimethylphenyl)(1-ferrocenylpropybpphine
oxide @h). Yellow solid, 71.5 mg (59% vyield); mp 134 — £35
Ry (petroleum ether/ethyl acetate 1:2) = O6.NMR (500 MHz,
CDCly) 6 7.42 — 7.32 (m, 2H, P(®)y), 7.15 — 6.98 (m, 4H,
P(OPh,), 4.14 — 4.02 (m, 7HCp’ andCp), 3.90 (m, 1H,Cp),
3.50 (m, 1HCp), 3.16 — 2.99 (m, 1H, @CH,CH;), 2.34 (s, 6H,
Ph-CH,), 2.24 (s, 6H, Ph-8;), 2.22 — 2.05 (m, 2H, CHE,CH,),
1.14 (t,J yy = 7.2 Hz, 3H, CHCKCH,); “*C{'"H} NMR (126
MHz, CDCE) & 137.71 (dJc.r = 11.8 Hz, P(QPhy), 137.12 (d,
Jep = 11.9 Hz, P(O3hy), 133.03 (d,Jcp = 2.2 Hz, P(OPhy),
132.79 (dJcp = 2.4 Hz, P(OPhy), 132.04 (s, P(Mhy,), 130.40
(d, Jc.p = 94.8 Hz, P((Phy), 129.49 (dJcp = 8.5 Hz, P(Ophy),
128.91 (dJc.p = 8.6 Hz, P(OPh,), 86.55 (sCp), 69.60 (sCp),
68.40 (s,Cp’), 68.00 (sCp), 67.37 (sCp), 66.64 (sCp), 42.24
(d, Jc.p = 64.9 Hz,CHCH,CHj), 23.35 (s, CIEH,CH;), 21.23 (s,
Ph-CHs), 21.08 (s, 6H, PIEH3), 14.77 (d,Jcr = 5.0 Hz,
CHCH,CH_); *P{*"H} NMR (202 MHz, CDC}) 5 34.67; HRMS
(ESI-TOF) m/z: [M] calcd for GgHssFeOP 484.1618; Found:
484.1613.

4.2.9. Bis(3,5-dimethylphenyl)(1-ferrocenylbutyl)pploine oxide
(3i). Yellow oil, 97.8 mg (79% yield); mp156 — 1%7 R

(petroleum ether/ethyl acetate 1:2) = 048. NMR (500 MHz,

CDCly) 6 7.39 — 7.32 (m, 2H, P(®)y), 7.13 — 6.99 (m, 4H,
P(OPhy), 4.10 — 4.06 (m, 7HCp’ andCp), 3.94 — 3.83 (m, 1H,
Cp), 352 - 3.44 (m, 1H,Cp), 3.21 - 3.08 (m, 1H,
CHCH,CH,CH,), 2.33 (s, 6H, Ph-B;), 2.23 (s, 6H, Ph-8y),

2.17 — 1.92 (m, 2H, CHE,CH,CH,), 1.69 — 1.44 (m, 2H,
CHCH,CH,CH,), 0.92 (t,J .,y = 7.3 Hz, 3H, CHCHLCH,CH,);

¥C{*H} NMR (126 MHz, CDC}) & 137.70 (d,Jep = 11.8 Hz,
P(OPhy), 137.13 (dJe.p = 11.9 Hz, P(CRhy,), 133.02 (dJcp =

2.5 Hz, P(Olphy), 132.78 (dJc.p = 2.5 Hz, P(OPhy), 132.53 (d,
Jop = 92.4 Hz, P(QPh,), 130.56 (d,Jep = 94.7 Hz, P(CBhy),

129.52 (d,Jc.r = 8.5 Hz, P(OPh,), 128.90 (d,Jc.r = 8.6 Hz,
P(O)Ph), 86.86 (s,Cp), 69.62 (s,Cp), 68.42 (sCp’), 68.04 (s,
Cp), 67.39 (s,Cp), 66.63 (s,Cp), 40.53 (d,Jcp = 64.9 Hz,
CHCH,CH,CH,), 32.23 (s, CI8H,CH,CHy), 22.92 (dJc.p = 4.9

Hz, CHCHCH,CH,), 21.24 (s, PIGH,), 21.09 (s, PIGH,),

14.43 (s, CHCKLCH,CH,); *'P{*"H} NMR (202 MHz, CDC}) &

34.48; HRMS (ESI-TOF) m/z: [M] calcd for GgHasFeOP
498.1775; Found: 498.1770.

4.2.10. Bis (3,5-dimethylphenyl)(2-methyl-1-ferrodpropyl)
phosphine oxide3). Yellow oil, 99.6 mg (80% yield); mp 169-
170°C; R (petroleum ether/ethyl acetate 1:2) = 04d. NMR
(500 MHz, CDC}) 6 7.40 — 7.29 (m, 2H, P(®),), 7.23 — 7.13
(m, 2H, P(OPhy), 7.13 — 7.06 (m, 1H, P(B}y), 7.06 — 6.99 (m,
1H, P(OPhy), 4.14 (m, 1HCp), 4.11 (m, 1HCp), 4.01 — 3.97
(m, 1H,Cp), 3.97 — 3.92 (m, 5HCp’), 3.72 (m, 1HCp), 3.39 —
3.24 (m, 1H, GICH(CHy),), 2.70 — 2.51 (m, 1H, CHE(CH),),
2.33 (s, 6H, Ph-B5), 2.26 (s, 6H, Ph-B8;), 1.21 (dJy4 = 7.0
HZ, 3H, CHCHCHg)z), 1.10 (d, J HH = 7.0 HZ, 3H,
CHCH(CH,),); “*C{*H} NMR (126 MHz, CDC}) & 137.77 (d,
Jep = 11.8 Hz, P(QPhy), 137.23 (d,Jcp = 11.8 Hz, P((Mh,),
134.54 (d,Jcp = 93.4 Hz, P((Phy), 132.80 (dJcp = 2.6 Hz,
P(OPh,), 132.67 (dJcp = 2.7 Hz, P(OPh,), 132.34 (dJcp =

92.9 Hz, P(Ohy), 129.55 (d,Jc.» = 8.3 Hz, P(OPhy), 128.65 (d,
Jop = 8.6 Hz, P(Oh,), 85.16 (sCp), 70.43 (dJc.p = 1.9 Hz,
Cp), 68.77 (d,Jc.p = 5.1 Hz,Cp), 68.59 (sCp’), 67.12 (sCp),

66.80 (5,Cp), 45.77 (dJc.p = 66.6 Hz,CHCH(CH,),), 31.79 (s,
CHCH(CHb),), 22.54 (s, CHCHEH3),), 21.77 (dJep = 10.3 Hz,
CHCH(CHa3),), 21.30 (s, PhCH,), 21.15 (s, PIGH,); *'P{'H}

NMR (202 MHz, CDCY)) & 33.02; HRMS (ESI-TOF) m/z: [M]
calcd for GgH3sFeOP 498.1775; Found: 498.1759.

4.2.11. (2,2-Dimethyl-1-ferrocenylpropyl)bis(3,5-dimdphenyl)
phosphine oxide3k). Yellow oil, 75.8 mg (59% yield); mp 213 —
214C; R (petroleum ether/ethyl acetate 1:2) = 0'd. NMR
(500 MHz, CDC}) 5 7.46 — 7.36 (m, 2H, P(®),), 7.07 — 7.00
(m, 1H, P(OPh,), 6.98 — 6.89 (M, 2H, P(B)y), 6.84 — 6.77 (m,
1H, P(OPhy), 4.24 — 4.15 (m, 1HCp), 4.07 — 4.00 (m, 5HCp),
4.00 — 3.95 (m, 1HCp), 3.82 — 3.74 (m, 1HCp), 3.66 — 3.57 (m,
1H, Cp), 2.98 (d,J.p = 10.0 Hz, 1H, EIC(CHy)3), 2.32 (s, 6H,
Ph-CH3), 2.16 (s, 6H, Ph-By), 1.33 (s, 9H, CHC(8,),); “C{'H}
NMR (126 MHz, CDC)) § 137.73 (dJcp = 11.6 Hz, P(CPhy),
136.95 (d,Jop = 88.4 Hz, P((Phy), 136.43 (dJcp = 11.7 Hz,
P(OPh,), 134.00 (d,Jcp = 97.0 Hz, P((®h,), 132.37 (s,
P(OPhy,), 131.53 (s, P(Phy), 128.68 (dJc.p = 8.2 Hz, P(OPh,),
128.16 (dJc.p = 8.4 Hz, P(OPh,), 86.64 (sCp), 72.41 (dJcp=
2.5 Hz,Cp), 71.08 (d,J = 5.4 Hz,Cp), 69.38 (sCp’), 67.31 (s,
Cp), 65.34 (sCp), 48.00 (d,Jc.p = 66.1 Hz,CHC(CHs)s), 35.85
(s, CHC(CHs)s), 30.70 (d,Jep = 6.0 Hz, CHCCHa)s), 21.30 (s,
Ph-CH3), 21.15 (s, PIGH;); *P{*H} NMR (202 MHz, CDC}) 5
32.44; HRMS (ESI-TOF) m/z: [M] calcd for G,Hs/FeOP
512.1931; Found: 512.1919.

