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ABSTRACT

Here we report a convenient synthesis of new diphosphoramidite ligands derived from 1,8,10,9-triazaboradeca-
lin (TBD) and describe their complexes with group 10 metals. Treating the chlorinated and structurally char-
acterized ligand precursor C'TBDPhos (L1) with four equivalents of HOR (R = C3Hy or C3HFg) in the presence of
NEt; yielded the diphosphoramidite ligands P*TBDPhos (L2) and "P"*®TBDPhos (L3) in good yields. L2 and L3
were used to prepare a variety of Ni, Pd, and Pt complexes with chloride and 1,2-benzenedithiolate ligands so
their structures and spectroscopic properties could be compared to similar complexes with methoxy-substituted
MeOTBDPhos such as (MCOTBDPhos)PACly, which is reported here for the first time. Single-crystal XRD studies on
the (ROTBDPhos)PtC12 complexes revealed that increasing the size of alkoxy substituents from MeO to PrO to
F-IPrO decreases the P-M-P bite angle from 97.47(3)° in (M**TBDPhos)PtCl, to 93.98(4)° in (FPrOTBDPhos)PLCl.
Similar changes were observed in the dithiolate complexes (iP'OTBDPhos)Pt(SZC6H4) and (FP'OTBDPhos)Pt
(S2CgHy), and the structural studies revealed longer Pt-P bond distances compared to the dichloride complexes
that correlated to ca. 1000 Hz decrease in their °°Pt-3'P coupling constants. No significant changes were
observed in the ligand bond distances in complexes containing the methoxy and isoproxy-substituted ligands, but
complexes with fluorinated FAPrOTBDPhos revealed subtle, but significant differences in their P-N, P-O, and B-N
distances that reflect substituent-induced electronic changes in the ligand. Overall, this work establishes a more
convenient synthetic entry into the chemistry of alkoxy-substituted TBDPhos ligands for ongoing studies with
these and related transition metal complexes.

1. Introduction

donors [22-28].
Our group recently reported the first example of a new diphos-

Phosphoramidites, trivalent phosphorus molecules that have two P-
O and one P-N bond [1], have been used for applications such as the
production of synthetic nucleic acid analogs [2-5], biological imaging
dyes [6], and related biotechnological applications [7]. Phosphor-
amidites are also commonly used as ligands for coordination complexes
and transition metal catalysts. These ligands are generally less ©
donating than phosphines, but are better n-acids [8]. Much of the in-
terest in phosphoramidites ligands stems from the outstanding utility of
privileged chiral monophos variants in asymmetric catalysis, as dis-
cussed in numerous reviews and perspectives [9-21]. By comparison,
there have been far fewer investigations focused on the development of
chelating, diphosphoramidite ligands that contain two phosphoramidite
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phoramidite ligand derived from 1,8,10,9-triazaboradecalin (TBD;
Chart 1a) [29]. In general, we refer to diphosphorus ligands containing
this triaminoborane as RTBDPhos (where R is the substituent bound to
phosphorus), and they are unique in that they can undergo trans H-X
addition at the TBD backbone with Brgnsted acids while bound to
different transition metals (Chart 1b) [29-34]. Moreover, we have
shown how the substituents attached to phosphorus are important for
controlling this ligand-centered reactivity. For example, the ethyl-
substituted diphosphine in (EtTBDPhos)Pt(82C6H4) is completely
unreactive towards methanol and water whereas the methoxy-
substituted diphosphoramidite in (M*°TBDPhos)Pt(S2CsH4) undergoes
immediate trans H-OR addition at the bridgehead N-B bond as soon as it
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Chart 1. a) General structure of TBD and TBDPhos ligands. b) Reactivity of
TBDPhos ligands with Brgnsted acids (M = metal). ¢) Structures and numbering
scheme of new complexes reported.

is contacted [29]. In general, we have found that MeOTBDPhos is more
reactive than phenyl- or alkyl-substituted TBDPhos ligands when bound
to metals. Motivated by these observations, we set out to prepare other
diphosphoramidite ligands like MeOTBDPhos to investigate how
different alkoxy substituents affect ligand-centered reactivity at the TBD
backbone. Here we report a more convenient method to prepare TBD-
derived phosphoramidite ligands, as illustrated with the synthesis of
PrOTBDPhos and FF*OTBDPhos (where F-iPrO = OC3HFg), and describe
their complexes with Ni, Pd, and Pt.

2. Experimental
2.1. General considerations

Reactions were carried out under N3 or Ar atmospheres using glo-
vebox or standard Schlenk techniques, unless stated otherwise. Glass-
ware used for all reactions performed under inert conditions was dried
in an oven at 150 °C for at least 2 h and allowed to cool under vacuum
before use. Solvents used for "P*OTBDPhos (L3) chemistry were dried
and distilled from sodium/benzophenone ketyl, degassed by freeze-
pump thaw cycles and stored over 3 A molecular sieves. All other sol-
vents were dried and deoxygenated using a Pure Process Technologies
Solvent Purification System and then stored over 3 A molecular sieves
under a Ny atmosphere. 2-Propanol was refluxed over Mg turnings and
distilled before use. 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was
stored over 3 A molecular sieves for at least three days before testing the
water content. Karl Fisher titrations were performed on the HFIP reagent
to test the water content, and it was found to be 15.6 ppm. Triethylamine
was distilled and stored over KOH prior to use. All metal reagents such as
(DME)NiCl,, (PhCN),PdCl, and (COD)PtCl,, were purchased from
commercial vendors, stored under either Ar or N, glovebox atmosphere,
and used without further purification. TBD and M*°TBDPhos were pre-
pared following previously reported procedures [29,35-36].

1y, 3¢, 1B, 3!p, and '°F NMR data were recorded on a Bruker
AVANCE (500-MHz), a Bruker DRX (400-MHz), a Bruker AVANCEIII
(400-MHz), or a Bruker AVANCE (300-MHz) NMR spectrometer.
Chemical shifts are reported in 8 units in ppm referenced to residual
solvent peaks (*H and '3C) or to 85% H3PO4 'p; 5 0.0 ppm), 0.05%
CeHs5CF3 in CeDg (*°F; 8 —62.9), and BF3-Et,0 (1'B; 5 0.0 ppm). Micro-
analysis data (CHN) were collected using an EAI CE-440 Elemental
Analyzer at the University of lowa’s MATFab Facility. IR spectra were
collected on a Thermo Scientific Nicolet iS5 using an attenuated total
reflection (ATR) accessory.