4.2.12. Ethyl phenyl(1-ferrocenylethyl)phosphin&Bf). brown
oil, 79.9 mg (84% vyield); R(petroleum ether/ethyl acetate 1:2) =
0.6."H NMR (500 MHz, CDCJ) § 7.67 — 7.17 (m, 5Hph), 4.27
—3.98 (m, 9HCp’ andCp), 3.98 — 3.71 (m, 2H, O&,CH,), 3.17
— 2.76 (m, 1H, GCH,), 1.65 — 1.37 (m, 3H, CH&), 1.32 —
1.21 (m, 3H, OCKLCH,); *C{'H} NMR (126 MHz, CDC}) &
132.61 (d,Jcp = 9.0 Hz,Ph), 132.27 (d,Jcp = 9.1 Hz,Ph),
131.79 (d,Jep = 2.5 Hz,Ph), 129.24 (dJcp = 121.0 Hz,Ph),
127.87 (d,Jcp = 12.0 Hz,Ph), 127.74 (dJcp = 12.2 Hz,Ph),
85.54 (s,Cp), 85.42 (sCp), 69.69 (s,Cp), 69.35 (s,Cp), 68.30
(m, Cp’), 67.45 (sCp), 67.29 (d,Jcp = 1.5 Hz,Cp), 67.06 (s,
Cp), 66.64 (s,Cp), 66.51 (s,Cp), 60.64 (d,Jcp = 6.8 Hz,
OCH,CH,), 35.40 (m,CHCHj3), 35.27 (dJc.p = 95.3 Hz), 16.33
(d, Jcp = 6.2 Hz, OCHCH), 13.61 (s, ClEH3), 13.05 (s,
CHCH,); *P{*H} NMR (202 MHz, CDC}) & 43.47, 42.98;
HRMS (ESI-TOF) m/z: [M] calcd for GoH,sFeQP 382.0785;
Found: 382.0781.

4.2.13. Ethyl phenyl(1-ferrocenylpropyl)phosphinaté8m).
brown oil, 44.4 mg (45% vyield); Rf (petroleum etletnyl
acetate 1:2) = 0.6H NMR (500 MHz, CDCJ) 6 7.62 — 7.28 (m,
5H, Ph), 4.61 — 3.40 (overlapped signals, m, 11&f’, Cp,
OCH,CH), 2.85 — 2.60 (m, 1H, I@CH,CH;), 2.30 — 1.81 (m, 2H,
CHCH,CHs), 1.47 - 1.05 (overlapped signals, m, 6H,
CHCH,CH;, OCH,CH,); *C{'H} NMR (126 MHz, CDC}) &
132.75 (d,Jcr = 9.1 Hz,Ph), 132.38 (d,Jcp = 9.1 Hz,Ph),
131.77 (s,Ph), 130.55 (s,Ph), 129.59 (s,Ph), 128.57 (s,Ph),
127.90 (d,Je.p = 12.0 Hz,Ph), 127.75 (dJcp = 12.0 Hz,Ph),
86.39 (sCp), 86.23 (sCp), 70.00 (dJe.p= 1.5 Hz,Cp), 69.65 (d,
Jep = 1.7 Hz,Cp), 69.26 (sCp), 68.45 (d,Jc.p = 1.4 Hz,Cp),
67.44 (sCp), 67.31 (dJep = 2.1 Hz,Cp), 67.25 (sCp), 67.08 (s,
Cp), 67.02 (sCp), 60.65 (dJep = 6.9 Hz, @H,CH;), 60.53 (d,
Jep= 6.9 Hz, @H,CH,), 42.67 (dJcp = 93.3 Hz,CHCH,CHs),
42.25 (d,Jcp = 93.3 Hz,CHCH,CH,), 23.39 (s, CI&H,CH,),
22.83 (s, CI€H,CHs), 16.40 (dJc.r = 6.3 Hz, OCHCH,), 14.33
(d, Jc_p = 33 HZ, CHCI‘ZCHg), 14.25 (d,\]c_p = 4.2 HZ,
CHCH,CH3); *'P{'"H} NMR (202 MHz, CDC}) & 43.75, 43.26;



HRMS (ESI-TOF) m/z: [M] calcd for GH,sFeOP 396.0942;
Found: 396.0924.

4.2.14. Ethyl phenyl(1-ferrocenylbutyl)phosphinésa). brown

oil, 74.4 mg (73% vyield); R(petroleum ether/ethyl acetate 1:2)
0.6."H NMR (500 MHz, CDCJ) § 7.55 — 7.23 (m, 5Hph), 4.18

—3.68 (m, 11H, overlapped signals, m, 10p;, Cp, OCH,CHz),

2.95 — 2.64 (m, 1H, BCH,CH,CH,), 2.05 — 1.87 (m, 2H,
CHCH,CH,CH), 1.81 — 1.20 (m, 2H, CHGEH,CH,), 1.33 —
1.21 (m, 3H, OCHKCH,), 1.09 — 0.88 (m, 3H, CHGEH,CH.);

¥C{*H} NMR (126 MHz, CDC}) & 132.68 (d,Jc.» = 9.0 Hz,Ph),

132.31 (d,Jecp = 9.1 Hz,Ph), 131.71 (d,Jcp = 2.4 Hz,Ph),

130.00 (dJcp = 120.1 HzPh), 128.99 (dJcp = 120.1 HzPh),

127.85 (d,Je.p = 12.0 Hz,Ph), 127.70 (dJcp = 12.0 Hz,Ph),

86.46 (sCp), 86.35 (sCp), 69.95 (dJc.p= 1.9 Hz,Cp), 69.62 (d,
Jep = 1.6 Hz,Cp), 69.24 (sCp), 68.41 (sCp’), 67.43 (dJep =

1.7 Hz,Cp), 67.39 (sCp), 67.27 (dJc.p = 2.1 Hz,Cp), 67.21 (s,
Cp), 67.02 (s,Cp), 66.96 (s,Cp), 60.61 (d,Jcp = 7.0 Hz,
OCH2CH3), 60.48 (d,\]c_p =7.0 HZ, @:H2CH3), 40.64 (d,\]c_p =

93.2 Hz, CHCH,CH,CHs), 40.17 (d, Jcp = 93.9 Hz,
CHCH,CH,CH,), 3222 (s, CIBH,CH,CHj), 31.61 (s,
CHCH,CH,CH), 22.39 (d,Jcpr = 4.1 Hz, CHCHCH,CHa,),

16.35 (d,Jc_p = 6.2 HZ, OC"ZCH?,), 14.40 (d,Jc_p =11.0 HZ,
CHCH,CH,CH3); *'P{'"H} NMR (202 MHz, CDC}) & 43.75,
43.23; HRMS (ESI-TOF) m/z: [M] calcd for G,H,-FeQP

410.1098; Found: 410.1085.