2.2. TBDPhos (L1)

To a stirring solution of TBD (2.00 g, 14.4 mmol) and NEt3 (2.90 g,
28.8 mmol) in Et,O (100 mL) was added PCl3 (4.00 g, 29.1 mmol)
dropwise at 0 °C. A white precipitate formed while the reaction was
stirred overnight. The reaction was evaporated to dryness under vacuum
and extracted with THF (100 mL x 3). The filtrate was evaporated to
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dryness under vacuum, and the solid was dissolved in CH,Cls. Colorless
crystals were formed by cooling the solution to —30 °C. Yield: 3.47 g
(70%). Anal. calcd for CgHy2BCi4N3Py: C, 21.15; H, 3.55; N, 12.33.
Found: C, 20.77; H, 3.86; N, 12.65; TH NMR (CgDe, 20 °C): 61.31 (4H, p,
CH,-CH,-CHy), 2.14 (4H, t, NCHy), 3.06 (4H, m, NCHy). 1'B NMR (CgDs,
20 °C): § 22.8 (br s, FWHM = 150 Hz). 13C{lH} NMR (CgDg, 20 °C): 6
26.4 (s, CHy-CH»-CHy), 42.5 (t, NCHy, J = 3 Hz), 47.0 (s, NCHy). *'P{'H}
NMR (CgDg, 20 °C): § 164.5 (s). MS (EI) [fragment ion, relative abun-
dance]: m/z 340 [M, 18], 303 [M—Cl, 100], 267 [M-2Cl, 37], 232
[M-3Cl, 22]. IR (ATR, crnfl): 2961 w, 2938 w, 2879 w, 2855 w, 2832
w, 1545 m, 1523 s, 1463 m, 1451 vw, 1439 s, 1370 s, 1345 s, 1321 s,
1287 s,1267 vs, 1209 vs, 1153 s,1116 m, 1103 s, 1094 s, 1056 m, 1033
vs, 1004 m, 982 s, 901 m, 877 s, 820 s, 790 vw, 763 s, 715 vw, 698 vw,
690 vw, 673 w, 658 m, 640 vs, 627 vs, 612 vs.

2.3. P'OTBDPhos (1L2)

To stirring solution of CTBDPhos (1.52 g, 4.47 mmol) and NEt3 (1.81
g, 17.9 mmol) in CH,Cl, (200 mL) was added 2-propanol (1.81 g, 17.9
mmol) dropwise at 0 °C. A white precipitate formed while the reaction
stirred overnight. The mixture was evaporated to dryness under vac-
uum, extracted with THF (100 mL x 3), and filtered. The filtrate was
concentrated to yield a clear oil. Yield: 1.44 g (74%). TH NMR (CDCl3,
20 °C): 6 1.20 (24H, dd, OCH(CH3)2, J = 15.9 Hz, J = 6.2 Hz), 1.74 (4H,
m, CH,-CHy-CHy), 2.83 (4H, t, NCH,, J = 6.3 Hz), 3.12 (4H, m, NCHy),
4.16 (4H, m, OCH(CH3),). ''B NMR (CDCls, 20 °C): § 24.8 (br s, FWHM
= 440 Hz). 13C{'H} NMR (CDCl3, 20 °C): 6 24.4 (t, OCH(CH3)y, J = 2.7
Hz), 24.5 (t, OCH(CHs),, J = 2.7 Hz), 27.7 (s, CH2-CH,-CHy), 36.8 (s,
NCH,), 48.5 (s, NCH»), 66.7 (t, OCH(CH3), J = 11.7 Hz). *'P{'H} NMR
(CDCl3, 20 °C): § 139.1 (s). IR (ATR, Cmfl): 2970 w, 2930 w, 2860 w,
1710 vw, 1510 w, 1460 w, 1440 w, 1380 m, 1320 w, 1300 m, 1210 w,
1170 m, 1060 w, 1030 w, 982 m, 947 vs, 880 w, 849 s, 812 m, 760 m,
724 s, 650 w, 603 w.

2.4. FPOTBDPhos (13)

To stirring solution of C'TBDPhos (1.2 g, 3.5 mmol) and NEt3 (1.43 g,
14.1 mmol) in CH,Cl, (200 mL) was added 1,1,1,3,3,3-hexafluoro-2-
propanol (2.37 g, 14.1 mmol) dropwise at 0 °C. A white precipitate
formed while the reaction was stirred overnight. The mixture was
evaporated to dryness under vacuum, extracted with THF (200 mL), and
filtered. The filtrate was evaporated to dryness under vacuum, dissolved
in CHyCly, filtered, and then concentrated. Colorless crystals were
formed at —30 °C, washed with cold pentane, and evaporated to dryness
under vacuum. Yield: 2.72 g (89%). Anal. Calcd for C1gH16BF24N304P5:
C, 24.93; H, 1.86; N, 4.85. Found: C, 25.13; H, 1.94; N, 4.72. H NMR
(CDCl3, 20 °C): 6 1.85 (4H, m, CHp-CH,-CHp), 2.93 (4H, t, NCHp, J = 6.3
Hz), 3.25 (4H, m, NCH,), 4.58 (4H, septet, OCH(CFs),, J = 5.1 Hz). 'B
NMR (CDCls, 20 °C): § 24.2 (br s, FWHM = 300 Hz). *C{'H} NMR
(CDCl3, 20 °C): 6 26.6 (s, CH,-CH,-CHb), 38.1 (s, NCH)), 47.7 (s, NCH),
70.7 (m, OCH (CF3)3), 121.1 (q, OCH (CF3),, J = 284 Hz). °F NMR
(CDCl3, 20 °C): § —74.3 (m), —74.5 (m). *'P{'H} NMR (CDCl3, 20 °C): §
152.1 (s). IR (ATR, em™): 2962 vw, 2936 vw, 2898 vw, 2870 vw, 2602
vw, 2497 vw, 2004 vw, 1548 w, 1530 w, 1475 w, 1445 w, 1369 m, 1328
w, 1292 m, 1267 m, 1216s,1191 5,1095 s, 1037 m, 1010 m, 983 m, 900
m, 869 s, 806 s, 782 s, 722 w, 685 s, 649 m.

2.5. (MeOTBDPhos)PdCl, (1)

To a stirring solution of MeOTBDPhos (0.50 g, 1.6 mmol) in CH,Cl,
(30 mL) was added a solution of (PhCN),PdCl; (0.594 g, 1.55 mmol) in
CHyCly (10 mL). The reaction mixture was stirred overnight, then
filtered and concentrated to ~ 3 mL. Crystals were grown by vapor
diffusion with Et30 at RT and isolated by decanting the mother liquor
and evaporating them to dryness under vacuum. Yield: 0.65 g (84%).
Anal. Calcd for C10H24BC12N304P2PC1!(C4H100)0,252 C, 25.46; H, 5.15; N,
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8.10. Found: C, 25.73; H, 4.73; N, 8.64. 'H NMR (CDCls, 20 °C): 5 1.84
(4H, quint, CH,-CHy-CHy), 2.94 (4H, t, NCH,), 3.25 (4H, m, NCHy), 3.92
(12H, OCHs). ''B NMR (CDCls, 20 °C): 5 22.8 (br s, FWHM = 310 Hz).
31p{1H} NMR (CDCls, 20 °C): 6 96.2. IR (ATR, cm): 3004 vw, 2935 w,
2905 w, 2879 w, 2852 w, 2154 vw, 1976 vw, 1511 m, 1452 m, 1389 m,
1363 m, 1322 m, 1284 s, 1208 m, 1168 m, 1113 w, 1086 m, 1004 vs,
920 s, 888 w, 810 vs, 772 s, 622 s.

2.6. (P'°TBDPhos)PdCl, (2)

To stirring solution of (PhCN)2PdCly (0.276 g, 0.720 mmol) in
CHyCly (10 mL) was added L2 (0.313 g, 0.720 mmol) dissolved in
CHCl, (10 mL) at room temperature. The reaction mixture changed
color from dark-reddish orange to green as it was stirred overnight. The
mixture was evaporated to dryness under vacuum, and blocky green
XRD quality crystals were grown by vapor diffusion of pentane into a
concentrated toluene solution. Yield: 0.285 g (65%). Iy NMR (CDCl3,
20°C): 61.35 (24H, dd, OCH(CH3)», J = 6.1 Hz), 1.81 (4H, m, CH,-CH-
CH,), 2.91 (4H, t, NCH,, J = 6.1 Hz), 3.27 (4H, m, NCH,), 5.33 (4H, m,
OCH(CH3)2). 1B NMR (CDCl3, 20 °C): § 22.0 (br s, FWHM = 380 Hz).
13¢{'H} NMR (CDCls, 20 °C): § 23.8 (m, OCH(CH3)y), 25.6 (s, CHo-CHy-
CH3y), 41.2 (s, NCHy), 48.6 (s, NCHy), 73.8 (s, OCH(CHz),). *'P{'H}
NMR (CDCl3, 20 °C): § 87.6 (s). IR (ATR, cm™1): 2967 w, 2931 w, 2884
w, 1508 m, 1465 w, 1444 w, 1368 m, 1354 w, 1354 w, 1321 m, 1305 m,
1287s,12135s,1173 m, 1142 m, 1095 s, 1066 w, 1028 s, 960 vs, 923 vs,
884 s, 834s,798s, 757 s, 731 s, 652 m, 633 s, 613 s.

2.7. (P'°TBDPhos)PtCl (3)

To a stirring solution of (COD)PtCl;, (0.450 g, 1.20 mmol) in CHCly
(5 mL) was added a solution of L2 (0.522 g, 1.20 mmol) in CH,Cl, (15
mL). The colorless reaction mixture was stirred overnight and evapo-
rated to dryness. The residue was dissolved in THF and crystallized by
vapor diffusion with pentane. Yield: 0.505 g (52%). Crystals can also be
grown by vapor diffusion with toluene and pentane. Anal. Caled for
C18H40BC12N304P2PtZ C, 30.83; H, 5.75; N, 5.99. Found: C, 30.47; H,
5.54; N, 5.44. 'H NMR (CDCls, 20 °C): § 1.34 (24H, dd, OCH(CH3)s, J =
23.3Hz, J = 6.2 Hz), 1.84 (4H, m, CHy-CHy-CHy), 2.91 (4H, t, NCHy, J =
6.0 Hz), 3.25 (4H, m, NCHy), 5.25 (4H, m, OCH(CHs),). 'B NMR
(CDCl3, 20 °C): § 22.3, (br s FWHM = 350 Hz). *C{’H} NMR (CDCls,
20 °C): 6 23.7 (m, OCH(CH3)3), 25.5 (s, CHy-CH-CH>), 41.2 (s, NCHy),
48.7 (s, NCHy), 73.01 (s, OCH(CHs)y). *'P{'H} NMR (CDCl3, 20 °C): (s) 6
60.7 (s with doublet satellites, "Jpp = 4882 Hz). IR (ATR, cm™1): 2970
w, 2920 w, 2880 w, 2850 w, 1530 w, 1510 w, 1460 vw, 1450 w, 1390 w,
1370 w, 1350 w, 1320 w, 1300 vw, 1290 w, 1210 w, 1170 w, 1140 w,
1090 w, 1060 vw, 1030 w, 960 s, 924 m, 883 m, 835 w, 799 w, 740 w,
658 w, 626 m.