4.2.15. Ethyl (2-methyl-1-ferrocenylpropyl)(phenyidsphinate
(30). brown oil, 50.0 mg (49% vyield); Rpetroleum ether/ethyl
acetate 1:2) = 0.6H NMR (500 MHz, CDCJ) § 7.72 — 7.62 (m,
1H, Ph), 7.55 — 7.38 (m, 3H?h), 7.34 — 7.27 (m, 1H>h), 4.33 —
3.92 (m, 10H,Cp’ and Cp overlapped with O8,CH,), 3.87 —
3.57 (m, 1H, OE,CHs), 3.07 — 2.80 (m, 1H, ECH(CHs),),
277 — 2.18 (m, 1H, CH@CHs),), 1.37 — 0.86 (m, 9H,
CHCH(CH3), and OCHCHj); *C{*H} NMR (126 MHz, CDC})
$ 132.92 (d,Jcp = 9.3 Hz,Ph), 132.31 (dJcp = 9.2 Hz,Ph),
131.74 (d,Jcp = 2.6 Hz,Ph), 131.59 (d,Jcp = 2.6 Hz,Ph),
130.98 (d,Jcp = 90.1 Hz,Ph), 128.18 (dJcp = 12.0 Hz,Ph),
127.76 (dJo.p = 11.9 HzPh), 86.02 (sCp), 84.10 (sCp), 70.76
(s,Cp), 70.32 (sCp), 68.87 (sCp’), 68.61 (sCp’), 67.88 (dJc»
= 3.9 Hz,Cp), 67.47 (sCp), 67.10 (sCp), 67.07 (sCp), 66.94
(s, Cp), 60.39 (dJcp = 6.7 Hz, G@H,CH3), 59.99 (d,Jcp = 6.8
Hz, OCH,CH,), 46.68 (dJc.p = 94.3 HzCHCH(CHy),), 46.11 (d,
Jep = 96.7 HzZ,CHCH(CHg),), 31.57 (s, CI8H(CHs),), 30.60 (s,
CHCH(CHsy),), 23.60 (s, CHCHLH,),), 21.82 (dJc.p = 12.2 Hz,
CHCH(CH5),), 20.97 (overlapped signals, m, CH@HHz),),
16.35 (d,Jcp = 6.7 Hz, OCHCH,); *P{*H} NMR (202 MHz,
CDCl;) & 43.78, 41.60; HRMS (ESI-TOF) m/z: [MEalcd for
C,,H,,FeOP 410.1098; Found: 410.1097.

4.2.16. Ethyl (2,2-dimethyl-1-ferrocenylpropyl) (plgh
phosphinate 3p). brown oil, 59.8 mg (56% yield); Rpetroleum
ether/ethyl acetate 1:2) = 0361 NMR (500 MHz, CDCJ) § 7.79
— 7.64 (m, 1HPh), 7.52 = 7.32 (m, 3H>h), 7.30 — 7.21 (m, 1H,
Ph), 4.19 — 3.84 (m, 9HZp’ andCp overlapped with O8,CHs),
3.84 — 3.53 (m, 1H, O&,CHj3), 2.90 — 2.63 (m, 1H, EC(CHs),),
1.40 — 0.98 (m, 12H, IEC(CH,); and OCHCH,); *C{*H} NMR
(126 MHz, CDCY) 134.39 (dJc.p = 118.9 Hz,Ph), 132.25 (d,
Jep = 121.5 Hz,Ph), 132.11 (sPh), 132.04 (sPh), 131.96 (s,
Ph), 131.34 (dJcp = 2.6 Hz,Ph), 131.04 (dJc.r = 2.6 Hz,Ph),
128.05 (d,Jcp = 12.1 Hz,Ph), 127.50 (dJcp = 12.0 Hz,Ph),
85.14 (d Je.p = 4.2 Hz,Cp), 84.88 (dJc.p = 1.9 Hz,Cp), 71.76 (d,
Jep = 2.7 Hz,Cp), 71.42 (dJcp = 2.7 Hz,Cp), 70.74 (dJcp =
7.5 Hz,Cp), 70.03 (dJcp = 9.3 Hz,Cp), 69.30 (sCp’), 69.25 (s,
Cp), 67.26 (s,Cp), 66.68 (s,Cp), 66.37 (s,Cp), 66.26 (s.Cp),
60.17 (d,Jep = 6.7 Hz, @H,CH,), 59.96 (d,J = 7.1 Hz,
OCH,CHs), 49.83 (dJc.p = 122.4 HzCHC(CH)s), 49.06 (dJc.p
= 122.5 Hz, CHC(CHy);), 35.24 (s, CKE(CHy)3), 35.11 (s,
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CHC(CHs)s), 30.35 (s, CHQTH,)s), 16.29 (m, OCKLCHs):
¥P{*H} NMR (202 MHz, CDC}) & 43.21, 42.89; HRMS (ESI-
TOF) m/z: [M] caled for GgH,JFeQP 424.1255; Found:
424.1256.

4.2.17. Ethyl (ferrocenyl(phenyl)methyl) (phenyl)gbtlunate
(3g). Yellow solid, 69.9 mg (63% yield); mp 188-1€Q R

(petroleum ether/ethyl acetate 1:2) = 0. NMR (500 MHz,
CDCly) 4 7.64 — 7.04 (m, 10HRh), 4.33 - 3.71 (m, 11HZp’ and
Cp overlapped with O8,CHjs), 1.23 and 1.10 (two tripled,.,, =

7.0 Hz, 3H, OCHCHZ); “*C{'H} NMR (126 MHz, CDC}) &

137.02 (d,Jecp = 5.5 Hz,Ph), 136.71 (d,Jcp = 2.6 Hz,Ph),

132.30 (d,Jcp = 9.2 Hz,Ph), 131.99 (d,Jcp = 9.2 Hz,Ph),

131.83 (d,Jcp = 2.6 Hz,Ph), 131.65 (d,Jcp = 2.6 Hz,Ph),

130.77 (d,Jcp = 4.7 Hz,Ph), 130.03 (s,Ph), 129.98 (s,Ph),

129.92 (sPh), 129.78 (dJcp = 4.9 Hz,Ph), 128.02 (dJcp=1.1
Hz, Ph), 127.88 (sPh), 127.82 (sPh), 127.78 (sPh), 127.72 (s,
Ph), 127.03 (dJcp = 2.0 Hz,Ph), 126.90 (dJc.p = 2.3 Hz,Ph),

84.36 (d,Jc.p = 3.7 Hz,Cp), 84.15 (sCp), 70.18 (dJep = 2.4 Hz,
Cp), 69.99 (d,Jc.p = 2.3 Hz,Cp), 69.52 (sCp), 68.44 (sCp),

68.37 (s,Cp’), 68.25 (sCp), 68.21 (sCp), 68.03 (sCp), 67.08
(s, Cp), 61.15 (s, @H,CH3), 61.09 (s, @H,CHs), 61.03 (s,
OCH2CH3), 50.04 (d,.]c_p: 13.9 HZ,CHPh), 49.31 (dJc_pz 14.1
Hz, CHPh), 16.39 (dJcp = 6.3 Hz, OCHCH3), 16.27 (dJcp =

6.0 Hz, OCHCH,); *'P{'"H} NMR (202 MHz, CDC}) & 38.50,
38.22; HRMS (ESI-TOF) m/z: [M] calcd for GsH,.sFeQP

444.0942; Found: 444.0947.

4.2.18. Diethyl (1-ferrocenylethyl)phosphona8e)( brown oil,
59.9 mg (69% vyield); Rpetroleum ether/ethyl acetate 1:2) = 0.6.
'H NMR (500 MHz, CDCJ) 5 4.38 — 4.26 (m, 1HCp), 4.26 —
4.04 (m, 8H,Cp’, Cp), 4.01 — 3.84 (m, 4H, O&,CHs), 2.99 —
2.81 (m, 1H, GICHjy), 1.58 (dd,Jy.p = 17.8,J44 = 7.0 Hz, 3H,
CHCH3), 1.22 (m, 6H, OCKCH,); “*C{*H} NMR (126 MHz,
CDCls) 3 85.67 (d,Jcp = 1.3 Hz,Cp), 69.32 (d,Jc.p = 2.2 Hz,
Cp), 68.48 (sCp’), 67.61 (sCp), 67.38 (sCp), 66.46 (dJcp =
2.1 Hz,Cp), 61.98 (d,Jcp = 7.0 Hz, GCHCHy), 32.34 (dJcp =
136.9 Hz,CHCH), 16.38 (d Jc.p = 5.7 Hz, OCHCH,), 14.23 (d,
Jop = 4.5 Hz, CHCH,); *P{'"H} NMR (202 MHz, CDC}) 5
28.36; HRMS (ESI-TOF) m/z: [M] calcd for GgH,sFeQP
350.0734; Found: 350.0738.