2.8. (FP"OTBDPhos)NiCl; (4)

To a stirring solution of (DME)NiCl, (0.177 g, 0.461 mmol) in CH5Cly
(10 mL) was added a solution of L3 (0.400 g, 0.461 mmol) in CHxCl, (10
mL). The yellow reaction mixture turned orange as it was stirred over-
night. The mixture was filtered and concentrated to about ~ 3 mL.
Colored crystals were grown by cooling the solution to —30 °C. Yield:
0.313 g (68%). Anal. Calced for C18H16BC12F24N304P2Ni5 C, 21.69; H,
1.62; N, 4.22. Found: C, 21.96; H, 1.64; N, 4.12. 'H NMR (CDCls, 20 °C):
61.87 (4H, s, CH,-CH»-CHb), 6 2.97 (4H, s, NCH3), 6 3.37 (4H, s, NCH»),
6.19 (4H, s, OCH(CF3)). 'B NMR (CDCls, 20 °C): 5 21.4 (br s, FWHM =
400 Hz). 13C{'H} NMR (CDCls, 20 °C): 5 25.0 (s, CHo-CH,-CHy), 42.3 (s,
NCHy), 48.1 (s, NCH3), 73.4 (s, OCH(CF3),), 119.3 (d, OCH(CF3), J =
77 Hz), 121.5 (d, OCH(CF3),, J = 77 Hz). *'P{'H} NMR (CDCl3, 20 °C):
(s) 6 98.1 (s). 197 NMR (CDCl3, 20 °C): 8 —72.9 (s), —74.2 (s). IR (ATR,
em ™ 1): 2956 w, 2905 vw, 2871 vw, 2158 w, 2020 w, 1977 w, 1548 w,
1529 m, 1478 w, 1457 w, 1443 vw, 1399 w, 1378 m, 1373 m, 1333 m,
1289 s, 1260 m, 1224 s, 1192 vs, 1091 vs, 1035 s, 933 m, 896 s, 864 s,
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832s,796 s, 734 s, 686 vs, 631 s.
2.9. (FPrOTBDPhos)PACl, (5)

To a stirring solution of (PhCN),PdCly (0.177 g, 0.461 mmol) in
CH2Cl, (10 mL) was added a solution of L3 (0.400 g, 0.461 mmol) in
CHyCl, (10 mL). The reaction mixture turned golden brown while being
stirred overnight. The mixture was filtered, concentrated to ~ 3 mL, and
cooled to —30 °C to afford brown crystals. Yield: 0.270 g (56%). Anal.
Caled for C1gH16BCioF24N304PoPd: C, 20.7; H, 1.54; N, 4.02. Found: C,
21.5; H, 1.84; N, 3.66. 'H NMR (CDCls, 20 °C): 5 1.94 (4H, m, CH,-CHy-
CHy), 3.03 (4H, t, NCH», J = 6.1 Hz), 3.48 (4H, m, NCHy), 6.26 (4H, m,
OCH(CFs),). !'B NMR (CDCl3, 20 °C): § 21.6 (br s, FWHM = 400 Hz). >'P
{'H} NMR (CDCls, 20 °C): (s) 6 96.5 (s). \°F NMR (CDCls, 20 °C): &
—73.0 (s), —74.0 (s). IR (ATR, Cmfl): 2962 w, 2905 vw, 2872 vw, 2010
vw, 1548 w, 1529 m, 1476 vw, 1455 vw, 1435 vw, 1396 w, 1358 w,
1333w, 1295 m, 1259, 1195 s, 1086 vs, 1032 vs, 941 s, 898 m, 874 s,
843s,795s, 732 m, 687 vs, 643 m, 623 m.

2.10. (FPOTBDPhos)PtCl; (6)

To a stirring solution of (COD)PtCly (0.086 g, 0.231 mmol) in CHCl,
(5 mL) was added a solution of L3 (0.200 g, 0.231 mmol) in CH5Cl, (10
mL). The colorless reaction mixture was stirred overnight. The mixture
was filtered and concentrated to about ~ 3 mL. Colorless crystals were
grown by cooling the solution to —30 °C. Yield: 0.202 g (77%). Anal.
Calcd for C1gH;6BCloF24N304P,Pt: C, 19.08; H, 1.42; N, 3.71. Found: C,
20.24; H,1.64; N, 3.17. THNMR (CDCl3, 20 °C): 6 1.94 (4H, m, CH,-CHo-
CHy), 3.02 (4H, t, NCHy, J = 6.1 Hz), 3.45 (4H, m, NCHy), 6.11 (4H, m,
OCH(CFs),). ''B NMR (CDCls, 20 °C): § 21.8 (br s, FWHM = 250 Hz). '°F
NMR (CDCl3, 20 °C): 8 —73.9 (s), —73.1 (s). >'P{'H} NMR (CDCl3,
20 °C): (s) 6 69.6 (s with doublet satellites, lthp = 4895 Hz). IR (ATR,
cm’l): 2956 w, 2905 vw, 2871 vw, 2005 vw, 1547 w, 1527 m, 1477 w,
1456 w, 1434w, 1397 m, 1362 m, 1333 m,1295s, 1259 m, 12255, 1193
5,10905s,10355s,942m, 897 s,874s,8465s,802m, 733 m, 687 s, 654 m,
626 m.

2.11. (P°TBDPhos)Pt(S2CsHy) (7)

1,2-Benzenedithiol (0.071 g, 0.498 mmol) was added to a stirring
solution of 3 (0.20 g, 0.249 mmol) with excess NEt3 (2.18 g, 21.5 mmol)
in CH2Cly (200 mL). The reaction was evaporated to dryness under
vacuum and extracted with THF (100 mL x 3). The filtrate was evapo-
rated to dryness under vacuum, dissolved in toluene, and crystallized by
vapor diffusion with pentane. Yield: 0.156 g (81%). Anal. Calcd for
Cz4H44BN304P2PtSzZ C, 37.41; H, 5.76; N, 5.45. Found: C, 37.99; H,
5.81; N, 5.38. H NMR (CDCl3, 20 °C): 6 1.24 (d, OCH(CH3), 12H, J =
6.0 Hz), 1.39 (d, OCH(CH3),, 12H, J = 6.0 Hz), 1.85 (m, CH,-CH-CHo,
4H), 2.94 (t, NCHy, 4H), 3.32 (m, NCH_, 4H), 5.18 (m, OCH(CH3),, 4H),
6.81 (m, Ar, 2H), 7.59 (m, Ar, 2H). 1B NMR (CDCls, 20 °C): § 22.5 (brs,
FWHM = 480 Hz). 3'P{'H} NMR (CDCls, 20 °C): (s) 5 89.7 (s with
doublet satellites, 1Jpp = 3895 Hz). IR (ATR, cm™1): 2970 w, 2930 w,
2880 w, 2850 w, 1730 vw, 1510 w, 1470 w, 1450 w, 1380 w, 1370 w,
1350 w, 1320 w, 1290 w, 1210 w, 1170 w, 1140 w, 1090 w, 1060 vw,
960 s, 924 m, 882 m, 835 w, 798 w, 778 w, 740 w 658 w, 625 w.

2.12. (FPOTBDPhos)Pt(S2CsH4) (8)

To a stirring solution of 6 (0.20 g, 0.177 mmol) with excess NEt;3
(2.18 g, 21.5 mmol) in CH,Cly (30 mL) was added 1,2-benzenedithiol
(0.025 g, 0.0.177 mmol). The reaction mixture was stirred overnight,
evaporated to dryness under vacuum, and then extracted with THF. The
extract was evaporated to dryness under vacuum, dissolved in CH»Cly,
and crystallized by cooling to —30 °C. Yield: 0.0842 g (40%). Anal. Calcd
for Ca4HaoBF24N304P,PtSy: C, 23.97; H, 1.68; N, 3.49. Found: C, 25.06;
H, 1.96; N, 3.12. 'H NMR (CDCls, 20 °C): 5 1.96 (m, CH,-CH,-CHj, 4H),
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Table 1

Crystallographic data for “TBDPhos (L1), (M¢°TBDPhos)PdCl, (1), (F*°TBDPhos)PdCl, (2), (**°TBDPhos)PtCl, (3), (FP*OTBDPhos)PtCl, (6), (F*°TBDPhos)Pt(S2CeHy) (7), and (FP*OTBDPhos)Pt(S,CeHas) (8).

L1

Ca4H20BF24N304P,PtS,,CHLCly

1287.31

Cp4H44BN304P,PtS,

770.58

C18H16BCloF24N30,4P,Pt

1133.08

C18H40BCLN30,4P,Pt

701.27

C18H4oBClN30,4P,Pd

612.61

C10H24BCl,N30,4P,Pd

500.37

CgH;2BCI4N3P2

340.74

Formula

FW (g mol 1)
Identifier

Dal21_17

Dal20_24

Dal20_15

Dal19_64

Dal21_58

Dal19_26

Dall8 5

orthorhombic

P2,2,2;

monoclinic

P2;/n

monoclinic
P2;/n

monoclinic

P2;/n

monoclinic
P2;/n

orthorhombic

Pbcn

monoclinic
C2/c

crystal system
space group
a(d)

b (&)

cd

11.0362(11)
18.0727(18)
20.645(2)
90

920

90

10.8432(11)
21.148(2)

16.4635(16)
17.8567(18)
24.108(2)

920

9.3742(9)

11.5705(10)
11.5422(11)
20.859(2)

920

14.9049(15)
11.3140(11)
11.2987(11)

90

9.6418(10)
8.7977(9)

16.4915(16)
17.4485(17)

90

13.8435(14)

90

16.1399(16)

920

o (deg)

102.806(5)

920

106.076(5)

90

93.268(5)

920

102.265(5)

90

20

96.531
920

$ (deg)

90

v (deg)

2722.1(5) 2693.1(5) 6810.2(11) 3095.5(5) 4117.7(7)

1905.3(3)

1360.2(2)

volume (/0&3)

z

2.077
3.864
2480

1.653
4.805
1544

2.210

1.730
5.556
1392

1.495
1.023
1264

1.744
1.440
1008

1.664
1.080

688

Pealc (g cm ™)

p (mm™)
F(000)

4.537
4320

2.092/27.906

0.0456

2.153/26.396

0.0324

1.343/26.422

0.0650

2.411/27.247

0.0514

1.998/28.312
0.0295

2.733/26.460

0.0613

3.144/26.371
0.208

0 range (deg)

R(int)

9791/151/642

1.064

6342/0/342
1.058

13988/0/1000

1.035

5988/0/288
1.016

6743/30/310
1.087

1968/0/109
1.046

1379/0/75
1.090

data/restraints/parameters

GOF

0.0222
0.0510

0.0134
0.0316

0.0295
0.0576

0.0281
0.0662

0.0225
0.0534

0.0274
0.0606

0.0216
0.0540

Ry [I > 26(D]"
WR, (all data)”

0.929/-0.681
150(2)

0.441/-0.767

100(2)

0.709/-0.611
150(2)

1.032/-0.849

150(2)

0.733/-0.742
150(2)

0.423/-0.408

150(2)

0.222/-0.245

190(2)

Largest Peak/Hole (e-A~2)

Temp (K)

: . 2
ol = Ifc o o ol
S |Fo| - |Fe| | / | SS|F,| for reflections with F,2 > 2 6(F2)

b WRy = [SW(F,2 - F.2? / S2(F,2?1Y2 for all reflections.

aRI:
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3.03 (t, NCHy, 4H), 3.52 (m, NCHy, 4H), 5 6.19 (m, OCH(CF3),, 4H), 7.01
(m, Ar, 2H), 7.70 (m, Ar, 2H). !'B NMR (CDCls, 20 °C): § 22.2 (br s,
FWHM = 340 Hz). 3'P{'H} NMR (CDCls, 20 °C): (s) § 102.6 (s with
doublet satellites, }Jpp = 3852 Hz). 1°F NMR (CDCls, 20 °C): 5 —72.6 (s),
—72.7 (s). IR (ATR, cm™1): 2955 vw, 2927 w, 2865 vw, 2160 vw, 2020
vw, 1970 vw, 1559 vw, 1537 vw, 1522 m, 1476 w, 1451 w, 1422 w,
1399 w,1360 m, 1331 m, 1289 m, 12225,1192 s, 10932 s, 1033 s, 940
m, 894 m, 863 s, 8255, 742 s, 686 s, 643 m.