4.2.19. Diethyl (1-ferrocenylpropyl)phosphona8s)( brown oil,
44.1 mg (49% vyield); Rjpetroleum ether/ethyl acetate 1:2) = 0.6.
'H NMR (500 MHz, CDCJ) 5 4.32 — 4.23 (m, 1HCp), 4.22 —
4.05 (m, 8H,Cp, Cp’), 4.01 — 3.75 (m, 4H, OE,CHy), 2.72 —
2.56 (m, 1H, GICH,CHs), 2.26 — 1.95 (m, 2H, CH&,CH,),
1.31 — 1.15 (overlapped signals, m, 9H, CHCH,, OCH,CHy);
¥C{*H} NMR (126 MHz, CDC}) & 86.22 (d,Jc.r = 1.7 Hz,Cp),
69.35 (d,Jc.p = 2.3 Hz,Cp), 68.47 (sCp’), 67.36 (sCp), 67.12
(s,Cp), 67.09 (sCp), 61.92 (dJc.p = 7.1 Hz, @H,CHy), 61.52
(d, Jc_p =72 HZ, @:H2CH3), 39.35 (d, Jc_p = 134.3 HZ,
CHCH,CHjy), 23.73 (dJcp = 3.4 Hz, CKCH,CHg), 16.29 (dJc.p
= 6.0 Hz, OCHCH,), 13.80 (d,Jcp = 3.8 Hz, CHCHCH,);
¥p{'H} NMR (202 MHz, CDC}) & 28.97; HRMS (ESI-TOF)
m/z: [M]" calcd for G;H,sFeQ,P 364.0891; Found: 364.0883.

4.2.20. (1- Ferrocenylethyl)di-p-tolylphosphine dxi @t).
Yellow solid, 103.6 mg (94% vyield); mp 56 — ®] R
(petroleum ether/ethyl acetate 1:2) = 048. NMR (500 MHz,
CDCly) 8 7.68 — 7.58 (m, 2HPh), 7.43 — 7.33 (m, 2HPh), 7.26
—7.21 (m, 2HPh), 7.16 — 7.08 (m, 2H>h), 4.15 — 4.03 (m, 7H,
Cp’, Cp), 3.95 — 3.88 (m, 1HCp), 3.57 — 3.48 (m, 1HCp), 3.41
—3.30 (m, 1H, EICHjy), 2.37 (s, 3H, Ph-Bs), 2.32 (s, 3H, Ph-
CH,), 1.58 (dd Ji.p = 15.8,d4 = 7.3 Hz, 3H, CHEl,); *C{*H}
NMR (126 MHz, CDC}) é 141.69 (dJc.p = 2.7 Hz,Ph), 141.54
(d, Jo.p = 2.7 Hz,Ph), 131.81 (d,Jc.p = 8.9 Hz,Ph), 131.23 (dJc.
p = 8.9 Hz,Ph), 128.96 (dJcp = 11.5 Hz,Ph), 128.83 (dJcp =
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96.4 Hz,Ph), 128.46 (dJcpr = 11.7 Hz,Ph), 127.17 (dJep =
97.9 Hz,Ph), 85.68 (sCp), 69.32 (sCp), 68.30 (sCp’), 67.35 (s,
Cp), 67.10 (sCp), 35.63 (d,Jc.p = 66.7 Hz,CHCHs), 21.39 (d,
Jep = 3.9 Hz, PhEH,), 13.79 (s, CiEH,); *P{*H} NMR (202
MHz, CDCk) & 34.25; HRMS (ESI-TOF) m/z: [M]calcd for
C,eHoFeOP 442.1149; Found: 442.1130.

4.2.21. Bis(4-fluorophenyl)(1- ferrocenylethyl)ppbse oxide
(3u). Yellow solid, 70.1mg (62% yield); mp 203 — 204 R
(petroleum ether/ethyl acetate 1:2) = 018. NMR (500 MHz,
CDCly) § 7.79 — 7.69 (m, 2HPh), 7.52 — 7.40 (m, 2HPh), 7.19
— 7.15 (m, 2HPh), 7.10 — 6.97 (m, 2H>h), 4.16 — 4.05 (m, 7H,
Cp’, Cp), 3.42 — 3.35 (m, 1HCp), 3.55 — 3.44 (m, 1HCp), 3.42
—3.25 (m, 1H, GICH;), 1.59 (ddJyp = 16.1,J4y = 7.2 Hz, 3H,
CHCH,); *C{*H} NMR (126 MHz, CDC}) & 164.87 (d,Jc.p =
253.3 Hz,Ph), 134.50 (s,Ph), 134.43 (s,Ph), 134.36 (s,Ph),
134.29 (s,Ph), 133.85 (s,Ph), 133.77 (s,Ph), 133.70 (s,Ph),
128.13 (d,Jc.p = 3.3 Hz,Ph), 127.36 (d,Jcp = 3.3 Hz,Ph),
126.40 (d,Jcp = 3.5 Hz,Ph), 125.62 (d,Jc.p = 2.1 Hz,Ph),
116.08 (dd,Jcp = 21.5, 13.4 HzPh), 115.86 (ddJcp = 21.2,
12.3 Hz,Ph), 115.30 (ddJcp = 21.2, 12.5 HzPh), 85.25 (sCp),
69.31 (d,Jcp = 1.5 Hz,Cp), 68.53 (sCp’), 67.74 (sCp), 67.42
(s,Cp), 67.37 (sCp), 36.01 (dJop = 67.5 HZ,CHCH), 13.84 (d,
Jor = 1.2 Hz, CHCH,); *'P{*H} NMR (202 MHz, CDC}) 5
32.95;"F NMR (470 MHz, CDG)) & -106.85, -107.15; HRMS
(ESI-TOF) m/z: [M[ calcd for G4H,,F,FeOP 450.0648; Found:
450.0669.

4.2.22. Bis(4-methoxyphenyl)(1- ferrocenylethyl)phise oxide
(3v). Yellow solid, 95.9mg (81% vyield); mp 44 — @5 R
(petroleum ether/ethyl acetate 1:2) = 0. NMR (500 MHz,
CDCly) 6 7.74 — 7.54 (m, 2Hph), 7.46 — 7.32 (m, 2HPh), 7.07
—6.89 (m, 2HPh), 6.89 — 6.75 (m, 2H>h), 4.19 — 3.99 (m, 7H,
Cp, Cp), 3.99 — 3.89 (m, 1HCp), 3.83 (s, 3H, OB3), 3.79 (s,
3H, OCH,), 3.59 — 3.48 (m, 1HCp), 3.41 — 3.27 (m, 1H,
CHCHs), 1.58 — 1.56 (m, 3H, CH@); *C{*H} NMR (126 MHz,
CDCls) 6 161.99 (dJc.p = 2.0 Hz,Ph), 161.93 (dJc.p = 2.1 Hz,
Ph), 133.72 (dJcp = 9.6 Hz,Ph), 133.06 (dJc.p = 9.9 Hz,Ph),
123.40 (dJcp = 100.2 HzPh), 121.42 (dJcp = 102.0 HzPh),
113.79 (d,Jcp = 12.1 Hz,Ph), 113.29 (dJcr = 12.2 Hz,Ph),
85.82 (s,Cp), 69.37 (sCp), 68.36 (sCp’), 67.34 (sCp), 67.20
(s,Cp), 55.12 (dJcp = 8.5 Hz QCH3), 36.00 (dJcp = 67.6 Hz,
CHCH,), 13.78 (s, CiEH,); *'P{'H} NMR (202 MHz, CDC}) &
34.24; HRMS (ESI-TOF) m/z: [M] calcd for GgH,;FeQP
474.1047; Found: 474.1042.