2.13. Single-crystal XRD studies

Single crystals obtained from CH3Cly/Et20 (1), toluene/pentane (2,
3, and 7), or CH»Cl, (L1, 6, and 8) were mounted on a MiTeGen
micromount using ParatoneN oil in air. The data collection, structural
solution, and refinement were carried out as reported previously. The
data were corrected for absorption using redundant reflections and the
SADABS program [37]. The structures were solved with direct methods
(SHELXS) or intrinsic phasing (SHELXT) [38], and non-hydrogen atoms
were confirmed with least-square methods (SHELXL) [39]. The final
refinement included anisotropic temperature factors for all non-
hydrogen atoms. The positions of the hydrogen atoms were idealized
and allowed to ride on the attached carbon atoms. HKL reflections with
error/esd values +10 were omitted from the models. A set of CH3 groups
in the structure of 2 and a set of CF3 groups in the structure of 8 were
disordered, which required restraints on the C-C and C-F bond distances
and anisotropic parameters to obtain satisfactory models. The disor-
dered C-CHj3 distances in 2 and were constrained to be equal with an esd
of 0.005 [o\, whereas the disordered C-CF3, C-F, and FeeeF distances in 8
were each constrained to be equal with an esd of 0.01 A. SIMU and ISOR
commands were used to obtain satisfactory ellipsoids and prevent non-
positive-definites for the disordered atoms in both structures. Structure
solution and refinement were carried out using Olex2 [40], and publi-
cation figures were generated using Mercury CSD 3.10 [41]. Data
collection and refinement details are compiled in Table 1.

3. Results and discussion
3.1. Ligand synthesis

In our previous report [29], we described how MeOTBDPhos was
prepared by treating TBD with two equivalents of CIP(OMe), in the
presence of base, as shown in Scheme 1. Given that the synthesis and
purification of CIP(OR); precursors can be challenging due to formation
of other Cl,P(OR)s, products, we sought a more convenient synthetic
method to prepare alkoxy-substituted TBDPhos derivatives. It has been
shown that diphosphinite ligands with the general formula (RO)yP
(CH2),P(OR); (where R = alkyl or aryl) can be prepared by treating the
corresponding CloP(CH3),PCl, precursor with alcohols in the presence
of base [42-45]. To determine the feasibility of this route for preparing
diphosphoramidite ligands with TBD, we first prepared C'TBDPhos (L1)
by addition of NEt3 to a colorless solution of TBD in Et50, followed by
dropwise additions of PCl3 at 0 °C. Crystalline L1 was obtained in good
yield (70%) by crystallization from CHCly. The successful synthesis of
L1 was verified by NMR analysis, mass spectrometry, and single-crystal
XRD diffraction studies (Fig. 1). The 1B NMR resonance of L1 was
located at 5 22.8 ppm and is similar to that observed for three-coordinate
boron in other TBDPhos ligands and complexes, such as those described
here. A sharp 3'P NMR chemical shift was observed at 5 164.5 ppm.

Once “'TBDPhos was isolated, it was used to prepare the phosphor-
amidite ligands PrOTBDPhos (L2) and FP*OTBDPhos (L3) with bulky
OCsH; and OC3HFg substituents, respectively. Both ligands were pre-
pared by addition of four equivalents of the respective alcohol (2-
propanol or 1,1,1,3,3,3-hexafluoro-2-propanol) to stirring solutions of
C'TBDPhos in the presence of four equivalents of NEts. After workup, the
ligands were isolated in good yields of 74% (L2) and 89% (L3). The g
NMR resonance observed for L2 at § 24.8 ppm was shifted 2 ppm
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Prior work MeOTBDPhos
) ve (47
H, ” + 2 CIP(OMe), ——— N’ \'T'
(MeO),P P(OMe),
R ='Pr (L2)
This work CTBDPhos (L1) R = C3HFg (L3)
4 ROH
3 we (1) O
NELON + 2PCly; ——— By —_— NEL O
H H

|
Cl,P

I|DCI2 (RO)zFI> Fl’(OR)z

Scheme 1. Comparison of the synthesis of M*°TBDPhos described previously [29] and alkoxy-substituted TBDPhos ligands L2 and L3 via precursor “TBDPhos (L1).

Fig. 1. Molecular structure of “TBDPhos (L1) with thermal ellipsoids shown at
the 50% probability level. Select bond distances: P1-Cl1 = 2.0898(6) A, P1-CI2
=2.0746(6) A, P1-N1 = 1.656(1) A, B1-N1 = 1.466(2) A, B1-N2 = 1.395(3) A.

downfield compared to L1, and the 3'P NMR resonance was located at 5
139.1 ppm (Table 2). The !B NMR resonance of L3 was similar to L2 at
24.2 ppm, but the 3'P NMR resonance was located more downfield at 5
152.9 ppm due to the electron withdrawing fluorine substituents. The
19F NMR spectrum for L3 revealed two multiplets at 8 —74.3 ppm and
—74.5 ppm indicating slight asymmetry of the fluorinated substituents
(Table 2).

3.2. Synthesis and characterization of metal complexes

To establish the coordination chemistry of L2 and L3, we synthesized
the square planar nickel, palladium and platinum complexes shown in
Scheme 2. The chloride complexes 2 — 6 were prepared by treating
(DME)NiICl, (DME = 1,2-dimethoxyethane) (PhCN)5PdCly, or (COD)
PtCl, (COD = 1,5-cyclooctadiene) with L2 or L3 in CH»Cl; and isolated
in good crystalline yields after workup (52-77%). (MeOTBDPhos)PACl,
(1) has yet to be reported and was prepared for comparison to 2 — 6 and
(MeOTBDPhos)PtClz published previously [29]. NMR analysis of all five
complexes revealed 1B NMR resonances with similar chemical shifts in
the range of 5 21.4 — 22.3 ppm. The 3'P NMR resonances for 1 — 6

Table 2

11 19F and !P NMR resonances and Pt-P coupling constants in CDCl3. Chemical
shifts are reported in § units relative to BF3-Et,O *'B; 5 0.0 ppm), 0.05%
CeHsCF3 in CeDg (*°F; 8 —62.9 ppm), and 85% HsPO4 (°'P; 5 0.0 ppm). Reso-
nances and shifts reported previously for M*°TBDPhos and its complexes with Pt
are shown for comparison.