4.2.23. Bis(2,6-dimethylphenyl)(1- ferrocenylethlyfgphine
oxide Gw). Yellow solid, 22.8mg (19% yield); mp 188 — 289
R (petroleum ether/ethyl acetate 1:2) = 0.NMR (500 MHz,
CDCly) 6 7.22 — 7.14 (m, 1HPh), 7.09 — 6.94 (m, 3HPh), 6.81
—6.71 (m, 2HPh), 4.40 — 4.31 (m, 1HCp), 4.16 — 4.07 (m, 5H,
Cp’), 4.05 — 3.97 (m, 1HCp), 3.75 — 3.67 (M, 1HCp), 3.66 —
3.54 (m, 1H, GICH,), 3.43 — 3.35 (m, 1HCp), 2.52 (s, 6H, Ph-
CH3), 2.19 (S, 6H, Ph'Bg), 1.89 (dd,\]H_p = 14'81‘]H-H =6.8 HZ,
3H, CHH,); *C{*H} NMR (126 MHz, CDC}) & 135.05 (d Jc.p
= 81.4 Hz,Ph), 131.56 (dJc.r = 89.5 Hz,Ph), 130.36 (sPh),
130.28 (s,Ph), 130.12 (dJcp = 2.6 Hz,Ph), 129.45 (dJcp =
10.6 Hz,Ph), 87.04 (sCp), 69.17 (dJc.p= 2.1 Hz,Cp), 68.34 (s,
Cp’), 68.10 (d,Jep = 1.5 Hz,Cp), 67.30 (sCp), 66.71 (sCp),
38.08 (d,Jc.p = 59.8 Hz,CHCH,), 22.86 (dJ = 3.3 Hz, PhcH,),
22.52 (d,J = 3.9 Hz, PhEH;), 15.57 (dJe.p = 2.1 Hz, CHCH,);
¥p{'H} NMR (202 MHz, CDC}) & 43.22; HRMS (ESI-TOF)
m/z: [M]" calcd for GgHs,FeOP 470.1462; Found: 470.1460.

4.3.General Procedure for Cu-catalyzed Reaction of 1,1’
Ferrocenyl Diketone-derived N-tosylhydrazones with- H
phosphorus Oxides and Ethyl Phenylphosphinate:

edron

0.36 mmolH-phosphorus oxide or ethyl phenylphosphinate,
0.15 mmol 1,1'-ferrocenyl diketone-derived-tosylhydrazone,
0.03 mmol of Cul and 0.90 mmol,BO; were charged into 25
mL oven Idried flask, and backfilled with argon three timés.
mL freshly Idistilled 1,4 dioxane was then injected into the
flask, then heated to reflux for 18 h. The crudactien mixture
was allowed to reach room temperature, the solvens wa
eliminated under vacuum. Ammonia water and dichlotbamee
was added and the layers were separated. The agpieases was
extracted three times with dichloromethane. The dpath
organic phase was dried over, 88&,. The concentrated residue
was purified by column chromatography over silicd gging
petroleum ether/ dichloromethane/ NEt2:0.1) as eluent to get
the producs.

4.3.1. 1,1'-Bis((1-diphenylphosphinyl)ethyl)-fereoe  6a).
Yellow solid, 62.7 mg (65% vyield); mp 178 — 79 R
(petroleum ether/dichloromethane / triethylaminedl. B = 0.6.
'"H NMR (500 MHz, CDCJ) § 7.86 — 7.67 (m, 4HPh), 7.67 —
7.40 (m, 12HPh), 7.40 — 7.29 (m, 4HPh), 4.15 — 4.07 (m, 1H,
Cp), 4.07 — 3.97 (m, 3HCp), 3.94 — 3.84 (m, 2HCp), 3.51 —
3.39 (m, 2H.Cp), 3.39 — 3.19 (m, 2H, IECH,), 1.67 — 1.42 (m,
6H, CHH,); *C{*H} NMR (126 MHz, CDC}) & 131.84 (dJc.p
= 15.9 Hz,Ph), 131.49 (dJcp = 8.6 Hz,Ph), 131.39 (dJcp =
2.5 Hz, Ph), 131.23 (s,Ph), 131.16 (s,Ph), 131.06 (s,Ph),
131.00 (s,Ph), 130.94 (s,Ph), 130.50 (d,Jcpr = 4.4 Hz,Ph),
129.74 (d,Jep = 4.4 Hz,Ph), 127.63 (dJcp = 11.4 Hz,Ph),
85.52 (sCp), 85.39 (sCp), 69.81 (dJc.p= 1.5 Hz,Cp), 69.55 (d,
Jep = 1.5 Hz,Cp), 68.25 (s,Cp), 68.06 (s,Cp), 68.02 (s,Cp),
67.69 (sCp), 67.64 (sCp), 67.31 (sCp), 66.70 (sCp), 35.26 (d,
Jc_p: 66.2 HZ,CHCH3), 35.08 (d,.]c_p: 66.3 HZ,CHCH3), 13.73
(d, Jep = 1.4 Hz, CHCH,), 13.67 (d,Jcp = 1.3 Hz, CHCH,);
¥P{"H} NMR (202 MHz, CDC}) & 33.45, 33.37; HRMS (ESI-
TOF) m/z: [M] calcd for GgHsFeQP, 642.1540; Found:
642.1535.

4.3.2. 1-((1-Diphenylphosphinyl)ethyl)-1'-(1-((4-mdghenyl)
sulfonyl)ethyl)-ferrocenetf). Yellow solid, 27.7 mg (31% yield);
mp 65 66C; R (petroleum ether/ dichloromethane/
triethylamine 1:3:0.1) = 0.5H NMR (500 MHz, CDC}) & 7.80
— 7.68 (m, 2HPh), 7.57 — 7.50 (m, 1H?h), 7.50 — 7.40 (m, 5H,
Ph), 7.38 — 7.29 (m, 4HPh), 7.20 — 7.15 (m, 2HPh), 4.16 —
3.78 (m, 8H,Cp), 3.44 — 3.39 (m, 1H, K(CH;)S(O)Ph-CH),
3.36 — 3.24 (m, 1H, B(CH,;)P(O)Ph), 2.43 — 3.32 (s, 3H, Ph-
CHz), 1.67 — 1.58 (m, 3H, CH(€;)S(O)Ph-CH), 1.58 — 1.47
(m, 3H, CH(GH3)P(0)Ph); “*C{*H} NMR (126 MHz, CDC}) &
143.95 (sPh), 132.67 — 132.31 (nkh), 131.68 — 130.99 (nkh),
130.96 — 130.26 (mPh), 129.22 — 128.87 (mPh), 128.88 —
128.45 (m,Ph), 128.27 — 127.85 (nPh), 127.67 — 127.30 (m,
Ph), 85.98 (d,Jc.p = 7.5 Hz,Cp), 80.96 (d,Jc.p = 14.9 Hz,Cp),
71.00 (sCp), 70.75 (sCp), 69.89 (sCp), 69.57 (sCp), 69.24 (s,
Cp), 69.01 — 68.63 ("Cp), 68.34 — 67.27 (NGp), 66.92 (sCp),
66.65 (s,Cp), 61.65 (d,Jc.p = 10.6 Hz,CH(CH3)S(OpPh-CH),
35.25 34.29 (m, CH(CH)P(O)Ph), 21.15 (s,
CH(CH,)S(O)Ph-CH,), 13.64 (s, CH{H3)S(O)Ph-CH), 13.59
(d, Jep = 1.3 Hz, CHCH,)P(O)Ph); *P{*H} NMR (202 MHz,
CDCl;) & 33.30, 33.22; HRMS (ESI-TOF) m/z: [Mlalcd for
CaaHasFeOPS 596.1237; Found: 596.1241.

4.3.3. 1,1'-Bis((1-diphenylphosphinyl)propyl)-feteme  §b).
Yellow solid, 53.9 mg (54% vyield); mp 191 — f@2 R
(petroleum ether/ethyl acetate 1:2) = 0. NMR (500 MHz,
CDCl,)  7.80 — 7.67 (m, 4HPh), 7.56 — 7.36 (m, 12H>h), 7.35
—7.27 (m, 4HPh), 4.06 — 3.92 (m, 4HCp), 3.88 — 3.75 (M, 2H,
“Cp), 3.40 — 3.29 (m, 2HCp), 3.16 — 2.98 (M, 2H, IGCH,CHy),
2.23 - 1.94 (m, 4H, CHE,.CH,, 1.15 — 1.02 (m, 6H,
CHCH,CH3); **C{*H} NMR (126 MHz, CDC}) § 133.18 (dJc.r
= 6.6 Hz,Ph), 132.44 (dJc.p = 6.9 Hz,Ph), 131.99 (dJcp= 2.4



Hz, Ph), 131.92 (dJcp = 2.5 Hz,Ph), 131.52 (dJc.p = 2.6 Hz,
Ph), 131.40 — 131.23 (mPh), 130.96 (d,Jcp = 4.9 Hz,Ph),
130.20 (d,Jc_p =50 HZ, Ph), 128.35 (d,Jc_p = 3.2 HZ,Ph),
128.26 (d,Jcp = 3.2 Hz,Ph), 127.81 (s,Ph), 127.72 (s,Ph),
86.78 (sCp), 86.56 (sCp), 70.24 (sCp), 70.14 (sCp), 68.73 (s,
Cp), 68.58 (s,Cp), 68.37 (s,Cp), 68.08 (s,Cp), 67.74 (s,Cp),
42.59 (d,\]c_p = 65.0 HZ,CHCH2CH3), 42.35 (d,\]c_p = 65.0 HZ,
CHCH,CH), 23.51 (dJc.p = 19.2 Hz, CKCH,CH;), 14.80 (d J.
p = 4.7 Hz, CHCHCH), 14.75 (d,Jc.p = 4.7 Hz, CHCHCH);
¥p{*H} NMR (202 MHz, CDC}) & 33.85, 33.79; HRMS (ESI-
TOF) m/z: [M+Na] calcd for GoHiFeNaQP, 693.1751; Found:
693.1739.

4.3.4. 1,1'-Bis((1-diphenylphosphinyl)butyl)-fereoe@  £c).
Yellow solid, 43.7 mg (42% yield); mp185 — 86 R
(petroleum ether/ethyl acetate 1:2) = 048. NMR (500 MHz,
CDCly) 5 7.82 — 7.65 (m, 4HPh), 7.57 — 7.36 (m, 12HPh), 7.36
—7.22 (m, 4HPh), 4.05 - 3.91 (m, 4HCp), 3.87 — 3.75 (m, 2H,
Cp), 3.40 — 327 (m, 2H,Cp), 3.21 — 3.06 (m, 2H,
CHCH,CH,CH), 2.25 — 1.78 (m, 4H, CHE&,CH,CH,), 1.67 —
1.37 (m, 4H, CHCKLCH,CH;), 098 — 0.78 (m, 6H,
CHCH,CH,CHs); *C{*H} NMR (126 MHz, CDC}) & 132.77 (d,
Jc_p: 93.3 HZ,Ph), 131.97 (d,]c_p =43 HZ,Ph), 131.90 (d,]c_p
= 4.3 Hz,Ph), 131.52 (sPh), 131.39 — 131.19 (nkh), 131.06 (d,
Jc_p: 14.5 HZ,Ph), 130.30 (d,]c_pz 14.1 HZ,Ph), 128.29 (d,]c_p
= 10.2 Hz,Ph), 127.82 (dJop = 2.5 Hz,Ph), 127.73 (dJcp =
2.5 Hz,Ph), 87.01 (sCp), 86.77 (sCp), 70.28 (sCp), 70.23 (s,
Cp), 68.71 (s,Cp), 68.50 (s,Cp), 68.35 (s,Cp), 68.06 (s,Cp),
67.67 (s,Cp), 40.92 (d,Jcp = 65.0 Hz,CHCH,CH,CHj), 40.67
(d, Jop = 65.1 Hz,CHCH,CH,CH,), 32.41 (d,Jc.p = 25.0 Hz,
CHCH,CH,CH), 22.99 (s, CHCKCH,CH;), 14.54 (d Jop = 4.7
Hz, CHCH,CH,CH,); *P{*H} NMR (202 MHz, CDC}) & 33.76,

33.73; HRMS (ESI-TOF) m/z: [M+N3a] calcd for
CyHiFeNaQP, 721.2064; Found: 721.2051.
4.3.5. 1,1'-Bis(1-diphenylphosphinyl-2-methylproggtrocene

(5d). Yellow solid, 27.8 mg (27% vyield); mp 169 — f@) R
(petroleum ether/ethyl acetate 1:2) = 014. NMR (500 MHz,
CDCL) 6 7.79 — 7.62 (m, 4HPh), 7.62 — 7.38 (m, 12HPh), 7.38
— 7.27 (m, 4H,Ph), 4.04 — 3.21 (m, 10HCp overlapped with
CHCH,CH,), 2.76 — 2.44 (m, 2H, CHE(CH,),), 1.32 — 1.19 (m,
6H, CHCH(H,),), 1.17 — 0.98 (m, 6H, CHCH(&),); “*C{'H}
NMR (126 MHz, CDCJ) § 135.16 (dJc.» = 3.5 Hz,Ph), 134.41
(d, Je.p = 3.9 Hz,Ph), 132.37 — 132.06 (nPh), 131.28 (sPh),
131.17 (sPh), 131.10 (sPh), 128.47 — 128.23 (nPh), 127.92 —
127.62 (m,Ph), 86.12 (sCp), 85.60 (sCp), 71.10 (dJcp = 1.8
Hz, Cp), 70.97 (dJc»= 1.7 Hz,Cp), 69.33 (d Jc.p = 3.9 Hz,Cp),
69.26 (dJc.p = 3.6 Hz,Cp), 68.64 (sCp), 68.50 (sCp), 68.30 (s,
Cp), 67.92 (s, Cp), 46.76 (s, CHCH(CHy),), 46.24 (s,
CHCH(CHy),), 32.72 (s, CIBH(CHs),), 32.34 (s, CIEH(CH,),),
23.75 (s, CHCHTHa),), 23.40 (s, CHCHIH,),), 21.36 — 21.14
(m, CHCHCH,),); *P{*H} NMR (202 MHz, CDC}) & 32.31,
32.18; HRMS (ESI-TOF) m/z: [M] caled for G,H,FeQP,
698.2166; Found: 698.2161.

4.3.6. 1,1-Bis ((1-(bis (4-fluorophenyl) phosphjnyethyl)-
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69.81 (d,Jer = 1.9 Hz,Cp), 68.75 (sCp), 68.54 (sCp), 68.51
(s,Cp), 68.17 (sCp), 67.88 (dJc.p = 1.2 Hz,Cp), 67.60 (dJcp
=1.3 HZ,Cp), 35.85 (d,\]c_p: 67.2 HZ,CHCH3), 35.63 (d,\]c_p:
67.4 Hz,CHCH;), 13.98 (dJc.p= 1.4 Hz, CKCH3), 13.92 (dJc.p
= 1.5 Hz, CKCH,); *P{*H} NMR (202 MHz, CDC}) & 32.95,
32.86; HRMS (ESI-TOF) m/z: [M]calcd for GgHaF,FeQP,
714.1163; Found: 714.1154.

4.3.7. 1,1'-Bis((1-(bis(4-methoxy)phosphinyl))ettigtyocene
(5f). Yellow solid, 75.5 mg (66% vyield); mp 49 — %D R
(petroleum ether/ dichloromethane / triethylaming@.1) = 0.6.
'"H NMR (500 MHz, CDCJ) & 7.65 — 7.56 (m, 4HPh), 7.40 —
7.30 (m, 4H,Ph), 6.98 — 6.90 (m, 4HPh), 6.87 — 6.79 (m, 4H,
Ph), 4.05 — 3.95 (m, 4HCp), 3.93 — 3.87 (m, 2HCp), 3.84 (s,
6H, OCH,), 3.80 (s, 6H, OB,), 3.50 — 3.40 (m, 2HCp), 3.31 —
3.19 (m, 2H, GICH,), 1.55 — 1.45 (m, 6H, CHE); “*C{'H}
NMR (126 MHz, CDC}) § 162.10 (dJc.p= 2.8 Hz, ), 162.04 (s),
§ 162.14 — 162.00 (mRh), 134.90 — 132.05 (nRh), 125.39 —
119.12 (mPh), 114.61 — 112.52 (nkh), 86.16 (sCp), 86.01 (s,
Cp), 70.27 (s,Cp), 69.95 (s,Cp), 68.41 (s,Cp), 68.32 (s,Cp),
68.10 (sCp), 68.00 (sCp), 67.95 (sCp), 67.55 (sCp), 55.24 (s,
OCHy), 55.17 (s, @H,), 36.62 — 35.16 (MCHCH;,), 13.95 (d,
Je.p = 1.3 Hz, CKCH,), 13.89 (dJc.p = 1.3 Hz, CHCHy): *'P{*H}
NMR (202 MHz, CDC}) 6 34.34, 34.25; HRMS (ESI-TOF) m/z:
[M]* caled for G,H,FeQP, 762.1963; Found: 762.1955.