Compound 11 (FWHM in 19p{'H} 3ip Upep
Hz)" {'H} (Hz)
C"TBDPhos (L1)" 22.8 (150) - 164.5 -
MeOTBDPhos® 24.7 (220) - 145.6 -
PrOTBDPhos (L2) 24.8 (440) - 139.1 -
FPrOTBDPhos (L3) 24.2 (300) —74.3, 152.1 -
—74.5
(MeOTBDPhos)PdCl, (1) 22.8 (310) 96.2
(MeOTBDPhos)PtCl,* 22.7 (260) - 69.9 4895
(P*OTBDPhos)PdCl, (2) 22.0 (380) - 87.6 -
(P*OTBDPhos)PtCl, (3) 22.3 (350) - 60.7 4882
(FP'OTBDPhos)NICl, (4) 21.4 (400) -72.9, 98.1 -
—74.2
(FPrOTBDPhos)PACl, (5)  21.6 (400) —73.0, 96.5 -
—~74.0
(FPrOTBDPhos)PLCl, (6) 21.8 (250) —-73.1, 69.6 4895
-73.9
(MeOTBDPhos)Pt 23.2 (410) - 97.7 3918
(S2C6H4)¢
(P*OTBDPhos)Pt(S;CeHs) 22.5 (480) - 89.7 3895
)
(FI'OTBDPhos)Pt(S,CeHg)  22.2 (340) —~72.6, 102.6 3852
8) —72.7

2 FWHM = full width at half maximum.
b Collected in CgDs.
¢ Reference [29].

showed clear periodic trends based on the identity of the group 10 metal.
For example, the 3!P resonances for the (FP*OTBDPhos)MCl, complexes
shifted from & 98.1 to 96.5 to 69.6 ppm for M = Ni, Pd, and Pt respec-
tively. Similar results were observed for (iPrOTBDPhos)MCIZ withM =Pd
or Pt (Table 2). In addition to their chemical shifts, the 31p NMR data for
the Pt complexes 3 and 6 revealed '°°Pt-3!P satellite peaks with coupling
constants of 'Jp.p = 4882 Hz and 4895 Hz, respectively, similar to that
reported for (MeOTBDPhos)PtClz. As observed for free L3, two 19 NMR
multiplet resonances were observed for 4 — 6 between § —72.9 and
—74.2 ppm.

We have shown previously that the chloride ligands are often dis-
placed under conditions used to investigate ligand-centered reactivity in
TBDPhos complexes, which makes it challenging to isolate and study the
influence of different ligand modifications on reactivity because multi-
ple complexes may be present in solution. We have shown that this issue
can be addressed by swapping out the chloride ligands with more
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(\N/j (\ /j CGH4 SH)2 (\r\lj/j
N’B\N (L)MCIZ 2 NEt3 N,B\'\Il
(RO)2P  P(OR), (RO)z (OR)z (RO)zP\Pt,P(OR)

CI/ \CI s/ \s

R = Pr (L2) or C3HFg (L3)

L = DME (M = Ni), 2 PhCN (M = Pd), COD (M = Pt)

Scheme 2. Synthesis of diphosphoramidite complexes with chloride (1 - 6) and dithiolate ancillary ligands (7 and 8).

chelating and more strongly binding ligands such as 1,2-benzenedithio-
late [29], and here we have prepared (iPrOTBDPhos)Pt(82C6H4) (7) and
(F'iPrOTBDPhos)Pt(82C6H4) (8) for comparison.

Treating 3 and 6 with 1,2-benzenedithiol and two equiv. of NEt3 in
CH,Cl; yielded 7 and 8. These complexes were isolated in 81% and 40%
crystalline yield, respectively, after workup. The !B NMR resonances
for 7 and 8 showed no significant change when compared to their parent
chloride complexes 3 and 6. As expected, the 3'P NMR data revealed
more upfield chemical shifts at 5§ 89.7 ppm (*Jpp = 3895 Hz) and &
102.6 ppm (1Jpp = 3852 Hz) and are similar to those reported previ-
ously for (MeOTBDPhos)Pt(SZC6H4) at § 97.7 ppm (lthp = 3918 Hz). All
three dithiolate complexes show a decrease of a ~1000 Hz in the
195pt.31p coupling constant compared to their chloride complexes. It has
been shown that the 1°°Pt-3'P coupling constants correlate well to Pt-P
bond length [46], and XRD studies show how the Pt-P bond distances
increase in 7 and 8 in response to the stronger trans influence of the
dithiolate ligand compared to chloride.

3.3. Molecular structures of metal complexes

Single-crystal XRD data were collected on the chloride complexes 1,
2, 3, and 5 and the dithiolate complexes 7 and 8 for comparison to
previously reported platinum complexes with M®©TBDPhos. As expected,
all six complexes are rigorously square planar (Figs. 2 and 3), and
selected distances and angles are compiled in Table 3 alongside known
MeOTBDPhos derivatives with the same ancillary ligands.

Comparison of the (ROTBDPhos)MC12 complexes reveals significant
changes in the P-M-P bite angles, which decrease in response to

& U
A .'\

20
.:

& 02 04 U
b : »:‘/ Ci1 Cl2 \’ ) »
AV, )

N \& - ~ [ <

Fig. 2. Molecular structure of 6 with thermal ellipsoids shown at the 50%
probability level. Only one of the two molecules in the asymmetric unit are
shown. Hydrogen atoms were omitted for easier viewing of the local coordi-
nation environment around Pt.