4.3.8. 1,1'-Bis((1-(bis(4-methylphenyl)phosphinyt)y8-
ferrocene %g). Yellow solid, 57.6 mg (55% yield); mp 139 —
140C; R (petroleum ether/ dichloromethane / triethylamine
1:3:0.1) = 0.6'H NMR (500 MHz, CDC}) § 7.64 — 7.53(m, 4H,
Ph), 7.38 — 7.30 (m, 4HPh), 7.27 — 7.21 (m, 4HPh), 7.17 —
7.08 (m, 4H,Ph), 4.08 — 4.03 (m, 1HCp), 4.03 — 3.97 (m, 3H,
Cp), 3.91 — 3.85 (m, 2HCp), 3.49 — 3.46 (M, 1HCp), 3.46 —
3.42 (m, 1HCp), 3.33 — 3.24 (m, 2H, IGCH,), 2.40 — 2.36 (m,
6H, Ph-GH,), 2.35 — 2.31 (m, 6H, Ph¥g), 1.56 — 1.47 (m, 6H,
CHCH,); *C{*H} NMR (126 MHz, CDC}) & 141.97 (dJcp =
2.6 Hz,Ph), 141.81 (dJcp = 1.4 Hz,Ph), 131.98 (dJc.r = 8.7
Hz, Ph), 131.55 — 131.24 (mPh), 129.33 (s,Ph), 129.24 —
129.04 (m,Ph), 128.67 (dJcp = 11.7 Hz,Ph), 128.56 (sPh),
128.42 (s,Ph), 127.58 (s,Ph), 127.52 (s,Ph), 126.81 (s,Ph),
126.74 (sPh), 86.10 (sCp), 85.96 (sCp), 70.30 (sCp), 70.00
(s,Cp), 68.43 (sCp), 68.39 (sCp), 68.20 (sCp), 68.01 (sCp),
67.66 (sCp), 35.78 (dJc.p = 66.5 Hz,CHCHy), 35.62 (dJcp =
66.6 Hz,CHCH;), 21.56 (dJc.p = 3.9 Hz, PhEH,), 14.03 (dJc.p
= 5.6 Hz, CHCH,); *'P{*H} NMR (202 MHz, CDC}) & 34.32,
34.23; HRMS (ESI-TOF) m/z: [M] calcd for GHiFeOP,
698.2166; Found: 698.2159.

4.3.9. 1,1'-Bis((1-(ethoxyphenylphosphinyl))etligtrocene h).
Yellow oil, 17.2 mg (27% yield); R (petroleum ether/
dichloromethane / triethylamine 1:3:0.1) = 0'6t NMR (500
MHz, CDCL) & 7.54 — 7.29 (m, 10HPh), 4.07 — 3.57 (m, 12H,
overlapped signal€p, OCH,CHs), 3.16 — 2.78 (m, 2H, I8CH,),
1.48 — 1.42 (m, 6H, CH@;), 1.30 — 1.22 (m, 6H, OCIEH,);
¥C{*H} NMR (126 MHz, CDC}) & 132.69 (d,Jc.r = 9.3 Hz,Ph),
132.37 (dJcp= 9.1 Hz,Ph), 132.00 — 131.81 (nih), 129.21 (d,

ferrocene %e). Yellow solid, 63.5 mg (59% yield); mp 180 — Jcp= 120.6 HzPh), 128.22 — 127.45 (nkh), 85.90 — 85.58 (m,
181°C; R (petroleum ether/ dichloromethane / triethylamineCp), 70.66 (sCp), 70.27 (sCp), 69.96 (sCp), 68.71 — 67.72 (m,

1:3:0.1) = 0.6"H NMR (500 MHz, CDC}) & 7.79 — 7.62 (m, 4H,
Ph), 7.50 — 7.36 (m, 4HPh), 7.22 — 7.09 (m, 4HPh), 7.08 —
6.69 (m, 4H,Ph), 4.12 — 3.96 (m, 4HCp), 3.95 — 3.88 (m, 2H,
Cp), 3.48 — 3.39 (m, 2HCp), 3.34 — 3.19 (m, 2H, ICH,), 1.58
— 1.45 (m, 6H, CHE,); “C{*H} NMR (126 MHz, CDC}) &
164.91 (ddJc.r = 253.7Jc.p = 3.2 Hz), 134.35 — 134.10 (Rh),
133.87 — 133.52 (mPh), 128.04 — 127.52 (mPh), 127.25 —
126.78 (m,Ph), 126.49 — 126.14 (mPh), 125.66 — 125.35 (m,
Ph), 116.11 — 115.74 (nRh), 115.38 (ddJc.r = 21.2,Jcp = 12.5
Hz, Ph), 85.68 (sCp), 85.56 (sCp), 70.04 (dJc.p= 1.7 Hz,Cp),

Cp), 67.35 — 66.35 (nGp), 60.85 — 60.70 (NGp), 36.14 — 34.58
(m, CHCH;), 16.41 (d,Jep = 6.3 Hz, OCHCH;), 14.05 — 12.63
(m, CHCH,); *'P{"H} NMR (202 MHz, CDC}) & 43.41, 43.37,
43.31, 43.00, 42.96, 42.89, 42.85; HRMS (ESI-TOFR}:rfv1]*
calcd for GH3FeQP, 578.1438; Found: 578.1433.

4.3.10. 1,1'-Bis((1-(bis(3,5-dimethylphenyl)phosphjethyl)-
ferrocene %i). Yellow solid, 30.1 mg (27% yield); mp 225 —
226°C; R (petroleum ether/ dichloromethane / triethylamine
1:3:0.1) = 0.6"H NMR (500 MHz, CDCJ) & 7.37 — 7.29 (m, 4H,



10 Tetrahedron

Ph), 7.16 — 7.10 (m, 2HPh), 7.08 — 7.00 (m, 6HPh), 4.12 —  “C{'H} NMR (126 MHz, CDC}) & 139.43 (dJc.» = 9.7 Hz,Ph),

4.07 (m, 1H,Cp), 4.07 — 4.01 (m, 3HCp), 3.94 — 3.87 (m, 2H, 137.35 — 136.70 (mPh), 134.49 — 133.30 (mPh), 128.99 —
Cp), 3.50 — 3.41 (m, 2HCp), 3.35 — 3.21 (m, 2HCp), 2.35 —  127.70 (mPh), 92.21 (d Jo.p = 14.9 Hz,Cp), 75.78 (dJcp = 6.0

2.31 (m, 12H, Ph-B5), 2.26 — 2.21 (m, 12H, PhtG), 1.57 — Hz, Cp), 73.83 — 72.79 (mCp), 71.58 — 71.08 (mCp), 70.47 (s,
1.47 (m, 6H, CHE); C{'H} NMR (126 MHz, CDCL) & Cp), 69.72 (s,Cp), 68.47 (s,Cp), 68.20 (s,Cp), 67.18 (s.Cp),

138.17 — 137.78 (nPh), 137.37 (dJep = 11.9 Hz,Ph), 133.25  32.12 (d,Jop = 11.3 Hz,CHCHs), 17.88 (d,Jcr = 19.0 Hz,
(d, Jop = 2.6 Hz,Ph), 133.05 (d,Jcp = 2.6 Hz,Ph), 132.21 — CHCH,); *'P{'H} NMR (202 MHz, CDC}) § 6.55, 5.94, -15.93,
129.62 (mPh), 129.44 (dJ)c.p = 8.6 Hz,Ph), 129.07 — 128.56 (m, -16.37.

o, 12 g%‘iﬂ)'cgs'gg ég’fp%hggz(%agﬂ') ezgiggz(?a%p), 4.5.2. 1-(Dicyclohexylphosphino)-2-(1-(diphenylpttap) ethyl)
; ' N ' RN ©P  _ferrocene 8b). Yellow solid, 208.1mg (14% vyield); mp 132 —

= 0 — . 311

= 17.9 Hz, PIEH;), 13.98 (d.J. 6'9 Hz, CHCHy); ~P{ H} . 136C; R (petroleum ether/ ethyl acetate 100:1) = OHNMR

NMR (202 MHz, CDCJ) § 34.46, 34.41; HRMS (ESI-TOF) m/z:

[M+H] " calcd for GHssFeOP, 755.2870: Found: 755.2865, (200 MHz, CDCl) 8 7.39 — 7.20 (m, 10HPh), 4.19 — 4.16 (m,
’ 1H, Cp), 4.16 — 4.12 (m, 6HCp), 3.85 — 3.79 (m, 1HCp), 3.64

4.4. Synthesis of diphenyl (1-ferrocenylethyl) phospfine — 3.54 (m, 1H, EICH,), 2.28 — 1.10 (m, 25H, CH4; andCy);
_ _ ¥C{*H} NMR (126 MHz, CDC}) & 138.72 (d,Jcp = 19.0 Hz,
A 0.7mL pOl‘t[OI’l (4.8mmo|, 20equiv.) of & and 0.5mL. Ph), 135.97 (dJcr = 21.3 HzPh), 132.01 (dJcp= 15.2 HzPh),
(4.8mmol, 20equiv.) of SiHGlwere added to a toluene solution 159 >4 (spH), 128.24 (dJe.p = 4.4 Hz,Ph), 127.92 (dJep= 7.6
of 100mg (0.24mmol) oBa. The suspension was heated to refluxy, pp) 127.44 (sph), 77.91 (d,Jep = 1.9 Hz,Cp), 71.05 (s,
overnight under an inert atmosphere. After the mixtwas cp) 70.09 (dJep = 1.9 Hz,Cp), 69.43 (sCp), 68.58 (ddJep =
cooled to room temperature, 5mL of a NaOH solution i”8.8, 3.4 Hz,Cp), 67.82 (s,Cp), 34.8 — 19.5 (mCy, CHCH,

degassed water (30%) was added and the mixture vveesd it CHCHy); 31p{1H} NMR (202 MHz, CDC}) § 4.66, 4.63, -13.39.
60°C for 2h. The two phases were separated under amh iner ' ' ’ ’

atmosphere, the water phase was extracted twice witlEgD.  4.6.Synthesis of 1,1'-bis((1-diphenylphosphino)etrgijefcene
The organic phase was dried with MgSénd filtered, and the 9:

solvent was evaporated under vacuum. The obtaingageroil
was purified by aluminium oxide column chromatognaph
(petroleum ether) to afford desired proddct

A 0.9mL portion (6.2mmol, 40equiv.) of & and 0.6mL
(6.2mmol, 40equiv.) of SiHGIwere added to a toluene solution
of 100mg (0.155mmol) o3a. The suspension was heated to
4.4.1. Diphenyl(1-ferrocenylethyl)phosphiri®.¢ Yellow solid,  reflux overnight under an inert atmosphere. Aftee imixture
0.999 (96% vyield); mp 79 — 80; R (petroleum ether) = 0.3H was cooled to room temperature, 5mL of a NaOH soluition
NMR (500 MHz, CDC}) & 7.54 — 7.48 (m, 2HPh), 7.38 — 7.30 degassed water (30%) was added and the mixture vweed it
(m, 3H,Ph), 7.27 — 7.13 (m, 5HPh), 4.15 — 4.05 (m, 5HCp"), 60°C for 2h. The two phases were separated under amn iner
4,04 - 4.00 (m, 1HCp), 4.00 — 4.35 (m, 1HCp), 3.90 — 3.85 (m, atmosphere, and the water phase was extracted twibedwit
1H, Cp), 3.51 - 3.37 (m, 1HCp), 3.34 — 3.17 (M, 1H, BCHy), Et,O. The organic phase was dried with Mg2md filtered, and
1.47 (dd,Jyp = 14.7,34 = 7.1 Hz 3H, CHE); *C{*H} NMR the solvent was evaporated under vacuum. The obltairenge
(126 MHz, CDC}) 6 137.09 (d,Jcp = 14.7 Hz,Ph), 136.96 (d, oil was purified by aluminium oxide column chromataghy
Jep=16.1 HzPh), 134.03 (dJc.p = 19.2 HzPh), 133.91 (dJcp (petroleum ether) to afford desired prodact

i51g .lzzHéf’;)h}Z:gsf;(%,ngZP1:C) Egﬁzgﬁ)Pg)zglgg?j J(d']:P627 4.6.1. 1,1'-Bis((1-diphenylphosphino)ethyl)-ferroeed). Yellow
> Hz,Ph), 128. cp=.0.2 MZ), 220 P L solid, 78.8mg(83% vyield); mp 41 — %2 R (petroleum ether/

B T e AT s AR oo 01 041 R a0 i €0 074
' 0% wep = o 2,UP), 8000 (VP )y LU B, 7 43 (m, 4HPh), 7.40 - 7.29 (m, 6HPN), 7.28 — 7.14 (m, 10H,

gi'egjé’ﬁp;)’ f? 'g’g ((g’jc'f f;‘ﬁ,ﬁf%éﬁ??éﬂﬁ%:Nﬁfég Ph), 4.01 — 3.81 (m, 6HPh), 3.43 — 3.35 (m, 2HPHh), 3.30 —
! LA ~CP : ' -] 3.12 (m, 2H, GICH,), 1.41 (dd,Jp = 14.7,J4n = 7.0 Hz, 6H,

(202 MHz, CDC) 6 5.61. CHCH,); *C{'H} NMR (126 MHz, CDC}) & 137.32 — 136.74
4.5.Synthesis of 1-(diphenylphosphino)-2-(1- (m, Ph), 134.23 — 133.83 (nmPh), 133.71 — 133.22 (mPh),
(diphenylphosphino) ethyl)-ferroceBe 128.72 — 128.49 (nRh), 128.25 (dJc.p = 6.6 Hz,Ph), 127.83 —
. _ 127.64 (m,Ph), 91.93 — 90.08 (mCp), 69.37 (dJcp = 2.8 Hz,
A 1.3 M t-BuLi in pentane solution (2.3mL, 3.0mmol, Cp), 69.13 (d,Je.p = 2.9 Hz,Cp), 67.69 (d,Jcp = 17.7 Hz,Cp),
1.2equiv.) was added at -78 over 30 min through a syringe g7 3g (dJep = 33.5 Hz,Cp), 66.68 (dJcp = 3.4 Hz,Cp), 66.32
pump to a solution of (1g, 2.5mmol, lequiv.) in THF (20mL). (g 3., =3.4 HzCp), 32.72 — 31.68 (MCHCHs), 17.86 (dJcp =
After stirring the solution at room temperature fbh, the 41gg Hz, CHCH.): *'P{*"H} NMR (202 MHz, CDC}) § 5.73, 5.68;

solution was cooled again to “B8and chlorodiphenylphosphine prms (ESI-TOF) miz: [M] calcd for GgHaFeR, 610.1642;
was added dropwise with a syringe. The reaction was &bt  F5nd: 610.1627.

room temperature overnight. The mixture was themdued by
the addition of saturated NaHG®olution (10mL). The organic Acknowledgements
layer was separated and dried over Mg®@d the solvent was This work was supported by the National Natural Science

removed under reduced pressure, after which theatéltwas Foundation of China (Grant No. 21364008)assland Talent

concentrated. The residue was purified by aluminiaride : ; .
) Innovative Teams of Inner Mongolia Autonomous Regam
chromatography (petroleum ether/ethyl acetate 20:&jford8. the project was supported by Open Research Fundat$ ey

45.1. 1-(Diphenylphosphino)-2-(1-(diphenylphosphétioyl)-  Laboratory of Polymer Physics and Chemistry, Chhngc
ferrocene §a). Yellow solid, 291.2mg (20% yield); mp 39 — Institute of Applied Chemistry, Chinese Academy oieSces.
46°C; R (petroleum ether/ ethyl acetate 20:1) = G4.NMR
(500 MHz, CDCY) & 7.40 — 7.27 (m, 20Hph), 4.36 — 4.30 (m,
2H, Cp), 4.07 — 4.03 (m, 2HCp), 3.92 — 3.89 (m, 1HCp), 3.89  Supplementary data (The crystal structure of comg@u and
—3.85 (m, 1HCp), 3.80 — 3.77 (m, 1HCp), 3.41 — 3.37 (m, 1H, 3w has been deposited at the Cambridge Crystallogrdphta
Cp), 3.09 — 3.01 (m, 1H, IECH,), 1.51 — 1.40 (m, 3H, CHdy); Centre (http://www.ccdc.cam.ac.uk/) with deposition bem

Supplementary data
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