Fig. 3. Molecular structure of 7 with thermal ellipsoids shown at the 50%
probability level. Hydrogen atoms were omitted for easier viewing of the local
coordination environment around Pt.

increasing steric bulk on the phosphorus substituents from 97.47(3)° in
(MeOTBDPhos)PtCl to 96.17(4)° in (P"°TBDPhos)PtCl, (3) to 93.98(4)°
in (F‘iproTBDPhos)PtCIZ (6); similar differences are observed in the Pd
complexes 1 and 2 (Table 3). In contrast to the differences in bite angle,
only subtle changes are observed in the M-P and M—Cl bond distances.
However, the Pt-P bond distances increase by 0.02 — 0.03 A upon
swapping the chloride ligands for 1,2-benzenedithiolate, consistent with
the decrease in 1°°Pt-3'P coupling constants shown in Table 2. The Pt-P
distances in the (ROTBDPhos)Pt(SZC6H4) complexes range from 2.206(2)
to 2.2246(5) A, which are 0.03 — 0.14 A shorter compared to those re-
ported in Pt diphosphine complexes with 1,2-aryldithiolates [47-50].
Likewise, the Pt-S bonds in the (ROTBDPhos)Pt(SZC6H4) complexes are
slightly longer when compared to the same set of reported diphosphine
complexes. The decreased Pt-P and increased Pt-S distances in
(ROTBDPhos)Pt(SZC6H4) complexes compared to diphosphines likely
reflects the increased n-acidity and trans influence of the diphosphor-
amidite ligands.

As a final comparison, we can evaluate the influence of fluorinated
(F-iPrO) and non-fluorinated (MeO and iPrO) substituents on bond
distances in the ligands themselves. Perhaps unsurprisingly, the
MeOTBPhos and P'OTBDPhos complexes show only subtle differences in
ligand bond distances (<0.01 A) when the identity of the ancillary
ligand is the same. However, substituting these non-fluorinated sub-
stituents for OC3HFg causes the P-O bonds to increase by 0.02 — 0.03 A
and the P-N distances to decrease by 0.03 - 0.04 A in "P'OTBDPhos
complexes. The fluorinated substituents also cause subtle changes in the
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Table 3
Selected bond distances (A) and angles (°) from single-crystal XRD data for alkoxy-substituted TBDPhos complexes with palladium and platinum.
(*TBDPhos)PdCl, (*TBDPhos)PtCl, (RTBDPhos)Pt(S2CsHa)
R = OMe (1) R = OPr (2) R = OMe?® R = O'Pr (3) R = OC3HF; (6)* R = OMe?® R = O'Pr (7) R = OC3HFg (8)
M-P 2.2023(7) 2.2122(4) 2.1925(6) 2.201(1) 2.187(1) 2.206(2) 2.2246(5) 2.214(1)
- 2.2093(5) - 2.194(1) 2.1928(9) 2.218(2) 2.2228(6) 2.218(1)
B-N 1.401(6) 1.416(2) 1.409(5) 1.400(6) 1.397(5) 1.41009) 1.419(3) 1.393(7)
B-N(P) 1.453(3) 1.456(2) 1.457(3) 1.449(6) 1.463(5) 1.451(9) 1.455(2) 1.471(7)
- 1.453(2) - 1.460(6) 1.474(5) 1.459(8) 1.463(3) 1.475(7)
P-N 1.646(2) 1.652(1) 1.649(2) 1.658(4) 1.625(3) 1.654(5) 1.663(2) 1.618(4)
- 1.653(1) - 1.653(4) 1.624(3) 1.647(5) 1.661(2) 1.624(4)
P-O 1.581(2) 1.582(1) 1.581(2) 1.581(3) 1.613(3) 1.588(5) 1.593(1) 1.616(4)
1.585(2) 1.588(1) 1.586(2) 1.593(3) 1.617(2) 1.592(5) 1.593(1) 1.623(4)
- 1.579(1) 1.581(2) 1.584(3) 1.608(3) 1.586(5) 1.599(1) 1.622(4)
- 1.591(1) 1.586(2) 1.588(3) 1.602(3) 1.600(5) 1.595(1) 1.627(4)
M-L" 2.3500(7) 2.3589(5) 2.3573(6) 2.359(1) 2.3474(9) 2.317(2) 2.3212(6) 2.310(1)
- 2.3566(5) 2.353(1) 2.341(1) 2.320(2) 2.3260(5) 2.312(1)
P-M-P 96.35(4) 95.83(2) 97.47(3) 96.17(4) 93.98(4) 94.04(6) 94.98(2) 93.43(5)
L-M-L 91.44(4) 89.31(2) 89.16(3) 87.31(4) 87.42(3) 88.57(5) 88.15(2) 87.76(4)
X NBN 360.0(5) 360.0(2) 360.0(2) 360.0(7) 359.9(6) 359.9(6) 360.1(3) 360.0(8)

@ Values shown for one of two molecules in asymmetric unit.
YL=Clors.

B-N bonds in the TBD backbone. The B-N(P) and B-N bonds in the ¥
PrOTBDPhos complexes 6 and 8 are among the longest and shortest
observed in TBDPhos complexes to date. These findings appear to
correlate with qualitative observations suggesting that F*"OTBDPhos
are more reactive than identical complexes with MTBDPhos and
PrOTBDPhos. Studies are currently underway to quantify these
substituent-induced reactivity differences more rigorously in these and
related TBDPhos complexes.

4. Conclusions

In summary, we have described a convenient and modular method to
prepare diphosphoramidite ligands derived from TBD. New alkoxy-
substituted TBDPhos ligands were prepared in good yields by treating
the precursor “TBDPhos (L1) with dry alcohols. This avoids the need for
CIP(OR); starting materials that can be more difficult to prepare and
purify. We demonstrated how this method could be used to prepare two
new TBDPhos ligands with and without fluorinated substituents (L2 and
L3), and we compared the structures and spectroscopic properties of
their complexes with group 10 metals. Side-by-side comparisons with
MeOTBDPhos complexes containing ancillary chloride and 1,2-benzene-
dithiolate ligands showed how electronic and steric properties of the
alkoxy substituents at phosphorus give rise to structural differences
around the metal and in the ligand itself. Reactivity studies are currently
in progress to determine how these changes affect ligand-centered re-
actions at the TBD backbone.
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crystallographic data for L1, 1 — 3, and 6 — 8. These data can be obtained
free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html, or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
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it@ccdc.cam.ac.uk. Supplementary data to this article can be found
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